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ABSTRACT The Jacket platform needs gas and diesel to run its turbines, and in the end, they produce
catastrophic emissions annually. The environmental concerns regarding these platforms have forced us
to utilize an alternative source of energy that is sustainable and clean. In this study 51 locations, are of
interest where oil and gas activities are in progress at present in the shape of a jacket platform or pipelines.
The significant wave height and wave period scatter diagram data are collected from the platforms in
the South China Sea. The linear wave theory is used to find the wave power. The given time period is
converted into an equivalent time period first before wave energy is determined. The study shows that
location no. 20 is the ideal location to deploy the wave energy converter Pelamis P2 with a potential
mean wave power of 6.61 kW/m A single unit of Pelamis P2 can produce on an average electricity output
of 91.37 kW/m including, the losses and machine efficiencies, whereas a wave farm can generate an average
output of 62 GWh/ yr. The electricity supply of 70.3 % of the minimum and 14.1 % of the maximum energy
demand, while using only wave energy converter. If hybrid wind and wave energy system is used, then energy
production will increase. The results show that the wave farm could also reduce the use of natural gas up
to 17.6E06 m>/ year, avoiding the emission of 12000 tonnes of CO and 54000 tonnes of NOx annually, and

can save up to RM 20 billion annually with the reduction of natural gas emissions.

INDEX TERMS Wave energy converter, renewable energy, South China Sea, metocean, jacket platform.

I. INTRODUCTION

Fixed and floating platforms are most suitable to extract
fossil fuels in offshore Malaysia near the continental shelf
of the South China Sea (SCS). Coal, oil, and natural gas are
used as fossil fuels to meet today’s energy demand. Malaysia
relies on natural resources such as oil, natural gas, which it
produces locally, to achieve its energy demand. Most of its
reservoir resources are drilled in the South China Sea (SCS)
using jacket platforms. The Oil and Gas (O&G) reserves in
offshore Malaysia are in three regions Peninsular Malaysia
(PMO), Sarawak (SKO), and Sabah (SBO). The offshore
O&G activities require a considerable amount of energy to
maintain their continuous operation and production. More-

The associate editor coordinating the review of this manuscript and

approving it for publication was Jing Yan

VOLUME 9, 2021

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/

over, the conventional means to supply the electric power
for O&G activities is by using the fossil fuels such as diesel
which produces high levels of carbon dioxide (CO,), leaving
a huge carbon footprint on the environment.

At present, the renewable energy source is solar, wind, and
fuel cell, however, ocean waves, current, and tides can play
a significant role to produce future renewable energy. Ocean
renewable energy is the energy harnessed from the marine
environment that causes little to no carbon footprint to the
environment, Wave Energy Converters (WECs) are used to
generate it. To reduce the carbon footprint from the indus-
try and using wave energy as an alternative energy supply
for offshore O&G activity is a significant step that can be
taken by the government. The idea of integrating renewable
wave energy systems to the offshore oil platforms can reduce
the environmental impact of the platforms. In addition to
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that, it can also increase the percentage of renewable energy
input for the country’s clean energy production. Offshore oil
operations can be separated into two main stages, upstream
and downstream. The upstream activities stage involves the
field exploration, development, fabrication, installation of
platform, extraction, and production of raw materials from
the site. The downstream process involves the refining of
the raw materials into usable products and their sales and
distribution [1].

The extraction of oil from the offshore field requires a
large amount of energy and diesel and natural gas are used
as a fuel for the turbine operation to produce energy [2].
Offshore platforms may also be powered by electricity from
onshore grids transmitted via subsea cables. Energy gener-
ated using diesel emits a large quantity of pollutants and
causes an adverse impact on the environment. In addition
to that, the reduction of O&G output due to the maturity
of fields reduces the sustainability of the platforms. Hence,
diversifying the energy supplied for the offshore operations
may improve the sustainability of the platforms.

The idea of using renewable energy sources as an alternate
power source for offshore oil operations has been gaining
interest in recent years [2]. However, most of the research
and development is focused on mature technologies such as
solar and wind energy. In addition to that, only a handful
of articles that study integrating wave energy with offshore
oil platforms can be found. Hence, comes the motivation to
assess the feasibility of supplying offshore oil platforms with
alternate off-grid energy using the wave energy systems. The
potential of offshore wave power from the SCS is a new and
developing field. As a case study, three regions of Malaysia
from the SCS, are considered here for the feasibility of the
wave energy converter and the best location for wave energy
farm development. It has been assumed in many studies that
it is considered that wave energy is available in the ocean
when the mean wave energy flux is 1 kW/m or higher [3]. Itis
also considered in this study that rough and disruptive waves
during high seas (typhoon and storms), can cause serious
damage to the Wave Energy Converters such as Significant
wave height is greater than 4.0 [4].

A. RENEWABLE ENERGY

According to the International Energy Agency (IEA),
the capacity of global oceans is about 93,100 TWh/year. One
of the Sustainable Development Goals (SDGs) of the United
Nations (UN) is to ensure access to clean and renewable
energy that is cheap, reliable, and sustainable [5]. To achieve
this goal Malaysian government in its eleventh five-year Plan
(2016-2020) introduced to ensure the development of reliable
and affordable energy and reduce the country’s reliance on
non-renewable fossil fuels [6]. In 2018, Malaysia had set its
target to have renewable energy sources (RESs) contributing
20% of the country’s electricity by 2025 [7]. The generation
of energy from fossil fuels is cheap however it brings an
adverse impact on the people, environment as well as econ-
omy. Kyoto Protocol indicating global warming had aroused
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significant attention in the generation of renewable ocean
energy.

During energy generation, the combustion of fossil fuel
produces a large amount of greenhouse gases, i.e., carbon
dioxide (CO2), carbon monoxide (CO), methane (CH4),
nitrogen oxides (NOx). The CO2 increases the environ-
ment’s temperature, leading to global warming. Studies have
revealed that electricity and heat generation produce the most
CO2 in the European Union (EU) [8]. The International
Energy Agency (IEA) compared the global energy demand
and global CO2 emission between the first quarter (Q1) of the
year 2019 and the first quarter of 2020. It is reported that the
global energy demand from coal and oil in Q1 of 2020 has
declined as compared to Q1 of 2019 due to the restricted
movement and economic activity during the coronavirus pan-
demic [10]. Moreover, the decline of global demand for coal
and oil was the major contributor to the decline in global
emissions detected in Q1 of 2020. This shows that by reduc-
ing the use of fossil fuels, the CO; in the environment can be
greatly reduced.

