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ABSTRACT

The intensive use of fossil fuels to meet the world energy and water demand has caused several
environmental issues, such gtobal warming, air pollution and ozone depletion. Therefore, the
integration of stanealone decentalised hybrid reewable energy systems &promisingsolution

to satisfy theglobal energywater demands and minimize the effects fafssil fuels utiation.
Among these hybrid technologies, concentrated solar power (CSP) combined with-baast
biogas to power organic Rankine cycle for cogeneration provide the means to generate
dispathable, reliable, renewable electricity and water in high direct normal incidence (DNI) regions
around the world. Due to the strong inverse correlation between DNI resources and freshwater
availability, most of the best potential CSP regions also lackisutf freshwater resources.

The current study proposes and applies a novel mdiftiensional modelling technique based on
artificial neural networks (ANN) for hourly solar radiation and wind speed data forecasting over six
locations inOman The developg model is the first attempt to integrate two ANN models
simultaneously by using enormous meteorological data points for both solar radiation and wind
speed prediction. The developed model requires only three parameters as inputs, and it can predict
solar radiation and wind speed data simultaneously with high accuracy. As a result, the model
provides a usefriendly interface that can be utilised in the energy systems design process.
Consequently, this model facilitates the implementation of renewable gndeghnologies in
remote areas in which gathering of weather data is challenging. Meanwhile, the accuracy of the
model has been tested by calculating the mean absolute percentage €@#éPE)and the
correlation coefficient (R). Therefore, the model deyed in this study can provide accurate
weather data and inform decision makers for future instalments of energy systems.

Furthermore, a novel proposed hybrid solar and biogas system for desalination and electric power
generation using advanced mdteg techniques to integrate the staralone offgrid system has

been designed. The novelty emerges from some facts, which are ceadr@iound the use of a
hybrid electric generation via Concentrated Solar Power (CSP) and anaerobic digestion biogas to
achieve higher stability and profitability. Meanwhile, the cogeneration through the waste heat of
the ORC drives the AGMD, which benefits as well from the higher stability due to safiowidi In
addition, an innovative and usériendly modeling approactas been applied, and idefficiently
integrates the individual energy components, i.e. PTC, anaerobic biogas boiler, ORC and AGMD,

which fosters the optimisation of the proposed system. The models have been developed in the
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MATLAB/Simulink® software ahdve been used to investigate the system area, dimensions, and
cost and to ensure that the electrical and water demand of the-eser are met. In addition, a new
detailed thermeeconomic assessment of the proposed hybrid solar biogas for cogeneratdia in

grid applications has been investigated. An energy, exergy, and cost analysis has been performed
and to fully utilse this, a sensitivity assessment on the developed model has beensandly
examine the effects of various design parameters on therttteeconomic performance. Finally,
implementing an irdepth simulationtesting of thesystem in a rural region in Omapresented

The novel integrated solar and biogas system that has been designed through advancdithghode

in the MATLAB/ Simulink® irgegrated with a robust mulobjective optimsation technique to
determine the best operatingonfiguration Three objective functions namely, maxng power

and water production, and minirsng the unit exergy product costs V&been formulated. The
turbine efficiency, top ORC vapor temperature and ORC condenser temperature has been selected
as the decision variables. The ndaminated sorting genetic algorithm (NS@A has been
employed to solve the optirsation problem and produce a Pareto frontieirthe optimal solutions.
Further, the TOPSIS approach has been used to select the optimal solution from the Pareto set. The
study constitutes the first attempt to holistically optisaisuch a hybrid of§rid cogeneration system

in a robust manner.
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CHAPTER INTRODUCTION

Summary

Water and energy are significant elements in the international development and environment level. The
sustainable supply of energy and freshwater leads to better health and social economical life in the world.
| 26 SOSNE Gapabilitytd piokide ¢rerdy and freshwater is being seriously confronted by several
existing problems. This chapter provides a background of the worldwide energy crisis and water scarcity
In addition, the factors that drive solar thermal energy techn@egto be integrated with the
conventional and renewable energy technologiee discussed. Furthermore, the benefits and features

of the integration of solar thermal energy technology with conventional and renewable energy sources
are highlighted. Finallya summary of the research objectives of the proposed research work and the

description of the thesis structure are also presented in this section.

1.1 Energy crisis and water scarcity

In the next 40 years the world will require to double tinstalledenergy capacity to meet the significant
demands of the developing countries as reported by the International Energy Agendt[IEAaddition,

the IEA has also estimated that in the remote areas in the developing coymatriesd 1.3 billion people
have beerexcludedfrom using the grid electricitj2]. This option is uneconomically valid in these regions
due to their high rate of investment and low energy requiremef8 Therefore, tomeet their energy
demands, 80% of the people in these regions have conventionalkedtiiood. As a result, deforestation

has been reported to be one of the mastvereenvironmental problems worldwid@4]. Furthermore,
water scarcity is a worldwide problem affecting almost all continents, especially in countries where the
demand for freshwater is higher than or near its accessibility. The vgatecitywhen the availability of
freshwater is lower than tb demand is called physical water scarcity. At present, water scarcity confronts
approximately 2.8 billion people living in remote regions, where physical water scarcity effects around 1.2
billion and approaching 500 million from the total figure of 2.8dn people[5]. The water scaity when

the water is available but not distributed uniformly due to financial reasons is called economic water
scarcity. Figure 1.1 shows the physical and economic gatecity that effects the plat projected by

the International WateManagement Institutg6].
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] Little or no water scarcity O Approaching physical water scarcity [] Not estimated
O Physical water scarcity M Economic water scarcity

Figurel-1: Physical and economic water scar¢@j

The finite amount of fossil fuels, including crude oil, gad coal, are currently the dominant energy
sources internationally. The world cannot rely only on the fossil fuels because of the significant population
growth, rapid urbarsation and the technological and industrial revolutions. Alternative Renewable
Erergy (RE) sources appear to be one of the best solutions to meet the significant future energy demanc
[7]. During the last decade, a considerable amount of attention has been given to the RE technology as
source for electrical and water production. This is because of the growing awareness of the global
warming problems the declining availability of fossil fuelie unpredictable price of oil and the
increasing demand for power generation. Although RE appears to be a promising alternative technology
to replace the conventional fossil fuels, it still suffers from vasidisadvantages. This includes the high
capital costs of the renewable technology and the unpredictable amount of the RE sources over time. The
initial cost of the conventional system is much lower than that of the RE technology. In addition, due to
the REluctuations over thedaytimel YR & S NJ 6 S®3 b3 &2f I NE 6AYyROZ A
supply to meet the energy consumption when compared to the fossil fuels systems. As a result, more than
80% of the world energy demand is covered currently by conventional souhtesscausing a significant

environmental issu¢8]. However, the drawbacks of the RE fluctuations can be overcome by integrating
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solar energy with another energy systdf]. Hybridenergy systersare an attractive solution for the
electrical generation to reduce both the growing fuel costs and costs of the grid propagation, especially
in the rural regions. Hybrid RE sources vaitonventional diesel generator or battery storage bdeen
performing well in rural regions. Most of these hybrid energy sites have beesingfiiolar energy due to

its potential ability for hybridiation and availability. Thus, solar radiation is intermittent in nature and this
potential problem haseen solved by the hybrightion. Several solar renewable energy systems have
been constructed around the world in the rural regions, as hybrid energy systems or asakiaad
systems in the locations where the average monthly solar irradiatiappsoxmatelyin the range 30 6
kWh/m?[10]. The implementation of hybrid solar technologies relies mainly on the availability of different
energy resourceat the designated location. The combined renewable source must be reliable and cost
effective to reduce the investment costs and meet tbhergy demandL1]. The next part of the review
highlights the hybridiation of the RE systems, that is based on the potential solar energy for electrical
production, especially for rural regions where the grid transmission becamgedictable uneconomic

and environmentally hazardous.

1.2 Solar energy

The quantity of energy reaching the Earth from the &wd.7 x 18 W s a very small fraction of the total

sun radiation[12]. In addition, the total quantity of solar energy acquired by the Earth in a year is
approximately ten times the available resources of the fossil fuels and the uranium in all of th¢1R&rth
Moreover, in 2006 the solar energy reaching the Earth was recorded to be 5200 times more than the
global enegy demand in the same yeHr3]. Nevertheless, very often solar energy is categarias a low

and medium temperature grade, specifically, in the locations where solar intensity is relatiwelsuch

as Europe. In the last few years, intensive research has t@sauctedin solar thermal applications for

low and medium grades. Steam Rankine cycle technology appears to be more suitable to produce
electricity for high temperature inlet sources rapared to the lowgrade temperature sourcefl4].
However, when heat source temperature drops below 3Z0the thermal efficiency of the steam Rankine
cycle will be relatively very low. Furthermore, the high capital cost and the low thermal efficiency i small
scale power generation systems (lower than 1 Mwiply that the conventional Rankine cycle is not
suitable[15]. Steam power plants are mostly operated using fossil fuels with high temperature availability
and largescale productivity. This effects the evolution and the integration of low capability renewable

energy resources using steam for snsale applicabns. Thus,using low-grade heat resources to
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improve the new energy conversion technologies is viable. The Organic Rankine Cycle (ORC) is among
well-proven technologies and one of the promising methods for power production. In this technology,
organicworking fluids with low boiling point temperatures are used instead of water to recover the low
grade heat sources. This capability enhances the system efficiency to produce electricity from a few KW
up to few MW[15]. Several standlone renewable sources havedediscussed in the literature that are
combined withan ORC system, such as solar energy, biomass, geothermal, wind, industrial waste heat,
etc. The reason is that this technology has a simple construction, low operating temperature and pressure,
low maintenance, highly flexible, autonomous operation and lofetyaprecautiong16¢18]. Hence, a
smallscale ORC that integrates with renewable energies appears to be an attractive method to satisfy the
rural regions electrical needs and reduces the greenhouse gas emissionstioateatio the intensive use

of the fossil fuel$19]. On the other hand, the Sun is an abundant energy source that aaselendirectly

or directly. Inregardto the conventional fossil fuels pollution concern, solar energy plays an important
role in reducing the environment hazardiue to the gassus emissions such as Carbon Dioxide) @@t

have been released from the conventional power generation plants. In additiaptiad solar energy in

rural regions can also improve the life quality of the people and reduce the grichrasisn costs without
effecting the cultivated lan¢R0]. The various types of solar technologies based on their availability in the
market can be seen in Figure 1.2. The passive solar energy technology is referred to the system where th
heat and light energy ardirectly utilsed from the sun without changing the form status. On the other
hand, the system where the energy is converted from one form to another is called the active solar energy
technology{21].

a Ny
Crystalline silicon
Photovoltaic - 7 N
f ) Fresnel mirror
Active Thin film
Ao _ r
Solar energ s Parabolic trough
Concentrated solar
Passive power/electric s
.
Solar thermal Power tower
.
Solar thermal :
non-electric Solar dish
\ collectors

Figurel-2: Types of solar energy selected based on their availability in the global ni2@eét
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Concentrated solar power (CSP) has a unique feature assoRE&e because of its capability to be
integrated with an energy storage technology. The concentrated sunlight is used to increase the
temperature of the working fluid. The high temperature working flisgdhen utilised in the electrical
power unit for ekctrical production.Theoperationof solar heat as an energy source in CSP makes low
cost energy storage feasible as heat can be readily stored with thermal energy storage (TES), whic
involvesheating of a storage material and containing it in an in&daank.More importantly, the ability

of CSP to be hybrighd with analternative energy sourcer with a conventional power generation system,
makes CSP technology an attractive option compared with other technologies. The daiomdoenefits

are as follows:

i. Reduces the capital costsrough equipment sharing

i. Increases the dispatchability.
iii. Improves the profitability of the plant.
iv. Enables a better exploration of the lowest solar radiation available.
V. Increases the power generation capacity.
vi. Increases the reliability.
vii. Opportunity for flexible operation between the combin&ethnologies.

viii. Enhances the design and the operation opsation.

1.3 Stand-alone solar energy

Standalone energy technology is the unit where electrical generation is produced independently from
the utility grid. This technology is more suitable to usesmote regions, where the grid connection is not
economically feasible. The most installed staddne energy units in remote regions around the world
use the photovoltaic (PV) type of solar energy. This is because, PV technology is the meffecibat

option for the applications far away from the grid utility. The statone solar energy systems are used

in the auxiliary power units for military or emergency services, lighthouses, manufacturing facilities and
remote power stations. However, tise types ofsystem suffer from many inherent disadvantages, such

as excess battery costs and finite electrical storage capacity, thus forcing the throwing away of the exces

power produced?22]. A general design of staradlone solar energy systems is shown in Figusd¢2R3].
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Figurel-3: Configuration of general solar energy technologisj.

In contrast the ability of CSP to be hybridised with alternative energy sources or with a conventional
power generation system, makes the CSP technology an attractive option compared with the other
technologies. In additiorthe use of Thermal Energy Storag&HE$in the CSP technologig much less
costly thanthe chemical battery storagan the PV systenj24]. Figure 1.4 shows the general concept of

the standalone CSP technolod@5s].

&

99

4

e

| Solar Collection Field
And Receiver

Thermal Storage Tank Power Block

Figurel-4: Concept of the CSBchnology{25].

1.4 Hybrid solar energy technologies

1.4.1 Hybrid solar energiechnologies with conventional sources

The hybridsation of CSP with coal plants has many advantages, such as low cost and abundant fuel
provides reliability and dispatchability and more efficiency. However, coal power plants are mostly old

and if the plats are retrofitted with a solar CSP system then that will generate an equipment age
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mismatch. Thus, the investment is appearing to be uneconomical in the CSP system combined with the
coal plants because their plants are approaching their end of life h@mther hand, CSP hybsdtion

with natural gas has a lower carboo-hydrogen ratio compared to other fossil fuels. In addition, natural
gas can easily be transported using pipelines due to its high energy density. Natural gas has a hig
potential to be integratedwith CSP due to the rapid development of high effective TES technologies, and
this allows the shifting of the operation from mostly being dependent on natural gas to be totally
dependent on the solar thermal energy of the solar CSP and steyatem. Therefore, power generation
using natural gas is becoming relatively more popular and attractive around the world for the new
constructed power plants. This strategy makes the hybrid system more flexible and very close to being

carbonfree andtakes advantage of the natural gas ability to provide dispatchable energy.

Hybridsation has become an increasingly more attractive option recently due to the factsthlat
thermal energy and feedstock costs continue to fall, while the conventional fosspriaek continue to
increase. CSP appears to be an ideal technology to be integrated with other energy systems for the
electrical production. In the following, éhintegration of CSP with the conventional sources as well as with

the RE sources is reviewed.

1.4.2 Hybrid solar energy technologies witbn-conventional sources

As the hybridsation of CSP with fossil fuels has been showhaweesynergies, the hybridation of CSP

with biofuels demonstrate a similar advantage of improving flexibility and reliability. However, the
additional advantage of the hybrid CSP biofuels systems over fossil fuel is to their ability to provide 100%
renewable energy26]. Miguel and Corona have performed a life cycle assessment on the impact of hybrid
CSP with fossil fuels on the environment. The study concluded that the major impact is caused by fue
combustion, rather than in the plant construction. Therefore, repladogsil fuel with the biogas as
combined energy with the CSP can reduce most of the imj2&¢t CSP technology can be hybrid with
various biomass sources such as refdedved fuels, stubble, bagasse, wood waste and forestry residues
[28]. In addition, solar CSP can be used in the hydrogen production as a supplemental heaf28yarce
liquid biofuels for the transportation sect¢80]. The use of solar thermal energy to produce syngas or
liquid transportation fuels is considered as a tygfestorage device, which has many advantages. such as
the capability to store energy for a long time when compared to the high temperature thermal energy
storage[33]. It is worth mentioning that the hybrid solar CSP with biofuel have similar configurations to

the hybrid solar CSP with natural gas.
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In many studies, polgeneration systems have been proposed wdifferent heatinjection points. The

use of multi heat input is difficult, as it requires different heat sinks compared to solar energy (e.g
industrial processes or buildings). On the other hand, the hydadidin of CSP with wind energy appears

to be vey much lessliscussedn the open literature.

This is because the CSP and wind systems are usually integrated at the level of the national grid. Th
hybridisation can improve the grid stability and better fits to the consumer den{&44l The grid stability

can be achieved due to the ability of the hybrid solar/wind systems to use TES to store energy at a low
capital cost. The TES can be sddi in the CSP technology, thus allowing wind energy to salitie

power outputs[34]. A detailed comparison between the staatbne renewable energy system against

the standalone conventional energy system and combined renewable energy with conventional energy

system is shown in Table 135].

Tablel.1: Comparison between staralone renewable and conventional energy syst¢&ts.

Parameter | 2YBSYGA wSySgl Hybrid system
Availability Limited Limited Highly available
Capital cost Low High Moderate

fossil fueldependency Highly dependent Independent Moderately dependent

Environmental effect High Low Moderate
O&M costs High Low Moderate
Maintenance Frequent Low Frequent Low Frequent

The ability of CSP to be hybsed with alternative energy sources or with a conventional power
generation system, makes the CSP technology an attractive option compared with the other technologies.
The hybrid CSP with a biofuel source increases the system dispatchability and reliabilggses the
operation flexibility, allows a better exploration of the lowest solar radiation available, overcomes the
intermittency of the solar CSP source, improves plant profitability, enables a fully renewable solution and
provides a secure energyply. On the other hand, the Organic Rankine Cycle (ORC) unit appears to be
a promising technology in small and medium scale power generation. This is because of its abilisg to utili
efficiently lowgrade heat sources and to its capability to be usa@imote regions where grid connection

is not economically a viable option. However, the hybrid sblagas ORC for power production has

various disadvantages, such as lack of research, low thermal efficiency and the high capital costs. A bette
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design opitmisation will enhance the heat transfer processes and that will lead to a reduction in the final
capital cost. Thus, extensive R & D is needed to enhance the system peréerarachreduce the system

cost.

1.5 Modelling method using artificial neural networks

Forecasting meteorological conditions are critical for electrical energy system design and power
production evaluations. Hence, academics and experts worldwide have developed several gredicti
techniques to understand the components of solariadihn to utilise solar energy effectively. For this
purpose, traditional pyranometers are placed in strategic positions to measur@ltftealSolarRadiation

(GSR. Notwithstanding, periodic maintenance and data recording are required to colledt8flata

and thus cause a rise in the cost of collecting @®Rlata. Therefore, it is imperative to predict solar
radiation using appropriate approaches. Similarlyndvspeed forecasting assists in the reducing of the
power supply irregularities and facilitates electricity grid connecfisl Thusthe performance of solar

or wind energy systems idefined by using an accurate solar radiation intensity and wind speed
parameter.

Artificial Neural Network§ANN) are a critical data processing technigue that may be used to model
complex input/output interactions. ANN exhibits excellent features sucmagping capabilities, high
speed information processing, fault tolerance, adaptiveness, robustness and generali8@tiokn ANN
would best describe the nelinear and discontinuous behaviour of solar radiation and wind spagt
Therefore, in this thesis, the data forecasting of ANN for hourly solar radiation and wind speed over Oman
will be deployed.

ANN models are highly simplified representations of human brain systems. An ANN is made up of
computational units that are equivalent to the neurons in the biological nervous system. These units are
referred to as artificial neurong9]. In general ANN models have input and output layers and one or
more hidden layers that include units referred to as neur{88]. These neurons, or processing units,
function as nodinear summing devices and are layered together and coupled via changeable connection
weights, also called synaptic junctiod®]. In the next section a general outline of the thesis structure is

illustrated.
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1.6 Thesis Outline

The research objectives, contribution and outline of the thegmesented in this section.
1.6.1 Researclproposal

The research objectives of this thesis are as follows:

1 To develop a new mullimensional forecasting model using the ANN technique for predicting
the solar radiation and wind speed over six locations in Omaabiilt model usea largenumber
of meteorological data points combined with two ANN models simultaneously to accurately
predict the solar radiation and wind speed. Three input parameters are only required in the
developed model to measure the solar ratibon and wind speed with high accuracy
simultaneously.

1 To design the new proposed hybrid solar and biogas system for desalination and electric power
generation using advancedodellingtechniques to integrate theverallsystemcomponents The
models havebeen developedvith MATLAB/Simulink® and have been used to investigate the
system area, dimensions, cost and to ensure that the electrical and water demand of thsend
are met. Moreover, a new detailed therrmeconomic assessment of the proposed hybrid solar
biogas for cgeneration in offgrid applications has been investigated. An energy, exergy, and cost
analysis have been performed and to fully s#lthis, a sensitivity assessment on the developed
model has beeranalysedto examine the effects of various design parders on the therme
economic performance. Finally, implementing ardapth simulationtesting of the system in a
rural region in Oman.

1 To optimise the new hybrid solar biogas system for desalination and electric power using the non
dominated sorting genetialgorithm (NSGA) to solve the multbbjective optimsation problem
and produce a Pareto frontier of the optimal solutions. Further, the TOPSIS approach has been
used to select the optimal solution from the Pareto s@&he aim of the mulidbjective

optimisationis to achieve maximum power and water production with minimum possible cost.

1.6.2 Contribution of the Thesis

Firstly, a novel Artificial Neural Network model has been developed based on thefdfesdd Back
propagation (FBANN) to simultaneously predict the hourly solar radiation and the wind speed. The

developed model has been implemented over the six regior@@mén. The novelty of the new designed
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model emerges from the following features: (a) two different FBANN configurations has been combined
into a new integration, (b) the new developed model required only three input parameters, and (c) and
both solar radation and wind speed are calculated accurately and simultaneofisig. result, the model
offers a useifriendly interface that can be integrated later in the process of designing the proposed
cogeneration hybrid soldbiogas energy systems. Consequentlihis model facilitates the
implementation of renewable energy technologies, especially in the remote regions where the collection
of weather data is very challenging. Meanwhile, the accuracy of the model has been tested by calculating
the mean absolute peentage error (MAPE) and the correlation coefficient (R). Therefore, the model
developed in this study can provide accurate weather data and inform decision makers for future

instalments of energy systems.

Secondlya new integrated solar and biogasodel for desalination and electric power generation has
been presentedinvestigatedand analysed in terms of the design, size and cost aspects. This study is the
first attempt to integrate the offgrid hybrid model thatontains PTC, anaerobic biogas boiler, ORC and
AGMD for desalination and electric power generation. Accordingly, a comprehensive teeomomic
assessment has been conducted for the proposed novel integrated model anmdatellingapproach
simultaneous} solves the energexergy,and cost calculations and thus a new flexible model has been
developed. Thus, the proposed assembly has not been studied before, and, typically, solar PTC linked wit
wind/thermal energy storage for combined heat and poweihis most popular integration that has been

investigated in the literature.

