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Abstract

The emphasis on renewable energy sources is increasing due to the exhaustive-
ness of fossil fuels and their effect on the environment. Non- conventional energies
are naturally available but exclusively cannot provide consistent power output. Or-
ganic Reheat Rankine cycle is applicable to combine it with diverse energy source
types for multi-purpose and better efficiency that works at a low temperature with
specifically selected suitable working fluid. In this work, solar and geothermal re-
newable energies have been integrated with the Organic Reheat Rankine cycle hav-
ing a medium of the thermocline energy storage. The objectives of the designed
plant are power generation, boiling, and advanced water treatment through differ-
ent stages of filtration. Aspen plus V11 software has been used for the design of
the system configuration. Parameters that have more impact on the system has
been optimized like the dead state temperature, geothermal high pressure turbine
outlet and inlet pressure, ambient temperature, geothermal injection well fluid flow
rate, production well pressure, production well temperature, and geothermal low
pressure turbine outlet pressure. Exergy analysis of each component has been car-
ried out on EES and the components of higher exergy destruction associated with
energy conversion have been identified. For the Organic Reheat Rankine cycle, an
appropriate working fluid biphenyl/diphenyl oxide has been selected and character-
ized based on the criteria of stability, environment, temperature, and toxicity has
been considered. The RO water treatment process has been analyzed on GPS-X
hydromantis software. The RO system is efficient and effective method of water
treatment, by considering permeate pump and energy recovery unit in the design,
the energy consumption has reduced. The running cost of the filtration and RO wa-
ter treatment system is 6149.11 $/yr and 3.35KW/m3 power is required to run the
booster pump that pressurize the untreated water through semipermeable membrane.
The geothermal well operating condition parameters have been estimated from the
existing well source data and the newly under construction Aluto Langano power
plant. In the end, the power output which can serve the case study area households
and industry, at high exergetic efficiency of 51.64 % for the night time system and
49.25% for the daytime operating system with the 100 m3/day of treated water as
a supplement to the municipal filtered water. As a conclusion the designed system
can perfectly achieves the objectives and the thermal disinfection process consumes



13.36% of the total exergy that sterilize the water from contaminants by boiling
water exposing to waste heat beyond the boiling point temperature which is esti-
mated 1350C. To increase the life span of RO system, the water has filtered in the
clarifiers that removes large size industry and household wastes thrown in the lake.

Keywords: Exergy analysis, solar thermal energy, Organic Rankine
cycle, geothermal energy.
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Chapter1
Introduction

1.1 Background

In Ethiopia’s energy generation history renewable energies share comes first,
hydroelectric power is the heart of the energy load distributed in the country. The
amount of energy generated is mostly serving industry and in urban areas.

The case study area for the project is based on the existing geothermal energy
source of Aluto Langano which is implemented in 1998 with a capacity of 8.5MWs
(11,400hp). The amount of net power produced by the plant is about 7 MWs (9800hp).
The modification has been carried to raise the potential of the geothermal plant to
70MW in 2015. The operator of the project was Ethiopian Electric Power (EEP), in
the country for the past long years the energy generated in the private sector was
locked business or the produced energy should be expected to be fed to the grid.
Currently, the government encourages investors to make business in power production.
Geothermal production walls have an electrical energy capacity of 5.6 to 10 MWe Aluto
Langano power plant has 10 production wells, two of the wells are drilled directionally
in 2015 and the rest of all eight (8) wells are vertically drilled on the first phase
installation time in 1980.[1]

Global energy consumption is reliant on fossil fuel which consequence creates
a drastic change to the climate system due to the greenhouse gas released from
non-renewable energy sources. The access to electricity between 1990-2010 has been
augmented and delivered for 1.7 billion peoples. After 2011 the alternative power
share crossed 20% from the total energy converted globally and planned to pass 32%
in 2030, [1].
Sustainable unceasing natural renewable energy sources jumped 28% by 2020 with
60% of modern renewables like hydro, solar, wind, biomass, and biofuel the remaining
40% is the usage of traditional biomass for heating and cooking that is consumed in
developing country residents, [2].
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The intermittency in power production from renewable energies can be resolved
with the consolidation of diverse energy sources termed hybrid as an approach to
convert and afford a consistent quantity of energy for the obtainable demand. According
to anticipations, the carbon dioxide emission is forecasted to decrease by 75% from
the level in 1985 with augmentation of energy efficiency, conservation, and alternative
energy implementation technologies, [3].

Ethiopia has a considerable resource of geothermal energy in rift valley regions.
A geothermal energy source is formed due to the volcanic reaction inside the earth
and different projects have also been planned for power generation. Combining solar
with geothermal benefits to produce peak load of electrical engineering. In updated
researches, the organic Rankine cycle is one of the main operational ideas to recover
waste heat from industries due to the ease and accessibility of its components and
also merged with geothermal solar for improved energy performance and various
outputs. The purposes of the systems are focused on the cooling interior, indoor
heating, electricity, hydrogen production, for drying, and hot water applications.
Thermodynamically computing systems lead to efficiency enhancement of the system,
to make cost-effective on the investment side and running costs, and even to explore
the consequence on the environment. The exergy analysis is interdisciplinary that
can address efficiency, environment, sustainability, and as well the economic aspect as
shown in figure 1.1.

Figure 1.1: Interdisciplinary triangle that exergy analysis cover, [4].

The exergy destruction is different for the same energy sources. It depends on
the specific application of the generated energy by the system. Just to explain a solar
thermal system the input energy is concentrated from the sun then that energy will
assist to produce work then after there is a rejected heat. To increase the efficiency
up to the maximum efficiency diminishing the amount of energy rejected is a perfect
solution, and Carnot’s efficiency using a high and low temperature of the system can
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be calculated as a maximum efficiency that is possible to achieve. Whatever things
are improved at a high level accomplishing the efficiency above the optimum level of
Carnot cycle efficiency of the system is impossible. Building any serviceable things
currently have to be efficient in different features to come up with identified problems
under the sustainable development for the future, so sustainable development linkage
is wide as shown in figure 1.2.

Figure 1.2: Some key requirements of sustainable development, [4]

“ For affordable, reliable, sustainable, modern energy for all and climate change
mitigation and the reduction of environmental and health impacts that happens to be
part of the goal of sustainable development ”, [5].
To degrade the quality of a useful part of the energy, exergy efficiency determination
which is created due to irreversibility in the system is required. Entropy generation
increases with exergy formation in the system mean the movement from order to
disorder in the system rises due to exergy of thermodynamic irreversibility.

1.2 A synopsis of Geothermal and solar-thermal energies

1.2.1 Geothermal Energy Technology

The core of the earth is full of energy with renewable and non-renewables coal,
crude oil, petroleum, natural gas, and environmentally friendly Geothermal energy.
The earth’s heat is captured to maintain comfortable indoor air in industries and
domestic use or steam for energy generation. According to the SDS, the growth of
geothermal technology over the last five years has not exceeded 3% per year, even
though in 2030 this sector intended as a goal to increase the potential 10% in each
year within 500MW power generation, [6].
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Among the alternating energy sources, geothermal energy is highly reliable and
less maintenance necessity with long purposeful years, as well efficient with substantial
environmental impact prevention by reducing 80% of fossil fuel practice.

The inner core of the earth has a significant amount of heat which is estimated
greater than 50000C, temperature increases between 20 − 300C per kilometer to the
ground. To generate electricity using geothermal energy drilling the earth 2-3km
is required typically. The pressure of the underground rises 14 psi or 1 atm per 10
meters depth to the ground, [7]. The reliability of renewable energies as shown in the

Figure 1.3: Reliability of renewable energies,[8]

above histogram graph that explained in the availability factor starting with 0.1 as a
low-reliability indicator while the 0.8 reveals that the highly reliable energy source.
The availability factor is the ratio of the amount of time that the power plant can
generate electrical energy over a certain period and the total amount of time of the
period. As we can see in figure 1.3, geothermal energy is more reliable while solar
concentrators are the second reliable energy source.

The flash steam, binary cycle, and dry steam geothermal technologies are used
for power generation, heating, and cooling applications worldwide. Flash steam is
leading by installed capacity which operates at a higher temperature beyond 1820C,
through the extraction of high-pressure hot water passing into useful components of
flashing unit and separator to distinct the steam that runs steam turbines coupled with
a generator for electrical energy conversion. The binary cycle differs from the flash
type the hot water is pumped to the heat exchanger to boil the heat transfer fluid due
to functionality under low-temperature range. In dry steam type geothermal directly
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steam is mined to rotate the steam turbine directly piped from the underground wells.
Italy was the first country to install dry steam type geothermal power in 1904, [9].

Figure 1.4: Geothermal energy conversion technologies growth[10]

Figure 1.4 provides the information of the globally installed capacity of the
different kinds of Geothermal energy technologies results flashing is widely usable than
the others.

The geothermal energy technology installation capacity expected as augmented
within few years, as observed from the figure 1.4, the total power plants available in
the world have a wide difference in the range of 8000 MW from 1980 to 2015. This
potential meets the goal beyond the forecasted and the resource utilization considerably
to satisfy the energy demand is growing continuously in source full countries.

Conforming to the 2030 strategy of Ethiopia to balance the reliance on the
hydropower in order with other renewable energy sources to answer the electricity need
in the country, hence in the next ten years to exploit 1000 MW power the feasibility
analysis has conducted to corbetti, tulu moye, aluto Langano, Abaya and tendaho as
a visionary site for the bright future of the population.[12]
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Figure 1.5: Geothermal installed capacity of continents,[13]

According to the world, energy council report figure 1.5 represents the share of
geothermal power plant in all continents China, the USA, Turkey, Sweden, Iceland,
Philippines, Indonesia, Japan, New Zealand, and Italy are the top ten countries by
the potential of geothermal installed capability.

1.2.2 Concentrated solar power Technologies

Now a day’s solar energy is a promising renewable energy source that can capture
heat from the sun using different concentrating collectors. The concentrating collectors
focus the sun’s heat to make steam and electricity. The natural heat from the sun
reflected against the mirror focus all of that heat in one area, connecting it with a power
systems turbine and generator to produce renewable-based energy. The concentrating
solar technologies are more expensive and need significant maintenance work.

The concentration ratio of concentrating collectors greater than one from the
ratio of aperture area and focus area. The concentration space is smaller and has a
larger aperture area that rises the concentration ratio. Clean and consistent energy-
generating technique by transforming solar energy into heat for valuable work. The
solar energy is concentrated by using mirrors and lenses as a concentrator then directed
to the receiver. There are four types of CST. They are:

1. Solar parabolic trough collector (SPTC)
2. Solar power tower
3. Linear Fresnel and
4. Solar parabolic dish
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Figure 1.6: Solar concentrators (A) PTC (B) SPDs (C) Fresnel lens and (D) solar
tower, [13].

Parabolic trough collector: one axis of rotation type solar collector known
as single-axis tracking that collects the sun radiation falls parallel to its axis. The
collector rotates horizontally, vertically, or tilted, the most commonly used type is the
horizontal single-axis tracking mechanism. The parabolic collector reflects the solar
incident and passes onto the focal line toward a receiver tube. The heat transfer fluid
temperature increased by absorbed heat by the receiver. The operating temperature
of the parabolic trough collectors is in a range of 500-700K with approximately 200 of
geometric concentration ratio.
Solar power tower: various heliostats concentrate the sunlight on to the central
receiver adjusted on the top of the tower. The land requirement for installation is
more.
Linear Fresnel: the sunray tracked by the several slightly curved downward-facing
mirrors that move in a single axis independently to reflect into the stationary receiver
pipe. The concentration of light that comes from a different angle onto the single point
is improved by multiple refracting planes.
Parabolic Dish:is a bulky and high-cost device operating over 1800 K temperature
of the system. The solar tracking system is a two-axis tracking system. The sunlight
is concentred by a parabolic dish collector toward the receiver located on the focal
point of the dish collector.
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Table 1.1: CST fundamental information’s
CST Solar

tracking
axis

Focu
sing

Concentration
ratio

Temperature
range

Efficiency

PTC Line One-
axis

30-100 60-700 60-80%

Linear
Fresnel

Line One-
axis

10-40 60-250 34-82%

Solar tower Point Two-
axis

300-1500 150-2000 29-68%

Parabolic
dish

Point Two-
axis

600-2000 100-1500 15-35%

1.2.3 Energy storages

To convert energy from one form to another consistently energy storing devices
and materials are installed with renewable energies. The pumped storage of the
hydropower plant is the major in use type to fix the seasonal flow fluctuations. Wind
energy and solar energy power plants also necessitate storages, in wind power plants
energy is generated continuously, whereas the demand is at the baseload to prevent
the waste energy the produced excess energy stored to be used in peak demand hours.
Solar is an extremely intermittent renewable sustainable source of energy due to that
to use the system in the sunset times heat energy is stored in the form of latent and
sensible heat using different materials.

Sensible thermal energy storages function with increasing and decreasing of the
material used as a storage. The material temperature is higher at the energy absorbed
charging process and discharging happens with energy drop of the material reducing to
loss its temperature. The energy stored cannot be released at a constant temperature
as a drawback of using sensible heat storage.

PCM as a thermal energy storage that stores latent heat for the consistent power
output throughout the day.Molten salt storage is a solid at atmospheric pressure and
zero degree Celsius that used as a heat transfer fluid, as the temperature increases
the salt changes the phase or stage from solid to hot liquid. Molten salt storage is
well insulated and heat loss does not exceed 1-5%, once stored energy can long last
for 2 months without utilization. Molten salt storage coupled with solar thermal
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systems can provide energy continuously 24 hours. NaNO3, KNO3, and NaOH are
the most commonly used kinds of salts in the molten salt storage market, their working
temperature range is 300,500 and 320oC respectively.

Molten salt thermal energy storage boiling point, volumetric heat capacity, and
power density are higher, while the viscosity and vapor pressure are lower. [14]

1.2.4 Organic Rankine cycle (ORC)

ORC is a mechanical cycle that converts the pressurized and high-temperature
steam into Work using a turbine. The name organic implies the organic compound
used as a working fluid for a low temperature of the boiling point than a water
application.ORC system components are pump, evaporator, expander (turbine), and
condenser. The low and medium-grade heat from different industry wastes and other
energy sources like solar thermal used to generate useful power. Modifications on
ORC are required compared to the conventional cycle the efficiency is lower due to the
conversion of low-grade heat into work. An organic working fluid is evaporated through
the evaporator, instead of boiling water to create steam in the boiler that turns a
turbine to generate electrical power. The cycle operates at much lower temperatures
than a steam Rankine cycle works. To recover the exhaust waste heat using the
ambient air as a heat sink ORC is a tangible alternative.

Figure 1.7: ORC system and T-S diagram, [15].

