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ABSTRACT

Energy is considered as a prime driving force for the socio-economic development of
a country. Malaysia is one of the developing countries located in Southeast Asia,
consisting of two distinct regions namely West Malaysia (Peninsular Malaysia) and
East Malaysia (Sabah and Sarawak), divided by the South China Sea, covering an area
of 33.27 million hectares. Although the rate of the electrification in urban areas in this
country is high, the tourist sites, which are less than 200km?, located in rural and
decentralized islands in the South China Sea, Malaysia (SCSM) mostly depend on
diesel generators for 24-hour power supply. The emissions from diesel-based power
plants are environmentally risky for tourist spots. Moreover, diesel-based power plants
are subjected to many technical and economic problems such as the high operation and
maintenance cost, the risk of oil spilling and unpredictable diesel fuel price. Besides the
aforementioned problems, an extension of the national electrical grid in these islands is
not feasible due to complex terrain.

In this dissertation, a multi-optimal combination of the stand-alone hybrid renewable
energy system (HRES) for a large resort center located in Tioman Island in the SCSM
has been proposed with detailed techno-economic performance analysis. Hybrid
Optimization Model for Electric Renewable (HOMER) software is used for economic
and technical analysis of the proposed hybrid renewable energy system. The estimated
peak and average load per day for the resort are 1,185 kW and 13,048 kW respectively.
Also in this dissertation, novel soft computing methodologies based on the hybrid
adaptive neuro-fuzzy inference system (ANFIS) have been developed to predict
monthly wind power density for the nearest coastal city of Tioman Island, and then the
capability of the proposed hybrid ANFIS models have been examined to extrapolate the
wind speed data for Tioman Island as there is no meteorological station in this Island.

For these purposes, the standalone ANFIS, ANFIS-PSO (particle swarm optimization),



ANFIS-GA (genetic algorithm) and ANFIS-DE (differential evolution) prediction

algorithms have been developed in MATLAB platform.

The best optimized stand-alone hybrid energy system comprises the wind, PV, diesel
generator, converter, and the battery. The optimized system resulted in the net present
cost (NPC) of $17.15 million, cost of energy (COE) of $0.279/kWh, a renewable
fraction (RF) of 41.6%, and CO of 2,571,131 kg/year. Whereas, the diesel only system
takes NPC of $21.09 million, COE of $0.343/kWh and CO> of 5,432,244 kg/year. The
diesel only system has been observed to have the higher NPC, COE and CO2 emission
than the optimized HRES. The designed and analyzed HRES model might be applicable
to any tourist locations and decentralized places in the SCSM and around the world with
similar climate conditions.

On the other hand, the performance of the proposed hybrid ANFIS models has been
determined by computing different statistical parameters such as mean absolute bias
error (MABE), mean absolute percentage error (MAPE), root mean square error
(RMSE) and coefficient of determination (R?). The analysis of wind power density
prediction result reveals that the ANFIS-PSO and ANFIS-GA enjoy higher performance
and accuracy than other models, and they can be recommended for practical application

to predict monthly mean wind power density.



ABSTRAK

Tenaga dianggap sebagai penggerak utama untuk pembangunan sosio-ekonomi
sesebuah negara. Malaysia adalah salah satu dari negara membangun yang terletak di
Asia Tenggara, terdiri daripada dua wilayah berbeza iaitu Malaysia Barat (Semenanjung
Malaysia) dan Malaysia Timur (Sabah dan Sarawak), yang dibahagikan dengan Laut
China Selatan, yang meliputi kawasan seluas 33.27 juta hektar. Walaupun kadar
elektrifikasi di kawasan bandar di negara ini sangat tinggi, tapak-tapak pelancongan,
yang kurang daripada jarak 200km? bertempat di pulau terletak di luar bandar dan
berpusat di Laut China Selatan, Malaysia (SCSM) sepenuhnya bergantung pada penjana
diesel untuk bekalan kuasa 24 jam. Pelepasan asap dari loji janakuasa diesel memberi
risiko alam sekitar di tempat tumpuan pelancong. Lebih-lebih lagi, loji janakuasa diesel
tertakluk kepada banyak masalah teknikal dan ekonomi seperti kos pengendalian dan
penyelenggaraan yang tinggi, risiko tumpahan minyak dan harga minyak diesel yang
tidak menentu. Selain daripada masalah-masalah tersebut, lanjutan grid elektrik
nasional di pulau-pulau ini tidak dapat dilaksanakan kerana kawasan yang kompleks.

Di dalam disertasi ini, gabungan pelbagai optimum sistem tenaga boleh diperbaharui
hibrid yang berdiri sendiri (HRES) untuk pusat peranginan yang terbesar terletak di
Pulau Tioman di SCSM telah dicadangkan dengan analisis kinerja tekno-ekonomi
terperinci. Perisian Model Optimasi Hibrid untuk Peranti Elektrik Boleh Diperbaharui
(HOMER) digunakan untuk analisis ekonomi dan teknikal mengenai sistem tenaga solar
yang boleh diperbaharui yang dicadangkan. Purata jangkaan dan purata beban harian
untuk resort adalah 1,185 kW dan 13,048 kW. Dalam disertasi ini juga, metodologi
pengkomputeran lembut baru berasaskan sistem pentadbiran neuro-fuzzy adaptif hibrid
(ANFIS) telah dibangunkan untuk meramalkan ketumpatan kuasa angin bulanan untuk
bandar pantai Pulau Tioman yang terdekat dan kemudian keupayaan model ANFIS

hibrid yang dicadangkan telah diperiksa untuk menyukat data kelajuan angin untuk



Pulau Tioman kerana tiada stesen meteorologi di Pulau ini. Untuk tujuan tersebut,
algoritma ramalan berdiri sendiri ANFIS, ANFIS-PSO (pengoktimuman kumpulan
partikel), ANFIS-GA (algoritma genetik) dan ANFIS-DE (evolusi pembezaan) telah
dibangunkan di platform MATLAB.

Sistem tenaga hibrid berdiri sendiri yang dioptimumkan yang terbaik terdiri daripada
PV, angin, penjana diesel, penukar, dan bateri. Sistem yang dioptimumkan
menghasilkan kos bersih (NPC) sebanyak $ 17.15 juta, kos tenaga (COE) sebanyak $
0.279 / kWh, pecahan boleh diperbaharui (RF) 41.6%, dan CO, 2,571,131 kg / tahun.
Sedangkan sistem hanya diesel mengambil NPC sebesar $ 21,09 juta, COE sebesar $
0.343 / kWh dan CO: dari 5,432,244 kg / tahun. Di mana sistem yang hanya
mengunakan diesel menghasilkan NPC, COE dan CO; yang lebih tinggi berbanding
dengan HRES yang dioptimumkan. Model HRES yang direka dan dianalisis mungkin
sesuai digunakan di mana-mana lokasi pelancong dan tempat yang dipusatkan di SCSM
dan di seluruh dunia yang mempunyai keadaan cuaca yang sama.

Sebaliknya, prestasi model ANFIS hibrid yang dicadangkan telah ditentukan dengan
mengira parameter statistik yang berbeza seperti kesilapan ralat mutlak (MABE),
kesilapan peratusan mutlak (MAPE), kesilapan akar min (RMSE) dan koefisien
penentuan R?). Keputusan analisis hasil ramalan ketumpatan kuasa angin mendedahkan
bahawa ANFIS-PSO dan ANFIS-GA menikmati prestasi dan ketepatan yang lebih
tinggi daripada model lain, dan mereka boleh dicadangkan untuk aplikasi praktikal

untuk meramalkan kepadatan kuasa angin purata bulanan.
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CHAPTER 1: INTRODUCTION
1.1 Background

Electricity is considered as a prime driving force for the socio-economic
development of a country. According to renewable global status report 2015, about 1.1
billion of the world population do not have access to the electricity. Among them, about
87% lived in rural areas whereas, rest 13% lived in urban areas. It is important to note
that the lack of electricity in rural areas exacerbates the poverty and seriously hampers
health care and educational services (REN21, 2016). On the other hand, about 80.1% of
the total world primary energy was generated from the burning of fossil fuels in 2015
whereas, it was 81.1 % in 2014 (IEA, 2016). As a result, the global greenhouse gases
(GHGs) emission and temperature of the climate are increasing dramatically. It was
accounted that the combustion of fossil fuels and cement production resulted in about
375 Gigaton of carbon (1GtC=3.66GtCO>) between 1750 to 2011 in the world (Stocker
et al., 2013). Notably, the world GHG emissions from combustion of fossil fuel were 54
Gt CO2-eq in 2010, and it will be 70 Gt CO2-eq in 2050 (Uddin & Kumar, 2014).

Thus, globally there is a growing awareness that increased deployment of renewable
energy (RE) is crucial for addressing climate change, creating new economic
opportunities, and providing energy access to the billions of people still living without
modern energy services. Although discussion is limited to date, renewables also are an
important element of climate change adaptation, improving the resilience of existing
energy systems and ensuring delivery of energy services under changing climatic
conditions. The renewable energy sources such as the wind, hydroelectric, solar, tidal
wave and geothermal are often a clean, natural and eco-friendly source of energy. It has
been reported that the renewable energy sources contribute 22.8% of global electricity
with the domination of the wind, PV, and hydro whereas, the remaining 77.2% comes

from fossil fuels and nuclear power plant in 2014 (REN21, 2016).



Malaysia is one of the developing countries located in Southeast Asia, consisting of
two distinct regions namely West Malaysia (Peninsular Malaysia) and East Malaysia
(Sabah and Sarawak), divided by the South China Sea, covering an area of 33.27
million hectares and a total population of 29.7 million as of 2013. Approximately 71.3%
of the Malaysian population is settled in the urban areas as of 2010 whereas, 28.7%
lives in the rural areas. In 2010, the rural electrification rate in Sabah and Sarawak was
decidedly lower at 84.7% and 72.2% respectively due to the extremely remote, isolated
and scattered rural areas and lack of proper infrastructure whereas, it was 98.9% in
Peninsular Malaysia (H. Borhanazad et al., 2013).

However, the rural population settled in the remote and rural islands in Malaysia
where no accessibility to the national electrical grid due to the high construction cost of
the transmission line, relies on the diesel generators for electricity (Basir Khan et al.,
2015). Besides, the tourist sectors in these remote islands completely depend on diesel
generators for 24-hour power supply (SK A Shezan et al., 2015). But the volatile
market price of diesel fuel, CO2 emission and high operation and maintenance cost of
diesel plant make the system environmentally risky and costly (Ashourian et al., 2013;
Fadaeenejad et al., 2014). In addition, the diesel price is almost double in these remote
islands than on the mainland (Anwari et al., 2012).

These remote islands have an enormous potential of renewable resources such as
solar and the wind. Some of them also have micro-hydro potentials. However, a single
RE source such as PV or wind does not provide system reliability and cost-effective
solution because of their high initial cost, unpredictable and intermittent nature. In
recent years, researchers have focused on a more reliable RE system to combine with
many sources of renewable energies to form a single system, which is called a hybrid
renewable energy system (HRES). Most significant advantages of a HRES are system

reliability, reduced cost of energy (COE), flexibility, and higher efficiency. For



example, in a cloudy and windless day, diesel generator and battery combined can meet
load demand without the system outages in a PV-wind-diesel-battery hybrid system.
Furthermore, when solar panel does not produce any power at night, the wind-diesel-
battery system is suitable to support. Again, there is another advantage of storing
surplus energy using battery bank for future utilization. Besides, the life time of the
battery bank in a HRES can be increased as compared to single renewable energy
system (Fadaeenejad et al., 2014).

For the successful installation and implementation of a HRES, proper assessments of
renewable sources and planning are required. Besides, the involvement of local
community in electrification scheme, training of the operators, commissioning and
proper monitoring, and so on all are an important part of successful installation and
operation of a HRES (Azad, 2015). Therefore, the techno-economic analysis should be
given priority to design and implementation of a HRES.

1.2 Problem statements

Malaysian economy largely depends on tourism sector thus, 24-hour electricity
access to those tourist sites is one of the prime needs. Most of the tourism sites and
facilities in the South China Sea of Malaysia rely on diesel generators for their
electricity supply that results in huge GHG emissions. Furthermore, diesel based power
plants are subjected to many other problems including the high and volatile diesel fuel
price, transportation problem due to complex terrain, lack of maintenance expert, high
operation, and maintenance cost. On the other hand, an extension of the national electric
grid is not economically feasible in these places due to the thick jungle and complex
terrain. Therefore, standalone hybrid renewable energy system (HRES) can play the
most important role to supply reliable electricity to the tourist sectors in these remote
and rural islands. Then again, the power output from PV and wind turbine is highly

intermittent and unpredictable. Moreover, PV only based large renewable energy



systems are subjected to a rump of PV output, which is not expected to the grid
operator. Thus, a single renewable energy source may not supply reliable electricity
with cost effective way (Basir Khan et al., 2015). A renewable hybrid system has been
described as a cluster of distinct renewable sources, which operate independently and
with coordination (C. Wang, 2006). A hybrid energy system that combines two or more
energy sources when properly operated will overcome the inherent limitations of each
source when considered separately (Bajpai & Dash, 2012). Proper selection of
renewable power sources will substantially lower the use of fossil diesel and also
increase the sustainability of power supply. Furthermore, conventional sources will
complement renewable sources during varying weather conditions, which will definitely
improve the consistency of the electric power system (L. Olatomiwa et al., 2015; Lanre
Olatomiwa, et al., 2016).

Many researchers have presented the performance and techno-economic analysis of
HRES feasible for certain locations around the world. For example, Techno-economic
viability of off-grid HRES for remote villages has been reported by many authors
(Ajayi et al., 2016; Charfi et al., 2016; Demiroren & Yilmaz, 2010; S Diaf et al., 2008;
Himri et al., 2008; Ismail et al., 2013; Nandi & Ghosh, 2010; Rahman et al., 2016; S.
M. Shaahid et al., 2014; Shaahid & EI-Amin, 2009), whereas, the study on a HRES for
hotels and tourist facilities located in remote and rural places are limited (Aagreh & Al-
Ghzawi, 2013; Dalton et al., 2008, 2009a, 2009b; Guler et al., 2013; SK A Shezan et al.,
2015). Thus, more research can be conducted to understand feasibility and techno-
economic performance of HRES for the tourist locations. Among different
configurations, the HRES consists of PV, the wind, diesel, micro-hydro (based on
available potentiality) and the storage battery, combining with renewable and

conventional sources, can be the most effective reliable power supply option for an



isolated load demand such as a resort center application in a decentralized and rural
place.

However, the most important and challenging factors for designing a HRES are;
accurate modeling and designing of system components such as PV, the wind turbine,
diesel generator, battery, converters, etc. Also, the knowledge of other factors
associated with HRES such as economic constraints, resource assessment, the market
value of system components, load estimation and so on is very important to find the best
suitable HRES for a particular region. Another challenge of this research is the
development of soft computing methodologies for the prediction of wind power density
(WPD) as a part of renewable resource assessment that will eliminate several problems,
including complexity, time-consuming etc. of existing numerical methods for WPD
prediction.

1.3 Motivation

HRES can be grid connected and off-grid. The off-grid HRES provides greater
reliability, higher efficiency, and cost-effective power supply to an isolated load in
comparison with a single renewable energy source. Therefore, the main motivation of
this work is to design a HRES and analyze the technical and economic aspects to meet
an isolated load profile of a selected resort center located in a remote and rural island in
the South China Sea called Pulau (Pulau means Island in local language) Tioman,
Malaysia. Pulau Tioman is located in the South China Sea along the east coast of
Peninsular Malaysia with the geographic location of 2° 47' 47" N, 104° 10' 24" E (Muda
et al., 2011). The Island consists of thirteen villages, private and government offices,
schools, commercial buildings, mosques, police stations, resort and hotels, hospitals,
and an airport. The TNB supplies electricity to this Island with an 8.9 MW diesel power
plant at Tekek village and a 500kW mini hydro plant at Juara Village through 11 KV

distribution line. However, the TNB is unable to supply electricity to the very big resort



and hotels like Berjaya Tioman Resort (Basir Khan et al., 2015; Berjaya Tioman Resort,
2015). This dissertation aims to investigate the feasibility and techno-economic
performance of an off-grid HRES for a large resort center located in Tioman Island for
a load demand of 13,048 kWh/day. The proposed HRES is based on solar and the wind
as major renewable energy sources, diesel generators as conventional energy back up,
and the battery bank as the energy storage device. Another important fact of this
research is: there are more than twelve small Islands in the South China Sea
surrounding Pulau Tioman named; Pulau Aur, Pemanggil, Sibu, Babi Besar, Tinggi,
Rawa, Harimau, Dayang, Tengah, Tulai and Pulau Seri Buat that has more or less same
climate conditions as Tioman Island. The monthly average solar radiation
(kWh/m?/day) and wind speed (m/s) for these Islands are presented in Appendix A.1
while monthly average ambient temperature (°C) and clearness index are presented in
Appendix A.2. Thus, this analysis can represent any of the off-grid hybrid RE systems
for the large resort center located in these Islands.
1.4 Research objectives

The aim of this work is to design and perform techno-economic analysis of a stand-
alone HRES for a resort center situated in the remote and rural island in Malaysia that
will enable the eco-friendly and reliable power supply to such rural areas. The specific
objectives of this research are as follows:

e To predict monthly wind power density for some selected locations named
Mersing, Pulau Langkawi, Bayan Lepas and Kuala Terenganu in Malaysia using
hybrid adaptive neuro-fuzzy inference system.

e Todesign a hybrid renewable energy system (HRES) with the optimal sizing of
its constituent components capable of providing renewable electricity access to

off-grid resort facilities in the South China Sea, Malaysia.



e To perform a techno-economic evaluation of the proposed hybrid renewable

energy system.

15 Outline of the dissertation

The remaining parts of this dissertation are organized as follows: in Chapter 2,
energy status in Malaysia, the share of renewable power generation in national
electricity and a review of the applied hybrid renewable energy system in different
remote and decentralized areas were presented. A review on different hybrid energy
system topologies and optimal sizing of hybrid system approaches were also included
here. This chapters also includes a review of the assessment of stand-alone and grid
connected hybrid system in different parts of the world (including Malaysia) and
renewable energy potential in Malaysia. The potentiality of solar and wind energy,
followed by different soft computing techniques for wind power density prediction were
discussed. Chapter 3 presents proposed soft computing techniques employed for wind
power density prediction and methodologies for techno-economic analysis of proposed
hybrid renewable system including site selection, resources assessments, meteorological
data collection, load profile estimation, technical and economic modeling of system
components, and sensitivity analysis. In Chapter 4, result and discussion of each aspect
of methodology were presented. The result and discussion include wind power density
prediction, extrapolation of wind speed, techno-economic performance evaluation of the
proposed hybrid system, and sensitivity analysis. Finally, Chapter 5 presents

conclusions, findings, recommendations and future work of this research.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

In this chapter, the energy status in Malaysia with renewable energy resources
assessment, current establishment, and future prospects of the hybrid renewable energy
system (HRES) are briefly discussed. A short review of solar and the wind energy
potentials in Malaysia including a review of wind power density prediction models have
been presented in this chapter. The chapter also presents a review on different
configurations and topologies of HRES. After that, different methods for optimal sizing
of HRES is presented. Finally, a review of the techno-economic analysis of hybrid

system is presented.

2.2 Energy status in Malaysia

According to National Energy Balance (NEB) report, the total installed electricity
generation capacity in Malaysia was 29,973.8MW in 2014 where the peak demand for
Peninsular Malaysia was recorded 16,901MW, Sarawak 2,306 MW, and Sabah 908MW.
In 2014, gross electricity generation was registered 147,480GWh in Malaysia, an
increase of 2.8 percent as compared to 143,497GWh in 2013 (NEB, 2014). Figure 2.1
shows the share of installed electricity generation capacity as of 31st December 2014 in
Malaysia. It can be seen from the Figure 2.1 that fuel mix was dominated by natural

gas, followed by coal and major hydro.
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Figure 2. 1: Share of installed electricity generation capacity as of 31st December 2014
in Malaysia (NEB, 2014).

Notably, Malaysia is blessed with vast renewable sources of energy such as biomass,
bio gas, solar, the wind, and mini-hydro. The potential for Renewable Energy (RE) is
enormous, especially for biomass energy; whereby these resources are not traded and
mostly homegrown. The potential of mini-hydro projects especially the run-of-the-river
type is also huge, as the energy available from the streams of rivers in the country has
been proven to provide a considerable contribution to the supply of electricity in the
rural areas. Solar energy is another type of RE resource that is abundant and readily
available as Malaysia is geographically located at the equator. On the other hand, the
wind speed is comparatively low in Malaysia due to complex terrain (Basir Khan et al.,
2015).

