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In recent decades, the supply of various types of energy has become the predominant
application of distributed generation systems. The depletion of fossil fuels, rising
electricity prices, climate change and a significant increase in energy demand are the
main reasons for this trend. Solar, geothermal, wind and biomass energy technologies
are among the emerging sciences due to their availability, low cost, and environmental

impact during operation.

The current thesis proposes a novel multi-generation system, which is integrated with
compound parabolic collectors and a biomass combustor. Besides thermodynamic and
environmental analyzing the comprehensive system in a steady state, the feasibility of
using nanofluids as an absorption fluid in the solar cycle and its effect on the overall

performance of the mentioned system was studied.



The multi-generation system is generally designed for generating electricity,
cooling/heating, freshwater, drying, hot water, and hydrogen with the help of six
subsystems, including a double stage refrigeration system, an organic Rankine cycle,
a steam Rankine cycle, a dryer, a proton exchange membrane electrolyzer, and a
multistage flash distillation system. Two types of nanoparticles (Graphene, Silver),
which have various high-quality properties when used within the ethylene glycol, were
chosen as heat transfer fluids in the solar cycle. The performance parameters of the
base case thermodynamic analysis and some of the variable parameters were

calculated and their effect on system performance was determined.

According to the results, the system performance actually improved when nanofluids
were used as working fluids in the solar collector. It was found that the graphene
nanoparticles were the most effective. The overall energy/exergy efficiencies were
recorded for the multi-generation system, respectively, 34.72% and 20.73% when a
base fluid was used. The overall efficiencies increased to 35.6% and 21.15% when
graphene-ethylene glycol nanofluid was used. The highest exergy destruction rates of
15.42 MW and 9.14 MW were obtained for the steam and organic Rankine cycle
subsystems, respectively. The freshwater production by the desalination subsystem
was 37.93 kg/s and hydrogen production by PEM electrolyzer was 44.77 kg/h. The
environmental impact assessment gave a strong impetus to switch to multi-
generational systems as CO2 emissions decreased from 1123 kg/MWh using the
single-generation system to 364 kg/MWh using the multi-generation system.
According to the analyses, spike in solar irradiation, ambient temperature, output
temperature of biomass combustor, nanofluids’ concentration, ORC working fluid, air-
biomass flow rate, and inlet pressure of both Rankine cycles turbines positively

affected the overall system performance.

Key Words : Compound parabolic collector, Biomass, Nanofluid, Multigeneration
system.
Science Code : 91408



OZET

Doktora Tezi

NANOAKISKANLI BILESIK PARABOLIK KOLLEKTOR iCEREN GUNES
VE BiYOKUTLE DESTEKLI MULTI JENERASYON SiSTEMIN
TERMODINAMIK VE CEVRESEL ANALIZI

Alla Ali IBRAHIM

Karabiik Universitesi
Lisansiistii Egitim Enstitiisii

Makina Miihendisligi Boliimii

Tez Danismanai:
Prof. Dr. Muhammet KAYFECI
Kasim 2021, 99 Sayfa

Son yillarda ¢esitli enerji tiirlerinin temini dagitilmig liretim sistemlerinin baskin
uygulamasi haline gelmistir. Fosil yakitlarin tiikenmesi, artan elektrik fiyatlari, iklim
degisikligi ve enerji talebindeki 6nemli artig bu egilimin ana nedenlerindendir. Giines,
jeotermal, riizgar ve biyokiitle enerjisi teknolojileri kullanilabilirlikleri, diisiik
maliyetleri ve isletme sirasindaki gevresel etkileri nedeniyle ortaya ¢ikan bilimler

arasindadir.

Bu tez calismasi, bilesik parabolik Kollektorler ve bir biyokiitle yakici ile entegre
edilmis multi jenerasyon yeni bir sistem onermektedir. Sistemin kararli durumda
termodinamik ve c¢evresel analizinin yani sira nanoakiskanlarin giines enerjisi
cevriminde absorpsiyon sivist olarak kullanilmasinin uygulanabilirligi ve sistemin

genel performansi lizerindeki etkisi incelenmistir.

Vi



Tasarlanan multi jenerasyon sistemi; elektrik, sogutma/isitma, tatli su, kurutma, sicak
su ve hidrojen dretmek icin; ¢ift kademeli sogutma sistemi, organik Rankine ¢evrimi
(ORC), buhar Rankine ¢evrimi, kurutucu, proton degisim membran elektrolizorii ve
cok asamali bir flag damitma sisteminden olusmaktadir. Glines enerjisi gevriminde, 1s1
transfer akiskani olarak etilen glikol igerisinde kullanildiginda Ustlin 6zelliklere sahip
olan iki tip nanopartikil (Grafen ve Giimiis) se¢ilmistir. Sistem performansi tizerine

temel termodinamik analizi ve bazi degisken parametrelerinin etkisi belirlenmistir.

Sonuglara gore, giines kollektoriinde ¢alisma sivilar1 olarak nanoakiskanlar
kullanildiginda sistem performansi arttirdigi ve burada grafen nanoparcaciklarinin en
etkili oldugu bulunmustur. Multi jenerasyon sisteminde baz akiskan kullanildiginda
genel enerji/ekserji verimlilikleri sirastyla %34.72 ve %20.73 olarak bulunmustur.
Grafen-etilen glikol nanoakigkan kullanildiginda genel verimlilik %35.6 ve %21.15’e
yiikselmistir. En yiiksek ekserji yikimi sirastyla 15,42 MW ve 9,14 MW ile buhar ve
organik Rankine ¢evrimi alt sistemleri i¢in elde edilmistir. Damitma ile tatli su iiretimi
37.93 kg/s ve PEM elektrolizorii tarafindan hidrojen iretimi 44.77 kg/s’dir. Tek
jenerasyon sistemi kullanildiginda CO: emisyonlar1 1123 kg/MWh’den, multi
jenerasyon sistemi kullanildiginda 364 kg/MWh’e distiigii icin ¢evresel etki
degerlendirmesi multi jenerasyon sistemlere gegis i¢in gii¢lii bir ivme kazandirmistir.
Analizlere gore gilines 1sinimi, ortam sicaklifi, biyokiitle yanma odasinin ¢ikis
sicakligl, nanoakiskanlarin konsantrasyonu, ORC calisma sivisi, hava-biyokiitle akis
hiz1 ve her iki Rankine ¢evrimi tiirbininin giris basinci genel sistem performansini

olumlu yonde etkilemistir.
Anahtar Kelimeler : Bilesik parabolik toplayici, Biyokiitle, Nanoakiskan,

Multijenerasyon sistemi.
Bilim Kodu 91408
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CHAPTER 1

INTRODUCTION

1.1. OVERVIEW

There is a rise in the overall demand for energy for most countries to maintain the
socio-economic development and improve the public health and economic well-being.
To meet the basic human needs and to carry on with production, all societies need
energy. There are about eight billion people on Earth and population growth is in turn
increasing the demand for energy, which affects the adequacy of energy resources.
Since 1850s, the global fossil fuel use (oil, coal, and gas) exceeded the energy supply,

which resulted in excessive emissions of carbon dioxide[1, 2].

According to the 2020 Annual Report of the International Energy Agency (IEA),
global energy production reached 14,421 Mtoe in 2018 - an increase of 3.2% over
2017. This increase was mostly with regard to fossil fuels, such as natural gas, oil, and
coal, which increased together by >370 Mtoe in 2018. Additionally, all of the
renewables as well as nuclear also showed an increase of 60 and 19 Mtoe, respectively.
It was seen that fossil fuels comprised >81% of the production in 2018, which was the
same as that in 2017. Figure 1.1 illustrates the fuel-based primary total energy supply
(TES) for 1971 and 2018 [3].

The global TES recorded from 1971 to 2018 showed an increase from 5,519 to 14,282
Mtoe (by 2.6 times). Moreover, its structure also changed. Oil showed a decline from
1971 to 2010, with a TES from 44% to 32%, respectively. It has remained stable since
then, and was still the dominant source of fuel in 2018. Natural gas maintained the

third position, having grown from 16% to 23% from 1971 to 2018, respectively.



Coal power generation was still quite prevalent in 2018, accounting for 38% of the
global production of electricity. This share continued to decline in 2018 after it
rebounded a slight amount in 2017, which interrupted four consecutive years of
decline. Renewables rank second in the mix of electricity, as they have since 2013, and
reached nearly 26% of the electricity mix in 2018. Where the solar energy has
progressed from providing less than 0.01% of global electricity in 2008 to more than
2% in 2018. Several scenarios predict that solar will supply over 20% of global
electricity by 2040. Figure 1.2 demonstrates the world's electricity production by fuel
between 1971 and 2018 [4].

120
100
80
60
40

20

1971 2018
mCoal mOil Natural gas Nuclear = Hydro mBiofuels mOther renewables

Figure 1.1. Primary fuel-based PES, 1971 and 2018.

e NUclear e Coal QOil e Natural gas == Renewables Other

Figure 1.2. World fuel-based electricity generation mix, 1971-2018.
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Recent data confirms that increasing fossil fuel consumption has led to global increase
in greenhouse gas emissions and creates other serious environmental challenges. It is
generally proved that CO- is a considerable cause of global warming. Over the past 20
years, the combustion of fossil fuels has accounted for about three quarters of carbon
dioxide emissions from human activities. The remainder of this increase is mainly due
to land use changes, especially deforestation. Fossil fuel power plants are the main
source of CO2 emissions, accounting for around 32% of the total CO, emissions. The
second CO; emission source is cooling and heating, which makes up approximately
33% of the total CO, emissions. Therefore, around 65% of total CO, emissions come
from electricity generation, cooling and heating, which are related directly to human

energy needs [5].

To mitigate the climate challenge, addressing the problem of depleting fossil fuels and
to meet the significant increase in demand for energy, it requires the transition of global
energy systems to use clean energy. As energy sources that emit greenhouse gases are
replaced by cleaner sources such as wind, solar, biomass combustion, geothermal and
hydropower, which called the renewable energy. Renewable energy sources are a
reasonable choice because they have a large number of reliable sources of supply and
they are not harmful to the environment [6,7]. Most renewable energy solutions,
including solar, wind, hydro, and biomass, have abundant supplies in almost every

country, and unlike petroleum, they are the least affected by international issues.

Conventional power plants generally have very low efficiency. Therefore, heating and
cooling systems must be integrated with existing plants can improve the efficiency of
an entire plant. When this additional step is implemented, this is called trigeneration.
This involves combined cooling, heating, and power (CCHP) generation [8].
Combining solar and trigeneration systems has been found to be an ideal combination
when a rich and efficient source of renewable energy is used [9]. With regard to this,
it is necessary for tri-generation energy systems to become better suited to the energy
market. Tri-generation uses waste and/or other forms of heat from power plants in
order to improve its overall thermal performance, typically using free energy that is
available from energy loss. The waste heat from the main engine in a trigeneration

system drives the heating and cooling devices by the temperature rises. The gain heat

3



can then be made use of for domestic hot water supply, space heating, or the production
of steam to be used for processes heating. Moreover, this heat can additionally be made
use of for cooling as the power source for an absorption chiller. Recently, there have
been a number of studies of a trigeneration, possibly due to its benefits and possibility
to widely use in residential buildings, airports, shopping malls, hotels, hospitals, food

and chemical industries [10, 11]. Figure 1.3 shows the four main parts of a trigeneration

energy system.
Power [ Electrical Electricity
) ' Generator
Generation
Unit

Heating | Heating
Unit

Cooling .

. lin

Unit Cooling

Figure 1.3. Typical configuration of a trigeneration energy system.

As the figure illustrates, a single main unit can produce heat, cool and electricity at the
same time. Recently, researchers expanded the capabilities of trigeneration by using a
single main unit in the production of more products, including hydrogen, fresh water
and hot water, by utilizing a system called multigeneration. A huge contribution can
be gain using the multigeneration system as a result of its high efficiency, low
operation cost, as well as low emissions per unit of energy [12, 13].

Combining solar and multigeneration systems has been found to be an ideal
combination when a rich and efficient source of renewable energy is used. For some
reasons, the solar systems’ efficiencies have not reached the desired operational level;
so, they need further improvement. Solar energy conversion systems (SECSs) solve
the problem of low thermal and optical performance via the use of nanofluids, which
are used as a working fluids in solar thermal systems (STSs). This is considered an
innovative approach for improving thermal performance as well as making the system

more sustainable. Nanofluids are a new class of modern heat transfer fluids that are



designed for the dispersal of nanoparticles that are <100 nanometers in the
conventional heat transfer fluids [14-18]. Nanofluids have shown improved thermal
properties when they are compared to base fluids, so it can enhance the STSs’ heat

transfer properties.

1.2. MULTIGENERATION SYSTEMS

The researchers have developed trigeneration systems, and used the same system to
produce more purposes, including hydrogen, hot water, drying, and drinkable water.
A system that can produce more than three various forms of energy is called a multi-
generation energy system. Systems such as this should be taken into consideration for
use in residential areas, airports, manufacturing and a number of other places where
many useful output forms are required. It is important to note that the location as well
as requirements of such an application are key factors in its designing. As an example,
in a situation in which there is a need for hot water, any system must prioritize this
requirement. Multi-generation systems are considered as an adequate solution to the

problem of global warming, which is one of this century’s greatest challenges.

Multigeneration systems have many advantages, such as increased efficiency of power
plants, reduced loss and waste heat, reduced operating costs, low greenhouse gas
emissions, shorter transmission lines, better use of resources and more power
generation options. These advantages motivated designers and researchers to develop
energy systems for several generations. The improvement of efficiency is generally
the most significant factor in the implementation of multigenerational energy systems.
Before selecting multigeneration plant, additional evaluations, such as estimates of the
initial operating and capital costs, are required to ensure that the construction and

performance of the system is efficient and economical [19].

Figure 1.4 representative a typical multigeneration energy system to produce heating,
cooling, power, fresh water, hydrogen and hot water and that works based on only
solar energy [20]. Other configurations, such as those combining renewable energy
sources with traditional energy sources, are also a possibility. As a clear in figure the

electrolyzer is used to produce hydrogen, which, as it happens, is powered via a small
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amount of the electricity that is generated via a concentrating solar collector. The hot
water first enters into the electrolyzer and then undergoes an electrochemical reaction,
breaking down the molecules into both oxygen and hydrogen. The heating system is
made up of two basic parts. The first is used in the production of hot water, and the
other is used for heating. The heat that is rejected from the storage system enters into
the absorption cooling system for the production of cooling energy as well as air
conditioning. Some of the heat that is produced via the solar concentrator is also used
in the operation of the desalination system, whereas some of the electricity drives the

pumps.
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Figure 1.4. A typical multigeneration energy system.

However, unlike conventional energy sources, solar energy is usually non-continuous
and unstable and solar radiation can also vary greatly over days or even hours. It is
quite clear that using a single renewable energy source is not enough to support a
continuous power supply system. To overcome the above disadvantages,
multigeneration processes in hybrid solar power plants to produce many useful outputs
is developed and improved as shown in Figure 1.5. Hybrid solar system can be
considered as a next generation energy production technology that can overcome the

problem of the discontinuity of solar energy [21].
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1.3. RENEWABLE ENERGY RESOURCES

Generating renewable energy, including solar energy, as well as biomass, geothermal,
or wind energy has rapidly increased during the last decades because of reducing
renewable energy technology costs, increased energy demand, changes in fossil fuel
prices, and other factors, which encourage the renewable energy usage. Recently, more
and more attention has been paid to integrated renewable energy systems, as
hybridization systems can be efficiently implemented to provide highly efficient and

reliable electricity to end users, as opposed to standalone renewable sources.

1.3.1. Solar Energy

The energy of future generations is solar energy, not only because it does not pollute
the environment, but also because the sun is inexhaustible, it provides abundant and
stable energy. Since the sun is actually a thermonuclear reactor, the researchers

estimate the solar heat on the solar surface to be around 5,700 K.