Finally, a robust muHlbbjective optimsation has nofpreviouslybeen performed for decentraed hybrid
solarbiogas for powemvater productions. First, a three objectieptimisation is preformed using a nen
dominated sorting genetic algorithm which present the results in terms of a Pareto set. Subsequently, a
MCDM tool is deployed to select the optimal design parameter from the Pareto set. This robust

optimisation can pae the way for further research on a scale up cases.

1.6.3 Structure of the Thesis

The thesis structure has been proposed to be arranged sintohapters as follows:
Chapter 1:ntroduction. The research problem and motivation are presented in this chaptéowtiag
that, a summary of the research objectives of the proposed research work and the description of the

thesis structure are also presented in this section.
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Chapter 2Literature Review. In this chapter, a comprehensive review on what has been pdhlistne

open literature on the different solar CSP technologies, the economy of integrating CSP with thermal
energy storage and backup systems, waste to biogas production and its potential $atmidwvith the

CSP, ORC technology and its attractive i for a small scale production unit compared to the
conventional systems, and the possibility of integrating low energy and innovative desalination processes
to recover the waste heat from the ORC technology. The modelling and egtilom of solar dwen
cogeneration systems based on an ORC has been also reviewed. Finally, a highlight of the main Identifie
potential research gaps in the literature and the contribution to the original knowledge is also presented.
Chapter 3Solar Radiation and Wind Speed Prediction model using ANN. A novel Artificial Neural Network
model has been developed based on the Fémavard Backpropagation (FBANN) to simultaneously
predict the hourly solar radiation and the wind speed has been priesk In addition, the developed
model has been implemented over the six rural regions of Oman and the accuracy of the results has beel
tested by calculating the MAPE and thedRue Finally, a comparison between the developed ANN model
results and the tgical meteorological correlations factors has been presented.

Chapter 4:Thermoeconomic and design analysis of the hybrid solar biogas system. In this chapter, the
design and the operation principle of the hybrid solar/biogas/ORC/AGMD technology usiagcadv
modeling in the MATLAB/ Simulink® is presented. The overall mathematical thermodynamic equations of
each of the sultomponent of the proposed system have been descrilbadally, the performance of the
model has been tested in a rural region in Omand a thorough thermeconomic analysis of the
combined system has been conductdthe selected area is a good example for the implementation of
hybrid renewable energy systems since this region is very far from the main interconnected grid and the
connection to the grid is not economically valid option.

Chapter 5:Multi-objective optimsation of the hybrid solar biogas system. In this chapter, the conducted
parametric study in the previous chapteassutilised in defining the operating parameters thatueathe
highest impact on the thermodynamic and economic performance of the cogeneration hybrid system. It
is crucial to couple the overall simulation model with an appropriate ogéititn technique to investigate

the optimum operating parameters. The nolmminated sorting genetic algorithm (NS@pPapproach will

be utilised, and the obtained results will be discussed in this Chapter.

Chapter 6:Conclusions and future recommendations. In this chapter, a summary of the main findings

RNl 6y FTNRBY (GKS NB&ASIFENDODK ¢2N] YR GKS | dziK2NRa
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CHAPTER 2: LITERATURE REVIEW

Summary

This chaptempresents a comprehensive critical review on the design and ogdtioh of solarbiogas
systems for cogeneration applications. A critical literature review on the different solar CSP technologies,
the challenges facing the integrations of CSP with theenakgy storage and backup systems, waste
based biogas production and its potential hybsadion with the CSP, ORC technology and its attractive
potential for a mid and lowscale production unit compared to the conventional systems, and the
possibility ofintegrating low energy desalination processes to recover the waste heat from the ORC
technology has been presented.dddition, the design integration of C&kogas systems for desalination
andcogeneratiorhas been elaborated. Furthermoréhe recent gtimisation methods that used for the
optimisation of the hybrid renewable energy systerase discussed. Finally, a highlight of the main
Identification of the potential research gaps in the literature and the contribution to the original
knowledge is alsdlustrated. Thus, the aim of this chapter is to trace the development progress that has
been made so far in the design of sustainable, reliable, and-eftesttive standalone solar energy

systensand identifying the potential research gaps in this area.

2.1 Overview of CSP technologies

CSP is a power station that concentrates the sun's radiation on a small surface area using mirrors.
coolant fluid (e.g. molten salt) is then passed through the small surface area to be heated. This thermal
energy is utibed to generate steam, which is then sent to a turbine to produce electricity or to be directly
used in thermal desalination plants. The development of two innovative renewable technologies, thus
allowing through a thermal energy storage system and harkystems to solve the problem of the
intermittent nature of solar energy. Generally, CSP power plants consist of several parts such as receive
solar concentrators, steam turbine and electrical generator. The main components can be seen in Figure
2.1[41].

Furthermore, there are four types of CSP technologies that has been developed up to nowwosaar
tower (SPT), linear Fresnel reflector (LFR), parabolic trough collector (PTC) and parabolic dish syster
(PDS). Figure, 2.2 shows the main CSP technolpgE#sThe United States and Spain are currently the

two largest and most attractive markets for the medium to lasgpale operation of CSP systems. They
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also benefit from a very favourable regulatory text. Zhang et a[43] stated that the second established
CSP configuration after the pdralic trough collector (PTC) is the solar tower due to its attractive benefits.
The different types of the configurations of the CSP and their advantages and disadvantages will be

explained in the next section.

Solar field Power unit

Support structuremirrors, collector unit, » Turbine, superheater, condenser, pum
heat transfer fluid, heat exchanger, pumg optimal boiler, heatexchanger, cooling
Tracking, piping tower, balance of the system

Thermal energy storage

Storage media, heat transfer fluid, encapsulatio
methodology, heatexchanger, storage tank,
insulation tank

>

Figure2-1: The CSP main componei4].

Figure2-2: Main CSP technologies: (a) PTC; (b) LFR; (c) SPT;[48]PDS
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The CSP plants major challenges are the intermittency issues and the requirgd4dolstevertheless,

this can be solved by integrating the TES4iritdi such as molten salt. Therefore, the natural gas boiler can
be replaced by the thermal storage to guarantee a backup power during times of no sungamBen
Broek et al[45] were not encouraged by the already high cost of the plant and the additional budget
brought by the thermal storage feature. Any investor will not adopt any process or extension if the extra
cost is higher than the expected beneffihang et al[46] disagreed with them and illustrated that, after

a deep study, CSP plants are attracting more attention, especially when having the PTC feature even wit
the competition of SPT that have the advantages of lower operating costs, higher efficiencygcaad

up feature opportunity. Torresol joined Zhang et al. opinion when it successfully demonstrated that Large
scale CSP technology in the Spanish Gemasolar pfdjéctit is worth noting that the Gemasolar CSP
power plant was considered to be the first plant to effectively generate 19.9 MW of continuous electricity

for 24 h. Figure 2.3 illustrates the worldwide @il CSP technologiesd theirinstalled mix shar@48].

Parabolic Dish ey Parabolic Trough

Absorber tube

Receiver/engine field piping Reflector

‘\0\“?1-‘ A"i‘.
dl s, ‘fﬁ,
Reflector Yy h°
<1 |>82 p—
Solar Power Tower ‘: K = Linear Fresnel

Curved Mirrors

Al)sorbcrmh\

and reconcentrator

Heliostats Heliostats

Figure2-3: Schematic diagraraf the CSP technologies atiteir installed sharg43].
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2.1.1 Parabolic trough collectors

The PTC focuses the sunlight on the focal line of the parabola and its mobile parts (reflectors and absorbel
tracking the suraresynchronsed. The absorber tube (Figure 2.3) is covered with a low thermal remittance
and high selective solar irradiation sdtrbance materials. Zhang et §.3] stated that covering the
absorber tube with the glagsetal seal is significantly important to reduce the heat losses. The PTC main

parts and along with the receiver details are shown in Figur¢4®}

© Receiver @ Parabolic shaped mirror @ External glass ©® Expansion bellow
© Balljoints @ Support structure @© Glass-to-metal seal @ Internal pipe

Figure2-4: The PTC main parts areteiverdetails[49].

2.1.2 Parabolic dish systems

P& allow the whole system tivack motion of the SunBarlev et al[50] stated that this solution is still
expensive and not fully compatible with respect to hylsadion andthermal storage. However, the B®

are still defended by people believing that their mass production will allow them to compete with larger
solar thermal systems. Nowadays, the only existin® piBnt fully operational is in Arizona with a net

capacity ofL.5 MW (Maricopa solar projecffhe PDS main components are shown in Figure 2.5.

@ Mirror facets

© Support structure

© Stirling engine

Figure2-5: The PDS main componeffd9].
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2.1.3 Linear Fresnel reflectors unit

The LFR in structure are similartbe parabolic trough systems. They reflect the sunlight to a downward
facing linear receiver using the slightly curved or flat mirrohr&LFR main part@re shown in Figure 2.6.
According to Barlev et g51], the LFR systems main advantage is their simple design of flexibly bent
mirrors and fixed receivers that require lower investment costd #mis makes easier direct steam

generation.

© Receiver

© Reflective panels

© Support structure

Figure2-6: The LFR magomponentq49].

2.1.4 Solar thermal power towers

Solar towers guarantee producing high temperatures that enhance the heat generation efficiency to be
converted into electricity or for thermal desalination. Solar towers offer a lower cost alternative for
thermal storage in the power applications. The central receiver systemseuilSun tracking reflector
called the heliostat field collector to focubd Sun's emissions onto the top of a fixed tower (central
receiver), see Figure 2.7. Then, the heat will be absorbed and transferred to the heat exchangers to drive

the steam/organic Rankine cycle using heat transfer fluid (HTF).

@ Heliostats

© Tower

© Receiver

Figure2-7: The SPT main paif49] .
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2.1.5 Comparison of CSP technologies

The CSP technology is the most advanced and widely neselvableenergy system with almost zero
carbon emissionsA summary of the significant featured the main CSP technologies is given in Table
2.1[1], [48]. It can be noted that PTC is asttable option for midand lowscale power plants with a very
good conversion efficiency and low cost. In addition, the PTC is the most proven, reliable and mature
technology worldwide. Thermal energy storage and backup systems can be integrated wWitlsEhen

order to enhance the competitiveness of the CSP against the conventional technologies. The integratior
strategy provides a stable energy supply and offers the possibility ofrgead operation to thermal

power applications or electrical generatioaquirements[44].

Table2.1: A summary of the significant features of the main CSP technoldgi¢48].

Parameter SPT PTC PDS LFR
Operating temperature®C) 3001200 150400 300-1500 150400
Capacity range (MW) 10-100 10-250 0.01-1 5-250
Annual Efficiency, (%) 10-22 10-16 16-29 812

Solar concentration ratio 600-1000 50-90 < 3000 35170
Power cycle Steam Rankine; Steam Rankine; Stirling Engine; Steam Rankine;

Brayton Cycle  Organic Rankine Rankine; Bryton cycle Organic Rankine
Relative cost High Low Very high Low
Current:0.20.9  Current:0.30.75

LCOE, ($/kWh)
Future:0.060.08 Future:0.060.08 Future: 0.050.08 Future: 0.060.08

Thermal storage suitability  Highlysuitable Suitable Difficult Suitable
Land requirement Medium Large Small Medium
Outlook for improvements  Very significant Limited High potential Significant
Commercial development Medium High Low Medium

Furthermore,all CSP plants require water footh condensing and cooling processes. For instance, the
PTC and LFR plants need 3000 L/MWh of water which is more tl@amdeleded for coal power
applications and similar to a nuclear reac{b2]. Even though cooling using water appears to be more
efficient, hybridplants are increasingly using dnyethods especially in the winter season where the
cooling requirements are lower, whilst during summer, a combination of dry and wet cooling appsoach

are used[53]. For the new CSP development, the combination of CSP with desalination cogeneration
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technology is an attractive alternative operation mode. The production of freshwadside the power
simultaneously can reduce the requirements of cooling water for CSP technology and provide freshwater
to meet the peopls demand especially in the desert regions that faces water scdftly The MENA

region has promising and attractive potential for the implementation of a@SRBlination system due to

the close access to ¢éhsea water for cogeneration application. In addition, the MENA region is considered
one of the highest regions that is effected by the physical water scarcity around the \6fldDespite

the significant potential prospective, the G8&salination technology is still in an early stage of

development42].

2.1.6 Economics of the CSP technologies

The LCOE of the CSP plant is significantly influenced by the DNI level of the selected location as can
seen in Figure 2.8. It can be noticed that theOE is reduced by up to 4.5% for every additional 100

kWh/m?a. The locations, such as the MENA region or in California needs less than 25% of the minimun
cost to breakeven compared to a similar project in Spain. Moreover, the variations of the labour and
financing costs has also an important role in identifying the minimum LCOE. These facts show that the CS

technology has a significant potential to improve its competitiveness in the foreseeable future.
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Currently, the LCOE of the CSP technology is still not competitive against the conventional energy source
such as gas or coal. Nevertheless, the CSP is expected to caagpéist the conventional technologies,
due to the projected cost increases of the gas and coal, along with the additionpeGélties. Figure 2.9

shows thepotential cost of thesolar thermal energagainst other energgources.

Furthermore, the hybridlispatchable CSP can substitute the combined cycle power plant technology in
the end, as can be seen in Figure 2.9. Further, the competitiveness of the CSP can be increased |
introducing additional C&penalties in the future. In addition, it can be nmd on the right side of the
Figure 2.9 that the nowlispatchable solar thermal energy (STE) can compete with thedispatchable
renewable energy technologies such as PV. However, the STE is not estimated to compete with the win
technology because of éhwind cost advantages. However, the availability of the solar and wind is
generally complementary, regions that has high DNI, normally has low wind speed. In these regions, the

cost of STE can compete with wind turbines technology.

The CSP system can offadditional grid advantages either its dispatchable or -ispatchable
technology, due to the operating temperature of the heat transfer fluid that do not cool down

immediately that make it an alternative to consider compared to the PV technology.
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Figure 2-9: Cost comparison betweesolar thermal energy against other energy souri@es.
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2.2 Waste-based biogas production

The energy security and the environmental concerns are the two main factors that have led to the huge
developments in the utding of alternative energy sources as a replacement to the converitiosail

fuels. Wastebased biogagppears to have potential as an alternative eneagya source of clean and
sustainable energyThis technology has the advantages of sitij the waste and solving a serious
international problem of generating unrestrained emissionsm@thane when dumped untreated. In
addition, the rapid urbanisation and stringent legislations are restricting the disposal of degradable waste
in the landfills. Therefore, utding waste in producing biogas is an attractive alternative option. The
methods that have been used to produce methane biogas from organic waste mainly includes pyrolysis,
alcoholic fermentation, gasification, and the anaerobic digestinrihe last decade, anaerohiligestion
technology is mostly used because it appears to be cernially feasible to produce biogds6]. In
addition, anaerobic digestion (AD) is a sustainable process for the generation of bioenergy and the
management of organic waste worldwide due to its low energy demaifl Therefore, the AD process

will be extensively reviewed in the nexdaion. A schematic view of a biogas plant is shown in Figure 2.10
[58].
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Figure2-10: Biogas plantchematicview [58].
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2.2.1 Anaerobic digestion technology

TheAD process ithe decomposition and stab#tion of organic matter in a series stage in the absence

of Oxygen ©2). A mixture of mostly methane (GHand carbon dioxide (GPDcan be produced using
various types of organic matter that can be wséll to generate heat or electricity instead of the use of
conventional fossil fuelgs9]. By the end of 2014, more than 14,500 biogas plants had been established
in Europe with a total capacity of 7857 MW60]. The organic waste can be treated simultaneously in
the biogas plants to reduce the environmental pollution and recover energy. These advantages can
effectively alleviate the 21st century challenges of the environmental pollution and the energuiigec

[61]. However, AD technology suffers from instabilitjé2], which has limited its applications in the
energy production. For instance, in the 20 censadi biogas plants that have been investigated in
Denmark[63], they have been shown to have perdf instability that continued for many veks or
months, where the generation was decreased by3Wso. Therefore, the hybrightion of waste to biogas
production with other RE, such as solar energy, is an interesting option to enhance the system stability

and reliability.

2.2.2 Hybrid CSP biogas plant

In the pastseveralyears, the interest in the hybrigation of solar CSP/biogas power plants has been
significantly increased. The first commercial hybrid solar CSP/ biogas power plant started to be operatec
in December 2012, in Spain (Figure 2.The $210m power plant, produces 228V of electrical energy

and 36 MWof thermal energyevery year which has been calculated to be sufficient to meet the demand
of approximately 27,000 househol@4]. The solar block utilises parabolic troughigh thermal oil to
generate power, while the biomass block uses biomass, agricultural waste and supplemental natural ga:
as fuel.The power plants run during thaaytimeusing solar power and biogas during the night period. A
PTC system has been il of with an area of about 180,0062, and 2688 solar field parabccollectors,

with a diameter of approximately 5 [64]. Inaddition, the steam Rankine cycle has been powered by
two biogas boilers as a baclp. However, a watebased Rankine cycle is not economically feasible for
smallscale power generation systems due to its inherent heat losses and high capif@jobt the next

section, the integration of RE powered desalination technologies will be discussed.
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Figure2-11: Photographs of thaybrid CSP/Bgasplant in Spairj64].

The hybridsation of CSMBiogas systems solves the intermittence concern of the solar source and the
shortage in the biogas feedstock. In the hybridised system both techieslsigare some common sub
components such as turbine, generator, air compressor and gas suppler which enhance the
competiveness cost with other technologig]. The areas of solar field and biogas fuel input decreased
for a fixed plant size, offering a constant supply of biogdk the reduction in the logistical costs. The
biogas consumption rate if compared with a typical biogas power plant is stated by Bai et al., to be reducec
by 22.5%[67]. The LCOE of the hybrid solar CSP biogas technology is decreased to 0.077 $/kW
differentiated to 0.192 $/kWh for stedalone CSP plaf®7]. In addiion, Sarkis and Zare reported that
using direct steam generation further decreases the LCOE to 0.07495 $88NhThe combination of

solar biogas can reduce dhtotal investment cost by 12% when compared to a standalone solar CSP
system[69] and therefore the palyack time is reduced. For the overall process cost, it is reported that the
hybridisation of solar biogas can reduce up to 13%, by the removal of air separation units, gas cleaning
system and the gas combusti¢n0]. The hybrid plant decreases the investment cost that is needed for

each system, and developing a stable, high efficient and environmentally friendly system.
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2.3 CSP-desalination technologies

The use of CSP to power desalination technologies is a promising and attractive mode to reduce the
dependence on conventional resources, produce clean water to decrease water scarcity and lower
greenhouse gas emissions. Mantegrations of the desalination processes and CSP systems are already
defined (see Figure 2.1Z1]) and they have a promising economic and technological potential. Some
combinations are used for a largeale desalination plant and some for lseale applications. Muki

effect distillation (MED) plants are moflexible to operate at partial loads compared to Mugitage flash

(MSF) if combined with the solar CSP technology. In addition, the scaling issue does not affect MEI
considerably and appears to be more suitable for the limited capdbiy55] Furthermore, MED
processes require a lower electrical demas@pared to the Reverse Osmosis (RO) technold@#s
However, MED remasmto be an energy intensive technology5] which negatively affects their
hybridisation with CSP. The recent studies have shown a promising result in the integration of the CSP
driven Adsorption Desalination (AD) or the Membrathstillation (MD) processes. Therefore, many MD
pilot plants have been installed ufiing geothermal and solar energig57¢59] and due to their
performance, they were proved to be better with many less operational issues over the conventional
units. More descriptions of these desation technologies that could be used for cogeneration

application are explained in the next section.

Renewable Energy

Biogas Combined cycle Solar

Electricity PV
Heat

SolarThermal
MSF MED TVC AD MD HDH
90-120°C  5570°C MGO°C 55-85°C 50-90°C 100°C

Saft
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Figure2-12: Possible integrations of the RE with different desalination technolqg@igs
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2.3.1 Low energy desalination technologies

The hybridsation of CSP to power the desalination technologies is mostly still under development. The
AD and MD technologies will be covered in this review because of their significant potential to scale up.
These two processes are much simpler, more compact, ande rsoalable if compared with the
conventional desalination technologies. In addition, they can be operated at lower temperatures and at
atmospheric pressure. Moreover, these processes can operate with an intermittent energy supply without
any additional modications. Therefore, they are a very attractive option for the intermittent CSP
integration. Several studies have been reviewed the AD technold@@jn[80]and MD process if81]g

[83]. A summary of these two technologies will be discussed below to highlight their potential in the RE
integration, especially with solar CSP energy because of the enormous availability of sotpr iene

regions where water scarcity is a serious problem.

2.3.1.1 Adsorption desalination (AD)

Recentesearch byNg et al[84] Ghazy et a[85], Narasimharet al.[86], Wang and NfF9] andSosnowski

et al.[87] have led to the dicovery of a new feature of the desalination cycle. This has a high and efficient
heat adsorption capacity that matches twice that of the known thermodynamic limit in terms of kih/m
Further, this process involves the use of a low temperature heat sdoremhance the sorption cycle,
leading to the generation of two outputs from the one heat input, which are cooling anddnayte
potable water. The plant core is a heat exchanger conducting hot water. The AD tubes are confined in ¢
layer of an adsorbentush as silica gel. The vapour generated in the evaporator is sucked at very low
temperature and pressure by the adsorbent. The applied envelop layer porosity ranges between 10 to 40
nm and the overall pore surface area ranges between 600 to 80¢. mhe pant, supposedly treating

raw water (e.g., seawater) at its ambient temperature leads to the dispense heating of the input water,
unlike the other conventional thermal methodd/hen saturated, the adsorbent is heated to release the
vapour (desorption) ang then condense@Figure 2.13). This is achieved by recirculating the natural hot
water which can be extracted from the RE systems. A study by Ng[&4]al[88], [89] proved that the
specific energy consumption of the solar AD pilot plant is unmatched by any other desalination
technologies, thus giving a value of 1.5 kWh&/m hybrid solar AD pilot plant has been installed in Saudi
Arabia to genere 8 n¥/day of a highquality water with less energy consumpti¢®¥], [90] Moreover,

the low evaporative temperatures, even at a concentration of 250 ppt, led to insignificant scaling on the

surfaces of the equipment tubd84], [89] Also, another interesting advantage of this novel discovery is
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that it is energy efficient, requires low maintenance cost and the desigmplexity and this is because it

has almost no major moving components. The €@ission estimation is at the level of 0.kg/m?3 [84],

[89], which is far lower than the conventional units. The AD major components can be seen in the Figure
2.13[84].