However, the installed capacity of renewable power generation was 243MW in
Malaysia as of December 2014, which was less than 1% of total fuel mix. According to
Eleven Malaysian Plan (RMKZ11), the installed renewable power generation capacity
will be 2080MW in 2020 (RMK11, 2016). Figure 2.2 presents the share of installed and

projected RE power generation capacity in Malaysia.
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Figure 2.2: the share of (a) installed (b) projected RE generation capacity in 2014 and
2020 respectively in Malaysia (NEB, 2014).

2.3 Renewable energy potential in Malaysia
2.3.1 Solar Energy

Solar energy is renewable, abundant and environmentally friendly. Thus, globally
photovoltaic (PV) technology has achieved huge popularity, development, and
exploration for both rural and urban electrification (Li et al., 2016). It can be noticed
that since 2000, the installed PV system capacity all around the world has reached to
178 GW in 2014 (IEA, 2015). However, Malaysia is situated in the equatorial region
and has the climate with high humidity and temperature. The humidity varies from 80%
to 90% except for highlands. Throughout the year, the temperature ranges between 22
°C and 33 °C (72-91 °F) and the average daily temperature are 26.5 °C. Thus, this
country has higher solar radiation, which is 400-600 MJ/m? per month. This amount of
solar radiation indicates that it has a promising potential to establish large-scale solar
power installations (Mekhilef et al., 2012). Figure 2.3 shows the average annual solar
radiation (MJ/m?/day) map of Peninsular Malaysia, Sabah and Sarawak whereas, Figure
2.4 presents monthly-daily average solar radiation (kWh/m?/day) of a particular location
having latitude and longitude of 6° 26" 70" N and 100° 12' 30" E respectively in

Peninsular Malaysia between the period 1983-2005. Annual average solar radiation of
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this place is 4.95 kWh/m?/day. Solar thermal and PV technologies are two major
applications of solar energy in Malaysia. In solar thermal application, solar energy is

used for heating purpose whereas, it is converted to direct current in PV application

(Saidur et al., 2009).
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Figure 2. 3: Average annual solar radiation MJ/m?/day in Malaysia (Mekhilef et al.,
2012).

1.0
0.9

0.8

u.T.E
l}.ﬁ-E
0.5 ¢
0.4 E
032
02 “
0.1

Solar radiation (K{Wh/m*/day)
S b W g th S -

Jan Feb Mar Apr Mav Jun Julyv Aug Sep Oct Nov Dec

Figure 2. 4: Monthly-daily average solar radiation and clearness index of a particular
place in Malaysia.
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2.3.2 Wind Energy

The primary energy sources, the fossil fuels will be exhausted, since they are used at
a much higher rate than they are found in the earth’s crust (Ashourian et al., 2013).
Moreover, the price of fossil fuels is highly unstable, and it causes huge greenhouse
gases (GHG) emissions and environmental pollutions (Mohammadi et al., 2016). The
world GHG emission from combustion of fossil fuel was 54 Gt CO.-eq in 2010, and it
will be 70 Gt CO2-eq in 2050 as reported by Uddin & Kumar (2014). Notably, around
40% of the world CO2 emissions come from the power sector and demand for power is
increasing radically all over the world (GWEC, 2012). Thus, a dramatic change in the
production and consumption of electricity is important to win the fight against global
climate change. It is a must to seek renewable energy technologies, which are free from
emissions to supply renewable electricity to both developing and industrialized
countries (Aquila et al., 2016; GWEC, 2012).

The wind energy is free, environmentally friendly and clean renewable energy
(Uddin & Kumar, 2014). Consequently, in the fight of global climate change, wind
energy is a major solution (Islam et al., 2011). According to the climate negotiation
meeting in Copenhagen, the wind technology is already on track to save 10 billion tons
of the world CO2 emission by 2020, which means that wind energy alone is capable of
abating more than 65% of all harmful emissions around the world (GWEC, 2012;
Huang & McElroy, 2015). Globally installed wind power capacity has reached at

432.9GW at the end of 2015 where 63GW was in 2015 alone (GWEC, 2015).

Despite good sides of a wind turbine, it has noise and view pollutions. The
importance of the noise from wind turbine depends upon the distance between
dwellings and turbines and also on wind direction. The noise source from a wind
turbine is static and repetitive with a large range of noise frequency (Mohamed, 2016).

According to the study by Rogers et al. (2006), noise effects from a wind turbine can be

12



divided into three general categories: subjective effects, including annoyance and
dissatisfaction, disturbance in human activities like sleeping and physiological effects

such as anxiety or hearing loss.

The visual pollution from a wind turbine can be subdivided into several negative
effects with spatial extents, different causes and possible impacts (Hoen et al., 2011).
When the wings of a wind turbine rotate, it reflects the sun by creating flickers of light.
This phenomenon attracts attention and adds to the nuisance from the movement effect.
The shadow flicker is another visual effect from the wings of a rotating wind turbine.
The rotating wings cause flickers of shadow in the immediate surroundings of the wind
turbine (Jensen et al., 2014). It is worth mentioning that the noise pollution can be
reduced by improved blade design of the wind turbine whereas, the visual effect can be

mitigated with the appropriate sitting design of wind farm (Dai et al, 2015).

On the one hand, the impact of intermittent wind generation is a very important issue
to consider. The sources of electricity which depend on the meteorological factors such
as the wind, solar, tidal and so on has uncontrolled increases or decreases in output are
referred to be as intermittent. The intermittency from the wind power plants leads to run
fossil fuel based backup generators to ensure system reliability (Goater, May 2014;

Green & Vasilakos, 2010).

In Malaysia, little effort has been made to the use of wind energy. The potential for
wind energy generation in Malaysia depends on the availability of the wind resource.
The wind speed in this country is normally influenced by Northeast (November to
March) and Southwest monsoon (late May to September) (Ho, 2016). Several studies
have shown that grid connected large-scale wind turbine may not be economically
viable due to low wind speed in most of the states in Malaysia. However, small scale

off-grid wind turbine can be a good solution for decentralized electrification (Islam et
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al., 2011). Figure 2.5 shows monthly-daily average wind speed (m/s) of a particular

location (6° 26' 70" N, 100° 12' 30" E) in Malaysia between the period 1983-93.

LA

Wind speed (m/s)
[

Jan Feb Mar Apr May Jun July Aung Sep Oct Nov Dec

Figure 2. 5: Monthly-daily average wind speed at 50m hub height of a particular place
in Malaysia.

2.3.3  Approaches for wind power density prediction

To build a wind farm in any particular location: an analysis of the wind data,
estimation of wind power and energy density are essential. The wind power density
(WPD) of a particular location is the measure of the potentiality of wind resources and
the chance of extracting wind energy at different wind speed from that location (Simons
& Cheung, 2016; Xydis, 2015). The knowledge of WPD also helps designer and
investor to understand the performance of a wind turbine and to choose the optimal
number of a wind turbine with a suitable power rating. The wind power density can be

computed from several numerical methods (Islam et al., 2011; Petkovi¢ et al., 2016).

The problem in numerical methods is that they need high computation time. In the
recent years, artificial intelligence (Al) techniques have received overwhelming
popularity in the field of the wind energy system as they offer better advantages,
including fast computation time, require no knowledge of internal system parameters
and compact solutions (Mohammadi et al., 2015; Qazi et al., 2015). In the field of wind
energy, ANN method is popularly used by many researchers for the prediction of wind

speed and power. Peng et al. (2013) developed an ANN based short term wind power
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prediction model that resulted in 10.67% root mean square error (RMSE) in the
prediction. Ramasamy et al. (2015) employed an ANN model for the prediction of the
wind speed for 11 locations in India where actually measured wind data was not
available. The authors used meteorological variables of the target locations from NASA
surface meteorology and solar energy database, and the prediction accuracy is compared
with measured wind data that was collected from a nearby meteorological station in
Hamirpur, India. More literature review regarding the application of the ANN model for
the prediction of wind speed and power can be found in (Ata, 2015; Bilgili et al., 2007;
Jung & Broadwater, 2014). Furthermore, other Al methods such as ELM model was
developed by Mohammadi et al. (2015) to determine the wind power density of a
particular location in lIran. The authors compared the WPD obtained from ELM model
with that from ANN, GP, and SVM. The results showed that the performance of ELM is

higher than other models.

In recent years, ANFIS technique has been employed in many scientific and
engineering studies, but limited in wind energy applications (Admuthe & Apte, 2009;
Chong et al., 2016; Nikoli¢ et al., 2015; Pousinho et al., 2011). The adaptive neuro-
fuzzy inferences system (ANFIS), as a soft computing methodology, is a hybrid
intelligent system that merges technique of the learning power of the ANNs with the
knowledge representation of fuzzy logic. ANFIS is an adaptable and efficient method in
the computational process. The suitability of an ANFIS model to estimate monthly
WPD for the location of Aligoodarz, Iran has been shown by Shamshirband et al.
(2016). An ANFIS based hybrid model was developed by Pousinho et al. (2011) to
forecast the short-term wind power where the authors used historical wind power data
as inputs. Petkovi¢ (2015) predicted Weibull shape factor (k) and scale factor (c) using
the ANFIS predictive model. An excellent and precise performance was obtained from

this model.
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An ANFIS network was constructed by Chong et al. (2016), where the authors
showed the performance of the ANFIS to estimate the rotational speed of a vertical axis
wind turbine with power augmentation guide vane (PAGV). Again, an ANFIS model
was established by Nikoli¢ et al. (2015) for determination of the wind turbine rotor
output, torque output, power output and rotational speed of the rotor in regard to wind
input speed and diffuser effect. Gnana Sheela & Deepa (2013) applied both ANN and
ANFIS models for hourly prediction (1, 3, 6, 12 and 24h respectively) of wind power
for a wind farm located in Southern Italy and their prediction accuracy resulted worse

when the prediction horizon is increased.

Although ANFIS merges of the learning power of the ANNs with the knowledge
representation of fuzzy logic, there are still some difficulties in ANFIS in constructing
membership functions (MFs). Therefore, this study proposed hybrid ANFIS such as
ANFIS-PSO, ANFIS-GA, and ANFIS-DE to predict wind power density for the four
different places in Malaysia namely Mersing, Kuala Terengganu, Pulau Langkawi, and
Bayan Lepas. PSO/GA/DE is employed for the tuning of the membership function of
ANFIS in order to minimize the prediction error. Besides, this dissertation examined the
wind speed prediction capabilities of the proposed models for the locations where
measured wind data are not available, and the result of the wind speed extrapolation is
compared with the measured wind data collected from the nearby meteorological

station.
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2.4 Hybrid Renewable Energy System (HRES)

The power delivery system that combines conventional (diesel generator/micro
turbine) turbine and renewable energy sources such as wind, PV, and small hydro to
supply power to an isolated load is called hybrid renewable energy system (HRES).
This is done to reduce CO. emission into the surrounding environment and to
complement the inherent deficiency of each energy source. The potential of the
renewable energy sources in a certain location and the availability of diesel fuel for the
conventional source determine the type of hybrid system that will be adopted for certain
application for the location. It is noted that the diesel generator is usually used as a
backup source in these hybrid systems. Different configurations can be followed in
designing hybrid systems to effectively utilize the available renewable energy sources
and to serve the load demand at any particular time. Any combination of renewable
sources with an optional backup and/or storage device is possible. In order to select the
most appropriate configuration for a specific site, a feasibility study based on
metrological data and life cycle cost analysis has to be done. In addition, technical and
sociocultural considerations have to be taken into account while making the decision

process.

The hybrid system employs the best features of each of complementary energy
resources on the system. For instance, the hybrid systems having solar, the wind, diesel
generators, and storage device are highly reliable power supply option to the isolated
load due to complementary nature of the wind and solar resources (Zhou et al., 2010).
The wind turbine can supply electricity to the days characterized by windy, cold and
cloudy and normal days while PV supplies electricity on sunny and partially cloudy
days. The diesel generator and storage devices can work as a system load back up.

Therefore, a HRES is highly reliable, cost-effective, and eco-friendly mode of
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electricity supply. Table 2.1 presents the advantages of HRES over single source based

RE and conventional system.

Table 2.1: Comparison of a hybrid, single RE based and conventional system.

Single source

Single source

Criteria (Conventional) (RE) HRES
Capital cost/kW Low High Moderate
0O & M cost High Low Moderate
Appropriate for . . .
Load Demand consistently high :t\/loft Apl)(p\)/t;?hp;gate A}plf\;\cl)rp])/réate If or dall Kinds
KWhiday or low ay |o ay load.

Fuel

Relative to load
requirement

No fuel

Less fuel need due to
complementary nature

Schedule of repair
& maintenance

Frequent

Less frequent

low

Dependent on fuel

Dependent on

Highly reliable due to

Reliability : complementary nature of
and repair expert | natural resources
natural resources
Negative
environmental High low moderate
impact
Dependency on Independent Very high Partial

natural resources

In this dissertation, a hybrid system that comprises of PV, wind, diesel, and battery

will be investigated. The PV and the wind have been chosen because of the enormous
potential in the selected case study as earlier discussed. Also because they are primary
sources that take full advantages of renewable energy (Nehrir et al., 2011). The battery
serves as energy storage for compensating fast transient and ripple power. The diesel
engine is employed as a generator with constant power for strong and reliable backup.

There are three general categories of the hybrid system described below:

2.4.1 DC coupled hybrid system
In a DC coupled HRES, different distributed generation systems are connected to the
DC bus through an appropriate power electronics converter. DC energy source or load

can be connected to the DC bus either directly or via proper DC/DC boost converter to

achieve the required voltage level. This system can deliver power to the AC load and
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utility (or take) via an appropriate bi-directional converter. Figure 2.6 shows a DC
coupled hybrid energy system. Some advantages of this configuration are simple,
require no synchronization, fewer transmission losses, and single-wired approach. Some
disadvantages of this configuration include the problem with voltage compatibility and
failure of the DC/AC converter leads to no power supply to the load, hence entire

system failure.

DC Bus

_ | Power Electronics

RE Source # 1 Interfacing # 1 o
T | »| DCLoad AL Ty
| |
| |
L ! le—| Utility Grid
Power Electronics
RE Source # N "| Interfacing #N
P DC/AC -
[N Converter | |
»> AC Load
. Power Electronics
Storage Device > . <+
= Interfacing

Figure 2. 6: A DC coupling: hybrid renewable energy system.

2.4.2 AC coupled hybrid system

In an AC coupled HRES, different distributed generation systems are connected to
the AC bus through an appropriate power electronics converter. DC load can be
connected to the system via an appropriate AC/DC converter and a DC bus. Figure 2.7
shows an AC coupled hybrid energy system. These system configurations have some
advantages including modularity of structure, highly reliable, support multi-voltage and
terminal matching. On the other hand, it has some disadvantages as well including
unsuitable for distance transmission, power factor and harmonics correction necessary,

and synchronizing necessary to add generators to the AC bus.
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Figure 2.7: An AC coupled: hybrid renewable energy system.

2.4.3 AC-DC coupled hybrid system

ACDC
Converter

DC Bus

DC Load

In an AC-DC coupled HRES, different distributed generation systems are connected

to a DC bus and/or an AC bus through an appropriate power electronics converter.

Figure 2.8 shows an AC-DC coupled hybrid energy system where distributed generators

are connected to the AC bus and/or DC bus. In this configuration, different energy

sources can be connected directly to the bus without extra interfacing devices. The AC-

DC coupled hybrid systems are more efficient and cost-effective and have low

conversion losses. On the other hand, an AC-DC hybrid system needs complex control

and more accurate power management scheme.
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Figure 2.8: An AC-DC coupled: hybrid renewable energy system.

2.5 Applied HRES in Malaysia

In Malaysia, to accelerate the rural electrification program and as a fuel
diversification strategy after the 1970 oil-price escalation, high priority was assigned to
the development of the RE resources. Under the 4" (1981-85) to 11" Malaysian Plan
(2016-20) as a part of rural electrification, the emphasis was given to the development
of the solar hybrid system (SHS) consisting of PV, the wind, diesel, mini hydro and
battery (RMK 1-11, 2016; List of environmental issues, 2012). The potential for small
hydropower plants in East and West Malaysia has been investigated in a number of
studies (Ibrahim Hussein & Nathan Raman, 2010; Khan et al., 2014; Raman et al.,
2009). In Malaysia, Tenaga Nasional Berhad (TNB), Sarawak Energy Berhad (SEB)
and Sabah Electricity Sendirian Berhad (SESB) are the three major power companies.
TNB and SEB are responsible for the generation, transmission, and distribution of the
electricity in Peninsular Malaysia and Sarawak respectively. SEB is wholly owned by
the state government of Sarawak. On the other hand, SESB is responsible for the

electricity supply in Sabah and Federal Territory of Labuan.
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In 2002, a PV—wind-diesel hybrid system was installed in an Orang Asli village of
Kampung Denai in Rompin, Pahang by TNB. At the same year, a PV—diesel hybrid
system was launched with two 8kW PV and two 48kW diesel generator to power a
cable car office in Gunung, Langkawi island. To provide energy access and modern
education facility to the rural schools, Ministry of Education (MoE), Malaysia

established 19 solar hybrid systems in Pahang, Johor, Kelantan, and Perak in 2012.

In 2008, 11 solar hybrid power systems were established by TNB in different rural
villages in Perak, Johor, Kelantan, Pahang (Phase 1 & 2). Besides, TNB electrified 16
rural villages consists of 276 houses located in RPS Kemar, Gerik, Perak with a PV-
diesel-battery hybrid system having the capacity of 850kW PV, 2 diesel generators (350
&450kW) and a battery bank of 4800kwh in 2012. Between 2008-09, several solar
hybrid systems were established in remote villages and schools in Sabah to provide

electricity access and thereby, enlighten their way of life.

The rural and remote islands in the South China Sea, Malaysia are full of renewable
energy resources. In 2004-2005, eight solar hybrid system (SHS) was established by
TNB in five different islands situated in the South China Sea, Malaysia. These SHS are
operated in Pulau Besar (45kW), Pulau Pemanggil (50kW), Pulau Sibu (100kW), Pulau
Aur (50kW) and Pulau Tinggi (50kW) (H. Borhanazad et al., 2013). Again in 2007, the
Malaysian government in collaboration with TNB implemented a hybrid renewable
energy system (HRES) in Perhentian Island, which comprised of 100 kW PV array, two
100 kW wind turbine, one 100 kW diesel generator and a battery bank of 480 kWh, 240
Volt (DC) (Darus et al., 2009). The aforementioned hybrid power systems are briefly

presented in Table 2.2.
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Table 2. 2: Established solar hybrid system (SHS) in different remote locations in

Malaysia (H. Borhanazad et al., 2013; Darus et al., 2009; Khairul, 2014; Sopian et al.,

2005; TNBES, 2016).

Project Location Project Capacity Owner | Completion
Date
1. | SHS at Gunung | Two 8kW PV and 2x48kW diesel | LADA | 2002
Machincang, generator (DG) to serve cable car
Langkawi island. office
2. | SHS Kg. Denai, | 10 kW PV with DG to supply 20 KKLW | 2002
Rompin, Pahang. | houses
3. | SHS Mersing | 6 SHS, 65 kW peak of solar power | KKLW | 2005
islands, Johor | to supply 215 houses
(Phase 1)
4. | SHS Mersing | 1.2 SHS KKLW | 2006
islands, Johor | 2. 30 kW peak of solar power to
(Phase 2) supply 60 houses
5. | SHS  Perhentian | 100 kW PV and 2x100kW wind KKLW | 2007
island turbine with 100kW DG power to
serve:
e 280 domestics customers
e 3 commercial customers and
e 22 chalet operators
6. | SHS Kapas island | 50 kW PV and 25kW DG to supply | KKLW | 2007
8 resorts (116 rooms)
7. |SHS Org Asli| 11 SHS, 176 kW peak of solar KKLW | 2008
Perak, Johor, | power to supply 744 houses
Kelantan, Pahang
(Phase 1 & 2)
8. | SHS Banggi island | 200 kW peak of solar power to KKLW | 2008
supply 402 consumer inclusive
houses, mosque, government
office, clinic and schools
9. | SHS for remote | 4 SHS, 80 kW peak of solar power | KKLW | 2008
schools, Sabah to supply 4 schools
10. | SHS Sabah 6 SHS, 105 kW peak of solar KKLW | 2009
power
11. | SHS Kalabakan 250 kW peak of solar power to KKLW | 2009
supply 591 houses
12. | SHS remote | 19 SHS, 735 kW peak of solar MoE 712012
schools in Perak, | power to supply 19 schools
Kelantan, Pahang,
and Johor
13. | SHS RPS Kemar, | 850 kW PV with DG of 350 & 450 | KKLW | 11/2012
Gerik, Perak kW to supply 342 consumer
inclusive houses, mosque,
government office, clinic, and
schools
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Currently, there are more than 58 mini scale hydro power stations in Malaysia but all
are not in operation. Table 2.3 presents the name and installed capacity of mini hydro
that is run by TNB, SEB and SESB whereas, Table 2.4 shows cumulative installed
capacity of mini hydro that is run by feed in tariff (FiT) holder, independent power
producer (IPP) as well as TNB, SEB and SESB as of National Energy Balance (NEB)
report 2014. From Tables 2.3 and 2.4, we can see that the total installed capacity of mini
hydro in Malaysia was 72.2 MW with total generation 1,82,063MWh in 2014
contributing by TNB 9.327MW, SEB 7.297MW, SESB 8.0MW, mini hydro FiT holder

15.7MW, mini hydro IPP 20MW, and others 11.90MW (NEB, 2014).