Researchers use specific equipment specifically designed to convert sun radiation into
heat. They are called solar collectors. They are installed on sunny surfaces and
continue to absorb solar energy in the daytime and when the weather is good.
Receiving solar energy results in an increase in the absorption plate temperature and
this energy conveys into the energy storage fluid. Basically, there are two basic types
of solar energy collectors, which comprise stationary and concentrating type collectors
or non-concentrating type collectors, as shown in Figure 1.6 [22]. They can also be
classified according to the form of heat transfer fluid that is used, such as water, air,

nanofluid, or heat transfer oil, and whether or not they are exposed or covered.

1.3.1.1. Non-concentrating Collectors

These type of collectors are fixed in position and do not track the sun. There are three

main types of collectors in this group.
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Figure 1.5. Route toward hybrid renewable energy utilization.

Compound Parabolic Collector (CPC)

Compound parabolic collectors collect both direct and indirect forms of solar radiation
without the need for any tracking system. These concentrators are non-imaging types.
They have the ability to reflect to the incident radiation absorber within a wide limit.
The need to move the collector to adjust the changes in the solar orientation can thus
be reduced via the use of a trough that has two parabolic sections that face each other.
Compared with flat plate collectors, the optical performance of CPC collectors is lower
as a result of scattering loss in reflection, but they can perform better at higher

temperatures [23].

Flat-Plate Collector (FPC)

Flat plate collectors are available in a wide array of materials and designs. These are
used in the heating of fluids like air and water. Their main goal is the collection of as
much solar energy as is possible at the lowest possible total cost. FPCs have advantages
such as being cheap to install, collecting both diffuse and beam radiation, and being

consistently in a fixed position, so there is no need for sun monitoring [24].
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Figure 1.6. Classification of solar thermal collectors.

Solar collectors

Evacuated Tube Collector (ETC)

This type of collector uses a series of evacuated pipes to heat the fluid. The evacuated
space is used to capture solar energy and minimize radiation loss to the surroundings.
The absorber consists of metal tubes which act as absorbent plates in the flat-plate
collector type. The heat collected by the absorber is transferred into the fluid. The
temperature of the inner tube can reach 150 °C due to the very high properties of
evacuation insolation. Therefore, tube collectors that have been evacuated may be

more efficient when compared to flat plate collectors, even in cold weather [25].

1.3.1.2. Concentrating Solar Collectors (CSC)

In concentrating type collectors, the solar energy is first optically concentrated and is
then transferred into heat. The concentration can be achieved by using mirrors or lenses
to reflect or refract solar radiation [26]. The collector collects a large volume of direct
radiation within a small zone. High thermodynamic efficiency can be achieved by
heating the working fluid to a high temperature. This category comprises three basic
kinds of collectors.



Parabolic Trough Collector (PTC)

Parabolic trough collectors are constructed via folding of a sheet of some reflective
material into a parabolic shape. Then a black-colored metal tube is lain along the
receiver’s focal line, which is then covered with a glass tube so as to reduce the heat
loss. When the parabolic is facing the sun, the parallel rays that fall on the reflector are
then reflected into the receiver tube. Then, the concentrated radiation finds its way into
the receiver tube will heat the liquid that is circulating through it, which then converts
the solar radiation into heat that can be used. To obtain good efficiency with high
temperatures, it is necessary to have a high-performance solar collector. A PTC is quite
effective at producing heat at temperatures as high as 400 °C [27].

Parabolic Dishes Reflector (PDR)

A parabolic dish reflector (PDR) is a point-focus collector, which is able to concentrate
the solar irradiation collected onto a receiver that is located at a focal point located
directly above the center of the dish. The receiver is able to absorb the radiated solar
energy and then convert this energy into thermal energy within the working fluid. This
thermal energy is then converted into electrical energy or directed to a central energy

conversion system [28].

Heliostat Field Collector (HFC)

In the case of very high radiant energy input, a number of heliostats or plane mirrors
can be made use of to reflect the collected incident direct solar radiation onto a
common target, which is known as the heliostat field or a central receiver collector. By
using the heliostat’s mirror segments, which are slightly concave, a large volume of
heat can thus be directed into the steam generator cavity to generate steam that has a
high temperature and high pressure. This concentrated heat energy, which has now
been absorbed by the receiver, is then transferred into the circulating fluid. This can

then be stored and later used to generate energy [29].
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1.3.2. Geothermal Energy

Inside the earth there is thermal energy that comes from physical processes that take
place on earth's interior and the internal structure of our planet. This kind of energy is
a good source of renewable energy due its clean and sustainable. Most of the Earth's
core, which is called molten lava, has high temperatures that have persisted for
thousands of years. Currently, there is a significant amount of thermal energy in the
crust of the earth. The accessibility to that thermal energy varies from place to place.
In some areas it is reachable, while in others it is deep underground. Heat propagates
from the core of the earth to its surface by a gradient of 30 °C/km. This movement can

hardly be noticed, but the temperature of rocks is known to increase with depth [30].

1.3.3. Biomass

The term “biomass” encompasses a vast range of materials, all of which can be made
use of as fuel or as raw materials, and their common denominator is that they all
originated from recent organisms. This definition explicitly does not include
traditional fossil fuels. These fossil fuels are also sourced from plant, such as coal, or
animal, such as oil and natural gas, sources, but it took millions of years to transform
into their present form. Biomass sources include hay, wood wastes, agricultural
residues, paper waste, sawdust, hay, food waste, animal waste, aquatic plants, as well

as energy crops that are grown for their biomass as shown in figure 1.7 [31].
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Figure 1.7. The main types of biomass.

11



Biomass is still a significant fuel in the majority of countries and is especially used for
cooking and heating in countries that are still developing. In a number of developed
countries, there is increasing growth in the use of biomass fuels for transportation and
the generation of electricity, in order to decrease the amount of carbon dioxide
emissions from the use of fossil fuels. In 2020, it was reported that, in the USA,
biomass provided almost five quadrillion British thermal units (Btu) and
approximately 5% total primary energy use [32]. Biomass comprises stored chemical
energy that was absorbed from the sun. Plant biomass is produced through
photosynthesis. This biomass can be burned directly in order to produce heat or it can
be converted into renewable liquid and/or gaseous fuels as a result of various

processes.

There are also several biomass conversion technologies available that can be used to
obtain many products, such as electricity, heat, biofuels, charcoal and chemicals,
amongst others. That fact makes biomass an important solution for increasing the
integration of endogenous and renewable energy sources into smart energy systems.
Using thermochemical and biochemical conversion methods, biomass can also be
converted into energy. Moreover, thermochemical technologies include combustion,
gasification and pyrolysis. Biomass combustion is currently the most used and most
mature conversion technology. Biomass combustion is today the most developed and

most used conversion technology.

1.3.4. Wind Energy

Wind power is an economical and renewable solution for electricity production. Wind
power can significantly reduce the environmental impact that is associated with
electricity production from fossil fuels, such as coal, natural gas, and oil. Wind turbines
allow for the harnessing of wind power that can then be turned it into useful energy.
As the wind is blowing, the blades of the wind turbine spin in a clockwise direction,
and capture energy that is made by the wind. After this, the wind turbine’s main shaft,
which is connected via a nacelle to the gearbox, starts to spin. Next, this collected
energy is sent by the gearbox to the generator, which is then converted into electricity.

This new wind electricity is then transferred to a transformer, in which the voltage
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levels are adjusted so that they match those of the grid. It is noticed that the wind speed
is different on varying altitudes, and in many countries, its power is insufficient for
assuring consistent power supply. Researchers find that whenever wind power
penetration within the wind generator rises, the whole operation and supply of power
gets affected. For stabilizing the power system and assuring consistent power supply,
comprehensive planning is needed to deal with variations. For power generation,
planning and capacity adjustments, accurate wind speed and direction forecasts are
required [33].

1.4. NANUFLUIDS

For decades, growing engineering industries have been interested with rapid heat
transfer. Researchers are constantly working to improve heat transfer rates and thermal
conductivity for heat transfer fluid (HTF). A new type of HTF is engineered which is
called nanofluid. This phrase was first used in 1995 by Choi, at the Argonne National
Laboratory, in the USA. It is accepted that nanofluids are considered to be the next
generation of heat transfer fluids. They offer exciting potential as a result of the
increase in their heat transfer efficiency when compared to conventional fluids.
Nanofluids are prepared by dispersing a nanoparticles smaller than 100 nanometers
that are made by converting nanotubes of oxides, metals, carbon, and carbides into
conventional type heat transfer fluids, including those such as water, hydrocarbons
ethylene glycol, and fluorocarbons, which can be used with or without stabilizing
agents [34].

The most common nanoparticles are Al,O0s, CuO, Cu, Al, Fe, TiOz and SiO; [34]. It is
generally observed that metals have thermal conductivity that is higher than all types
of fluids. As an example, copper’s thermal conductivity of is approximately 700 times
higher than that of any fluid at room temperature. The thermal conductivity of
nanoparticles increased on account of various physical factors such as Brownian
motion of particles in the fluid, size of nanoparticles, concentration and grouping of
nanoparticles in the base fluid. In addition, nanoparticles have excellent radiation

absorption properties [35].
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These nanofluids have advantages such as greater stability when compared to the fluids
that contain fine or millimeter-sized particles, and their thermal conductivity is higher
than that of the base fluids. Nanofluid properties are useful in extracting more energy
from solar collectors, nuclear and geothermal power plants, enhancing their
efficiencies. Several studies on the use of some types of nanofluids that are used as the
working fluids in solar collector systems will be published in the literature, in

particular some theoretical studies and interesting new experimental results [36].

1.5. PEM ELECTROLYSER

Water electrolysis is considered to be among the simplest methods to be used in the
production of hydrogen. In the electrochemical process, electricity is used for the
splitting the hydrogen and oxygen into their gaseous phase. This technique produces
clean energy without pollution emission. A simple vision of water electrolysis process
in the production of hydrogen via electrolysis is given in Figure 1.7. The electrolyzers
can be categorized into three basic types, which include alkaline water electrolyzer
(AE), proton exchange membrane electrolyzer (PEM), and high temperature
electrolyzer [37].

PEM water electrolysis provides an interesting alternative to conventional AE. The
advantages of PEM are environmental cleanliness, high hydrogen gas purity, small
size and mass, low energy consumption, control of electrical power differences, high

proton conductivity, ease of handling and maintenance and high safety level [38].

PEM electrolytes use black platinum, ruthenium, iridium and rhodium electrode
catalysts and Nafion membrane. Water is introduced and separated into protons and
hydrogen. Then the protons pass through the membrane, and then once there, they
recombine and become hydrogen once again. PEM electrolytes can be connected to
power stations, wind turbines and Rankine organic circuits (ORCs) [39].
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1.6. DESALINATION TECHNOLOGIES

The earth has around 1.4x10° km? of water covers about 70% of the planet's surface
area; the percentage of salt water is 97.5%. The amount of fresh water resources is
almost constant and the world population has increased very rapidly during the recent
period. At present, more than 40% of the world's population suffers from a serious
water shortage. All of this makes seawater desalination a major competitor for

providing a sustainable source of fresh water to many countries around the world [40].

The industrial desalination process comprises the separation of nearly salt-free
freshwater from marine or brackish water, where the salts are concentrated in the
discharged brine stream. There are a number of desalination technologies (DTs), and
some of these have undergone large-scale full-development, whereas others remain on
a pilot scale for the purpose of demonstration or are at laboratory scale for the purpose

of research and development. Figure 1.8 presents the most commonly used DTs [41].

Multistage flash distillation (MSF) is among the most commonly used water DTs and
it accounts for 34% of the world's seawater desalination. MSF was designed on the
basis of heating the fluid at a specific pressure, followed by flashing it at a much
reduced pressure so as to form a vapor. The vapor is then collected and also condensed
giving pure water. The pressure difference between the subsequent stages comprises
the main factor that affects the production of the steam in each of the stages. This brine,

which is highly concentrated, is drained at the very last stage [42].
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Figure 1.9. The most contemporary water DTSs.

1.7. MOTIVATION AND OBJECTIVES

1.7.1. Motivation

Solar energy is recognized as not only renewable but also environment friendly.
Hence, it is treated as a most sustainable and most powerful source. The common
agreement is that the most important renewable fossil fuel replacement is solar energy.
Combining multigeneration and solar systems has been found to be an ideal
combination when a rich and efficient source of renewable energy is used. However,
the use of solar energy does come with some challenges as a result of its volatile nature
depending on the daytime and location. Like fluctuation in their potential which is a
problem and need potential solutions. The fact that solar radiation is unavailable during
night time and the problem with regard to the low optical and thermal performance of
SECSs considered as major drawbacks for multi-generation systems powered by solar
system. Therefore, the application of hybrid biomass-solar systems as an energy source
of multi-generation system and the use of nanofluids as the working fluid in solar

collector systems can tackle this issues.
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1.7.2. Objectives

The objective of this dissertation was to comprehensively model, and then analyze and
optimize a novel multigeneration energy system based on a hybrid solar-biomass that
has not been previously considered in the literature. Another important goal herein was
the use of two types of nanoparticles in a base fluid (ethylene glycol) to enhance the
performance of the solar collectors and to assess their impact on the overall system

performance. The exact objectives of the current research were as given below:

1. Todesignand analyze a novel hybrid system that is based on solar and biomass,
in order to provide a number of useful products, including hydrogen,
electricity, drying effect, fresh and hot water, and cooling/heating.

2. To evaluate the effect of using two different nanofluids (graphene and silver
within ethylene glycol) as heat transfer fluids in the solar cycle on overall
system performance.

3. To conduct an EIA of the system by calculating the carbon dioxide emissions
of the system and determining the sustainability index.

4. To calculate mass flowrate, pressure, enthalpy, temperature, exergy, and
entropy for all states in the multigeneration system.

5. To estimate useful outputs of the system, including energy and exergy
efficiencies, and determine the exergy destruction value for each subsystem
and check the possible improvements.

6. To conduct a parametric study in order to determine the effects of parameters
such as ambient temperature, solar irradiation, output temperature of biomass
combustor, types of nanofluids and their volume concentration on performance

of the system.

1.8. THESIS STRUCTURE

This research is presented in six chapters. The first chapter reviews the energy
challenges the world is facing and the solutions available so far. Different renewable
energy resources are also commented and focus on solar energy systems and using

nanofluids as a new and innovative approach for the improvement of their thermal
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performance and making systems more sustainable. An overview of the most
important sub-systems is provided and the justification and objectives of the thesis are

presented.

Chapter 2 contains the most critical and recent studies on multigeneration technologies
based on solar, biomass and hybrid systems. Furthermore, presents a comprehensive
review of the available literature on the feasibility of solving the low thermal efficiency
problem facing SECSs that use nanofluids as the working fluids in STSs. In the third
part of the thesis, a detailed explanation of the proposed system is introduced. The

system utilizes hybrid solar-biomass energy resources to power six subsystems.

The 4th chapter first deals with the description of the basic concept of thermodynamic
analysis and also the equilibrium equations are presented. Then, the mathematical-
based model of the integrated system is formulated in detail. The environmental impact

of the multi-generational system was finally assessed.

Chapter 5 presents and discusses the results obtained of the numerical analysis that
was conducted on the system proposed herein using the mathematical-based models
that were presented in chapter 4. The effectiveness of nanofluids used in the solar cycle
was also compared to the performance of the integrated system. Finally, some variable
parameters were tested separately in order to determine what impact they had on the
multigenerational system performance. The final chapter presents the conclusions of

the thesis and future recommendations.
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CHAPTER 2

LITERATURE REVIEW

2.1. INTRODUCTION

In a multi-generation system, it is important to select a prime mover that meets the
energy requirements of the system. In the current chapter, an attempt is made to review
important recent research on the main and sub-systems used in the current study and
cover the most recent studies related to the application of solar, biomass, and solar-
biomass as an energy source for multi-generation systems. It also throws light on
recently conducted research on using a nanofluid as the working fluid in different types
of solar collector systems.

2.2. SOLAR ENERGY BASED MULTI-GENERATION

Multi-generation systems of that provide useful outputs have been spreading rapidly
across the world because they are able to provide a number of benefits, including a
reduction in operating costs, an increase in efficiency, and a reduction in
environmental impact. The concentrated solar power (CSP) is a viable option among
solar energy technologies and it provides an ideal alternative to fossil fuels. There are
some studies in literature dealing with the use of solar energy as the primary source of

energy in multi-generation systems [43].