Energy security can be defined as energy that is available
at unchanging prices without the risk of discontinuation [11].
With the diminishing quantity of fossil fuels and increas-
ing energy demand, the competition over the resources will
increase and can cause instability in the pricing of the energy.
The current O&G reserves of Malaysia are expected to last
until 2035 [12] and this will lead to energy insecurity in
Malaysia. Many other countries that rely heavily on energy
imports such as China, which is heavily dependent on the
Persian Gulf and Africa for its oil and gas imports, with the
oil import accounting for about 59 % of the country’s total
consumption [13], may also have to switch over to renewable
energy sources in future. While in India, it is estimated that
from 2018 to 2019, its oil import made up approximately 80%
of the country’s consumption [14]. In 2018, more than half
of the EU energy demand (58.2%) depended on oil and gas
imports, mainly from Russia [15].

The price of fossil fuels may also fluctuate due to economic
and political reasons. A disruption of gas imports to the Euro-
pean market occurred when a Russia-Ukraine gas dispute
broke out in 2006 and 2009, resulting in a serious effect
on the economy and society [16]. In contrast, under optimal
conditions, the supply from renewable energy sources would
never run out. Moreover, the cost of harvesting energy from
renewable energy sources mainly comes from the initial capi-
tal investment to build the infrastructure and systems. Renew-
able energy sources are inexhaustible and do not depend on
political and economic status for their stability in pricing.
This is different from the non-renewables which fluctuate
according to the availability of reserves [17]. While one may
argue that a high price is required for investing the capital
expenditure for the harvesting and utilization of renewable
energy, advancing technology and improvements in its fur-
ther development may eventually cause a reduction in the
pricing of renewable energy sources such as solar and wind
power. For example, the price of electricity generated using
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solar photovoltaic (SPV) was observed to have dropped,
from $300 per watt in 1954 to $4.5 per watt in 2007 [18].
Renewable energy sources are domestic, by transitioning
from conventional fossil fuels to renewable energy sources,
the dependence on energy imports can be reduced, allowing
the country to be self-sufficient. Not much work has been
done on the wave energy resources around Malaysia remains
scarcely published and offshore wave power densities need
to be evaluated. The wave energy resources surrounding
Malaysia are not well studied and this area is still afresh in
terms of a major contribution.

B. ENERGY DEMAND FOR AN OFFSHORE OIL PLATFORMS
The energy demand for each platform varies due to its size
and well capacity. Tiong, et al., used a platform in their
study with energy demand in the range of 10-50 MW [19],
where the specific platform analysed has a demand of 10 MW
on a SHELL Malaysia Oil and Gas Platform in Sabah.
Ardal, et al., has mentioned the power demand in the range
of 40-45 MW [20]. Zhang, et al., studied four offshore plat-
forms, each with different activities (extraction, processing,
support and maintenance, and storage) gives a peak power
demand of approximately 44 MW [21]. Another difference is
that the platforms may operate individually or work together
to form a single and central power platform, providing power
to the others. Korpas et al. stated that the power consumption
by the oil platform studied is about 20 MW to 35 MW [22].
Nguyen, et al., state that the power demands of four platforms
(named Platform A, B, C, and D) located in Norway range
from 5.5 MW to 30 MW [9]. The variation in values most
likely is because of the different products generated on each
platform, involving different processes and operations for
each platform. In addition to that, the demand for heating can
also be fulfilled with a range of 1 MW to 12 MW [9].

The platforms use either natural gas or diesel but some-
times both can be used alternatively as a fuel to generate
electricity. Oliveira-Pinto, et al. state that, 50 % of the energy
supply was to be fulfilled by natural gas while diesel fuels
supply the other 50 % [2]. On the other hand, Zhang, et al.
found co-firing turbines at the platforms which can run on
natural gas, diesel, or hydrogen [21]. The energy demand
for some of the offshore oil platforms is shown in Table 1,
where the energy requirements vary from 10 MW to 45 MW
depending on the well sizes.

This study will use the energy demand in a range of
10-50 MW as the minimum and maximum requirement of
energy supply and assesses the wave energy resources at
locations active with O&G activities in the offshore region
of Malaysia, SCS. The electricity generated by WECs is
estimated and taken into consideration in deciding the best-
suited location for offshore wave energy development. The
feasibility of the energy project is also assessed and evaluated
to determine if it can meet the energy demand required by the
offshore oil platforms.

VOLUME 9, 2021

Il. WAVE ENERGY CONVERTERS (WECS)

The process of Wave energy converters is based on forces
induced by the ocean waves that produce relative motion
between various parts of the converter system. Mechanical
or electrodynamic systems are used to generate energy. The
energy will not be produced if the WEC device is moving up
and down at the free surface of the ocean. The device needs
to be attached to form a lever that will allow the wave energy
conversion into a new form of energy. The lever is attached
to a dashpot to convert the mechanical energy into heat [4].
Wave energy converters (WECs) harness the energy from the
ocean, converting wave energy into electricity [23]. A WEC
mainly consists of a hydrodynamic subsystem that captures
the wave energy, a power take-off (PTO) that converts energy
into electricity, a reaction subsystem to hold the WEC in
position, and a control subsystem that controls and monitors
the subsystem [23].

Early wave devices are considered a modest wave resource
at the coastline. There are some advantages for the coastal
locations as compared to the deep water. (a) WEC can be
easily installed; thus commissioning costs will be reduced.
(b) WEC is rigidly fixed to the sea bed and thus providing
more robust opportunities for extraction of energy. (c) Elec-
tricity distribution costs will be reduced due to the expensive
sea-bed power cables. (d) Maintenance costs will be lesser
because of greater accessibility [4]. Due to its wide variety,
WECs can be categorized into different ways. One of the
ways is to categorize them based on the location where the
device will be installed, whether onshore, nearshore or off-
shore. The nearshore devices, usually mounted at the seabed,
are located at water depths where seabed will influence the
waves; offshore devices, usually floating at the surface, are
located at water depths where the waves will not be affected
by the seabed [23]. Offshore offers the most energy among
the three locations as no energy is lost due to the friction
between the ocean waves and seabed [24]. However, at the
same time, it also implies that offshore devices must with-
stand high loading and extreme weather conditions [25]. The
categorization of WECs can also be done according to their
mechanism (hydrodynamic subsystem), as oscillating water
columns (OWCs), wave activated bodies, or overtopping
devices [26]. Fig. 1 illustrates the principle of each category
of WEC. OWCs utilize columns of water in which the move-
ment of the ocean in the column causes wave activated bodies,
known as oscillating bodies, to harvest wave energy from the
ocean directly by the motion of the device itself [24]. The
category of wave activated bodies can be further broken down
into the point absorbers [24]. Overtopping devices involve
a ramp to raise the water level of the incident waves so
that the water will overflow into a reservoir [24]. As the
water exits the reservoir, it turns the turbine and generates
electricity [24].

There are different kinds of WECs designed to harvest
wave energy in different locations as well as wave climates.
Table 2 shows the Wave Dragon WEC based on the wave
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TABLE 1. Energy demand of typical offshore platforms.