Adsorption-triggeredA-evaporation Desorption-actlated-condensation

Y45-75‘ C

28-36" C

<10ppm, pH =7.3,%0.1
55.85" C, from Solar 5 to 12 m®/tonne.day
or waste heat \
\

25-33" C

Cooling power, Toued= 7-
20° C, 25-32 Rtons/tonne

Figure2-13: Schematic of the AD major components , illustrating the chilled

the potable water production using the availatdelar energy84].

2.3.1.2 Membrane distillation (MD)

The MD relies on using a microporous, hydrophobic membrane as a contractor in order to establish a
liquid-vapour equilibrium state for the desired separation to occur. This phenomenon is defined as being
a thermally driven process. The driving force in thembrane distillation operation is the partial vapour
pressure difference at the two sides of the migrorous membrane. This is unlike the other technologies
that are handled by the concentration, pressure or an electrical potential gradient. The meendliaws

only the vapour from the pre heated solution to go through the dry pores. On the other side (permeate
side), it is condensed (coolant) (Figure 294]). A temperature range of-I0 °C between the two sides

is theoretically enough to achieve a successful separd@@). Convective and diffusive forces are
responsible for this separation tccur,and this relies on the pure water vapours high volatility, compared
with sodium chloride. This process is functional at low temperature®(BC) which makes it attractive
option for treating the discharged waste brines. Also, corrosion is not an issue due to the low operating

temperature and pressure and the no use of metallic materials. Also, membrane distillation is an efficient
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and costeffective way to obtain fresh wateusing RE or lograde waste heat, such as solar or
geothermal energief2][90]. In order to achieve this, and considering that the waste heat is not payable,
then the pumping of specific energy consumption should be as W BWh/n$, which is potentially
possible. The AD and MD processes share the same trait of being unaffected by high feed%j|poly

The challenge now remains on finding a newer membrane technology that offers blettearfd lower
wettability. In addition, the MD scale up and commercialization is being affected by the fact that existing
membranes have insufficient water vapour flux, relatively high conductive loses leading to unstable flux
over time, high temperature g@arization, low thermal efficiency and potential pore wetting. These
multiple difficulties make analysing the performance and researching possible solutions very complicated
due to the significant variation in the operating conditions from the-knale 6 the largerscale modules.

At the present, King Abdullah University of Science and Technology (KAUST) is planning to test sol
multistage MD desalination technology with temperature modulating and heat recovery units using
optimised experimental dat§©3]. The feed water will be the Red Sea water. A comprehensive analysis of
the MD and solar power unit, inaling the amount of energy requirement to operate such a technology
are covered by93]. More description of vaous solar thermapowered MD systems can be seerj94],

[95].
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Figure2-14: Schematic oftie working principle of the I4[91].

27| Page



2.4 The ORC technology

This section presents a comprehensive literature review on the ORC technology that has been conducte
in the industrial and academia sector. The review highlights the advantages and disadvantages of OR(
the working fluids selection criteria, the recentetbretical and experimental conducted research, the

various ORC design configurations and the ORC manufacturers and market evolution.

2.4.1 Introduction to the ORC

The conventional steam Rankine unit is a ¥albwn technology on the largecale power productio to
convert heat energy into mechanical energy. This system consists of four main components, namely
pump, evaporator (steam generator), turbine and condenser. In addition to water being used as the
working fluid in this cycle. The nature of the therypbysical properties of the water in the Rankine cycle
prevent its ability to recover low temperature heat sources. However, it is more economically suitable for
high temperature applications, where water is heated to approximately ®50~hich appears to ba

very good compromise between the high performance and technical limits of the techn@6p\97]

In contrast, the water Rankine cycle is not economically feasible for-soaé electrical generation
technology because of the inherent heat losses and high total capital[@86kt[97] Therefore, the
interest in utilizing alternative working fluids has been increasing recently as the interest of using
alternative clean energy sources has been increasing rapidly. As a result, the research and developmer
of the Organic Rankine Cycle @mas been dramatically increased. The ORC consists of the same four
main components (pump, evaporator (steam generator), turbine and condenser) of the steam Rankine
cycle. The only difference is that the ORCs use organic fluids with low boiling tenmpsr#tat are
typically between 80C and 350C as the driving element instead of water. This characteristic allows the
utilisation of lower temperature heat sources to efficiently recover, and hence be convert into mechanical
power. In addition, it offeran attractive performance over the conventional Rankine cycle in scale
systems (from a few kW to several MY¥B]. Hence, there are various potential heat sources that can be
considered to power ORCs, including solar eng98y, biomass/biogas enerd¥00], geothermal energy

[101], industrial waste hea{l102], gas turbine exhaust, internal combustion engine exhda8B].
Moreover, ORCs can be applicable for use in several applications, such in theexbimeat and power
(CHP) applicationgl04], combined cooling, heating and power (CCHP) applicafibds] and water

desalination processq406].
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2.4.2 Thermodynamics of the ORC

The operation of the ORC technology is basically similar to the conventional steam Rankine cycle. Th
basic ORC configuration design is shown in Figure[25]5and the energy transfer cycles are plotted in

a temperatureentropy (Fs) diagram as presented in Figu2.16. The selected organic fluid is firstly
pressursed (process 1 to 2, see Figure 2.15) using a pump. The peessfluid then passes through an
evaporator to absorb the heat coming from a heat source in a constant pressure process. The temperature
of the organic working fluid is gradually increased to its saturation temperature. In this process, the
working fluid is fully evaporated and then, if necessary, superheated (process 2 to 3 see Figure 2.15). Th
high pressure and temperature vapour thdovi across the turbine (expander) to produce mechanical
energy which then, via a generator, converted into electricity. The expanded fluid then transfers into a
condenser where the heat is rejected in a constant pressure process. During this processrkimg w

fluid temperature is reduced gradually to the saturated vapour and then fully condensed (process 4 to 1,

see Figure 2.15). The working liquid (fluid) is then pumped again to the same process cycle.

= Working fluid

==esssssd Healing medium

—_— — P Cooling medium

{Expande r—@

- Generator

Cooling tower

Figure2-15: Schematic of the configuration of the basic@&chnology[15].
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Figure2-16: T-s diagram of a typical ORC un

The thermodynamic performance of the organic Rankine cycle depends mainly on the individual
performance of the cycle components, the evaporation and condensation temperatures and the thermo
physical properties of the driving working flujiiO7]. Theavailable heat and sink sources define the
evaporation and condensation temperatures, respectively. The cycle thermal efficiency is a critical
indicator of the thermodynamic performance of the ORC unit. As it defines how much work can be
generated to the elative amount of heat input to the system. Therefore, a higher system efficiency can
be achieved by maximizing the evaporation temperature and msmgithe condensation temperature
[108]. On the other hand, the selection of the organic fluid plays an important role in the ORC
performance. Therefore, the selection of the right organic fluid is essential to meet the targeted ORC
thermodynamic performance as well as to be environmentally safe and chemically stable. The evaporatior
temperature of the organic fluid determines the aporation pressure, while the condensation
temperature of the organic fluid determines the condensation pressure. The higher differences between
the condensation and evaporation pressure leads to a high pump power consumption, resulting in a
similar poweroutput and therefore a lower thermal efficiency. Thus, the higher efficiency of the individual
system components leads to a better thermodynamic efficiency. In the next section, aedetail
comparison between the ORC cycle and the conventional Rankinensydle discussed. The comparison

will focus on the different working media, size and complexity of system components, operating

conditions, costs and overall performance.
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2.4.3 Comparison between ORCs and steam Rankine cycles

The ability of the ORC systemraxover low class heat sources with low temperatures range between 80
150°C makes it very interesting and a unique technology compared to the conventional Rankine cycle
[109]. In addition, the system is applicable and flexible to any additional thermal energy system that has
a temperature difference between the heat sour@ed the heat sink varying from 30 to 580[110]. This
technology is therefore suitable for renewable energy conversion such as solar, biomass, geothermal
industrial waste heat and municipal solid waste. Thus, integrating renewable energy sources with the OR(
system, result in a reduction in the clineathange mitigation that caused by GHG emissions from the
burning of conventional fossil fuels. In addition to the advantages stated above, several studies, such a
[88,89] have described the benefitd using ORC over conventional Rankine cycles. A summary of these

advantages are as follows:

I.  The ORC technology appears to be more economical in-soad systems, up to a few MW, over
the conventional Rankine cycle which only appears to be more econbatidarger production

capacity.

ii.  The superheating process is not required in the ORC technology compared to the steam Rankine
cycle in order to avoid steam condensation in the expansion process. This is because of the ability
of most organic fluids to reain in the wet region after the expansion process, thus preventing the
turbine blades from erosion, damage and reducing the extra costs to the power cycle that is

required only in the steam Rankine system.

iii.  The ORC system operates at loweaporation pressure and temperature. Therefore, it has lower
thermal stress, less safety precautions and a simple operating procedure which leads to lower

equipment complexity and cost.

iv.  In the condensation process, the steam Rankine cycle operates giré&ssure with typically less
than 0.1 bar, which increase the possibility of the air leakage into the condenser. This increases
the technical issues and therefore reduces the system performance. However, this phenomenon
is unlikely to occur in the ORC texdtogy as the condenser operates at a pressure higher than the

atmospheric pressure due to the low critical temperatures of the organic fluids.

v. The pressure ratio across the turbine is relatively low in the ORC technology and this permits
singlestage tubines to be obtained. Whilst in the steam Rankine cycle, the pressure across the

turbine is much higher and therefore theultistageturbine is commonly used.
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Vi.

Vii.

viil.

The ORC organic fluid produces a lower enthalpy drop across the turbine with higher isentropic
efficiencies and mass flow rates. In addition, the low enthalpy drop also produces a lower turbine

speed, thus permitting a direct driving of the electrical generator without the need of a gear box.

Water treatment is not required in the ORC technologyaddition, the deaerator device that has
been used to prevent the dissolved oxygen in the bd#edwateris not required compared to

the steam Rankine cycle.

In addition, the ORC system has low maintenance, simple construction, high flexibility atyd safe

and autonomous operation compared to the steam Rankine cycle.

On the other hand, the studie8,90] reported a few drawbacks of the ORC technology over the

conventional Rankine cycle. A summaryhefse drawbacks are as follows:

The current ORC technology has an efficiamgyo 24%, which appears to be lower than steam

Rankine cycles by about 30%.

The ORC requires higher pumping power relative to the turbine output power when compared to

the steam cycle.

The typical water advantages over the organic fluids, and these incledegh availabilitybeing
non-toxic, chemically stable, neitammable, cheap, and environmentally friendly. Water also has
a lower viscosity and that help to decrease the friction losses and pressure drops in the entire

system.

In conclusion, the ORC tawlogy appears to be more economical in small to medaoale power

generation systems and/or in the usilng of low temperature heat sources.

2.4.4 Organic fluids

The organic working fluids that have been used in the ORC technologies haiesrperature boiling

points and high molecular weights. The low boiling point enables ORC systems to efficiently recover low

grade heat sources and the higher molecular weigtitsv higher mass flow rates. As a result, a compact

system with high expander isentropic efficiency can be designe@%86)[114]. There are a wide range

of working fluids that cover several chemical groups, including hydrofluorocarbons (HFCs),
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hydrofluoroolefins (HFOs), hydrochlorofluorocarbons (HCFCs), chlorofluorocarbons (CFCs), hydrocarbor
(HCs) and fluid mixtures [102]. Howeyseveral working fluids have been already banned and many
others in the future may be terminated by the international legislations due to their global environmental
effects. For example, the CFCs have been phased out because of their massive ozormndegiksitial
(ODPJ115]and high global warming potential (GWR)6]. As a result, HCFCs were developed to replace
CFCs because of their similar interesting physiochemical charactefldtijs However, the concern of

the ODP is still present due to the availability of chlorine but at lower concentration rates. Therefore, the
HCFCs are requested to be banned by the international legalisation in 2030 for #lepmey countries

and in 2020 for the developed countrigkl6]. In addition, the PFCgpear to be a good alternative to

the HCFCs because of their zero ODP and high thermal stfbll8} Nevertheless, it has been also
scheduledto be voluntarily reduced according to the Kyoto Protocol due to their high GWP. Thus, it is
essential to develop new alternative working fluids that have similar properties to CFCs, HCFCs and PF
and have zero ODP and low GWP potentials. However, thikcapon of the working fluids, such as in
cooling, heating and power generation, will have a major effect on the selection of the appropriate
working fluid. There are only few organic fluids that are currently being used for commercial ORC power
plants despite the large number of the possible working fluids. The leading fluids obtained from a
literature survey that categosed based on the heat source temperature and the organic fluids critical

temperature, are listedn Figure 2.17.

Low- Medium-
temperature temperature
(<150°C) (150°C-250°C)

Fluid T isien (°C) Fluid T eens (°C) Fluid T issent (°C)
R134a 101.1 R123 183.7 Benzene 288.9
R245fa 154.1 R245ca 174.6 Toluene 3186
R152a 1133 N-butane 152 MDM 290.9
R236fa 124.9 HFE7000 164.5 MD4M 380.1
R227e¢a 102.8 HFE7100 1953 D4 3133
R143a 727 N-pentane 196.5 Cyclohexane 280.5
R236ca 1393 Isopentane 187.2
Isobutane 144.9 MM 2455
Ammonia 1323 Ethanol 241.6

Figure2-17: A possible working fluids integratiawith a differentheat temperature source.
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2.4.5 Working fluids categories and selection criteria

Dry, wetand isentropic are the three types of the organic working fluids. The differences between them
can be described using thesTslo diagram (see Figure 2.18). The isentropic type of organic fluids has
infinitely large slope (nearly vertical), while the for the dry fluids is positive (dT/ds>0) and for the
wet fluids is negative (dT/ds<0). This property affects the cycle efficiency, fluid quality and the
arrangement of the operated equipment in the power production syst¢ii®]. The utilsation of wet

fluids may lead to the damage of the turbine blades due to the possibility of a liquid formation during the
expansion procegd.20]. Therefore, to avoid this negative effect, a superheater with a large surface area
is requiral in order to enhance the organic wet fluids temperature before entering the turbine. On the
other hand, dry and isentropic fluids appear to be more applicable for the power generation cycle due to
the fact that these types end in the superheated vapowioe (dry region)121]. In addition, the thermal

heat of the dry and isentropic fluids at the turbine outlet can s#lutilised in various applications, such

as heatirg, cooling and water desalination. The higtiertemperature difference between the pump exit

and the turbine outlet, the greatethe benefits from one of the above applications is achieved.
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Figure2-18: The slog diagram of the working fluid classifications: (a) isentropic, (b) wet and (c) d
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On the other hand, the selection of an appropriate organic working fluid plays an important part in

defining the entire ORC performance. It directly affects the design of the key components, operating

conditions, cycle efficiency, environment and the ecomcs of the ORC systerfi22]. This explains the

enormous attention on the selection of the proper organic fluids for various applications in the open

literature. In general, the suitable organic working fluid should have the desirable chemical, economic,

thermo-physical, safety andreironmental characteristics. Additional important characteristics are as

follows[88,100}

Vi.

Vil.

viil.

X.

Thermodynamic performance: the selected organic fluids should provide a higher power output

and high thermal #iciency.

Type of the organic fluid: the slope of the saturated vapour line showed that dry and isentropic
fluids are more applicable to prevent turbine damage and avoid the additional cost of the

superheating apparatus.

Molecular weight of the organiduid: in the expansion process, a higher fluid molecular weight
leads to a better mass flow rate and a low enthalpy drop. This results in a greater turbine isentropic

efficiency with a smaller number of stages and a lower turbine speed.

Density of the aganic fluid: a higher fluid density results in lower volume flow rates, and this is

associated to the lower cost and compact system components.

Thermal conductivity: a greater thermal conductivity enables high heat transfer coefficients. This

results in hgh heat transfer in the heat exchangers at lower size and cost.

Organic fluid viscosity: the lower viscosity in the liquid and vapour phases reduces the friction

losses and therefore decreases the pressure drop in the system components.

Operating pressure the selected organic fluids should have an acceptable operating pressure.

Generally, the high evaporating pressures increase the system component costs and complexity.

Chemical stability: organic fluids may decompose and deteriorate at higher tempesaftlihe
selected organic fluid should have sufficient chemical stability within the considered temperature

range.

Corrosiveness and compatibility: the working fluids should be compatible andaeroosve with

the system components.

Safety: the fluid shdd be nonflammable and nofioxic.
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xi.  Environmental concern: the environmental impact of the organic fluids, including ODP, GWP and

ALT (Atmospheric Lifetime), should be considered.

xii.  Cost and availability: the fluid should have a low cost and be easilyldgaila

Bao and Zhao have reviewed extensively the selection criteria of the working fluids and their ORC
application based on the thermodynamic performance indicators, safety and environmental prospective
[122]. There are several potential organic fluids which can be used in the ORC technology. However,
careful selection of the organic fluids is ess&nn order to obtain a higher thermal efficiency and a very
good utilsation of the available heat sources. Specifically, in the bibgased power generation, where

the maximum temperature is high compared to the other ORC applications. Therefore, a thermal oil circuit
is significantly important to prevent the local overhagaf and to avoid organic fluids from being
chemically unstabl¢105]. The maximum operating temperature of the organic fluids is approximately
400 °C, given that theegmperature of the fluid stability is considerably higher [120]. In addition, the
condensation temperature is relatively high ¢8R0 °C) in order to allow cogeneratiofi’5,78]
Octamethyltrisiloxane (OMTS) has been sidi in most biogas productiori$4,81] However, Drecher

and Briggemann argue that the global and the thermal efficiency of such a system is relatijé§3pw
Therefore, more appropriate working fluids should bdided that take into account the availability of

the high temperature heat source. In addition, it is important to consider the almestioned criteria

other than just the thermal efficiency in the selection of the organic working fluid. There are various
research studies, which have investigated the most appropriate organic working fluid. However, there is
no single organic fluid have been recognised as the optimal option for all ORC technldiad]e$his is
because of the characteristics, and nature of the different heat sources obt§l2&j and the various

cycle operating conditions assumed for evaluating slystem performancfl26]. Anong the evaluating
parameters that have been used to determine the performance of the ORC technology are, the exergy

efficiency, thermal efficiency, net power output, expander outlet vapaueilify and the mass flow rate.

The thermephysical properties of the working fluid obtained has a significant influence on the system
performance and economics. Therefore, appropriate criteria are required in order to select the optimal
working fluid. The evaluation criteria of the sefien procedure should consider the thermodynamic
performance of the designed system, technical, cost, safety and environmental aspects. In the scientific
literature, the most comment approach used for the fluid selection is the screening method. Thoselppr

requires building of a steadstate simulation model of an ORC system and run it with different working
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fluids. The ORC working fluids can be classified into seven categories based on the chemical structure, :

listed below, along with same advantages disadvantages.

I.  The linear ydrocarbons (such asutane and mRpentane), hydrocarbons (such asobutane,
isopentanetoluene andoBenzene).
1 Attractive thermodynamic properties.
1 Flammability problems.
ii.  Perfluorocarbons fluids:
1 Inert and stable.
1 Undesirable thermodynamically.
1 Extreme molecular complexity.
iii.  Straight chain partially floursubstituted hydrocarbons:
1 Mostly have a zero ODP.
iv.  Siloxanes
1 Attractive thermal and physical properties (such as lammability level, low toxicity, higher
temperature heat carrier and high molecular mass).
1 Available as mixtures.
v. Ethers:
1 Toxicity and flammability issues.
1 Undesirable thermodynamically.
vi. Inorganics:
1 Inexpensive and extensive.
1 Lessenvironmental impact
1 Operational difficulties.
vii.  Alcohols:
1 Flammability problems.
1 Thermodynamically undesirable.
1 Soluble in water.
In conclusion, the advantage of isentropic and dry fluids to be in the vapour phase after the expansion
process make them more attractive compared to wet fluids that can be found in thedigapdur mixture

region after the expansion.
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2.4.6 Specific cost of a@RC system

The cost of an ORC project relies on different parameters, including the scale and magnitude of the
project, cost of land, cost and size of the ORC module, temperature of the heat source, labour, capital
cost, cost of materials, storage/backgystems, etc. A cost of an ORC system changes relying on the
technology nature, manufacturer and the capacity of the sysf@&114] The specific costs of the high
temperature ORC technology that adopts toluene fluid and turbine are imahge between 1008000

€ K12 ¢@MWeynEn the other hand, the low temperature ORC system using a scroll or screw usually
ISYSNIGS | 26 L3 ¢S NWpaddapidais tolidNdore dzpendiva, Yeing i theirange
1500cH p n n € g2bCKW)MDpspite the massive attention that has been given currently to sscale
systems, it is still very expensive in comparison with large scale units of the MW size. Several studies ar
available in the literature that provide a cost indicatidr28], consideringhe extra costs because of the
engineering and system hybrsdtion. The specific investment installation cost is calculated by multiplying
the unit cost by a coefficient, namely k=¢3% A quick estimation of an ORC investment cost is illustrated

in Figue 2.19[128]. Quoilin et al[111] argue that the k value would be higher for CHP technologiés an
lower for waste heat recovery units. However, it is worth noting that there has been no detailed analysis
until now on the approach to reality. The available data of the installed systems and capacity in the

literature varies from one author to another.
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2.5 Design integration of CSP-biogas for desalination and cogeneration

A small number of studies that deals with the hylsadion of solarbiomass or biogas using the ORC
technology exists in the literatur&ourellis et al[129] designed a solalPTGhiomass system to power

ORC technology for cogeneration applications (see Figure 2.20). The study concluded that the maximur
generation of electrical energy was close to 15 MW using collectasa£30 000 r In addition, Karellas

and Braimaki$130] analysed cogeneration of P-Bidmass system consisting a vapour compression unit
and ORC technology. They found that the energy efficiency was approximately 5.5% and the exerg
efficiency was around 7.5%. In another study, Patel §t.8l] examinea hybrid solar biomass to power
ORC system for trigeneration application (cooling and heating). The arsiysisthat DCS has the
highest solar fraebn followed by PTC and LFR. In addition to that, the minimum payback time of the
system usingpiomasswas recorded to be around 7.5 years. Yue e{X82] developed aPTCGhiomass
system for cooling, heating and power production. The system was reported to be financially feasible after
examining different design scenarios. Furthermore, Pantaleo ¢138], [134]analysed a trigeneration
hybrid PTehiomass sys&m using ORC as a bottom cycle. The studies found that the LCOE of the systen
fAS 06S06SSYy mnn exka2K (2 HHAN[135kanduéted theryfodynafcdlK S NJ
optimisation of a hybrid PT-8iomass gstem. The study recommended using a Toluene as heat transfer
fluid from the other fluid types. The maximum efficiency of the system uSolgenewas recorded to

reach 30.3%. In another investigation, Pantaleo e{1d86] conducted techneeconomicallyanalysisof

hybrid PT&iomass combined with ORC and Brayton power cycles. The system global efficiency noted tc
reach 25% with large ETarea and TES. Bellos efE.7] developed PT®Biomass polygeneration system
(cooling, heating and power). The syist was optimised using steadyate conditions followed by a
performanceinvestigation during a typical year. The annual energy efficiency was recorded to reach
approximately 51 %, while the annual exergy efficiency reaclose to 21.8%. Moreover, Morreret al.