Yuksel et al [44] developed and presented a novel integrated multigeneration plant.
This system consists of the solar tower as a main source of energy with thermal energy
storage tanks, Rankine cycle, organic Rankine cycle, absorption cooling cycle, PEM
electolyzer and drying process. Their results revealed that the overall energy efficiency
of the system was 54.15% and the overall exergy efficiency was 51.28%. In addition,

an increase in solar radiation from 300 to 1100 W / m2 increased the energy and exergy
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efficiencies by 16.27% and 23.22%, respectively. The hydrogen production rate also
increased by about 15% in the same range.

Ozturk and Dincer [45] designed a solar-based multi-generation energy production
system that produced a different forms of useful outputs, such as electricity, heating,
cooling, hydrogen and hot water. The researchers found that the multigeneration
system’s exergy efficiency was about 57.4%, which is more than when the subsystems
are used separately. They also found that the parabolic dish collector exhibited the
highest exergy destruction rate when compared to the other system components as a
result of the high temperature difference that existed between the collector and the

working fluid.

Thermodynamic performance of multigeneration which produced potable water,
hydrogen, power, and heating-cooling based on solar energy was investigated by
Yilmaz [46]. The system comprised a Rankine cycle, an organic Rankine cycle, a
Brayton cycle, a flash desalination system, an absorption cooling and heating system
and a PEM electrolyzer. The overall system energy was 78.93% and the overall exergy
efficiencies was 47.56%.

Siddiqui and Dincer [47] presented and analyzed solar energy system integrated with
a solid oxide fuel cell and an ammonia fuel cell that produce four types of output. Their
study reported that the overall energy efficiency of the multigeneration system was
39.1% and the overall exergy efficiency was 38.7%. Thus, an increase of 19.7% and

17.8% in both efficiencies was achieved.

Yilmaz et al. [48] investigated parabolic solar dish collector based multigeneration
system for the production of power, hydrogen, cooling and heating. The molten salt
was considered for sensible thermal energy storage. Their study reported that the

energy efficiency of the system was 48.19% and the exergy efficiency was 43.57%.

El-Emam and Dincer [49] presented a novel integrated polygeneration system driven
via the use of solar power. That system consisting of parabolic trough collector that

was integrated with an organic Rankine cycle, an absorption cooling system, a
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desalination unit, and an electrolyzer. Their system was thermodynamically analyzed,
and they also analyzed its overall performance. They estimated the average cost
different operating points. Their study reported that the maximum exergy efficiency
was 39% and the minimum exergy efficiency was 21.7%. It was also achieved at a cost
rate of $309.56/hour and $241.7/hour, respectively.

Ahmadi et al. [50] examined the thermodynamic simulation of a flat plate solar
collector integrated with a PEM electrolysis and an ocean thermal energy conversion
system. They concluded that the exergy destruction of the ocean thermal energy
conversion cycle decreases with increasing solar radiation. Moreover, the exergy

efficiency of the ocean thermal energy conversion cycle can reach 22%.

A parabolic trough collector based multi-generation system for hydrogen, electricity,
heat water, heating and cooling is suggested by Ozturk [51]. He studied the exergy
analysis to calculate the total number of losses, as well as their causes and their
locations by computing the irreversibility that existed in each of the subsystems, as
well as in the entire system. According to the results, the parabolic trough solar
collector has the highest rate of exergy destruction among other components of the
proposed system. In addition to that, it had the lowest exergy efficiency, at a rate of
17%.

Al-Ali and Dincer [52] suggested a multigeneration system that was based on the use
of solar and geothermal energy. The researchers concluded that in the event that there
was any shifting of the system, from single-generation to multi-generation, the energy
efficiency of the overall system can be increased by 61.6% and exergy efficiency can
be increased by 10.4%.

Almahdi et al. [53], in their study, developed and presented a solar-based multi-
generation system that was used for the production of hydrogen. The system consisted
of three ORCs, in addition to two absorption systems, as well as a heat pump, and a
PEM electrolyzer. The overall energy efficiency of the system was 20.7% and the
overall exergy efficiency was 13.7%. The system was also capable of producing 18.8

liters/sec of hydrogen.

21



Hassoun and Dincer [54] evaluated the efficiency of a multigeneration system that was
powered via the use of an organic Rankine cycle, which utilized solar energy as the
primary source of energy. They developed the system so as to meet the basic
requirements of large residential complexes, including fresh and hot water, electricity,
and cooling and heating. Their study reported that the system’s overall exergy
efficiency was 44.67%, which showed an increase to 58.8% following the application

of multi-objective optimization.

2.3. BIOMASS BASED MULTI-GENERATION

It is known that fossil fuels release very deadly pollutants, which have been proven to
be extremely harmful to both human health and the environment. Therefore,
implementing alternative sources of energy like solar, geothermal, wind, hydroelectric,
and biomass energy is very important for the future. Moreover, biomass very quickly
became one of the most commonly used alternative sources of energy because of its
sustainability and the fact that it causes no harm to the environment. Today, many of

the power plants around the world that are biomass-powered plants.

Thermodynamic analysis of a biomass-based trigeneration system that used an organic
Rankine cycle was studied by Al-Sulaiman et al. [55]. Four different generations were
compared: single generation, cogeneration and trigeneration. They investigated the
performance of the system under a variety of parameters. They have achieved the
highest energy and exergy efficiency by using trigeneration. Overall, the energy
efficiency increased by 75% and the exergy efficiency increased by 17% with their

trigeneration system.

Ahmadi et al. [56] examined a multigeneration system that was based on the
combustion of biomass. In their study, the useful products provided by their system
included electricity, hot water, cooling, heating, and hydrogen production. In this
study, an environmental impact analysis was conducted. Their analysis results proved
that the greenhouse gas emissions from their multigeneration system were lower than

that determined for the co-generation of the power and heat.
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Safari and Dincer [57] designed a multigeneration system that is operated with the
biogas produced from digestion process. Thermodynamic analyses of an integrated
system for supposed system are studied in this paper. The main outputs of this system
are power, heat, fresh water and hydrogen, and there is some heat recovery in the
system to improve efficiency. The production rates for the useful outputs provided by
their system were freshwater: 0.94 kg/s, power: 1102 kW, hydrogen: 0.347 kg/h, and
hot water: 1.82 kg/s, under base conditions. In addition, the developed system achieved

overall energy efficiency was 63.6% and the exergy efficiency was 40%.

Casas Ledon et al. [58] presented an exergoenvironmental analysis on a combined
cycle that was integrated with biomass gasification that uses municipal solid waste as
a biomass fuel. They noticed that the environmental impact for the system that they
examined was 13.5 mPts/lkWh where it was significantly lower than what was
determined for the conventional natural gas energy system, which was 22-26
mPts/kWh.

Al-Sulaiman et al. [59] proposed a biomass combustor based trigeneration system,
which consists of an organic Rankine Cycle, an Absorption Refrigeration system and
heat exchanger. The main useful production are electricity, cooling load and heating
load. Four different situations were studied and analyzed to conduct an examination of
the impact that some parameters had on the performance of the system. The results
proved that the use of a biomass combustion-based trigeneration system improved the
system’s exergy efficiency by 16%. It was also found that the carbon dioxide emissions

of the trigeneration case are significantly reduced.

Exergetic as well as environmental analyses were done on the biomass gasification
based combined cycle by Gholamian et al. [60]. Paper and wood were used as the
biomass fuels. The results outlined that the cycle efficiency with using the wood as
biomass fuel was 2.5% higher than the efficiency with using paper. On the other hand,

the emission value using paper was 0.8% lower than when wood is used.

Boyaghchi et al. [61] designed and developed a biomass gasification process based

multigeneration system that consisted of a dual-organic Rankine cycle, as well as an
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ejector refrigeration loop, and also a proton exchange membrane electrolyzer for the
production of the refrigeration effect, heating load, power, syngas, and hydrogen. Their
system was also subjected to exergy, exergo-environmental, and exergo-economic
analyses. Their results demonstrated that the cost of the hydrogen improved by 49.18%

and the environmental impact/unit of exergy improved by 34.58%.

2.4. HYBRID SOLAR AND BIOMASS BASED MULTI-GENERATION

Since solar energy is a discontinuous source of energy, it is essential to employ another
energy source or an energy storage medium to recover the energy demands on an
ongoing basis. There are limited studies that consider solar energy and biomass as the
main source of energy for a multi-generational system. Khalid et al. [62] designed and
analyzed a biomass- and solar-based integrated system that was used to produce a
variety of outputs. They found that the energy and exergy efficiency improve with

incorporation of two energy sources.

Shahid et al. [63] evaluated thermodynamic efficiency of solar and biomass-based
multi-generation systems. Moreover, they also analyzed exergy destructions of each
subsystem. Their results showed overall energy efficiency improvement of 18.9% and
exergy efficiency improvement of 28.0%. The steam Rankine cycle sub-system
showed the highest exergy destruction rate (32 MW).

Wang and Yang [64] evaluated the thermodynamic studies on combined multi-
generation systems powered by solar and biomass, which integrated subsystems for
cooling, power generation, and heating. Their results showed overall energetic
efficiency of 57.9% and exergy efficiency 16.1%.

Sarkis and Zare [65] carried out the thermodynamic examination of three different but
novel configurations of hybrid solar-biomass. Gaseous substances were emitted after
biomass combustion, which were used in the operations of both the gas turbines and
the Rankin cycle of System 1 and 2, respectively. They found that the exergy and
energy efficiencies of a standard plant are 40.68 % and 47.52%, for System 1 are
39.25% and 45.06%, and for System 2 are 36.91% and 40.12%, respectively.
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Hashemian and Noorpoor [66] introduced a new biomass-based and solar multi-
generation system design and conducted its thermodynamic assessment. They found
that the system can generate 137.3 MW cooling rate, 26.3 MW power, 21.4 MW
heating rate, 3927m3/h fresh water, and 72 kg/h hydrogen.

Karellas and Braimakis [67] proposed a trigeneration system based biomass and solar
energy. Their system was analyzed during both the summer and the winter from an
economic viewpoints. The researchers found that the net electric efficiency is 2.38%,

while the savings in power consumption about 12%.

Ghasemi et al. [68] proposed and also analyzed an inventive multi-generation energy
system based on parabolic trough collector and biomass combustion using
thermodynamic and multi-purpose optimization. Multigeneration system consists of a
Rankine cycle for supplying electricity, a double effect absorption chiller for heating
and cooling, a multi-effect desalination system for desalination of sea water and a
Linde-Hampson cycle for natural gas liquefaction. The results showed that the system
could potentially generate 16.11 kW of electricity, 28.94 kW of heating power, 23.41
kW of cooling power, 8.8 kg/h of fresh water, and 0.02 m3/h of liquefied natural gas
with energy efficiency and exergy efficiency by 46.8%. 11.2%, respectively.

Bai et al. [69] evaluated a polygeneration system based on biomass gasification using
solar energy through dynamic simulation. The proposed system is generally designed
for producing power and methanol. The overall energy efficiency was approximately
51.89% and the exergy efficiency was approximately 51.23%. Standard cost of
methanol was 361.88 $/ton.

Cao et al [70] proposed a novel solar and gas turbine-based multi-generation system.
The solar gas turbine cycle consists of a PTC and biomass burner. The multi-
generation process using biomass and solar power showed 92.11% and 60.05%
performances in terms of energy and exergy, respectively. Besides, they concluded
that the electrical power, heating rate, cooling rate, and the freshwater flow rate were
106.5 kW, 0.7703 kW, 56.01 kW, and 35.74 kg/h, respectively.
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To use renewable energy effectively, Bai et al. [71] conducted an analysis of the
performance of a new solar-biomass based poly-generation plant. The researchers
found that this energy system uses biomass sources and renewable energy sources

efficiently.

Sahoo et al. [72] evaluated and optimized the performance of hybrid solar-biomass
system in polygeneration process for cooling, power, heating and desalination. The
effect of various operating parameters was determined. The results outlined that
primary energy savings of solar-biomass based polygeneration system to 50.5 %. The
energy Yield from this system has increased to 78.12% when a comparison was made

with a basic power plant.

Liu et al. [73] evaluated energy and exergy performance of a hybrid solar-biomass
system in two varies situations. In the first, they performed biomass gasification by a
solar collector, while the combined cycle was fueled with gasifier gas for power
generation. In the other, when the biomass gasification was performed separately,
concentrated solar energy was utilized to heat the air that was compressed at the Bryton
cycle. It was shown by their results that, for the first case, the energy efficiency was

more than that for the second case by 5.4%.

Pantaleo et al. [74] conducted a technoeconomic evaluation for a novel hybrid solar-
biomass plant arrangement. They regained the exhaust gases heat of the gas turbine
that externally powered by thermal energy storage tank. They also incorporated heat
from the parabolic-trough collector in which molten salts were used as the heat transfer
medium. They found that by using the integration of concentrated solar energy, the
electricity production and cost of solar-based electricity increased, so, for the proposed

system, the overall energy efficiency would be higher.

Ishaq and Dincer [74] proposed, analyzed and evaluated a solar energy- and biomass-
based multi-generation system through energy and exergy approaches. The system that
they proposed comprised a solar heliostat, a gas turbine cycle, copper-chlorine cycle,
reheat Rankine cycle and absorption cooling system for for produce the multiple useful

outputs. The integrated system was then simulated via the use of Aspen Plus, whereas
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analysis of the subsystems was conducted via the use of engineering equation solver
software. The proposed multigeneration system provides electric power of 8.3 MW
and produce 118.9 g/s of hydrogen. The overall energy and exergy efficiencies of their

system were determined to be 29.9% and 31.5%, respectoively.

2.5. NANOFLUIDS BASED SOLAR COLLECTORS

The solar systems’ efficiencies have not reached the desired operational level; so, they
need further improvement. Researchers have solved the problem of low thermal
efficiency faced in SECSs using nano-fluids as operating fluids in solar-thermal
systems. Nanofluids have shown improved thermal properties when they were

compared to base fluids; so they can enhance the STSs’ heat transfer properties.

To date, limited studies are available on using solar energy as a main energy source
when nanofluids are used as working fluids. Boyaghchi et al. [75] proposed a multi-
generation solar and geothermal system using water/CuO nanofluid to transfer heat.
They compared four working fluids, including R134a, R1234ze, R1234yf, and R423A
in the organic Rankine cycle. Results proved that R134a is a superior working fluid
for ORCs. Additionally, the utilization of a nanofluid as a medium of heat transfer
rather than pure water was declared effective because it increased the system’s thermal

and energy efficiencies.

Nasrin et al. [76] designed the cooling system of a PV module by improving a new
heat exchanger and evaluated PVT performance using a water/MWCNT nanofluid in
terms of thermal energy efficiency and output power. The overall performance and
thermal efficiency for the PVT system operating with a water/MWCNT nanofluid
exceeded the performance and thermal efficiency of the water in numerical and

experimental results.
Verma et al. [77] conducted an assessment of a flat plate solar collector using varying

types of nanofluids, SiO2/water, TiO2/water, Al,Os/water, CuO/water, graphene/water,

and MWCNTs/water. Experimental results had shown that the increase of exergy,
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energy efficiency and maximum reduction in the entropy using MWCNTS is the
highest, followed by graphene.

Toghyani et al. [78] utilized certain types of nanofluid in a parabolic trough solar
system to operate the Rankine cycle. It was determined that nanoparticle dispersion
into the thermal oil was able to improve the system’s exergetic efficiency by 3% with

TiO2, 6% with CuO, 11% with SiO2, and 9% with Al,Os3.

Abid et al. [79] comparatively and thermodynamically analyzed a parabolic trough
solar thermal power plant using two different nanofluids (Al.Os, Fe2Oz) and two
different types of thermal fluids, Glycerol and Therminol 66. They noticed that a

nanofluid improves the solar thermal plant’s net power.

Tzivanidis and Bellos [80] evaluated an absorption chiller system powered by solar
collectors and consisting of flat plate collectors based on nanofluids. LiBr/H2O was
the working fluid in the absorption chiller while the solar system was run using
water/CuO nanofluid. The researchers found that using nanofluids in a solar collector
can improve the system’s daily exergetic performance by 3.99% and refrigeration

production by 0.84%.