Energy Heat demand Fuel capacity References
Year demand (MW) Fuel type (MW) Remarks
MW)
2014 40-45 - Natural gas 40 Norway [20]
2015 10 - - - SHELL, Sabah Malaysia Oil  [19]
and Gas Platform
2019 27 Natural gas 39 Norway Energy supplied by [2]
(50%) and four turbines, two runs on full
diesel (50 %) load while the other runs on
half load as backup.
2019 44 12 Natural gas or - China Gas/oil turbines utilize [21]
diesel diesel, natural gas, or
hydrogen as fuel.
2012 20-35 Natural gas 46 North Sea [22]
2016 A 25 A 1 - - Norway [9]
B 55 B >0 A: Oil production
C 30 C 10 B:  Produces gas and
D 19 D 5 condensates
C: Heavy oil and gas
production
D: Produces volatile oil and
gas

FIGURE 1. Mechanism of WECs A) wave activated bodies, B) overtopping
devices (B) and C) Oscillating water columns [24].

climate of the location and energy production requirements.
Fig. 2 shows two separate designs of the Wave Dragon WEC
based on the wave climate. From Fig. 2, it can be observed
that the wave climate affects the dimension, which in turn
affects the weight and volume of the reservoir, number of
turbines required for the WEC. This would then eventually
impact the rated power and power production of the WEC.
It can also be observed that the wave climate affects the
dimension, which in turn affects the weight and volume of
the reservoir, number of turbines required for the WEC. This
would eventually impact the rated power and its production
by the WEC.

A. PELAMIS (P2)

The Pelamis is a semi-submerged WEC with four seg-
ments that move perpendicular to the wave motion. Thus,
the Pelamis is considered as a wave activated body WEC.
It utilizes a hydraulic power take-off (PTO) in which the
hydraulic motor drains the oil pumped in due to the motion
of WEC, driving the generator to generate electricity [26].
Fig. 2(a) shows the working principle of the Pelamis. The
prototype was first tested in 2004 with its success leading
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TABLE 2. The design of wave dragon WEC according to the wave climate
of the location [27].

o 24 36 48 60
Unitsize Prototype | \wim | kWim | kWm | kW/m
Width (m)

(between 57 260 300 390 390
reflector tips)

Weightinel. | 3, 22,000 | 33,000 | 54,000 | 54,000
ballast, t

Reservoir, m® 55 5,000 8,000 14,000 14,000
Numberof | 5.6 | 16 1620 | 1620 | 16-24
turbines

Annual power

production, 0.06 12 20 35 43
GWh/year

Generators 25 250 350- 460- 625-
(PMOG), kW ) 450 700 940

to the development of the first commercial wave farm, Agu-
cadoura in 2005 on the northern Portugal coast [29]. The first
stage of the system was completed in 2006, consisting of
three of the first generation Pelamis P1 [29]. A facility to be
powered by the second generation Pelamis P2 was developed
and tested in Scotland [29]. Thomson, et al. conducted a
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a)  Working mechanism of the Pelamis [29].
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b)  Working principle of the wave dragon. [30]

FIGURE 2. Types of Wave Energy Converters.

life cycle assessment (LCA) to evaluate the environmental
impacts of the first-generation Pelamis P1, involving the
device, mooring, and sub-sea cables connecting to the grid,
and throughout its life cycle [28].

B. WAVE DRAGON

Fig. 2(b) shows the working principle of the wave dragon.
The Wave Dragon is an overtopping device and had a pro-
totype, a 20 kW being tested offshore of Denmark [30].
The WEC works by having water overtopping its ramp and
overflows into the reservoir and as it leaves through the outlet,
it turns the turbine hence producing power [30].

C. AQUABUOY

AquaBuoy is a small sized WEC developed by Finavera
Renewables to harvest offshore wave energy. The AquaBuoy
was designed based on a heaving buoy concept [32]. The
WEC consists of a buoy connected to a long tube at the bottom
which is known as the acceleration tube [30]. On the surface
of the ocean, the buoy moves up and down as the wave
passes. The kinetic energy of the waves pressurizes the fluid
contained inside the tube, causing the pumped fluid to drive
a turbine generator. A full-scale prototype of the AquaBuoy,
was tested at a demonstration IMW power plant offshore of
Makah Bay, Washington [29]. The project involved four units
of 250 kW power rated AquaBuoy and was located 5.9 km
offshore at depths reaching to 46m deep.

D. ASSESSMENT OF POTENTIAL WAVE POWER
The wave power is the product of average energy density and
group velocity. The wave power and group velocity of the
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wave are expressed as in (1)-(2) respectively [34].
P = Exc, 1

P = Wave power (kW/m), E = Energy density (kJ), and
cg = Wave group velocity (m/s)

gTe
= 2
e = 4y ()
g = Gravitational acceleration, 9.81 (m/s?), and T, = Wave

energy period (s)

Samrat, ef al. [35] conducted an assessment for estimating
the wave energy available around Malaysia using (3). Nasir
and Maulud [36] calculated the potential wave power offshore
of Malaysia, in terms of kilowatt per meter length of wave
crest (kW/m), using (4). Equation (3) estimates the wave
power by approximating waves to harmonic waves while (4)
made considerations for the real ocean waves. The power
density, P (W/m), is determined across a plane perpendicular
to the direction of wave propagation.

=,0_g2H2
327

p = Seawater density (1.025 g/cm?®), H = Maximum wave
height (2x Hg) (m). Hs = Significant wave height (m)

P Te 3)

pg’ 2

P _@HSTe “4)
For real ocean waves, the energy density is said to be half
of the harmonic wave [24], which is expressed in (5)-(6). [24]
noted that the comparison of harmonic wave H should not be
made directly with the Hg. waves moving towards nearshore
experience numerous form transformations i.e., shoaling,
refraction, diffraction, and reflection. The offshore wave
power is not affected by refraction and shoaling and is
computed directly from wave data using the following deep
water expression. Linear theory of water waves was originally
developed by Airy. This also allows the determination of
wave energy density or specific energy, E (J/m?) i.e., energy
per unit area, for a regular wave of height H (m). Equation (5)
gives the energy density of harmonic waves and (6) gives the
energy density of real ocean waves. To account for the real
ocean waves at deep water (d > 0.5 L), (4), will eventually

result in (6) which should be used instead of (3).

1

E= gngz )
1

E = — poH2 6
16/08 S (6)

The power available in waves was calculated as given
in (7) by Ciang, et al., by using the average wave height
and period obtained from the Malaysian Meteorological Ser-
vice (MMS) are assumed to be equivalent to the HS and Te
respectively [37]. Equation (7) was used to determine wave
power potential at Lakshadweep, Andaman, and the Nicobar
Islands was determined [38]. The energy period Te is seldom
specified and must be determined from another measured
period. The measured sea states are generally specified in
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terms of the peak period TP or Zero Crossing Period. The
relation between Tz and T. depends on the shape of the
wave spectrum and can be expressed as Te = ATz where
the A is a coefficient that depends on the shape of the wave
spectrum [39]. T, is used in the computations instead of T.
in Eq. (7) which is formed from (4) after converting Te into
Tz. For instance, in the Handbook of Ocean Wave Energy,
the relation 1.12T.= 1.29T, = T, was given for a JON-
SWAP wave spectrum [21]. Sharkey gave the relationship of
T.= 1.12T, [40].