[138], examined hybrid PFlomass for cogeneration application. Theymparedthe operation of the
system using solawnly and biomasenly. They concluded that the hybrid solar biomass allowed better
energy utilisation of the low solar radiation and the system efficiency was recorded to reach 67%. In
another study, Soares and Qlixa [139] analysied a hybrid PHtlogas system for power generation
application. The study concluded that the annual efficieney ih 37.4% and the hybrid mode was the

most efficientscenarios
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Figure2-20: HybridPTGbiomasssystemfor cogeneration heat and pow¢t 29].

For the integration PTFORCs for desalination application, a few numbers of study are exits in the
literature that deal with this integration in terms of the design and opsation. Delgaderorres and
GarciaRodriguef140], [141]developed PTORCs for desalination application using several ORCngorki
fluids. The study revealed that the system efficiency was recorded as 18.3%, 19.3%, and 22.3% using Ml
D4 and toluene as heat transfer fluids, respectively. Delgeatoes et al[142] andyzed two different

PTC units using ORC for three organic fluids. The freshwater production rate using toluene as fluid wa
calculated as 0.11 #h. Bruno et al[143] investigated the integration of PTC, FPC and ETC with ORC to
power desalination technology. The total systefficiency was examined for the different configurations
using several heat transfer fluids. The FORC with isopentane configuration was determined to have
the best performance. The system efficiency was stated to be 21%, with an ORC efficiency of 32%
DelgadeTorres and GarciRodriguez[99] used different working heat transfer fluids to study the
aperture area of several solar typesdave an ORC system. The dry working fluids required the lower

aperture area in compression to the wet working transfer fluids except for ammonia. In another study,
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Nafey and Shargt44]developed solar powered desalination system using RO technology. Energy, exergy
and cos analysis has been conducted to study different solar thermal collectors and heat transfer fluids.
The results show that toluene and water were the best heat transfer fluids, and the PTC was the best sola
collector. More specifically, PTC driven ORC R@dsystem using water as heat transfer media has an
energy efficiency exergyefficiency and cost of 30.47%, 22.52% and 0.95 $/mspectively. More
specifically, the overall efficiency, the exergy efficiency and specific capital cost of tARR@R({Th PTC

and water as working fluid were 30.47%, 22.52% and 0.904 ®&spectively. Furthermore, Li et §l45],
investigated the use of superheated status at the turbine inlet and the results reported that power and

water production rate were at 200 kW and 4G/im respectively.

Table2.2: A review summargf the integration of hybrid solabiomass ORC system

Authors Title Description Ref.

Mosaffa et al. (2019) Polygeneration system.  The energy effcency was 70%, and exergy [146]

efficiency was around 63%.

Zourellis et al. (2018) Cogeneration using PTC The maximum generation of electrical energ [129]

WHR system. was close to 15 MW.

Pantaleo et al. (2018)

Bellos et al. (2018)

Morrone et al. (2018)

Pantaleo et al. (2017)

Pantaleo et al. (2017)

Bufi et al. (2017)

Karellas and Braimakis

(2016)

Hybrid PTéiogas system.

Polygeneration using PTC

biomass system.

Cogeneration using PTC

biomass system.

Trigeneration using PTC

biomass system.

Trigeneration using PTC

biomass system.

Cogeneration using PTC

biomass system.

Trigeneration using PTC

biomass system.

The total system efficiency was found at 25¢ [136]

The annual energy was recorded at 51.3% [137]

with an exergy efficiency of 21.8%.

The energy efficiency of the system recorde [138]
to be at 67%.

The LCOE of the system lies between 100 [134]
ca2 K (2 02@S HHAN €K
The total investment was recorded to be [147]
financially viable.

Employ toluene heatransfer fluid and the [135]

system efficiency was noted at 30.3%.

System energy and exergy efficiencies were [130]

5.54% and 7.56%&spectively
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For the hybridsation of OREPTC systems for cogeneration has been discussed only rarely in the literature.
Freeman et al[148] developed a solar to power ORC system for combined powerhaat. The study
compared the differences between the performance of the PTC and ETC systems. The performance we
reported to be similar for the two types with an electric power of 776 kW and the capital costs lies
between £2700 to £3900. In another stydyady et al149]investigated the use of PTC and LFR to power
ORC system for cogeneration applications (power and cooling). The results revels that the employment o
LFR ensure a reduction in the annual operating hours of approximately 50%. Furthermore, Borunda et a
[145] developed solaORC for cogeneration application (electricity and industrial heat). The system
electrical efficiency and the total system efficiency recorded &%c7and 60%, respectively. Moreover,
Penate and GarciRodriguez [144fecommendedhe integration of stanealone PTE@RERO for water

desalination.

3%

Gp= 850 W/m?

Solar thermal collectors

Desalination unit

Freshwater

y q Electricity

Bottom cycle

» F

:

Figure2-21: The integration of the stanehlone PTE@RGRO for water desalination.
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Table2.3: Studies that dealwith the integration of PT®ORC for desalination amdgeneration.

Authors

Title

Description Ref.

DelgadaeTorres and
GarciaRodriguez (2007)

DelgadeTorres et al.
(2007)

Bruno et al. (2008)

DelgadeTorres and

GarciaRodriguez (2010)

Nafey and Sharaf (2010)

Pefate and Garcia

Rodriguez (2012)

Li et al. (2013)

Ibarra et al. (2014)

Freeman et al. (2015)

Rady et al. (2015)

Borunda et al. (2016)

Integration of PT@ORC
system for desalination.

Integration of PTC driven
RO system.

Integration of several
thermal solar collectors
with ORGRO technology.

Integration of solarORC
using different working
fluids.

Energy, exergy, and cost
analysis of solaORERO
technology.

Integration of solaitORC
system to power RO
desalination.

Integration of solar
thermal collectors to
power OREDOR systems.

Integration of solar
thermal to power ORRO
system.

Integration of solatlORC
system for the combined
heat and power.

Cogeneration using CSP
technology.

Integration of solatORC
systems for cogeneration

The system efficiency was recorded to be  [140],
18.3%, 19.3%, and 22.3% using MM, D4 an [141]
toluene as heat transfer fluids respectively.

Thefreshwater production rate using toluene [142]
as fluid was calculated as 0.1#/m

The system eitiency was stated to be 21% [143]
with an ORC efficiency of 32%.

The dry working fluids required the lower [99]
aperture area in compression to the wet
working transfer fluids

PTC driven ORC and RO system using wat¢ [144]
heat transfer media has an energy, exergy

and cost of 30.47%, 22.52% and 0.95 $/m
respectively

Formedium capacitythe ORERO systems [106]
are economically superior.

The results reported that power and water  [145]
production rate were at 200 kW and 40°%h,
respectively.

The collector efficiency, water pdoction [150]
capacity and the system efficiency were 609
1.2 n¥/h and 7%, respectively.

The electric power recorded at 776 kW and [148]
the capital costs lies between £2700 and
£3900.

The employment of LFR ensure a reduction [149]
the annual operating hours of approximately
50%.

The system electricafféeciency and the total [145]
system efficiency recorded as 7.5% and 60¢
respectively.
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2.6 Design of ANN solar/wind prediction model

Solar/windforecastingmodels for renewable energy sources are usuallysatilito manage standlone

CSP systems. In many regions, siorhcastingmodels are vital because of the high cost or even the
absence of realvorld data. In this context, different methodste been used in the literature to predict

the solar radiation and wind speed data. In the resent years, the ANN method has been used over othel
statistical approaches such as nlimear correlations. This is due to the fact that ANN method has high
potential to identify the relations that are not predefined and able to process large number of inputs
effectively [151]. However, the integration of two ANN methods simultaneously uslage
meteorological data inputs for solar radiation and wind speed prediction has ndy t@sendiscussed in

the literature. Acomprehensivditerature review on the ANN methods thateused for the prediction of

weather data vill be presented in Chapter 3.

2.7 Optimisation methods for hybrid renewable energy systems

In the hybrid renewable energy systems, opsation methods are used to optirse several objective
Fdzy OliAz2ya adzOK a aAl Ay3ar O2yiGNBEI Yyl 3BoaSy i
techniques, which have bearsedin the recent years, is discussed. Figure 2.22 shows the types of the
optimisation methods used for hybrid energy systems namely: classical methods, artificial methods, and

hybrid methods.

Figure2-22: Types of the optinsation methods used for hybrid

renewable energy systems.
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2.7.1 Classical methods

In the classical methods, differential calculation is used to find the optimal sol(iti62]. These
techniques have a limited optirsation space and rarely used in the open literature. Néweless, there
are few studies that applied classical methods for the ogtition of the energy systems such as, multi
choice goal programmind 53], nonlinear programmin@L54), linear programming modglL55], dynamic
programming[156], multi-objective evolutionary algorithmgl57], Mixed integer linear programming

[158].

2.7.2 Atrtificial methods

In the literature several artificial methods have been implemented to size the hybrid energy systems (see
Table 2.4). For example, the ndominated sorting genetic algorithm @GAIl) has been utéed to
optimise the hybrid PV/WT/Battery system aiming to mirsenthe overall costs and the power supply
probability[159]. In another study, artificial neural network (ANN) has been implemented to nsaitne
overall life cycle costs of the hybrid PV/WT/hydrogen syste®0]. In addition, fuzzy logic optisation
type has been deployed to minimize the overall system costseohybrid PV/WT/Battery systefi61].
Particle swarm optingation has been applied to minisa the life cycle costs of the hybrid PV/WT/Battery
system[162]. Moreover, an analytical method has been used to miggnthe levelized cost of energy
(LCOE) of the PV/WT syst¢h63]. An terative approachhas been usedo optimise the loss of power
supply probability ofa PV/WT/Battery combined systenil64]. A Generic algorithm has been
implemented to minimée the LCOE and the initial investmentad?V/CSP systefti65].

2.7.3 Hybrid methods

The combination of two or more algorithms is callethydorid method. This integration offers a set of
advantages to oveomethe drawbacks of the single algorithm. Several hybrid ogation methods have
been used in the literature in the recent years. For example, improved harmony deased chaotic
simulated annealing[160], simulated annealing and chaotic Sear¢h66], harmony searcibased
simulated annealinfL67], integration of particle swarm with getic algorithm optimsation [168], and

various other hybrid methods.
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Table2.4: A summary of the artificial methods that used to size the hybmniergy systems.

Sizing methods System Objective function Ref.
Non-dominated sorting PV/WT/Battery Minimise total cost and deficiency in [159]
genetic algorithm (NSGW power supply probability

Artificial neural network PV/WT/hydrogen  Minimise total life cycle cost [160]
Fuzzy logic optirsation PV/WT/Battery Minimise annualsed mst of system [161]
Particle swarm optinsation PV/WT/Battery Minimize LCC [162]
Analytical method PVIWT Levelsed cost of energy (LCOE) [163]
Iterative approach PV/WT/Battery Loss of power supply probability [164]
Generic algorithm PVICSP Minimise LCOE and total initial [165]
optimisation investment, optimse capacity factor

Cuckoo search (CS) PV/WT/Battery Minimise the total costs [169]
Artificial bee swarm PVIWT/FC Minimise the cost and Loss of power [170]
algorithm supply probability

A-Strong optinsation PV/WT/Battery Cost and reliability [171]

2.7.4 Comparison between optisation methods

The advantages of the émisation methods include the ability to usk multi objectivefunctions and

solve complex problems with high performance. On the other hand, the ogatiron methods are time
consuming and complex. Classical methods are useful in econaptoalsation problems, however the
limited space in optingation parameters is the main concern in this type. The artificial method is a
complex process and needs a high hardware performance system. The advantages of the artificial metho
are the high efftiency with a very good accuracy and speed. The hybrid methods using the integration of
both classical and artificial methods required a complex design. However, these methods solve the
optimisation problems with high speed and robustness. A summary oflitedvantages and advantages

of each optimsation method can be seen in Table 2.5.

46| Page



Table2.5: A summary of the disadvantages and advantages of each satiom method.

Methods Disadvantages Advantages

Limited space in optimization parameters. Solve multiobjective problems
Classical The relation to variables is linear. Useful for investment decision
method

Required discrete and continuous probabilities. Requires less time

Complex process. Maximum efficiency level
Atrtificial Required memory space in long term. Good calculation accuracy
method Required several changes. High convergence speed
Complex designing is required. Require less time
Hybrid Solutions are extended. Most robustness
method Code is diffialt to write. Quick convergence

In conclusion, the muHlbbjective optimsation of hybrid solar PFkiogas for power and water production
is raely discussed in théiterature. For the development and design of suattractive and promising

integrations, multiobjective optimgation is required.

2.8 Conclusion based on the literature review

The se of renewable energy sources in power and water production is very promising in order to meet
the tremendous increase in thglobal energy demand as well as to mitigate the harmful environmental
impacts that have been caused by the immense consumption of the conventional fossil fuels. The free
and abundant solar energy source makes concentrated solar power (CSP) to be &raetiyabption to

solve the energy crisis in the future. However, the intermittency is one of the biggest drawbacks of solar
CSP power plants, but it can be compensated bysiagjithermal energy storage (TES). However, the
additional TES greatly incresssthe solar thermal power plant costs. Therefore, to solve such expensive
costs and technical difficulties, hybmolig solar thermal power with biogas energy is a very promising and
attractive option. The hybridation of solar CSP and biogas will notyoreduce the investment and
levelsed cost of energy, but also enhances the power dispatchability and system reliability. Although,

there are several types of solar thermal collectors, the parabolic trough collectors (PTC) appear to be the
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best option duego their high performance and relatively low cost since complicated tracking technologies
are not required. In addition, PTCs are also capable of achieving higher efficiency and higher sola
collecting temperatures compared to flat plat collectors (FP@sjlst the anaerobic digestion process is
widely used ands a commercially mature technology to convert waste to biogas energy. On the other
hand, the Organic Rankine cycle (ORC) appears to be an interesting and flexible technology fo
cogeneration apptiations. The condensation temperature of the ORC is usually relatively higt2@30

°C), to allow cogeneration applications. Therefore, the use of integratettiRe&n low energy desalination
technologies is interesting to produce portable water. Membrafgtillation is an effective and cost
competitive desalination technology that can use the dgiade waste heat to produce clean water. This
system is much simpler, mooempactand more scalable if compared with the conventional desalination
technologiesin addition, MD can operate at lower temperatures and at atmospheric pressure. Moreover,
the MD technology can operate with an intermittent energy supply without any additional modifications.
Therefore, the MD process does not require energy storage, hwitiakes it more attractive for the
intermittent RE sources. In addition, the ability of the ORC system to recovgyréme heat sources with

low temperatures makes it a very interesting and unique technology compared to the conventional
Rankine cycle. Toitechnology is especially in demand in isolated regions where grid connection is not an
economically viable option. Therefore, this system is very suitable for the renewable energy conversion,

such as solar and biogas energy.

For the design of a succesk&ind novel energy solution system, the research gaps in the literature have
been identified and synthesad. The development of a novel solar/windegiction model by integrating

two different ANN methods is an attractive solution to providessarfriendly interface that can be used
efficiently in the new developed energy systems. In addition, the theecanomis offer a powerful tool

for primarily designing a staralone hybrid solar PF@astebased biogas to power ORC and AGMD for
power geneation and water desalination. Moreover, a therregonomic analysis is an excellent tool to
predict and optimse the performance of the subystem componentdt is clear that there exists a lack of
in-depth studies on the modéhg and thermeeconomic degn of the solar PTC, wadbased biogas,
ORC, and AGMD integrated solution. Furthermore, the roblgctive optimsation procedure has not
been implemented for decentratd hybrid CSBiogas to drive the ORC and AGMD for pewater
production integratel solutions. The present study aims at filling these very important knowledge gaps
and adopts a comprehensive approach in assessing the feasibility of the proposed novel $istemain

objectives of this thesis are as follows:
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1 Developa new ANN solar ragtion prediction model.

1 Design of the hybrid solar Pbibgas to power ORC and AGMD system through advanced
modellingin order to efficiently integrate the system components in the MATLAB/Simulink®.

1 Implement an energy, exergy, and cost analysis fohtf&id energy system.

1 Construction of a sensitivity assessment on the developed system to investigate the effects of
various design parameters on the therrroonomic performance.

1 Conduct an irdepth simulationtesting of the system in a rural region in Oman.

1 Examine the detailed thermeconomic assessment of the proposed hybrid selastebased
biogas to power ORC and AGMD for cogeneration wgyradf applications.

1 Implement a multiobjective optimsation technique using a nowominated sorting genetic
algorithm NAS@ and linking the produced results withdecisionmakingtool (TOPSIS) to find
the best operation condition for the hybrid system to achieve the maximum power and water
production with minimum pesible cost.

1 Assess the detailed mutibjective optimal sizing of a hybrid concentrated solar pobiegas for

desalination and power generation.
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CHAPTER 3: HOURLY SOLAR RADIATION AND WIND SPEED PREDIC
MODEL USING ANN

Summary

In this chaptera novel Artificial Neural Network (ANN) model has been developed based on the Feed
forward Backpropagation (FBANN) to simultaneously predict the hourly solar radiation and the wind
speed. In addition, the developed model has been implet®@rover the six rural regions of Oman and

the accuracy of the results has been tested by calculating the mean absolute percentage error (MAPE
and the correlation coefficient (R). Finally, a comparison between the developed ANN model results and
the typical meteorological correlations factors has been presented. The results shows thavtieeRof

the integrated ANN moddbr all the examined locationswas higher than 0.960n the other hand, the
MAPE does not exce&®o, which indicates that the develogpp@d NN hybrid method has a higlccuracy

to predict the hourly solar radiation and wingheed Therefore, the developed model can be further
integrated withconfidencewith the proposecdhybrid solar reewable energy systenT.he findings of this

OKIF LG SNJ KI @S 0SSy Llzo t A &ed R peenfeviawe®journalzi K 2 ND & LJ

3.1 Introduction

The development of the renewable energy technologies has been agoibin the recent years due to

the energy depletion of fossil fuel, unpredictable costs and the environmental impact of thert@mnal

fuels such as gas or cdal’2]. The two main renewable engy resources projected in the literature to
have the highest potential impact on the energy market share are solar and wind energy sources. To fulfil
this potential, the availability of reliable weather data is essential. Nevertheless, in some rergmes,e

the weather data, such as the Global Solar Radiation (GSR) and wind speed does not exist. To solve sL
problems, where thez is a lack of realvorld weather data, sophisticated multivariate forecasting
methods have been implemented. These technizedthods are more staeble if compared with the
conventional analytical forecasting methods3]. The common and wieknown multivariate metlod is

the Artificial Neural Network (ANN). In several fields and science, ANN technology is implemented
successfully3,4]. The ANN networks consist of pattern classification, regression, prediction, recognition,

approximation, optimsation, clustering, and automatic contrdl76]g[178].

50| Page



Although the ANN approach was developed fifty years ago, only in the recent years has it bsshtotili
solve practical problems software application§l79]. Researchers have shown that the ANN models,
such as the Elman recurrent network and the adaptive ndumzy inference system (ANFIS) can be
implemented effectively to forecast the hourly solar radiati@80]. The ANN models generally depend

on two algoithms, i.e. the Levenbetllarquardt (LM) and the baekJNR LJ- 3+ G A2y 6.t 0 | €
the models. The LM algorithm appears to obtain more accurate results when compared with the BP
algorithm, this is because the LM algorithm has higher learniregaatl lower estimated error between

the expected and calculated values. Several ANN modeling studies have been conddotedastthe

solar radiation. For example, Ozgoren et[281] developedthe Multi-Nonlinear Regression modehé

the results show that the correlation coefficient (R) was at 0.9936 with an error rate of 5.34% compared
against a real data set of the adapted location in this study. In addition, Rahimikb®®Jaeveloped an

ANN model to estimate the global solar radiation in a sand environment in Iran. Moghaddamnia et

al. [178], in a K based study, developed a nonlinear model to predict the daily solar radiation. The
developed model consists of the Local Linear Regression (LLR), Elman nevodk, eetwork aute
regressive (NNARX), adaptive nefumzy inference system (ANFIS), and maiter perceptron.
However, the developed model required many t@add-error processes. Several other studies that uses
ANN to estimate the solar radiation cdre found in[178], [183f[185]. Furthermore, Kalogiro{l86]
investigated the feasibility of utilizing ANN in the design of renewable energy systems such as photovoltaic
(PV), solar steam plant, solar/wind speed predictions and solar water heating systems. In other studies
Mellit et al.[16,17] developed the ANN model to predict the solar radiation in a period df aliead to

be used later in the design of a PV solar system Iy. [fde solar radiation prediction model consists of
three parts: input, hidén and output layer. The findings revealed that the correlation coefficient was
calculated to be higher on sunny days compared to hazy days. Wanglé&t%kdeveloped the BP neural
network to estimate the solar irradiance for a shéetm by using 2sour data. In another study, Alam

et al.[190] conducted a feedorward backpropagation network (FFBPN) Using an automatic relevance
determination (AR) approach under the Indian meteorological conditioNoreover, Lopez et a[191]

used ANN for predicting thkourly direct solar irradiance and reported that the relative air mass and
clearness index were very useful variables. In another study, Bosch[82).implementedthe ARD
technique successfully at high altitude locations to select the most suitable variables for the ANN model.
Furthermore, the ANN methods have been also used in the past to predict the wind speed by considering
the various factors that cause the esgd variationd193], [194] Despite the intermittence of the wind

energy, ANN based models have proven to estimate the wind speed accurately compared to the statistica
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approache [195]. Mohandes et al[196] used the ANN model considering ten minutes of data to
implement multistep forecasting. In another study, Flores et [A97] utilised a back propagation
technique for the ANN model as a control algorithm to determine the wind speed and estimate the active
power. Paras Mandal et 4l198] used the hybrid intelligent algorithm ANN method to estimate the wind
power based on the meteorological conditions. The predicted data are then gptinuising the particle
swarm optimsation (PSO). In another study, Carolin Mabel and Fernafi®j used the generation
hours, wind speed and the relativeumidity as input variables tdevelopthe ANN model. The study
showed a satisfactory result compared to the obtained eth. Li[200] utilised a recurrent multilayer
perception neural networks (RMLP) to predict thénev power generation and to train the network
Kalman filterbased baclpropagation algorithm was used. The results showed that the model
performance was moresuitable for longterm prediction compared to short terms. Barbounis and
Theocharig201]dza SR 'y 2yt Ay S Wt S| NJ¥tlenfedul adcdragy2rNdplerienting y R
the recurrent neural networks compared to the tinseries and atmospheric models. A new method has
been developed by Riahy and Ab§202] using the linear prediction approach and the results show an
improved outcomes but the model was less steady. In another studyg sagiHarman¢R03]developed

a novel ANN model for the wind speed prediction application bysiagjithe hourly wind speed data from
two meteorological measurement stations in Turkey. Adedeji §284] developed a hybrid model using

the genetic algorithm and PSO to predict neurofuzzy wind power.