The effects of using nanofluids in a parabolic trough collector (PTC) and a solar dish
collector (SDC) on the multi-generation system was studied in the research of Abid et
al. [81] who found that the PTC systems produced more electricity than SDC systems.
They were able to achieve exergy efficiency of 23.8% and 23.25% with the PTSC

system and SDC system, respectively.

Faizal et al. [82] tested the effect of using metal oxides, including SiO2, Al.O3, CuO,
and TiO2 nanoparticles with water on the power generation and cost of a solar collector
for obtaining the targeted product temperature. According to the results, low specific
heat and high density of nanoparticles leads to improved thermal efficiency while the
CuO nanofluid shows higher value as compared to other nanofluids.
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A comparative analysis performed by Ibrahim and Kayfeci [83] to analyze the
thermodynamics of a trigeneration system that used graphene as well as ferrofluid
nanoparticles shows that the system efficiency enhanced when 0.1%-0.6% volumetric
fraction of nanofluids was used. The researchers found that the performance of
graphene nanoparticles was better when a comparison was made with that of ferrofluid

nanoparticles.

Lu et al. [84] conducted experiments on the CuO-water nanofluid to investigate its
thermal performance in the CPC. They reported the greatest heat transfer coefficient
as almost 30% with a nanofluid at 1.2% mass concentration. In another experimental
study [85], the same researchers revealed that the improvement in the CPC thermal
efficiency was almost 12.7% when the same nanofluid was used. Since the literature
on nanofluid use in a CPC is limited, further investigations should be conducted in
order to be able to assess the CPC performance using different nanofluid types.

Alsaady et al. [86] examined the effects of ferrofluid on the efficiency of a parabolic
trough collector. It was determined that using ferrofluids in solar collectors provided
some environmental benefits, as well as improvements in the heat transfer, in addition
to reductions in the heat transfer area required. A study presented by Khosravi et al.
[87] showed an excellent performance of the optical thermal conversion of solar
collectors under very specific conditions via the use of magnetic nanofluids (MNFs).
Their results proved that MNFs would absorb solar radiation very well and improve
solar collector efficiency.

Previous papers in the literature show that the performances of multiple production
systems depend on their design; therefore, increasing system efficiency by choosing
different designs is as important as using latest technologies in the researches. The
current multi-generation system is practical and feasible, because it uses modern
technologies and existing systems. In this study, we developed and analyzed a novel
multi-generation system, which uses biomass and solar energy. To the best of our
knowledge and after conducting a comprehensive literature review, we can claim that
there is no previous study, in which, researchers used compound parabolic collector to

collect the solar irradiation for the multi-generation system, in addition to using
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graphene and silver nanoparticles within the base fluid. Besides analyzing and
assessing the overall system according to several criteria, a comparative study was
conducted to analyze two different nanofluids as heat transfer fluids in the solar cycle
for evaluating their effect on the overall performance. We calculated useful outputs of
the system, including energy and exergy efficiencies, and determined the exergy
destruction value for each subsystem, checked the possible improvements, and studied

the effect of significant parameters.
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CHAPTER 3
SYSTEMS DESCRIPTION

The multi-generation systems offer a promising application, as already mentioned in
literature. The application of hybrid biomass-solar systems as an energy source of
multi-generation system is an interesting option, and it is currently an important goal
for the researchers. Therefore, the studied multigeneration energy system is based on
this prime mover. Figure 3 shows the suggested multi-generation system. It is evident
that the integrated system benefits from both solar and biomass systems as two

independent sources of energy. This combined plant includes:

. A .compound parabolic collector (CPC).
Hot and cold energy storage tanks.
Reheat—Regenerative steam Rankine cycle (SRC).

Biomass combustor.

1
2
3
4
5. Broton exchange membrane electrolyzer (PEM).
6. Organic Rankine cycle (ORC)

7. Multi-stage flash distillation (MSF)

8. Dryer process.

9

Double-effect absorption cycle (DEAC).

Two types of nanoparticles, including graphene and silver (Ag) were chosen as
working fluids, and they were used in Ethylene glycol (EG) as a base fluid in the solar
system. These nanofluids possess excellent and diverse physical properties that help
to provide the thermal energy needed to contribute to drive the subsystems.

Itis clear in the system schematic that solar radiation falls on the solar system and it is
concentrated by a CPC. The heat transfer fluid enters the CPC to receive solar energy

and leaves the solar collectors at a comparatively high temperature.
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Figure 3.1. Schematic of biomass and solar energy driven multigeneration system.
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After leaving the hot energy storage tank, this hot fluid flows in the first heat exchanger
(HEX-1) to exchange heat with water that comes from a closed-feed water heater in

the SRC and leaves the HEX-1 at a relatively lower temperature.

The residual heat in the absorption fluid is used to heat the LiBr/H-O solution in the
high temperature generator (HTG) of a DEAC. The pump returns the relatively low-
temperature fluid that comes from the cold energy storage tank to the CPC to increase
its temperature, and the cycle begins again. The steam produced by the HEX-1 outlet

has high-quality energy that is usable again to improve the system efficiency.

To complement the energy requirements of the entire plant and provide more feasible
inputs to the system, biomass combustion is incorporated into the system where air
and biomass are mixed in a biomass combustor to produce thermal energy and provide
extremely hot steam. The steam Rankine cycle is run using the produced hot steam,
and it is utilized in HEX-2 for heating up a medium-temperature fluid that comes from
HEX-1. For more effective energy recovery, high pressure and low pressure turbines
are combined in an SRC that has an appropriate temperature range. The high-
temperature steam leaves the HEX-2 (used as a boiler for the SRC) is used to generate
electricity by sending it to a high-pressure turbine (HPT), and later, it is passed back
to HEX-2 for reheating. When the steam is reheated at low pressure, it is sent to a low-

pressure turbine (LPT) for generating electricity.

The regeneration process takes place in the SRC through bleeding the steam from the
LPT at various points. The steam is used to warm the feedwater by a regenerator, or a
feedwater heater (FWH). Single-stage reheating, process heater (HEX-3), closed feed
water heater (CFWH), and open feed water heater (OFWH) are used in SRC because
of their benefits, perhaps the most important of which is raising the cycle efficiency
and thus improving the overall efficiency of the system. Extra heat (state 18) is shifted

to HEX-3, where it is used in the drying subsystem for drying the wet products.

Since the absorption fluid that leaves HEX-1 still has energy, it is reused to power the
DEAC, which uses wasted heat. DEAC combines a couple of single-effect absorption-

cooling systems. This system has two generators, which are available in different

33



designs. For this research, we used Lithium Bromide solution (LiBr-H20) as a working
fluid because water acts as a refrigerant while LiBr acts as an absorber. In this cycle,
dilute lithium bromide solution first flows to the HTG, while the concentrated lithium
bromide solution passes through a solution expansion valve before it enters the LTG.
The refrigerant vapor condenses in the condenser and reaches the cooling temperature.
Then, chilled water gets into the evaporator to provide a cooling load. The weak H2O-
LiBr solution enters the absorber and absorbs the vapor coming from the evaporator

by releasing heat to the environment.

The ORC is integrated into the system to further utilize biomass energy and generate
more power. A main benefit of this cycle is converting low- and medium-temperature
heat sources into electricity. Isobutane is used as the working fluid in ORC. To take

advantage of the waste heat of the condenser, it was used to obtain hot water.

The requirements for MFS reheating are fulfilled by using the steam, which is
generated from the biomass combustor when it leaves HEX-3. The remaining part of
the heat is utilized for warming up the water before it enters the PEM. MSF performs
thermal desalination that passes hot brine from several vacuum stages. Where each
consecutive stage operates in gradually low pressures. The sea water is heated under
high pressure at first and then is sent into the successive flash chambers. A standard
MSF system consists of 24 instillation stages in a series configuration. During these
stages, the brine evaporates, which is called "flashing”. When the flashed vapors
condense on the preheating tubes’ surfaces, it simultaneously produces distillates and
transfers heat to the incoming feed water, which is supplied through the tubes. The
rejected brine comes out of the desalination system at a 178.1 kg/s mass flow rate and
discharges the fresh water at a 21.89 kg/s flow rate. Some freshwater, which is obtained
through the MSF, is transferred to the electrolyzer for producing hydrogen.

Some proportion of the generated electricity is utilized in the electrolyzer to produce
hydrogen via water splitting by electrochemical reactions into hydrogen and oxygen,
which are shifted to storage tanks. Hydrogen's reputation as a promising alternative as
a fuel with carbon free and an excellent carrier of energy makes it a desirable useful

output.
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CHAPTER 4

ANALYSIS AND ASSESSMENT

4.1. INTRODUCTION

After describing the proposed system design and providing a detailed explanation of
its working mechanism in the previous chapter, this chapter outlines the mathematical
models and analyses carried out in this thesis. General formulas for thermodynamic
analysis are presented. The specific focus has been given to the first and second laws
of thermodynamic analysis. Finally, the thermodynamic analyses for the system are

performed.

4.2. THERMODYNAMIC PRINCIPLES

The conversion of heat-work energy must be within the specified limits in the laws of
thermodynamics. The first and second laws of thermodynamics are described the
behaviors of thermodynamic systems depending on their type. Moreover, the third law

of thermodynamics represents the state of thermodynamic equilibrium.

By viewing the system as a control volume, four balance equations types must be
considered; Mass balance, energy balance, entropy balance and exergy balance. These
equations can be properly solved by writing the equations for each component in the
subsystems.

4.2.1. Mass Balance Equation

According to the principle of conservation of mass, the general balance equation for

conservation of mass can be written as:
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. . _ dmcv
My, — Moye = dt (4-1)

Where m;,, and m,,,; are the inlet and outlet mass flow rate, while m, represents the

mass of the control volume and t is the time.
4.2.2. Energy Balance Equation

Based on the thermodynamic first law, the general energy-balance equation can be

written as:
Z mm ( m + ngTl) Z mout < out + 2 + gZOLLt) Z Q Z W
dE.,
= 4.2
It (4.2)

In steady-state conditions (ignoring kinetic and potential energy), the energy balance
equation can be formulated as:

> it hin = ) tiue e + Y 0= ) W =0 (4:3)

Where h is specific enthalpy, v is velocity, g is gravitational acceleration, Z is the

elevation, Q is heat transfer rate and W is work rate.

4.2.3. Exergy Balance Equation

Exergy is defined as the maximum useful work that can be produced by balanced
system with its surrounding. Exergy cannot be conserved due to irreversibility which
leads to exergy destruction and entropy generation. The total exergy includes physical,

kinetic, chemical, and potential energy, and can be formulated as:

Extotar = Expn + Excp + Exye + Expe (4.4)
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Physical and chemical exergy are common types, while kinetic and potential exergy
are supposed here to be neglected, since velocities are relatively low and elevation

changes are slight [88].
To formulate an exergy balance equation, work, heat and mass must be included in the

equation due to the fact that the transformation of a system can occur in three forms:

mass, work and heat.

zExin—ZExout+ZQ(1— )—ZW=Exd (4.5)

Where x is the mass fraction of the LiBr in the solution, h the specific enthalpy and E,,

Tamb
T

the exergy destruction. The specific exergy is given by the following expression:
Ex =m ((h — hout) = Tamp (s — Sout)) (4.6)
4.2.4. Definition of Efficiency

To evaluate any system or process, we must introduce the term "efficiency". The
efficiency associated with all types of heat conversion systems is defined as "total net
work per total heat input". Energy efficiency is fundamentally based on the
thermodynamic first-law. For energy systems where the inputs and outputs are

expressed as one of an energy forms, energy efficiency is described as:

Euserul
Nen = -usefu (4.7)
E input

To make a perfect expression of efficiency, exergy must be used to define it. Assuming
the process is reversible, efficiency is defined as an “exergetic view as the ratio of the

exergy associated with the product to exergy associated to the fuel.”

_ ExProduct —1— Exd,t

Y (4.8)

Expuel ExFuel
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Where Ex, . is the total exergy destruction and E'xuseful is the useful product exergy,
which is the sum of the exergy destruction within the system and the exergy destruction

by the surrounding environment.
4.3. MODELING OF THE MULTIGENERATION SYSTEM

The current section presents the mathematical model of our proposed multi-generation
system. All the equations of thermodynamic equilibrium pertaining to energy, mass,
and exergy are mentioned for all the integrated system components. The equations

have been solved by Engineering Equation Solver (EES) software [89].

Before moving on to the mathematical model, we present the general assumptions that

are consistent throughout the integrated system analysis. They are listed below:

All system parts operate under steady-state conditions

Reference pressure and temperature are 101.3kPa and 25°C.

We neglected all kinetic and potential changes to the entire system
Pressure and heat losses are not taken into account in flow channels.

Pump and turbine isentropic efficiency is assumed as 0.85.

o o~ w Db

The sulfur, chlorine and ash contents are trivial and thus ignored in the biomass
energy calculations.

7. At the entrance to the MSF, the seawater has a 25°C constant temperature.

8. Heat loss at each desalination stage is ignored.

9. Atevery desalination stage, there is equal temperature increase of the preheated
feed water.

10. The temperature of the hot brine equally reduces at each desalination stage.

For facilitate thermodynamic modeling, the multigenerational system presented in
Figure 3.1 was divided into eight main parts: a compound parabolic collector (CPC),
biomass combustor, proton exchange membrane electrolyzer (PEM), steam Rankine
cycle (SRC), organic Rankine cycle (ORC), multi-stage flash distillation (MSF), dryer
process, and the double-effect absorption cycle (DEAC). Then the efficiency of the

overall system and the EIA are calculated.
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4.3.1. Compound parabolic collector

It is a non-imaging form of concentrator that has the ability to focus light on a small
absorber surface. It is designed as a fixed solar collector to achieve cost-effectiveness
with relatively higher temperature, Figure 4.1 shows different CPC configurations.
The nanofluid, which passes through the collectors, absorbs heat from solar energy
and it is directly fed to other integrated subsystems for power generation. The detail
parameters and operating conditions considered in the present study for the CPC are

given in Table 4.1.

(A) Axis of CPC -~

/
Axis of *B°
’

Parabola B

Truncated *B’
-

S—’/

-
e =

Parabola A Parabola B
Cylindrical
absorber

Figure 4.1. a) The geometry of conventional CPC, b) Schematic of CPC with
cylindrical absorber.

The CPC analysis in this section is based on the equations presented by Kalogirou

[90]. The CPC’s energy efficiency can be computed using the given formula:

Qu
_ 4.9
Ncpc 4, G, (4.9)

a

Where (n¢pc) is the thermal efficiency of a CPC, Q,, is the useful energy, G; is the total
incident radiation and (4,) is the aperture plane. The useful energy provided by a CPC

is calculated as follows:
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Qu=Fr[SAs—Ar U, (Ti, — Tamp)] (4.10)
The absorbed radiation (S) is obtained from:

S = Gt Teover Tepe Ar ¥V (4.11)
Where 7., 1S the transmissivity of the cover glass, a, is the receiver absorptivity,
CPC effective transmissivity is t.pc = p™, p is the specular reflectivity of the CPC

walls and the diffusion radiation correction factor, and n represents the average number

of reflections.
y=1-(1-1)2 (4.12)

Where the factor (y) represents the diffused radiation wastage outside the acceptance
angle of the CPC at concentration C, and C is the concentration ratio of collector C =

1/sin 6. The Gp/Gt ratio varies from about 0.11 on a clear sunny day to about 0.23 on

a foggy day.