The four processes of an ideal ORC are, as shown in the figure isentropic com-
pression in a pump, Constant pressure heat addition in an evaporator, and isentropic
expansion in a turbine and condensation.
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1.3 Organic reheat Rankine Cycle

The reheat ORC vaporizes the working fluid through the evaporator then arrives
at the turbine to perform work after the organic compound vapor passes through the
turbine, withdraws into the evaporator, and heat up. The reheated working fluid vapor
moves to the second low-pressure turbine for better performance.

Figure 1.8: Organic Rankine reheat cycle system and T-S diagram, [16].

1.4 Water treatment / Reverse Osmosis

Naturally, water is pure since made from the only mixture of hydrogen and
oxygen. The reason to be polluted and impurity of water is the place that kept by it.
At present, the key to contaminate water is disposals which are man-made impurities
such as plastics, organic wastes, solid wastes, and chemicals released to the water
sources. According to the data from the water organization, in Ethiopia, the clean
water supplied to the population is estimated at 42% while only 11% of the supplied
water has sanitized using adequate purification methods.[17]

Water is treated in a standard way through coagulation/flocculation, sedimenta-
tion, filtration, disinfection, sludge drying, fluoridation, and PH correction for drinking
purposes.

In the Reverse osmosis water purification process, influent water impurities
are removed by pushing it at high pressure through the filtering membrane. The
adsorption system is also one part of the RO advanced water treatment technology, the
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contaminant particles stick on the adsorbent so it is a surface phenomenon. Adsorption
cannot kill harmful living organisms available in the water, boiling is a technique that
removes bacteria, worms, and other micro living organisms. For this purpose, the water
has to boil at its boiling point which is considered as a sterilization thermal disinfectant.
The water treatment using thermal disinfection method benefits to produce highly
pure portable water based on the exposure to high temperature.

1.5 Problem statement

Global warming is a concerning issue since fossil fuel is a basis of environmental
pollution and earth temperature raise. From the energy use pattern data of Ethiopia,
the foremost quota of energy consumption is for the industrial sector and 91% of the
population demand for energy relies on the traditional biomass energy, [18] due to
the limited access to modern, clean and green energy sources. The energy source
of the country is more focused on sustainable, renewable energies though the power
is unaffordable for every population. The energy supplied by Ethiopian Electric
Power Corporation /EEPCo/is incomparable to the need for energy in the country.
However, the position in contrast to the realities on the ground, about 70 percent of
the population in Ethiopia is living in dark without electricity. The access to electrical
energy of primary schools and health centers have estimated 24% and 30%, [19].

The difference between abundant assets and unmet desires for energy indicates
the need for a radical new approach.

Figure 1.9: Energy consumption increment forecast by 2025 and 2030 considering
transmission loss, [22].

The assessed 20-25% transmission loss through transferring the produced electrical
power in different corners to the insufficient substations and the consumers,[22].
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Concerning the water treatment requirement, protected water is inaccessible to
62 million of the population in Ethiopia whereas 97 million are in lack of improved
disinfected water, [23]. The exposure to impure water consumption causing health
risks are increasing.

In addition to the above-mentioned problems unemployment is a concerning
issue, as a developing country due to the inadequate distribution of electrical energy,
the industry sector production inconsistency, agricultural productivity reduction has a
direct effect on the GDP growth.

1.6 Research Objective

1.6.1 Main objective

The general objective of this research is an Exergy analysis of SPTC- double-flash
geothermal integrated power plant with sterilization and RO water treatment that
is used to produce power and potable water from environmentally friendly energy
sources.

1.6.2 Specific objective

• To estimate the solar radiation of the case study area.
• To investigate the performance of different parabolic troughs, and the thermal

performance of SPTC.
• To examine the integrated hybrid system exegetically and look into irreversibility

formation in components
• To determine the dominant parameters in the energy conversion system
• To check the performance of the water purification system
• Validation of the results.

1.7 Significance of the study

Ideas for Researches and projects started from the resource and/or demand
availability, which is known as resource-based and demand-based. This research worth
to be implemented since the legion need for energy and natural resource is at hand.
The designed stand-alone combination of a solar thermal and geothermal system can
overcome an extensive power shortage problem in the country. Cholera, diarrhea,
typhoid, dysentery (intestinal infection), worms, and trachoma (eye infection), are
the common health problems in Ethiopia, diseases caused due to consumption of raw
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water. The advanced level of water treatment mechanisms can eliminate health risks.
Solar thermal energy is the conversion of the solar energy that is obtainable only in
the date period, this intermittency has covered with integration to another renewable
energy source geothermal and thermal energy storage. The economic development of
the community, reduction of deforestation, GDP growth, and employment opportunity
comes with the provided green energy.

As research, this investigation used to identify the real performance of the plant
relies on the second law of thermodynamics considering losses and useful available
energy. It has analyzed in detail using actual data and reasonable assumptions so
that worth to be a reference to the next researchers in worldwide publishing it in
international journals.

1.8 Scope

The activity starts from designing the thermodynamic model on Aspen plus
V11 software, which has multiple purposes including power generation using solar
and geothermal renewable energy sources, boiling, and RO water treatment. The
working fluid for the organic Rankine reheat cycle has been selected following the
specified standard. Several parabolic troughs have been compared in performance
to be selected to combine with the geothermal system. The exergy analysis of the
system has conducted using EES software. The parameters that will affect the function
have been identified (such as, ambient temperature, pressure, turbine outlet pressure,
production well flow rate, and inlet temperature. The RO water treatment has been
modeled and analyzed on GPS-X hydromantis software. Finally, the results have been
validated with related recent research outputs.

1.9 Thesis Organization

The research document contains 7 chapters, a bibliography of the cited references,
and important pieces of information as appendices. Chapter one is the general
introduction about renewable energies specifically, overviewing solar and geothermal
technologies. The objectives of the research, the boundary of the investigation as a
scope, and its significance are also mentioned in this section. The second chapter is
the review of the existing related articles and books as a literature review, more of the
hybrid plants’ thermodynamical investigation, water purification technologies, and the
property of heat transfer fluids are reviewed to understand the research gap associated
over the recent works. Chapter Three contains the methodology and materials used
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for the achievement of the research, such as EES and GPS-X hydromantis software.
The analysis part starts in the fourth and fifth chapters with the thermal analysis of
the SPTC and exergy analysis of the overall integrated system. Chapter six deals with
the outputs of the software as a result of graphical representation and their discussion
based on scientific logic. The seventh chapter is the conclusion and recommendation
part considering the important points in the overall work as a summary and to acclaim
what more researches are needed for better performance.



Chapter2
Literature review

The advancement of all forms of renewable energy over recent years has sur-
passed entire expectations as a result of global installed capacity and production
potential. Alternative energies are an extensive tool to develop energy security,
mitigation, and adoption to climate change with a recognized enhancement of economic
advantage directly or indirectly by reduction of dependency on imported fossil fuels.
Currently, renewable energy technologies have cost-competitive with non-renewable
energy technologies.

The evaluation of the irreversibility formation impact on the incidence rate for
the PTC driven ORC system results as a solar thermal unit is highly exergy destruction
facing energy source with 74.9% collector exergy destruction and 18.2% irreversibility
is in the condenser. The performance improvement with an increment of turbine inlet
temperature rises the exergy efficiency, power output, and expansion ratio.[24].

Adsorption, absorption, sterilization, pasteurization, and disinfectant chemicals
are the water treatment technologies used as a water improver. Specifically, the
exergy analysis has been conducted for the solar-based distillation of saline water than
freshwater to improve efficiency. The analyzed absorption material types are black
ink and black dye in saline water as well as for water surface the black toner kindest.
The energy and exergy efficiencies for all absorption material kinds are 41.3%, 43.42%,
45.79%, and 5.91%, 6.34% 7.1% respectively. The exergy destruction is visible on
basin line benchmarking with glazing and saline water.[25]

The performance investigation of the organic Rankine cycle operating at a
pressure and temperature above the critical point combined with the solar thermal
and geothermal off-grid power plant results in 27-34% exergetic efficiency under the
supercritical working condition. According to the validation supercritical exhibits
better performance while compared to 23-32% exergy efficiency of the subcritical.[26]

The conventional coal power plant integrated with the solar tower to moderate
the exhaust gaseous unconfined pollutants to the atmosphere to keep sustainability.
In this investigation, exergy and economic analysis have been conducted and validated
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with the coal-fired plant. As a result, the combined conventional and renewable energy
reduces the released toxic gases to the environment by 4.6%, while the exergy efficiency
of the system is 35.8%. According to the economic analysis, the capital investment
of the hybrid is about 8050.32$/KW where the coal-fired is 5979.69$/KW this is due
to the equipment’s cost that makes costly the hybrid system. The customers have
expected to pay the electricity bill of 0.19$/KW for solar towers coupled with coal
plant power and 0.12$/KW for the coal-fired plant.[27]

The analysis to eliminate the energy fluctuation, hybrid systems are promising
technologies with integrated solar and geothermal renewable energy sources connected
to TES. Possibility of generating multiple outputs within a particular combined system
such as heating, cooling, electrical energy, hot water, and drying application at 69.6%
energy efficiency and 42.8%exergy efficiency.[28] Multiple technologies combination
proposal of PV fixed with solar concentrated and geothermal using PEM fuel cell as
an energy storage unit. The performance of the storage and the thermal efficiency has
been evaluated including the parametric investigation. The outputs are power, cooling,
and hydrogen production using the electrolysis method which is input to PEM fuel
cell. The overall thermal efficiency and storage unit efficiency enhanced from 15.72%
to 17.78% and 18.21% to 21.95% separately.[29]

In the development of a hybrid energy source that can generate multiple outputs
including cooling through absorption, electrical energy, heating, and drying processes
supplied by a combination of the solar parabolic trough with the geothermal system.
This plant has also integrated with two thermal storages and two organic Rankine
cycle and examined exegetically. From the computation, 51% of energy efficiency and
62% of exergy efficiency are recorded while the single generation exhibits 22% of energy
efficiency and 54% of exergy efficiency.[30]

The economic feasibility and the irreversibility occurrence determination on
geothermal power plants with R245fa considering as an HTF which is a nonflammable
and dry type organic compound. The temperature sessional variation over the year
the exergy efficiency fluctuated with 2% and 18.2% of energy efficiency with 21.3% of
exergy efficiency is computed. From the economic analysis, the payback period of this
power plant is 15 years since the drilling work costs 4.2M USD and for construction
521.5 M USD is used. The specific electrical power generation by the power plant is
31.43KJ/Kg and 172.97 KW/K net rate of entropy change has been evaluated [31].

The combined solar thermal and fossil fuel has been analyzed exegetically on
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a specific date and time. The parameters are also varied such as different working
temperatures, pressure, steam flow rate, collector output temperature, and others.
The major exergy loss occurs in the parabolic trough collector and boiler which is
estimated at around 68.32%. The minimum and maximum exergy losses are 32.7 and
23%with 26% of exergy efficiency at 95 bar pressure.[32]

A reheating and regeneration unit’s addition to the organic Rankine cycle
enhanced the overall exergy and energy output performance. Each component of
the reheating and regeneration Rankine cycle plant is analyzed to identify the cause of
the losses. From the study, 42% of thermal efficiency and 70% of the steam generation
efficiency of the unit are calculated. An economizer absorbed 39% of maximum heat
while coal consumption has an estimated 40TPH. This system improves the plant
thermal efficiency of about 6-8% due to reusing the waste heat with additional turbines
and regenerating unit.[33]

The usage of phase change material as a heat energy storage in the form of
latent heat to the erratic solar thermal energy generator drier and heating purposes is
an auspicious entity to improve the useful energy efficiency. Organic, inorganic, and
eutectic PCM latent heat storage freezes and vapourises approximately at constant
temperature and performs compared to sensible storage by 5-14 times. Phase change
materials store energy through the change of liquid and solid to the gaseous state,
solid-phase change to gas, solid to solid due to the conversion of crystalline to another
form that results smaller in volume and latent heat value. Solar concentrator integrated
into the organic Rankine cycle with PCM exhibits enhanced exergy efficiency by 10 %
improvement through exploiting power after the sun goes down moderately than the
concentrating collector without energy storage ,[34].

Mathematical exergetic performance evaluation of the geothermal power gener-
ation plant potential with injection and by guiding the exhaust waste heat into the
evaporation pond component has inspected exergetically, even though the power plant
with the vapourization pool develops the major loss that affects the overall exergy
efficiency by 4%. According to the study, the usual injection and evaporation pond
connected system results in 51.5% and 47.5% exergy efficiency respectively, [35].

According to the WHO assessment, the consumption of untreated potable water
is a cause of 485,000 people’s death per year. Thermal disinfection of water to remove
active microorganisms such as pathogens, bacteria, and viruses. Wastewater released
from industries, toilets, hospitals, and other wastewater discharging systems can be
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purified and reused, while these wastes are not in the recommended distance to the
safe water consequences danger health risks to death. Heat recovery assembly to the
pasteurization method treatment operating at 1400C, 10 minutes of exposure time
with pressure above a partial pressure of operating temperature results energy-efficient
purification mechanism relatively to other technologies,[36].

2.1 Research gap

Plentiful researches has been done, which relates to the proposed work however
there are gaps to be filled as yet. Solar and geothermal renewable energies has been
combined to complement each other perfectly to enhance reliability, to lower electricity
cost, to flatten the customers’ peak load, to reduce carbon emissions, and to apply
energy-saving options.

The solar geothermal hybrid systems investigated so far are reviewed in this
paper show that using numerous components especially heat exchangers are the reasons
for lower overall exergy efficiency and exergy destruction formation.

The exergy analysis of the solar parabolic trough with a geothermal hybrid power
plant for the application of power generation and water purification using sterilization
and RO water treatment has not been investigated.

The proposed work differs from the existing works by its applications that are
customized based on the need available in the country. So far Ethiopian researchers
has studied the Aluto Langano production wells potential, chemicals formation under
the ground, and the general performance evaluation of the plant but the existing plant
Aluto Langano exergy analysis is not researched as yet.

• From the abundant investigates on hybrid systems has been designed with
multiple applications such as cooling, heating, electrical energy, hot water,
drying process, etc. Based on the problem in our country in this work the hybrid
system modeled to solve one of the major concerns, shortage of pure water for
drinking including power generation.

• The other main gap is the water treatment studies focus on a single treatment
mechanism which is impossible to provide 100% pure water, while this work
combines two different water purification techniques to provide high-quality
potable water.
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Materials and Methods

The flow of the research starts with getting data from existing related recent
studies as of the literature review. After the technical and deep review, all the
information has been gathered to identify the research gap that has to be solved. A
newly designed model has been evaluated with different software.

3.1 Study area

Choosing the area which is available for a power plant installation is an important
criterion. Since the production of electrical energy from renewable sources depends on
the geographical location of natural phenomena (temperature, beam radiation, ground
heat source). The sites suitable for this thesis is Ziway and around ZIway areas, the
power plant can be also applicable in the rift valley areas of Ethiopia. The specific
site area is at Aluto langano power generation site which is existing and under the
new assessed in feasibility analysis system excavation work. In Zway there are beyond
43,660 peoples.
The study area selection in this research has been made through the direct visiting of
the existing and new Under the excavation Aluto Langano power plant.