Table 2. 3: Installed capacity of mini hydro power stations in Malaysia run by TNB,
SEB, and SESB as of December 2014 (I. Hussein & N. Raman, 2010)

Station Capacity | Station Capacity
(MW) (MW)
Kedah Sabah
1. Sg Tawar Besar 0.540 1. Kedamaian (Kota Belud) 2.103
2. Sg Mempalam 0.397 2. Malangkap (Kota Belud) 1.000
3. Sg Mahang 0.483 3. Sayap (Kota Belud) 1.000
Perak 4. Bombalai (Tawau) 1.100
1. Sg Tebing Tinggi | 0.178 5. Merotai (Tawau) 1.100
2. Sg Asap 0.110 6. Kiau (Kota Belud) 0.375
3. Sg Kinjang 0.349 7. Naradau (Ranau) 1.760
4. Sg Bil 0.258 8. Pengapuyan 4.830
5. Sg Kenas 0.532 Subtotal 13.043
6.Sg Chempias 0.120 Sarawak
7. Sg Temelong 0.872 1. Sg Pasir 0.760
Terengganu 2. Penindin 0.352
1. Sg Brang 0.270 3. Sebako 0.333
2. Sg Cheralak 0.50 4. Lundu 0.352
Pahang 5. Kalamuku 1 0.500
1. Sg Sempam G2 1.245 6. Kalamuku 1 0.500
2. Sg Pertang 0.492 7. Sg Keijin 0.500
3. Sg Perdak 0.364 8. Sg Kota 1 2.000
4. Sg Sia 0.548 9. Sg Kota 2 2.000
Kelantan Subtotal 7.297
1. Sg Renyok G1 0.800
2. Sg Renyok G2 0.800
3. Sg Sok 0.588
4. Sg Rek 0.270
Subtotal 9.327
Grand Total (9.327+13.043+7.297) 29.667
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Table 2. 4: Electricity generation and installed capacity of small hydro energy by public
and private licensees by region, 2014.

Region Type of scheme Installed capacity Unit
(MW) generated
(MWh)
Peninsular Malaysia | Mini hydro-FiT 9.20 41,976
Mini hydro-IPP 20.00 52,880
Mini hydro-Cameron 11.90 30,321
highlands scheme
Mini hydro-TNB 9.3 8,753
Sabah Mini hydro-SESB 8.00 19,943
Mini hydro-FiT 6.50 16,650
Sarawak Mini hydro-SEB 7.3 11,540
Grand Total 73.68 1,82,063

2.6 Assessment of stand-alone and grid connected HRES

Renewable energy (RE) resources assessment is the precondition to build an RE
system for various applications around the world. An RE system which is planned and
designed properly, provides consistent and excellent energy delivery to the customers
(Dihrab & Sopian, 2010; Hiendro et al., 2013). The solar and wind are most commonly
available RE sources around the world and hence, they are commonly explored. A
comprehensive study of available long-term solar radiation data and the wind regime in
a specific location is, therefore, a vital for the designing and prediction of energy output
of their respective energy conversion devices. An in-depth knowledge of the solar
radiation data and the wind regime will help in determining their suitability for any

specific applications.

In literature, researchers have explored the potentiality of the RE resources for
different part of the world. A research was conducted to supply electricity to Gokceada
Island, Turkey and the researchers considered different scenarios such as stand-alone
PV and wind turbine, grid connected PV and wind turbine, diesel only and PV-wind-
diesel hybrid system. Among them, the stand-alone PV with the wind provided the most
economical electricity supply for the island (Demiroren & Yilmaz, 2010). Techno-

economic viability of a stand-alone HRES, grid-connected RE system and grid-only
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system for a large and medium hotel located in the sub-tropical coastal area of
Queensland was studied by focusing on NPC and payback period (Dalton et al., 2008,
2009b). Economic assessment of a PV-diesel-battery hybrid system was conducted for
Northern Province of Saudi Arabia showed that 45% and 21% of total energy remained
unused with PV penetration of 69% and 51% respectively (S. M. Shaahid et al., 2014).
For a North American off-grid community, a PV-wind-diesel-battery system was
analyzed by Rahman et al. (2016), considering seven renewable scenarios. A techno-
economic feasibility study was conducted to provide renewable electricity to a small
hotel in Ajloun city located in the north part of Jordan. This study found that grid
connected small scale wind turbine is the most economical way for renewable energy
access to the hotel based on net present cost (NPC) and payback period (Aagreh & Al-

Ghzawi, 2013).

In Malaysia, several studies of HRES were conducted based on the performance
evaluation, optimal sizing, technical and economic analysis, but with no particular study
of HRES for remote tourist facilities located in the remote islands of the South China
Sea, Malaysia. An off-grid wind-diesel-battery system for two residential hotels in
Cameron Highland, Malaysia with a peak load of 8.7 kW was reported by SK A Shezan
et al. (2015). The authors showed that 15 wind turbines (each 10kW), 1 diesel generator
(4kW) and 2 lead acid battery can supply reliable electricity to the hotels with the cost
of energy (COE) 0.199/kWh and NPC of $77,019. A hybrid system consists of PV-
diesel-battery was suggested by Ismail et al. (2013), for supplying 63.58 kWh/day to an
isolated house in Langkawi Island, Malaysia. N. Izadyar et al. (2016) identified most
potential rural areas in Malaysia for the application of HRES and an economic
evaluation was conducted. The performance evaluation of a standalone PV-wind-diesel-
battery system was carried out for a small community located at Selangor, Malaysia by

Sk A. Shezan et al. (2016). The authors showed that reliable electricity can be supplied
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to this community for $1.877/kWh. An optimal combination of the PV-diesel-micro
hydro-battery system has been proposed to supply reliable electricity to Tekek Village
in Tioman island by Basir Khan et al. (2015). The authors showed that the net present
cost (NPC) of the proposed HRES would be $31.9 million with COE of $0.142/kWh.
An optimal green energy system consists of PV-wind-fuel cell-battery was proposed by
Ashourian et al. (2013) for Juara Village in Tioman island. The authors showed that
their proposed system can supply green electricity for $1.10/kWh without any unmet
electrical load. The techno-economic feasibility of several HRES was presented in Ngan
& Tan (2012) for four stores building in University Technology Malaysia (UTM). This
study found that PV-wind-diesel-battery and PV-diesel-battery systems are more
economical and environmentally friendly than diesel only system when the price of

diesel fuel increase from the base value.

2.7 Optimal sizing of the hybrid system

Over sizing of a hybrid system components leads to increasing the overall system
cost while under sizing leads to unreliable power delivery of the system. Thus, the
optimal sizing of the constituent generating units and other associating components is
the vital importance when designing and planning the hybrid system for economic and
efficient utilization of the available RE resources. There are two general criteria namely
power supply reliability and system economic minimization to select optimal system

components that will meet the load demand with reliably and cost effectively.

2.7.1  Power supply reliability

The production of electricity from RE resources such as solar and the wind is highly
dependent on weather conditions. Thus, the power supply reliability assessment is a
desperate need when planning and designing a hybrid RE system. There is a number of
methods to determine the reliability of the system among them the loss of power supply

probability (LPSP) criteria is the most popular one (Zhou et al., 2010).
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2.7.1.1 Loss of power supply probability (LPSP)

The LPSP is the probability that an insufficient power supply results when the hybrid
system is not able to satisfy the load demand. The reliability of an off-grid PV-wind
hybrid system can be obtained considering LPSP as a key design parameter. The
chronological simulations and probabilistic techniques are two approaches for the
application of LPSP when designing a reliable standalone PV-wind system. The first
approach has disadvantages such as computationally burdensome and requires time
series data. On the other hand, the probabilistic approach incorporates the fluctuating
nature of the resource and the load, thus eliminating the need for time-series data (Zhou
et al., 2010). The mathematical representation of LPSP is as following (Heydari &

Askarzadeh, 2016):

YT, LPS(b)
LPSP = —F——=—
5 Y PL(O)*At

2 1)

where LPS(t) and P, (t) are loss of power supply and load demand at hour t. In a PV-
wind-diesel-battery hybrid system loss of power supply at any hour t can be calculated

as:

LPS(t) = |Po(®) = (Pov(®) + Pur(t) + Pog(8) + Prae acn ()| (2.2)

where, Ppy(t), Pyr(t) and Py (t) are power output from the PV, wind and diesel

generator respectively, while Pyae¢ 401 (t) is the discharge capacity of the battery.

2.7.1.2 Loss of load probability (LOLP)
This is a measure of the probability that the load demand will exceed the capacity of
the hybrid system. This is also known as expected energy not supplied and measured in

kWh, and can be computed as (Ould Bilal et al., 2010):
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LOLP = Y8780, x D (2 3)

where, L; and D are annual average load demand (kW) and duration of time (h) for

which load not to be met respectively.

2.7.1.3 Level of autonomy (LA)
This represents the fraction of time under which the load is not met. This is the ratio
between duration of unmet electric load (H;;) to total number of hours (Hro¢q;) OF the

system operation which is expressed by following equation (L. Olatomiwa, 2016):

LA = oL 2. 4)

Hrotal

2.7.2  System economic optimization
An economic analysis is essential to suggest an optimal combination of the

components in a HRES. The following are the major economic criteria:

2.7.2.1 Net present cost (NPC)
This is comprised of capital, replacement, operation and maintenance cost of the
system components over total project life span. NPC is also known as life cycle cost and

given as (Sinha & Chandel, 2015b):

— _Canntor
Cnpc,tot - CRF(l,Rpro]) (2. 5)

where, Cann tor IS the total annualized cost ($/year), i is the annual real interest rate (%),
R,ro; is the project lifetime (year), CRF represent capital recovery factor. The CRF and

Cann,tor are given by the following equations (Lanre Olatomiwa et al., 2015):

i(a+)N

CRE(LN) = T3 (2.6)
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Cann,tot = Cann.cap + Cann.rep + Cann.O&M (2- 7)

where N and i are the number of years and annual real interest rate respectively. On the
other hand, Cunncapr Cannrep @nd Cannogm are the annual capital, replacement,
operation and maintenance cost respectively. Hybrid optimization model for electric
renewable (HOMER) software, used in this study, does not use nominal interest rate in
the computations but real interest rate which is computed from nominal interest rate

using following equation (Ramli et al., 2015):

=L 2.8

1+f
In equation (2.8), f is the annual inflation rate and i’ is the nominal interest rate.

2.7.2.2 Cost of energy (COE)
The price of per kwWh of electricity is called the cost of energy (COE) (Park & Kwon,
2016). The COE is computed by dividing the total annualized cost by annual electricity

served to load which is defined as follows (Sinha & Chandel, 2015a):

COE = lanntot 2.9

Lann.load

From the above discussion, it is clear that the optimal sizing of the hybrid system is
important both for the economic and technical issues of the system. The optimal sizing
includes the optimal number and the capacity of system components like a wind turbine,
PV panel, batteries and much more. In literature, the researchers mostly have used NPC,

COE, and LPSP for the optimal sizing of a HRES.

2.7.3 Methodologies for optimal sizing of HRES
In literature, different methods employed for optimizing the size of a HRES. For
example, the numerical algorithms (Kellogg et al., 1998), probabilistic approach

(Borowy & Salameh, 1996), deterministic method (El-Hefnawi, 1998), graphical

30



construction method (Karaki et al., 1999), linear programming techniques (Chedid &
Rahman, 1997), artificial intelligence techniques (Hanieh Borhanazad et al., 2014
Modiri-Delshad, & Mirtaheri, 2014; Shadmand & Balog, 2014; J. Wang & Yang, 2013;
L. Wang & Singh, 2009) and software tools (Bahramara et al., 2016; Dalton et al.,
2008; Sinha & Chandel, 2014) are employed for optimal sizing of the hybrid system

that are summarized in Fig 2.9.
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Figure 2. 9: Methodologies for optimal sizing of HRES.

As presented in Fig 2.9, there are different computer software tools for optimum
sizing of a Hybrid RE system such as HOMER (Hybrid Optimization Model for
Electric Renewable), Hybrid 2, RETScreen, iIHOGA (Improved Hybrid Optimization by
Genetic  Algorithm), INSEL (Integrated Simulation Environment Language),
HYBRIDS, TRNSYS (Transient Energy System Simulation Program), RAPSIM
(Remote Area Power Simulator), iGRHYSO (Improved Grid Connected Renewable
Hybrid System Optimization), SOMES (Simulation and Optimization Model for
Renewable Energy Systems), and HySim (Hybrid Energy Simulation). Among them,
HOMER is widely used, user-friendly software tools for designing and analysis of the

hybrid system (Sinha & Chandel, 2014).

HOMER is a computer model developed by the U.S. National Renewable Energy

Laboratory (NREL) in 1993 to assist in the design of micro power systems and to
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facilitate the comparison of power generation technologies across a wide range of
applications. HOMER models a power system’s physical behavior and its life-cycle
cost, which is the total cost of installing and operating the system over its life span.
HOMER allows the modeler to compare many different design options based on their
technical and economic merits. It also assists in understanding and quantifying the

effects of the uncertainty or changes in the inputs (Lambert et al., 2006).

Figure 2.10 shows a typical architecture for the HOMER Pro micro grid analysis tool
of version 3.3.3. It is vivid that seven significant steps necessary to design a HRES in
HOMER model. These steps include: the meteorological resources input (solar, the
wind and temperature, etc.), selection of system control (economic, fuel and weight
minimization), project economics (discount and inflation rate, project lifetime, etc.) and
dispatch strategy selection (load following and cycle charging), load and components
modeling and finally sensitivity input selection. On the other hand, the output of
HOMER model would be the net present cost (NPC), cost of energy (COE), a

renewable fraction (RF), excess electricity (EE), emissions and much more.
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Figure 2.10: A typical architecture for HOMER micro grid analysis tool.

In this study, design and techno-economic analysis of the proposed off-grid PV-
wind-diesel-battery hybrid system have been carried out with HOMER software. The
results and analysis of this study will be useful in planning, feasibility study and
decision-making purposes of a proposed hybrid system for the rural and remote resort

facilities.

2.8 Summary

This chapter first addressed the energy status in Malaysia, followed by a review of
different hybrid renewable energy system (HRES) and its topologies, assessment of
solar and the wind potentials, and a review on the stand-alone and grid-connected
HRES carried out by different researchers, with discovery that there is no particular
study on the techno-economic performance analysis of HRES for tourist facilities

located in rural and remote islands in the South China Sea, Malaysia. The hybrid
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renewable system offers a lot of advantages over the single renewable source and
conventional fuel based power system due to intermittent nature of renewable sources,
high, volatile diesel fuel price and much more. Besides, among different hybrid
systems, the hybrid AC-DC coupling system is considered the best configuration to
provide the rural and decentralized electricity access. In this chapter, different
methodologies for the hybrid system reliability analysis including the loss of power
supply probability (LPSP) and the loss of load probability (LOLP) are presented. This
chapter also presents the economic optimization methodologies including the net
present cost (NPC) and the cost of energy (COE) methods. Among them, the LPSP and
the NPC are commonly and popularly used methods for reliability and economic
minimization of the hybrid system respectively. A brief review on the optimal sizing of
the hybrid system is presented in this chapter. It is observed that there are different
software tools in literature for optimum sizing and designing of a HRES and among
them, HOMER (hybrid optimization model for electric renewable), developed by the
U.S. National Renewable Energy Laboratory (NREL), is found to be the most popular,
user-friendly and enriched software tool for this purpose. Thus, HOMER has been
considered for the designing, optimal sizing, techno-economic and environmental

analysis of the proposed hybrid renewable system.
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CHAPTER 3: METHODOLOGY
3.1 Introduction
In this study, a complete design and the techno-economic analysis of a standalone
hybrid PV-wind-diesel-battery system is proposed for the application in a remote and
rural resort facilities where an extension of the national electric grid is not economically

viable. A detailed methodology of this work is presented in the following flowchart:
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Figure 3. 1: Flowchart of the entire methodology.
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3.2 Site selection, data collection and resources assessment

The Berjaya Tioman Resort (BTR), a big chalet style hotel and resort located in
Tioman Island, was selected in this study for techno-economic design and analysis of
the proposed hybrid RE system. The geographical location of the resort is 2° 48' 30" N,
104° 8' 29" E, as shown in Fig. 3.2. The resort is powered by the diesel generators
installed at the resort. The resort is a chalet style architecture with 268 rooms and suites,
two restaurants (Sri Nelayan and Natahari), 2 bars (beach bar and sunken pool bar), one
ball room (Shahzanhall, I & Il) which can accommodate approximately 400 guests, and
4 other separate meeting rooms (Mukut, | & Il and Tioman, | & I1) (Berjaya Tioman

Resort, 2015).
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Figure 3. 2: Location of BTR in Tioman Island [Source: Google map and then edited].

However, this island does not have any meteorological stations. The nearest
meteorological station that collects wind data is the coastal station at Mersing, which is
32 km from the island. On the other hand, Hospital Kota Tinggi is the nearest station
that collects solar radiation, which is 150km from the Tioman island (Basir Khan et al.,

2016a). Basir Khan et al. (2015) proposed a HRES for Tekek Village in Tioman island
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using solar data from the NASA surface meteorology and the wind data from Mersing
station whereas, Ashourian et al. (2013) used both solar and wind data from NASA
surface meteorology and solar energy database for optimal planning a hybrid RE system
in Juara Village, Tioman island. Thus, this study has considered the case: designing the
proposed hybrid system using the wind and solar data collected from meteorological
station at Mersing and NASA surface meteorology and solar energy database
respectively. It is important to note that the previous researchers have shown the
capability of the meteorological data collected from NASA surface meteorology and
solar energy database to model hybrid renewable energy system in places where
measured data are not available. For example, the design and techno-economic
feasibility studies of the HRES conducted in Ref. (Abdilahi et al., 2014; Adaramola,
2014; Adaramola et al., 2014; Fyrippis et al., 2010; N. lzadyar et al., 2016; L.
Olatomiwa et al., 2015) used meteorological data from NASA surface meteorology and
solar energy database. Monthly average global solar radiation for the period of July
1983 to June 2005 that was collected from NASA surface meteorology and solar energy
database for Tioman Island is shown in Fig.3.3. Annual average solar radiation in

Tioman Island is 5.21kWh/m?/day.
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Figure 3. 3: Monthly average daily solar radiation and clearness index at Tioman
Island.
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On the other hand, the wind speed data of eleven years (2004-2014) that was
obtained from MMD at Mersing. Daily average wind speed for the site is shown in Fig.
3.4 starting from 1 January 2004 to 30 December 2014. At this station, for the
measurement of wind speed and wind direction, a rotating cup type anemometer and a
wind vane were used at the height of 43.6m from sea level. The wind power law is used
frequently to adjust wind speed data at various turbine hub heights (Ohunakin et al.,

2011; Ramli et al., 2016).

Wind speed (m/s)
12

10.

ge wind speed

(m/s)

Daily avera
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Number of day in year 2004-2014

Figure 3. 4: Monthly daily wind speed of Tioman Island in 2004-2014.

3.3 Wind power density prediction

The aim of this dissertation is to predict wind power density of Mersing station, a
coastal city situated in Southern part of Malaysia, which is 32km from the Tioman
Island. Again, the prediction capabilities of proposed models will be validated by
predicting monthly wind power density of three additional cities situated under three

distinctive locations in Malaysia that are shown in Table 3.1.
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Table 3.1: Location and description of the sites.

Location of Measured
Locations State meteorological stations | height of wind
Latitude Longitude | speed (m)
Mersing Johor 2°27'N | 103°50'E | 43.6
Kuala Terengganu | Terengganu 5°23'N | 103°60'E | 5.2
Pulau Langkawi Kedah 6°20'N 99°44'E | 6.4
Bayan Lepas Pulau Penang | 5°17'N | 100° 16'E | 2.46

For this purpose, the data of wind speed was collected from Malaysian
Meteorological Department (MMD) situated in the respective locations during the
period of 2004-2014. As presented in Table 3.1, the wind data were measured at
different heights above sea level by a rotating cup type anemometer. Those are 43.6m,
5.2m, 6.4m and 2.46m for Mersing, Kuala Terengganu, Pulau Langkawi, and Bayan
Lepas respectively. It is important to mention that the wind data recorded in different
heights need to adjust to the same height because of the various characteristics of wind
speed with altitudes. The wind shear, which is the variation of wind velocity with
altitudes, is most pronounced near the surface (sea and land). Due to the drag of surface

and viscosity of air, the wind blows faster at higher altitudes.