Fy is the heat removal factor, given by:

my,r C U FA
Fp= DL ZP g (-2 e (4.13)
Ac UL mnf Cpnf

The receiver area A, = A,/C. The collector efficiency factor F is given by:

1
X U,
F = 4.14
L + Dr,O + ( Dr,O In Dr,O) ( )
U, hy Dry \2.ky Dy

Where r is the receiver tube, D, , is the outside diameter, D,. ; the inside diameter, k,
the thermal conductivity and U;, the overall heat loss coefficient. The convective heat
transfer coefficient inside the receiver tube calculated thus:
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(4.15)

Where k,, is the thermal conductivity of nanofluid, and N,, is the Nusselt number of

the flow inside the receiver tube. For turbulent flow (Re > 2300) as the flow in this

analysis,
N, = 0.023(R,)%8(Pr)°4 (4.16)
Where;
VD,
R, = Reynolds number = Pry 7 i (4.17)
.unf
C
P. = Prandtle number = Zpinf Hny (4.18)
an

The overall collector heat loss coefficient is obtained thus:

A, 1 1
U, = (4.19)

+
Ag (hw + hr,c—a) hr,r—c

Where A, and A, are respectively the outer area of the glass cover and the receiver.
The radiation heat transfer coefficient for the glass cover to the ambient is calculated
thus:

hrca =650 (Ty+ Tamp) (T + Tlnp) (4.20)

For glass cover, the radiation heat transfer coefficient to the surrounding is calculated

as follows:

o(T? + T?) (T, +T
hr,cr = ( 1T Arg )1( s g) (4.21)
e T4, [g‘ !
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To determine accurately the thermal emissivity (e,-) and thermal conductivity of the

receiver tube, it is made a function of the surface temperature (in Kelvin):

€, = 0.000327 T, — 0.065971 (4.22)

k, = 0.0153 T, + 14.775 (4.23)

Also, the convective heat transfer coefficient can be measured by:

h, = (4.24)

Where o is the Stefan-Boltzmann constant, T.. is the receiver temperature and T, is the
glass cover temperature. The temperature (T,) will be assumed initially, followed by

the assumption being verified using the following equation:

T — Ar hr,r—c Tr + Ag (hw + hr,c—a) Tamb

(4.25)
g AT' hT,T—C + Ag (h'W + hr,c—a)

For the wind loss coefficient, the Nusselt number can be obtained using the following
equation, which applies to turbulent flow (1000 < Re < 50,000), as is the case of this

analysis.

N, = 0.3 R,*® (4.26)
This useful energy can also be calculated from:

Qu = myr Cppe (Toue — Tin) (4.27)

Here T,,; and T;, are respectively the outlet and inlet temperature of the solar
collectors, 1y, is the mass flow rate of heat transfer fluid inside the receiver, and

Cpner is the specific heat of the heat transfer fluid.
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The inlet exergy can be calculated by:

: 4 (T 1 (Tamp\"
Exsolar,in = Qsol <1 - § ( amb) + § ( amb> > (4.28)

TS un TS un

For N number of solar collectors, the total solar irradiation will be:
Qsoltotal = Aa G¢ N (4.29)

And the heat transfer loss rate is obtained:

Qross = Qror — Qu (4.30)

Finally, the heat stored in hot and cold thermal storage tanks can be calculated using
the enthalpy of the heat transfer fluid and solar sunbathing time (SST) [91]:

. _ SST
Qsr = Ty (1 — ﬁ) (SST) (hper)(3600) (4.31)

Here SST depends on the season and clouds and hyrp is the enthalpy of HTF at the
collector outlet. The SST of this study was considered to be 11.71 hours [91], which

resulted in the choice of energy storage for a permanent operation at night.

Table 4.1. CPC parameters and operating conditions.

Parameter Symbol Value [unit]
Ambient pressure Pomp 101.3 kPa
Ambient temperature Tomb 25°C
Solar beam irradiation G 960 W/m?
Diffuse radiation Gp 150 W/m?
Sun temperature Toun 5770 K
Number of collectors N 4
Collector length L 1m
Specular reflectivity p 0.9
Cover transmittance Teover 0.75
Receiver tube inner diameter D, 60 mm
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Glass cover outer diameter D., 120 mm
Receiver tube outer diameter Dyo 75 mm
Wind speed %4 1-5m/s
Acceptance half angle 0 40°
Daily sunbathing time SST 4-14 hours
Reflections average number n 0.77
Stefan-Boltzmann constant o 5.67 x 108 W/m2 K*

Nanofluids properties

The nanofluids of our study include graphene/Ethylene glycol, and silver/Ethylene
glycol. A main reason for selecting these nanoparticles is their excellent and varied
physical properties, which are higher in comparison with base fluids. The
thermodynamic properties of Ethylene glycol were obtained using EES software.
Table 4.2 shows thermodynamic properties of nanoparticles. The thermal properties
of the nanofluids examined can be calculated from the characteristics of the base fluid
and the nanoparticles at the bulk temperature. In the following modeling, the subscript
“bf” is used for the base fluid (Ethylene glycol), the subscript “np” for the nanoparticle
(graphene, silver), while the subscript “nf” for the nanofluids. The volumetric

concentration (¢) is equal to 6% in the present study.

Table 4.2. Thermal properties of selected nanoparticles and the base fluid at 293 K.

Densit Specific Thermal Dynamic
Properties (k /m3))/ heat conductivity viscosity
g (I/kg K) (W/m K) (Pa.s)
Graphene 2160 710 5000 -
Silver 10500 235 429 -
Ethylene 14154 2345 0.256 21 x 107
glycol

The density of the nanofluid (p,,f) is calculated according to the Pak and Cho formula
[92]:

Pnf = ) Pnp t (1-90) Pbf (4.32)
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The nanofluid specific heat (C,, ,,5) is calculated according to Xuan and Roetzel model
[93]:

o Cono) + (1 — C
Comf = o (p p Up, p) l[()nf ) (be p,bf) (433)

The thermal conductivity of the examined nanofluid (k,f) can be determined

according to the suggested model by Yu and Choi [94]:

knp + 2 kpr+2 (knp —kpp) 1+ B0

knr =k (4.34)
M ke + 2 kg — (Knp — knp ) (14 B)3 0

The nanofluid viscosity (u,) is estimated by the Batchelor model [95]:

Hnr = Mpr (1+2.50 + 6.5 0%) (4.35)

The parameter B indicates the ratio between the thickness of the nanolayer and the
initial radius of the particle. Typically, this parameter is specified to be 0.1 [96]. It is
essential to state that the thermal properties are calculated at the mean temperature of

the nanofluid (T, »f), which can be calculated with the following equation:

T .+ T
Tonf = % (4.36)

4.3.2. Biomass Combustion

As shown in Figure 3.1, both air and biomass respectively enter the biomass combustor
at points 7 and 8. Table 4.3 shows the biomass (pine sawdust) composition examined
in this study. The chemical formula for complete biomass combustion with air is as

follows:

Cy Hy 0, + @wH,0 + A(0; + 3.76N,) = aC0O;, + bH,0 + cN, (4.37)
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Where w represents the fuel’s moisture content. For biomass fuel, the molar mass flow

rate is as follows:

. mbiomass
Npiomass = M (4-38)
Cx Hy 0

Where Mc, 4, o, represents the molar mass of biomass. The coefficients in Eq. (4.37)

are determined by considering an elemental balance. The resulting expressions for the

coefficients are determined with element balances:

a=x (4.39)
y+ 2w

b= 5 (4.40)
79

c= ﬁl (4.41)

A= (4.42)

The energy balance of the control volume around the biomass combustor is carried out

to calculate the exhaust gas temperature as follows.

}_lcx Hy 0,8 + CUEHZOJ + A }_102'7 + 3761 EN2r7 = a}_lcozlg + b}_lHZO,‘) + CFLNZ,‘) (443)

Where, ch Hy 0,8 is the biomass fuel enthalpy and defined as [97]:

_ _ Yy — _
he, ny, 0,8 = Xhco,8 + (E) hu,o),7 + LHVimoisture Mc, 1y 0, (4.44)

Here, lower heating value (LHV) of the biomass depends on the ultimate elemental

composite and the moisture content in the biomass.
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THV (]:—;) = HHV (1 - w) — (2.44)(8.396(1 — w)) (4.45)

Where, HHV represents the higher heating value of the selected biomass.

___ /M
HHV (k—;> = 35.160C + 116.225H — 11.0900 + 6.280N + 10.465S (4.46)

Here C, O, H, N and S show the elemental mass fractions in the selected biomass. The
energy supplied to an integrated system comes from solar system and biomass
combustor. The biomass energy depends on the fuel type and its mass flow rate.

Qpiomass = My LHV (E) (4.47)

The exergy of heat supplied by a biomass combustor can be calculated as follows:

To

EXBiomass = (1 - T_) QBiomass (4-48)
9

Table 4.3. Pine sawdust biomass composition.

Description Value (%)

Moisture content with respect to weight 10

Elemental analysis (dry basis by weight)

Carbon (C) 50.54
Oxygen (O) 41.11
Hydrogen (H) 7.08
Sulfur (S) 0.57
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4.3.3. Steam Rankine Cycle (SRC)

Table 4.4 shows the thermodynamic balance equations for the SRC components. The

amount of power generated by the high and low pressure turbines are calculated from

equations (4.49) and (4.50), respectively.

WHPT = Mgspc (h1ga — h1s)

Wipr = thspe (hig =y h1y—zhig— (1 =y —2) hyo)

The net power used by the pumps in the steam Rankine cycle is:
Whp smet = Wp1 + Wp,

Wp snet = Misge (1 —y — 2)(hpy — hyo) + (hag — h23))

The net power that can be obtained from the cycle is expressed as

Whetsrc = Wupr + Wipr — Wp g net

The rate of energy input to the Rankine cycle is denoted by:

QSRC,in = Mg (hg — hyg) + 137 (hyg — hy7)

(4.49)

(4.50)

(4.51)

(4.52)

(4.53)

(4.54)

A closed feed water heater (CFWH) and an open feed water heater (OFWH) are used

to preheat the steam that passes through the cycle. They reduce irreversibilities in the

system and increase the efficiency of the power cycle.

The energy balance equation for the OFWH is expressed as:

(1 =y —2)hy; + zhyy + yhye = hys
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The energy balance equation for the CFWH is expressed as:

Yhi7 + hyy = yhys + hy;

(4.56)

Where y, z represent the mass fraction of the steam bled from the LPT at both 17 and

18 points. The extra heat of steam at point 18 is used for drying process.

The energy efficiency of the steam Rankine cycle is obtained by:

W,
Nsrc = —ese (4.57)
QSRC,in
The exergy efficiency of the steam Rankine cycle is obtained by:
w,
Yspe = —-net'SRC (4.58)
EXsrc,in
Table 4.4. Thermodynamic balance equations of SRC components.
Component Energy Balance Equation Exergy Balance Equation
HPT

Myg Ry = Mys hys + Wypr

My4 €X14 = Mys €X15 + Wypr

+ EXxp ppr

My6 h16 =1Mmy; hqy + Mg h 18
+ myg hy9 + Wipr

My X16 = Mq7 €X17 T Myg €X1g
+myg ex19 + Wipr + Exp 1pr

26

My hyq + Mgy hy,
+ My hae = mp3 hopg

Myq €Xyq + Myy €Xop +
Myg X6 = Mp3 €X33 +

E XD,0FWH
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my7 h17 + my, h24 =

Myy €X17 + Myy €Xpq =

27 24 . . Til25 €Xys + ‘rh27 eXyy +
CFWE Mys hos + 1yy hyy £
XDp,cFWH
25
Pump-1
20 . . . My €Xyo + Wp, =
ﬂ-@-(— My hao + Wp ; — Moy hyq . !
i My exy1 + Exp, |
Fl
Pump-2 . "
: i . M3 eXa3 + Wp =
2 e Mys hpz + Wp | = Myy hyy , LB
P2 M24 €X24 XDp g1
HEX-l rhz eXZ + Iil27 eX27 =
- 22 My hy +My7 hyy = M3 ex5 + Myg eXyg
M3 hs + Mag hog + Quexa : Tamp .
E +Quexa |1 - T + ExDHEXl
= HEX1
Mg eXg + Myg €X,g + M5 €Xg5
HEX-2
10 9 Mg hg + Myg hyg + 1ys hys -
== mlo h 10 + Th14 h 14 mlO eXlO + m14- eX14 +
b Y h ) . ; Tamb
15 + My Ny + Quex2 Ty eX16 + Opexa (1 —
28 s ThEex:
+ ExDHEXZ
HEX-3 Mg €X1g + Myg €Xp9 =
¥ ; ; My, €Xz; + M3 €X3p
Mg hig + Myg hyg = . T,
ao 29 . X . _
Myg h19+ M3o h3o + Quexs + Quexs (1 THEXS)
- + ExDHEX3
Condenser-1
19& Mg €X19 =
T
70 3 . . : > amb
;: % Mqg N9 = Myg hpo + Q1 My, €X50 + Ucr (1 - Tor )
= —~ + E'xDC1
20+
Expansion
Valve-5 I, m25 €Xys = m26 eXy6 +
25 Nas = Mye N 26 :
= B><] z Expexvs
Ex-v5
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4.3.4. Drying Process

The drying process means that relatively small amounts of water are removed from the
solid to reduce the residual liquid content to an acceptable low value. For exergy and
energy analysis of drying process in this study, the thermodynamic Dincer and Sahin
model was applied [98]. Figure 4.2 shows the drying system with input and output

terms.

Wet Product
[Product + Water (lig)]

b

i i Moist Air
Drying Air Dryer .
[Air + water (vap)] g S i+ water (vap)]

N

EIRN

Q, (Heat loss to
Dry Product surroundings)
[Product + Water (lig)]

Figure 4.2. lllustration of drying process with input and output terms.

The energy balance equation can be written for the drying system as the following:

Mazo N30 + Mp3zz Apsz + Mysa Rys,

= Mgz1 h31 + Myp33 hpss + Myzz hyss + QDrying (4.59)

Where a represents the air and p represents the product. Similar to an energy balance,

the exergy balance equation for the drying system can be written as:

Mg30 €X30 T Mp3p €Xp32 + My32 €Xy3 =

Tamb

Mg31€X 31 + Mp33 X 33 + M35 €X 33 + QDrying <1 > + ExDDryer(4-60)

Tdry

The specific exergy for the moist products can be expressed as:
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€Xp = [hP(T' P) - hp(TO'PO)] =T [Sp(T' P) — Sp(TO'PO)] (4.61)

And the specific exergy for water content can be written as:

exy = [he(T) — hy(To)| — vs [P — Py (T)] — To[sp(T) — 5,(To)]
Pg (TO)

xy Po

+ T,Ry In l (4.62)

The specific exergy for state 30 can be expressed as:

exzp = [(Cp)a + (U30(Cp)V] (T30 — To) —
(169, + ot 2

—(Ry — w3oRy)In (Pso)

Py

1+1.6078w°
Ry — wsoR,in (L2670
(Rq 30Ry) 1+1.6078w3,

(4.63)
+1.6078w30R,ln (£2)

And the specific exergy for state 31 can be expressed as:

exsy = [(Cy), + w31(Cp), | (Ts = To) -
(@), + @n(6),Jn (52)
~(Rq = w31Ry)In (22)
(Rq = w31Ry)In (o)

+1.6078w3; Rqln (222)

0

(4.64)

The energy efficiency of the drying process is the ratio of the energy used to evaporate
the moisture in the product to the total energy of the drying air supplied to the system

and can be expressed as:

QDrying

= — 4.65
pryer a9 (h3o — hyo) ( )

The exergy efficiency of the drying process can be given as:
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. T,
. 1— amb )
QDrylng ( Tdryer

Mg (€X309 — €X39)

lpDryer = (4.66)

4.3.5. Organic Rankine Cycle (ORC)

The organic Rankine cycle is composed of four major components running with
isobutene as the working fluid, where useful heat obtained from the biomass
combustor is used to drive this power cycle generating electricity. Table 4.5 shows
design and operating parameters for ORC. Table 4.6 shows the thermodynamic

balance equations of ORC components.

Table 4.5. ORC assumptions and inputs parameters.

Parameter Symbol | Value [unit]
mass flow rate M3y 50 kg/s
Turbine inlet pressure 129 12500 kPa
Pressure ratio PRoRrc 50
Pump Isentropic efficiency | 15 ore 0.85
Turbine Isentropic efficiency | n, orc 0.85

The net power that can be obtained from the cycle is expressed as

Wnet,ORC = WT,ORC - WP,ORC (4.67)
Where the power that can be obtained from the cycle is defined as

WT,ORC = Mze hzg — M3z h 37 (4.68)
And the power consumed by pump is expressed as

WP3 = Mz h3s — Mgy h3y (4-69)
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Table 4.6. Thermodynamic balance equations of ORC components.