Ziway is one of the towns located 150 km away from Addis Ababa in the south
of central Ethiopia in Oromia Reginal State in East Shewa Zone bounded. The town
has geographical coordinates of 7056N38043E latitude and longitude with 1643 meters
of an altitude above sea level.
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Figure 3.1: Google map image of the Ziway and Aluto Langano power plant

Aluto Langano exploration, feasibility analysis, and the final work took 18 years
from 1981 to 1999 for the 7.3 MWe electrical power generation. To expand the power
plant based on the available resource at the location of the aluto volcano rift valley
area to 70 MWe EEP deals with different companies in 2019 and the excavation work
has started by JICA.(japan international cooperation Agency)

3.2 Data collection process and types of data

The primary and secondary data source methods have used in this study through
field visiting and relevant data collections especially input data for the analysis from
the articles correspondingly.

3.2.1 Primary data collection

The data gathering process has been done by the researcher, professionals, and
engineers to be able to collect reliable data. The data collectors’ has moved to the
Aluto Langano power station and directly asked the respective responsible authority to
share input parameters of operating condition about the new under excavation power
plant.

3.2.2 Secondary data collection

Secondary data is existing summarized and collated data that used to increase
the inclusive efficacy of research. Articles, books, Metrological data from the agency,
television news, and newspapers were used as a reference that has recent evidence for
the current work.
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3.2.3 Data processing and analysis

This research is a quantitative method using type, Mathematical data analysis
has been used to design and investigate the integrated solar parabolic trough and
geothermal energy system combined to an advanced level of water treating process.

The computer programing tools and software’s used for quantitative analysis
and model designing are:

- Phyton program
- EES program
- LaTex
- Aspen Plus software
- GPS-X hydromantis

solar angles, exergy calculations of the integrated system in the daytime and night
time fraction including collector exergy study, water treatment system performance
analysis, designing the model and the document write up has carried out using the
above-mentioned programming languages and software.

Figure 3.2: System process diagram
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3.3 System Descriptions and Models

According to the specified main objective of the work, an integrated energy
conversion system with water treatment application considering Aluto Langano (Ziway)
as a study site has been designed and evaluated using accurate tools.
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Figure 3.3: The system configuration and T-S diagram of the hybrid power plant con-
sisting of essential components of SPTC, geothermal including boiling water treatment.

Figure 3.3 shows the system configuration of the hybrid power plant consisting of
essential components of SPTC, geothermal, and RO water treatment arrangements.

The proposed plant consists:

- Organic reheat Rankine cycle
- Solar thermal energy - Parabolic trough collector
- Geothermal energy – Double flash Cycle
- Water treatment through the boiling sterilization method
- RO water purification

3.3.1 Geothermal energy system description

The hot water from the core of the earth is extracted at the point of (1) production
wall to the first flash chamber. The flash chamber depressurizes the hot water and
supply to the separator (2) detached the steam from the hot water, then the clean
and dry steam has been directed to the high-pressure turbine (3). After the first stage
turbine, the steam enters the open feedwater heater (6), the first separator releases the
hot water to the second flash chamber (4) the depressurized working fluid enters to the
second separator (5), then applied to open feedwater heater (7), the steam in the open
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feedwater heater supplied to the low-pressure turbine (8) at equivalent temperature
and lower pressure. The steam released from the low-pressure turbine (9) is directed
to the the sterilization water treatment process tank 1 to preheat the pretreated
water entering the container (13) using the waste heat from a geothermal low-pressure
turbine. Indirect heating of the water represented in state 9 to 12, then the preheated
water (14) pumped (14”) to the other tank to indirectly reheat the preheated water
beyond its boiling point to remove all kinds of contaminant microorganisms using
the reinjected heat from the second separator (11) and passes through the tank and
removed (16). The thermal-disinfection water treatment process has been carried
out during night time. In the day time, the waste heats from LPT (9) and second
separator (11) combined in mixing chamber, and the mixed heat at (10) directed to the
independent SPTC heat exchanger since the waste heat is not enough to be used for
the energy storage by melting the PCM. The solar heat exchanger increases the fluid
temperature to the required level (17) and passes through the PCM unit to conduct
the phase change process. PCM charging time varies with mass flow rate, supplied
temperature, and its amount.

3.3.2 Solar thermal system description

The solar thermal system converts photon energy into thermal energy through
parabolic trough collectors, which is highly efficient. The charged molten salt thermal
energy storage tank (17) used for night time heat supplement to vaporize the HTF
based on the manufacturer specification commercially available molten salt can be
stand by for 7.5 hours. The SPTC concentrates and collects the solar energy heats the
heat transfer fluid and then directed it to the heat exchanger (Evaporator) (18), an
evaporator changes the state of working fluid from liquid to gaseous state by increasing
pressure and temperature. Vaporize working fluid turns the high-pressure turbine (19)
and re-enters to the evaporator to be reheated again (20). The reheated working fluid
is directed to the low-pressure turbine (the pressure of the second stage turbine is
about one-fourth of the first stage turbine and the temperature is almost equivalent in
both turbines (21). Finally, in the solar system, the heat transfer fluid is rejected by
the LPT and applied to the condenser (22), condensed, and pressurized through the
pump (23) and the process will restart (24). The broken line state 22 is for the night
time after the sunset working cycle continuous using the stored energy in the PCM.
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3.3.3 Boiling (Sterilization) and RO

The sterilization water disinfection process heat source is an exhaust heat of
geothermal system specifically low-pressure and second separator outlet waste heats.
state (13) is pre-treated water supplied to the water tank to be disinfected by heat (9)
and (11) for more purification of protozoa, bacteria, and virus.

Figure 3.4: The water treatment system configuration consisting of essential stages of
purification

Figure 3.4 system configuration shows the water treatment in different stages
of preliminary secondary and advanced RO treatment. The preliminary treatment
purpose is to settle the influent water that comes from the lake specifically Ziway
lake, this lake composition is the same as wastewater due to the released water from
households and industries flow to it. The equalization tank services to maintain a
constant velocity of fluid based on the requirement of the next purification stages and
as a removal of weighty pollutants like plastic, stones and others, additionally, the
large particle pollutants discharged to the sludge thickener. A single clarifier has been
used that removes midiate particles from the water and is pumped to the advanced
water purification process stage. The reverse osmosis system works under a specific
amount of pressure to treat influent water. The thickener unit removes the water
content that comes with the sludge and the sludge is disposed to the fields considering
the sludge composition.



Chapter4
Estimation of solar radiation

The solar radiation estimation of the case study area to implement the designed
system has been carried out based on the meteorological data gathered from the agency
website. Ambient temperature, sunshine hours, latitude, and longitude of the location
was the major inputs for the analysis.

4.1 Extraterrestrial solar radiation

The heat energy emitted by the sun that reaches and shoots the top of the earth’s
atmosphere is extraterrestrial solar radiation, in the opposite if the ray release is from
the earth to the atmosphere it is terrestrial radiation.

The extraterrestrial radiation equation is given by:

G0 = Gsc(1 + 0.033 cos(360n
365 )) (4.1)

The extraterrestrial radiation result varies in a different number of the day in the
month over the year from the maximum to the minimum.

Where the solar constant Gsc = 1366W/m2 The incidence of solar radiation to
the horizontal line plane uses the zenith angle as additional solar angle parameters on
the extraterrestrial equation.

G0 = Gsc(1 + 0.033 cos(360n
365 ) cos θz (4.2)

The general expiration of the extraterrestrial radiation on a horizontal surface of the
earth can be calculated using:

Gext = 24 ∗ 3600 ∗G0

π

[
(1 + 0.033 cos(360n

365 )
] [
πω

180 sinφ sin δ + cosφ cos δ cosω
]
(4.3)
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4.2 The Solar Radiation On an Inclined and horizontal Surface

The prediction of monthly and yearly mean global solar radiation on a horizontal
and inclined the surface is estimated based on the correlation using the sunshine
hours.

H

Gext

= ax + ay
ns
N s

(4.4)

Regression equation obtained as follows:

ax = −0.11 + 0.235 cosφ+ 0.323( ns
N s

) (4.5)

ay = 1.449 − 0.533 cosφ+ 0.694( ns
N s

) (4.6)

The maximum length of sunshine hours in the day and sunrise hour angle can be
computed by equation 4.7.

N s = 2
15ωs (4.7)

where

ωs = cos−1(− tanφ tan δ) (4.8)

Parabolic trough collector concentrates the direct beam radiation and converts it into
useful work.
Incidence of beam radiation that reaches an inclined surface Gbi can be computed by
equation 4.9:

Gbi = Gsc cos θ (4.9)

The incidence of Beam radiation incident on horizontal surface Gbhor is given by
equation 4.10

Gbhor = Gsc cos θz (4.10)

The conversion factors to the beam radiation are given by equation 4.11

Rb = Gbi

Gbhor

= Gbi cos θ
Gbi cos θz

= cos θ
cos θz

(4.11)

Total Solar beam Radiation on an Inclined Surface used by SPTC is

GT b = GbRb (4.12)
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Figure 4.1: Extraterrestrial radiation through out the year

4.3 Solar time

The sun position relative to the SPTC changes over the day as the Earth rotates
concerning the sun. The amount of intensity of solar radiation that hits the collector
in the sunny hours affects the potential of the energy conversion system.

TS = Tstd + 4(SML ∗ TZ − LL) + EoT (4.13)

The expression of the equation of time is:

EoT = 9.87 sin(2B) − 7.53 cos(B) − 1.5 sin(B) (4.14)

Where:
B = 360

365(n− 1) (4.15)

Figure 4.2: Equation of time over the year
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4.4 Angle of Declination

The angle of declination is different throughout the year due to the rotation of
the earth on its axis every day and every year 365 days around the sun that creates a
day and a month respectively.
The angle of declination δ at the “n” days can be calculated by using equation 4.16
,where n represents different days every 12 months

δ = 23.45 sin
[

360(284 + n)
365

]
(4.16)

Table 4.1: Number of days in a month of the year
Month The day number of the month, N

January i
February 31 + i
March 59 + i
April 90 + i
May 120 + i
June 151 + i
July 181 + i

August 212 + i
September 243 + i
October 273 + i
November 304 + i
December 334 + i
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Figure 4.3: Declination angle through out the year

4.5 Hour angle

The hour angle differs from the sunrise from east to sunset west direction in the
whole day time which is for 24 hours, 15 degrees in each hour measured angularly.
In Ziway the maximum temperature occurs averagely from 9 a.m. to 5 p.m. The hour
angle mathematical expression based on the local time hours’ relation is:

ω = 15(12 − LST ) (4.17)

LST = Lstd + EoT

60 + 4
60(Ls− LL) (4.18)

4.6 Latitude angle and longitude angle

The geographic coordinates of the earth’s surface of the study area latitude angle
from north to south vary in between ≤ −900and ≤ 900 at the equator the angle is
00. For the Oromia region, the latitude angle is 7.933330 N. To specify the precise
coordinate of the location longitude angle is the basic requirement for some solar angle
parameter determination that ranges between 00 and 900. The case study area Ziway
longitude angle is 38043′

E.
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4.7 Solar altitude angle

The angular difference from the sun radiation to the horizontal plane is an
altitude angle which varies with the time of the day as an hour angle, the latitude of
the location, and declination angle. The solar altitude angle can be calculated from
equation 4.19:

sinα = cosω cos δ cosφ+ sin δ sinφ (4.19)

Figure 4.4: Solar elevation angles throughout the year

4.8 Zenith angle

The angular difference from the sun radiation to the Vertical plane is a zenith
angle which varies with the time of the day as an hour angle, the latitude of the
location, and declination angle.

cos θz = cosω cos δ cosφ+ sin δ sinφ (4.20)

4.9 Surface azimuth angle

The horizontal facing projection of the collector relative to the equator is an
azimuth angle that ranges between negative 1800 and positive 1800. The maximum
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the solar radiation has achieved means the azimuth angle approaches zero to the south
direction.

4.10 Inclination or tilt angle

The collector installation at a specified tilt angle, the angle between the horizontal
axis plane and the concentrator to collect maximum available solar incidence ray to
operate efficiently.
To harness the maximum beam radiation at a high exergetically efficient, the tilt
angle should be equal to the latitude angle accordingly latitude angle of Ziway,
β = φ = 7.933330N .

4.11 Incidence angle

The angle of incidence measured between the beam radiation of the sun is
perpendicular line to the strike earth surface. The angle of incidence is a set of tilt,
declination, latitude, hour, and azimuth solar angles. The angle is different with
changes of a set of parametric solar angles over the day and year.

The equational expression of the angle of incidence angle is:

cos θ = sin δ sinϕ cos β − sin δ cosϕ sin β cos γ + cos δ cosϕ cos β cosω

+ cos δ sinϕ sin β cos γ cosω + cos δ sin β sin γ sinω
(4.21)

4.12 Incidence angle modifier

Incidence angle modifier is the measurement of the SPTC fluctuation in perfor-
mance as the angle of incidence increases due to the change of the sun position with
earth rotation in the morning, mid-day, and afternoon.

The angle of incidence modifier mathematical expression considering the angle
of incidence is given by:

Kθ = 1 − 5.25097 ∗ 10−4 θ

cos θ − 2.859621 ∗ 10−5 θ2

cos θ (4.22)
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Figure 4.5: Incidence angle modifier

4.13 Single-axis tracking

The horizontal tracking concentrator angle of incidence given by:

tant = sin(γ − αs)
tanα (4.23)

cos θhor =
√

1 − cos2 α cos2(γ − αs) (4.24)

East-west tracking orientation at γ = 900 the previous equation reduced to:

tant = cosαs
tanα

(4.25)

cos θE−W =
√

1 − cos2 α cos2(γ − αs) (4.26)

North-south tracking orientation at γ = 00 the previous equation is reduced to:

tant = −sinαs
tanα

(4.27)

cos θN−S =
√

(1 − cos2 α sin2 αs (4.28)
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4.14 Solar radiation

Figure 4.6: solar radiation over the day time

The solar radiation of the case study area using its latitude, longitude, and tilt
angle the horizontal, vertical and perpendicular variation is graphed in the above
figure 4.6 the higher sun radiation has recorded at noontime.



Chapter5
Thermal Analysis of the concentrat-
ing solar parabolic trough

The incidence of solar radiation shoots the parabolic trough receiver tube allows
HTF through it under the pyrex glass cover, the HTF temperature increase due to the
heat transfer occurrence over the collector.