Typically, the variation of wind speed at daytime follows the 1/7"" power law
whereas, when the temperature become stable or better at night time, the wind speed
close to the ground usually subsidies and at turbine altitudes, it does not decrease that
much or may even increase. Thus, the daily average wind speed data was collected from
the meteorological station and then adjusted at turbine hub height of 50m using power
law. The power law for wind speed adjustment at different hub heights is defined as

(Islam et al., 2011):
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Y= (h—o)a (3. 1)

Vo

where v is the wind speed at the desired height h and v, is the wind speed at measured
height h,. While a is power law coefficient. The exponent («) is an empirically derived
coefficient that varies depending upon the stability of the atmosphere. For neutral stable
conditions, it is approximately 1/7, or 0.143, which is commonly assumed to be
constant in the wind resource assessments. This is because the differences between the
two levels are not usually so great as to introduce substantial errors into the estimation
(usually<50m). The value of the coefficient varies from less than 0.10 for very flat land,
water or ice to more than 0.25 for heavily forested landscapes and the typical value of
a is 0.14 for low roughness surfaces. The value 0.143 for the coefficient has been

chosen for this assessment (Islam et al., 2011; Justus, 1978; Ramadan, 2017).

3.3.1  Computation of wind power density

The wind power density (WPD) is an essential indicator to estimate the wind
potentiality in a specific location. The computation methods of WPD include the
application of measured wind data and the use of Weibull distribution function. The
power in the wind at a measured wind speed v passing through a blade sweep area can

be expressed as (Mohammadi et al., 2016; Mohammadi & Mostafaeipour, 2013):

= 1 1 - w
P:a*p* ?=1v3=5*p*v3 (—) (3.2)

m?2

where n is the number of data points over a time period, v3 is the mean of cube of wind
speed and p is the air density (kg/m3) which is taken 1.175 kg/m3 in this study
(Akorede, Rashid, Sulaiman, Mohamed, & Ab Ghani, 2013). As presented in (Akdag &
Dinler, 2009; Justus, 1978), the 2-parameters Weibull distribution function is the most

appropriate, recommended and accepted for the wind potentiality analysis.
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In Weibull distribution, the probability distribution function (PDF) determines the
probability of the wind at a given velocity V and PDF is expressed as (Arslan, 2010;

Malik, 2011; Phuangpornpitak & Kumar, 2011):

0= en[- ()] 59

c

On the other hand, the cumulative distribution function (CDF) of wind speed V
indicates the probability that the wind velocity is equal to or lower than Vor within a

given wind speed range and the CDF is expressed as (Manwell et al., 2010; Ohunakin et

al., 2011):

F(V)=1—-exp [— (g)k] (3.4)

where V is wind speed (m/s), k (dimensionless) is shape factor and ¢ (m/s) is scale

factor.

As earlier mentioned, the k and ¢ (m/s) can be computed by several empirical
methods. Commonly used is the standard deviation method. In this method, k and ¢ are

defined as follows (Islam et al., 2011):

”. (%)—1.086 (3.5)
€= r(1+5) (3.6

where ¥ is the average wind speed (m/s), o is standard deviation and I' (x) is the gamma

function which is defined as (Jowder, 2009; Ohunakin et al., 2011):

I'(x)= [ t*te tdt (3.7)

Another empirical method is the power density or energy pattern factor method. In

this method, E, ¢ is needed to be estimated to compute the shape factor k and scale
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factor ¢ (m/s). The E,f is known as wind pattern factor which is used for wind turbine

aerodynamic design and it is defined as follows (Akdag & Dinler, 2009; Mohammadi &

Mostafaeipour, 2013):

£ - ytvd 3 r(1+)
pf — (i2?=1v1)3 B r3(1+7)

n

(3.8)

In simple word, Ejf is the ratio of mean of cube wind speed to cube of mean wind
speed. When E, ¢ is known then shape factor k can be easily estimated by following

formula (Akdag & Dinler, 2009):

3.69
2
(Epr)

k=1+ (3.9)

The wind power density on the basis of Weibull probability density function is

estimated using the following equation (Mohammadi et al., 2016):

P= % pfooo v3f,,(v)dv = %p c3r (1 + %) (W /m?) (3.10)

3.3.2 Development of the Prediction models

As mentioned in section 3.3, to accomplish the study objective, 11 years (2004-2014)
long term wind speed data measured by a rotating cup-type anemometer were collected
from the four different locations in Malaysia namely Mersing, Kuala Terengganu, Pulau
Langkawi, and Bayan Lepas. The raw data was thereafter adjusted to turbine hub height
of 50m. Afterward, the monthly mean wind speed at 50m and the corresponding wind
power density from measured data were applied on the developed standalone ANFIS
and hybrid ANFIS models. The proposed stand-alone ANFIS and hybrid ANFIS

prediction models were developed on the MATLAB platform.
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3.3.2.1 ANFIS (Adaptive neuro-fuzzy inference system)

The term adaptive neuro-fuzzy inference system (ANFIS) was first introduced by
Jang in 1993. ANFIS is a hybrid intelligent scheme that merges the learning power of
ANNs with the knowledge representation of fuzzy logic to produce a powerful
processing tool (Jang, 1993). The fuzzy inference system (FIS) is the core of ANFIS.
The FIS is based on expertise expression in terms of ‘IF-THEN’ rules, thus it can be
used to predict the behavior of many uncertain systems. One of the advantages of FIS is
that it does not require knowledge of the main physical process as a pre-condition for
operation. Thus, ANFIS integrates FIS with a back propagation learning algorithm of a
neural network. These techniques provide a method for the fuzzy modeling procedure to
learn from available data set, in order to compute the membership function parameters
that best allow the associated fuzzy inference system to track the given input/output
data as shown in Fig.3.5. For one input, two fuzzy ‘IF-THEN rule are generated for the

maximum equal to 1 and minimum equal to 0.

Layer 1 Layer 2 Layer 3 Layer 4 Layer 5
X
o
Wy Wy *
A Wi fl
X
B *
W, . w212
X

Figure 3. 5: ANFIS structure.

The fuzzy inference system employed in this study uses one input x and one
output f. A first-order Sugeno fuzzy model with two fuzzy if-then rules is used as

follows (Thakagi & Sugeno, 1983) :
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Rulel:if xis A then f; = p1x+ t; (3.11)
Rule 2:if x is B then f, = p,x + t, (3.12)

Fig. 3.6 represents the bell-shaped membership function (MF) with three parameters.
The bell-shaped MFs is presented in Eg. 3.13, for which the lowest and highest amounts

are 0 and 1, respectively.

f(x;a,b,c) = ;ﬂ,
1+(5)

(3.13)

The function is subject to the following parameters, namely a, b and c. Each of these
parameters defines as follows: a is half width of the curve; b defines the gradient

together with a, and c is the midpoint of the membership function.

radient = 2
E " 2a

0.5 [peessssssss=

c-a C c+a X

— 20—

Figure 3. 6: Three parameters in bell membership function; a, b and c.

On the other hand, the formulation of each layer of ANFIS model shown in Figure 3.5

is summarized in Table 3.2.
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Table 3. 2: The formulation of each layer of ANFIS model.

Layer

Formulations

Remarks

Layer 1

01, = pai(x) fori=12
where

1

X — C)Zb
a

tai(x) =

1+

Consists of membership functions (a,
b), where the fuzzification process
takes place. Every node in this layer is

an adaptive node.

Layer 2

Oz; = w; = u(x); u(x)is1,
fori=1,2

This is a product layer, it multiplies
the incoming signals from layer 1 to
generate an output which is a linear
combination of the inputs multiplied
by the normalized firing strength, w; .
Each node in this layer is a fixed

node.

Layer 3

wy; +wy’

In this layer, the normalization
process takes place to scale the firing
strengths. It also has the fixed nodes.
The rule’s firing strength to the sum
of all

calculated for the corresponding node.

rule’s firing strength s

Layer 4

Oy; =w; * f =w;(pix + t;)

This is a defuzzification layer. It
delivers the output values resulting
from the inference of rules, based on
where

the consequent parameter,

every node i is an adaptive node.

Layer 5

.W.. .
%zzwﬁzzlﬁ

- XiW;

This is the output layer. It combines
all inputs from the defuzzification
and transforms

layer the fuzzy

classification leading to a crispy
output. The node in this layer is non-
adaptive and estimates the overall

output of all incoming signals.
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Three optimization techniques namely the PSO, GA, and DE were employed to adjust
the ANFIS membership function parameters. The main benefit of combining these
three techniques with ANFIS is to reduce the error rates by tuning and optimizing the

membership functions.

3.3.2.2 ANFIS-PSO

PSO is an approach for optimizing “continue” and “discontinue” decision-making
functions, which was developed by Dr. Kennedy and Dr. Eberhart in 1995 (Eberhart &
Kennedy, 1995). PSO has been used to model animals’ sociological and biological
behavior (like groups of birds searching for food) (Bashir & El-Hawary, 2009). The
PSO has also been employed in population-based search approach, in which a particle
of a population is present for each individual potential solution or swarm. In this
method, the position of each particle is changed constantly in a search space until
getting to the optimum solutions and computational limitations are reached

(Shoorehdeli et al., 2009).

In PSO, swarm starts with a group of random solutions, each of which is called a
particle, and s; represents the particle’s position. Likewise, a particle swarm moves in
the problem space, where v; expresses the particle’s velocity. A function f is evaluated
at each time step through input s;. Every particle records its best position related to the
best fitness gained to this point, in p; vector. p;? tracks the most appropriate position
identified by any neighborhood member. In universal form of PSO, p;? represents the
best appropriate position in the entire population. A new velocity is achieved for any
particle i in each iteration according to the best positions of individual, p;(t) and ﬁ;" (t)

neighborhood. The new velocity can be presented by:
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Bt + 1) = wii() + 105 (5i(0) - 5i(0) + 0205 (B (D) —%(D)  (3.14)

In Eq. (3.14), w represents the inertia weight. The positive acceleration coefficients are

shown by ¢; and c,. 6: and (72 represent uniformly-distributed random vectors in [0,1],

in which a random value is tried for every dimension. v; limit in the [-Vnax » Vmax)

range is reliant on the problem. Provided that the velocity exceeds the mentioned limit,

in some cases it is rearranged within its suitable limits. The position of every particle

alters depending upon the velocities as follows:
According to Eq. (3.14) and (3.15), the particles incline to gather around the best.

Fig. 3.7 depicts the diagram of the sequential PSO and ANFIS combination (Juang,

2010).
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Figure 3. 7: Diagram of the sequential combination of PSO and ANFIS.
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The PSO used for the designing a fuzzy system (FS) or parameter optimization is

expressed as:
R;:if x,(k) is Aj; And ... And x, (k) is A;,, ,Thenu(k)isa; (3.16)

Here,a; is a crisp value, k represents the time step, the input variables are

x1(k), ..., x,(k), A;jis afuzzy set and u(k) signifies the system output variable.

For the FS in Eq. (3.16) which comprisesr rules and n input variables, its free

parameters are defined through a position vector:

§ = [mll, bll' ey, Myp, bln' aq, ... ... y Myq, le’ vy My, bT'TU ar] € mD
(3.17)
mrj = X](k), bT‘] = bfix’ ] = 1, e, n (3 ]8)

According to Eq. (3.17) and Eqg. (3.18), the ith solution vector 5, is created as:

—_

S, = [Si1 Siz - Sip] = [Mqyy + Amiy, by + AbY,, ..., My + Amiy, by +
Abi,, @y, ..., Mpy + AmLy, byiy + ALy, ..., My + Amby, by + Ably, a, ]

(3.19)

In the Eq. (3.19), Am;; and Ab;; represent small random numbers, a; designates a
random number distributed arbitrarily and homogeneously in the FS output range. The

f (evaluation function) for s, is calculated based upon the FS performance.

PSO looks for the best originator part parameters. P, represents the population size.
Eq. (3.17) sets the elements in position 5. When t = 0, the 57(0), ..., 5,(0) or initial

positions are created arbitrarily according to the best-performing FS found in PSO
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(Spso)- 51(0) is considered similar to Spgo. The left P, — 1 particles, 5,(0), ...,s,_(0),

are created by addition of uniformly-distributed random numbers to spg, shown as:

EL\(O) = §p50 +ﬁ7_l\, [ = 2, 'PS (3. 20)

Here, w, represents a random vector. The primary speed values of all particles, v,(0),
i=1,.., P, are generated randomly. Each particle’s performance is evaluated

according to the FS. The f is described as the E(t) or error index mentioned above.

The best position (p,) of each particle and the best particle @ in the whole
population is obtained according to f. Eq. (3.14) and (3.15) overhaul the velocity and
position of each particle. The whole learning procedure is accomplished as soon as a
pre-defined paradigm is obtained (Juang, 2010). There are five PSO main parameters
used during conducting experiment as shown in Table 3.3, which are maximum number
of iterations, population size of the domain, inertia weight, damping ratio, global and
personal learning coefficient. For this case study, we determined these parameter’s

optimum values by trial and error procedure.

Table 3.3: Parameter characteristics for ANFIS-PSO.

Population o Inertia Damping Learning coefficient
Size Weight Ratio Personal Global
100 500 1 0.99 2 2

3.3.2.3 ANFIS-GA

Genetic Algorithm is a global search heuristics technique which is popularly used to
find solutions for optimization and to solve highly complex search problems. It is a
particular class of the evolutionary computing that is inspired from the idea of natural
selection evolutionary process. The GA performs inheritance, mutation, selection, and

recombination (Mitchell, 1998). In ANFIS-GA hybrid approach, GA is combined with
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ANFIS to extend its prediction proficiency. More precisely, GA is implemented to
improve the performance of the ANFIS by tuning and optimizing the membership
functions of a Sugeno type fuzzy inference system. Later, the ANFIS-GA forecast
allows reforming of the upcoming behavior of the wind power density and therefore,
determines the viability of the wind power plants from any location. The hybrid ANFIS-

GA model used in this study shown in Figure.3.8.
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v

Reproduction
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Mutation

eEnd of iteration?
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Fuzzy Inference
System

Optimal Solution

Figure 3. 8: ANFIS-GA Model.

GA model begins with a set of solutions (referred to as chromosomes) represented as
population. A new population is drawn from the completion of a previous population.
New solutions that formed from selected solution (offspring) are designated according

to their fitness. This process is repeated until some condition occurs. For example, the
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number of populations or improvement of the optimal solution is fulfilled. To achieve
this, ANFIS algorithm plays an important role as part of the fitness function, f(x). The

fitness function with the intervention of ANFIS fitness function can be stated as:

() = — 3T (d; — ;)2 (3.21)

Where m is the number of feature attributes, a; is the output derived through ANFIS, d;

is the desired wind power density.

The next fitness function can be presented as Eq. (3.22).

() = — ¥, (d; — a,)? (3.22)

Where, n is total number of input features, d; is set to minimum, a; is actual value of
wind power density and n — m represents remaining undesired features. The final

equation is minimized f(x), describe as,

f(X) — fl(x):fz(x)

(3.23)

For this case study, we determined specific parameters initialization for the genetic
algorithm. These include a number of iterations, population size, mutation and
crossover percentage. The selection of these parameters decides, to a great extent, the

ability of the designed controller. The range of the tuning parameters is listed as follows

in Table 3.4.
Table 3.4: Parameter characteristics for ANFIS-GA.

. Number Crossover | Mutation Mutation | Selection | Selection
Population " :
Size of Percentage | Percentage | Rate Pressure | Function

Iterations
100 500 0.8% 0.3% 0.02 8 Roulette
Wheel
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After the fitness function f(x) of each chromosome x in the population is evaluated,
a new population is created and following steps are repeated until it is completed. The
better fitness gives a bigger chance to the parent chromosomes to be selected from a
population. Then it is cross over the parents to form a new offspring with the crossover
probability. The next mutation probability mutates new offspring at each position in the
chromosome. As the solution goes under reproduction, crossover and mutation with
parameters setting, the best solution in current population is returned if end condition is
satisfied. The optimal solution calculated will help GA to search for optimized

membership function.

3.3.2.4 ANFIS-DE

The differential evolution (DE) is first introduced as a heuristic method by Storn &
Price (1997) to solve the problems which involve the global optimization, nonlinear and
non-differentiable continuous space functions. Since both DE and GA are part of
evolutionary computing, a method of DE’s functioning is alike to GA’s approach. The
different in DE is using actual real numbers in the strict mathematical sense which can
be applied to real-valued problems over a continuous space. As a result, the designs of
crossover and mutation are significantly different. The idea behind the method of DE is
that the difference between two vectors produces a difference vector which is used with

a scaling factor to traverse the search space (Hegerty, 2009).

In ANFIS-DE hybrid approach, DE is combined with ANFIS to improve the
performance of ANFIS prediction proficiency. The DE initializes with a population size
of individual solutions which can be represented as xf = 1,2,..., popsize for each
individual where i represents the population and t;, represents the generation to which
the population belongs. Then the algorithm depends on the operation of three main
operators namely mutation, crossover, and selection which are briefly described below

and is shown in Figure 3.9.
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Figure 3. 9: ANFIS-DE Model.

The mutation operator is the main operator of DE which differs from other EAs. We

implemented DE/rand/1 mutation strategy as described in Eg. 3.24.

uf = xf +F.(xf, —xt) (3.24)

where, uf is the mutant individual for x! and ry, 7, 5 are randomly selected and satisfy
individuals. Moreover, they are not equal to running index (i) and mutually different. F
is control parameter in the range of [0, 2]. The process crossover is carried out after the

mutation phase is completed and can be described as,

t o <
yitd — { Ujg if rand < Cp, (3. 25)

xitd otherwise,

where, v} is the trial individual, d represents the d,, component of individuals. The

rand and crossover rate Cy are parameters in the range of [0, 1].
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The selection operation in DE is also different from other evolutionary algorithms.
Once all pop size of the trial individuals is generated, the selection operation is

processed as follows:

tice t . t
t+1 _ [ yj iffitness (yj) < fitness (x7),
Xid {xf otherwise, (3' 26)

where fitness(x) is the fitness function. Table 3.5 shows our initial parameters for

ANFIS-DE.

Table 3.5: Parameter characteristics for ANFIS-DE

Population No. of Crossover | Lower bound of | Upper bound of
Size Iterations | Percentage | scaling factor scaling factor
100 500 0.2% 0.2 0.8

3.3.3 Statistical indicators model performance evaluation

The performance of the proposed system can be checked by computing several
statistical parameters. The most popular statistical error indicators are the mean absolute
bias error (MABE), mean absolute percentage error (MAPE), root mean square error
(RMSE), and coefficient of determination (R?). The MABE is the average quantity of
the summation of all absolute bias error between the predicted and measured value

which is represented as:
1
MABE = —3iL1|(Vip = Vim)| (3.27)

The MAPE is the mean absolute percentage difference between the predicted and

measured wind power density. The equation for MAPE is as follows:

MAPE = -3¥,

(V‘;‘&N x 100 (3.28)

i,M
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The RMSE presents the accuracy of the model by comparing the deviation between
predicted and measured wind power density. The value of RMSE is always positive. It

is defined as:

1 2
RMSE = \/ﬁzﬁil(vw —Vim) (3.29)

The coefficient of determination (R?) indicates the strength of the linear relationship

between the predicted and measured wind power density. The R? is obtained by:

N v )2
RZ — 1 _ Zl=1(vl,P VL,M) (3. 30)

2
Zf=1(Vi,M _VM,avg)

In the Eq. (3.27-3.30), V; p and V; 5, are wind power density estimated from developed

prediction models and measured data respectively.

3.4 Load estimation for the resort facilities

The resort is powered by diesel generators installed at the resort, but hourly load data
was not available at the resort. Thus, hourly load profile of one year for the resort was
estimated. The list of electric appliances employed, and their power rating is shown in
Table 3.6, while the estimated daily average load profile for the resort is shown in Fig.
3.11 for different seasons. All the electric appliances and its numbers are computed

based on the available information from the resort (Berjaya Tioman Resort, 2015).
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Table 3.6: Load estimation of the resort based on the available information from the

resort (Berjaya Tioman Resort, 2015).