Component

Energy Balance Equation

Exergy Balance Equation

HEX-4

Myo Ry + M35 hzs =
myq hqg + Mzg hse
+ Quexa

m; €X19 + M35 €X35 =
My €Xq1 + M3g €X36

+ Quexa (1 - ) + ExDHEX4

Tamb

THEX4-

Turbine

7

M3e hge = M3y hgy +

WT,ORC

M3e €X36 = M3y €X37 + Wr ore

+ ExDT,ORC

Condenser 2

Mgy 37 = Mgy hsy

M3y €X37 = M3y €X34

&P o
. . Tomp\ -
79 }E + QCZ +QC2 (1 — ;m ) + Echz
-« c2
TE?
Pump -3 .
Mgy hzy + Wps M3y X34 + Wp3 = M35 ex35 +

_H:!ﬁ | 9_>35 = Mzs hss Expp,

The energy efficiency of isobutene Rankine cycle is defined as:

Wnet,ORC

Norc =

mlO (h10 -

hi1)

(4.70)

The exergy efficiency of isobutene Rankine cycle can be expressed as follows:

Wnet,ORC

Yore =

Mo (X190

—exyq)
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4.3.6. PEM electrolyzer

The electrolyzer’s mathematical modelling is significant to estimate the hydrogen
production rate using electrolysis, and we have used the equations to investigate the
electrolyzer, which are given in some previous studies [99, 100]. When electrolysis is
initiated, both heat and electricity are supplied to the electrolyzer for splitting water as
Figure 3.1 shows. For PEM electrolyzer, pure water is supplied using the desalinated
water, which is provided by the MSF after heating in HEX-6 while the SRC turbines
supply the electricity. The typical parameter values used in the PEM electrolyzer

analysis are summarized in Table 4.7.

Table 4.7. Input parameters used in modeling of the PEM electrolyzer.

Parameters Values
Pyo, Po> 101.3 kPa
ref 1.7 x 10° A/m?
ref 4.6 x 10° A/Im?
Eocta 76 kJ/mole
Eqctc 18 kd/mole
F 96,486 C/mole
HHV Y, 146.96
Ay 14
A, 10

The output flow rate of produced hydrogen and oxygen from electrolysis reaction can

be computed as given below:

Ny, = 2]_F (4.72)
|
No, = 77 (4.73)

55



Where, F is the Faraday’s constant and J is the current density. The PEM electrolyzer

voltage can be expressed as follows:

Viotar = Vo + Vact,a + Vact,c + Vonm (4’-74‘)

Here, V, is the reversible potential, V. . is the activation overpotential of the cathode,
and V. 4 is the activation over-potential of the anode. V,,,, represents the electrolyte

ohmic over-potential and are obtained as:

VO = 1.229 - 8.5 * 10_4(TPEM - 298) (4.75)
V = RT h~1 J | = 4,76

acti = sin 2o i=a,c (4.76)
Vonm = JRpEm (4-77)

Where V,;,,, results from the resistance of the membrane to hydrogen ions traveling
through it. The ionic resistance of the membrane depends on its temperature, thickness
and the degree of humidification. The local ionic conductivity a(x) of the PEM is

determined as:

1 1
Goen[A00)] = (0.51391(x) — 0.326)exp [1268 (ﬁ - 7)] (4.78)

Where x is the location in the membrane measured from the cathode-membrane

interface and A(x) is the water content at point x in the membrane.

/1a _/1c

) = =

X+ A, (4.79)

Where L is the membrane thickness; A, and A, are the water content at the anode and

the cathode, respectively. Thus the total ohmic resistance can be defined as:
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d

N ey
PEM = opeml A(x)

0

(4.80)

The electrode activation overpotential can be expressed by Butler-Volmer equation,

azF V. i 1—a)zFV i
act,l> —exp (( ) act,l)] = ac (4.81)

J=Joi [exp( RT RT
Where subscripts a and c represent anode and cathode, respectively; a is the
symmetrical factor; and z is the number of electrons involved per reaction. For water
electrolysis, @ and z are found to be 0.5 and 2, respectively. Jo represents the exchange

current density and can be defined as:

E ,
_ qref act,l ,
Jo=J; exp (— T ) i=ac (4.82)

Here, E,.; is the activation energy of the anode and cathode and ]ir “Iis the pre-

exponential factor. The activation overpotential of an electrode can be expressed as:

RT | J 7V
Vo= —In|—— 1 i = a, 4.83
act,i F n 2]0'1' + <2]0,i> + 1 a,c ( )

The energy balance equation of the PEM electrolyzer is;

MMao Ry + Wpgymr = Msg hso + sy hsy (4.84)

The exergy balance equation of the PEM electrolyzer is;

Myg €X49 + Wppyp = Msg €X5o + M5y X5 + EXppy,. (4.85)

Finally, the energy and exergy efficiencies of PEM electrolyzer can be determined by
considering the higher heating value (HHV) of the hydrogen produced as the useful
output [101]:
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HHVy /100
H—Z/ (4.86)

NpEM =
Vtotal

For exergy efficiency, the denominator in the energy efficiency does not change since
the nominator is to be the standard chemical exergy of Hz, which corresponds to 83%
of the HHV of Hz and hence

Ypem = 0.831pen (4.87)
4.3.7. Multi-Stage Flash Distillation (MSF)

MSF consists of a series of stages, ranging from 10 to 30 stage. In this thesis the MSF
process of 24 stages is adopted. The MSF analysis in this study is based on the
equations presented by El-Dessouky and Ettouney [102]. In Table 4.8, the input data
for the MSF is given. The overall mass balance equation of MSF is given by:

My = My + 1y (4.88)
Where, f is feed, d is distillate b is brine. Total distillate flow rate can be obtained by
mg = (1 - (1-y)") (4.89)
Where y is the specific ratio of sensible heat and latent heat and can be gained by:

Y= Cp*x AT /Agpe (4.90)

Where C, is the specific heat capacity and 4, is the average latent heat calculated at

the average temperature.

Agve = 2501.897 — 2.4071 Ty, + 1.192X1073 T2 — 1.586X107° T,,,.>  (4.91)

Towe = (T, + Tp)/2 (4.92)
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The overall salt balance is given by:
miy x Xp = 1y, * X, (4.93)

Where X is the salt concentration in ppm. The temperature drop per stage (AT) is

obtained from
AT = (T, —T,)/n (4.94)

Where n is the number of stages. Thus, the temperature of the stage (i) is determined

by the following equation.

T, =T, — iAT i=123,....n (4.95)
The heating steam flow rate (m;) is obtained from

titg = 1 Cp(Ty — 1)/ As (4.96)
Where sea water temperature leaving the condenser of the first stage is defined by:

ty = Tr + nAT (4.97)

Also the steam latent heat (A) can be calculated by using equation 4.71 at steam

temperature T. The performance ratio for the system can be calculated by:

“.ld
PR = 2% 4,98
M (4.98)

The energy balance equation of the brine heater can be expressed as;

myq * hyp =My hyp + Qin,MSF (4.99)
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The overall energy balance equation of the desalination system is;

My1 * gy + Qinmsr = Mag Nag + Myg hyg

The overall exergy balance equation of the desalination system is;

Tamb

Mgy * €Xey + Qinumsr (1 - T
S

) = Myy €X44 + Myg €X4q

(4.100)

(4.101)

Table 4.8. Input parameters used in thermodynamic modeling of the MSF.

Parameter Symbol Value [unit]
Seawater Salinity Xr 42000 ppm
Number of stages n 24
Brine exit temperature T, 40 °C
Feed flow rate My 338.5 kgls
Seawater temperature T¢ 25°C
Heat capacity of liquid streams Cp 418 kJ kg °C

The energy efficiency of MSF is defined as:

T] — m46 h46
MSE T iy (Ryg — hao)

The exergy efficiency of MSF can be expressed as follows:

Mye €X4e

Yusr = = ; ;
myq (X117 — €Xq13)

4.3.8. Double-Effect Absorption Cycle (DEAC)

(4.102)

(4.103)

This subsystem contains of two generators, namely: high-temperature generator

(HTG) and low-temperature generator (LTG), two heat exchangers: high temperature

heat exchanger (HTHX) and low temperature heat exchanger (LTHX), a pump (P4), a

condenser, an evaporator, an absorber and four expansion valves. LiBr is used as an
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absorbent and H»O is used as a refrigerant. Energy balances for components of DEAC

subsystem can be illustrated in Table 4.9.

Table 4.9. Thermodynamic balance equations of DEAC components.

Energy Balance

Component Equation Exergy Balance Equation
Pump-4
53 sy hsy + Wp, M, eXsy + Wpy = 1itss exss +
%Pi = sz hs3 ExDp4
52
HTG M3 ex3 + Mg, €Xpp =

s hg + Mgy hey =
My hy + Mgz hgs
+ Mee N 66 + Qure

Iil4 €Xy4 + Ii163 €Xg3 + Iil66 €Xg6

) T
+ Qure (1 - amb)
Thre

LTG
65w Mes hes + Mee hee = Mg €Xg5 + Meg €Xpp =
5P 116 Mss hss + Msg hsg M55 €X55 + Mgg €X5g + Mgy €Xg7
L 67 l55 + Mgz he7 + Qrre + Ex;rg
. J
HTHX M5y €Xs54 + Me3 €Xg3 =
63 52 Mgy N5y + Mg3 hez = Mg, €Xgy T Mgy €Xgq
Mgy hgy + Mgy hgy . Tamp
: + Quruex (1 — T
bk + Quruex HTHEX
L] ;
+ ExDHTHEX
LTHX rh53 €Xs53 + I‘h55 €Xgs =
e . Mgz hsz + Mgs hss = Mgy €X54 + Mge €X56
Th54 h 54 + Th56 h 56 . Tamb
- +Quruex 1 — T
+ QrrHEx LTHEX
b6 ] .
+ ExDLTHEX

Condenser-3

"
" 68

Ms5g €X5g + Mgg €Xgg =

Th58 h58 + m68 h68 - l"h59 eX59 + Q'C3 <1 _ Tamb)
il Mgg hsg + Qcs Tes
- + Exp
+5 c3
Absorber M5, €X5p + Mg €Xgp =
5T¢ Eﬂf Msy hsy + 1My hey = sy exsy + O (1 - T‘””")
. . ans
Absorber |€-- Mms7 h57 + Qabs . Tabs
&1 + ExDabs
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Evaporator
60

Tamb )

Teva

. . Mg eXgg + Uepa (1 -
Meo heo + Qeva
= Til61 h’61 = m61 eX61
i = = =) Evaporator B
&1 + ExD
eva

Expansion
Valve-1

b Mea ey = Mes hgs My €Xes = Mgz €Xgs + EXp pxy1

Expansion
Valve-2

56 Mse Nsg = My hsy Mse €X56 = Mgy €Xs7 + EXp pxyo

B2

57

Expansion
Valve-3

'ﬁ? . ) . e a
i Mgz hey = Teg Ngg Me7 €Xe7 = Meg €Xeg + EXp pxy3
Bi-v3

‘68
v

Expansion
Valve-4

1 EI; . _ . . _ . Al
Msg hsg = Mgg heo Mg €Xs9 = Mg €Xep + EXp pxva

Byl
140
4

The coefficient of performance for a DEAC is defined as the ratio of the cooling load

provided by the chiller to the heat received by the HTG as:

Qeva

COP =——
PEAC T g (hg — hy)

(4.104)

The exergy coefficient of performance is the most common performance parameter

of an absorption system and can be expressed as:

Qeva (1 - Y;Ta_;nlb)

ms (€x3 — ex,)

Ypeac = (4.105)
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4.3.9. Overall System Efficiency

The energy efficiency is defined as the ratio of useful outputs that are obtained by the

system (power, hydrogen, cooling, drying, fresh water, heating and/or hot water) to

the energy input of the system. Therefore, energy efficiency of the multigeneration

system is calculated thus:

Wiet + Qeva + Qorying * Mas hag + Mg hao + Qneating
Qsol + Qpiomass

(4.106)

Noverall =

The exergy efficiency of the system is the best performance indicator that takes into

account the useful output and it is determined according to the following equation:

lp0verall

~ Wyet + EXcooting + EXprying  Mae €X46 + Mg €Xs50 + Mag (€X39 — €X38) + Mgg (€X70 — €Xg9)

Exsol,in + EXBiomass

(4.107)
Where;
Whyer = WT,Net - WP,Net (4.108)
. . Tomp
EXcooting = Qeva (1 — T (4.109)
61
' _ A Tamb
EXDrying - QDrying 1- T (4.110)
ry

4.3.10. Environmental Impact Assessment (EIA)

The real advantages of multi-generation systems can only be considered positive if
they also play a positive role in environmental impact. Therefore, the environmental
impact of such multi-generation systems needs to be considered more
comprehensively than the existing individual systems. Only after a comprehensive
EIA can a fair decision be made about the sustainability and feasibility of any of these

multi-generational systems. The main evaluation standard at this early stage is the
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reduction of the environmental impact by decreasing carbon dioxide (CO2) emissions
ratio per energy unit produced by the system. For this purpose, the CO2 emission of
the whole system is calculated and compared with cases where the system was not
multigeneration. In the first case, both the ORC and the SRC are used to generate
electricity. In the second one, electricity and cooling load are considered at the same
time. In the third case, trigeneration system is considered and, in the last, the whole
system for multiple products is considered. The formulas for above cases can be
expressed as follows:

m
g = 22 (4.111)
Wyet
m
g = —— 2% (4.112)
Whyet + Qeva
m
g = coz (4.113)

WNet + Qeva + Qheating

m
£p = = : : €0 : : (4.116)
WNet + Qeva + QDrying + Mye h46 + Myg h49 + Qheating

Where, mcoz = mg xCOZ (4117)

It is important to use non-renewable sources more efficiently to reduce environmental
damage and to improve environmental sustainability. Thus, society has the ability to
limit the use of limited resources. The environmental sustainability index (ESI) is a
measure of overall progress towards environmental sustainability. The index is used
to link exergy to environmental impact and is considered as a measure of how the
exergy efficiency affects sustainable development. It can be calculated by the

following equation:

1

ES] = ——
1-9

(4.118)
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CHAPTER 5

RESULTS AND DISCUSSION

5.1. INTRODUCTION

The performances of multiple production systems depend on their design; therefore,
increasing system efficiency by choosing different designs is as important as using
latest technologies in the researches. The current multi-generation system is practical
and feasible, because it uses modern technologies and existing systems. In this thesis,
a novel multi-generation system, which uses biomass and solar energy are developed
and analyzed. The current chapter describes the numerical analysis of examined
system using the mathematical models, which are presented in the previous chapter.
The results of thermodynamic modeling, energy, exergy and EIA are explained. The
analyses were performed using the EES software under steady-state conditions.
Besides analyzing and assessing the overall system according to several criteria, a
comparative study was conducted to analyze two different nanofluids as absorption
fluids in the solar cycle for evaluating their effects on the overall performance. The
exergy destruction value for each subsystem are determined, checked the possible
improvements, and studied the effect of significant parameters. The examined system

produces hydrogen, electricity, drying effect, fresh and hot water, and cooling/heating.
5.2. SYSTEM MAIN RESULTS

For thermodynamic modeling of the system, the following conditions are considered:
Ambient temperature 25 °C, ambient pressure 101.3 kPa, ORC and SRC turbine inlet

pressure 12500 kPa, and Isobutane is the working fluid in the ORC while Ethylene
glycol (EG) is the base fluid in solar cycle.
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The solar direct normal irradiation intensity (Gy) is 0.96 kW/m?, which is the monthly
average daily maximum irradiation during the summer season that was obtained during
an experimental work at the University of Karabuk. The mass flowrate, pressure,
enthalpy, temperature, exergy, and entropy for all states in the multigeneration system

were calculated and presented in Table 5.1.