Table 5.1: SPTC system-relevant parameters
Location Zeway

Voltage line access 132 kV
Solar parabolic trough information

Parabolic trough type ET-150
SPTC Heat transfer fluid Diphenyl/biphenyl oxide (C12H10O)
PTC inlet temperature 285
PTC outlet temperature 415

Isentropic efficiency of pump and steam turbines 90% & 85%
Storage capacity 7.5 hours from the manufacturer

TES type Molten salt
TES type PCM (latent heat)

TES content 60% NANO3 + 40%KNO3

The thermal analysis of the collector was examined to determine the parameters
like useful energy gain, thermal efficiency, and losses which are directly required for
the exergy analysis of the collector. The heat transfer fluid inside the concentrated
solar parabolic trough tube temperature will raise due to the exposure of the focal
line that towards a receiver to the incident solar radiation reflected by the collector.
The heat transfer process through convection, conduction, and radiation takes place
with increasing in the receiver temperature.
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1. q1-2 – convection heat transfers between the inner surface of the absorber and
the heat transfer fluid.

2. q2-3 – conduction heat transfers between the outer and inner surface of the
absorber

3. q3-4 – radiation heat transfers between the outer surface of the absorber and
the inner surface of Pyrex glass

4. q3-4 - convection heat transfer between the outer surface of the absorber and
the inner surface of Pyrex glass

5. q4-5 – conduction heat transfers between the inner and outer surface of Pyrex
glass.

6. q5-6 – radiation heat transfers from the outer surface of Pyrex glass to the sky
7. q5-7 – convection heat transfers from the outer surface of Pyrex glass to the

ambient environment
8. qsolabs, go - solar beam radiation to Pyrex glass outer surface
9. qsolabs, abo - solar beam radiation to absorber outer surface

The following assumptions are considered to simplify the thermal analysis of the
parabolic trough collector.

- Incompressible organic heat transfer fluid
- The non-transparent glass is used for infrared radiation
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- The steady-state working condition performance of the PTC is conceded based
on hourly time intervals.

- The parabolic shape of the concentrator is symmetrical
- Solar energy fluxes, temperatures, and other thermodynamic properties are
considered uniform around the receiver and glass envelope surface.

- The conduction thermal losses have not been taken into consideration

The equational expression of the convective heat transfer coefficient from the glass
cover to the ambient is

HCca = Nu#k
Dco

(5.1)

Hcrf = DriHCca(Tc − Tfi) (5.2)

The Nusselt number and heat transfer coefficient estimation based on the Reynolds
number by using the Dittus-Boelter equation is:

For the Re > 2300, Nu# = 0.023Re0.8Pr0.4

For the Re < 2300, Nu# = 4.364

The Reynolds number and Prandtl number is expressed as follows:

Re = ρV Dco

µ
(5.3)

PrHTF = CpHTF ∗ µHTF
KHTF

(5.4)

The average fluid temperature (Tavg) expression is

Tavg = Te + Tfi
2 (5.5)

Radiative heat transfers between the outer surface of Pyrex glass cover to the ambient
numerical expression is:

Hrca = egt(Tc+ Tamb) ∗ (Tc2 + Tamb2) (5.6)

Radiative heat transfers from the outer receiver tube to the glass cover numerical
expression is

Hrrc = t(Tr2 + Tc2) ∗ (Tr + Tc)
(1/er) + (Aro/Aco) ∗ ((1/eg) − 1)) (5.7)
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The total amount of absorbed solar energy is distributed into useful heat gain and
thermal loss.

Heatabsorbed = usefulheatgain+Heatloss (5.8)

The thermal losses of the solar collector can be calculated as

Ql = Aroσ(Tr4 − Tc4)1 − εr + 1 − εg(AroAci) (5.9)

The useful heat gain can be written as:

Qu = Fr((Gb ∗ Aco) − (Aro ∗ Uo ∗ (Tfi − Tamb))) (5.10)

Qu = mcp(Te − Tfi) (5.11)

Qs = Aa ∗Gb (5.12)

To start the exergetic analysis, the thermal analysis of the system has to be conducted
first for the determination of the important parameter. The thermal efficiency of the
collector calculated as follows:

ηth = Quseful

Qsolar

(5.13)

ηth = mrcpHTF∆T
Qs

(5.14)

The expression of useful heat gain of the concentrating solar power converter based on
the Hottel Whillier equation:

Qu = FrAa

[
S − Aro

Aa
UL(Tfi − Tamb)

]
(5.15)

The heat removal factor of the collector is identified from the ratio of actual heat
transfer associated with the temperature gradient in the absorber tube to the maximum
possible heat transfer available in the SPTC.
The expression for the heat removal factor (Fr) is

Fr = mrcp
AroUL

[
1 − exp

(
−ULFAro
mrcp

)]
(5.16)

F ′ =
1
Uo

1
Uo

+ Dco

hfi∗Dci
+ Dco

2K ∗ ln Dco

Dci

(5.17)

Where:F ′ = Uo

Ul
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UL = hcca + hrca + hrrc

Overall heat transfer coefficient can be calculated as follow:

Uo =
 1
UL

+ Dco

hccaDci
+Dcoln(Dco

Dci
)

2k

 (5.18)

Heat loss coefficient is given by:

UL = Aro
(hcca + hrca)Aco

+ 1
Hrrc

(5.19)

The glass cover temperature is specified by:

Tc = (AroHrrcTr) + (Aco(Hrca +Hcca))Tamb
(AroHrrc) + (Aco(Hrca +Hcca)

(5.20)

The parabolic trough collector flow factor is given as:

F ′′ = FR
F ′

(5.21)

The exit heat transfer fluid temperature at the outlet of the receiver can be calculated
from:

Qu = mrcp(Te − Tfi) (5.22)

Rearranging :
Te = Tfi + Qu

mrcp
(5.23)

5.1 Exergy Analysis of parabolic trough collector

The exergy analysis of the SPTC assists to design the collector with reduced
exergy loss and exergy destruction.

The exergy balance under the steady-state working condition comprises inter-
nal exergy loss within and out exergy rates that are used to determine the exergy
destruction and efficiency of the SPTC.

The general expression of the exergy balance of the SPTC is as follows:

∑
Exinlet =

∑
Exleaving +

∑
Exchange +

∑
Exdestroyed (5.24)

˙Exinlet − ˙Exoutlet − ˙Exdestructed = 0 (5.25)
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The rate of the Inlet exergy can be calculated by:

∑
Exinlet = mcp(Tfi − Tamb − Tamb ln Tfi

Tamb
) (5.26)

The rate of the outlet exergy can be calculated by:

∑
Exoutlet = mrcp(Te − Tamb − Tamb ln Te

Tamb
) (5.27)

The potential exergy rate as useful exergy gain that is accumulated by HTF flow in
the absorber tube determination is:

∑
Exusefulpotential =

∑
Exoutlet −

∑
Exinlet (5.28)

By dividing the potential exergy rate, the change of the outlet and inlet exergy rate to
the inlet exergy rate give as exergy efficiency.

ExEff = Exusefulpotential
Exinlet

(5.29)

Ineffective use of accessible energy used to be consumed through the entropy generation
that reduces the performance of the SPTC is known as an exergy loss. The Heat transfer
from high to low temperature is the major reason for the exergy is destruction.

Exergy loss caused by different 4 terms are listed as follows:

1. The exergy loss rate due to heat leakage from the receiver tube to the ambient
is:

ExLoss1 = ULAro((Tr − Tamb)(1 − Tamb
Tr

)) (5.30)

2. The exergy loss rate due to the temperature difference between the absorber
tube and the sun is:

ExLoss2 = EffoGbAroTa((
1
Tr

) − ( 1
Tsun

)) (5.31)

Effo = ErEg

3. The exergy loss rate caused by solar radiation losses from the collector surface
to the absorber tube is:

ExLoss3 = Gb(Aco − (EffoAro))1 − Ta
Tsun

(5.32)

4. The exergy loss rate due to the temperature difference between the absorber
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tube and fluid is:

ExLoss4 = mrcpTa(ln
Te
Tfi

− (Te − Tfi
Tr

) (5.33)

5. The other mathematical expression to determine the exergy efficiency of the
SPTC is:

ExEff = mHTF cpHTF
effoGbAa

[
Te − Tfi − TamblnTe

Tfi

]
(5.34)

Figure 5.1: Specific heat of HTF variation with temperature

The specific heat of the heat transfer fluid is not constant at different phases,
unless varies with its temperature minimally.



Chapter6
Exergy analysis of Double flash Geother-
mal power plant

The share of flashing geothermal energy in MWe comes first relatively to other
types, there are different stages of flashing single, double, and triple to maximize
the electrical energy production efficiently by using several components. Using the
parameters of Aluto Langano power plant operating condition double-flash geothermal
power plant having two separators, flash chambers, and expanders has been analyzed
in this study.

Exergy is unconserved, through the exergy analysis the quality of useful energy
can be calculated. To determine the exergy destruction rate in each component
including the performance of the power plant through the exergetic efficiency some
assumptions has been made.

- Steady-state operating condition.
- Negligible pressure drops throughout the heat exchangers specifically in the
evaporator and open feed water heater as well as in the pipelines due to its
insignificance to the analysis.

- The turbines and pumps work at the isentropic thermodynamic process so that
for the calculations recommended isentropic efficiencies of the pump and steam
turbines are considered.

- Negligible kinetic and potential energy changes.
- The geothermal fluid property at the production well is in a saturated liquid
condition in the reservoir (x = 0) and the steam separation to be directed to the
steam turbines has carried out in the separators efficiently estimated about 99.9
%.

- Water thermodynamic properties has been used as a working fluid to transfer
heat throughout the system from the inlet to the final re-injection.

- Negligible temperature and pressure losses of the geothermal fluid are in the
separation processes.

- The flashing process is accomplished at constant enthalpy in both flash chambers.
∆H = 0 which means h2 = h1 and h5 = h4
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Table 6.1: The integrated power and water purification plant EES results

Input parame-
ter type

Parameter
value

Unit Component

Temperature 335 0C Production well
Pressure 3.5 bar Production well
Inlet pressure 0.5 bar High-pressure

turbine (geother-
mal)

Mass flow rate 28 kg/s Production well

6.1 Exergy Balance of the double flash geothermal system

The exergy balance helps to determine the exergy rate in components and exergy
efficiency of the energy conversion cycle. Considering the above assumption the exergy
of a specific component and exergy rate using HTF mass flow rate are given by:

Exn = (Hn −H0) − T0(Sn − S0) (6.1)

Exrate = Exnmr (6.2)

The exergy balance of each geothermal units used in the cycle is calculated by the
exergy balance of the High-pressure steam turbine operating at 0.5Mpa of pressure as
collected data from the study site is calculated from equation 6.3

ExdesHPT = (m2Ex3) −Whpt + (m6Ex6) (6.3)

The exergy balance of the low pressure operating at equivalent temperature with
high-pressure turbine is given by equation 6.4

ExdesLPT = (m8Ex8) −Wlpt + (m9Ex9) (6.4)

ExdesLPT = (m8Ex8) −Wlpt + (m10Ex10) (6.5)

The exergy balance of an open feedwater heater is computed by equation 6.6

ExdesOFWH = (m6Ex6 +m7Ex7) − (m6Ex8) (6.6)
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The exergy balance of the first flash chamber purposes to depressurize the geothermal
fluid is calculated using equation 6.7

ExdesFCH1 = (m1Ex1) − (m2Ex2) (6.7)

The exergy balance of the second flash chamber that provides the fluid to the second
separator and re-injection well calculated from equation 6.8

ExdesFCH2 = (m4Ex4) − (m5Ex5 +m11Ex11) (6.8)

The exergy balance of the first separator functions to separate the steam and directs
to the high-pressure turbine determined using equation 6.9

ExdesSep1 = (m2Ex2) − (m3Ex3) (6.9)

The exergy balance of the second steam separator unit connected with an open
feedwater heater based on equation 6.10

ExdesSep2 = (m5Ex5) − (m7Ex7) (6.10)

Exergy Destruction rate in preheating and reheating water tank is computes as follows
based on equations 6.11 and 6.12

ExdesP.T = (m9Ex9) − (m12Ex12) (6.11)

ExdesR.T = (m11Ex11) − (m16Ex16) (6.12)

Exergy Destruction Rate of the Mixing chamber is calculated by equation 6.13

ExdesMCH = ((m9Ex9) + (m11Ex11)) − (m10Ex10) (6.13)

The Exergy efficiency of double flash geothermal system is given by:

Exeffgeo =
∑
ExworknetGS∑
ExinGS

(6.14)
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6.2 Exergy balance of the SPTC system

The exergy destruction of each component used to convert the solar energy into
electrical energy connecting with organic reheat Rankine cycle determined based on
the thermodynamic exergy balance.

The exergy balance of the SPTC organic reheat Rankine cycle High-pressure
steam turbine is calculated from equation 6.15

ExdesHPTss = (m19Ex19) −Whptss + (m20Ex20) (6.15)

The exergy balance of the SPTC organic reheat Rankine cycle low pressure operating
at equivalent temperature with high-pressure turbine working temperature is given by
equation 6.16

ExdesLPTss = (m21Ex21) −Wlptss + (m22Ex22) (6.16)

The exergy balance of a pump is computed by equation 6.17:

Exdespump = (m23Ex23) − (Wpump + (m24Ex24)) (6.17)

The exergy balance of the SPTC organic reheat Rankine cycle heat exchanger (Evapo-
rator) is calculated using equation 6.18:

Exdesh−E = ((m18Ex18) + (m20Ex20)) − ((m19Ex19) + (m21Ex21)) (6.18)

The exergy balance of the SPTC organic reheat Rankine cycle heat exchanger (Con-
denser) is calculated using equation 6.19:

Exdeshx−C = ((m22Ex22) + (m23Ex23 + ExQout(1 − T0

Tcon) (6.19)

The exergy balance of the thermal energy storage PCM determined using equation
6.20

ExdesPCM = ((mPCMCppcm)(TPCMiTPCMe))(1 − (TeTPCM,melting)) (6.20)

The exergy efficiency of the SPTC organic reheat Rankine cycle is given by equation
6.21

ExeffSPTC =
∑
ExworknetSS∑
ExinSS

(6.21)
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The exergy efficiency of the SPTC-geothermal integrated power plant with sterilization
and RO water purifier calculated using equation

ExeffOS =
∑
ExworknetOS∑
ExinOS

(6.22)
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Result and discussion

The SPTC performance has been assessed in different operating parameters, heat
transfer fluids, and numerous commercially accessible trough models from a variety of
manufacturing companies. The integrated system has been designed on Aspen Plus
software even though the investigation of thermal analysis of the SPTC carried out
using EES. In this analysis, the heat transfers through the glass cover to the receiver,
glass cover to the atmosphere, and sky as radiation, convective and conductive heat
transfer modes are computed, furthermore, the heat loss, heat removal factor, and
useful heat output of the receiver were under analysis.

The metrological data like sunshine hours, ambient temperature, the longitude
and latitude of Ziway, Ethiopia are taken to determine solar angles, daily and monthly
beam radiation variation, incident angle of a modifier, and tilt angle of the collector
for the better harness of energy throughout the sunny hours.