Load description Power Quantity Running Total power
Category Appliances rating (Watt) (no.) hour/day (kW)
Air conditioning 1,500 268 10 4020.0
Cable TV 150 268 5 201.0
All 268 Tube light 25 804 1 2412
Rooms in
chalets Table light 18 536 5 48.24
Ceiling fan 80 536 4 171.52
Fridge 400 268 18 1929.6
Hair dryer 2,500 268 2 1340.0
Coffee maker 1,500 268 2 804.0
Air conditioning 1,500 10 3 450
Tube light 25 50 3 3.75
Conference CFL bulb 40 10 3 1.2
;(éggnn:zqag date Overhead projector 300 1 2 0.60
400 guests Slide projector 200 1 2 0.40
Microphone 10 5 1 0.05
Desktop computer 120 1 3 0.36
Laptop computer 80 1 2 0.16
Air conditioning 1,500 8 4 48.0
Tube light 25 15 4 15
4 meeting CFL bulb 40 15 4 2.4
rooms Slide projector 200 1 2 0.4
Microphone 10 4 1 0.04
Laptop computer 80 1 2 0.16
Air conditioning 1,500 12 8 144
Cable TV 150 4 5 3.0
2Bars &2 Refrigerator 400 8 12 384
Restaurants = cTione 25 30 8 6.0
CFL bulb 40 20 8 6.4
Ceiling fan 80 8 6 3.84
Freezer 400 4 12 19.2
Air conditioning 1,500 2 10 30.0
Tube light 25 5 5 0.625
Resort Office | CFL bulb 40 5 5 1.0
Desktop computer 120 1 10 1.2
Refrigerator 400 2 8 6.4
Printer 100 2 4 0.80
Scanner 10 2 2 0.04
Oven 3,000 1 2 6.0
Total 9126.49
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The electrical load in this resort varies seasonally due to variation in tourist presence.
The duration of northeast monsoon (NEM), the first inter-monsoon (FIM), the
southwest monsoon (SWM), and the second inter-monsoon (SIM) are November-
February, March-April, May-August, and September-October respectively that control
the climate and weather in Tioman Island (Basir Khan et al., 2015). In NEM season,
high wind speed and heavy rainfall affect the tourism business significantly.
Consequently, the load profile of this resort is high during SWM, FIM, and SIM

seasons and slightly low in NEM season as shown in Figure. 3.10.

Average howrly load profile in different seasons
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Figure 3. 10: Hourly average load profile of a typical day in different seasons for the
resort.

Estimated hourly load data for one year served as input in HOMER taking a day to
day load variance of 10% and a time step of 15%, which is presented in Figure. 3.11.
Estimated peak load and average load per day were 1,185kW and 13,048kW

respectively.
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Figure 3. 11: Hourly average load profile in different days in a year considering a day
to day variability 10% and a time step of 15%.

3.5 Modelling of HRES

The proposed HRES was primarily designed with the solar, wind, battery, converter,
diesel generator and ac load profile as shown in Figure 3.12. The inputs of HOMER
model were estimated hourly load profile data for one-year, monthly average wind
speed, ambient temperature and solar irradiance, technical and economic data of system
components and equipment characteristics. The diesel fuel price was considered
$0.80/L which is 1.25 times over the diesel price forecasted in August 2014 by the
Malaysian government for the mainland. The price of diesel for Malaysian Island is
considered higher than the mainland price because of additional transportation and labor

cost (Anwari et al., 2012).
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Figure 3. 12: HOMER model of the proposed hybrid renewable energy system.

3.5.1 Photovoltaic (PV)

Accurate modeling of the PV is important to get maximum power output from it and
the output of a PV system varies for a different day and different seasons of the year
due to the change in local meteorological conditions. Therefore, adequate information
on the daily and seasonal pattern of the meteorological data will enable energy planners
to have a better understanding of the performance of a PV system (L. Olatomiwa,
2016). Derating factor, temperature coefficient, azimuth and panel slope are important
issues to consider while modeling a PV in HOMER. In this study, PV was designed

using HOMER that uses following equation to calculate output power from PV panel:

G

Poutpv = CrpvDr [1 + ap (Tc - TC,STC)] (3.31)

Gr,sTC

where, Cg py is the rated capacity of the PV array (kW), Dy is derating factor, Gy and
Grsrc are the solar radiation incident on the PV panel in the current time step (KW/m?)
and at standard test conditions (1kwW/m?) respectively, ap is the temperature co-efficient

of power (%/°C), T¢ and T¢ src are PV cell temperature in current time step (°C) and
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standard test conditions (°C) respectively. The PV size considered in this study ranged
0-1000 kW with step size of 50 kW. The temperature co-efficient, derating factor,
operating temperature considered for the PV panel were -0.5/°C , 80% and 47°C
respectively. The efficiency of the PV module at standard test condition was assumed
13%. The ground reflectance of 20%, default panel slope (2.79°), and azimuth (West to
South) were considered for modeling of the PV panel. The tracking of the PV was not
considered in this study. The capital and replacement cost of the PV were assumed

$2000/kW with operation and maintenance cost of $10/kW/year.

3.5.2  Wind turbine (WT)

To extract maximum power from a wind turbine in any particular location, it is
important to choose and design the wind turbine with favorable rated power, cut-in
wind speed. Also, the wind speed that gives rated power based on the wind resources of
the site is another factor to consider. HOMER calculates the power output of the wind
turbine in each time step. This entails a three-step process. Firstly, HOMER adjusts the
wind speed of measured height to given hub height of wind turbine. Secondly, it
computes the power output at that height using the standard air density. Finally,

HOMER adjusts the power output value for the actual air density.

In this study, EWT Direct Wind 52/54 wind turbine is selected for the site. The
nominal output power of the turbine is 250 kW, with rated power output at 8 m/s and
cut in wind speed 2.5 m/s. The hub height of 50m is considered for the turbine and
power law as in Equation 3.1 is used to adjust measured wind speed to turbine hub
height. The power curve with respect to the wind speed is very important when
selecting a wind turbine for a particular location. The power curve for the selected wind
turbine is shown in Figure 3.13 that was collected from manufacturers. Once HOMER

determines the wind speed at hub height, it refers to the wind turbine's power curve to
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calculate the power output at that wind speed under standard conditions of temperature
and pressure. If the wind speed is below or above the cut-in and cut-out wind speed
respectively, the turbine produces no power. After that, HOMER determines the output

power at actual air density using following equation:

Pout = (i) out.STP (3.32)

where, P,,; and P,,; srp are power output of the wind turbine at actual air density and

at standard temperature and pressure (STP) respectively whereas, pﬂ is the ratio of air
0

density of the site at actual conditions to STP.
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Figure 3. 13: Wind speed vs power curve of EWT DW 52/54 wind turbine.

The life time and capital cost of the turbine are considered 20 years and $375,000/unit
respectively. On the other hand, replacement cost and operation-maintenance cost are
considered 70 % (per unit) and 2% (per year) of the capital cost respectively. The
performance of turbine can be examined by computing capacity factor of the wind
turbine which is the ratio between mean power output to the rated electrical power

output of the wind turbine given as (Mathew, 2006):
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(3.33)

where, F, 4,4 and P.g are average power output and rated the electrical power of the
wind turbine respectively, while v, , v, and v, are cut-in, rated and cut-off wind speed
of the turbine provided by the manufacturers and besides, k and c are the Weibull shape
and scale parameter that can be computed using equations 3.5 and 3.6 respectively. The
capacity factor should not be less than 0.25 for cost effectiveness of wind power
generation (Mathew, 2006). Thus, the resultant energy output from a wind turbine can

be computed from following equation (L. Olatomiwa, 2016):

Eour = Cf * Lrated (3.34)

3.5.3 Diesel generator

Renewable energy sources are intermittent in nature and therefore, a combination of
conventional energy sources with renewable ensure the steady and reliable power
supply in a hybrid RE system. Diesel generator (DG) is commonly used in the hybrid
system as the backup power source, especially when RE sources along storage battery
are unable to supply load demand. Moreover, the output of PV is subjected to a ramp,
which is not expected to the grid and thus, integrating diesel generators with PV for
mitigating fluctuations has gained popularity. In HOMER, when designing a diesel
generator several parameters are very important such as fuel type and price, fuel and
efficiency curve, fuel properties, minimum load ratio and running hour, schedule
maintenance, fuel measuring unit and so on. In this study, three diesel generators of
Cummins brand with step size 50kW are designed having a maximum capacity of 0-
1000kW (DG 1) and 0-500kW (DG 2 & 3) and minimum load ratio is considered 25%

for all units. Diesel fuel ($/L) is chosen as fuel type that has following properties
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described in Table 3.7 and Figures. 3.14 and 3.15 describe the fuel curve and efficiency

curve.
Table 3.7: Diesel fuel properties and expected emissions.
Properties Quantity | Emissions (gm/L of fuel) | Quantity
Lower heating value (MJ/kg) | 43.2 Carbon Monoxide 6.5
Density (kg/m?®) 820 Unburned hydrocarbon 0.72
Carbon content (%) 88 Particulate matter 0.49
Sulfur content (%) 0.33 Nitrogen oxide 58
Proportion of fuel sulfur 2.2
converted to PM
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Figure 3. 14: Fuel curve of 500kW diesel generator generated in HOMER.
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Figure 3. 15: Efficiency curve of a 500kW diesel generator generated in HOMER.
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HOMER generates the fuel curve based on the following equation:

F = F,Yyen + F1Fyen (3.35)

where, F, and F; are fuel curve intercept coefficient (L/hr./kW) and fuel curve slope
(L/hr./KW) respectively while, Yy, and P, are rated capacity of the generator (kW)
and electrical output (kW) of the generator respectively. In this study, slope of 0.24
L/hr./kW and intercept coefficient of 0.108 L/hr./kW are used for 500kW reference

diesel generator. The efficiency curve is generated based on the following relationship:

3.6 Pgen

Ngen = (3. 36)

Mgyel LHV fyel

where, mgy,; is the mass flow rate (L/hr.) of fuel which is defined as equation (3.37)
and LHVpy,, is the lower heating value (MJ/L) which is a measure of energy content of

the fuel.

. F \ _ Pruel(FoYgen+FiPgen)
Mruet = Pruel (1000) == 0152)6(;10 —= (3.37)

In this study, the capital, replacement and O & M cost of diesel generators is
considered $220/kW, $200/kW and $0.03/hr. respectively. The diesel fuel price is
considered $0.80/L which is 1.25 times over the diesel price forecasted in August 2014
by the Malaysian government for the mainland. The price of diesel for Malaysian Island
is considered higher than the mainland price because of additional transportation and
labor cost (Anwari et al., 2012).

3.5.4 Battery energy storage

Due to random behavior of renewable energy sources, the battery capacity changes

constantly. In every time step, HOMER calculates how much power can be absorbed or

discharged by the battery bank based on the state of charge (SOC) of the previous time
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step. When the output power from PV and wind turbine greater than the load demand,
the storage battery goes through charging process if the SOC of the battery below the
maximum allowable charging state. The battery charge capacity at this period can be

described as (S. Diaf et al., 2007):

Co(t) = Cp(t = 1).(1 = 0) + [Pr(t) = 22| X e, (3.38)

n

where, 1, and npqee are efficiency of inverter and battery respectively while, P, (t)
and o are load demand and self-discharging rate respectively. Whereas, Pr(t) is total

power generated by renewable sources at time t given as:

PT(t) =vava+ NWtPWt (3. 39)
where, N, and N,,, are number of PV panel and wind turbine respectively while,
P,, and P,,, are power output from PV panel and wind turbine respectively.

However, when the power output from renewable sources is insufficient to meet load
demand the battery goes through discharge process. The nominal capacity of the battery

and charge quantity at this period can be modeled respectively as follows:

_ PL(t)x AD
CBatt (Wh) " TNbattXNinyXDOD (3 40)
Py, (t
Cs(®) = Co(t = D.(1 = 0) + [ 22 = Pr(©)| /Mpa (3.41)

where DOD and AD are the depth of discharge and autonomy days of the battery.

AD is the ratio of the battery bank size to the electric load. HOMER calculates the

battery bank autonomy using following equation:
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S0C,i
Npatt VnomCnom ( 1_#) (24h/d)

AD = Lavg (1000Wh/KWh)

(3.42)

where, Ny, 1S the number of battery in the battery bank, V.., is nominal voltage of a
single battery (V), Cyom is nominal capacity of single battery (Ah) and L, is average

primary load (kw/d).

During the discharging process, the discharge efficiency of the battery is equal to the
1, while it varies between (0.65-0.85) during charging period depending on charging
current (L. Olatomiwa, 2016). At any time t, the battery charge capacity is subjected to

the following constraints:

SOCpin < Cp(t) < SOCpax (3.43)

At this point, the maximum charge quantity of battery bank (SOC,,.,) takes the value
of nominal capacity of the battery bank Cgq:+ and minimum state of charge (SOCy,in)

of battery is determined by DOD as follows:
SO0Cyin = (1 —DOD)Cyytt (3. 44)

It is important to note that the life of the battery can be prolonged if DOD is set within
the range (30-50)% depending on the manufacturer’s specifications (L. Olatomiwa,
2016).

In this study, Trojan IND17-6V lead acid battery is considered that has a nominal
voltage of 6V with maximum capacity 1231 Ah. The life throughput of each battery is
considered 9300 kWh while each string of battery consists of 40 batteries. The round-
trip efficiency (%), capacity ratio (k), rate constant (c), maximum charge rate (A/Ah),
maximum charge and discharge current (A) are considered 81, 0.478, 0.133, 1, 155 and

208 respectively.
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3.5.5 Bi-directional converter

A bi-directional converter (AC to DC and/or DC to AC) is included in the hybrid
system design to maintain proper energy flow between DC to AC bus. A system
converter from HOMER tool is used in this study. The capital, replacement and O & M
costs of the converter are considered $890/kW, $800/kW and 10/yr. respectively. The
life time of the converter is considered 15 years. On the other hand, the efficiency of the
bidirectional converter is considered 90 and 85 % when it works as inverter and rectifier

respectively.

3.5.6  Technical constraints

In HOMER, technical and economic constraints are such pre-defined and pre-
determined conditions that must be fulfilled to ensure the realistic and optimal design of
the system. Some predefined technical and economic constraints are the maximum
allowable renewable fraction, annual capacity shortage, and unmet electric load, and in
this study, their value was considered 100%, 0.1%, and 0% respectively. The outputs of
solar and the wind were reserved 30% and 50% respectively because of an
unpredictable nature of solar radiation and the wind speed. The carbon dioxide penalty
cost was taken as zero. The control parameters of the hybrid system were economic
minimization, cycle charging, allow diesel off operation, multiple generator operations,

and system with two types of wind turbine allow.

3.5.7 Economic constraints

The inflation rate in Malaysia was 2.1% in 2015 and 2016 (Bank Negara Malaysia,
2016). Thus, the discount and inflation rate for this study were considered 8 % and 2 %
respectively. These economic parameters needed to compute CRF presented in equation
2.6. The lifetime of the project was considered 25 years with 0.1 percent annual
capacity shortage. The system cost in HOMER was simulated in US dollars ($USD). At

the time of this research work, USD 1 was 4.20 Malaysian Ringgit. HOMER does not
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use nominal interest rate in the computations but the real interest rate which is

computed from nominal interest rate (Ramli et al., 2015).

3.5.8 Control strategy

In HOMER, how the diesel generator and the battery in a hybrid system will behave
is defined by control strategy set by the designer which is termed as dispatch strategy.
There are two types of dispatch strategy in HOMER namely load following and cycle
charging. In load following strategy, the generator will follow the peak load demand
which means that a generator will produce sufficient power only to serve the load not to
charge the battery bank. On the other hand, in cycle charging strategy, a generator
always runs its maximum capacity when it needs to run. After meeting the load demand,
extra power charges the battery bank. The load following strategy is good for the hybrid
system where load demand per day is small whereas, cycle charging strategy is good for
the hybrid system where load demand per day is large. Both control strategy can be
used in a single design of the hybrid system and in this case, HOMER will determine
which strategy is suitable and cost-effective and it categorizes the system based on the
result. In this study, cycle charging is used as dispatching the power between the
generator and the battery bank. Thus, both renewable power output and diesel generator

charge the battery after meeting load.

3.5.9 Summary of techno-economic parameters for systems components
In the previous section 3.5.1-3.5.5, different technical and economic parameters for the
system components briefly described. In Table 3.8, the technical and economic

parameters for all components/equipment of the proposed hybrid system is summarized.

Table 3.8: Summary of technical and economic parameters for the design of HRES

PV Wind Turbine
Factors Value Factors Value
Size (step size 100kW) 0-1000kW Model EWT DW 52/54
Capital cost $2000/kW Size considered 0-10

68




Replacement cost $2000/kW Nominal output 250kW
O & M cost $10/kW/year Capital cost (CC) $375,000/unit
Temperature coefficient -0.5/°C Replacement cost $262,500/unit (70% of CC)
Derating factor 80% O & M cost $7,500/year (2% of CC)
Operation temperature 47°C Cut in wind speed 2.5m/s
Battery Rated wind speed 7.5/8 m/s

Factors Value Cut out wind speed 25 m/s
Model IND 17 Life time 20 years
Nominal voltage 6 Volt Hub height 50m
Capacity 1,231Ah Diesel Generator
Capital cost $1,200/unit Factors Value
Replacement cost $1,170/unit Brand name Cummins
O & M cost $10/year. Size (step size 50kW) | 0-1000 kW (Generator 1)
String size (40/string) 0-10 Size (step size 50kW) | 0-500 kW (Generator 2 & 3)
Life throughput per battery | 9300kWh Capital cost $220/kW

Bi-directional Converter Replacement cost $200/kW
Factors Value O & M cost $0.03/hr.
Size (step size 100kW) 0-1000kw Minimum running 15,000hr.

hours
Capital cost $890/kW Minimum load ratio 25%
Replacement cost $800/kW - -
O & M cost $10/kW/year - -
Lifetime 15 years - -
Efficiency 95% - -
3.6 Sensitivity analysis

A sensitivity analysis is important to extrapolate the effect of the uncertainty of

renewable resources, economic conditions and much more in the project life time. In

this study, the sensitivity variables were chosen as solar radiation, wind speed and

diesel price to understand the effect on the cost of energy (COE), and they were varied
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by £30% from annual scaled average value. The sensitivity values for each variable is

presented in Table 3.9.

Table 3. 9: Sensitivity variables in the selected project

Sensitivity variables Percentage of input variation from base value

-30 -20 -10 0 +10 | +20 | +30
Solar radiation (kwh/m?/d) | 3.647 | 4.168 | 4.689 | 5.21 | 5.731 | 6.252 | 6.773
Wind speed (m/s) 2.611 | 2.984 | 3.357 | 3.73 | 4.103 | 4.476 | 4.849
Diesel price (3$) 056 |0.64 |0.72 0.80|0.88 [0.96 | 1.04

3.7 Summary

In this chapter, the entire methodologies of this research are presented. Firstly, the
methodologies to compute wind power density from measured data and from standard
deviation and power density method using Weibull distribution was discussed followed
by the development of soft computing methodologies, including ANFIS (adaptive
neuro-fuzzy inference system), ANFIS-PSO (particle swarm optimization), ANFIS-GA
(genetic algorithm) and ANFIS-DE (differential evolution). In the proposed hybrid
methodologies, the optimization algorithms like PSO, GA, and DE are used to minimize
the prediction errors. Thereafter, different popular statistical error metrics such as mean
absolute percentage error (MAPE), mean absolute bias error (MABE), relative root
mean square error (RMSE) and coefficient of determination (R?) were presented to
measure prediction accuracy. After that, site description, data collection, resource
assessment, and load estimation for the selected resort facilities were conducted.
Renewable resource assessment is one of the most important steps to measure the
feasibility of a renewable power generation system for any particular location.
Furthermore, discussed in this chapter, is the methodologies for designing, modeling
and techno-economic specifications of different hybrid system components like PV,
wind turbine, diesel generator, battery, and converter which were designed in the hybrid
optimization model for electric renewable (HOMER) software tool. Different technical,

controlling and economic parameters also discussed here. Finally, this chapter
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concludes with the sensitivity analysis method that was performed in HOMER to
understand the impact of variation of different input parameters like solar radiation,

wind speed, and diesel price.
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CHAPTER 4: RESULT AND DISCUSSION

4.1 Introduction

In this chapter, prediction results from the proposed hybrid ANFIS models are
analyzed and discussed, followed by the wind speed extrapolation capabilities of the
proposed soft computing methodologies for the locations where measured wind data is
not available. After that, this chapter presents a detailed techno-economic performance
analysis of the proposed and modeled hybrid RE system in Tioman Island. Finally, a
detailed sensitivity analysis on wind speed, solar radiation and diesel price has been
conducted to see how these meteorological variables affect the performance of the

proposed hybrid system.