Table 5.2 presents the key results of the thermodynamic evaluation for our proposed
system. From the results, it can be seen that the mass flow rate inside the CPC is
0.01429 kg/sec and the outlet temperature is up to 170 °C. The net electricity generated
by the system is about 14.85 MW, PEM electrolyzer needs 2.6 MW of electricity to
produce about 44.77 kg/h of hydrogen. MSF system produces fresh water at a rate of
37.93 kg/s from 338.5 kg/s of sea water fed into it. The streams properties in
desalination stages are listed in Table 5.3. Steam bleeds from the LPT of the SRC at
115°C to provide 0.568 MW of energy used during moisture removal of the product.

The CPC energy efficiency is 51.31% whereas the exergy efficiency is 14.76%. The
energy and exergy COP’s of the DEAC are 0.9922 and 24.27%, respectively. The
energy efficiencies of the SRC and the ORC are 39.91% and 29.45%, respectively.
Also, the exergy efficiencies of the SRC and the ORC are 78.96%and 40.2%,
respectively. The multigeneration system has 34.72% and 20.73% energetic and
exergetic efficiency, respectively. For a better understanding of system performance,
the exergy efficiency and energy efficiency of each sub-system and for overall system

are shown in Figure 5.1.

Table 5.1. Thermodynamic properties at each stage of the proposed system under basic
design conditions.

St m T P h ex st m T P h ex
(kgls) (°C) (kPa) | (kJ/kg) | (kJ/kg) (ka/s) (°C) (kPa) (kd/kg) | (kd/kg)
0 - 25 101.3 104.8 - 37 50 114.9 500 760.8 86.44
1 0.01429 170 10000 485.2 0.8821 38 50 25 101.3 104.8 0
2 0.01429 170 10000 | 485.2 85.05 39 50 81.11 101.3 339.6 19.77
3 0.01429 155 2000 4324 63.4 40 3385 25 101.3 98.71 0
4 0.01429 | 95.02 | 2000 261.9 20.52 41 3385 25 2125 98.71 0
5 0.01429 | 95.02 | 2000 261.9 20.52 42 3385 91 152.5 361.7 25.39
6 0.01429 100 10000 282.9 5.243 43 338.5 106 150 4215 37.18
7 75 25 101.3 14299 17523 44 300.6 40 7.232 157 1.934
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8 175 25 101.3 237.2 4729 45 300.6 40 108.5 157 1.934
9 25 625 1000 3599 1501 46 37.94 38 7.232 159.1 1.058
10 25 393.1 | 1000 3361 831 47 37.83 38.01 101.3 159.2 1.153
11 25 219.4 | 1000 1076 226.8 48 0.1119 38.01 101.3 159.2 1.153
12 25 154.2 | 1000 692.5 87.3 49 0.1119 78.06 101.3 352 67.65
13 25 150.9 | 1000 691 85.1 52 125 30 0.8136 68.32 12.7
14 10 530 12500 3423 1471 53 125 30 130.2 68.4 12.78
15 10 395.4 | 5000 3184 1213 54 125 53.29 130.2 116.8 15.19
16 10 530 5000 3504 1403 55 111 85.02 7.381 203.9 61.65
17 0.9583 247.4 500 2955 795.9 56 111 57.51 7.381 150.7 54.51
18 0.7826 115 100 2706 493.4 57 111 43.14 | 0.8136 150.7 5451
19 8.259 45.82 10 2428 149.8 58 0.6536 77.51 7.381 2645 125.1
20 8.259 45.82 10 191.8 2.856 59 1.398 40 7.381 167.5 1.464
21 8.259 45.82 100 191.9 2.948 60 1.398 4 0.8136 167.5 -8.23
22 0.7826 69.99 100 2525 2245 61 1.398 4 0.8136 2508 -184.3
23 10 99.63 100 4175 33.8 62 12.5 101.6 130.2 220.8 3111
24 10 100.2 | 5000 4235 39.09 63 11.76 155 130.2 339.1 77.29
25 0.9583 151.9 500 640.4 90.3 64 11.76 104.2 130.2 2314 48.93
26 0.9583 99.63 100 640.4 78.51 65 11.76 104.2 7.381 231.4 48.93
27 10 152.4 | 5000 645.3 95.21 66 0.7448 155 130.2 2784 550.2
28 10 161.2 | 5000 683.4 106.9 67 0.7448 107.2 130.2 4494 40.48
34 50 37.74 500 291.3 50.8 68 0.7448 40 7.381 449.4 15.1
35 50 45.62 | 12500 | 317.3 73.15 69 50 25 101.3 104.8 0
36 50 2354 | 12500 | 888.5 231.6 70 50 42.16 101.3 289.5 12.55

Table 5.2. Thermodynamic assessment results for the multi-generation system.

Description Value Description value
Outlet temperature of the CPC (°C) | 170 |[Energy efficiency of PEM (%) | 67.94
Mass flow rate inside the CPC (kg/s) | 0.014 | Exergy efficiency of PEM (%) | 56.39
ORC Turbine (MW) 6.38 |Energy efficiency of CPC (%) | 51.3
HP Turbine (MW) 2.388 |Exergy efficiency of CPC (%) | 14.76
LP Turbine (MW) 10.04 |Energy efficiency of Dryer (%) | 79.85
PEM electrical requirement (MW) 2.6 |Exergy efficiency of Dryer (%) | 43.09
Net power production (MW) 14.85 | Energy efficiency of MSF (%) | 38.72
Energy efficiency of ORC (%) 29.45 |Exergy efficiency of MSF (%) | 8.233
Exergy efficiency of ORC (%) 40.2 |Overall energy efficiency (%) | 34.72
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COP peac 0.992 |Overall exergy efficiency (%) |20.73
Exergy efficiency of DEAC (%) 24.77 | Cooling rate of DEAC (MW) | 3.273
Energy efficiency of SRC (%) 39.91 | Drying heat (MW) 0.568
Exergy efficiency of SRC (%) 78.96 | Heating load (MW) 20.97
Fresh water production rate (kg/s) 37.93 | CO2 emissions (kg/MWh) 364.5
Hydrogen production rate (kg/h) 44.77 |Sustainability index 1.262
Table 5.3. The flows properties in the MSF distillation stages.
Stages T To Ta Py Py Pq h hy hq iy - iy X,
°C °C °C kPa kPa kPa kdlkg | kikg | kkg
0 106 150 372.6 42000
1 90.98 | 103.2 | 103.2 | 1525 | 113.7 | 113.7 | 3615 | 3615 | 2681 | 3385 | 336.8 | 1.672 | 42208
2 88.23 | 100.5 | 100.5 155 103.2 | 103.2 | 350.4 | 350.4 | 2677 | 3385 | 335.2 | 3.336 | 42418
3 85.48 | 97.73 | 97.73 | 1575 93.5 93.5 3394 | 3394 | 2672 | 338.5 | 3335 | 4.992 | 42629
4 82.73 | 94.98 | 94.98 160 84.6 84.6 328.3 | 3283 | 2668 | 338.5 | 331.9 | 6.639 | 42840
5 79.98 | 92.23 | 92.23 | 1625 | 76.42 | 76.42 | 317.2 | 317.2 | 2663 | 3385 | 330.2 | 8.278 | 43053
6 77.23 | 89.49 | 89.49 165 68.91 | 68.91 | 306.2 | 306.2 | 2659 | 338.5 | 328.6 | 9.909 | 43267
7 7449 | 86.74 | 86.74 | 1675 | 62.02 | 62.02 | 295.1 | 295.1 | 2654 | 3385 327 11.53 | 43481
8 71.74 | 83.99 | 83.99 170 55.71 | 55.71 | 284.1 | 284.1 | 2650 | 338.5 | 3254 | 13.15 | 43697
9 68.99 | 81.24 | 8124 | 1725 | 49.95 | 4995 | 273.1 | 273.1 | 2645 | 3385 | 323.7 | 14.75 | 43914
10 66.24 | 78.49 | 78.49 175 4469 | 44.69 262 262 2641 | 3385 | 322.1 | 16.35 | 44132
11 63.49 | 75.74 | 75.74 | 1775 39.9 39.9 251 251 2636 | 3385 | 320.6 | 17.95 | 44351
12 60.74 | 72.99 | 72.99 180 35,54 | 3554 240 240 2631 | 3385 319 19.53 | 44571
13 57.99 | 70.24 | 70.24 | 1825 | 31.58 | 31.58 229 229 2627 | 3385 | 3174 | 21.1 | 44793
14 55.24 | 67.49 | 67.49 185 27.99 | 27.99 218 218 2622 | 3385 | 315.8 | 22.67 | 45015
15 52.49 | 64.74 | 64.74 | 1875 | 2475 | 24.75 207 207 2617 | 3385 | 314.3 | 24.23 | 45239
16 49.74 | 6199 | 61.99 190 21.82 | 21.82 196 196 2612 | 3385 | 312.7 | 25.78 | 45463
17 46.99 | 59.24 | 59.24 | 1925 | 19.18 | 19.18 | 185.1 | 185.1 | 2607 | 3385 | 311.2 | 27.33 | 45689
18 44.24 56.5 56.5 195 16.81 | 16.81 | 1741 | 1741 | 2602 | 338.5 | 309.6 | 28.87 | 45916
19 415 53.75 | 53.75 | 1975 | 14.69 | 14.69 | 163.2 | 163.2 | 2597 | 338.5 | 308.1 | 30.4 | 46144
20 38.75 51 51 200 12,79 | 12.79 | 1523 | 152.3 | 2592 | 3385 | 306.6 | 31.92 | 46373
21 36 48.25 | 4825 | 2025 | 11.12 | 11.12 | 1413 | 1413 | 2587 | 3385 | 305.1 | 33.43 | 46603
22 33.25 455 455 205 9.638 | 9.638 | 130.4 | 1304 | 2582 | 338.5 | 303.6 | 34.94 | 46834
23 30.5 42,75 | 42.75 | 207.5 | 8.346 | 8.346 | 119.6 | 119.6 | 2578 | 3385 | 302.1 | 36.44 | 47067
24 27.75 40 40 210 7.232 | 7.232 | 108.7 | 108.7 | 2573 | 3385 | 300.6 | 37.93 | 47300
25 25 2125 97.8
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5.3. NANOFLUID EFFECT ON SYSTEM PERFORMANCE

As shown in table 5.4, comparisons are made between the use of two types of
nanofluids and pure thermal oil as working fluids for the solar cycle, including
graphene, silver and EG base fluid. It becomes clear that existence of nanoparticles in
an absorption fluid positively affects the solar system in particular and the integrated
system in general. The outlet temperature and mass flow rate increase within the CPC
receiver tube because nanoparticles are added to the base fluid. The output temperature
increased from 170 °C with EG to 197.6 °C with graphene-EG. Likewise, the mass
flow and the convective heat transfer coefficient inside the solar collector increased
using nanofluids. Both energy and exergy efficiencies were tested for a
multigeneration system using different working fluids of the solar system,
respectively, which were 34.72% and 20.73% with EG, 35.6% and 21.15% with
graphene-EG, and with silver-EG were 35% and 20.86%.
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Figure 5.1. Bar chart for energy and exergy efficiencies of individual cycles.

It is clear that the effect of nanofluids is more pronounced on the solar cycle than on
the entire system and that some of the cycles results do not change at all when the
absorbing fluid used in the solar cycle is changed due to the fact that solar energy is
not the only source of energy in our proposed system. In general, the results indicated

that the system performance improved with nanoparticles and the effect of graphene
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nanoparticles was better than that of the silver nanoparticles. This result is obtained
because graphene-based nanofluid shows the highest thermal conductivity and

relatively high specific heat, while silver shows the highest value of density.

Table 5.4. Thermodynamic assessment results of the multi-generation system with
different heat transfer fluids in CPC.

Description EG | Silver-EG | Graphene-EG

Outlet temperature of the CPC (°C) 170 178.3 197.2
Mass flow rate inside the CPC (kg/s) 0.0143 | 0.0932 0.0237
Convective heat transfer coefficient (W/m?.K)| 60.04 468.6 248.9
Net power production (MW) 14.85 14.95 15.14
Cooling rate of DEAC (MW) 3.27 351 4.04

Hot water production rate (MW) 20.97 21 21.07
Energy efficiency of Overall system (%) 34.72 35.02 35.7

Exergy efficiency of Overall system (%) 20.73 20.86 21.15

5.4. EXERGY ANALYSES RESULTS

The exergy destruction value and its percentage for each sub-system in the proposed
system under basic operating conditions are shown in Figure 5.2. It is consider as an
indication of whether the system is properly functioning or not. In other words,
detection and reduction of the high exergy destruction source can improve the system
performance. The greatest exergy destruction rate occurs in the SRC at approximately
15.5 MW (49.4%), which is followed by the ORC at more than 9 MW (29.3%). In
contrast, the other subsystems have less values of exergy destruction. The MSF
destroys 2.7 MW of exergy (8.66%), the DEAC destroys 2.48 MW of exergy (about
8%), the PEM destroys 1.13 MW of exergy (3.6%) and the dryer destroys 0.16 MW
of exergy (0.5%). The main reason for this considerable exergy destruction is the large
temperature difference in these subsystems components, especially in the SRC
components as shown in Figure 5.3. Therefore, the SRC is deemed to be the most
important cycle that requires careful design and selection. In addition, the results show
that DEAC does not show considerable exergy destruction, in part because it does not
use direct fuel energy, but rather steam produced by HTG.
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Figure 5.2. Exergy destruction pie diagram in the various subsystems of the system.

For further explanation, the exergy destruction of the main components of the
subsystems is calculated as shown in Figure 5.3. This measurement is useful for
prioritizing exergy losses in an intuitive manner. High pressure turbine in the SRC
exhibits the largest exergy destruction at approximately 12 MW of exergy (40.65%),
which is followed by the fourth heat exchanger at more than 5 MW (17.9%), while the
ORC condenser and MSF cycle destroy equal exergy about 2.7 MW (9%). In contrast,
the other components have lower destruction of exergy. The main reason for
considerable exergy destruction in the SRC high pressure turbine is due to the
temperature difference and pressure drop across the component. Therefore, it may be

worthwhile to focus improvement efforts on this device.
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Figure 5.3. Exergy destruction rates of the major components of the system.
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5.5. PARAMETRIC STUDY

To investigate the possibility of improving the system, the effects of certain variables
on system performance were studied. The variation of solar irradiation, outlet
temperature of biomass combustor, ambient temperature and nanoparticle volume
concentration are considered as the key variables in the system performance to be

examined.

5.5.1. Effect of Nanoparticles’ Volume Concentration

The thermal properties of the studied nanofluids are shown in Figures 5.4 to 5.7. In
these figures, the effect of nanoparticle volume concentration on: specific heat capacity
(Figure 5.4), thermal conductivity (Figure 5.5), density (Figure 5.6) and dynamic
viscosity (Figure 5.7) of nanofluid are illustrated. It is important to note that these

thermal properties are given for the mean temperature (T, ,,r), which was obtained by

equation (4.38).

It is obvious that increasing the concentration of nanoparticles increases the thermal
conductivity, density and dynamic viscosity of the nanofluid, while its specific heat
capacity decreases. This trend of specific heat capacity is due to the fact that the
specific heat capacity of the base fluid (EG) is higher than that of the nanoparticles
and vice versa for other thermal properties. It can also be observed that a graphene
based nanofluid has the highest specific heat capacity and thermal conductivity while
a silver has the highest density. Moreover, the dynamic viscosity is the same for both

nanofluids.

It is important to note that nanofluids have higher thermal conductivity than pure
thermal oil (¢ = 0% ). This observation shows that the use of metallic nanoparticles
within the base fluid increases the thermal conductivity and therefore increases the rate

of heat transfer in the flow.
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Figure 5.4. Effect of nanoparticle volume concentration on the specific heat capacity
of nanofluids.
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Figure 5.5. Effect of nanoparticle volume concentration on the thermal conductivity
of nanofluids.

73



1 —#— Ethylene glycol / Graphene
6000 - (=——be— Ethylene glycol / Silver

Density (kg/m’)

T v T M T v T v T v T

0.0 0.1 0.2 0.3 0.4 0.5 0.6

Volume Concentration (¢)

Figure 5.6. Effect of nanoparticle volume concentration on the density of nanofluids.
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Figure 5.7. Effect of nanoparticle concentration on dynamic viscosity of nanofluids.