Table 7.1: The integrated power and water purification plant EES results

No. Temprature
(K)

Pressure
(MPa)

H(KJ
Kg

) S( KJ
Kg−K ) Exergy

rate(Kw)

1 608 3.5 3067 6.597 30939
2 608 0.5 3067 7.464 20059
3 574.3 0.5 2855 6.821 23705
4 574.3 0.5 1874 3.603 1647
5 475.7 0.2236 1874 3.821 1137
6 475.7 0.2236 2663 6.821 7984
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7 475.7 0.2236 2712 5.834 984.8
8 475.7 0.2236 2749 5.776 11711
9 372.8 0.1 2531 5.776 5451
10 393.4 0.1913 2707 6.293 8479
11 475.7 0.2236 1651 3.374 2978
12 300 0.1 112.6 0.3928 1.224
13 293 0.1 83.3 0.294 0.317
14 346.5 0.1 413.8 0.9956 3809
14” 346.5 0.207 413.8 0.9956 3809
15 366 0.1 388.9 1.225 116.9
16 445 0.1 2448 7.433 3809
17 839 0.1 3357 7.203 13489
18 688 1.5 854 2.702 7408
19 688 1.5 1033 2.155 15818
20 559.3 0.194 774.4 2.155 9070
21 688 0.194 987.7 2.26 12536
22 293 0.01 810.7 2.26 5954
23 293 0.01 791 2.08 1960
24 293 1.5 158.8 2.08 425.8

7.1 HTF and Trough characterization

The organic reheat Rankine cycle system configuration combines hot and cold
heat exchangers with two high pressure, low-pressure expanders, and a pump as a
component. Different working fluids have been characterized by the solar thermal
system.

In this work a synthetic HTF which is known as Diphenyl/ Biphenyl oxide in
its composition made from a eutectic mixture of diphenyl oxide (diphenyl ether) and
diphenyl (biphenyl) each with 73.5% and 26.5% respectively. The heat transfer fluid
of the ORRC has good thermal stability, insignificant or no toxicity, chemically stable
under normal conditions, low viscosity, and is stabilized at a liquid state for a large
temperature range.

To compare and contrast the various collectors’ performance by achieving higher
exit fluid temperature at the outlet of the receiver examined with a small divided
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length of the tube.

Figure 7.1: The instability of receiver outlet HTF temperature of the SPTC with the
mass flow rate

Figure 7.2: The outlet receiver HTF temperature at different segment of SPTC length

To compare and contrast the various collectors’ performance by achieving higher
exit fluid temperature at the outlet of the receiver examined with a small divided
length of the tube.

The outputs of the SPTC vary with the increment and decrement of different
parameters such as ambient temperature, mass flow rate, length of the collector, size
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of the collector, beam radiation, and inlet fluid temperature. As observed in Figure
7.1, the heat transfer fluid biphenyl-diphenyl oxide(Therminol VP-1) has considered
as functioning fluid at 12oC to 430 oC from the characterized fluids of sylthrem at
-40 oC liquid phase to 400 oC vapor phase and dowtherm Q -35 liquid phase to 330
oC vapor phase due to the higher exit temperature at the outlet of the receiver and
thermal efficiency of the collector. In Figure 7.2 ET150 European Trough is improved in
performance relatively than Luz 1, Luz 3, and New IST through the investigation of the
same operating conditions of 0.055 kg/s of mass flow rate, 298 k of ambient temperature
at 625 W/m2 beam radiation using biphenyl-diphenyl oxide(Therminol VP-1) except
the mentioned size by the manufacturers. The ET150 SPTC design is considered to be
manufactured as a high-performance achieving, long-lasting, consistent, and reduced
cost collector.

7.2 The effect of mass flow rate

The varied mass flow rate effect in SPTC combined to Organic reheat Rankine
cycle, geothermal and water purifier system, as well as the dominance in the overall
integrated system, are computed.

Figure 7.3: The fluctuation of Exergy and Thermal efficiency of the SPTC with the
mass flow rate

As shown in the above Figure 7.3 the increasing of the mass flow rate throughout
the SPTC organic reheat cycle benefits to enhance the thermal and exergy efficiency
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computed relying on the first law of thermodynamics and the second law of thermody-
namics under the constant parameters of 625 W/m2 intensity of solar radiation, 293
K atmospheric temperature, 0.96 and 0.92 glass cover and receiver(absorber) tube
emissivity, biphenyl-diphenyl oxide, and ET150 as HTF and SPTC respectively.

Figure 7.4: The variability of useful heat of the SPTC with the mass flow rate

Figure 7.4 represents the useful heat gain of the SPTC organic cycle increases
with the rise of mass flow rate and subsequently while the mass flow rate exceeds
0.2 Kg/s the level of increment tends to constant. The heat transfer throughout the
system continuously escalates with the rise of the HTF mass flow rate. Noticeably, the
higher the mass flow rate leads to collect a greater amount of useful heat that makes
the system efficient.
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Figure 7.5: The Exergy Destruction in geothermal components with different mass
flowrate

The usable and available energy in the designed system is destroyed in an
irreversible process when the heat utilization is higher and work output is reduced.
As shown in Figure 7.5 steam turbines, the first flash chamber, separator, and open
feedwater heater are highly exergetically destructed relatively from other components.
The variation of the geothermal fluid mass flow rate has a minimal effect on the second
flash chamber, separator, water sterilizing tanks, and separators since its assumed
negligible temperature and pressure loss.
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Figure 7.6: The variation of exergy efficiency and work net throughout the integrated
system with different mass flowrate

To check out the actual potential of the assimilated SPTC, double flash geother-
mal and water purification plant with exergetic thermodynamic examination that
used to clarify the energy quality that would be consumed at varied mass flowrate
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results enhanced performance. Depending on specified parameters such as, beam
radiation 800w/m2, exit fluid temperature determined on thermal analysis of SPTC
688K and 608K and 3.5 MPa of production well geothermal fluid temperature and
pressure the consequence of the mass flowrate increasing on the integrated system
exergy efficiency and exergy work net are represented graphically in Figure 7.6 shows
that both parameters are continuously kept increasing concerning the mass flow rate.

7.3 The intensity of solar radiation effect evaluation

Figure 7.7: The receiver outlet temperature and exergy efficiency of the SPTC con-
cerning different beam radiation

The intensity of solar radiation is classified into two as a beam and diffusive
radiation, specifically beam radiation is the sunray that is not deflected by the
atmosphere and things on earth and sky, while the scattered and reflected ray is the
diffused type. The parabolic trough concentrators run as a result of gathering the
radiation directly released from the sun which is not diffused. Different quantity of
beam radiation has collected in the day and overall the year at a changed number of
days every 12 months in a year, this fluctuation affects the capacity of the SPTC at
the lower sunny hours of the day with reducing the expected receiver exit temperature
and exergy efficiency of the collector. The higher the beam radiation is collected
and directed to the receiver means the greater performance of the SPTC system
accomplish through the exit HTF temperature rise and exergy efficiency improvement
in consistently increasing line as observed in Figure 7.7.
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To select the study site looking in detail the metrological data of the location
is required to observe sunny hour’s length of the day, warm months to check out the
summer and winter month’s length since solar energy fluctuates seasonally.

Figure 7.8: The thermal efficiency and receiver outlet temperature of the SPTC organic
reheat Rankine cycle with respect to different beam radiation

The thermal efficiency of the collector is evaluated based on the first law of
thermodynamics to investigate the general capacity of the SPTC but the unprecise
potential compared to exergy efficiency. In Figure 7.8 under the specific mass flow rate,
ambient temperature, Pyrex glass cover, and receiver emittance with the increasing
rate of solar radiation per unit area the thermal efficiency of the SPTC has increased
well. The solar beam radiation of the case study area is lower from June to the end of
August, during this time the capacity of the parabolic trough collector is expected to
decrease.
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7.4 The effect of the variability of Temperature

Figure 7.9: The exergy destruction of the SPTC with respect to dead state temperature

If the denominator temperature has increased the result approaches zero that
means the entropy generation decreases, based on this definition when the dead state
temperature keeps increasing the exergy destruction in all components high-pressure
steam turbine, low-pressure steam turbine, pump, condenser, and evaporator decreases
as seen in the above Figure 7.9. The reduction rate is higher in the evaporator
and both turbines relative to other relevant components of the organic cycle. The
exergy destruction rate decreasing means the components are operating efficiently and
minimum loss is occurring.
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Figure 7.10: The exergy destruction of the SPTC with respect to dead state tempera-
ture

The dead state temperature implies the surrounding environment that can have
an impact on the SPTC. As shown in Figure 7.10, if the surrounding temperature
is in the increasing motion the amount of inlet heat exergy to the organic Rankine
reheat cycle is higher and the greater exergy work output can be generated in the heat
energy conversion to the mechanical work and finally to electrical energy production.
In this estimation, the thermophysical property and dimensions of biphenyl-diphenyl
heat transfer fluid and ET150 have been taken into consideration respectively.
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Figure 7.11: The exergy destruction of the geothermal components with varied pro-
duction well temperature

As mentioned under the explanation of the above graph the higher the operating
temperature means the lower the exergy destruction is occurring in each component.
The mass flow rate and pressure at well conditions are fixed and the geothermal fluid
temperature is differentiated to see it is the effect on the exergy destruction of all
relevant functional components in Figure 7.11, the exergy destruction tanks, and
second separator the exergy destruction rate is decreasing while the steam turbines,
both flash chambers, and first separator components the exergy destruction rate has
increased.
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Figure 7.12: The exergy efficiency and work net variation with production well tem-
perature

As the heat of the geothermal fluid, temperature increases the connected system’s
overall exergy efficiency is increasing which is seen in Figure 7.12 the fluid temperature
depends on the natural source of the site. Aluto Langano site has a relatively higher
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underground temperature even no need to use organic compound heat transfer fluids
working at low temperature. Possible to convert the underground heat into other
forms of energy specifically to electrical energy for the designed integrated power plant
at a conversion performance with a higher temperature.

Figure 7.13: The receiver outlet temperature and thermal efficiency variation with an
ambient temperature

The ambient temperature is directly related to solar radiation, as the sun ray
strength increases the ambient temperature also increases. The higher beam radiation
is available means in the area of the SPTC system has installed the amount of energy
extracted maximized what improves the overall collector thermal efficiency. Thermal
efficiency is the ratio of heat gained by the SPTC and the direct beam solar energy
reached to the collector.
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7.5 Effect of the length of the SPTC

Figure 7.14: The receiver outlet temperature and useful heat gain variation with the
length of the collector

By using biphenyl-diphenyl oxide as a working fluid Et150 European SPTC
which is good in performance based on the characterization at a specified mass flow
rate, ambient temperature, and beam radiation the useful heat gain and receiver
outlet temperature fluctuation has investigated under small segments of the length
of the collector in Figure 7.14, simply with adding the length or assembling different
collectors, there is a possibility to increase the heat transfer fluid temperature at the
outlet of the receiver that directly improves the capacity with higher amount of useful
energy in watts. While assembling several collectors the exergy and energy loss is
existing, for the simplicity of transporting the parts the manufacturers produce smaller
length collectors.
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Figure 7.15: The thermal and exergy efficiency at different length of the collector

To determine the amount of exit heat transfer fluid temperature from the absorber
tube the 12 m length of SPTC has discretized in 100 segments, as shown in the Figure
when the collector becomes longer different forms of heat losses are occurs. So that
Figure represents the linear decrement of thermal efficiency and slightly reduced
exergetic efficiency which comes to its constant level after 8 m. The constant beam
radiation, mass flow rate, ambient temperature, glass cover, and receiver emissivity
has been considered with varying the length to see its effect on system exergy and
energy efficiency.



63

7.6 The effect of dead state entropy on the overall system

Figure 7.16: The formation of exergy destruction of the SPTC organic reheat Rankine
cycle to dead state entropy

Thermo-physical property of the heat transfer fluid based on the dead state
temperature and pressure has computed on EES, these properties are enthalpy and
entropy at the dead state, shown in the above Figure 7.16, the entropy is higher if
the given dead state condition when the system is at a complete equilibrium with the
surrounding rises so that the exergy destruction in each component has increased in
SPTC system. In this characterization ET150 Europian trough and biphenyl-diphenyl
oxide heat transfer fluids are used, additionally under constant ambient temperature
with average beam radiation collected by the SPTC in the case study area. The exergy
destruction of the high-pressure turbine and low-pressure turbine is higher relative
to other units. The reheating process and condensation exergy destruction are very
close.
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Figure 7.17: The change of exergy work net of the SPTC organic reheat Rankine cycle
to dead state entropy

The surrounding parameters like temperature and pressure affect the exergy
work net of solar with double-flash geothermal power plant integrated to sterilization
water treatment. In the Figure 7.17, the conversion of heat energy to mechanical and
electrical forms is considered as work out. The more exergy work net is accomplished
by the overall system means the higher exergy efficiency is scored, even though the
dead state entropy increment starts reducing significantly and when it reaches the
optimum value is constant without any change.
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7.7 The effect of first turbine outlet pressure

Figure 7.18: The formation of exergy destruction of the geothermal components due
to the variation of first turbine outlet pressure.

Exergy destruction formation differs from component to component along with
their function and direct connection to the varied parameter. The first geothermal
turbine outlet pressure raise has an effect on the low-pressure turbine with an expo-
nential increase of exergy destruction. In addition to the low-pressure turbine the
exergy destruction rate increases at the mixing chamber, open feedwater heater, and
second separator. There is no change in the first flash chamber and first separator.
The irreversibility formation in the high-pressure turbine, the water preheating unit
and the reheating system shows from high to low amount of exergy destruction rate
decrement.
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Figure 7.19: The exergy efficiency and work net of the double flash geothermal and
solar system due to the variation of first turbine outlet pressure.

In the above Figure 7.19, the exergy work net and exergy efficiency explain
the capability of the integrated SPTCdouble-flash geothermal power plant conversion
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of energy and utilization of waste heat fluctuates as the dominant parameters vary.
The effect of the outlet pressure from the high-pressure turbine is minimal relative to
other parameters, as observed from the graph the fluctuation effect is positive, the
higher the outlet pressure of the first geothermal turbine results in a lower amount of
exergy destruction rate and enhanced overall exergy work net that consequence the
improvement of exergy efficiency.

7.8 Variation of the Production well pressure

Figure 7.20: The work net of the double flash geothermal and solar system due to the
variation of production well pressure.

In Figure 7.20, the work produced by the integrated system in two sessions, day
and night time affected by the well condition operating pressure of the geothermal
fluid. The work done reduces with increasing of the heat transfer fluid pressure at the
well state. The power plant designed to operate at 3.5 MPa which means related to
pressure the lower the better in performance.
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Figure 7.21: The exergy destruction rate of componenets of the combined double flash
geothermal system due to the variation of production well pressure

As observed in Figure 7.21, the production well pressure of the eorking fluid affects
few units, the rest components shows minimal or insignificant change as increasing
and decreasing. The steam turbines exergy destruction rate has decreased while the
first flash chamber is a component with high exergy destruction rate growth since it
has used as a depressuriser.
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Figure 7.22: The exergy efficiency of the combined double flash geothermal and solar
system due to the variation of production well pressure.