P = 0.55xH2xT, 7

T, = Zero-crossing period (s). Equation (6) measures the
instantaneous wave power at a specific Hg and Te (or Tz).
To measure the wave resource of a particular location, the
mean values of the wave power, with consideration of the
annual sea states, should be calculated by (9),

2 nt DHg

=LY HE Ty ®)

i=1 j=1

Hs; = Significant wave height corresponding to the bin
at the ith line and jth column of the scatter plot (m), Tj; =
Wave period corresponding to the bin at the ith line and jth
column of the scatter plot (s), fij = Occurrence frequency
corresponding to the bin at the ith line and jth column of the
scatter plot [2].

Ill. WAVE DATA ANALYSIS AND STUDY AREA

The South China Sea has great potential for the utilization of
ocean renewable energy as it is also exposed to the annual
events of two seasonal monsoons. The offshore wave energy
is analysed either by hindcast wave data or by metocean data
and in this study data from later sources is used. The selection
of location is based on the metocean data from Petronas Cari-
gali Sdn Bhd. Table 3 (A-C) shows the locations with O&G
activity in the SCS near the continental shelf of Malaysia,
the coordinates, and mud level depth. Location number 1-
18s are from Peninsular Malaysia, 19-39 from Sarawak, and
40-51 from the Sabah region. The maximum depth of the
platform is 95 m and the minimum depth is 36 m the depth is
less than this is the site for the pipelines. Two assumptions are
made in this study i.e., the offshore platforms have an energy
demand of 10 MW - 50 MW and the platforms depend on
natural gas as their sole power supply.

A. WAVE ENERGY CONVERTER (WEC) POWER

The wave power computed from (1-8) measures the potential
wave energy resources in the ocean. The amount of electricity
that can be produced is highly dependent on the WECs’
efficiency. Silva, et al. measured the electricity generated by
five different WECs at a specific location by associating the
power matrices of the WECs with the wave activity of that
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Descriptive Statistics
Statistic Value Percentile Value

Sample Size 58439 Min 0.5
Range 4.5 5% 0.5
Mean 1.2919 10% 1
Variance 0.36725 25% (Q1) 1
Std. Deviation 0.60601 50% (Median) | 1
Coef, of Variation | 0.46909 75% (Q3) 1.5
Std. Error 0.00251 Q0% 2
Skewness 1.4992 95% 2.5
Excess Kurtosis 2.6795 Max 5

FIGURE 3. Descriptive statistics output in location 2 from PMO region.

5.0
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=35

§ 3.0
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T 2.0
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=10

0.5
0.0
1357 9111315171921232527293133353739414345474951

Location

FIGURE 4. Ratio of maximum to mean Hg for all study locations.

location from the scatter plot as expressed in (10) [33].

ny DHg

Pe = 1o LSO pypy ©)

i=1 j=I

Pg = Electricity generated by WEC (kW), p;; = Energy
percentage corresponding to the bin at the ith line and jth
column, % Pj; = Power corresponding to the power matrix
for the WEC in consideration (kW) [33]. A variation of
(10) is shown by (10) which is also used to compute the
power generated by WEC. Instead of energy percentages,
(10) calculates the electricity output of the WEC based on
the occurrence frequency of sea states at the location [2].

ny DHg

Pg = Z Z fixPy (10)

i=1 j=1

B. MEAN WAVE POWER POTENTIAL
Using the scatter diagrams, the mean wave power potential
for all locations is computed from (11).

2 nt DHg
64ﬂ Z > Hg, Tiffi (11)

i=1 j=1

P = Mean wave power potential at the specific location
(kW/m), Hg;; = Significant wave height corresponding to the
bin at ith line and jth column of the scatter diagram (m), Tj;
= Wave energy period corresponding to the bin at ith line
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TABLE 3. (A) Study locations in PMO Region. (B) Study locations in SKO

Region. (C) Study locations in SBO Region.

Coordinates

PMO Latitude Longitude Depth MSL (m)
(North, N) (East, E)
1 6.1 103.3 60.7
2 6.1 105.3 60.4
3 48 104.9 74.7
4 52 104.7 75.0
5 52 105.5 76.3
6 53 105.5 747
7 54 105.2 714
8 7.1 103.4 60.0
9 - - 79.2
10 6.2 104.1 76.6
11 6.3 104.0 70.0
12 59 104.3 63.8
13 6.0 104.2 722
14 5.0 105.4 75.8
15 5.0 105.3 77.0
16 5.5 105.3 65.0
17 - - 66.4
18 6.3 103.9 60.0
(a)
Coordinates
SKO Latitude Longitude Depth MSL (m)
(North, N) (East, E)
19 43 112.7 71.5
20 4.7 113.9 50.3
21 - - 15.0
22 47 113.9 51.8
23 - - 74.7
24 - - 71.6
25 - - 67.1
26 - - 35.0
27 - - 28.0
28 - - 45.0
29 3.8 1123 46.0
30 3.8 112.3 45.0
31 - - 579
32 - - 6.0
33 38 111.5 52.0
34 44 111.8 95.0
35 44 112.0 95.0
36 48 1113 94.8
37 48 112.9 93.6
38 - - 27.0
39 - - 25.0
(b)
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TABLE 3. (Continued.) (A) Study locations in PMO Region. (B) Study
locations in SKO Region. (C) Study locations in SBO Region.

Coordinates
SBO Latitude Longitude Depth MSL (m)
(North, N) (East, E)
40 5.6 114.8 57.0
41 6.5 115.7 60.0
42 6.7 115.8 60.0
43 5.6 114.9 47.0
44 5.6 115.0 523
45 5.6 114.9 10.0
46 5.0 114.9 11.0
47 5.0 115.0 42.8
48 5.5 115.0 36.9
49 5.6 115.0 57.4
50 5.4 114.7 59.1
51 54 114.7 53.1
©

and jth column of the scatter diagram (s), fjj = Occurrence
frequency corresponding to the bin at ith line, and jth column
of the scatter diagram [2].

The wave powers to be computed are in terms of wave
energy period, Te, and hence, the relationship between Tg,
T,, and Tp, needs to be determined. The relationship between
TE and TP is taken as T = 0.9Tp [2]. From the metocean
data, the relationship between TP and Tz is given to be Tp =
1.41T,. Hence, T, is related to Tg as Tg = 1.27T,.