The literature shows that the ANN is an effective meteorological data forecasting tool, dpfeciaolar

and wind energy. The effective employment of any ANN model consists of thatidili of thetraining

data, the specification of the training method, the computational resources used for the algorithms, the
low-cost and simple measuring sgsat for the used study field. The current study proposes and applies a
new multrdimensional modéing approach using ANN for the hourly solar radiation and wind speed data
prediction over the south of the Arabian Peninsula.

The proposed model is the firsttempt to simultaneouslycombine two ANN models by usingaage
amount of meteorological input data for both the solar radiation and wind speed prediction. The
constructed model requires only three input parameters, and it can estimate the solar radiation and the
wind speed data simultaneously with a very high accuracy

As a result, the model offers a uskeiendly interface that can be integrated later in the process of
designing the proposed cogeneration hybrid sdd@gas energy systems. Consequently, this model
facilitates the implementation of renewable energyctaologies, especially in the remote regions where

the collection of weather data is very challenging. Meanwhile, the accuracy of the model has been tested
52| Page



by calculating the mean absolute percentage error (MAPE) and the correlation coefficient (R)orEheref
the model developed in this study can provide accurate weather data and inform decision makers for

future instalments of energy systems.

3.2 Locations of the study

The research aims to investigate the capability of a newly developed ANN based modedlitd the

hourly solar radiation and wind speed in Omahis country is located at the southern part of the Arabian
Peninsula bordering the Gulf of Oman, the Arabian Sea, the Arabian Gulf, as well as the United Aral
Emirates, Yemen, and Saudi Arabias ieiographical location has granted Oman important access to one
of the largest energy corridors in the world. The climate in Oman is hot and dry in the desert, and humid
and hot along the long coastline. Yearly, a strong southwest summer monsoon isezkpe€@man and
OKFG Aa dzadzZfte FNRBY aleé G2 {SLGSYOSN® hYlyQa

extraction as in most of the Arabian Gulf countries.

Oman has one of the highest solar radiation densities in the world. Solar energyehastémtial to meet

the entire Omani demand for electricity as well as being able to export part of it to the Cooperation
Counciffor the Arab States of th&ulf, a political and economic union consisting of Bahrain, Kuwalit,

Oman, Qatar, Saudi Arabia, atiet United Arab Emirates. Oman receives daily solar radiation between

5500 and 6000 Wh/@iday in July and 2500 to 3000 Wh#fday in Januar§205]. Furthermore, Oman has

a mean wind speed of 6m/s, which in theory is sufficient for clean energy genefa@iéh

The developed model has beesed to predict the hourly wind and solar radiation in six sites in Oman,
namely Al Khuwaimah, Al Halaniyat, Al Mazyounah, Haitam, Madha and Methane. These rural regions ar
suitable for the installation of off grid renewable energy systems as grid ctones not a viable option

due to the great distance07]. These rural regions can be seen in Figure I18.&ddition, a detailed

geographical and meteorological information of the selected regions is shown in Table 3.1.
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Arabian

Figure3-1: Forecast locations map of Oman.

Table3.lY ¢KS 3IS23INI LKAOFE yR YSUGS2NR{RBARBIE Ay T2N,
Al khuwaimah Al Halaniyat Al Mazyounah Haitam Madha Methane
Latitude 21.39N 17.49N 17.83 N 18.83 N 18.59 N 18.59 N
Longitude 59.20 E 5597 E 52.62 E 56.92 E 56.33 E 5245 E
Terrain form Moderate to flat  Island (generally Moderate to flat ~ Flat, and Mostly flat area Moderate to flat
desert rugged and desert desert, located in a desert located
barren) located in a coastal region  near to the Yamen
coastal region border
Terrain elevation 10m 5m 526 m 9m 41m 314 m
Geographical area 8.2 Kni 56 Kni 58 Knt 86.1 Kn 3.27 knt 22.2 Kn
Hot, humid Desert: hot, Desert: hot, dry
Desert: Hot weather in Desert:Hot humid Hot summer weather in
Climate summer and summer and summer and weather in and warm summer and cold
warm winter warm weather warm winter summer and  winter weather in winter.
in winter. cold weather
in winter.
Air temperature 13 to 45°C 19 to 36°C 12 to 44°C 19 to 36°C 20 to 38°C 12 to 45°C
Direct normal 5.7to 6 kWh/nfi  5.5t06.2 6.210 6.6 5.6106.2 5t05.5 6.0 to 6.5kWh/m?
irradiation (DNI) kWh/m? kWh/m? kWh/m? kWh/m?
Global horizontal 6.0t0 6.4 6.2t06.4 6.51t0 6.8 6t0 6.4 5.8t0 6.0 6.4 to 6.6 kWh/m
irradiation (GHI) kWh/m? kWh/m? kWh/m? kWh/m? kWh/m?
Diffuse horizontal 16t01.8 1.7t01.9 13to 15 1.67t01.88 1.75t01.99 1.35t0 1.55
irradiation (DIF) kWh/m? kWh/m? kWh/m? kWh/m? kWh/m? kWh/m?
Average wind speed 4.9 m/s 5.5 m/s 2.8 m/s 4.8 m/s 2.9m/s 2.7m/s
at 10m
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3.3 Methodology

The aim of this work is to investigate the capability of a developed meteorological forecasting model using
ANN techniques to predict the hourly solar radiation and wind speed data. The estimated data are the
global horizontal irradiation (GHI), the direebrmal irradiation (DNI), the diffuse horizontal irradiance
(DIF), the wind speed, and the wind direction (WD). The implemented modetslayer Feeedorward
BackpropagationArtificial Neural Network (FBANN). The novelty of the work is the integratidwo
FBANN models. The first accepts as inputs the day, month and clock time and it is constructed to predic
the necessary environmental parameters that subsequently serve as input to the second model to predict
solar and wind data simultaneously.this model, it is possible to accurately predict important solar/wind
data by introducing only three parameters, i.e., day, month, and clock time (current time increment 1 to
24 hrs). In this study, the direct prediction method is used to model the saldrvand data. This
technique makes the model more accurate by using previous measured data instead of meteorology
factors. To obtain an accurate forecasting model, the input variables should be carefully selected. For sola
data, the intensity of sunraydi Y2 adf e | FdzyOlA2y 2F (GKS AYyOARSY
azimuthal angles). In addition, the irradiance intensity at a given location depends on the terrain, latitude,
season, time of the day, and atmospheric conditions such as clovel and water vapour. For the wind
data, the local conditions may affect the wind profile. To illustrate this point, the wind speed is estimated
by the pressure differences and boundary conditions, i.e., the terrain. These mostly occur due to the
variations in some of the weather parameters such as air temperature, perceptible water, and relative
humidity. Interestingly, the ANN model can include all the input parameters, including relevant and
irrelevant parameters. Thus, the proposed model simultangoingégrates two ANN models for the solar
radiation and wind speed prediction. In this regards, Table 3.2 shows the input meteorological parameters

of the solar radiation and wind speed thiasuedin this study.

Table3.2: Types of input meteorological parameters.

Input solar radiation parameters Input wind speed parameters
Clock time Clock time
Day Day
Month Month
Altitude angle Air temperature
Azimuth angle Relative humidity
Cloud identification quality Atmospheric pressure

Perceptible water
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3.3.1 Meteorological data collection

The onehour data resolution of the meteorological parameters (the day number, the month number,
the current time, the cloud identification quality, the sun altitude angle, the sun azimuth angle, the air
temperature at 2m, the relative humidity, the atmdsgric pressure, and the perceptible water) of Oman

for a wide time span of 20 years, i.e., from 1999 to 2019, have been introduced as inputs to the ANN
model. This data was acquired from Solafyend it contains 182,617 samples from designated regions

in Oman. The selected locations are Al khuwaimah, Al Halaniyat, Al Mazyounah, Haitam, Madha anc
Methane. Table 3.3 summaes the main features of the database. In addition, the geographical

coordinates of the locations are indicated in Table 3.4.

Table3.3: Characteristics of the database.

Description Value
Weather database Solargis§* company.
Weathers stations Al khuwaimah, Al Halaniyat, Al Mazyounah, Haitam, Madha and Meth:

Period ofmeasurement 01/01/1999 to 31/10/2019

Number of samples Oman: 182617
Sampling period 1-hour
Measured variables Day number, Month number, Current time, Cloud identification quality,

Sun altitude angle Sun azimuth angle, Air temperaturerat Relative
humidity, Atmospheric pressure, Perceptible water.

Table3.4: Geographical coordinates of the selected stations.

Station Latitude Longitude Altitude (m)
Al khuwaimah 21.39 59.20 10
Al Halaniyat 17.49 55.97 5.0
Al Mazyounah 17.83 52.62 526
Haitam 18.83 56.92 9.0
Madha 25.29 56.33 56
Methane 18.59 52.45 314
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3.3.2 The developed ANN prediction model

The successful implementation of any ANN model requires the specification of an optimal training
method, high accuracy in the predictions which is typically achieved by using a vast amount of training
data (as in the present study), and the utilisatioraokide range of computational resources for training
algorithms. To this purpose, the FBANN model has been developed to correlate the future solar and winc
AYRAOSAE 6AGK KAAG2NAROFE RIEGE 2F &aSOSNIf Y&pS2N
of various interconnected fundamental processing units (known as neurons or nodes) that are usually
grouped into three layers, i.e., input, hidden and output layers.

The computational capabilities are evaluated based on the connection weights, nedvebitecture and
training algorithm. Every node of an ANN takes input values, multiplies them by connection weights
corresponding to each node and sums all the products plus a value of constant bias. Then, summatior
transmits a transfer function and geraes the node output. The Feddrward Artificial Neural Network
(FANN) is the type of neural network that is most often implemented. In thel&ywer FANN architecture,

the processing of computations executes in the forward direction that is from inpdesido output
nodes. Technically, the twlayer FANNs have input and output neuron layers along with one or more
hidden layers. The primary role of the neurons in the hidden layers is to create functional connections
between the inputs and the outputs ohé network. The typical structure of a twayer FANN is shown

in Figure 3.2.
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Figure3-2: A typical feeeforward artificial neural network.
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The BP techniques, such as tlevenberg Marquardt and the Gradient descent, are wkiiown training
algorithms and they are usually trained with FANN. BP training algorithms are considered ideal-for two
layer FANNSs. A BP algorithm is essential to reduce the mean square differenesbébe network and

the needed outpu{210].

Two FBANN models, namely FBAN&hd FBAN#, have been built and integrated to evaluate the solar
and wind data. In the FBANNmodel, three parametrs including day of the month, month of the year
and clock time are introduced as input indices. The neurons/outputs (meteorological variables herein) of
the FBANNML include the cloud identification quality, the sun altitude angle, the sun azimuthal,ahgle

air temperature at a height of 2 m, the relative humidity, the atmospheric pressure, and the perceptible
water.

These outputs have been correlated with the weather data acquired from Sdlardgite general
architecture structure of the proposed twlayer FBANKN is shown in Figure 3.3. In the FBARINodel,

both the input and the output parameters of the FBAllINerve as input indices. Therefore, the total
number of neurons in the input layer of the FBAR ten, as illustrated in Figure 3.4; theydthe month

and the clock time are user defined while the remainder are calculated by the FBANM number of
neurons of the output layer of the FBANNS five, including th&H| the DNI the DIF the wind speed

and the WD. Accordingly, the purposef this model is to provide a reliable tool that can forecast the

hourly solar radiation and wind data with high accuracy.

Hidden Iayer

Qutput layer

Cloud Identification Quality
Altitude Angle
S _ Azimuth Angle
e 5 e,
s "'.—- iy, 2
ﬂﬁb{" w:*:’ :"" Air Temperature
S %

Relative Humidity

]
41,
R

i J
Iy Ky s Ay A Uy AN )
NN "’.{ﬁg 3

Atmospheric Pressure

i

Perceptible Water

/

:%E:t

R

N

Figure3-3: The architecture structure of the developed FBANBblar/windprediction model.
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Figure3-4: The architecture structure of the developed FBARIBblar/wind prediction model.

In this study, a twdayer of feedforward backpropagation neural network with sigmoid hidden neurons
and linear output neurons has been used to fit the examined nraiiensional mapping problem;
provided that the data used is consistent and enough nearexist in the hidden layer, this technique can
generate reliable results. The network has been trained with either the LM or the SC@rbpakation
algorithm. The first step for developing the FBANN model is the selection of input parameters toteorrela
the future solar and wind indexes with historical data of these parameters. As mentioned previously, these
parameters are the day number, the month number, the clock time, the cloud identification quality, the
sun altitude angle, the sun azimuthal anglee air temperature at a height of 2 m, the relative humidity,
the atmospheric pressure, and the perceptible watéhe second step is the training of the FBANN to
determine the desired output.

The ANN solar/wind prediction model has been developedgusire nested network fitting tool, i.e.,
nftool, in MATLAB/Simulifk Thenftool solves an inpubutput fitting problem using a twdayer feed
forward neural network trained with either the LM or the SCG algorithm. The input and target data are
divided into 85% training, 10% validation, and 5% testing and is mapped in the ratge df The testing

data have no effect on the training process and provides an independent measure of network
performance during and after training. The validation data identifies the potential of network
generalisation and cease training when generalisatioends. The training data

makesnetwork weightadjustmentsaccordingo the calculated error by training ANN models with either
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the LM or the SCG algorithm. The Simulink diagram and stepwise procedures for implementation of the

nftool are shown in Figure3.5 and 3.6, respectively.
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Figure3-5: Simulink diagram of the developed ANN model.
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Figure3-6: The nftool implementation steps in MATLAB/Simulink
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3.3.3 The Statistical Indicators

It is of high importance to compare real data vs the ANN results in order to test the accuracy of the
proposed model. Therefore, two types of statistical indicators have been used in this study. The first is the
correlation coefficient which is presented equation (3.1). Th®has been used herein to measure the
correlation between outputs and targets. ARwalue of 1 means a close relationship while a value of 0
signifies a random relationship. TRas defined a$211], [212]

v B w w o o

B w w B o

where & andw are the predicted and desired output values respectivelyand & are the mean of the
predicted and desired output values, respectively ants the number of data samplesh& second
statistical indicator is thJAPE TheMAPEis another index that measures the accuracy of a forecast
model. It measures this accuracy as a percentage and can be calculated as the average absolu
percentage error for each period minus the actwalues divided by the actual values. The following
equation represents thélAPEwheren is the iteration number and represented as the simulation time

domain (8760 h)X, is the calculated data by the ANN avids the real dat4213].
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3.4 Results and Discussions

The input and target data are divided into thremds of samples, namely, 85% training (155,223), 10%
Gt ARFGAZ2Y OMYZIHCHOX YR p» 0SaGAYy3 O0dpMoMO P ¢ K.
10. As mentioned earlier, this study intends primarily to estimate the hourly, global horizaintact
normal and diffuse solar radiation as well as the wind speed and direction. Therefore, the total number
of neurons in the output layer has been assigned a value of 5. Generally, finding out the number of
YySdzZNEya Ay (KS 7FAddéanilaget asywslidadling numgbér iofich@ided I18yérs dfeinot as
simple as it is for the input and output layers. Herein, one hidden layeragagation neural network

with ten neurons is adopted. By using 10 neurons both the computational speed and tira@cof the
results improve. Accordingly, the structure of the FBANAhd FBANIE model, as depicted earlier in
Figures 3.3 and 3.4, are designed d<¥& and 1010-5, respectively. The inputs and outputs parameters

of the FBANM. model are consideredsathe inputs to the FBANR| which is used to forecast the
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solar/wind data. In principle, it is difficult to identify 10 parameters each time to estimate the solar and/or
wind data. The main reason for using two ANNSs is to reduce the number of inputfiéenémtire model

to three, i.e., the current time, day number and month number, and thus to develop &usedly model.
Consequently, the FBANNIis mainly utilised to evaluate the meteorological parameters with high
degrees of accuracy.

TheRvalue is calculated for training, validation, and testing results. The output acquired from the model
should ideally match the targets, i.e., desired network output. Hence, a slopé mhghes perfect fitting.

In case where thevalidation error no lager changes, the training ceases immediatélg. shown in
Figures 3.7 to 3.12, the FBANNhas achieved very high valuesR#nd thus very accurate predictions.

The regression plot for training, validation, testing, and all data are indicated in F&jdres3.12. Within

the main body of the chapter the results of selected six representative rural regions are presented, i.e., Al
khuwaimah, Al Halaniyat, Al Mazyounétaitam Madha, and Methane. The highest regression values (R)
for training, validation,testing, and overall datasets using FBANMith the LM baclpropagation
algorithm over all locations are above 0.999. The R values for training, validation, testing, and overall
datasets using the FBANNmodel based on the LM algorithm, which is obtairfer all locations are
above 0.999. It is observed that the FBANNodel predicts the meteorological parameters very closely

to the measured values.

On comparing the LM algorithm results with that of the SCG algorithm, it can be observed that the-FBANN
1 model with the LM algorithm gives slightly more accurate results than the SCG algorithm. As it can be
seen from the scatter plots in Figures 3.7 to 3.12, the R values for training, validation, testing, and whole
datasets using FBANNbased on the LM algithm in Madha, for example, are 0.99983, 0.99983, 0.99983
and 0.99983, respectively and 0.99978, 0.99978, 0.99977, and 0.99978 when usinglFBa#sst on the

SCG algorithm for training, validation, testing, and whole datasets, respectively.

Furthermore,most of the data input points of the SCG algorithm of the regression analysis fall closer to
the fit line compared to the LM algorithm at all locations, as depicted in Figures 3.7 to 3.12. It can be seer
from the scatter plot that all regression pointsrfeelected regions are located along the diagonal line,
where some regression points deviate from the fitting line. The large sample for Oman may have
contributed to the increase in the fitting accuracy. The FBANNodel has been analysed using three
input parameters. From the Figures 3.7 to 3.12, it is demonstrated that a high agreement between the
targets and output solar/wind data has been achieved. Furthermore, thvali®e is remarkably high
throughout the training, and this indicates a very good perfance and strong correlation of the trained

data.
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Figure3-7: Regression plot of training, validation, testing, and all for FBAMNAI khuwaimah.
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Figure3-8: Regression plot of training, validaticesting, and all for FBANNat Al Halaniyat.
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Figure3-9: Regression plot of training, validation, testing, and all for FBANMNAI Mazyounah.
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Figure3-10: Regression plot of training, validation, testing, and all for FBAMNHaitam.
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Figure3-11: Regression plot of training, validation, testing, and all for FBAMNMadha.
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Figure3-12: Regression plot of training, validation, testing, and all for FBAMNMethane.
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The Rvalues for the training, validation, testing, and overall datasets using F2ANiN LM and SCG
backpropagation algorithm for aelected locations in Oman are depicted in Figures 3.13 to 3.18. Within
the main body of the chapter, the results of selected six representative rural regions are presented, i.e.,
Al khuwaimah, Al Halaniyat, Al Mazyounah, Haitam, Madha, and Methane.

In Hatam, the remarkable R values are observed as 0.97478, 0.97542, 0.97445, and 0.97483, respectivel
Based on the R values, it can be concluded that there is a very good match between real and simulate
data. Al Mazyounah is the secchdst rural regions wit all datasets using the FBARNvith the LM back
propagation algorithm of 0.973472-\Riue, while Al khuwaimah with the SCG algorithm of 0.9713 R
value. In addition, the Madha region was less accurate with all datasets wtdUes of 0.96892.

The Rvalues are for all rural regions are above 0.97 and this can be observed throughout the whole
dataset. This demonstrates that the solar/wind outputs from the FBRMMNdel is close to the measured
value, showing that the FBANNmModel is accurate enough to léilised with confidence for predicting

the solar/wind data.

Comparison of the LM algorithm results with those of the SCG shows that the LM has relatively higher
accuracy than the SCG. The most obvious finding to emerge from the simulations is tRBAN& with

the LM is the most efficient model in the solar and wind prediction process.
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Figure3-13: Regression plot of training, validation, testing, aildfor FBANRKR at Al khuwaimah.
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Figure3-14: Regression pladf the training validation, testing, and all for FBANNt Al Halaniyat.
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Figure3-15: Regression plodf the training validation, testing, and all for FBARNat Al Mazyounah.
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Figure3-16: Regression plodf the training validation, testing, and all for FBARNat Haitam.
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Figure3-17: Regression plot of the training, validaticesting, and all for FBANANat Madha.
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Figure3-18: Regressiomlot of the training validation, testing, and all for FBANNit Methane.

The developed FBANAImodel has been validated by comparing the results report¢2ilifl], [214]. Table
3.5 provides a comparison of the present model with previous studies that have used similar models.
Based on the R values, the developed model by Ramasamy&i4jldemonstrates a higher performance

for solar and wind data prediction cqrared to those of previous studies.

Table3.5: Data validation results of the developed model.

Parameter Present model Xue[212] Ramasamy et aJ214]

Model FBANN2 BPNN Hamirpur ANN

Application Solar radiation and wind Diffuse solar Wind speed
speed radiation

Data resolution 1-hour 1-day 10-min

Time span 1999 to 2019 1995 t02014 2012

Case study Oman China India

R value 0.96 to 0.975 0.934 0.98
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It is, therefore, recommended that this developed FBANN model should be adopted to estimate the wind
speed and solar radiation in Oman. The developed model has sewgraidtant implications for future
practice by providing such a simple, loast wind speed and solar radiation measuring system for the
study field. It does not require neighbouring station information for spatial interpolation, and it does not
require cosly data processing equipment. For that purpose, a MATLAB/Sirfigligvkal builder has been
developed to evaluate the hourly GHI and wind speed profile at the adopted locations throughout the
year. The purpose of these generated Figures is to understandlHwmour values spread over the year.