4.2 Wind power density prediction

In this dissertation, hybrid ANFIS (ANFIS-PSO, ANFIS-GA, ANFIS-DE) and
standalone ANFIS models were used to predict monthly wind power density (W/m?) of
Mersing, the nearest coastal city of Pulau Tioman. The distance between the
meteorological station at Mersing and Pulau Tioman is 32km (Basir Khan et al., 2016b).
Thereafter, the prediction capability and accuracy of the developed models were
justified by predicting monthly wind power density (W/m?) of three additional cities
named Kuala Terengganu, Pulau Langkawi, and Bayan Lepas. The above-mentioned
models were trained and tested with different data size. Table 4.1 and 4.2 show the
descriptive values of input and output parameters respectively such as maximum
(Max.), minimum (Min.), standard deviation (St Dev.) and ranges for different

underlying locations.
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Table 4.1: Descriptive statistical parameters of input (wind speed, m/s) for different

locations.
Parameters Locations
Mersing Kuala Pulau Bayan
Terengganu Langkawi Lepas
Max. 6.05 4.50 5.35 4.80
Min. 2.15 1.84 1.72 2.12
St dev. 0.87 0.57 0.72 0.52
Range 3.91 2.66 3.63 2.68

Table 4.2: Descriptive statistical parameters of measured WPD (W/m?) for different
locations.
Parameters Locations
Mersing Kuala Pulau Bayan
Terengganu Langkawi Lepas
Max. 152.85 90.35 104.50 78.31
Min. 6.44 4.49 4.07 6.66
St dev. 33.80 17.75 17.28 13.73
Range 146.41  100.43 71.66 85.86

On the other hand, Fig 4.1 shows visual presentation of wind speed at 50m hub

height for the study locations. It can be found from Fig. 4.1 that the maximum wind

speed prevails in Mersing, followed by Bayan Lepas, Pulau Langkawi, and Kuala

Terengganu.
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Figure 4. 1: Visual presentation of wind speed at 50m hub height of underlying

locations.
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However, the wind speed in Malaysia and several islands in the South China Sea is
subjected to two major and two transitional climate conditions including the NEM
(northeast monsoon), SWM (southwest monsoon), FIM (first inter monsoon) and the
SIM (second inter monsoon). In NEM and SWM season, the wind speed is affected by
northeasterly and southwesterly wind respectively. The SWM season usually begins in
May and typically lasts up to three or four months. On the other hand, the NEM season
usually occurs in November and ends in February or March of the next year. The two
inter-monsoon periods happen between the southwest and northeast monsoon seasons.
These generally take place in March to April, which is the FIM (first inter-monsoon),
and from September to October, namely the SIM (second inter-monsoon) (Basir Khan
et al., 2015). As mention earlier, the probability density function (PDF) determines the
probability of the wind at a given velocity V and cumulative distribution function
(CDF) of the wind speed indicates the probability that the wind velocity is equal to or
lower than V' or within a given wind speed range, i.e. they are used to characterize the
wind velocity in Weibull distribution. In this study, the PDF and CDF of wind speed for
the underlying locations are computed and plotted based on the equations (3.1-3.7)

presented in section 3.3.1, which are shown in Figures (4.2-4.9).

74



From Figures. (4.2-4.3), it is observed that the wind speed range greater or equal to 3

m/s have the frequencies of about 94.49%, 89.15%, 88.74% and 85.98% for Mersing in

NEM, SWM, FIM and SIM seasons respectively during the period of 2004-2014.
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Figure 4. 2: (a) PDF, (b) CDF in NEM and (c) PDF, (d) CDF of wind speed in SWM
for Mersing during 2004-14.
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Figure 4. 3: (a) PDF, (b) CDF in FIM and (c) PDF, (d) CDF of wind speed in SIM for
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On the other hand, in Pulau Langkawi, the wind speed range greater or equal to 3
m/s have the frequencies of about 79.46%, 30.94%, 61.65% and 35.92% in NEM,

SWM, FIM, and SIM respectively during 2004-2014 which is observed in Figures. (4.4-

4.5).
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Figure 4. 4: (a) PDF, (b) CDF in NEM and (c) PDF, (d) CDF of wind speed in SWM
for Pulau Langkawi during 2004-14.
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Figure 4. 5: (a) PDF, (b) CDF in FIM and (c) PDF, (d) CDF of wind speed in SIM for
Pulau Langkawi during 2004-14.
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From Figures (4.6-4.7), the wind speed range greater or equal to 3 m/s were found to
be 85.29%, 64.09%, 80.70% and 63.98% in Bayan Lepas during the NEM, SWM, FIM,

and SIM respectively.
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Figure 4. 6: (a) PDF, (b) CDF in NEM and (c) PDF, (d) CDF of wind speed in SWM
for Bayan Lepas during 2004-14.
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Figure 4. 7: (a) PDF, (b) CDF in FIM and (c) PDF, (d) CDF of wind speed in SIM for Bayan
Lepas during 2004-14.
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It is observed in Figurs (4.8-4.9) that these frequencies were 74.79%, 36.93%,
72.07% and 36.10% for Kuala Terengganu during the NEM, SWM, FIM, and SIM

respectively.
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Figure 4. 8: (a) PDF, (b) CDF in NEM and (c) PDF, (d) CDF of wind speed in SWM
for Kuala Terengganu during 2004-14.
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Figure 4. 9: (a) PDF, (b) CDF in FIM and (c) PDF, (d) CDF of wind speed in SIM for
Kuala Terengganu during 2004-14.
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Overall, it is found from Figs. (4.2-4.9) that the NEM season is the windiest season
for all underlying locations whereas, the wind speed characteristics in the SWM, FIM,
and SIM is more or less similar. It is important to note that most unstable wind speed

prevails in SWM season for all study locations.

However, as described that the proposed soft computing models were trained and
tested with different training and testing data set. The data size used for the training and
testing the prediction models are defined as P and Q respectively. Based on the
literature, the percentage of training data must be higher than the testing data for
effective learning of the system before the system can produce a good result. The
developed models were trained and validated with several data segments such as
P=80%, Q=20%; P=70%, Q=30% and P=60%, Q=40% for training and testing
respectively. The percentage of data selected for training and testing has been carefully
tested based on the minimal error obtained in the statistical indicator. It is important to
mention that no specific rules were considered to choose the data size for training and
testing the models. Application of different training and testing data size on the
prediction models helps to observe the error metrics and to choose best data size

providing the minimum error in the prediction.

Table 4.3 presents the error metrics such as MAPE, MABE, RMSE obtained while
training the prediction models with the input-output data set for Mersing, Langkawi,
Bayan Lepas, and Kuala Terengganu. The data set consists of P=105 (80%) and Q=27
(30%) observations during the period of Jan. 2004 to Sep. 2012 and Oct. 2012 to
Dec.2014 when training and testing the models respectively. In this study, the
performance of the prediction models is categorized based on the smallest RMSE. The
error metrices presented in result and discussion part in tables (4.3-4.8) are not from any
single simulation. Usually, the error of prediction would not be same every time it run,

more or less the error varies from one run/simulation to other (slightly). Thus, the
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predictions models were run many times, especially as long as the models does not

provide stable output, and after the stabilization, the average error metrics of all stable

simulations were listed in results.

Table 4. 3: A Statistical model comparison in training the models when first 80% data
applied on prediction models.

Locations Rank | Prediction Trainin
models RMSE MAPE (%) MABE | R?
Mersing 1 ANFIS-PSO 4.96 5.14 2.61 0.9781
2 ANFIS-GA 5.41 5.77 2.63 0.9756
3 ANFIS-DE 5.50 9.70 3.03 0.9749
4 ANFIS 5.82 10.88 3.07 0.9728
Pulau 1 ANFIS-GA 3.13 10.17 1.89 0.9709
Langkawi 2 ANFIS-PSO | 3.16 10.96 1.90 0.9703
3 ANFIS 3.26 11.70 1.96 0.9684
4 ANFIS-DE 3.30 10.10 1.90 0.9676
Bayan Lepas | 1 ANFIS-PSO 214 7.88 1.65 0.9762
2 ANFIS 2.28 9.06 1.74 0.9709
3 ANFIS-GA 2.34 8.52 1.72 0.9692
4 ANFIS-DE 2.54 9.04 1.83 0.9638
Kuala 1 ANFIS-PSO 3.73 8.90 191 0.9523
Terengganu 2 ANFIS-GA 4.0 10.30 2.19 0.9449
3 ANFIS 4.03 14.57 2.29 0.9448
4 ANFIS-DE 4.37 18.30 2.88 0.9392

It can be observed from Table 4.3 that ANFIS-PSO model has lowest RMSE, MAPE

and MABE in the training stage for the data set of Mersing, Bayan Lepas, and Kuala

Terengganu whereas, ANFIS-GA ranks in the first for the data set of Pulau Langkawi.

The RMSE, MAPE, and MABE performance metrics, when testing data set of different

underlying locations is applied to the predictions models, are summarized in Table 4.4.

It can be observed from Table 4.4 that the ANFIS-GA model ranks in the first for the

data sets of Mersing and Kuala Terengganu. On the other hand, ANFIS-PSO model

provides the smallest error metrics for the data set of Pulau Langkawi and Bayan Lepas.
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Table 4. 4: A Statistical model comparison in testing the models when rest 20% data
applied on prediction models.

Locations Rank Prediction Training
models RMSE MAPE (%) MABE R?
Mersing 1 ANFIS-GA 5.04 5.25 2.52 0.9701
2 ANFIS-PSO 5.10 5.88 2.67 0.9691
3 ANFIS 5.14 6.65 2.74 0.9690
4 ANFIS-DE 5.56 9.22 3.26 0.9636
Pulau 1 ANFIS-PSO 1.53 1111 121 0.9774
Langkawi 2 ANFIS-DE 1.59 13.07 1.19 0.9775
3 ANFIS-GA 1.72 10.27 1.23 0.9737
4 ANFIS 217 23.07 1.79 0.9578
Bayan Lepas | 1 ANFIS-PSO 2.37 8.17 1.82 0.9749
2 ANFIS 249 9.02 1.92 0.9720
3 ANFIS-GA 2.75 7.27 1.83 0.9659
4 ANFIS-DE 2.81 8.84 1.96 0.9643
Kuala 1 ANFIS-GA 4.79 13.65 3.06 0.9412
Terengganu 2 ANFIS-PSO 4.92 10.77 3.54 0.9456
3 ANFIS-DE 5.01 21.67 3.70 0.9355
4 ANFIS 5.37 12.97 3.15 0.9261

It is important to mention that sometimes ANFIS model provides better performance
than the hybrid ANFIS models but does not provide best model performance for any of
the underlying locations. For instance, ANFIS shows second and third best performance
for the data set of Bayan Lepas and Mersing respectively when testing the prediction

models.

The R? is the correlation between the measured and predicted WPD, which has the
highest value of one. A pronounced observation of R? from Table 4.3 and 4.4 reveals
that a very good correlation between measured and predicted WPD obtained when
training and testing the prediction models using the data set from Mersing, Pulau
Langkawi, and Bayan Lepas. On the other hand, the measured and predicted WPD of
Kuala Terengganu suffer comparatively lower correlation when training and testing the

prediction models.
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Furthermore, the performance of the developed prediction models is compared to
different training and testing data size to illustrate the effect of data size on the
prediction accuracy. Tables (4.5-4.8) summarize the RMSE, MABE, MAPE, and R?
when input-output data sets of Mersing, Pulau Langkawi, Bayan Lepas, and Kuala
Terengganu respectively are applied to the prediction models. In this case, training and
testing data set consists of P=92 (70%) and Q=40 (30%) observations during the period
of Jan. 2004 to Aug. 2011 and Sep. 2011 to Dec.2014 respectively. Again, to choose the
best data size that will provide the optimal error in WPD prediction, all the developed
models were trained and tested with another input-output data size, which consists of
P=80 (60%) and Q=52 (40%) observations during the period of Jan. 2004 to Aug. 2010
and Sep. 2010 to Dec.2014 respectively. Tables (4.5-4.8) also summarize the RMSE,
MABE, MAPE, and R? when training and testing the prediction models with this data

size.
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A profound observation on Tables (4.3-4.8) reveals that:

For WPD prediction of Mersing, ANFIS-PSO is the best model when training
the models and the value of RMSE obtained are 4.96, 5.23 and 5.41 for the data
size P=105, Q=27; P=92, Q=40, and P=80, Q=52 respectively. On the other
hand, when testing the prediction models, ANFIS-GA is the best for the data
size P=105, Q=27 and having RMSE of 5.04 whereas, ANFIS-PSO is the best
model when data size P=92, Q=40, and P=80, Q=52 resulting the RMSE of 5.37
and 5.22 respectively.

For WPD prediction of Bayan Lepas, ANFIS-PSO shows the best performance
for all above data size when training the prediction models. In this case, the
computed values of RMSE are 2.14, 2.17 and 2.18 when the training data sizes
are of P=105, Q=27; P=92, Q=40, and P=80, Q=52 respectively. Then again,
ANFIS-PSO shows the best performance for a testing data size of P=105, Q=27
and P=92, Q=40 resulting RMSE of 2.37 and 2.54 respectively. It is not
surprising that ANFIS model has the best accuracy when testing data size of
P=80, Q=52 and having RMSE of 2.65.

For WPD prediction of Pulau Langkawi, ANFIS-GA and ANFIS-PSO show the
best performance in training and testing the models respectively with data size
of P=105, Q=27, which results in RMSE of 3.13 and 1.53 in training and testing
respectively. In case of the data size P=92 and Q=40, ANFIS-PSO ranks in first
both training and validation with RMSE of 3.29 and 1.69 respectively. For the
training and testing data size P=80, Q=52; ANFIS and ANFIS-GA model show
optimal RMSE, which are 3.45 and 2.04 in training and testing respectively.

For WPD prediction of Kuala Terengganu, ANFIS-PSO and ANFIS-GA show
the best performance in training and testing the models respectively with data

size of P=105, Q=27, which results in RMSE of 3.73 and 4.79 respectively. For
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the data size P=92, Q=40; ANFIS model shows optimal RMSE, which is 3.45 in
training stage and ANFIS-PSO presents optimal RMSE of 2.23 in the testing
stage. In case of data size P=80 and Q=52, ANFIS-PSO ranks in first both
training and validation of the prediction models with RMSE of 3.99 and 4.58

respectively.

Based on the above discussion, it is clear that P=105, Q=27 (first 80% for training
and rest 20% for testing) data size applied to the prediction models provides minimal
error for WPD prediction of all underlying locations. For this data size, overall ANFIS-
PSO and ANFIS-GA showed a higher correlation between measured and predicted

WPD all locations both in training and the testing stages.

On the other hand, when P=92, Q=40 (first 70% for training and rest 30% for testing)
data set are applied to the prediction models, ANFIS-PSO shows the best performance
in both training and testing stages for predicting WPD of Mersing, Pulau Langkawi, and
Bayan Lepas. However, when predicting WPD of Kuala Terengganu, ANFIS-PSO
ranks second in training and first in the testing stage. It is important to mention that
P=80, Q=52 data size shows the largest error for predicting WPD of all underlying
locations, and therefore, this study does not want to use P=80, Q=52 (first 60% for

training and rest 40% for testing) data set for model performance justification.

However, both ANFIS-PSO and ANFIS-GA seem to be able to provide an overall
good performance both in training and testing stages. Therefore, hybrid ANFIS,
especially ANFIS-PSO and ANFIS-GA can be suggested for practical utilization in

WPD prediction for the locations having similar wind resource conditions.

Figures (4.10-4.13) depict the visual presentation of the measured and predicted

WPD when testing the ANFIS-PSO and ANFIS-GA models using the data from
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Mersing, Bayan Lepas, Pulau Langkawi, and Kuala Terengganu respectively with best

data size i.e. P=105, Q=27 (first 80% for training and rest 20% for testing) data.
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Figure 4. 10: Comparison of WPD prediction of the proposed methods when testing
with measured WPD value for Mersing.
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Figure 4. 11: Comparison of WPD prediction of the proposed methods when testing
with measured WPD value for Bayan Lepas
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Figure 4. 12: Comparison of WPD prediction of the proposed method with measured

value for Pulau Langkawi.
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Figure 4. 13: Comparison of WPD prediction of the proposed methods with measured

value for Kuala Terengganu.
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The Figure 4.14 shows the error distribution of WPD prediction using ANFIS-PSO
and ANFIS-GA for underlying locations. According to the definition of relative
percentage error (RPE) presented in (Mohammadi et al., 2015; Shamshirband et al.,
2016), the RPE falls in an interval of -10% to 10% can be considered as acceptable. The
computed value of RPE presented in the Figure 4.14 is obtained from the proposed
ANFIS-PSO and ANFIS-GA when 27 months testing data set of underlying locations
applied to the models. It can be observed that most of the wind power values obtained
via the proposed ANFIS-PSO and ANFIS-GA model fall within the range of -5% up to
5%. In case of Mersing and Kuala Terengganu, only one prediction RPE falls outside (-

10% to 10%) range for both ANFIS-PSO and ANFIS-GA.
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Figure 4. 14: Error distribution when testing ANFIS-PSO and ANFIS-GA for (a, b)
Mersing, (c, d) Bayan Lepas (e, f) Pulau Langkawi, (g, h) Kuala Terengganu.
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Based on the above discussion, the performance of ANFIS-PSO can be considered
the best among other the models. The Figures 4.15 and 4.16 show the visual
presentation of regression analysis of the measured and predicted WPD computed from
ANFIS-PSO for all underlying locations when P=105, Q=27. The Figure 4.15 shows the
correlation between actual and predicted WPD obtained from the ANFIS-PSO method
in the training stage. The correlation coefficient (R?) is the agreement between
measured and predicted values, which has the highest value of one. The R? obtained
when training proposed the ANFIS-PSO model are 0.9781, 0.9703, 0.9762 and 0.9523
for Mersing, Pulau Langkawi, Bayan Lepas and Kuala Terengganu respectively, which

indicates a very high and adequate prediction performance of ANFIS-PSO model.

Figure 4. 15: Measured versus predicted WPD when training ANFIS-PSO model with
data size P=105, Q=27 (a) Mersing, (b) Pulau Langkawi, (c) Bayan Lepas and (d) Kuala
Terengganu.

Again, the linear regression analysis presented in Figure 4.16 shows the correlation
between actual and predicted WPD obtained from ANFIS-PSO when testing the
prediction models with data from different underlying locations. The R? obtained while

testing the proposed ANFIS-PSO model for Mersing, Pulau Langkawi, Bayan Lepas
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supports that ANFIS-PSO has a high precision for the prediction of WPD.
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Figure 4. 16: Measured versus predicted WPD when testing ANFIS-PSO model with
data size P=105, Q=27 (a) Mersing, (b) Pulau Langkawi, (c) Bayan Lepas and (d) Kuala
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4.2 Extrapolation capabilities of the proposed models

Measured wind speed data are not available for many locations in Malaysia,
including remote islands (less than 200 km?) and decentralized places to identify
possible wind energy applications. In this dissertation, extrapolation capabilities of the
wind speed of the proposed hybrid ANFIS models have been examined for a location in
Tioman Island having latitude 2° 48" 30" N and longitude 104° 8' 29" E, where
measured wind data are not available. And then, the result is compared with the
measured wind data at Mersing station (latitude 2° 27' N and longitude 103° 50' E)
which is the nearby station having similar climate conditions. As the study location does
not have any actual measured meteorological data, the daily average solar radiation
(kWh/m?/day), daily average air temperature, maximum and minimum air temperature,
air pressure, relative humidity and altitude data were collected from NASA surface
meteorology and solar energy database for the whole year of 2004 for the prediction of
daily average wind speed (m/s). The Figures 4.17 and 4.18 show the prediction of daily
average wind speed for Tioman Island using ANFIS-PSO and ANFIS-GA respectively,
which are compared with measured wind speed at Mersing meteorological station that

was measured at 50m above the sea level in 2004.

From error analysis, it was found that the MAPE, MABE and RMSE for ANFIS-PSO
were 31.56%, 0.9672% and 0.5644 respectively whereas, they were found to be
32.21%, 0.9872% and 0.5349 for ANFIS-GA respectively. It can be observed from the
figures that the wind characteristics in Tioman Island, obtained with the proposed
ANFI-PSO and ANFIS-GA, is not exactly similar with the measured wind at Mersing in
many cases. However, it is important to take note that the performance of the prediction
models can be justified accurately when measured wind data in Tioman Island will be
available for comparison. Thus, measuring real time wind data and short and long-term

wind speed forecasting can be a potential future study for this climate zone.
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Figure 4. 17: Extrapolation of daily average wind speed for Tioman Island using the

proposed ANFIS-PSO model.
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Figure 4. 18: Extrapolation of daily average wind speed for Tioman Island using the

proposed ANFIS-GA model.
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4.3 Techno-economic performance analysis of proposed HRES

An optimal combination of HRES has been modeled in HOMER with a large
number of hourly simulations. HOMER simulates all possible combinations according
to the input parameters and sorts the optimization result from lowest NPC to highest
NPC. The optimization results in the categorized form are shown in Table 4.9, which
includes the optimal system configurations, NPC, RF, COE, dispatch strategy, and
excess electricity per year. The maximum allowable annual capacity shortage for all
simulations was considered to be 1 percent. Moreover, the obtained yearly unmet
electric load in all feasible systems were negligible and cycle charging is considered to

be the best dispatch strategy for all hybrid systems.