C. POWER OUTPUT FROM THE WAVE ENERGY
CONVERTERS (WECS)

The average electric power produced by a WEC installed at
a specific location can be estimated from the scatter diagram
of the location and the power matrix of the WEC, from (12),

ny DHg

Pg = Z ZfijPij (12)

i=1 j=1

P = Average electric power generated by WEC (kW),
P;; = Power corresponding to the power matrix for the WEC
in consideration (kW), fjj = Occurrence frequency of sea
states in the ith line and jth column [2]. The performance
of the WEC can then be measured by its capacity factor,
as expressed by (13),

Pg
Cr = —x100 (13)
Rp

Cr = Capacity factor of WEC (%), Rp = Rated power of
WEC (kW) [2]. The capacity factor is dependent on the rated
power of the WEC which varies from one WEC to another as
shown in Table 4.
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(c) Mean Hs and Mean T. in the SBO region.
FIGURE 5. (a): Mean Hg and Mean Te in the PMO region. (b): Mean Hg

and Mean Te in the SKO region. (c): Mean Hg and Mean Te in the SBO
region.

TABLE 4. Rated power of Pelamis P2, wave Dragon, and AquaBuoy.

WEC Rated Power (kW)
Pelamis P2 750

Wave Dragon 7000

AquaBuoy 250

D. WAVE ENERGY CONVERTER LOCATION

SUITABILITY (WLS) INDEX

The suitability of the location for the installation of the spe-
cific WEC can be identified using the wave energy convertor
location suitability (WLS) index. The WLS index is com-
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TABLE 5. Minimum recommended depth for the WEC [42].

WEC Min. recommended depth for WEC (m)
Pelamis P2 50
Wave Dragon 25
AquaBuoy 50
puted from (14).
WLS =P, 4+ C, +dy (14)

P, = Normalized mean wave power of the location, Cg, =
Normalized capacity factor of the respective WEC, and dn =
Normalized water depth of the location [41]. The parameters
of the WLS index involve the normalized parameters and
they are computed for each WEC separately as expressed by
(15-17).

P;

Pmax

P, =

(15)
P; = Mean wave power potential of location I, (kW/m)
and Pp,x = Maximum mean wave power potential out of all

study locations (kW/m) [41],

Chp = —1 (16)

Cyi = Capacity factor at the location I, (%) and Cinax =
Maximum capacity factor of the respective WEC (%) [41],
Qo= 1= (1 — dp) -2~ dmin_ (17
dmax — dmin
dtay = The threshold value assumed to be 0.3, d; = Water
depth of location I, (m), dpj;, = Minimum recommended
depth for respective WEC (m) and dpax = Maximum water
depth out of all study locations (m) [41].

Table 5 shows the minimum recommended depth for the
three WECs studied here required for the parameter dpip.
According to Sierra, et al., if water depths of all study loca-
tions are greater than the minimum recommended depth of
the WEC, then dp,j, would be the minimum water depths
out of all the locations [41]. However, in this study, there
are some locations with water depth lower than the minimum
recommended depth of all WECs. Generally, they represent
the locations where the only pipeline is working but not
the jacket platform so they can be ignored for the energy
calculations. Hence, the parameter dp,;, must be the mini-
mum recommended depth for the respective WEC. Moreover,
the study location with water depth less than the minimum
recommended depth is considered where d;, = 0, as the water
depth at the location is unable to meet the design requirement
of the WEC.

E. ENERGY OUTPUT FROM WAVE FARM

The power output of a WEC farm consisting of an array of
WECs is expressed by (18). In a wave farm, energy losses
in the processes of energy conversion should be considered.
The parameter f,, considers the efficiency of the machinery
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TABLE 6. (A)-(C) Significant wave height descriptive data statistics.

Peninsular Hs statistics (m)

Malaysia u Max  95% 4 = 2m (%)
1 1.31 6.0 2.5 0.63 9.22
2 1.31 6.0 2.5 0.63 9.22
3 1.29 5.0 2.5 0.61 8.50
4 1.37 5.0 2.5 0.64 9.24
5 1.40 5.0 3.0 0.66 11.31
6 1.40 5.0 3.0 0.66 11.31
7 1.41 5.0 3.0 0.66 11.36
8 1.09 4.5 2.0 0.50 2.95
9 1.21 4.5 2.5 0.57 6.16
10 1.31 5.5 2.5 0.63 9.22
11 1.31 5.5 2.5 0.63 9.22
12 1.31 5.5 2.5 0.63 9.22
13 1.31 5.5 2.5 0.63 9.22
14 1.44 5.0 3.0 0.66 11.92
15 1.44 5.0 3.0 0.66 11.92
16 1.32 5.0 2.5 0.63 9.20
17 1.14 45 2.0 0.53 4.48
18 1.22 4.5 2.5 0.56 6.06

(a)
Hj statistics (m)
Sarawak Hs>2m (%)
u Max. 95% 4
19 1.29 5.0 2.5 0.64 8.79
20 1.23 45 2.5 0.58 5.80
21 1.06 3.0 2.0 0.51 2.60
22 1.23 4.5 2.5 0.58 5.81
23 1.28 5.0 2.5 0.62 7.80
24 1.28 5.0 2.5 0.62 7.80
25 1.28 5.0 2.5 0.62 7.80
26 1.10 4.0 2.0 0.55 3.83
27 1.10 4.0 2.0 0.55 3.83
28 1.10 4.0 2.0 0.55 3.83
29 1.19 4.5 2.0 0.57 4.99
30 1.19 4.5 2.0 0.57 4.99
31 1.23 4.5 2.5 0.58 5.80
32 0.84 2.5 1.5 0.34 0.03
33 1.24 4.5 2.5 0.61 7.00
34 1.27 4.5 2.5 0.63 7.94
35 1.27 4.5 2.5 0.63 7.94
36 1.27 4.5 2.5 0.63 7.94
37 1.33 5.0 2.5 0.66 9.64
38 0.94 3.0 1.5 0.43 0.52
39 0.94 3.0 1.5 0.43 0.52

(b)

and is the ratio of the absorbed energy by the WEC to the
mechanical energy of the power take-off (PTO) device. The f.

VOLUME 9, 2021

TABLE 6. (Continued.) (A) Significant wave height descriptive data
statistics.

Hs statistics (m) Hs
Sabah exceeding
n Max. 95% 4 2m (%)
40 1.12 3.0 2.0 0.50 2.01
41 1.25 5.0 2.5 0.57 5.42
42 1.25 5.0 2.5 0.57 5.42
43 0.98 2.0 1.5 0.41 0.00
44 0.98 2.0 1.5 0.41 0.00
45 0.98 2.0 1.5 0.41 0.00
46 0.98 2.0 1.5 0.41 0.00
47 1.23 4.0 2.0 0.56 4.99
48 1.23 4.0 2.0 0.56 4.99
49 1.05 2.5 2.0 0.44 1.20
50 1.20 4.5 2.0 0.54 3.94
51 1.20 4.5 2.0 0.54 3.94

©

denotes the efficiency of mechanical energy being converted
into electrical energy through the generator. Lastly, f; denotes
the efficiency of transmitting the electrical energy in a stable
and useful form for power usage. The fy;, and f; are assumed
to be 90 % while f. is assumed to be 95 % [2],

Py = nf fefiPE (18)

Py = Power output of wave farm (kW), n = Number of
WEGs, f;, = Efficiency of mechanical wave energy conver-
sion, fo = Efficiency of electrical energy conversion, and f; =
Efficiency of electrical energy transmission [2].