As a signal, each hour is represented as a 1 second signal in the signal builder block (see Figure 3.19).
As a result, the hourly profiles of GHI, W/emd wind speed in Omaare shown in Figures 20to 23. A 1
hour GHland wind speed timescale provides information on how GHI, ¥nd wind speed, m/s varies

along the year. The maximum and minimum values are measured.

(a) Day number data signal along one year ) (b) Current time signal along one year

Day number

Current time

1000.0 3000.0 5000.0 7000.0 1000.0 3000.0 5000.0 7000.0  8000.0
Simulation time, sec Simulation time, sec

(c) Monthly signal along one year

Month

351 B o
T T T

1000 2000 3000 4000 5000 6000 7000 8000
Simulation time, sec

Figure3-19: Data signal entry for one yeartine ANN model, which represents (a) days, (b) current time, an

month.
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As illustrated in Figure 3.20a, the hourly values of GHI in Al Khuwaimah are projected to reach abou
960W/m?as the highest value and 725 Wias the lowest value. The distribution profile in Al khuwaimah

iIs nearly stable and no sudden peaks occurred. Similarly, Al Halaniyat, Al Mazyounah, Haitam an
Methane have stable GHI distribution profiles. Haitam region exhibited a similar distribuibdite pof

hourly solar GHI that reveals maximum and minimum values of approximately 1005and@840 W/n3,

respectively, as presented in Figure 3.20d.

The Al Halaniyat region exhibited a magnificent hourly solar GHI value, as shown in Figure 3.28b, with
highest and lowest solar GHI values of about 930 and 725%Wéspectively. In addition, the maximum
hourly value of hourly solar GHI was almost 985 Wimith a minimum value of 840 W/min Al
Mazyounah, Figure 3.20c. Moreover, the hourly solar GiMadha was predicted to reach about 920
W/m? as the highest value and 620 Wfmas the lowest value, Figure 3.20e. The hourly solar GHI
highlighted the distribution profiles of Madha are fluctuating and changing substantially. The maximum
and minimum hourlyalues of the hourly solar GHI in the Methane region is found to be approximately
980 and 780 W/rfy respectively, as shown in Figure 3.20f.

For thedesign integration ohybrid CSP technologlefiningthe hourly solar Direct Normal Irradiation
(DND)is crucial.Therefore, he generatedDNIprofile resultsfrom the developedANNmodel can be seen

in Figure3.21 Based on the results presented in Figures 3pd 3.21,all regions in Oman exhibit
extremely promising GHDNI potential. As a result, thesegions can be very attractive for investments

in solar energy applications. Consequently, significant opportunities exist to widen and decarbonise the
electrical systems in Oman. In principle, the results of this analysis demonstrate that there are great

incentives to move ahead with solar energy investments.

The hourly average wind speed has been predicted using the MATLAB/Stwidin&l builder. Al
Halaniyat was predicted to achieve the highest hourly average wind speeds of approximately 12 m/s, ac
presented in Figures 322 Also, Table 3.6 exhibits the predicted minimum and maximum hourly average

wind speeds of the selected stations in Oman.
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Figure3-20: Hourly profile of GHh Oman.
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Figure3-22: Hourlyprofile of the windspeedin Oman.

Table3.6: Lowest and highest hourly average wispked values of the selected stations.

Station

Maximum wind speed (m/s)

Minimum wind speed (m/s)

Al Khuwaimah
Al Halaniyat
Al Mazyounah
Haitam
Madha

Methane

7.80
12.00
5.00
8.50
4.10
4.20

2.00
0.35
2.80
1.70
2.40
2.30
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Based on the ANN wind speed prediction analysis, Oman has suitableetangvind energy resources

and are appropriate for the installation of wind farms. Thus, wind farms could gain a great potential in
that mentioned locations. For instance, Methaneasrid the best location for the hybrid solar and wind
across the year. It should be noted that the wind energy varies much more than that the solar energy.
Regarding the accuracy of the model, Table 3.7 presents the annual average values of MAPE vésile Figu
23-24 depict the behaviour of the MAPE for the GHI and wind speed along the whole year. For all locations.
the average MAPE does not exceed 0.21% while at any time throughout the year the MAPE is below 3%
which typically signify great model accura€igures 3.2 and 3.2 show the values of the MAPE based in
Oman. Regarding the GHI, for all locations, the maximum percentage reported across one year is aroun:
4%. Figure 3£2shows the same general behaviour regarding the wind speed. The MAPE for e@tl sp

in the Oman locations does not exceed 3%. Generally, the MAPE results indicate that the developed AN

model achieves a high accuracy over the addressed locations.

Table3.7: Calculated annual average MAPE, % values.

Stations GHI Wind speed
Al Khuwaimah 0.0498 0.0549
Al Halaniyat 0.1592 0.0469
Al Mazyounah 0.0152 0.0450
Haitam 0.0289 0.0396
Madha 0.1037 0.0411
Methane 0.0816 0.0390

75| Page



(a) GHI for Al khuwaimah, Wim?

(b) GHI for Al Halaniyat, W/m?

MAPE, %
3=

| L

0 S S N N B

1000 2000 3000 4000 5000 6000 7000 8000
Epochs, hrs

(¢) GHI for Madha, W/m?

MAPE, %
3=

|

1000 2000 3000 4000 5000 6000 7000 8000
Epochs, hrs

(¢) GHI for Al Mazyounah, W/m’

1000 2000 3000 4000 5000 6000 7000 8000
Epochs, hrs

(1) GHI for Methane, W/m?

R

1000 2000 3000 4000 5000 6000 7000 8000
Epochs, hrs

Figure3-23: The MAPE for all selected locations regarding the GHI.
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Figure3-24: The MAPE for all selected locations regarding the wind speed.
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3.5 Conclusion of the chapter

A new ANN tedhique has been developed and used for the Fémavard Artificial Neural Network
(FANN) model to predict the hourly solar radiation and wind speed data in 6 locations in Oman. The
hourly-based data resolution was obtained from Solaf§isnd covers a wide time span of 20 years. The
fitting tool (nftool) in MATLAB/Simulink® solves an inputput fitting problem using a twéayer feed
forward neural network trained with the LM and SCG algorithms. A two stage ANN model comprising the
FBANNL and the FBANIg solar/wind prediction models were designed and integrated to evaluate the
solar and wind data. For the FBANINthe input parameters are the day number, month of the year and
current time. The FBANRI receives as inputs the output pararees of the FBANIY, i.e., the cloud
identification quality, the sun altitude angle, the sun azimuthal angle, the air temperature, the relative
humidity, the atmospheric pressure and the perceptible water, and thus the overall integrated model
requires onlythree input parameters to run (those of the FBANIN

The R values for both the hourly solar radiation and the wind speed are higher than 0.96 for all the selectec
regions. This indicates that the proposed model can achieve high levalscofacy and constitutes a
powerful prediction tool. In addition, the obtained results indicate that the developed FBANN model with
the LM algorithm has slightly higher accuracy than it SCG algorithm.

Based on the results, Oman exhibit significasias GHI potential and adequate wind speeds. In fact, the
hourly solar GHI at all locations is mainly in the range of 620AAri005 W/n?. In addition, the wind

speed varies from 0.35 m/s to 12 m/s. Moreover, Al Halaniyat has the greatest calculatéyl dnmrage

wind speeds, namely 12 m/s. Haitam is the most promising region for the hourly solar GHI as it features
the optimum hourly value of GHI, i.e., 1005 W/rhlowever, Methane has the most stable GHI and wind
speed distribution profiles. As a resiMgthane appears to be the best location for hybrid solar and wind
applications across the year.

Regarding the model accuracy, the®&ue was over 0.96 while the MAPE values did not exceed 3%, which
indicates the high accuracy of the developed ANN mo8letording to the present research, Oman has
great potential to augment their power systems due to a great potential of solar and wind energy
resources. The developed prediction model can be utilised to design renewable energy systems.

In conclusionthe results showed that the proposed ANN model can achieve high levels of accuracy at
predicting solar radiation and wind speed data. Finally, the results of this study can pave the way to move
ahead with hybrid solar CSP energy investments and can informatenigking for future instalments of

energy systems.
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CHAPTER THERMGECONOMIC AND DESIGN ANALYBIBHE HYBRID
SOLAR BIOGAYSTEM FAFOGENERATIGRPPLICATION

Summary

In this chapter,a new layout of hybrid solar biogassystemto power an Organic Rankine cycle (GRC
Toluene) and Air Gap Membrane Distillation (AGMD) for desalination and electric power geneation
presented The novelty emerges from some facts which are cesg@dlaround the use of a hybrid electric
generation vigdConcentrated Solar Power (CSP) and anaerobic digestion biogas to achieve higher stability
and profitability. Meanwhile, the cogeneration through the waste heat of the ORC drives the AGMD,
which benefits as well from the higher stability due to hylsation. The proposed system has been
designed through advanced mdtleg in MATLAB/ Simulink® that facilitates the interaction of the
individual energy technologies efficiently. To ensure reliability, the anaerobic digestion process has beer
used as a backup urto compensate for the absence of solar energy and for the disposal of organic waste.
A technical sensitivity analysis has been conducted for all the system units in order to reduce the
respective design limits and identify optimum operational windowse investigations are preformed
based on energy, exergy, and cost analyses to producd 300 n¥/day of freshwater. The results reveal

that the total hourly costs are found within the range of80%/h which are considered to be remarkable
resultswhen canparisons are made with the conventional desalination processes. The range of total
water price, $/n$ was found to fluctuate between 0.5 and 1.86n3. The performance of the model has
been tested in a rural area in Oman, and a thorough theeoonomic anbysis of the integrated system

has been conductedrinally, the results of this study can pave the way for moving ahead with hybrid
solar/anaerobic biogas energy investments and can inform decision makers for future installments of
energy systemThefindd y 34 2F GKA&a OKFLIISNI KI @S 6SSy Llzof A2

reviewed journal.

4.1 Introduction

Among the major challenges facing a growing global population in the@itury are the sustainability
of energy and security of water suppliggl5]. Water shortages represent serious challenges across
continents, but particularly in the Middle East and Nwatn Africa. Potential solutions for water supplies

include desalination of seawater and brackish water. One of the most productive as well-affeciste
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desalination solutions is Membrane Distillation (MD) due to its utilization ofdoade waste heato
produce clean watef216]. This is a much simpler, more compact, and more scalable solution than the
traditional approaches, such as Mudtifect Distillation (MED), Mukstage flash distillation (MSF) and
Reverse Osmosis desalination (R). In addition, MD can operate at lower temperatures D°C)

and at lower atmospheric pressurgd0]. In fact, a temperature difference range as low as07C is
theoretically sufficient to achieve a swssful separatiorj217]. Moreover, the MD technology can be
operated with intermittent energy supply without any additional modifications. However, having a
constant operation will allow the achievement of a higher capacity factor of the MD anefftinera better
return of investment. In addition, the problem of corrosion is misidi due to the low operating
temperatures, pressure, and the characteristics of the utilizedmetallic membrane materials. Because

of this, the MD process is not advelgaffected by high feed salinif$8] and is an efficient and cost
effective means of utding lowrgrade waste heat, such as solar and/or geothermal energies, to produce
potable water. The MD relies on using a microporous, hydrophobic membrane as a contraadoiete
separation by liquigvapor equilibrium.In recent years, preparing membranes has attracted much
research attention, especially for the MD applicatioBsveral membrane separation material types have
been used for the MD technology, e.g., Polytetrafluoroethylene (PTFE), polypropylene (PP),
polyvinylidene fluoride (PVDF), polyethylene (PE), polyvinylidene fluorB®DF), PH membrane type
(EPH), and aw generations of carbon nanotub@&CNT).

Of the numerous MD configurations, air gap membrane distillation (AGMD) appears to be the best option
due to its higher thermal efficiency than that of other configurations such as direct contact, vacuum,
sweephg gas permeating gap, material gap, and conductive gap MD8]. In the sweeping gas
membranedistillation (SGMD) gassuch as nitrogen ipresened in the permeate side of a membrane
reactor to lower the partial pressure of the permeating species amttease the driving force.
Nevertheless, MD is like other desalination processes in its requirement for thermal and/or electrical
energy for its operation and this can have significant adverse environmental impacts. Consequently, a ML
process that reliesn solar power rather than on burning fossil fuels is immediately appealing. The driving
force in the MD operation is the partial vapor pressure difference between the two sides of the-micro
porous membrane, and unlike the other technologies that reqo@mecentration, pressure, or an electrical
potential gradient. A number of MD pilot plants have been installedsungi geothermal and/or solar
energieqg78] and have proven to be more efficient with fewer operational issues than their conventional
counterparts. GuillerBurrieza et al[219] presented an experimental analysis of a sgdawered AGMD

technology using a flat sheet type PTFE membraadule. The results showed that the maximum specific
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distillate flux was around 0.17%day/m? of membrane area. Kim et @3] have analyzed a direct contact
membrane distillation (DCMD) desalination technology using solar energy and an auxiliaey. eat
hollow fiber membrane PVDF module type was employed, and the results showed that the overall
distillate production capacity was 313fday. Chen and HR220] presented a theoretical and experimental
analysis of a soladriven DCMD using ladcale equipment to desalinate sea wat The results showed

that the distillation ability wa$.14 n¥/day/m? with a high purity level.

Banat et al[221] conducted an experimental study on a sgtmwered MD plant in Jordan. The results
revealed that the permeate water was in the range of 0.002 to 0.0¥tlag/m? with specific energy
consumption in the range of 2QB00 kWh/n¥. Lee et al[222] carried out a theoretical analysis of a selar
driven multistage DCMD desalination plant, focusing on the monthly average daily and hourly
performances. The results showed that the water production increased from G&laynto 0.4 ni/day

with an ircrease in thermal efficiency from 31% to 45%. Bdiié} designed a standlone solafdriven
AGMD desalination plant in a project funded by the European Commission. The permeate water was 0.1:
m3day when using a membrane area of 18, imnd daly solar radiation of 7 kwh/f The results showed

a low specific distillate of approximately 0.0F/day/m?. Guopei et al[223] designed and analyzed a
solardriven standalone sweeping gas membrane distillation (SGMBsalination plant to supply a
flexible fresh water supply for remote regions. The average daily water production was between 0.01
m3/day and 0.02 rfiday, which was sufficient to meet the daily drinking water demand of a typical family.
Bouguechd224] conducted an experimental study of a sethiven DCMD desalination $gs based on

a hybrid solar collector and solar PV. The permeate water production was round 0.08 and3@lag, m
respectively for two different arrangements. Zhg2g5] reported that the specific distillate production

of a solarpowered SGMD plant was approximately 0.03day/m? with a thermal efficiency of @o. A
hybrid solar MD pilot plant has been installed by Goosen §92].in Saudi Arabia to generate 8fday

of high-quality potable water. This was achieved with less energy load while also generating power to
supply cooling for aiconditioning.

A solar powered MD requires constancy throughout daily operations which can be achieved by
augmenting solar radiatioby means of a backup unit. It is, therefore, possible to integrate solar thermal
power within the infrastructure of a conventional thermal power plant and this would allow constant and
optimal operation of the MD. Therefore, potentially allowing betteseuwof the capital (higher capacity
factor) [88]. This integration of solar power with a more conventional system has the added advantage of
reducing fossil fuel consumption, thus mingmig the adverse environmental impacts due to lower,CO

emissions. However, a hytrsolar and biogas boiler can generate a similar output of power and
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temperature grade compared to hybrid solar fossil fuels and therefore is an attractive apg@2&ih
Combined solar and biogas could be one of the best solutions as a power supply for the MD operation
However, it is apparent that there is a lackstfidies in the literature that deal with the integration of
renewable energy technologies and only a few studies have focused on the hybrid solar and bioga:s
utilizing waste as a heat source. In addition, an implementation of a hybridbif&s to power @C and
AGMD system in decentralised -gfifid for desalination and electric power generation has not been
previously studied in the literature. A small number of theremnomic studies exist in the literature
regarding PT-®iogas systems. One of these seslwas conducted by Petrollese and Cof22r] to
investigate the hybrid solar dinass benefits in terms of system performance and economic efficiency,
integrating anaerobic digestion processes with an existing solar Organic Rankine cycle (ORC) system f
combined heat and power application at the Ottana solar facility in ITadg.paver of the biogas boiler

and its daily operating timbavebeen used as the main design parameteysaaccurately size the biogas

unit. The main annual performance of the hybrid €8Bgas plant wagxaminedby varying these two
parameters Starting with the expected performance for the current plant configuration of the Ottana
solar facility (with only the CSP sectiothe results shoB R &AIYATFAOF Yyl AYLINE G
capacity factor and in the overall ORficiencythat canbe achieved byhe hybridisation with biogas
Furthermore, Zhang et §R28]investigated the thermal performance of the hybrid solar biogas for power
generation using a steam turbine and found that hylsiij solar energy with biogas energy improves

the power stability and dispatchability. In addmi, Soares and Oliveirfl39] have analged the
hybridisation of PTCs biogas boiler for a mini ORC power plant (60 kW) as therrefhewable electricity
cooperation project. The authors agreed that the hylsadiion of CSP with biogas improves the technical
performance of the plant by increasing the annual energy yield by 6.2%. The theoretical analysis
conducted by Sterrer et gR29]using the integration of parabolic trough collectors (PTCs) with a biomass
for heat and power using ORC system was aimed at maintaining thermal stability. A thermodynamic
mode, based on a steam Rankine cycle, was constructed by Suresl23Qin order to size a hybrid

solar biogas power plant. The study concluded that to improve the power block efficgopgr sizing

of the specific solar field area and the amount of biomass consumed are essential dimensions to be
considered. Peterseim et gR8] studied the economic potential benefits of the hybsalion of CSP
biogas to produce 60 MW in regions in Australia that were characted by high solar availability and
using wood waste, bagasse, refederived fuelsand forestry residues.

As aforementioned in the open literature, it is clear that thesests a lack in the literature of studies that

deal, in depth, with the modeling and thermezonomic design of the solar PTC, anaerobic digestion
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biogas, ORC, and AGMD integrated solution. The present study aims at filling this very important
knowledge g@p and adopts a comprehensive approach in assessing the feasibility of the proposed novel
system. The new assembly configuration aims to achieve higher power stability and profitability using the
ORC cycle. In the meantime, the waste heat of the ORimedtio drive the AGMD for cogeneration
application, which benefits as well from the higher stability due to the hysaidin. The solar PTC is
regarded as the prime mover, with the anaerobic digestion biogas serving as a backup energy source t
compensge for the inconsistency of solar radiation during the day. Due to these features, the integration
of PTC/biogas/ORC/AGMD has the potential to be economically attractive and this is thoroughly
investigated within this study.

An innovative and usedriendly modeling approach has been applied that efficiently integrates the
individual energy components, i.e. PTC, anaerobic biogas boiler, ORC and AGMD, which fosters tf
optimisation of the proposed system. The design procedure and the assessment perforofidne®ff-

grid have been exemplified in the rural region of Oman. The main objectives of this work are as follows:

A Design of the proposed system is through advanced niingetio integrate the hybrid solar biogas
system. Models have been built in the MAAB/SimulinRand have been utided to analysis the
system area, dimensions, and cost and to ensure that the electrical and water demand of the end
user are met.

A Perform an energy, exergy, and cost analysis for the proposed hybrid energy system.

A Construt of sensitivity assessment on the developed system to investigate the effects of various
design parameters on the therrreconomic performance.

A Implement an indepth simulationtesting of the system in a rural area in Oman.

A Assess the detailedhermo-economic assessment of the proposed hybrid sala@erobic

digestion biogas to power ORC and AGMD for cogeneration-gridfaipplications.

4.2 The Proposed System & Process Description

Concentrated solar power (CSP) via PTC can generate enough theomer to power thermal
desalination technologies. A schematic diagram of the proposed hybrid solar biogas to power ORC an

AGMD system for cogeneration application is illustrated in Figute

82| Page



-
ELECTRICITY 4 |@®
)@ s T‘ | <
s |

BIOGAS BOILER DRINKING
P1-BIOGAS
CONDESER WATER
%’( EVAPORATOR
i I |
T2.BIOGAS @ i
1
N |
REACTOR li Il SOLAR THERMAL
I! Il COLLECTORS = ; -1 AGMD
1
A 1
; (res) -
'L
4 ,
‘ LS
‘ T 5- : P3-TOLUENE BRAIN 2N
1 g Fe— 3 o e P4-SEAWATER
FEEDSTOCK P2-THERMINOL-VP1

Figure4-1: A schematic diagram of the proposed system.

The proposed system consists of three main cycles: the renewable energy heating cycle (solar ant
anaerobic biogas), the ORC system, and the AGMD desalination cycle. In the renewable energy heatir
cycle, therminolVP1 is used as a heat transfer oil (HT€aoise of its ability to prevent the organic fluid
from overheating and chemical instabilif231]. The thermal oil is heated up in the renewable energy
heating cycle (solar and biogas) using a PTC to the desired temperature. If the generated temperature i
the outlet stream of the solar collector is lower than the -peiint temperature, eithe due to cloudy
weather or at night, the biogas boiler is w#d to maintain a constant hot thermin®MP1 temperature
supply. Anaerobic digestion (AD) reactor is used to supply sustainable biogas volume needed to fill the
biogas tank. Different types deedstocks, such as animal and fruit wastes, can be supplied to the
anaerobic system. On the other hand, toluene isgadiin the ORC and circulated using the toluene pump.
The highpressure toluene then passes through the evaporator unit and is fully converted into vapor.

Then, the high temperature vapor passes across the turbine, thus generating mechanical energy that is
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converted into electricity using a generator. The working fluid then flows through the recuperator unit
where the remaining heat is uskd to heat up the toluene at the end of the stream before returning it
to repeat the cycle. Using the recuperator urgtluces the thermal power load on the CSP/biogas section
leading to areduction in the total area of the CSP/biogdsl0]. After the regeneration through the
recuperator unit, the high temperature toluene is again stitl in the condenser unit to he#lte seawater
stream. The heated water is then transferred into the AGpM&nt. The driving force in the AGMD is the
vapor pressure difference between the two sides of the mypooous membrane. The membrane allows
only the vapor from the pre heated solati to pass through the dry pores and on the other side (permeate

side), the vapor is condensed. The generated electricity and power are then transferred to thsemd

4.3 Mathematical Modelling, Simulation and Assumptions

4.3.1 The simulation model &ssumptions

For the design of any desalination process, it becomes particularly important to specify the freshwater
capacity, hence the thermal load is calculated through the condenser unit. wahks it is assumed that
the desired product capacity im3/day is specified as a known parameter to calculate the thermal load
on the solar ORC turbine unit to serve the AGMD pump. Specifying the productivity allows the developed
simulation model to calculate the electrical power of the AGMD pump. The maifogddrom the end
user plus the AGMD pumping power will sequentially be set as an input to calculate the load power on
the ORC turbine, i.eW=f (Main grid load+AGMD load). The unknown parameters are the areas,
dimensions, mass flow rates, and the entire process temperatures or any other calculated physical
properties. The following assumptions are made:
A The system operates under steastate condtions and a dynamic redime modeling is
presented according to a specific case study located in the Al Khuwaimah rural region of Oman.
This rural region is suitable for the installation of-gffd renewable energy systems as grid
connection is not aiable option due to the great distancE32]. The average solar direct normal
irradiation (DNI, W/rd), value for the selected lotian is set at 666 W/which was obtained
from the SolargisV[233].
A TherminokVP1 heat transfer oil is used through the CSP part, toluene is the main working fluid
through the ORC and seawater is the main flow through the AGMD part.