The work done by the system directly relates to the efficiency of the system, as
the work net increase and reuction specific exergy (heat input) to the system occur
results the capacity of the powerplant at an improved exergy efficiency. Even though
the well condition pressure has reduced the work done by the system what minimize
the functioning exergy efficiency as shown in Figure 7.22.

7.9 The effect of Inlet pressure to the first turbine

The useful energy which is named exergy efficiency and work net of the geothermal
energy converting power plant connected to sterilization water treatment can be
augmented on increasing of the inlet pressure directed from the first separator to the
high-pressure steam turbine. The higher total work net produced by the high and
low-pressure turbines results in enhanced exergy efficiency.
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Figure 7.23: The exergy efficiency and work net of the double flash geothermal system
due to the variation of first turbine inlet pressure.

The maximum work generated in the power plant leads to perform at a higher
exergy efficiency as shown in Figure 7.23 the overall integrated SPTCdouble-flash
geothermal with sterilization (boiling) in two different tanks as preheating and reheating
mechanism to use the waste heat effectively and to minimize the waste heat operates
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at a better exergy efficiency that increased when the high-pressure steam turbine inlet
pressure increases.

Inlet pressure turbine is one of the parameters to characterize the capacity of the
integrated power plant and output reveals that as it is positively dominant parameters
exhibits in the energy conversion process.

As shown in Figure 7.23 the exergy work net has augmented as the inlet pressure
of the geothermal system high-pressure increases. The exergy work net and exergy
destruction in components are the key points to check out the real potential of the
power plant since the increment of exergy work out and decrement of the results
the higher exergy efficiency. The maximum work has been obtained and the overall
performance is improved with an inlet pressure of the turbine variation to increment
range.

Figure 7.24: The exergy destruction rate of the double flash geothermal system due to
the variation of first turbine inlet pressure.

Figure 7.24 represents how the exergy destruction formation of the components
fluctuates with the geothermal high pressure steam turbine inlet pressure increasing.
The result shows as the effect is different in all components which is some of the
components are in a decreasing line while the other’s destruction is in an increasing
path. The high-pressure, first separator, second flash chamber, and the first preheating
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tank the graph clarify that the exergetically destructed units in the system when the
inlet pressure of first installed turbine in geothermal system increases.

The second Separator and first flashing chamber, second water reheating tank,
open feedwater heater, low-pressure turbine, and mixing chamber irreversibility forma-
tion are decreasing.

7.10 The effect of second turbine outlet Pressure

Figure 7.25: The exergy destruction rate of the combined double flash geothermal and
solar system due to the variation ofsecond turbine outlet pressure.

The geothermal system is double flash type that has a two different turbines
coupled with electric generator to the conversion of heat into mechanical then to
electrical energy. As a dominant parameter the low pressure turbine outlet pressure
variance has characterized. The graph represents in Figure 7.25 the exergy destruction
rate of the mixing chamber and low pressure turbine reduces with increasing of the
pressure of the exhaust steam of the low pressure turbine. The first tank that used to
preheat water using the waste heat released from low pressure turbine is the component
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that records higher exergy destruction with the pressure increament and the other
units has not affected.

Figure 7.26: The work net of the combined double flash geothermal and solar system
due to the variation of second turbine outlet pressure.

The outlet pressure of the low pressre turbine increament affects the overall
potential of the power and water purification plant. The graph in Figure 7.26 shows
how the work done in the day time and night time fluctuates if the outlet pressure
of the low pressure turbine has increased. As a conclustion the low pressure turbine
waste heat releasing pressure is a reason for capacity decreament.

The water treatment work has been started by using the low pressure turbine
waste heat so that the exhaust steam pressure affects the thermal disinfection process.
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Figure 7.27: The work net of the combined double flash geothermal and solar system
due to the variation of second turbine outlet pressure.

The increament of pressure has a significant effect on the entropy rather than
enthalpy. According to the equation used to determine the specific exergy rate decreases
and operates inefficiently due to pressure increasing. Figure 7.27 represents the exergy
efficiency of the system decreases with increasing of the outlet pressure from low
pressure turbine.
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7.11 Water treatment results

The input data collected from different literature that measured to check the water
quality for aquatic life. Lake Ziway is a source of municipal water for the community
as well as used for fishing. Ethiopian Lake waters are available in different quality and
Ziway lake water has lower salinity which is not brackish generally considered as a
freshwater type.

Table 7.2: Input parameters (Ziway lake characterization)
Input parameter types Parameter values

Dissolved oxygen 7.41 mg/l

Dissolved nitrogen gas 18 g/m3 assumption

Nitrate (NO3 −N) 0.0039 g/m3

Sulfate sulfur SO4 − S 19.2112g/m3

Soluble calcium (Ca) 12.0234g/m3

Soluble magnesium (Mg) 8.5067g/m3

Soluble potassium (K) 27.36881g/m3

Chloride (Cl) 13.47214g/m3

Sodium (Na) 55.18g/m3S

Entire cations 4.02meq/l

Entire anions 4.31meq/l

Conductivity 370 − 410µS/cm

Alkalinity (caco3) 360.1

Nitric-nitrogen (NO2 −N) Default

Ammonia (NH4) 0.193g/m3

Ortho-phosphate (HPO4) 0.016g/m3

Chlorine [HOCL+OCL] 0

Soluble silica (Sio2) 46mg/l

PH 8.9

salinity 0.40g/l

Biomass 91µg/l
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Ziway lake is available in the case study area so that it has considered as a
water source for the water purification process in the integrated designed power plant.
The main goal is to provide highly treated and pure water for the community using
the thermal disinfection method even though, the water should be treated using
different mechanisms considering the property and size of the contaminant particles
and organisms. The removal of large size and finer size particles can be removed
by clarifiers and equalization tanks but the accuracy is not met the recommended
standard by WHO, RO treating mechanism is the advanced one.

Table 7.3: Exepermental results of the tap water quality in Ziway city

Measured qualities Tap Water Reverse osmosis

Conductivity 472.15µs/cm 52µs/cm

PO4 114.05µs/cm > 5mg/l

PH 7.49 6.9

7.11.1 Turbidity

The lake Ziway water is exposed to wastewaters from households, dust and dead
part of the plant that comes down, this will increase the level of the water turbidity
and makes it a danger to the humans’ life to consume raw water.

The level of water turbidity can be differentiated by a simple look at the water
in a glass or a tank. The acceptable range of turbidity of potable water should be
between 5 NTU and 0.1 NTU, more of less than 0.1 NTU is perfect to be consumed.

The water color changed to cloudy shows its turbidity which is caused by dust,
living organism pollutants, wastes, chemical disposals, and other pieces of specks of
dirt. Through the reverse osmosis treatment the turbidity level of the water reduced
to 0.05 NTU which is considered as a perfect level for consumption

7.11.2 PO4

Phosphate-rich lake water improves the growth of plants and is assigned as
a non-toxic element for humans as well as animals. If the amount is beyond the
recommended range consequences the reduction in the amount of the dissolved oxygen
in the water.
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The highly polluted water phosphate range is always greater than 2 ppm while
the clean potable water phosphate level is less than 0.1 ppm, for the protection of
ecological health, the phosphate level should be less than 0.05 to prevent its effect
on the dissolved oxygen of the water.The RO system filters the phosphate from the
influent water to 0.035mg/l(ppm).

7.11.3 PH

PH is the major point that to be measured and corrected if the water is needed to
be potable, the PH level of Ziway lake is 8.9 so correction is required to be consumed
to keep the range approximately to the neutral instead of basic and acidic ranges.The
reverse osmosis purifier is a well known in order to correct the PH level to the required
range 6.9.

The reverse osmosis water treatment technology that has been operated at higher
booster pressure to remove the contaminants reduced the PH level of the pretreated
water to 6.9. The Ro system receives the pretreated heater through different methods
including thermal

Mostly PH level of the Surface-water 6.5-8.5 and Groundwater 6-8.5 ranges which
is not recommended for humans consumption.

7.11.4 TDS

The saline water has a high TDS amount per liter which consists of different types
of salts that increases the salinity of the water, metals, total cations, and anions.

After the critical reading of the standards, TDS level has to be less than 300
mg/L and should not be less than 100 mg/l. TDS is not danger as the hardness has to
be between the range of 0-60 mg/l of the water. The TSS content in the water should
not exceed 30ppm.

The disadvantage of using reverse osmosis system for water treatment application,
the water softer than the recommended rage by the WHO and removes useful minerals
that leads to the mineral correction phse before distribution for the customer even
though for the patients of the kidney failure the reverse osmosis output is highly
needed.
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Figure 7.28: TDS level of the water during the purification process.

The water treatment process that passex through different stages gives the
potable water that have a haednes of below 60 mg/l and the total dissolved solid under
the recommeneded range of 300ppm.

Figure 7.29: PH, Color, PO4 variation with osmosis pressure

As observed from the graphs in Figure 7.28 and 7.29 the level of TDS, hardness
of the water, PH value, color, and amount of soluble PO4 in the treated water is at
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a safe level. The drawback of using the RO water treatment system makes the
water too soft. Healthy humans should consume water that has a mineral (mineral
rich water) due to this the water passes through in the final stage correction process
related to the mineral correction. For instance the result of the TDS approaches to
zero and TSS value is zero, which is beyond the recommended by WHO.

Figure 7.30: The variation total alkalinity of the water with time

Each purification unit takes a time specifically in equalization tank the water
needs to be settled, then after the the particles gather to the bottom of the tank. The
retention and purposeful time of the water treating method indicates the the quality
of water variance as observed in Figure 7.30, the alkalinity was higher at the influent
entering time to the first unit, with increasing of the treatment time the alkalinity of
the water reduces to the recommended range between 20-200 mg/l.



7. Result and discussion

7.11.5 Water treatment Operating Cost Summary

Table 7.4: Water treatment Operating Cost Summary

Pumping
Cost

Miscella
neous
Cost

Chemical
Dosage
Cost

Sludge
Disposal
Cost

Total
Cost

Ziway Lake
Water (inf)

55.57 0 0 0 55.57

Thickener (infth) 3.67 1927.01 0 0 1930.67

Equalization
tank (MLSS)

0 0 0 0 0

Clarifier
(MLSSc)

37.76 875.91 0 0 913.68

Reverse Osmo-
sis(TW)

2939.8 0 0 0 2939.8

Disposal (fertil-
izer)

0 0 0 304.58 304.58

Layout Total 3036.8 2802.92 0 304.58 6149.11

Figure 7.31: Total operating cost of the water treatment process

The total yearly running cost of the water purification process is estimated at
6149.11 USD, riverse osmosis system and thicker are the expensive one relatively from
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other units and the disposal transportation cost can be eliminated by supplying it
to the nearby farmers as a fertilizer.A clarifier is a principal component to remove
particles with larger sizes, the need for maintenance, and the work of pump is high
due to that it is the next expensive unit. The current work result shows the possibility
of highly pure potable water generation using cost effective method. The existing
water treatment system in the case study area used different chemicals imported with
foreign currency and can not purify the water to the required level. The treated water
can prevent the shortage for consumption and cleaning purposes by supplementing it
to the municipal water.

Table 7.5: Water treatment system energy consumption Summary
Pumping
Power(KW)

Mixing
Power(KW)

Heating
Power(KW)

Other
Power
(KW)

Total
Power
(KW)

Ziway Lake
Water (inf)

0.06 0 0 0 0.06

Thickener
(infth)

0 0 0 2.2 2.2

Equalization
tank (MLSS)

0 0 0 0 0

Clarifier
(MLSSc)

0.04 0 0 1 1.04

Reverse Os-
mosis(TW)

3.35 0 0 0 3.35

Layout Total 3.45 0 0 3.2 6.67
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Figure 7.32: power consumption rate of the water purification units

The operating cost has increased as the rate of power consumption of the units
increases, the RO treats water based on the pressure supplied by the pump. The
power consumption of RO is higher than the others components due to the booster
pump power consumption, additionally thickening the sludge needs more power. The
thickening process has to reduced from the process to make cost-effective the water
treatment mechanism, as observed from the pie chart of a Figure 7.32.

Table 7.6: Occurrence of water born pathogens in ziway tap water, [37].

Name Percentage Killing
temperature(0C)

Coliform 90.5 65-70

Fecal coliform 57.1 66

E.coli 35.3 >70

Entercoli 45 65-70

Clostridium
perfiringens

80.9 65-70
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Salmonella, shigella, vibro, hepatitis A, germs,cholera and other different bacterias
and viruses are available in the treated tap water in Ethiopia, bacteria can be remove
to a temperature exposure in between 65 − 700C. viruse can not be killed at low
temperature ranges like germ and bacteria, for instans hepatitis A can not resesit at
a temperature above 850C so the sterilization mechanism instead of pasteurization
improves the quality of water. The water treatment system can generate a pure water
ranges 100-150 m3 day, the temperature of the water exceeds 1350C which means all
microorganisms can be removed. The energy consumption by the water boiling units
is around 13.36% while the rest 86.64% of the supplied heat energy is used for power
generation.
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7.12 Validation of receiver outlet HTF temperature

Solar parabolic trough energy conversion capability is characterized based on
the thermal analysis results, one of the major targets of the analysis is to find out the
heat transfer fluid temperature at the outlet of the receiver. As shown in the table in
the previous work the SPTC outlet temperature is 673K while the current work is 688
K.

Table 7.7: validation of the temperature of the HTF at the recievier outlet

Author, year Title Direct
beam

radiation( w
m2 )

Mass
flow rate

kg
s

Exit
HTF

tempera-
ture from
SPTC
(K)

Harwinder singh
and R.S. Mishra,

2018

Performance analysis
of solar parabolic
trough collector
driven combined

supercritical CO2 and
organic Rankine cycle

800 0.055 673

Current work Exergy analysis of
solar-geothermal

integrated power plant
with sterilization and
RO water purifier.

800 0.055 688

As shown in the table the current work achieves higher heat transfer fluid
temperature under the same conditions of beam radiation and mass flow rate. The
higher exit fluid temperature from the outlet receiver means the better performance
has achieved related to exergy efficiency and useful heat gain.
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Conclusion and Recommendations

8.1 Conclusion

The two promising sustainable energies are integrated to convert solar energy and
ground heat temperature into electrical energy using selective components, additionally
based on the waste heat from the power plant sterilization water disinfection has
simulated. The combined renewable energy sources namely, geothermal and solar
thermal energy technologies are double flashing type and parabolic trough collector
has used. The designed hybrid power plant connected to RO and sterilization water
treatment plant perfect to address identified problems.