IV. DESCRIPTIVE STATISTICS OF SIGNIFICANT WAVE
HEIGHT (Hg)

Descriptive statistics calculation on the significant wave
height (Hgs) was carried out for each individual location and
the data from the scatter diagram was extracted as shown
in Fig. 3. The main variables are the mean, maximum, 95th
percentile, and standard deviation. Furthermore, the statistics
for the percentage of Hs which exceeds the 2 m threshold are
also computed.

Significant wave height (Hg) plays a very important role
in the determination of energy from the ocean. Table 6 (A-C)
shows the descriptive statistics of Hg the mean (u), maxi-
mum, 95th percentile (95%), standard deviation (o), and the
percentage of Hg exceeding 2 m at each study location is
taken as a threshold level. In the PMO region, the locations
with the highest mean Hg of 1.44 m are 14-15. On the other
hand, location 8 has the lowest mean Hg of 1.09 m. In the
SKO region, 37 shows the highest mean Hg of 1.33 m while
32 shows the lowest mean Hg of 0.84 m. In the SBO region,
locations 41 and 42 have the highest mean Hg of 1.25 m
while locations 43-46 have the lowest mean Hg of 0.98 m.
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TABLE 7. Mean wave power potential and annual mean wave power

potential.
Peninsular Mean Wave Power  Annual Mean Wave Power
Malaysia Potential (kW/m) Potential (MWh/m)
1 6.81 59.62
2 6.81 59.62
3 5.78 50.62
4 6.65 58.23
5 7.09 62.10
6 7.09 62.10
7 7.16 62.70
8 3.62 31.67
9 3.50 30.65
10 6.81 59.62
11 6.81 59.62
12 6.81 59.62
13 6.81 59.62
14 7.44 65.13
15 7.44 65.13
16 6.05 52.95
17 5.18 45.40
18 4.94 43.32
(a)
Sarawak Mean Wave Power Annual Mean Wave Power
Potential (kW/m) Potential (MWh/m)
19 7.63 66.86
20 6.61 57.91
21 4.78 41.88
27 5.80 50.80
23 7.44 65.18
24 7.44 65.18
25 7.44 65.18
26 5.40 47.28
27 5.40 47.28
28 5.40 47.28
29 6.09 5333
30 6.09 53.33
31 5.80 50.80
32 2.45 21.44
33 7.07 61.94
34 7.34 64.30
35 7.34 64.30
36 7.34 64.30
37 8.10 70.95
38 3.41 29.87
39 3.41 29.87
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(b)

TABLE 7. (Continued.) Mean wave power potential and annual mean
wave power potential.

Mean Wave Power Annual Mean Wave Power

Sabah Potential (kW/m) Potential (MWh/m)
40 533 46.70
4l 6.62 57.98
0 6.62 57.98
43 3.47 30.36
a4 3.47 30.36
45 3.47 30.36
46 3.47 30.36
47 6.44 56.45
43 6.44 56.45
49 330 28.88
50 5.99 52.47
51 5.99 52.47

(©

Among the three regions, the highest mean Hg is found in
the PMO region while the lowest is in the SKO region. When
comparing the highest mean Hg between the regions, SKO
gave a higher value than SBO, but SKO has a greater range
of mean Hg as compared to both PMO and SBO.

Locations 14-15 have the highest percentage of Hs i.e.,
11.92 % exceeding 2 m in the PMO region. Location 37,
at 9.64 %, is the highest in the SKO region while locations
41-42, at 5.42 %, are the highest in the SBO region. Compar-
ing the three regions, PMO shows a higher percentage of Hg
exceeding 2 m.

A. MAXIMUM TO MEAN SIGNIFICANT WAVE HEIGHT
RATIO

The ratio of maximum to mean Hg can be used to give an
insight into the feasibility of wave energy. The maximum Hg
could represent the investment cost incurred by the energy
project while the mean Hg could represent the annual mean
wave power available at that location [43]. Hence, the lower
the ratio, the better the feasibility of the energy. Fig. 4 shows
the lowest ratio in PMO is 3.5 at locations 7 and 15-16.
Location 21 from SKO has the lowest ratio at 2.8 while loca-
tions 43-46 from SBO have a ratio of 2.0. Among the three
regions, SBO with the lowest ratio may signify that wave
energy development may be more economical as compared
to the other regions.

B. MEAN SIGNIFICANT WAVE HEIGHT (Hs) AND MEAN
WAVE PERIOD (Te)

Fig. 5 (a-c) shows the mean Hg and mean T, of the PMO,
SKO, and SBO region, respectively. The trend of mean T,
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TABLE 8. Mean wave power potential generated by sea states.

Mean Percentag Mean Wave
) Wave e of Hs Power by Percell*ltagle of
Location PowerA exceeding Hs ) Contribution
Potential 2m (%) exceeding 2 (%)
(kW/m) m (kW)
1 6.81 9.22 221 32.5
2 6.81 9.22 221 325
3 5.78 8.50 1.76 30.5
4 6.65 924 2.12 31.9
5 7.09 1131 2.5 35.3
6 7.09 1131 2.5 353
7 7.16 11.36 2.54 35.5
8 3.62 2.95 0.55 15.2
9 3.50 6.16 1.23 352
10 6.81 9.22 221 325
11 6.81 9.22 221 325
12 6.81 9.22 221 325
13 6.81 9.22 221 325
14 7.44 11.92 2.71 36.4
15 7.44 11.92 2.71 36.4
16 6.05 9.20 1.94 32.1
17 5.18 448 0.98 18.9
18 4.94 6.06 1.21 24.5
(a)
wzi]; Percent  Mean
Power age of Wave Percentage
Location Potenti Hs . Power by of S
al Z)éceedl I;(gcee(ﬁng gz;lmbutlon
ng/ ™ dm©s)  2m (kW)
19 7.63 8.79 22 28.8
20 6.61 5.80 1.36 20.6
21 4.78 2.60 0.53 11.1
22 5.80 581 1.24 21.4
23 7.44 7.80 1.95 26.2
24 7.44 7.80 1.95 26.2
25 7.44 7.80 1.95 26.2
26 5.40 3.83 0.95 17.6
27 5.40 3.83 0.95 17.6
28 5.40 383 0.95 17.6
29 6.09 4.99 1.15 18.9
30 6.09 4.99 1.15 18.9
31 5.80 5.80 1.24 21.4
32 245 0.03 0.01 0.4
33 7.07 7.00 2.67 37.8
34 7.34 7.94 1.97 26.8
35 7.34 7.94 1.97 26.8
36 7.34 7.94 1.97 26.8
37 8.10 9.64 2.49 30.7
38 3.41 0.52 0.10 29
39 3.41 0.52 0.10 29
(b)

in the PMO region is consistent, ranging from 4.0 s to 6.0 s.
Only one location, namely location 9, has a mean T, of lower
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TABLE 8. (Continued.) Mean wave power potential generated by sea
states.