It can be observed from Tables 4.9 that the best optimized HRES comprised of
700kW PV module, 5 wind turbines, 3 diesel generators and 240 units of the battery.
This system resulted in the COE of $0.279/kWh, NPC of $17.15millions, a renewable
fraction (RF) of 41.6%, and excess electricity (EE) of 16.2% of total electrical
production. The third best-optimized system is the wind-diesel-battery system. This
configuration has an RF of 37.6 % with seven wind turbine contributing about 51.65%
of total electrical production and the NPC is close to the best optimization system. It can
be noticed that the system in rank 6 has EE of 3.4 % of total production per year with
$0.028 higher COE than rank 1. However, the size of PV in this rank is 1000kW, which
needs almost double the land area than rank 1, also this system will increase the
dependency on diesel generators. And notably, this system has RF of 21.7 % which is

almost half that of rank 1. Additionally, this system will increase the carbon footprint.
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Table 4.10 shows the running hours of diesel generators and the percentage of

contributions by individual system components in terms of power generation whereas,

Table 4.11 shows a number of harmful emissions including CO2, CO, unburned

hydrocarbon (UHC), particulate matter (PM), sulfur dioxide (SO2) and nitrogen oxide

(NO) in each optimized system.

Table 4. 10: Performance of system components in different optimization result.

Rank | Running hours of DG in a year Percentage of individual power generation

GEN1 | GEN2 | GEN3 PV Wind GEN1 | GEN2 | GEN3
1 4127 4057 4070 16.20 37.65 27.12 12.96 | 6.07
2 4407 0 3703 16.16 37.56 35.01 0 11.26
3 4685 3837 3856 0 51.65 30.37 12.17 | 581
4 4857 3698 0 0 51.08 37.86 11.06 0
5 5828 0 0 18.08 36.37 45.06 0 0
6 5178 3804 4230 27.21 0 50.39 1458 | 7.82
7 5378 0 3536 27.02 0 60.18 0 12.80
8 6380 0 0 0 50.92 49.08 0 0
9 0 5311 5617 26.94 0 0 19.54 | 53.52
10 6112 0 0 26.86 0 73.14 0 0
11 5955 4661 5121 0 0 49.25 19.24 | 31.52
12 7077 4964 0 0 0 71.76 28.24 0
13 8756 0 0 0 0 100 0 0

Table 4. 11: Harmful emissions from different system type.
Rank Emissions (kg/year)
CO; CO UHC PM SO, NO

1 2,571,131 6346.5 | 702.99 | 47843 | 5163.3 56,630

2 2,600,885 6419.9 | 711.13 | 483.96 | 5223.0 57,285

3 2,736,751 6755.3 | 748.28 | 509.24 | 5495.9 60,278

4 2,820,157 6961.2 | 771.08 | 524.76 | 5663.4 62,115

5 2,755,103 6800.6 | 753.30 | 512.66 | 5532.7 60,682

6 3,426,989 8459.0 937.0 | 637.68 | 6882.0 75,481

7 3,495,995 8629.4 | 955.87 | 650.52 | 7020.6 77,001

8 3,020,503 7455.7 | 825.86 | 562.04 | 6065.7 66,528

9 3,487,326 8608.0 953.5 | 648.91 | 7003.2 76,810

10 3,612,237 8916.3 | 987.65 | 672.15 | 7254.0 79,561

11 5,432,244 | 10,940.0 | 12119 | 824.74 | 8900.7 97,622

12 5,518,589 | 11,153.0 | 1235.0 | 840.80 | 9074.1 99,523

13 5,829,111 | 11,920.0 | 1320.4 | 898.58 | 9697.7 | 1,06,363

It can be observed that the system in ranks (11-13) is made up of a diesel-battery

system configuration that has much more harmful emissions than of the best-optimized

hybrid system. Not only this but also the COE and NPC are much higher compared to
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the best case. Therefore, the system in rank 1 is considered as the best off-grid system
configuration to supply reliable electricity to the resort.

Figure 4.19 shows the monthly electric power generated by each system components
in the best optimized standalone PV-wind-diesel-battery hybrid system. It can be found
that the wind turbines contribute highest in the NEM season. On the other hand, the
contribution of diesel generators is higher than other system components in the SWM,
FIM and SIM seasons due to comparatively low wind speed. The selected PV panel can
harvest about 81 MW per month all over the year. Therefore, the diesel-RE hybrid

system is considered a more reliable power supply option to the resort than 100% RE

system.

Monthly power generation from different source
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Figure 4. 19: Monthly electrical power generation in the best HRES by each system
components.

Figure 4.20 shows the nominal cash flow of 25 years’ project life time, which is the
NPC by cost type. It can be seen from Figure 4.20 that the initial capital cost of PV,
wind turbine, batteries, converter, and generators is around $4.2 million. Notably, $10.1

million of total NPC ($17.15 million) is gulped up by fuel cost of diesel generators

only.
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Figure 4. 20: Summary of nominal cash flow for the best optimized HRES.

Figures 4.21 and 4.22 respectively show the monthly excess energy and the battery
state of charge in different months of the year in the best optimized HRES. It can be
noted from Figure 4.21 that the amount of excess electricity is much higher in the
months of January, February, and December than other months of the year due to high
wind speed usually experienced in these months. Consequently, the red color of the
Figure 4.22 reveals that the batteries are over charging during the months of January,
February, March, August, November, and December because of excess electricity
experienced in these months. The batteries can be damaged or lifetime can be shortened
due to overcharging. The high contribution of wind turbines in NEM season is
responsible for this surplus electricity and consequently responsible for over charging of
the batteries. Therefore, this excess electricity can be dumped for the safe operation of

the system components.
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Figure 4. 21: Monthly excess electricity production by the best-optimized system.
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Figure 4. 22: SOC of battery in a different month of a year.

4.4 Sensitivity analysis

To understand the uncertainty of the model in terms of COE, a sensitivity analysis
was carried out. The sensitivity variables were wind speed, solar radiation and diesel
price. The variables were varied = 30% from their scaled average value. The scaled
yearly average solar irradiance and wind speed for Tioman Island were 5.21
kWh/m?/day and 3.73 m/s respectively whereas, base case diesel price was $0.8/L.
Figure 4.23 shows the sensitivity result. It can be observed from the figure that solar
radiation variation does not affect the COE significantly. On the other hand, COE is
greatly affected by the variation of diesel price and the wind speed. The COE varies

from $0.229/kWh to $0.329/kWh when diesel price shifts from $0.56/L to $1.04/L. The
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second dominant factor wind speed was varied from 2.611 m/s to 4.849 m/s that

resulted in COE declining from $0.324 kWh to $0.241/kWh.
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Figure 4. 23: Sensitivity result of the system with variable wind speed, solar radiation
and diesel fuel price.

4.5 Summary

In this chapter, the entire result of this dissertation is presented and discussed.
Firstly, the prediction result of wind power density using the proposed ANFIS (adaptive
neuro-fuzzy inference system), ANFIS-PSO (particle swarm optimization), ANFIS-GA
(genetic algorithm) and ANFIS-DE (differential evolution) is presented. Different
statistical error metrics such as mean absolute bias error (MABE), mean absolute
percentage error (MAPE), root mean square error (RMSE) and coefficient of
determination (R?) are used to find prediction accuracy. Among them, ANFIS-PSO and
ANFIS-GA perform an overall good performance both in training and testing stages.
After that, wind speed extrapolation capability using ANFIS-PSO and ANFIS-GA is
presented for Tioman Island. The extrapolation result is compared with measured wind
speed data collected from Mersing station. Also, discussed in this chapter, is the techno-
economic performance of the proposed hybrid renewable energy system which was

designed in hybrid optimization model for electric renewable (HOMER) software tool.
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The best optimized HRES is comprised of 700kW PV, 5 wind turbines, 3 generators
and 240 units of the battery. This system results in the COE of $0.279/kWh, NPC of
$17.15millions, a renewable fraction (RF) of 41.6%. Finally, this chapter concludes
with the sensitivity analysis method that was performed in HOMER to understand the
impact of variation of different input parameters like solar radiation, wind speed, and

diesel price.
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CHAPTER 5: CONCLUSIONS

51 Conclusions

In Malaysia, electricity generation alone emitted 36,925,190 ton of CO; in 2002, and
it is projected that it would be 107,318,707 ton in 2020 (Mahlia, 2002). This amount of
CO- emission from power sector solely is a great threat to a developing country like
Malaysia. Therefore, a stand-alone hybrid renewable energy system (HRES) can be cost
effective, reliable and environmentally friendly solution in providing electricity access
to the tourist facilities and rural community in these islands. In this dissertation, a HRES
has been designed and analyzed the techno-economic performance for a large resort
center located in a decentralized and rural island named Pulau Tioman in the South
China Sea, Malaysia. Besides, in this dissertation, an efficient soft computing technique
based on the hybrid ANFIS (adaptive neuro-fuzzy inference system) prediction models
namely ANFIS-PSO, ANFIS-GA, ANFIS-DE and standalone ANFIS have been
developed to predict monthly wind power density (WPD) for the nearest coastal city of
Pulau Tioman named Mersing and again the capacity and accuracy of proposed
prediction models are justified by predicting monthly WPD of three additional cities
named Kuala Terengganu, Bayan Lepas, and Pulau Langkawi. Also, in this dissertation,
extrapolation capabilities of the wind speed of the proposed hybrid ANFIS models have
been examined very briefly for a location in Tioman Island having latitude 2° 48' 30" N

and longitude 104° 8' 29" E, where measured wind data are not available.

The most significant advantage of hybrid ANFIS is that PSO/GA/DE tune the
membership functions of the ANFIS model to ensure minimum error. The prediction
models were trained and tested using the wind speed data collected from meteorological
stations of the underlying locations and measured wind power density. Moreover,
different training and testing data size were applied to the prediction models to obtain

best data size that provides an optimal error. The first 80% data for training and
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remaining 20% data for testing provide the optimal error in WPD prediction. Based on
the result from best data size, there is no model that performed uniformly superior to
other for all locations in both training and testing stages. Overall, ANFIS-PSO and
ANFIS-GA out-performed ANFIS standalone and ANFIS-DE. Therefore, the results
and analysis confirmed that the proposed hybrid ANFIS, especially ANFIS-PSO and
ANFIS-GA have the excellent capability to predict the WPD with higher accuracy and
precision. The result of the wind data extrapolation also reveals that the proposed
ANFIS-PSO and ANFIS-GA show a good result in case of the wind speed data
extrapolation for Tioman Island but wind characteristics between Tioman Island and

Mersing station is not similar many cases.

On the other hand, the results analysis of the proposed HRES shows that the best-
optimized system is made up of a 700kW PV, 5 wind turbine, 240 batteries, 3 units of
diesel generator and a bi-directional converter of 600 kW. The selected wind turbine for
the site has low cut in wind speed of 2-3 m/s. The turbine gives the rated power of
250kW at the wind speed of 7-8 m/s. The COE, NPC, and RF of the optimized system
were $0.279/kWh, $17.15m, 41.6% respectively. The proposed HRES ensures a
significant reduction in CO> and other GHG emissions and economic viability in terms
of the COE and NPC. Importantly, there are more than twelve small islands in the South
China Sea that surround Pulau Tioman and have more or less same climate conditions
as Pulau Tioman. Thus, this analysis can represent any of the off-grid hybrid RE
systems for a large resort center located on these islands, especially the optimized
system in rank 3. The hybrid system in rank 3, consists of wind-diesel-battery, is more
suitable for these small islands because a 700 kW PV panel in rank 1 might not be
suitable for the small area of these small islands. Moreover, the analyzed hybrid energy
system might be applicable to the different areas of the world where the climate

conditions are same as the analyzed area.
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5.2

Recommendations

In view of the above findings, the following are recommended:

5.3

The remote and rural islands (normally less than 200 km?) in the South China
Sea, Malaysia do not have any meteorological stations. Consequently, the
renewable energy resources assessment, especially solar and the wind based on
real data cannot be accomplished. The researchers usually use data either from
NASA surface meteorology or from the nearest meteorological stations. Thus,
the government of Malaysia should establish meteorological stations in some of
the major islands like Pulau Tioman that will help more accurate feasibility
study and performance evaluation of the hybrid renewable energy system.

The implementation of the proposed hybrid renewable energy system needs high
capital cost, which is considered as a major barrier to investing by such a rural
resort facility owner. On the other hand, the remote islands in the South China
Sea, Malaysia are the great places of tourist attraction. Thus, the government of
Malaysia should come forward to intensify financial solutions that can ease

capital cost barriers.

Suggestions for future work

In this research, an optimal configuration of PV-wind-diesel-battery hybrid system,

including optimal design, technical and economic performance evaluation for a rural

and decentralized resort facilities located in Pulau Tioman, Malaysia has been

conducted. Although various analysis has been carried out in this study to ensure the

achievement of the set of objectives, therefore, the following are suggested for further

studies:

The government of Malaysia, TNB, SEB and individual researchers have

explored many small hydro potentials in different remote places in Malaysia,
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still, the potential sites of micro and mini hydro in many remote and rural
islands in the South China Sea, Malaysia are not properly investigated. To
identify all the potential sites of small hydro in such remote islands can be a
good future research work.

In conjunction with solar and the wind; small hydro, biomass and fuel cell based
hybrid system can be a smart power supply option to such tourist facilities.
Therefore, more study needs to consider that will measure the performance of
the hybrid renewable system having solar, wind, small hydro, and biomass.
Although the Sustainable Energy Development Authority (SEDA), Malaysia has
determined the appropriate feed in tariff (FiT) rate for selling renewable
electricity to the national grid, there is no particular research on the appropriate
off-FiT value. Thus, demand side management and to identify the appropriate
off-FiT value to sell per unit of renewable electricity to the local mini grid and
individual load need to be investigated.

The hybrid system needs sophisticated and complex control, power and energy
management. More advance research on the power and energy management of a
hybrid ac-dc micro-grid system with optimal selection of battery and super
capacitor as energy storage device can be conducted to expand the current

research.
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APPENDIX A

Table A. 1: Monthly average solar radiation and the wind speed of the Islands located
in the South China Sea surrounding Tioman Island (NASA surface meteorology and
solar energy data base, 2016).

Solar radiation (kWh/m?#day) Wind speed (m/s) at 50m

Pulau Aur, Pulau Babi Besar, Pulau Aur, Pulau Babi Besar,

Months Pemanggil, Sibu, | Harimau, Tengah, Pemanggil, Sibu, | Harimau, Tengah,
Tinggi, Tioman, Seri Buat and Tinggi, Tioman, Seri Buat and
Dayang and Pulau | Pulau Sembilang. Dayang and Pulau | Pulau Sembilang.
Tulai. Tulai.

January 4.78 4.12 5.36 4.35

February 5.76 4.97 4.55 3.73

March 5.99 5.02 3.44 2.97

April 6.10 5.08 2.38 1.94

May 5.55 4.84 2.60 2.12

June 5.22 4.66 3.82 3.23

July 5.14 4.61 3.85 3.24

August 5.30 4.70 4.32 3.55

September | 5.36 4.83 3.38 2.72

October 5.05 4.70 2.74 2.18

November | 4.23 4.05 3.32 2.87

December | 4.04 3.62 5.04 4.19

Table A. 2: Monthly average ambient temperature and clearness index of the Islands
located in the South China Sea surrounding Tioman Island (NASA surface meteorology
and solar energy data base, 2016).

Ambient temperature (°C)

Clearness index

Pulau Aur, Pulau Babi Besar, Pulau Aur, Pulau Babi Besar,
Pemanggil, Sibu, Harimau, Tengah, Pemanggil, Sibu, Harimau, Tengah,

Months Tinggi, Tioman, Seri Buat, and Tinggi, Tioman, Seri Buat and
Dayang and Pulau | Pulau Sembilang. Dayang and Pulau | Pulau Sembilang.
Tulai. Tulai

January 25.83 25.49 0.49 0.42

February 25.84 25.70 0.56 0.49

March 26.24 26.11 0.57 0.48

April 26.84 26.51 0.59 0.49

May 27.18 26.61 0.56 0.49

June 27.13 26.34 0.55 0.49

July 26.90 26.03 0.53 0.48

August 26.83 26.04 0.53 0.47

September | 26.75 26.07 0.52 0.47

October 26.75 26.29 0.49 0.46

November | 26.52 26.12 0.43 0.41

December | 26.15 25.74 0.42 0.38
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APPENDIX B

Table B. 1: Monthly average wind speed, Weibull parameters and measured wind

power density for Mersing.

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

V (m/s) 6.05 5.27 3.34 2.23 2.15 3.18 2.60 3.23 2.72 2.57 3.32 5.31

k 4.52 3.45 1.62 7.98 6.11 4.77 7.34 6.47 5.68 4.66 3.13 3.14

2004 c 6.63 5.87 3.73 2.36 2.32 3.48 2.77 3.47 2.94 2.81 3.71 5.93
P/A(W/m?) | 152.85 | 111.71 | 60.26 | 6.85 6.44 | 21.98 | 11.03 | 21.57 | 13.13 | 11.63 | 29.65 | 120.64

V (m/s) 5.88 4.52 4.47 3.14 2.87 2.94 2.79 3.19 3.13 2.93 2.69 3.13

k 3.66 3.93 2.38 8.15 8.30 6.10 548 | 1017 | 7.28 8.38 5.45 4.65

2005 c 6.52 4,99 5.05 3.33 3.04 3.16 3.02 3.35 3.34 3.10 2.92 3.43
P/A(W/m?) | 151.04 | 66.96 | 85.54 | 19.28 | 14.65 | 16.38 | 14.22 | 19.79 | 19.39 | 1556 | 12.98 | 21.22

V (m/s) 4.84 5.34 3.34 2.72 2.90 2.93 3.30 3.35 3.17 2.84 2.80 4.44

k 3.18 3.57 3.64 | 11.81 | 8.30 6.69 8.63 6.46 8.51 851 | 10.55 | 2.70

2006 c 5.41 5.93 3.70 2.84 3.07 3.14 3.49 3.59 3.36 3.00 2.93 4.99
P/A(W/m2) | 91.32 | 114.40 | 27.40 | 12.20 | 15.04 | 16.00 | 22.24 | 24.00 | 19.69 | 14.11 | 13.29 | 78.06

V (m/s) 5.03 4.46 3.30 3.03 3.03 2.87 2.89 3.18 2.98 2.81 2.96 4.61

k 2.89 3.75 4.86 5.30 7.69 9.65 5.29 7.70 7.90 5.34 2.85 3.21

2007 c 5.64 4.94 3.60 3.29 3.23 3.02 3.14 3.38 3.16 3.04 3.33 5.15
P/A(W/m?) | 106.22 | 6578 | 24.44 | 18.82 | 17.41 | 14.41 | 16.11 | 20.07 | 16.43 | 14.76 | 23.57 | 78.06

V (m/s) 5.02 5.23 4.27 2.96 3.28 3.20 3.28 3.39 3.09 2.81 2.93 4.66

k 5.51 3.59 3.07 6.58 4.81 7.62 4.71 5.65 5.57 9.59 6.91 3.79

2008 c 5.44 5.80 4.78 3.17 3.58 3.41 3.59 3.66 3.35 2.96 3.14 5.15
P/A(W/m?) | 83.21 | 106.16 | 63.99 | 16.45 | 24.12 | 20.58 | 24.35 | 2557 | 19.49 | 13.62 | 16.00 | 74.55

V (m/s) 5.98 431 3.02 3.13 3.04 3.31 3.36 3.36 3.22 3.00 3.46 4.43

k 4.99 4.46 7.81 7.56 6.09 8.08 6.80 5.89 7.89 6.95 4.33 3.72

2009 c 6.52 4.73 3.21 3.34 3.27 3.51 3.59 3.63 3.42 3.21 3.80 4.90
P/A(W/m?) | 144.06 | 5574 | 17.15 | 19.29 | 18.12 | 22.52 | 24.07 | 24.73 | 20.79 | 17.12 | 29.17 | 64.70

V (m/s) 4.74 4.42 4.17 3.11 2.92 2.87 2.69 3.05 2.86 2.62 2.59 3.41

k 3.41 5.14 4,57 7.00 7.63 7.47 9.44 7.04 7.82 5.82 6.42 4.42

2010 c 5.27 4.80 4.56 3.32 3.11 3.06 2.83 3.26 3.04 2.83 2.78 3.74
P/A (W/m2) | 80.95 57.59 | 50.39 | 18.95 | 15.59 | 14.81 | 11.92 | 17.96 | 1458 | 11.77 | 11.14 | 27.67

V (m/s) 5.17 4.82 3.23 3.37 2.77 3.07 3.55 3.50 3.27 2.97 3.20 4.82

k 4.17 4.93 6.02 5.18 8.96 6.03 7.26 4.70 5.94 6.12 4.75 2.39

2011 c 5.69 5.25 3.48 3.66 2.92 3.30 3.79 3.83 3.53 3.20 3.49 5.44
P/A (W/m2) | 98.51 75.89 | 21.76 | 25.55 | 12.99 | 18.68 | 28.11 | 29.43 | 22.90 | 17.08 | 22.34 | 107.80

V (m/s) 4.80 4.32 3.16 2.81 2.72 3.35 3.06 3.96 3.02 2.86 2.70 3.21

k 3.12 4.08 4.79 9.63 7.60 6.93 457 5.45 6.15 | 10.62 | 8.75 6.52

2012 c 5.37 4.76 3.45 2.96 2.89 3.58 3.35 4.29 3.25 3.00 2.85 3.45
P/A(W/m?) | 88.44 57.82 | 21.68 | 13.55 | 12.54 | 23.69 | 20.01 | 41.02 | 17.86 | 14.23 | 12.08 | 21.19

V (m/s) 4.88 4.47 3.95 2.77 2.80 2.74 2.87 3.24 2.81 2.92 3.02 4.49

k 6.15 4,07 3.71 7.34 | 10.26 | 8.99 6.19 5.41 5.73 7.53 5.31 3.46

2013 c 5.25 4,93 4.38 2.96 2.94 2.89 3.09 3.51 3.04 3.11 3.28 5.00
P/A (W/m?) | 74.91 64.15 | 46.64 | 13.38 | 13.30 | 12.65 | 15.24 | 22.50 | 14.55 | 15.67 | 18.45 | 69.58

V (m/s) 5.88 5.08 4.30 2.96 2.87 3.07 3.02 2.97 3.28 3.04 2.99 3.58

k 5.21 5.70 6.54 9.69 7.53 7.54 7.18 6.72 6.58 7.66 8.08 3.39

2014 c 6.39 5.49 4.62 3.12 3.05 3.26 3.22 3.18 3.52 3.24 3.18 3.98
P/A(W/m?) | 134.41 | 8546 | 50.87 | 1590 | 14.78 | 18.07 | 17.34 | 16.78 | 22.69 | 17.64 | 16.68 | 35.28
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Table B. 2: Monthly average wind speed, Weibull parameters and measured wind
power density for Kuala Terengganu.