The thermal analysis of SPTC computes up to what kelvins the heat transfer
fluid temperature increases, different terms of heat loss in the collector during the
heat transfer, and other useful parameters. The sterilization heats the pre-treated
water at 1000C, to the level of its potential to kill diverse kinds of living organism
pollutants and risky to human’s health. The pre-treatment carried out using multiple
stages of treating ways which are equalization tank, primary clarifier, and advanced
RO mechanisms. In this way, the designed and potentially investigated system can
provide high-quality potable water and power to the direct beneficiaries in the study
area.



8. Conclusion and Recommendations

8.2 Recommendations

The performance of the SPTC-geothermal integrated power plant with steriliza-
tion and reverse osmosis water purification has investigated well, as listed under the
objective eight specific objectives that can investigate the potential in deep. Due to
the time shortage, the following points are recommended for further analysis.

- Economic analysis of the designed integrated SPTC double-flash geothermal
power plant with a water purifier.

- Energy analysis of the overall thermodynamic performance of the designed system

- Experimental investigation of the thermal disinfection as a sample

- Additional waste heat recovery opportunity finding, for instance, drying applica-
tion using low temperature.
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Appendix A
A.1 The EES code of SPTCdouble-flash geothermal integrated power

plant with sterilization and RO water purifier

"Daytime geothermal system Exergy Analysis"

"Exergy input - Exergy output - Exergy consumption = Exergy

accumulation"

"Exi - Exe=Exheat - Exwork + Exmass,i - Exmass,e= Exdes=Irre"

"Thermal exergy transfer (EXQr)"

"EXQr = Qr(1-Tr/To)"

"EXw=w"

"I=To*Sgen" "rate of irreversibility"

"state 1 production well"

T1=608.15

P1=3.5

H1=ENTHALPY(Steam,T=T1,P=P1)

S1=ENTROPY(Steam,T=T1,P=P1)

v1=Volume(steam,T=T1,P=P1)

cp1=Cp(steam,T=T1,P=P1)

rho1=Density(steam,T=T1,P=P1)

{"first separator inlet and outlet of the first flash

chamber"}

H2=H1

P2=0.5

Q=0

Work=0

T2=T1

effSep=0.999

S2=ENTROPY(Steam,H=H2,P=P3)

{X2=quality(Steam,H=H2,P=P3)}

{"High pressure turbine inlet condition"}

P3=P2

S3=ENTROPY(Steam,x=1,P=P3)

H3=ENTHALPY(Steam,x=1,P=P3)

T3=temperature(Steam,x=1,P=P3)



V

{"first separator outlet and inlet to the second flash

chamber"}

T4=T1

P4=P3

S4=ENTROPY(Steam,X=0,T=T4)

H4=ENTHALPY(Steam,X=0,T=T4)

{"High pressure Steam Turbine outlet"}

EffiseST=0.85

S6s=S3

P6=(0.5/0.2)^0.5

S6=((S6S-S3)/EffiseST)+S3

H6=ENTHALPY(Steam,S=S6,P=P6)

{"H6=((H6S-H3)/EffiseST)+H3"}

T6=Temperature(Steam,P=P6,S=S6)

{x6=quality(Steam,P=P6,S=S6)}

i=(S6-S11)

l2=(S7-S11)

x8=i-l2

{"the second flash chamber outlet and Second separator

inlet"}

H5=H4

S5=ENTROPY(Steam,H=H5,P=P6)

X5=quality(Steam,H=H5,P=P6)

{"Low pressure turbine inlet"}

m1=28

x2=((H2-H4)/(H3-H4))*0.1

m4=(x2*m1)

m3=(1-x2)*m1

m5=m4

x5=(H5-H11)/(H8-H11)

m7=X5*m5

m11=(1-x5)*m5

m9=X8*m8

m6=12.2

"S8=ENTROPY(Steam,H=H8,P=P6)"

"open feed water heater"
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{H7=ENTHALPY(Steam,X=1,T=T6)}

{H7*m7=((H6*m6)+(H5*m5))/(m7)}

H7=ENTHALPY(Steam,X=1,T=T6)

S7=ENTROPY(Steam,X=1,T=T6)

{second separator outlet}

T11=523

P11=0.1

X11=0

H11=ENTHALPY(Steam,X=0,P=0.1)

S11=ENTROPY(Steam,x=0,P=0.1)

"mass balance and energy balance in the open feed water

heater"

m8=m6+m7

"H8m8=H6m6+H7m7"

"H8=(H6*m6+H7*m7)/m8"

X6=(H7-H12)/((H8-H12))

S8=S11+(X8*(S7-S11))

"low pressure steam turbine outlet"

S9s=S8

P9=0.2

S9=((S8-S9s)/EffiseST)+S8

{T9=Temperature(Steam,P=P9,S=S9)}

{H9=(H8*m8)/m9}

H9=enthalpy(Steam,S=S9s,P=P9)

m12=(S9-S12)/(S9-S11)

{low pressure Turbine outlet}

X10=1

T10=473

P10=0.2

S10=entropy(Steam,P=P10,T=T10)

H10=enthalpy(Steam,P=P10,T=T10)

H12=enthalpy(steam, X=0,P=P10)

S12=entropy(steam,X=0,P=P10)

{H12=(H10-H9)+(H9-H11)

S12=(S10-S9)+(S9-S11)}

{Exergy balance of the double flash geothermal system}



VII

{Exergy@i=(Hi-Ho)-To*(Si-So)}

To=25+273.15

Po=0.101325

Ho=enthalpy(Steam,P=Po,T=To)

So=entropy(Steam,P=Po,T=To)

{state 1, the first flash chamber}

ExergyFch=(H1-Ho)-To*(S1-So)

Ex1=ExergyFch

{state 2 primary separator inlet}

Exergysep1=(H2-Ho)-To*(S2-So)

Ex2=Exergysep1

{state 3 first HP turbine inlet}

ExergySThp=(H3-Ho)-To*(S3-So)

Ex3=ExergySThp

{state 4 first separator outlet & the second flash chamber

inlet}

Exergysep1out=(H4-Ho)-To*(S4-So)

Ex4=Exergysep1out

{state 5, second separator inlet}

Exergysep2=(H5-Ho)-To*(S5-So)

Ex5=Exergysep2

{state 6, High pressure turbine outlet}

ExergySThpout=(H6-Ho)-To*(S6-So)

Ex6=ExergySThpout

{state 7, separator 2 outlet & open feed water inlet}

Exergysep2out=(H7-Ho)-To*(S7-So)

Ex7=Exergysep2out

{state 8, Low pressure turbine inlet}

ExergyLPst=(H8-Ho)-To*(S8-So)

Ex8=ExergyLPst

{state 9, Low pressure turbine outlet water treatment

boiling}

ExergyLPstout=(H9-Ho)-To*(S9-So)

Ex9=ExergyLPstout

{state 10, water treatment}

Exergyboiling=(H10-Ho)-To*(S10-So)
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Ex10=Exergyboiling

{state 11, reinjection}

Exergyrein=(H11-Ho)-To*(S11-So)

Ex11=Exergyrein

{state 12, reinjection WT}

ExergyreinWT=(H12-Ho)-To*(S12-So)

Ex12=ExergyreinWT

{Exergy Destruction Or Irriversibility in each component

1. irriversibilty formation in flash chamber}

m2=m3-m4

{m1*Ex1=m2*Ex2+ExdesFch}

ExdesFch=m1*(Ex1-Ex2)

{2. irriversibilty formation in the first separator}

EXdesSep1=(m4*Ex4)+(m3*Ex3)-(m2*Ex2)

{3. irreversibility formation in the HPT}

Whpt=(m6*H6)-H3

Exdeshpt=m3*Ex3-m6*Ex6+Whpt

{4. irreversibility formation in the second Flash chamber}

ExdesFCH2=(m4*Ex4-m5*Ex5)-(m12*Ex12)

{5.irriversibilty formation in the separator 2}

Exdessep2=(m5*Ex5)-(m7*Ex7)

{6.irriversibilty formation in the LPT}

WLpt=m8*(H8-H9)

ExdesLpt=(m8*(Ex8-Ex9))+WLpt

{7. irreversibility formation in the open feedwater heater}

ExdesOFWH=(m8*Ex8)-((m6*Ex6)+(m7*Ex7))

{8. irriversibilty formation in the boiling process}

ExdesWT=(m9*Ex9)-(m12*Ex12)

{exergy efficiency of each component}

Exdesrein=m5*((H5)-(H11))+(m12*H12)

Wnet=(Wlpt+Whpt)

EXEFF2=(Wnet/Ex1)

Exqingeo=abs(Ex2-Ex1)

Exqinreheatergeo=abs(Ex8-Ex7)

ExqinWTgeo=abs(m1*(Ex11-Ex9))

Exqintotalgeo=(Exqingeo+Exqinreheatergeo-(m4*(Ex4-Ex11)))



IX

Exworkgeo=abs(Ex8-Ex9)*m1

Exworkgeo2=abs(Ex3-Ex6)*m1

ExWnetgeo=Exworkgeo+Exworkgeo2+ExqinWTgeo

A.2 EES code of the SPTC

W=5.77 "m" "Width of the PTC"

L=12"m" "Length of the PTC"

LA=148.5 "m"

FL=1.71 "m" "Focal distance of the PTC"

C=22.74 " Concentration ratio of the PTC"

Dri=0.066 "m" "Receiver inner diameter"

Dro=0.07 "m" "Receiver outer diameter"

Dci=0.109 "m" "Cover inner diameter"

Dco=0.115 "m" " Cover outer diameter"

Ari1=pi*dri*L "m^2" "Receiver inner surface"

Aro=pi*dro*L "m^2" "Receiver outer surface"

Aa=(W-Dro)*L

Aci=pi*dci*L "m^2" "Cover inner surface"

Aco=pi*dco*L "m^2" "Cover outer surface"

er=0.92 " Receiver emittance"

ec=0.9 "Cover emittance"

eg=0.96

cr=0.83 "Concentrator reflectance"

gamma=0.99 " Intercept factor"

thetaat0degree=1 " Incident angle modifier (zero

incident angle)"

theta=0 "degree" "Incident angle"

effoptmax=0.75 "Maximum optical efficiency (zero

incident angle)"

Ta=298 "K" "Ambient temperature acceptable range 280-

320 K"

Gb=625 "W/m^2" "Solar direct beam irradiation 500-1000 W/m2"

hfi=50 "W/m^2K" "Heat transfer coefficient between cover

and ambient acceptable range 5-20 W/m2K"

V=5 "m/s" "Volumetric flow rate acceptable range 0.001-
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0.004 m3/s"

Tfi=285"K" "Inlet temperature acceptable range 300-650K "

Re=(rho*V*Dco)/mu

cp=(1.50378800*10^(3))+((1.07500814*10^(-13))*Tfi)

-((1.64689463*10^(-16))*Tfi^2)

Nu#=0.3*((Re)^0.6) " for 1000<Re<50,000"

hcca=(Nu#*Kx)/Dco

sigma=0.0000000567

mr=0.055 "kg/s"

K=15

Tr=400

Tmean=(Ta+Tc)/2

{rho=Density(’C12H10,biphenyl’,T=Tmean,P=0.1013)}

{mu=viscosity(’C12H10,biphenyl’,T=Tmean,P=0.1013)}

{Kx=conductivity(’C12H10,biphenyl’,T=Tmean,P=0.1013)}

rho=1064

mu=0.00429

Kx=0.1363

Hrca=eg*sigma*(Tc+Ta)*(Tc^2+Ta^2)

Hrrc=sigma*(Tr^2+Tc^2)*(Tr+Tc)/1.20247

Ul= 1/((dro/((hcca+hrca)*dco))+(1/hrrc))

Tc=((Aro*Hrrc*Tr)+(Aco*(Hrca+hcca)*Ta))/((Aro

*Hrrc)+(Aco*(Hrca+hcca)))

F=1/UL/(1/UL+Dco/(hfi*Dci)+(Dco/(2*K))*ln(Dco/Dci))

Fr=(mr*cp/(Aro*UL)*(1-exp(-UL*F*Aro/(mr*cp))))

Qu=Fr*((Gb*Aa)-(Aro*UL*(Tfi-Ta)))

Qu=(mr*cp*(Te-Tfi))

{Te=Tfi+(Qu/(mr*cp))}

effcol=Qu/(Gb*W*L)

Ts=4332.75 "K"

"exergy analysis of parabolic trough collector"

effo=er*eg

"Exergy balance"

"Ein- Eout -Eloss-Es -Edes = 0"

"Es=0" "steady condition"

"inlet exergy rate, inlet exergy carried by fluid flow
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and the radiation exergy rate from the sun"

exEin=mr*Cp*(528-Ta-Ta*ln(528/Ta))

effp=(1-((4*Ta)/(3*Ts)) + (1/3*((Ta/Ts)^4)))

exEinp=Gb*Aa*effp

"outlet exergy carried by fluid flow"

exEout=mr*Cp*(688-Ta-Ta*ln(688/Ta))

"useful exergy rate"

exEgain=(exEout-exEin)

"ExEinp=effo*Gb*Aa(1-(4/3)*(Ta/Ts)+(1/3)*(Ta/Ts))^4"

"exEgain=mr*Cp*(Te-Ta-Ta*ln(Te/Ta))-mr*Cp*

(Tfi-Ta-Ta*ln(Tfi/Ta))"

"exeff=exEgain/(Gb*Aco*(1-(Ta/Ts)))"

exeff=((exEin+exEout)/exEinp)

"exergy loss caused by different 4 terms"

"1. exergy loss rate due to heat leakage from reciever

tube to the ambient"

exloss1=UL*Aro*((Tr-Ta)*(1-(Ta/Tr)))

"2. exergy loss rate due to the temperture difference

between the absorber tube and the sun"

Exdes1=effo*Gb*Aro*Ta*((1/Tr)-(1/Ts))

"3. exergy loss rate caused by solar radiation losses

from the collector

surface to the absorber tube"

Exdes2=Gb*(Aco-(effo*Aro))*(1-(Ta/Ts))

"4. exergy loss rate due to temperature difference

between the absorber

tube and fluid"

Exdes3=abs(mr*cp*Ta*(ln(Te/Tfi)-((Te-Tfi)/Tr)))

exlosstotal=exloss1+Exdes1+Exdes2+Exdes3

"Edesabs= Qu*Ta*((1/Tr) - (1/Ts))"

exdesabs=effo*Gb*Aa*Ta*((1/Tr)-(1/Ts))

Edescond=abs(mr*Cp*Ta*(ln(Te/Tfi)-(Te-Tfi)/Tr))

"exeff=1-(( exEloss - exEchange - exdesabs)/ exEin)"

"exeff=1-(Elopt-Elth-exdesabs-Edescond )"

"exeff=1-((1-effo)+UL*Aro*((Tr-Ta)*2)/Tr)+Qu*Ta*((1/Tr)-

(1/Ts))
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+m*Cp*Ta*((ln(Te/Tfi)-((Te-Tfi)/Tr)))"