Mean Percentag  Mean Wave
Locati Wave e of Hs Power by Hg Percerlltag-e of
on ggzzrtial exceeding  exceeding 2 m g/(;;ltrlbutlon
(Wmy  2mC6) W)
40 5.33 201 0.41 7.7
41 6.62 540 1.24 18.7
9 6.62 5.42 1.24 18.7
43 3.47 0.00 0.00 0.0
44 3.47 0.00 0.00 0.0
45 3.47 0.00 0.00 0.0
46 3.47 0.00 0.00 0.0
47 6.44 4.99 1.15 17.8
48 6.44 4.99 1.15 17.8
49 3.30 120 0.27 8.2
50 5.99 304 0.86 14.4
51 5.99 3.94 0.86 14.4

©

than 4.0 s. Most of the mean T, observed in SKO region range
from 6.0 to 6.8 s, with only locations 22, 31, 32 with mean T,
lower than 6.0 s. In the SBO region, the mean T, is found to
be between 6.0 s to 7.0 s, with the only location 49 having a
mean T, of lower than 5.0 s.

C. MEAN WAVE POWER POTENTIAL AND ANNUAL MEAN
WAVE POWER POTENTIAL

Table 7 (A-C) shows the mean and annual mean wave power
potential computed for the 51 study locations in the three
regions. In the PMO region, locations 14-15 have the high-
est mean wave power potential at 7.44 kW/m. Location
37 from SKO has the highest mean wave power potential
at 8.10 kW/m. Locations 41-42 have the highest mean wave
power at 6.62 kW/m in the SBO region. Hence, SKO has the
highest mean wave power potential amongst all the regions.

The locations with the highest mean wave power potential
are also the locations with the highest mean Hs and the
highest percentage of Hg exceeding 2 m recorded in Table 6.
The high wave power potential detected in these locations can
be related to the high Hs which significantly contributes to the
wave power.

Taking 2 m as the threshold, the mean wave power con-
tributed by waves with Hg exceeding 2 m is calculated.
Table 8 (A-C) shows the mean wave power potential gener-
ated by sea states with Hg exceeding 2 m and its percentage
of contribution to the total mean wave power. The overall
mean wave power and the percentage of Hg exceeding 2 m
of the location are also indicated. From Table 8, the highest
mean wave power potential produced by sea states with Hg
exceeding 2 mis 2.71 kW/m at locations 14-15. The lowest is
at location 43-46 as the maximum Hg found at these locations
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were only 2.0 m. In the individual regions, the highest val-
ues are 2.71 kW/m, 2.67 kW/m, and 1.24 kW/m for PMO,
SKO, and SBO, respectively. The higher the percentage of
Hg exceeding 2 m, the higher the mean power sea state will
produce. However, that does not indicate that the higher per-
centage of Hg exceeding 2 m will mean a higher percentage
of contribution to the overall mean wave power. This can
be observed when the data of location 14-15 is compared
with location 33. Although the former location had a higher
percentage of Hg exceeding 2 m, thus a higher mean power
produced by the sea state, the mean power produced con-
tributed less to the overall mean power potential as compared
to the latter.

D. DIRECTIONAL WAVE DATA

The wave rose diagram of the locations with the highest
mean wave power location 14-15, 37, 41-42, were studied for
further analysis of the energy production. Fig. 6(a) shows the
wave rose in terms of percentage of occurrence for location
14- 15 while Fig. 6(b) and 7(c) show for location 37 and
locations 41-42, respectively.

From Fig. 6(a-c), it can be observed that the direction of the
high percentage of significant wave height is from the North
and the Northeast direction for all the locations. This relates to
the seasonal Northeast monsoon, from November to the end
of February. It can also be noted that the Hg at locations 15-16
(PMO region) comes from the South while locations 37 and
41-42 (SKO and SBO region, respectively) comes from the
West.

V. WAVE ENERGY CONVERTER (WEC) PERFORMANCE
The performance of the WECs, i.e., the Pelamis P2, Wave
Dragon, and AquaBuoy, is determined when they are
deployed at the study locations.

A. ESTIMATED ELECTRICAL OUTPUT

Table 9 (A-C) shows the estimated mean output produced
from the three WECs, assuming the WECs function for
8760 hours in a year. From Table 9, the Pelamis P2 pro-
duces the highest output at locations 14-15, 37, 41-42 at
PMO, SKO, and SBO region, respectively. The electricity
output is 87.98 kW/m, 106.86 kW/m, and 92.57 kW/m,
respectively. For the Wave Dragon, the highest output is
found at locations 1-2, 10-13 at the PMO region. The highest
output found in the regions of SKO and SBO is at loca-
tions 37 and 41-42, respectively. The electricity outputs are
5159.73 kW/m, 6478.55 kW/m, and 5636.71 kW/m for PMO,
SKO, and SBO regions, respectively. The highest output
found for the AquaBuoy is the same location as the Wave
Dragon. The electricity output is 15.66 kW/m, 21.00 kW/m,
16.90 kW/m, respectively.

B. CAPACITY FACTOR

The Capacity Factor parameter Cy is used to assess and
compare the efficiency of different WECs with different rated
power. The higher the Cy the better the WEC is utilized to its
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FIGURE 6. (a). Wave rose for location 14 and 15. (b). Wave rose for
location 37. (c). Wave rose for location 41 and 42.

abilities. Fig. 11 shows the C¢ of the three WECs, Pelamis
P2, Wave Dragon, and AquaBuoy, when they are deployed at
the study locations. From Fig 11, the highest C¢ of 14.2 %
is achieved by Pelamis P2 at location 37. In the individual
regions, the highest C; of 11.7 % (location 14-15), 14.2%
(location 37), and 12.3% (location 41-42) are achieved in
the PMO, SKO, and SBO regions, respectively, all by the
Pelamis P2. The aforementioned locations are also those with
the highest mean wave power recorded in Table 8.

Overall, the Pelamis P2 achieved a higher C¢ throughout all
the study locations as compared to the Wave Dragon and the
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TABLE 9. (A)-(C) Estimated mean output and mean annual output.