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

V (m/s) 3.90 2.83 2.93 2.41 2.33 1.90 2.15 1.89 | 215 | 255 244 | 3.95

k 3.09 3.52 1.94 | 8.46 6.38 3.80 | 499 | 541 | 572 | 292 332 | 210

2004 c 4.36 3.15 3.30 2.56 2.50 2.11 234 | 205 | 232 | 2.86 272 | 4.46
P/A (W/m?) 4767 | 16.61 | 31.88 | 864 | 8.11 5.06 665 | 449 | 651 | 14.29 | 11.40 | 67.66

V (m/s) 3.10 2.52 2.90 2.36 2.26 2.14 225 | 227 | 235 | 2.09 250 | 3.03

k 2.54 3.80 2.35 8.71 7.16 7.26 6.46 | 828 | 892 | 4.48 167 | 2.04

2005 c 3.50 2.78 3.28 2.49 2.42 2.29 2.42 2.41 2.48 2.29 279 | 3.42
P/A (W/m?) 28.12 | 11.53 | 2537 | 8.03 7.34 6.20 732 | 732 | 803 | 632 | 24.60 | 32.78

V (m/s) 3.47 4.12 2.55 2.42 2.36 2.37 1.84 | 233 | 238 | 216 211 | 3.85

k 2.37 2.88 853 | 10.50 | 7.01 9.52 346 | 880 | 12.78 | 6.84 712 | 1.70

2006 c 3.92 4.62 2.70 2.54 2.53 2.49 205 | 246 | 248 | 231 225 | 4.32
P/A (W/m?) 42,08 | 58.46 | 1036 | 8.68 | 8.36 8.17 463 | 7.84 | 816 | 6.45 5.97 | 78.45

V (m/s) 4.50 3.28 2.58 2.52 2.39 2.40 214 | 238 | 242 | 224 260 | 4.02

k 2.84 3.53 5.60 7.25 7.79 6.41 7.06 | 804 | 595 | 5.40 3.08 | 219

2007 c 5.05 3.64 2.79 2.68 2.54 2.58 228 | 253 | 261 | 2.43 291 | 454
P/A (W/m?) 78.32 | 25.66 | 11.39 | 10.06 | 8.50 8.90 6.17 | 842 | 924 | 7.47 | 15.06 | 64.95

V (m/s) 3.25 3.39 3.25 2.35 2.13 2.32 229 | 241 | 234 | 234 219 | 3.20

k 3.48 2.86 4.07 7.73 4.77 9.74 794 | 829 | 7.70 | 7.81 530 | 2.80

2008 c 3.62 3.81 3.58 2.50 2.33 2.44 243 | 256 | 249 | 2.48 238 | 3.59
P/A (W/m2) 26.80 | 33.84 | 24.85 | 7.99 6.55 7.64 752 | 873 | 807 | 7.98 7.10 | 29.04

V (m/s) 3.46 2.58 2.55 2.30 2.44 2.49 247 | 259 | 218 | 2.20 271 | 3.67

k 2.26 5.34 5.84 6.30 740 | 1114 | 617 | 793 | 592 | 8.63 263 | 297

2009 c 3.90 2.80 2.76 2.48 2.60 2.60 265 | 276 | 235 | 2.33 305 | 411
P/A (W/m?) 4254 | 10.85 | 1095 | 7.88 | 9.21 9.36 9.68 | 1093 | 6.72 | 6.62 | 18.55 | 40.92

V (m/s) 3.01 2.84 2.94 2.56 2.59 2.61 249 | 254 | 252 | 2.82 274 | 3.29

k 3.17 4.41 5.35 6.84 | 10.07 | 9.83 771 | 6.89 | 810 | 2.41 3.90 | 3.54

2010 c 3.37 3.11 3.19 2.74 2.72 2.75 265 | 271 | 267 | 3.18 3.02 | 3.66
P/A (W/m?) 22.23 | 15.60 | 17.11 | 10.67 | 10.63 | 10.94 | 9.70 | 10.37 | 9.93 | 23.85 | 15.34 | 27.27

V (m/s) 4.32 3.16 3.07 2.80 2.58 2.53 264 | 270 | 252 | 2.38 3.01 | 441

k 2.90 3.64 3.52 7.55 7.50 7.26 774 | 872 | 6.94 | 5.87 257 | 2.76

2011 c 4.85 3.50 3.41 2.98 2.75 2.70 281 | 285 | 269 | 257 339 | 4.96
P/A (W/m?) 68.58 | 22.75 | 22.55 | 13.81 | 10.73 | 10.23 | 11.51 | 12.13 | 10.09 | 8.80 | 25.66 | 74.65

V (m/s) 3.79 3.05 2.55 2.62 2.61 2.36 241 | 248 | 248 | 251 230 | 3.17

k 2.65 3.72 6.83 7.36 7.28 7.23 785 | 9.03 | 823 | 7.86 6.59 | 2.55

2012 c 4.27 3.37 2.73 2.80 2.79 2.52 2.56 2.62 2.63 2.67 2.47 | 3.58
P/A (W/m?) 49.69 | 20.30 | 10.50 | 11.43 | 11.27 | 8.40 | 879 | 9.39 | 9.50 | 9.89 7.80 | 30.91

V (m/s) 3.39 3.83 2.79 2.65 2.68 2.40 241 | 252 | 256 | 2.76 273 | 4.20

k 3.62 3.37 5.62 8.80 | 8.72 3.88 513 | 6.19 | 6.85 | 5.89 294 | 2.74

2013 c 3.76 4.27 3.01 2.80 2.84 2.65 2.62 2.72 2.74 2.98 3.06 | 4.72
P/A (W/m?) 29.63 | 42.30 | 14.42 | 11.50 | 11.95 | 10.19 | 9.34 | 10.37 | 10.66 | 13.86 | 18.25 | 65.10

V (m/s) 4.05 2.92 2.92 2.86 2.78 2.59 239 | 254 | 252 | 2.48 250 | 4.30

k 3.10 4,53 491 | 16.18 | 8.55 6.87 661 | 9.35 | 821 | 7.09 6.42 | 2.00

2014 c 4.53 3.20 3.18 2.95 2.94 2.78 256 | 2.68 | 2.68 | 2.65 268 | 4.86
P/A (W/m?2) 55.91 | 16.40 | 17.29 | 13.91 | 13.35 | 11.10 | 867 | 10.10 | 10.06 | 9.66 | 10.04 | 90.35
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Table B. 3: Monthly average wind speed, Weibull parameters and measured wind
power density for Pulau Langkawi.

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

V (m/s) 5.35 4.19 3.81 2.97 2.88 343 | 3.06 | 3.65 2.56 3.09 3.45 4.66

k 4.69 3.26 3.93 8.65 6.03 267 | 1.81 | 222 4.85 2.26 4.80 4.03

2004 c 5.85 4.68 421 3.14 3.11 3.86 | 345 | 4.12 2.80 3.49 3.77 5.14
P/A(W/m2?) | 104.50 | 55.83 | 41.28 | 15.93 | 15.61 | 37.50 | 42.11 | 51.68 | 11.23 | 31.29 | 28.29 | 72.13

V (m/s) 4.81 4.40 4.66 2.59 2.32 224 | 220 | 239 2.56 2.06 213 2.84

k 3.93 3.89 3.45 4.74 5.20 736 | 5.47 | 4.93 2.88 4.43 3.25 3.03

2005 c 5.32 4.87 5.18 2.83 2.52 2.38 2.39 2.61 2.87 2.26 2.38 3.18
P/A(W/m2?) | 80.93 | 60.09 | 78.22 | 11.05 | 8.47 709 | 7.18 | 9.48 | 15.05 | 6.13 7.83 | 19.02

V (m/s) 3.23 4.13 2.35 2.18 2.15 225 | 218 | 270 2.49 237 2.42 3.33

k 2.68 3.95 2.54 7.42 7.06 6.85 | 6.24 | 273 3.86 4.20 6.54 3.64

2006 c 3.63 4.56 2.65 2.32 2.30 241 | 234 | 3.03 2.75 2.60 2.60 3.70
P/A(W/m?) | 3038 | 48.76 | 1153 | 6.47 6.36 735 | 6.76 | 17.93 | 11.73 | 9.73 9.12 | 27.78

V (m/s) 3.64 3.43 2.55 2.29 2.19 209 | 193 | 219 2.15 2.25 2.29 3.48

k 3.40 3.31 5.38 5.21 5.11 6.49 | 805 | 4.14 2.50 3.16 2.58 3.00

2007 c 4.05 3.82 2.76 2.49 2.38 224 | 205 | 2.42 2.42 2.51 2.58 3.89
P/A(W/m?) | 3695 | 30.64 | 11.13 | 8.15 7.11 5.88 | 449 | 7.72 9.66 9.72 | 11.95 | 34.54

V (m/s) 3.49 3.69 2.77 2.29 2.03 212 | 205 | 218 2.32 218 2.59 3.41

k 4.03 3.70 3.71 7.40 8.17 472 | 6.41 | 8.82 3.77 6.40 3.59 3.64

2008 c 3.85 4.09 3.07 2.44 2.15 232 | 220 | 230 2.57 2.34 2.87 3.78
P/A(W/m2) | 30.51 | 35.83 | 16.04 | 7.46 5.21 6.77 | 5.55 | 6.39 9.49 6.71 | 13.32 | 29.63

V (m/s) 4.16 2.94 2.39 2.36 1.93 219 | 232 | 3.05 2.50 2.22 2.41 3.89

k 5.59 4.03 5.17 4.39 6.67 486 | 3.76 | 2.30 2.44 3.94 5.57 5.45

2009 c 4.51 3.24 2.60 2.59 2.07 239 | 257 | 3.44 2.81 2.45 2.61 4.22
P/A(W/m2) | 47.48 | 17.46 | 9.24 9.36 4.64 731 | 954 | 2899 | 16.03 | 8.07 9.35 | 39.11

V (m/s) 3.49 3.55 3.08 2.38 2.09 233 | 228 | 2.22 2.08 2.34 2.25 2.62

k 3.91 3.92 3.84 7.40 | 10.10 | 3.29 | 3.98 | 4.82 8.70 3.82 7.18 4.05

2010 c 3.86 3.92 3.41 2.54 2.20 259 | 251 | 243 2.20 2.59 2.40 2.89
P/A(W/m2?) | 31.03 | 31.55 | 22.06 | 8.37 5.62 | 10.43 | 884 | 7.68 5.57 9.64 7.23 | 13.08

V (m/s) 3.63 3.23 2.74 2.54 2.03 206 | 212 | 233 2.26 2.45 2.93 3.77

k 3.39 3.99 4.60 5.73 9.64 831 | 757 | 6.08 3.02 4.37 2.63 424

2011 c 4.04 3.56 3.00 2.74 2.14 219 | 225 | 251 2.53 2.68 3.30 4.15
P/A(W/m2?) | 36.99 | 23.73 | 14.23 | 10.77 | 5.18 547 | 597 | 830 | 10.23 | 10.45 | 23.36 | 37.90

V (m/s) 3.09 2.99 231 2.17 2.49 270 | 231 | 229 2.45 2.23 2.02 3.07

k 3.77 3.93 8.48 9.11 5.08 261 | 534 | 6.36 4.08 6.98 8.35 3.23

2012 c 3.42 3.31 2.44 2.29 2.71 3.04 2.50 | 2.46 2.70 2.38 2.14 3.42
P/A(W/m2) | 21.93 | 19.16 | 7.62 6.30 | 10.43 | 19.38 | 824 | 7.75 | 10.79 | 7.09 5.11 | 23.09

V (m/s) 3.26 3.41 2.69 2.17 2.03 230 | 1.90 | 1.99 2.23 2.14 2.56 3.44

k 3.74 3.78 3.57 4.14 5.58 3.37 | 3.86 | 5.36 421 3.68 3.05 4.66

2013 c 3.61 3.78 2.98 2.39 2.20 2.56 2.11 2.16 2.45 2.37 2.87 3.76
P/A(W/m?) | 2570 | 28.45 | 15.09 | 7.41 5.55 9.66 | 5.16 | 5.32 8.06 751 | 14.47 | 27.98

V (m/s) 4.00 3.26 3.41 2.04 1.85 197 | 207 | 1.93 1.99 1.72 2.04 2.78

k 4.55 3.21 3.69 6.09 5.56 446 | 3.80 | 5.78 3.01 3.38 2.94 2.96

2014 c 4.38 3.64 3.78 2.20 2.00 216 | 211 | 2.09 2.23 1.91 2.29 3.12
P/A(W/m2) | 4417 | 26.74 | 29.90 | 5.16 4.16 543 | 6.80 | 4.72 6.84 4.07 734 | 17.77
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Table B. 4:

Monthly average wind speed, Weibull parameters and measured wind

power density for Bayan Lepas.

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

V (m/s) 3.67 3.28 2.94 2.89 2.55 2.67 2.41 2.62 3.20 2.58 326 | 4.17

k 3.78 3.50 4.22 9.27 6.12 3.43 3.96 2.78 5.25 4.18 444 | 597

2004 c 4.06 3.64 3.23 3.05 2.75 2.97 2.66 2.94 3.48 2.83 3.57 | 4.49
P/A(W/m2) | 37.48 | 26.43 | 18.32 | 14.90 | 10.75 | 15.04 | 10.13 | 16.00 | 22.19 | 12.15 | 24.57 | 47.14

V (m/s) 4.17 3.60 3.72 3.07 2.65 3.27 2.92 2.86 3.13 2.93 273 | 3.26

k 3.18 4.72 5.06 5.84 5.77 3.10 5.03 4.03 3.01 4.95 471 | 2.97

2005 c 4.66 3.93 4.05 3.32 2.86 3.66 3.18 3.15 3.51 3.19 298 | 3.65
P/A(W/m2) | 5898 | 30.43 | 34.79 | 18.84 | 12.23 | 2996 | 17.02 | 17.11 | 26.72 | 16.98 | 14.13 | 29.20

V (m/s) 3.71 4.06 3.19 2.94 2.55 2.81 2.82 2.54 2.54 2.84 278 | 4.40

k 3.52 4.06 6.36 6.67 6.13 3.84 3.87 3.24 3.91 6.13 7.28 | 2.70

2006 c 4.12 4.47 3.42 3.15 2.74 3.11 3.12 2.83 2.81 3.06 297 | 4.94
P/A(W/m?) | 39.31 | 46.76 | 20.83 | 16.26 | 10.70 | 16.74 | 16.53 | 13.44 | 12.08 | 14.92 | 13.60 | 75.16

V (m/s) 421 3.91 2.91 2.89 3.09 2.67 2.67 2.83 2.77 2.51 2.85 | 3.59

k 3.21 3.90 6.94 6.49 3.37 5.32 5.21 3.23 4.40 6.98 3.58 | 2.95

2007 c 4.70 4.32 3.12 3.10 3.44 2.90 2.90 3.16 3.04 2.68 3.16 | 4.02
P/A(W/m?) | 59.66 | 42.19 | 15.71 | 1557 | 23.72 | 12.70 | 12.81 | 1859 | 15.03 | 10.00 | 17.99 | 39.33

V (m/s) 3.43 3.58 3.01 2.90 2.38 2.44 3.02 2.85 2.58 2.47 277 | 4.04

k 5.20 5.13 6.98 9.38 4.16 4.01 3.75 4.30 5.85 6.07 483 | 3.55

2008 c 3.73 3.89 3.22 3.05 2.62 2.69 3.34 3.14 2.79 2.66 3.02 | 4.49
P/A(W/m?) | 27.18 | 29.63 | 17.41 | 1497 | 9.74 | 10.55 | 20.39 | 16.69 | 11.30 | 9.80 | 14.74 | 50.85

V (m/s) 4.66 3.20 2.87 2.66 2.30 2.43 2.90 2.60 2.48 2.41 3.09 | 3.65

k 3.47 4.17 5.74 4.90 5.91 3.48 3.87 5.25 431 4.94 461 | 4.09

2009 c 5.18 3.52 3.10 2.90 2.48 2.70 3.21 2.82 2.73 2.63 338 | 4.02
P/A(W/m2?) | 7831 | 21.75 | 15.51 | 12.82 | 7.97 | 11.54 | 18.12 | 11.70 | 11.04 | 9.54 | 20.66 | 35.11

V (m/s) 3.49 3.55 3.43 2.88 2.48 2.54 2.73 2.95 2.70 2.72 278 | 2.75

k 424 5.24 5.39 5.57 6.85 5.84 6.14 3.83 7.21 2.74 5.08 | 2.97

2010 c 3.84 3.86 3.72 3.11 2.66 2.75 2.94 3.26 2.88 3.06 3.02 | 3.09
P/A(W/m2?) | 30.15 | 28.77 | 27.10 | 15.68 | 9.73 | 10.82 | 13.27 | 19.01 | 12.40 | 18.28 | 14.51 | 17.65

V (m/s) 3.47 3.38 2.69 2.77 2.12 2.64 2.94 2.90 2.35 2.25 263 | 3.60

k 3.86 4.15 4,07 4,95 4.30 3.00 3.35 3.13 3.92 5.68 3.11 | 3.30

2011 c 3.83 3.72 2.96 3.02 2.33 2.96 3.28 3.24 2.60 2.43 294 | 401
P/A(W/m2?) | 31.21 | 26.70 | 14.05 | 1455 | 6.66 | 15.67 | 20.12 | 20.21 | 9.49 747 | 14.77 | 36.71

V (m/s) 3.39 3.02 2.43 2.54 2.22 2.54 3.11 3.09 2.63 2.58 258 | 3.40

k 2.54 5.37 5.01 5.01 3.58 4.08 3.87 4.85 5.04 4.95 7.67 | 4.07

2012 c 3.82 3.28 2.65 2.76 2.47 2.80 3.44 3.37 2.86 2.81 2.75 3.75
P/A(W/m2) | 3594 | 1758 | 9.73 | 11.07 | 823 | 11.92 | 22.34 | 2025 | 12.33 | 11.65 | 10.86 | 28.84

V (m/s) 3.45 3.56 3.27 2.64 291 2.46 2.46 2.88 2.60 2.52 288 | 4.13

k 3.76 4.45 5.85 5.77 2.73 4.98 5.33 5.06 6.26 4.90 5.62 | 3.28

2013 c 3.82 3.90 3.53 2.85 3.27 2.68 2.67 3.13 2.80 2.75 3.11 | 4.60
P/A(W/m2) | 31.11 | 30.34 | 2296 | 12.00 | 23.45 | 10.05 | 9.92 | 16.15 | 11.43 | 10.91 | 15.82 | 55.92

V (m/s) 4.80 3.82 3.71 2.90 2.76 3.04 2.57 2.86 2.91 3.11 3.06 | 3.34

k 4.53 4.88 7.70 5.69 6.40 3.71 6.28 434 7.14 6.70 544 | 3.72

2014 c 5.26 4.17 3.95 3.13 2.96 3.36 2.76 3.14 3.11 3.34 332 | 3.70
P/A(W/m2?) | 77.24 | 3592 | 32.10 | 15.86 | 13.52 | 21.25 | 10.92 | 16.55 | 15.69 | 19.35 | 19.17 | 28.03
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