A The system productivity is assumed to be in the range of-18ID n#/day. This range of
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rural areas, etc. and it can vary according to the consumption fluctuation in the case of dynamic
modeling.

A The operating conditions, such as the temperat#@,or pressure, are kept constant and can be
varied based on the case study. The top cycle pressure is assigned throughout the evaporator unit

A ¢KS O2yRSyasSNIIFyR (GKS KSIG SEOKIFIYy3ISNBEQ STTFS
efficiency is asgned to be in the range of 70%5%.

A The obtained membrane types are PTFE, PP, PVDFPRBFC#H, ECNTO.5, £NT1, EENT2,
and ECNT3 and the feed salinity is set to be 45,000 ppm which represents the seawater salinity.

A The product salinity ratio iset to be between 50@00 ppm, while the salt rejection is set at 0.99

>\

The inlet cold water temperature is set to be between 15 and@5
A The retention time of the anaerobic biogas unit varies betweefb@@lays and cattle manure is

used as the main soueof biogas generation.

A robust modelling tool using the MATLAB/Simflisftware that uses actual weather data obtained
from Solargi§¥ has been developed. The model components are fully and-imteljrated with each

other. Most importantly, all mathematical model equations are solved simultaneously, unlike other
software that solves each subsystem separately. Moreover, the system rgesl fom an iterative loop
solution with the forwarding and backwarding of the entire streams. The presented new model is
developed based on a design approach, which is used to calculate and measure the system design, si.
and cost. The inlet system paramedeare assigned by the user and then the entire design data (size,
energy, exergy and cost) is calculated and easily appeared in the Situiiplay blocks. The new

developed usefriendly model and its stepwise procedures are shown in Figl@nd4.3, respectively.
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4.3.2 The Mathematical Model

Thedeveloped mathematical model that represents the simulation model is presented in the following
subsections. The mathematical approach represents the solar PTC, anaerobic digestion biogas, ORC a

AGMD parts.

4.3.2.1 Solar PTC
The solar collector is the heart ahy solar energy system. The instantaneous efficiency of the solar
collectors is defined by its characteristic curve using the solar irradiance, mean collector and ambient
temperatures. The PTC configuration and design specifications are adjusted agdortlire LS3 type
[140], [234] The LS parabolic trough concentrator uses a glass mirror reflector supported by the truss
system that provides its gictural integrity. The glass mirrors, manufactured by Flabeg Solar International
(FSI; formerly Pilkington Solar International, Koln, Germany), are made fromiafo#wmm float glass
with a solarweighted transmittance of 98%. Tablel list some of tk most important characteristics of

the PTC/LS type.

Table4.1: The main specifications of the PTCA$pe[140], [234]

Structure Aperture Focal Length Length Mirror Receiver Geometric Module Peakoptical
width (m) length element collector areal drive  diameter concentrationsun  weight m?  efficiency%
(m) (m) (m) (m?) (m) kg
V-truss 5.76 171 12 99 545 0.07 82:1 33 80

framework

The corresponding efficiency equation for the medihigh temperature parabolic trough
collectors(PTC])143]is given by —

ooy vy W Yy .Y Y
— - w w 0 W 0 TZ)

where,a11= 45e-6 3 , a21= 0.03W/m?2.3 ), andazi=3e4 (W/m?23 ?),— T v

The collector total aread , in n¥, is estimated based on the collector energy balance equation as a

function of colector efficiencies as follows:

5 0 4
— o

whereD Aa (GKS O02ff SO0 2NRAa "Qigdhd FJokut radiatiinSoNgy the colledowafelr
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kW/m?, andd represents the total area of the collector. The collector useful energy equation may exist
according to the following expression:

0 & w0 Vo)
where w "Os the enthalpy difference across the collector kg, andd  is the mass flow ratef the
solarcollector. The overall length of the solar PT&C  in mis calculated based on the collector width

@ ,inm, and tube glass cover envelope diamet&D, , in mas follows:
!
® 0

Number of loops 0

. a
0 0G0 BHTDs & HaDaE ¢ A 4
Area of the loop 0
0 0 T

G 4p
Total number of PTC collectos  hwhere® is the loop width:

0

U TX

0 W 0

In the physicabehaviour, the solar radiation that reaches the solar collector is transformed into heat.
This heat is partly absorbed by the heat transfer oil. The solar thermal exergy input rate to the solar
powered system© ) is the exergy transferred from thes to the heat transfer oil that is heated while
crossing the solar collectofhe exergy destruction ratéO , kW, in the solar collector is obtained

from [235] as follows:

vy
~ a Q Q Y i i T4)

al-

O 0 O P Y—

Qlo

where hi, represents the specific enthalpy of inlet and outlet cases, kJ/kgsanmdpresents the specific
entropy of the inlet and outlet cases, kJ?KY respectively. Bejgd236] has recommendedsun= 6,000K

and this value is used this study.

4.3.2.2 Pumps
The pump powerdd in kW is calculated as follows:
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W g T40
where Y1) is the pressure difference between the lowegsure and the high pressur,is the mass flow
rate in kg/s, and is the density of the working fluid in k@y/ , and— is the pump efficiency. The pump

outlet enthalpy "Q , in kJ/kg is obtained via the following relation:

o ©
—_— T Lt
2 Z4

By knowing the environmental conditiori&/( ), the exergydestruction rate © , in KW may be obtained

from the following relatio{235]:
O aQ QY i ® 15 p

4.3.2.3 Evaporator& heat exchangers
The evaporator unit is responsible for the thermal power transfer from the C&RIBito the ORC cycle.
In the case of the thermal power transmission between the CSP and ORC, the contact becomes a liquic
to-liquid thermal power transition. In the case of biogas switching, the fired boiler is responsible for the
thermal power deliveryd the oil and therefore the contact remains as a ligtodiquid transition process
(TherminolVP1 vs Toluene). Generally, for such units, it is recommended (based on the design model) tc
assign the unit effectiveness. The following relations govern sandl according to the energy, exergy,
and thermoeeconomic approaches. The evaporator thermal po@ey in kW is given by:
0 & Yo a VYQ 5 ¢
where, @ nc is the mass flow rates for the hot and cold sides, respectively,hagqebid is the enthalpy
streams for the hot and cold sides respectively. The total heat transfer(A)a m? for the counter
currentflow is calculated as follows:

v

° ¥ Tovo Do

where,

50 YO m Y P
I Y'Y Y'Y

where,

YY Y Y Y Y DU

YY Y Y Y Y o)

For simplification, the overall heat transfer coefficiaht E E 771 8+ for the evamrator, condenser,
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and recuperative is calculated using two general equations as definedlssBbuky et a[237]. For the
evaporator:

Y P PTT PWAWPE MLVPCMIC MY UWqUBITTIC oYY D X

while for the condenser and the recuperative:

Y P PTT PO@X T LSYK T YCYW TWInnmnyvig e Dy

The evaporator effectiveness)(is assigned in the range of ~80% to calculate the outlet cooling water
temperature in the case of the condenser unit, and/or the outlet streanthe solar field in the case of
the evaporator operation:

"YOY - Y Y D w
Based on an exergy analysis, the exergy destruction i@te in kW is @veloped based on the following
expressior238]:

0 a Q Q Y i a Q Q Y i T4 T

4.3.2.4 Turbine unit
For models based on the design approach, it is particularly important to determine the mass flow rate
through the turbine by knowing some of the parameterscisuas the turbine efficiency, generator
efficiency, and the developed power by the turbine (=AGMD pump load+Main grid load). The outlet
enthalpy 'Q  of the turbine in kJ/kg is given as follows:
M Vs Q0 1% p
wheres is the turbine efficiency, the subscripts, ) represent the isentropic state and the turbine. The
cycle flow rate & in kg/s is given as follows:

W

a T
s s 1 Q &<

wheres is the generator efficiency. By calculating the ORC flow cate, the CSP/biogas flow rate may
then be calculated via the evaporator unit. Based on an exergy analysis, the exergy destruetairthrat
turbine “O in kW is calculated based on the following relatj@a8]:

O a Q QY i W 14 O

4.3.2.5 AGMD unit

The mean temperature’Y of the solution that enters the feed side of the module is calculate®Cin
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using the following expression:
v YO Y
Y f T4 T

wherethe”Y and”Y are the irlet and outletfeed side tenperatures.
The mean vapor partial pressur@  in kPa is calculated using the Antoine equaf{i@89], [240]

oyt op
Y TUL

where the mean temperaturéY is expressed in K. The water surface tensjon in kN/m is determined
thus[241]:
[ XY X@y % ¢

0 AoPp&cy

T4£ U

The membrane tortuosityt is the ratio of the length of the average pore to the membrane thickness or

length and it can bexpressed by

T . - : T4 X
where-, is the membrane porosity. The latent heat opwasation 'O in kJ/Kkg, is calculated using
O pg v o UY ¢ T @t 4 Y
The liquid entry pressure) ‘O 0kPa is then calculatg@41];

508 ¢ T Ki-6 14 W

i
where, rmembis the membrane pore size mand’ is the intrinsic advancing contact angle between the
liguid and the membrane material. The overall mass transfer coefficignt in m/s can be calculated

using the following equatiof42]if the”Y is v T

5 ¢ - i g 00 &
c t O “Y Y ¢xo an
where,’O is the membrane thickness i and'Yis the specific gas constant itfa € o . TheD 0

represent the molecular weight of the water kg/mol. The overall mass transfer coefficiet when

the”Y is v Tis determined by242].
- 00 00

T O Y'Y ¢XoU

where the 0 O is the waterair diffusion coefficient and the average pressure of the air inside the

0 10 p

membrane, which can be calculated usj@g2] as follows:

91| Page



00 pYup Y3 1D ¢

The permeate fix 0 inE {J Eis calculated by242]:

o 0 Y Y 14 0
where“Y and”Y are the temperature at the feed side of the membraA€, and at the cold side of the
condensation section.

The mass transfer coefficiendb  (in kJ/m.sK) is determined by using

0 v O FTY Y L1

The membrane are& in I is calculated by

. 0

o] - 14 UL
0]

The brine lossO  in kg/h is expressed based on:
0 b 0 L ¢
The salt rejection”Y"Yis calculated by:

o~ Y
YY P o 1D X

where °Y is the product salinity ratio andy is the feed salinity ratio. The brine loss salinityy is

calculated byf239]:

. fw o Y

Y U Y 5 40y

The concentration factord is calculated based on the following equati@39]:

. 0

o] = = T W
o 0

The water recovery ratiow 'Y can be determined bj239]

. p

WY pmrm p 5 4 1

The energy transfer through the membrane is expressed ik 7 by

0 0 0 14 p

where,

. b O 0

v 14 ¢

CQOTT
. ko) . y
v o) 0 14 0

The thermal conductivitt)  of the membrane in kW/i{varies for different membranes aslfows:
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where, Q is the gas thermal conductivity, KWkiin the pores of the membrane and is calculated as
follows:

0 ipoPAgEBiTL T Y'Y odtTpn AgEBrwoyg@y p T 140

The gain ratio"O0 'Yas a function of the specific feed flow ratekig/m?.h is calculated by

0 0
"OD"Y(p&‘(prQDnaroocxa— cawAQDTBIHQUTg— 14 ¢
The thermal efficiency of the membrane is expressed as follows:

5 4
— 6 T X

The number of poresd U Dis calculatedising

000 ct& pwfp ATIO ppopm cok OEIN pP o pT
ouv AT © i pP o p T
p@&uv OE¢ i PP 0 p T 14 Y
The pump powerw is defined in kW bj243]:
, 0 Y0
w ~ 4 w
- CQTT
where” and- are the water density and pump effency, respectivelyY0 is the net pressure

difference across the membran&he specific power consumptiolY0 6in kWh/me is calculated as

follows:

. . PTTTTW

“Yu O U— T 1

The exergy calculation models the seawater as a solution of various ieciesnd calculates the exergy

rates at the process stages under consideration ufidg|c[246] as follows:
O a o Y Y O Yl IW

0 YYI b D p
where, & is the mass flow rate (kg/h)) is the specific heat capacity (kJ/kg-K¥js the absolute
temperature (K) at the process stage under consideratigns the absolute temperature (K) at the dead
state;0 and0 refer to the pressures (kPa) at tipgocess stage and the dead state respectivelig the
density of the solution (kg/Lji is the number of moles of the solvent per kilogram of the solution

(mol/kg); Y is the universal gas constant (kJ/mol-k); is the mole fraction of the solvent
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(dimensionless).

The number of moles of the solverit ( ) is calculated using equatioa-53), while the mole fraction

of the solvent is calculated using equatiod-b4) as follows:
p B 2
y 00 T ¢
‘ 0 2
? o B [0 a0
00
where,0 is the concentration in unit mass per litre (g/L) of $elapecies; b 0 is the molar mass

of the solvent g/mol, pure water in this case;is the number of particles of solute speciegenerated

on dissociation an@ 0 is the molar mass+{—) of solute species

The exergy dearuction rate in the air gap membrane distillatiofD is calculated in kW usir{g47] as
follows:

O O O O © DT
where O represents the chemical and physical exergy of the seawater feednstteathe air gap
membrane distillationO is the exergy stream associated with the brine, wi@eis the chemical and

physical exergy stream of the permeate product, &ds the exergy produced by the pump.

4.3.2.6 Biogas boiler unit
For the design technique in the modeling, it is very important to calculate the biogas mass flow rate in

kg/s that is acquired from the anaerobic digestion prod@ss]:

0 - T4 v
Air mass flow rate kg/s:

0 - 0 1D @
where A/F is the air to fuel (gases) ratio. The exit exhaust temperature is given as follows:

0 60 0 0 O
Y - - — 1D X
) v on

where 0 Uis the gases calorific value, kJ/kg, @and) is the specific heat capacity, kJ/Kgf the waste
gases, kJ/KE. The biogas power, kW, is given as follows:
0 0 60 D Y

The specific fuel consumption, kg/kWh, is found using
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The biogas destruction rate can be calculated in kWgusia following equatiofi235]:

© ©O ©O O T4p T

whereO is the biogas boiler powef) is the exergy oil streanmliet andO exergy oil stream out.

4.3.2.7 Anaerobic digestion unit
Anaerobic digestion is a sequence of processes by which microorganisms break down biodegradabl
materials in the absence of oxygen. The process is used for industrial or domestic gutposanage
waste or to produce fuel. Much of the fermentation used industrially is to produce food and drink
products, as well as home fermentation, using anaerobic digestion. As a part of an integrated waste
management system, anaerobic digestion redutesemission of landfill gas into the atmosphere.
The biogas volume is calculated based on the design analysis where the load from solar/fORC/MD sectia
is calculated. As a result, the calculated volume is adequate for power maintenance. The following
mathematical design model requires the calculation of the mass flow rate from the gas boiler. The
production rate of the gas calculates the digestion design aspects such as volume, height, flow rate, arec
load, etc.The total volume basedn the collection viume, m?is given as followg48][249]:
L. WOE
wo g T4p p
where,Vcol m?is the total biogas collection volume needed dailyhe boiler when solar energy source
is not available. The sludge layer volundei &ased orthe total volume, ntis then calculated based on

the total volume as follows.

Wi ampuv wo T4p ¢
Working volume o "Q(f the gas digestion in fis given asdilows:
WO M™ wo 14p O

Total influent required 0 in kg is tlen calculated based on the retention tiniT days, is given as

follows:
., WQQpmmm
L vy T4p 1T
Total solids "Y"Yin kg needed for the gas production procesthisn calculated based 0@, kg, and the
total solids concentrationSGC %.

Y6 O

p T

The total discharge"YOin kg, is found to be
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where, TSAs the total solid concentration contents, %. The water m&gM]j to be added, kg is then

calculated aWWM=QTD

The digester loadindO 0, in kg/nmfdayis calculated based on the organic dry mattér'O O parameter,

total volume & 0and total influent 0 needed as follows:
000 0
WO pPTT

T4 X

4.3.3 The cost considerations

In this part, cost analysis is presented to calculate the total water pi¢e in $/m, and the hourly costs,

$/h indicators. Sincthe total freshwater productivity and the user load are the main caaséise electric

power load on the ORC turbine via an AGMD pump and being the thermal load on the ORC via the OR
condense, the TWP, $/misa very importanindicator in this studyFor membrane distillation, the direct

capital costs, $, is calculated based on tembraneareaAmem, N, as follove [250]:

0666 PUTITITIT

EE, T4y
The indirect capital costsCCjsfound to be27% of the direct capitalost,
VOO x 000 T4p W

Hence, the total capital costBCC$ is calculate as

Y66 000066 T T

The Annua$ied capital costs are calculated basmtthe amortsation factor, 1/y, as follavs:

. Qi p Qi
0 T 5 T4 p

whereir is the interestrate, (~5%) andl T, is the plant lifetime.

The annuatied capital cost $/year becomes
066 Y66 © 14 ¢
The hourly costs, $/h of the membrane distillation is then calculated basetthe operating hours per
year as

00606

DO ocou T4 o

where OHis the Operating Hours. For solar ORC, the following steps are considered as listed 2T able

[144], [251]
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Tabled.2: IC and O&M costs for the solar organic Rankine cycle components.

Parameter IC, $ 0&M, $ TCC, $lyear LEFY g/h Ref
Solar field 639.5%(A0) °% 15%x1Gl Ax(IC+O&Mp TCG/8760

Turbine 4750% (WP 25%x1G Ax(IC+O&M) TCG/8760
Recuperator 150% (Aed®® 25%x1Gc Ax(IC+O&M)c TCGJ8760 [144],
Condenser 150x (Aond®® 25%xIGong AX(IC+O&Myna  TCGnd8760 2511
Pump 3500% (W)°47 25%x|Gump AX(IC+O&Mmp  TCGumy/8760

For the anaerobic biogas cost analysis, the following steps are consi@&@&dThe specific capital cost,
SCC$/miis calculated based on the total biogas collection volume as follows:
 pudpB&IQE puit
YOO pTHBWEAWE P UL MGE @ UL I TXT
PCE8BOWE WLTWWE P TUT

The total capital cost, $+variable costs=7% of total capital costs:
YOO YOO wwE aTBrIX YOO WWE & T4 U
Hence, the total annual cost§AC $/y becomes:
YOO YOO O X @
Then the hourly costs, $/h become

YO 0

oQuUGT TA X

For the fired biogas boiler, the hourly cost is calculated based on the cost of biGRiend mass flow
rate from the anaeobic digestion system and it is calculated as follows:

&) 600 oD TX Y
Then, the total hourly costs in $/h is calculated as the summation of all units, namely,

Then, the total water price, $/fis calculated based on the plant productivity i&ip and the load factor,

LFas follows:

. ()
YOU ———. T4AD 1T
U v O a

where, theLFis the load factor of the plant, and it is set to be 0.9.
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4.4 Results and Discussions

To obtain the design results, the most appropriatgerating conditions should be assigned. As it is
performed in this new system model, the total plant productivity takes all the design aspects which are
calculated in this work. For instance, a high rate of productivity would result in a large planaadea,

high rate of cost. Therefore, the system units with the greatest influence are aptinfor the best

operating conditions.

4.4.1 Mathematical model validation

The main concern in the numerical moliled) in predicting the physical behaviour of the regdtem is the
accuracy of the utéed model. In this section, the obtained simulation results are validated against
theoretical and real data that is available in the open literature. Due to lack of data for the integrated
system, each component is valtdd individually and therefore it is reasonable to assume that the model

for the integrated microgrid is reliable.

4.4.1.1 Solar ORC model validation
The simulation results of the Solar ORC system are validated under the same conditions as the finding
from Torres et al[140]. Table4.3lists the main specifications of the solar ORC model used for validation.
The comparison reveals a very good agneat between the two results, as depicted in Tabld. 4or
example, the Rankine efficiency value has errors of approximately 4.06% compared to the reference
study. Thus, this model may be used with confidence for further investigations to improwevénall

performance of the proposed system.

Table4.3: Design specifications of the 100 kW Solar ORC sy[4#0h

Specifications Unit Quantity
PTC type - LS3
Working fluid - Toluene
Power kw 100
Solar radiation W/m? 850
Recuperator effectiveness % 80
Evaporation temperature °C 300
Turbine efficiency % 75

Pump efficiency % 75
Superheating temperature °C 380
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Table4.4: Data validatiorresults of the Solar ORC model.

Description The developed model Ref[140] Error (%)
Evaporation pressure, bar 32.75 33.737 2.926
Condenser pressure, bar 0.06214 0.0624 0.417
Working fluid mass flow rate, kg/s  0.4515 0.442 2.149
Thermal powerejected, kW 209 209.8 0.381
Rankine efficiency, % 30.49 31.78 4.059
PTC area, 503 514.3 2.197

4.4.1.2 AGMD model validation

The reliability of the AGMD model was tested under the same operating conditions against the

experimental data obtained from the pilot solar thermal AGMD plant located in Port Said City][Z=$jpt

The main specifications and the operational condition of the pilot plant are given in TéableShe

comparison reveals a very good agreement between the developed model and real plant data as seen ir

Table4 6. It is found that the area of the developed AGMD model has a deviation of approximately 4.86%

compared to the Port Said pilot plant. Theye#, this new integrated model

may be used with confidence

for further investigations to improve the overall permance of the proposed system.

Table4.5: AGMD module properties and specificati¢gS3].