Subsequent to determining the results of the multi-generation system for basic
operating parameters, we investigated the effect of using two nanofluid types
(Graphene-EG, Silver-EG) on the overall system. The volume fraction ranged between
0% and 6%. Zero concentration means using base fluid. Figures 5.8,5.9,5.10 and 5.11
show curves, which exhibit similarities and they can be analyzed in comparison with
each other. These figures indicate the collector outlet temperature, overall cooling

load, overall heating load, net power production, overall energy efficiency and overall
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exergy efficiency. It should be noted that in all cases, nanofluids improve all the
indicators, and increase in their concentration also increases the values of indicators.
Moreover, it is important to state that graphene-EG is the best nanofluid, and increase
with it is significantly larger as compared to silver-EG, which shows relatively little
improvement. This result is obtained because Graphene-based nanofluid shows the
highest thermal conductivity and relatively high specific heat, while Silver shows the

highest value of density.
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Figure 5.8. Effects of nanoparticle concentration on the outlet temperature of CPC.
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Figure 5.9. Effects of nanoparticle volume concentration on the net power generation.
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Figure 5.10. Effects of nanoparticle volume concentration on heating and cooling
loads.

35.7 v T T T T T T T T 4 21.7
=== 1en 1 Ethylene-glycul / Graphene — M = Tlgy s Ethylene-glycul / Graphene
35.5 [T, 5 Ethylene-glycul / Silver -A-n,, Ethylene-glycul / Silver
21.5
2 35.3 S
8 35.1 213 3
= k=
5 5
- 34.9 >
o 4211 >
S @
2 i
w 34.7 - -
]
- - 20.9
-- - - -
345 " N ‘-‘-A_‘_*_.__A..-L-A A- A
 .az i-:: e e e =
34.3 —— 20.7
0.0 0.1 0.2 0.3 0.4 0.5 0.6

Volume concentration (¢ )

Figure 5.11. Effects of nanoparticle concentration on overall energy efficiency and
overall exergy efficiency.

5.5.2. Effect of Solar Irradiation

Solar irradiation is one of the main energy sources of the proposed system and has a

significant impact on its performance. Solar radiation varies greatly from region to
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region and can vary throughout the day depending on the region's climate. Therefore,
the crucial parameter when considering energy systems based on solar is the solar
irradiation availability.
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Figure 5.12. Effect of solar irradiation on the overall energy and exergy efficiencies.

Figure 5.12 shows a comparison between pure thermal oil and two different types of
nanofluids, which shows the effect of the total incident radiation on a multi-generation
system’s exergy and energy efficiencies. It is obvious that both system efficiencies
increase when solar radiation rises from 500 to 1200 W/m2. We expected spike in
overall efficiencies because higher solar irradiation results in greater heat transmission
to the selected working fluid, which also increases temperature transfer to the
subsystems; therefore, it results in higher system performance. Moreover, we can
observe that the energy and exergy efficiencies improved with nanofluids and the
effect of graphene nanoparticles was the best. This happens because graphene
nanoparticles have relatively high specific heat capacity and thermal conductivity,
which increases the energy absorption efficiency of the solar collector, and it assures
a higher outlet temperature, as shown in Table 5.3. As a consequence, greater useful
energy will be gained and the overall efficiency of the multigeneration system will
increase more than the energy it will gain when other absorption fluids are applied.
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Figure 5.13 illustrates how solar radiation affects cooling and heating rates for all the

investigated working fluids in the solar system. Higher solar radiation results in a linear

raise in cooling and heating. The curves for cooling and heating rates are shown in

Figure 5.13, which are similar to the energy and exergy efficiency curves shown in

Figure 5.12. It proves that a direct relationship exists between their values.
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Figure 5.13. Effect of solar irradiation on heating and cooling loads.
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Figure 5.14. Effect of solar irradiation on the outlet temperature of solar collector.
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In Figure 5.14, the effect of solar irradiation on the outlet temperature of the solar
collectors is evaluated using three different absorbing fluids in solar cycle (EG, EG-
Graphene, EG-Silver). It is found that the outlet temperature of the solar collectors
increases with increases in solar irradiation. The highest values of the outlet
temperature of the solar collectors are obtained using EG-Graphene as a working fluid
in the solar cycle. This is due to the fact that the EG-Graphene nanofluid has relatively
low specific heat capacity and a high density compared to other absorbent fluids. On
the other hand, the lowest values are obtained using EG as a working fluid in the solar
cycle, which supports the other results obtained that show the preference of nanofluids

over the base fluids.

5.5.3. Effect of Ambient Temperature

Ambient temperature affects the exergy destruction rates; so, we studied the overall
energy and exergy efficiencies for a detailed analysis of the subsystems and the overall
system. In this study, ambient temperature ranged from 10 °C to 40 °C, and the effect
of this increase on the subsystems’ exergy destruction rates are shown in Figure 5.15.
It is obvious that the SRC and ORC subsystems exhibited the top exergy destruction
rates, which are followed by the MSF and DEAC subsystems, but both PEM and

drying subsystems have the lowest rates.
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Figure 5.15. Effect of ambient temperature on the subsystems’ exergy destruction
rates.
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The ambient temperature has effect on the multi-generation system’s performance
applying different working fluids, which has been shown in Figure 5.16. It is obvious
that rising ambient temperature rises the overall exergy efficiency irrespective of the
type of absorbent fluid, while showed inconsiderable impact on the system’s overall
energy efficiency; therefore, the overall energy efficiency remained almost constant
despite increasing ambient temperature. In addition, when nanofluid types were
compared, Graphene-EG has shown superior exergy efficiency. It can also be noted
that when nanoparticles exist in the base fluid, it positively affects the multi-generation

system performance.
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Figure 5.16. Effect of ambient temperature on the overall energy efficiency and overall
exergy efficiency.

5.5.4. Effect of Outlet Temperature of Biomass Combustor

Biomass combustion is very important for the design of a multi-generation system as
it is one of its energy sources. Its outlet temperature was studied and the effect of its
change on system performance was analyzed as shown in figure 5.17. The outlet

temperature remained within the range 600-800 °C.

It is clear that, when it increases, the overall energy efficiency and the overall exergy

efficiency increase as well, which satisfies thermodynamic principles. In addition, it
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was noticed that raising the output temperature of the biomass combustor and using
nanofluids in the solar cycle improves the proposed system performance as compared
to the performance of the basic fluid. It is also clear that the nanofluid behavior shown
in Figure 5.17 matches the behavior, which has been depicted in the former figures.
Graphene-based nanofluids showed the top performance enhancement, which was

followed by Silver-based nanofluids, and the EG base fluid respectively.
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Figure 5.17. Effect of biomass combustor outlet temperature on overall energy
efficiency and overall exergy efficiency of proposed system.

5.5.5. Effect of Turbine Rankine Cycles Inlet Pressure

Since the inlet pressure of SRC and ORC turbines is a key design parameter, the impact
of this pressure on system efficiencies is discussed and shown in Figure 6.18. It is
found that the overall energy and exergy efficiencies increase with the raise of turbines
inlet pressure (P14, P36), but the growth in multigeneration energy efficiency is more
notable than exergy. The relation can be justified by the fact that the increase in high
pressure causes an increase in enthalpy at the turbine inlet, which in turn causes an

increase in turbine power produced.

Inlet pressure of SRC turbine and ORC turbine affect the net power output; so, we

studied the SRC produced power and the ORC produced power by a detailed analysis.
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In this study, inlet pressure (P14, P36) ranged from 3 MPa to 15 MPa, and the effect
of this increase on the ORC and SRC net power outputs are shown in Figure 5.19. It
is clear that the net power of the ORC subsystem exhibited improvement with
increasing turbine inlet pressure as opposed to the SRC subsystem whose power output
decreased slightly with increasing inlet pressure.
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Figure 5.18. Effect of ORC and SRC turbines inlet pressure on overall energy
efficiency and overall exergy efficiency of proposed system.
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5.5.6. Effect of ORC Working Fluid

To assess the impact of the used ORC working fluid on the system’s performances, a
comparative study was conducted considering the different fluids n-Pentane,
HFE7500, Toluene, Cyclohexane and Isobutane (used as a working fluid) as shown in
Figure 5.20. The thermodynamic properties of the fluids were extracted from EES
software. The simulations’ results show that the choice of the working fluid can impact
the thermodynamic of the studied system. Indeed, the use of Isobutane as a working
fluid gives the best performance values for the ORC and thus obtaining the highest

energy and exergy efficiencies in the overall system.
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Figure 5.20. Effect of ORC working fluids on ORC energy efficiency, ORC exergy
efficiency, overall energy efficiency and overall exergy efficiency.

5.5.7. Effect of Air-Biomass Flow Rate

The subsystems are operated independently using the two types of heat source, solar
energy and biomass combustor. One of key parameters when considering solar-
biomass based energy systems is the flow rate of air and biomass within the biomass
combustion. Therefore, air-biomass flow rate impact on related subsystems energy

efficiency and exergy efficiency is examined as shown in Figure 5.21. It is found that
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the efficiencies of the considered subsystems have varying sensitivity to the studied
range of air flow rate and biomass.

The energy efficiency and exergy efficiency of the drying and MSF sub-systems
clearly decrease with an increasing air-biomass flow rate from 25 to 33 kg/s. However,
for subsystems SRC, PEM, and ORC, the opposite is true as the energy and exergy
efficiencies are noticed to slightly increase.
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Figure 5.21. Effect of air-biomass flow rate on related subsystems energy and exergy
efficiencies.
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The results of the parametric analysis of air-biomass flow rate on the energetic and
exergetic efficiency of the proposed system is illustrated in Figure 5.22. It can be
observed that by increasing the air and biomass flow rate entering the biomass
combustion, the energy efficiency increases remarkably while the exergy efficiency
increases but at a slower rate. By increasing the air-biomass flow rate from 25 to 33
kg/s, the overall energetic and exergetic efficiency increases from 34.72 to 39.05% and
from 20.73 to 23.56%, respectively.

5.6. Environmental Impact Assessment

To supply environmental vision, the multigeneration system environmental impact is
compared to that of the other power systems as shown in Figure 5.23. It is noted that
the multigeneration system has lower CO. emissions than the other systems, as it
causes 364 kg/MWh of carbon dioxide emissions while the single, cogenerating and
trigeneration systems cause respectively an estimated 1123 kg/MWh, 919.8 kg/MWh,
426.4 kg/MWh. On the other hand, the multigeneration system has highest
environmental sustainable index among other generation systems. That consequence

gives a great impetus to the use of multi-generation systems.
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1. CONCLUSIONS

To meet the basic human needs and to carry on with production, all societies need
energy. Since 1850s, the global fossil fuel use (oil, coal, and gas) exceeded the energy
supply, which led to its depletion and a global rise in greenhouse gas emissions. Many
options have been presented so far for reducing greenhouse gas emissions while still
meeting the global energy demand. Renewable energies such as solar and biomass
energies are considered the best alternatives to fossil fuels. Biomass is an organic
matter such as wood, animal waste, seaweed and crops that can be used as an energy
resource. Biomass is obtained from living or dead materials that exist in the world. The
hybrid biomass-solar systems is the technology that has attracted the attention of
researchers for recent decades. This is mainly due to their efficiency and diminishing
impacts regarding pollution and emission problems, and they can be used as the energy
sources for multi-generation systems. Solar energy conversion systems solve the
problem of low thermal and optical performance by using nanofluids as a working
fluid in solar thermal systems. This has been viewed as an innovative approach to the
improvement of thermal performance and making systems more sustainable.
Nanofluids represent a new class of modern heat transfer fluids designed to disperse

nanoparticles smaller than 100 nanometers in conventional heat transfer fluids.

This study is an endeavor to conduct the energy, exergy and environmental impact
analyses of a new biomass-solar multi-generation system, which produces power,
hydrogen, heating, cooling, drying, and fresh water. We conducted a comparative
analysis to assess the nanofluids’ effectiveness in the solar cycle on the integrated
system performance, the impact of ambient conditions as well as some significant

parameters.
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Graphene and silver are the selected forms of nanoparticles in an ethylene glycol base
fluid in the solar field. Several parameters such as solar irradiation, biomass combustor
outlet temperature, ambient temperature, nanoparticle volume concentration, ORC
working fluid, air-biomass flow rate, and inlet pressure of Rankine cycles turbines
were also individually investigated to assess their effects on the overall system
performance. The system modeling was conducted by the Engineering Equation
Solver (EES) program under constant conditions. The summary of the main results is

given below:

1. The system performance actually improved when nanofluids were used as
working fluids in the solar collector. It was found that graphene nanoparticles
performed better as compared to the silver nanoparticles.

2. The multi-generation system’s overall energy and exergy efficiencies were
34.72% and 20.73%, respectively, and it has been found that these efficiencies
raise by using nanofluids to reach 35.6% and 21.15%, respectively, with

Graphene-EG nanofluid.

3. It has been observed that the nanofluids increase a solar collector’s outlet
temperature as compared to the thermal oils and this will give a positive effect
on the overall system performance. The highest CPC outlet temperature was
achieved with Graphene-EG at 197.6 °C, while the lowest temperature was
obtained with the EG base fluid at 170 °C.

4. The highest exergy destruction rate in SRC subsystem was 15MW (49.4%)
while the lowest value was approximately 0.16 MW (0.5%) in the drying
system; therefore, the integrated system’s overall exergy performance can be
improved by working on certain subsystems, which have higher exergy

destruction rates.

5. The freshwater production by the desalination subsystem is 37.93 kg/s and that

amount will be increase to reach 38.47 when the air-biomass flow rate within
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the biomass combustor increased to 33 kg/s, while the hydrogen production by
PEM electrolyzer is 44.77 kg/h.

. The environmental impact assessment illustrated that the transition from a
single-generation system to a multigeneration system reduced CO2 emissions
of around 758 kg/MWh, which is giving a strong motivation to convert to

multigeneration systems.

. As shown by parametric studies, solar irradiation, biomass combustor outlet
temperature, ambient temperature, nanoparticle volume concentration, ORC
working fluid, air-biomass flow rate, and inlet pressure of both Rankine cycles
turbines have a highly considerable effect on the proposed system’s overall

efficiency.

. The highest efficiencies for the subsystems were achieved in the following

conditions:

= The SRC subsystem’s energy and exergy efficiencies using Graphene-EG
nanofluid were 40.21% and 79.08%, respectively.

= The drying subsystem’s energy and exergy efficiencies at base conditions
were 71.17% and 38.57%, respectively.

= The CPC subsystem’s energy and exergy efficiencies using Graphene-EG
nanofluid were 50.75% and 15.82%, respectively.

= The DEAC subsystem’s COP and exergy efficiencies using EG were
0.9922 and 24.77%, respectively.

= The ORC subsystem’s energy and exergy efficiencies were 29.45% and
40.2%, respectively, when air-biomass flow rate reached 33 Kkg/s.
Furthermore, Isobutane was found to be the best organic fluid in
comparison with the other fluids studied.

= The MSF subsystem’s energy and exergy efficiencies were 38.72% and
8.233%, respectively.

= The PEM subsystem’s energy and exergy efficiencies were 68.28% and
56.67%, respectively, when air-biomass flow rate reached 33 kg/s.

88



6.2. RCOMMENDATIONS

By using this thesis results, more efficient multigeneration systems can be designed
and developed. The following suggestions can be very useful for optimizing

multigeneration systems:

1. Incorporating more renewable energy sources such as geothermal, wind and
ocean thermal energy conversion depending on the availability of local
resources, and getting more diverse outputs.

2. Experimental studies with nanofluids are needed to fill the scientific gap in the
literature on this area.

3. The development of heat transfer science can be harnessed and new ideas such
as novel different types of nanofluids and hybrid nanofluids can be used.

4. Conducting experimental studies of similar systems in order to enhance the
cognitive body.

5. Developing solar energy storage technologies because of its impact on the
efficiency and costs of systems based on solar energy.

6. The study should be expanded by including more parameters that affect system
performance.

7. The exergoeconomic results should be obtained by considering the total exergy
and the cost of its basic components.

8. Some studies need to be done to show future cost predictions for similar

systems based on market fluctuations in past decades.
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