"exeff=(mr*cp)/(effo*Gb*Aa*(Te-Tfi-Ta*ln(Te/Tfi)))"

A$=’biphenyl-diphenyl oxide’

To#=298

{Ho=Enthalpy(A$,T=T16,P=P16)}

Ho#=20.1

{So=Entropy(A$,T=T16,P=P16)}

So#=1.5605

mPCM=0.05

TPCMi=120+273

TPCMe=415+273

TPCMmelting=220+273

Tec=688

CpPCM=1.256

Tsun=5777

Aa#=68.8

ExPCM=mPCM*CpPCM*(TPCMi-TPCMe)*(1-(Tec/TPCMmelting))

EffPCMcharging=Aa#*(1-(4/3)*(Tec/Tsun)+(1/3)*(Tec/Tsun))

"State 16 outlet of the PCM and inlet to the Evaporator"

T16=688 "K"

P16=0.2

{H16=Enthalpy(A$,T=T16,P=P16)}

{S16=Entropy(A$,T=T16,P=P16)}

H16=854

S16=2.7015

ExE=(H16-Ho#)-To#*(S16-So#)

"State 17 outlet of the evaporator and inlet to the

high pressure

turbine"

T17=T16

P17=P16

{H17=Enthalpy(A$,T=T17,P=P17)}

{S17=Entropy(A$,T=T17,P=P17)}

H17=1033

S17=2.155

ExHPT=(H17-Ho#)-To#*(S17-So#)
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"state18 outlet of the high pressure turbine"

P18=P17

S18=S17

T18=663

effST=0.85

{H18=Enthalpy(A$,T=T18,P=P18)}

H18=774.4

ExHPTe=(H18-Ho#)-To#*(S18-So#)

"State 19 inlet to the low pressure turbine"

T19=T18

P19=0.05

X19=1

{H19=Enthalpy(A$,T=T19,P=P19)}

H19=987.7

{S19=Entropy(A$,P=P19,H=H19)}

S19=2.26

ExLPT=(H19-Ho#)-To#*(S19-So#)

"State 20 inlet to the condenser"

T20=453

S20=S19

P20=0.2

{H20=Enthalpy(A$,T=T[13],P=P[13])}

H20=810.67

Excond=(H20-Ho#)-To#*(S20-So#)

"State 21 inlet to the pump outlet of the condenser"

T21=T20

{H21=Enthalpy(A$,T=T21,P=P21)}

Effpump=0.9

{H21=H20-(Effpump*(H19-H20))}

H21=791

{S21=Entropy(A$,T=T21,P=P21)}

S21=2.08

ExP=(H21-Ho#)-To#*(S21-So#)

"State 22 outlet from the pump"

S22=S21

T22=453
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{H22Enthalpy(A$,T=T22=S22)}

H22=58.8

ExPe=abs((H22-Ho#)-To#*(S22-So#))

"Exergy rate Equations of the organic reheat rankine

cycle of SPTC"

ExqinEv=abs(ExHPT-ExE)*4

Exqinreheater=abs(ExLPT-ExHPTe)*4

ExqinT=ExqinEv+Exqinreheater

ExqoutCond=abs(ExP-Excond)*5.2

ExWoutHPT=abs(ExHPTe-ExHPT)*25

ExWoutLPT=abs(Excond-ExLPT)*25

ExWout=ExWoutHPT+ExWoutLPT

ExWinP=abs(ExPe-ExP)*8

ExWnet=ExWout-ExWinP

"EXERGY Efficiency of the ORRC of SPTC"

{ExeffSPTC=ExWnet/Ex}

"overall system exergy efficiency"

Exwnetsystem=ExWnet+ExWnetgeo

Exqintotalsystem=Exqintotalgeo+ExqinT

exergyefficiency=Exwnetsystem/Exqintotalsystem



Appendix B
Thermo-physical property of the heat transfer fluids B.2 Steam prop-

erty



8. Appendix B

B.2 Biphenyl-diphenyl Oxide (Therminol Vp-1) property



Appendix C
C.1 Phyton code for the solar angles and radiation estimation in the

case study area (Ziway)

from math import *

from numpy import *

from scipy import *

from matplotlib.pyplot import *

from scipy.interpolate import make_interp_spline, BSpline

Isc=1367; # solar constant (w/m2)

L=7.9277; # Laltitude

LOD=38.7211; # Longitude

Gext=[];

D=[];

B=[];

N=[17, 47, 75, 105, 135, 162, 198, 228, 258, 288, 318, 344 ];

#% sunshine hours

n_bar=[10.1,9.46,9.903,9.17,8.58,7.5,5.2,5.65,7.1,8.71,9.4,

10.1];

SS=[]

S=[]

sol=[]

Ib=[]

D=[]

Eot=[]

IBT=[]

TETA=[]

TETA_M=[]

K_TETA=[]

KLUZ3=[]

GEXT_I=[]

OMEGA=[]

HB_BAR=[]

BETA=[]

TETAS=[]
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TF=[]

for j in range (len(N)):

#print(’N=’,j)

Gext_i=Isc*(1+(0.0333*cos((pi/180)*((360/365)*N[j]))))

print(’Gext[’,N[j],’]=’,round(Gext_i, 2))

GEXT_I.append(Gext_i)

print()

for j in range (len(N)):

TZ_GMT=3;

D_i=23.45*sin((pi/180)*(360/365)*(N[j]-81));

# angle of declination

B_i=(360/364)*(N[j]-81);

print(’B_i=’,B_i)

EoT=(9.87*sin(2*(pi/180)*B_i))-(7.53*cos((pi/180)*(B_i)))

-(1.5*sin((pi/180)*(B_i)));

print(’D_i[’,N[j],’]=’,round(D_i, 2),’EoT[’,N[j],’]=’,

round(EoT,2))

Lzt=15*TZ_GMT;

longcorr=4*(Lzt-LOD);

solarcorr=(longcorr+EoT)/60;

# solar time correction

print(’solarcorr=’,solarcorr)

omega_s=-tan((pi/180)*(D_i))*tan((pi/180)*(L));

#Sunrise / Sunset hour angle

print(’omega_s=’,omega_s)

omega_rs=(180/pi)*acos((omega_s)); # Sunrise / Sunset

hour angl e

print(’omega_rs=’,omega_rs)

Ns_bar=(2/15)*omega_rs;

print(’Ns_bar=’,Ns_bar)

#From solar noon , sunrise 12-omega_rs/15 and sunset

=12+omega_rs

Ssr=12-omega_rs/15; # Sun rise solar time

print(’Ssr=’,Ssr)

Sss=12+omega_rs/15; # Sunset s o l a r time

print(’Sss=’,Sss)
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#solar time = local time + solarcorrection

Lsr=(Ssr-solarcorr);#%Sunr is elocal time

print(’Lsr=’,Lsr)

Lss=(Sss-solarcorr); #%Sunset local time

print(’Lss=’,Lss)

S.append(Lsr)

SS.append(Lss)

#print(’S=’,len(S))

#print(’SS=’,len(SS))

print()

sol.append(solarcorr)

#print(’sol=’,sol)

Eot.append(EoT)

t=linspace (S[len(S)-1],SS[len(SS)-1],len(N));

print(’t=’,t)

print()

for j in range (12):

Ts_i=t[j]+sol[j];

print(’t=’,t[j],’sol=’,sol[j])

print(’Ts_i=’,Ts_i)

omega=15*(Ts_i-12);

print(’omega=’,omega)

sin_alpha=sin((pi/180)*L)*sin

((pi/180)*(D_i))+cos((pi/180)*(L))

*cos((pi/180)*(D_i))*cos((pi/180)*(omega)); # altitude

angle

alpha=(180/pi)*asin((sin_alpha)); # altitude angle

#print(’alpha=’,alpha)

teta_z=90-alpha; # Zenit angle

#print(’teta_z=’,teta_z)

sin_alpha_s=cos(

(pi/180)*(D_i))*sin((pi/180)*(omega))/

cos((pi/180)*(alpha));

alpha_s=(180/pi)*asin(sin_alpha_s);

#print(’alpha_s=’,alpha_s)

#hs=arcsin((cos(pi/180)*(L))*(cos(pi/180)*(D_i))*(cos(pi/180)*



8. Appendix C

(omega))+((sin(pi/180)*(L))*(sin(pi/180)*(D_i))));

#AF=(arcsin(cos(pi/180)*(D_i)*(sin(pi/180)*(omega)))/

(cos(pi/180)*(hs);

# angle of incident the tracking system rotate E-W

direction

coszenith=(cos((pi/180)*teta_z))**2;

#print(’cod=’,cod)

cosdec=(cos((pi/180)*(D_i)))**2

#print(’coD=’,coD)

sinomega=(sin((pi/180)*omega))**2;

#print(’sid=’,sid)

cos_teta=sqrt(coszenith+cosdec*sinomega);

#costeta=sqrt(1-(cosdec*sinomega));

#tanbeta=tan(teta_z)*(abscos(pi/180)*alpha_s);

#beta1=atan(tanbeta);

#print(’tilt angle=’,tanbeta)

#print(’cos_teta=’,cos_teta)

teta=(180/pi)*acos(cos_teta);

teta=1-(180/pi)*acos(cos_teta);

#print(’teta=’,teta)

# incident angle modifier

tetas=teta**2;

teta_m=mean(teta);

print(’tetas=’,tetas)

#print(’teta_m=’,teta_m)

K_teta=1-5.25097*(10**(-4))*(teta/cos((pi/180)*teta))-2.85

9621* (10**(-5))*(tetas/cos((pi/180)*teta));

#print(’K_teta=’,K_teta)

KLuz3=cos((pi/180)*teta)-0.0003512*teta-0.00003137*tetas;

#print(’KLuz3=’,KLuz3)

K_tetam=mean(K_teta ) ;

#print(’K_tetam=’,K_tetam)

K_luzm=mean(KLuz3);

#print(’K_luzm=’,K_luzm)

tan_rho=-sin((pi/180)*alpha_s)/tan((pi/180)*alpha);

rho=(180/pi)*atan(tan_rho);
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#print(’rho=’,rho)

D_i=23.45*sin((pi/180)*(360/365)*(N[j]-81));# angle

of declination

Gex_1=cos((pi/180)*L)*cos((pi/180)*D_i)*sin((pi/180)

*omega_rs);

print(’Gex_1=’,Gex_1)

omega_s=-tan((pi/180)*(D_i))*tan((pi/180)*(L)); #Sunrise

/ Sunset

hour angle

omega_rs=(180/pi)*acos((omega_s)); # Sunrise / Sunset

hour angl e

Gex_2=((pi/180)*omega_rs)*sin((pi/180)*11.08)*sin((pi/180)

*D_i);

#print(’Gex_2=’,Gex_2)

Gex=Gex_1+Gex_2 ;

#print(’ Gex=’, Gex)

e6=1000000;

Gext_i=Isc*(1+(0.0333*cos((pi/180)*((360/365)*N[j]))))

Ho_bar=((24*3600/pi)/e6)*Gext_i*Gex; #Extrateresterial

solarradiation in horizontal surface (MJ/(m2day) )

#print(’Ho_bar=’,Ho_bar)

TF=cos((pi/180)*teta)/cos((pi/180)*teta_z); #tilt factor

for aperture plane

#pint(’TF=’,TF)

#Pr ediction of Monthly Average Daily Global Radiation

on a Horizontal Surface

Ns_bar=(2/15)*omega_rs;

r=n_bar[j]*(1/Ns_bar)

print(’r=’,r)

a_1=-0.11+0.235*cos((pi/180)*L)+0.323*r;

a_2=1.449-0.533*cos((pi/180)*L)-0.694*r;

r_h=a_1+a_2*r;

H_bar=Ho_bar*r_h;

# Prediction of Monthly Average Daily Diffuse and

Beam Radiation on a Horizontal Surface

h_d=0.931-0.814*r;
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Hd_bar=H_bar*h_d;

Hb_bar=H_bar-Hd_bar;

print(’Hb_bar=’,Hb_bar)

# ESTIMATION OF Monthly Average Hourly Global Radiation

on a Horizontal Surface

b_1=0.409+0.5016*sin(omega_rs-60);

b_2=0.6609-0.4767*sin(omega_rs-60);

rt_1=(pi/24)*(b_1+b_2*cos((pi/180)*omega));

rt_22=(cos((pi/180)*omega)-cos((pi/180)*omega_rs));

rt_3=sin((pi/180)*omega_rs)-(pi*omega_rs/180)*cos((pi/180)

*omega_rs);

rt_2=rt_22/rt_3;

rt=rt_1*rt_2;

I_bar=rt*H_bar;

# Prediction o f Monthly Average Hourly Diffuse

and Beam Radiation on a Horizonal Surface

rd_1=cos((pi/180)*omega)-cos((pi/180)*omega_rs);

rd_2=sin((pi/180)*omega_rs)-(pi*omega_rs/180)*cos((pi/180)

*omega_rs);

rd=(pi/24)*rd_1/rd_2 ;

Id_bar=Hd_bar*rd;

print(’Id_bar=’,Id_bar)

Ib_bar=(I_bar-Id_bar)*(1000/3.6);

print(’Ib_bar=’,Ib_bar)

Ibt=Ib_bar*TF*K_teta;

Rs=12.49/(5.77*TF);

#% monthly average hourly beam radiation kwh/m^2

Ib_a=Ib_bar*TF;

print(’Ib_a=’,Ib_a)

lossend=1-tan((pi/180)*teta)/148.5;

slope=atan((cos((pi/180)*D_i)*sin((pi/180)*omega))/((sin

((pi/180) *L)*sin((pi/180)*D_i))+(cos((pi/180)*L)

*cos((pi/180)*D_i)*cos((pi/180)*omega))));

print(’Beta=’,slope)

print()

print(’tilt angle=’,TF)
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print()

Ib.append(Ib_a)

D.append(D_i)

IBT.append(Ibt)

TETA.append(teta)

TETA_M.append(teta_m)

K_TETA.append(K_teta)

KLUZ3.append(KLuz3)

OMEGA.append(omega)

HB_BAR.append(Hb_bar)

BETA.append(slope)

TETAS.append(tetas)

TF.append(TF)

print(’D=’,D)

print(’Ib_a=’,Ib)

print(’EoT=’,Eot)

print(’Ibt=’,IBT)

print(’teta=’,TETA)

print(’teta_m=’,TETA_M)

print(’k_teta=’,K_TETA)

print(’kluz3=’,KLUZ3)

print(’Gext_i=’,GEXT_I)

print(’omega=’,OMEGA)

print(’Hb_bar=’,HB_BAR)

print(’Beta=’,BETA)

print(’Tetas=’,TETAS)

#print(’Tilt angle=’,TF)
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C.2 Online Solar radiation estimation using open source



Appendix D
D.1 calculated solar data’s of the case study area Reverse Osmosis-

ionic strength

COD

Conductivity
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D.2 Simulation Results

D.3 Operational Variables
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