Description Parameters Port Said plant
Specifications Materials Polyethylene (PE)
Total net Membrane surface area 14.4 nt
Diameter 04m
Air gap thickness 1 mm
Porosity of membrane sheet 85%
Tortuosity of membrane sheet 1.56
Thermal conductivity of membrane sheet 1.35 W/m K
Mean pore size diameter 0.3 &m
The spacer characteristic Channel thickness 2.01 mm
Spacer filament thickness 1.005 mm
Spacer angle (90) 60 deg
Operating data Feed flow rate 10 L/min
Inlet hot water temperature 64.81°C
Inlet cold water temperature 34.66°C
Salinity of hot flow 40-60 g/kg
Salinity of cold flow 35 g/kg

99| Page



Table4.6: Data validation results of the AGMD model.

Parameters The developed model Experiment study253] Error (%)
Outlet cold water temperaturg”’C 62.2 60.7 2.47
Outlet hot water temperature®°C 40.45 39.67 1.97
Permeate fluxkg/h 18.62 18.01 3.39
Area, nt 15.1 14.4 4.86

4.4.2 Membranedistillation operating conditions

For membrane distillation, the selection of the membrane type has a significant influence on the system
design and performance. Therefore, to select the bgstrating conditions, it is vital to investigate the
performanceof different membrane material types to identify the one with the most striking results. For
that purpose, all the input data was set to be the same for all membrane types in order to ensure a fair
comparison between each type. Taldl& and Figured.4-4.6 illustrate the data comparison between all

the addressed types. The permeate flux of all the types vary from approximaéelggZn?/h, which is in

the expected range compared {@54], [255] The exergy destruction rate was recorded as being almost
the same for all the types, as shown in Figdre The range of the exergy destruction rate was found to

be between 5.5 and 5.6 kW. The SPC ranges between 1 and 2.6 Ruwhioh is considered to be quite

low and remarkable if compared to the Reverse Osmosis desalination where it has been calculated in the
range of 2.5 to 4 kWh/iin [256]. The SPC in kWhAwas recorded to be lower in the-RVDF, PH, E
CNTO.5, £NT1, £NT2, and-ENT3 membrane types if compared against the PTFE and PP. The liquid
entry pressure is recorded to be above 100 kPa for all membrane distillation types except for the PVDF
¢CKAA YSIya GKFIG GKS !'Da5 dzaAy3d GKS t+5C GeLIS yS
of the membrane. The PE type yielded the largestmbrane area among the remaining membrane types

by 10.7~11 rhfollowed by the PTEE type with 9.5~16. A larger area yields a higher hourly cost rate.
Therefore, the types of-€VDF, f£H, ECNTO0.5, ENT1, £NT2, and-ENT3 were recorded to be the
lowest in terms of the hourly costs in $/h. Generally, the hourly costs are found to be in the range of 0.01
to 0.035 $/h which is considered exceptionally low when compared with the costs of the reverse osmosis
or nanofiltration processes. On the other harlde GOR parameter was recorded in the range of 1.8 to
3.7. The highest and lowest values were recorded for HiHEand ECNT2, respectively. It is significantly
found that the higher values of the GOR harvest larger membrane areas, hence, higher vidad®afly

costs. Based on the analysis that has been presented in #3tded Figured .4-4.6, the EPH membrane

type was selected for this study. Its permeated flux is in an acceptable range and also gives a remarkabl

resut for the hourly costs in .
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Table4.7: Data results of the air gap membrane distillation based on different membrane types.

Parameter:

Exergy destruction, kW
SPC, kWh/rh

GOR

Permeate flux, kg/ni.h
Liquid entry pressure, kPe¢
Permeability coefficient
Area, n?

No. of pores

Hourly costs, $/h
Productivity, n#/day=500
Product salinity, ppm=500

PTFE
5.584
2.217
3.438
2.205
274
0.105
9.448
25
0.035

PP PVDF PE
5.608 5.545 5.592
3.365 0.334 2.618
2.885 3.280 3.740
2.847 2360 1.944
416  41.360 324
0.135 0.1123 0.0924
7.318 8.818 10.720
608 321 608
0.027 0.033 0.040

Inlet cold water temperature °C=20

Inlet hot water temperature,°C=52.4

Value, #

PVDF C-PVDF

GPVDF EPH
5.567 5.570
1.400 1.547
3.288 1.923
2.355 5.503
172 191
0.112 0.261
8.847 3.786
25 82
0.033 0.014

ECNT0.5 ECNT1 ECNT2 ECNT3

5.570
1.480
1.976
5.230
183

0.250
4.000
302

0.015

m Exergy destruction, kW mSPC, kWh/m3 mGOR

5.565
1.300
1.900
5.616
160
0.267
3.710
630
0.0138

5.565
1.330
1.850
6.000
164
0.282
3.500
631
0.0131

5.55
0.900
1.920
5.520
110
0.262
3.770
28
0.0141

JRLRGLLLLL

E-CNT0.5 E-CNT1 E-CNT2 E-CNT3

Figured-4: Comparison of the addressed types of MD related to the exergy destruction rate, kW
kWh/m3, and GOR parameters.
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Figure4-5: Data comparisons for all MD types related to the permeate flux and membrane are
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Figure4-6 :Data comparison between the MD types related to tmurly costs.
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Figure4.7 shows the optinged resultsaccording to some of the most important indicators, such as SPC
in kWh/m?, GOR, membrane area irfnand hourly cost in $/h. All these indicators are performed for the
optimised EPH membrane type only. Figu4&-a shows that the SPC is recorded to bénlaglower rates

of system productivity. Increasing the productivity led to a reduction in the SPC from 1.8 to 1.5RWh/m
While the cold side temperature variation has no significant effect on the B&@ever, Figuret.7-b
shows that the cold side tempeiae has a remarkable influence on the GOR. Increasing the inlet fluid
temperature could lead to a significant increase in the GOR from 2 @ @p to 4.5 @ I&. The
productivity variation was found to have only a slight effect on the GOR. Higlceslows that increasing
productivity and temperature has a direct effect on the membrane area. However, a notable effect is
observed in the variation of the system productivity compared to the temperature recorded to have a
slight effect on the membrane are@he area has been increased from%@ (15C, 100n¥day) up to

35n? @ (3%C, 1500r¥day). On the other hand, Figuré.7-d is a direct reflection to Figurd.7-c.
Increasing the membrane area result in a direct increase in the hourly costs, as shownreHigl
Similarly, the hourly costs increase from 0.05%/h @°Cl15100n¥day) up to 0.25%/h @ (3%,
1500n¥/day). In general, the hourly costs are strikingly low and can compete against reverse osmosis
technology. Moreover, to obtain better results, & very highly recommended to increase the inlet feed

temperature into the condenser unit to over 35.
(a) E-PH SPC, kWh/m? (b) E-PH GOR

2

1
7 1
“E 1.7
= 1.8
E 1.65
J 16 1.6
&
" 40 1.55 N —
14— o 1000 T 30 35
1500 T 20 1.5 500 T 25
1000 500 —— — 20
0o 0 , 0 15 ,
Temperature, °C Temperature, °C
Productivity, m3/day i Productivity, m3/d:1y
(c) E-PH area, m? (d) E-PH hourly cost, $/h
35
40 - 0.3 - 0.2
30 =
o
mE 25 < 0.2 0.15
< 20 3
5 0=
- i
15 2 0.1
=
0=l 10 0=l
1500 ~—_ -~ 1500 T~ . — 0.05
1000 T 33 5 1000 e
500 = _,_,,.:-*"""' 20 25 500 T 20 25
0 15 . 0 15 )
Temperature, °C Temperature, °C

Figure4-7: Data results for the £H membrane distillation type based on the cold side temperature ai
productivity.
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4.4.3 Solar/Biogas operating conditions

In this section, the influence of the operating conditions on the hybrid connection has been addressed.
For the anaerolz digestion design model, the collection volume is assigned by the user and then all the
design aspects of the biogas plant, such as volume, height, flow rate, area, load, etc. are calculated
Therefore, to select the best operating conditions, it is im@ot to study the effect of the collection
volume variations between 100 and 50C at different retention times of 2%0 days on five different
parameters, such as, the quantity of water that needed to be added in the digestion process (kg), the total
influent required (kg), the total solid (kg), the total discharge (kg) and the biogas cost $/h. In this
investigation, cattle manure properties have been used. Figeshows the obtained biogas anaerobic
digestion design results based on the variationthefcollection volume and retention time. It is indicated

that the amount of water needed in the anaerobic digestion using cattle manure is increased at higher
collection volume demand, especially at the lower retention time of 25 days compared to Sduays

the increased demand for biogas production. Similar results are observed for the total amount of influent
required, the total solid, and the total discharge, see Fig4r8%, 4.8-c and4.8-d. For instance, at a
collection volume of 300 fthe total influent required at 50 days of retention time is found to k&P

kg, while at 25 days of retention time the total amount of influent¥4@ kg. Moreover, the hourly costs

are increased wit respect to the collection volume but are not affected by the variation of the retention
time. This is because the hourly costs are a function of the collection volume regardless of the retention
time of the process. It is observed that at a collectiotuwte of 200 m, the obtained biogas cost is
approximately 0.3 $/h, and it reaches 0.8 $/h at 509 irhe fluctuation in the hourly costs is due to the
fact that the specific capital cost, SCC, $isrcalculated based on the total digestion volume as desdr

in the cost consideration.

For the solar part, it is considered vital to investigate the effect of the variations in power generation and
water production on the PTC mass flow rate of kg/s, specific solar area (388 MR | 2 0 X t ¢/ O
hourly cost of $/h, and total water price, TWP, $InFigure4.9 shows the obtained PTC results based on
the variations of the power generation (load on the ORC) and productivity ranges (freshwater from
AGMD). As expected, the PTC flow rate will increase gigcasthe power generation increases. On the
other hand, the water productivity appears to have a slight effect on the PTC flow rate.

For instance, at a 3000V power load and 100 #fday, the PTC flow rate increases from 18 kg/s to just
over 20 kg/s at 500 n¥/day as indicated in Figu#9-a. This leads to a remarkably similar behavias
GKFG 200FAYSR FNRBY (KS Q3t)iHSv@ier NEfaunditttiede & a lidgea U
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effect of the variation of the water productivity on the A8nd TWP as seen in Figude®b and4.9-d.

This was because, at high productivity values, such as at 58/@@ynthe water cost price was reduced

as anticipated when compared to 10G/hay.

+ 10™(a) Water mass added, kg

+10% (b) Total influnet, kg

15 25days 3 25days
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% | [=— - 50days U | 50days
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” 05~
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Figured-8: Anaerobic digestion results based on the variations in the collection volume and retention ti
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Figured-9: PTC results based on the variations of the povegregation and productivity.
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4.4.4 ORC operating conditions

In the last decade, the ORC has attracted considerable attention because of its great potential, especiall

for the use of positive slope working fluids such as Toluene and Pentane. Positivergiapie fluids can

be used for direct and indirect vapor generation through the solar fields. In this study, Thel#ithak

very suitable for PTC because its top temperature can be reached at 43C-%6thout any severe

stresses on the absorber tube tife PTC combined with a maximum pressure of no more than 15 bar.

Moreover, Toluene is used in ORC because it has a positive slope of tieadram, i.e. there is no need

for superheating conditions. The selection of Toluene was performed and studieidysBvby Nafey et

al. [242]. Figurest.10-a, b shows the positive slope behavior of Toluene in relation to the temperature

and enthalpy when compared with water. It is pinpointed from the figure that using a recuperator is

particularly important because the outletitbine condition is still in the superheated region. The selection

of Toluene depends on many criteria and the most important reseghicriteria is the maximum

operating temperature of the cycle. The following criteria are achieved by the Toluene wibuii{g42]:

A High molecular weight to reduce the turbine nozzle velocity and reasonable pressure corresponding

to the boiling temperature of the fluid (high pressure requires careful sealing to avoid leakage).

A Dry expansion, i.e., the positive slope of the vapor s&tan curve on the &5 diagram, to ensure

that all expansion states in the turbine exist in the superheated regieeRigire 4.10).

A Regeneration can increase the inlet exergy stream or decrease the total exergy destruction rate for

the whole cycle.

A The citical temperature is substantially above the maximum operating temperature of the cycle.

A Reasonable pressure at condensing temperature (usually abct0X0).
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Figure4-10: (a) Toluene positivelope behavior regarding theS, and (b) -H.
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In the ORC section, it is important to study the effects of the top vapor temperature in the evaporator and
the condenser temperature on the outlet turbine temperature, recuperator temperatures, and the ORC
efficiencies. Figurd.11-a shows that by increasing the vapor temperatlg,, °C, the outlet turbine
temperature increases. However, the condenser temperatlire, , °C, has a minor effect on the outlet
turbine temperature. For instance, at 23C for the vapor temperature and 3% for the condenser
temperature, the outlet turbine temperature is recorded to lie between 200and 113C. Figurel.11-b
shows that the outlet recuperator temperature is affected by variations of the vapor temperatad
condenser temperature. For instance, at a vapor temperature of°€5Gnd condenser temperature of
35°C, the recuperator temperature is recorded between 9D and 55°C. Increasing the vapor
temperature and condenser temperature increases the duteuperator temperature and which means
that there is more steam for regeneration.

Figured.11-c shows the variation of the ORC thermal efficiency, and the maximum effect is noticed by the
increase of the top vapor temperature. For instance, at vaporgeratures close to 308C, the range of

the Rankine efficiency lies between 28 and 30% which is reasonably noticeable for ORC when compare
to [140], [257] Therefore, it is significant to operate the ORC at high values of the vapor temperature. On
the other hand, the condenser temperature plays a minor role in Rankine efficiency.

Figure4.11-d shows the ORC exergfficiency based on the variation of the top vapor temperature and
condenser temperatures. It should be noted that the condenser temperature has a great influence on the
exergy efficiency term. For instance, the exergy efficiency of the ORC is in arsimgneade while the
condenser temperature is in the range of 8Dand 33C. Moreover, the optinsed top vapor temperature

for significant values of the exergy efficiency is in the range oP@30 273C. Generally, the condenser
temperature value of 8°C and vapor temperature value of 275~3@are quite suitable for achieving

better system performance.
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(a) Outlet turbine temperature, "C (b) Outlet recuperator temperature, °C
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Figure4-11: The variation in the outlet turbine temperature, recuperator temperature and tfOCefficiencies

based on the top vapor temperature and condenser temperature.

4.4.5 Data results of the optireed hybrid cogeneration system

In this section, the results of the cogeneration hybrid system based on the sptidesign indicators are
presented. The thermodynamic parameters of the opsedi proposed system such as temperature,
specific enthalpy and pressure of each indicated stream in Figure 4.1, are shown in Badbiguded.12

shows the Solar (PTC) ORC operating conditions orgtheidigram. The results illustrate the importance

of utilising the organic Rankine concept instead of steam to decrease the degree of risks of using water
steam and molten salt as operating conditions. Moreover, the outlet turbine condition attC4@s
indicated in Figurd.12, is still remained in the superheated region which allows the benefit of adding a
recuperative section for the regeneration stage before using the energy of thelsiolgas field. Utifing

a recuperator unit will reduces the themhpower load on the CSP/biogas, which leads to a reduction in
the total area of the CSP/biogas and therefore the reduction in the total cost of the technology.

Furthermore, the vapor outlet temperature of the toluene after the regeneration of the recuperat
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62 °C can be ut#ed in the condenser to heat up the seawater stream (heat snick cooling water) that

enters at 28°C and leaves at BZ. The heated water can then be transferred to the AGMD desalima

Table4.8: Data streams of the optirsed proposed hybrid system.

Streams 1 2 3 4 5 6 7 8 9 10 11
Temperature3 165 400 163.1| 300 140 62.17 | 40 42.84 | 103.9| 52.73| 25
Specific enthalpy, KJ/k| 264.2 | 800.7 | 262.7 | 860.91| 675.6 | 561.5 | 130.3 | 135.4| 2495/ - -
Pressure, bar 10.88 | 10.88| 0.067 | 32.75 | 0.0784| 0.0784| 0.0784 | 32.75| 32.75| - -
—1[]':] r Qe%,‘
N ~
\//b‘ _,"
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300 F
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£ 200 |
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Heat sink (Coolina water)
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Figure4-12: The Solar (PTC) ORC operating conditions on¢&alibgram.

Table4.9 illustrates the results that the hybrid system undergoes while desalination and power are
operating. If more power is requested from the ORC, then this increases the total load on the ORC turbine
i.e., increasing the total mass flow rate through the QR(@s. Furthermore, increasing the load on the

ORC requires a larger area for the energy required by the PTC or a larger volume from the anaerobic biog:
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digestion (ABGD) plant. Taklé shows that to generate 1500 kW of power, as well as producing 1500
m3/day of freshwater, the total PTC area increases to 11280maddition, the mass flow rate through

the solar field and/or the biogas plant was also increased up to 10 kg/s. Furthermore, the total ABGD
required in terms of total volume for the power drilesalination was increased to 1.122e5mhe ORC
efficiency is found to be 29.2% which is considered an attractive and remarkable outcome. As shown ir
Table4.9, the effect of the optinsed indicators on the cost and performance is also observed. Thé tot
water price, $/nf was found to be 0.6 and 0.7 $Aif PTC or ABGD are used, respectively. Furthermore,
the unit product cost is almost 12.24 $/GJ).

Table4.9: Data results of the proposed systebased on the optiméed design indicators.

PTC results:

Outlet temperature, °C 400
Inlet temperature, °C 165
Pressure, bar 10.88
Total area, n? 11280
Exergy efficiency, % 44.67
Exergy destruction rate, kW 4300
Mass flow rate, kg/s 10.17
Number of loops, # 20
Anaerobic Biogas boiler results:

Feedstock type Cattle manure
Retention time, days 50
Collection volume, n?# 5611
BiogasDigestor load kg/mé/day 0.3328
Total influent required, kg 1.8e6
Total discharge, kg 8.978e5
Water mass to be added, kg 8.978e5
The total volume, n?# 1.122e5
The sludge layer volume, 1.683e4
Working volume of digestion, n¥ 8.978e4
Dimeter of the cylindrical part, m 63
The volume of thecylindrical part, m 3 7.887e4
Height of the cylindrical portion, m 25
Biogases flow rate, kg/s 0.1624
Boiler air mass flow rate, kg/s 2.03
Boiler useful energy, kW 5455
Exhaust gas temperature°C 311
Boiler Specific fuel consumption, kg/kWh 0.1071
Boiler number of tubes, # 300

Evaporator (ORC) results:
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Top cycle temperature,°C 300

Inlet temperature, °C 104
Mass flow rate, kg/s 8.948
Outlet oil temperature (Therminol-VP1),°C 163.1
Vapor pressure, bar 32.75
Exergy destruction rate, kW 530
Number of tubes, # 1550
Effectiveness, % 0.8

Pump (Therminol-VP1) results:

Power, Kw 155
Outlet/inlet temperature, °C 164/163
Exergy destruction rate, kW 10.2
Turbine (ORC) results:

Total power, kW 1660
Mass flow rate, kg/s 8.948~9
Outlet temperature, °C 139.5~140
Exergy destruction, kW 327~330
Recuperator (ORC) results:

Inlet steam temperature,°C 140
Outlet steam temperature,°C 62.17
Inlet liquid temperature, °C 42.84
Outlet liquid temperature, °C 103.9~104
Mass flow rate, kg/s 8.948~9
Exergy destruction rate, kW 103.4
Thermal power, kW 1021
Condenser (ORC) results:

Inlet steam temperature,°C 62.17
Outlet temperature, °C 40
Mass flow rate, kg/s 8.948~9
Inlet cooling water temperature,°C 25
Outlet cooling water temperature,°C 52.74
Thermal power, kW 5.875e4
Area, m? 1573
Exergy destruction rate, kW 475
Pump (ORC) results:

Power, kW 46
Outlet/inlet temperature, °C 43/40
Exergy destruction rate, kW 42.84
AGMD results:

Membrane type E-PH
Feed salinity, ppm 45,000
Product salinity ratio, ppm 250
Pump efficiency, % 75
Inlet temperature, °C 25
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Feed exergy, kW 6.43e4

Brine exergy, kW 4.175e4
Product exergy, kW 2043
Exergy destruction, kW 2.062¢e4
Pumping power, kW 97~100
Specific power consumption, kWh/ni 1.55
Membrane energy, kW 1.17e5
Thermal efficiency, % 31.05
GOR 1.721
Feed flow rate, kg/h 1.34e6
Brine lossflow, kg/h 1.278e6
Brine loss salinity ratio, kg/kg 0.0472
Salt rejection 0.9944
Liquid entry pressure, kPa 187.1
Mass transfer coefficientkg/m2.s.Pa 552.1
Permeate flux, kg/nt.h 7.185
Permeability coefficient 0.2638
Total membrane area, n? 8699

Cost results:

AGMD direct capital costs, $ 1.631e6
Biogas hourly costs $/h 8.76
Evaporator hourly costs $/h 0.022
Turbine hourly costs, $/h 19.38~20
Recuperator hourly costs, $/h 0.01521
AGMD hourly costs $/h 32.53
Pumps hourly costs $/h 0.38
PTC hourly costs, $/h 19.16~20
Total hourly costs (PTC), $/h 72.34
Total hourly costs (Biogas), $/h 62
Total Water Price, $/m® (PTC) 0.7502
Total Water Price, $/m? (Biogas) 0.6423
Unit product cost, $/GJ 12.24
Performance results:

Specific solar area, SSA rfi(m3/day) 0.3133
Rankine efficiency, % 29.2
Total exergy efficiency, % 2.861
Total exergy destruction, kW 7e4
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4.5 Design results under the real time mode: Case study

To examine the design aspects over a large time span, dimelmode iscreated to measure the
fluctuations in the system design and performance results over a period of one year. The data input is
used over one year (8760 epochs) and a specific location (Al Khuwaimah rural region, 2Di3&nN,
N 59°20' B is selected for this study. The selected area is a good example for the implementation of hybrid
renewable energy sysms since this region is very far from the main interconnected grid and the
connection to the grid is not economically valid opti@58]. In addition, the Al Khuwaimah village is
located in a coastal region, thus allowing cogeneration application bgngilseawater and up to now,
diesel fuel power plants are used in electrical and water producaar and meteorological da(®Nl,
W/m?) are obtained from ANN developed model over the duration of one (&€&#9) Figure4.13 shows
the data input into the dynamic model over one year of operation in relation to the system productivity
and power load from the user. THellowing parameters have been considered as the main input within
the following ranges:

A Time, h=8760

A Power load, kW=500:2000

A Productivity, i¥/day=1000:1500

Figure4-13: Load and productivity fluctuations over one year (8760 epochs).
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https://geohack.toolforge.org/geohack.php?pagename=Muscat&params=23_35_20_N_58_24_30_E_region:OM_type:city
https://geohack.toolforge.org/geohack.php?pagename=Muscat&params=23_35_20_N_58_24_30_E_region:OM_type:city



























































