Mea
n
Mean annu- e Mean Mean Mean
p output iix ip output 3?1?;111 output 231;133
1(\)/[ (kW) ut (kW) (MWh) (kW) (MWh)
MW
h)
Pelamis P2 Wave Dragon AquaBuoy
1 87 764 589 5160 16 137
2 87 764 589 5160 16 137
3 68 597 463 4052 11 95
4 78 686 516 4522 13 117
5 85 745 549 4805 15 128
6 85 745 549 4805 15 128
7 85 743 555 4861 15 129
8 35 302 289 2535 5 42
15 129 76 664 0.1 1
10 87 764 589 5160 16 137
1n 8 764 589 5160 16 137
1 % 764 589 5160 16 137
13 8 764 589 5160 16 137
14 88 771 573 5018 15 135
15 88 771 573 5018 15 135
16 70 618 481 4210 11 99
17 72 634 514 4501 13 109
18 56 489 401 3516 8 74
(2)
Mea
n
L Men ™ Mo omal M
TR I R T i
MW
h)
Pelamis P2 Wave Dragon AquaBuoy
19 102 890 710 6215 20 173
20 91 800 645 5647 17 149
21 91 800 645 5647 17 149
n 91 800 645 5647 17 149
23 66 579 514 4504 12 103
24 66 579 514 4504 12 103
25 66 579 514 4504 12 103
26 10 617 542 4749 13 110
o7 100 872 698 6118 19 168
28 70 616 540 4733 13 113
29 85 741 606 5310 16 137

AquaBuoy. There is only one occasion, at location 32, where
the Wave Dragon achieved a higher C; than the Pelamis P2.
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TABLE 9. (A)-(C) Estimated mean output and mean annual output.

30 85 741 606 5310 16 137
31 70 617 542 4749 13 110
3 30 266 339 2968 4 37
33 83 730 634 5554 15 134
34 98 861 690 6045 19 166
35 98 861 690 6045 19 166
36 98 861 690 6045 19 166
37 107 936 740 6479 21 184
33 48 420 423 3709 8 68
39 48 420 423 3709 8 68
(®)
Mea
n
Mean annu Mean Mean Mean
output al output annual output annual
SB outp output output
o & W nwny W) vwny
MW
h)
Pelamis P2 Wave Dragon AquaBuoy
40 72 633 553 4846 13 113
41 93 811 643 5637 17 148
4 93 811 643 5637 17 148
43 Sl 442 416 3644 8 70
44 Sl 442 416 3644 8 70
45 Sl 442 416 3644 8 70
46 Sl 442 416 3644 8 70
47 90 788 636 5575 17 145
48 90 788 636 5575 17 145
49 28 242 246 2154 3 23
50 85 747 605 5301 15 135
51 85 747 605 5301 15 135
(©

From the scatter diagram of location 32, it is noted that the
most frequently occurring sea states are when Hg < 0.5 m.
A similar occurrence can be found in other locations such as
locations 26-28, 38-39, 43-46. However, location 32 had a
much higher density of occurrence at the said sea state. This
causes the estimated output from Pelamis P2 to be lower as
according to its power matrix, the WEC produces zero output
at Hs < 0.5 m. This could be the reason why Pelamis P2 had
a lower Cy than the Wave Dragon at location 32.

VI. BEST SUITED LOCATION

In this section, the best suited location out of the 51 locations
for wave energy development is evaluated based on the WLS
index.

116985



IEEE Access

Z. Nizamani et al.: Renewable Wave Energy Potential for Sustainable Offshore Oil Platforms

16
14
12
10

Ci (%)
o0

(=S )

1 3 5 7 9

e Pelamis 2

FIGURE 7. Capacity factor of WECs computed for all study locations.

A. NORMALIZED PARAMETERS

Table 10 (A-C) shows the normalized parameters, Py, C,, and
dp, involved in the decision of choosing the best suited loca-
tion for wave energy development. Since both Cg, and d,, are
WEC dependent parameters, they are calculated according to
the respective WECs. The greater the value of the normalized
parameters, the better the feasibility of the location. The data
in the third column within each WEC column shows the
sum of cf, and d; of the respective WECs. From Table 10,
the highest P, can be found in locations 14-15, 37, and 41-
42, for PMO, SKO, and SBO regions, respectively. The value
of P;, for these locations are 0.92, 1.00, and 0.82, respectively.
Hence, location 37 holds the highest P, for all regions. This
is in parallel with the results of mean wave power, where
location 37 gave the highest mean wave power potential
amongst all other locations.

The normalized parameters, Cp,, and d, are WEC-
dependent variables. Hence, the sum of the same WEC
should be taken to identify the best WEC option for a par-
ticular location. Since the greater, the value of normalized
parameters, the better the feasibility, the WEC that gives the
larger sum of Cr and d, is taken as the better option for
that particular location. Fig. 12 shows the sum of Cy, and
dp of the three WECs when they are deployed at different
locations.

In general, the sum of Cg, and d,, for the Pelamis P2 is the
highest among the three WEC at the majority of the locations.
There are occasions when the sum for Wave Dragon is the
highest. There are 14 of the said occasions, found at locations
26-30, 32, 34-35, 38-39, and 45-48. Upon closer inspection,
it is observed most of these locations have water depths that
do not meet the minimum required depth for the Pelamis P2.
Thus, these locations will have a d,, value of 0.0 and a lower
overall sum of Cg, and d,, for the Pelamis P2 than that for
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the Wave Dragon. Location 34-36 met the requirement but is
close to the borderline, hence having a low d, value.

Thus, the Wave Dragon is said to be more suitable to
be deployed at locations 26-30, 32, 34-35, 38-39, and 45-
48 while the Pelamis P2 is more suitable to be deployed at the
remaining locations. From Fig. 12, the Pelamis P2 is observed
to be most suited for location 20, achieving the summation
value of 1.85. The Wave Dragon is found to be most suited
for location 27 with a summation value of 1.91 while the
AquaBuoy is found to be most suited for location 20 with
a summation value of 1.80.

B. WAVE ENERGY CONVERTER LOCATION SUITABILITY
To choose the best suited location from all the study locations,
the best option for each location is taken into consideration.
The sum of the three variables, Py, Ct,, and d,, is presented
in Fig. 8. The greater the value of WLS index, the better the
suitability of the location for wave energy development.
From Fig. 7, the location with the highest WLS index
in the PMO region is location 2, with WLS index of 2.50.
Location 20 from SKO and location 48 from SBO have the
highest WLS index for their respective regions, with WLS
index of 2.67 and 2.54, respectively. All of these locations
are shown in Fig. 9 which shows the exact location of the area
where the wave energy converter can be installed. Fig. 9 also
shows all locations of the platforms in Malaysia. Legends
indicating yellow are related to the Peninsular Malaysia,
green indicates platforms from Sabah and Purple indicates
platforms from Sarawak. Fig. 10 shows the WLS index for all
locations. In overall, location 20 from SKO has the highest
WLS index. From this result, location 20 is said to be the
best suited location for offshore wave energy development.
As determined earlier the Pelamis P2 is evaluated to be the
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TABLE 10. (A) Normalized parameters for different WECS. (B) Normalized parameters for different WECS. (C) Normalized parameters for different WECS.
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PMO P Pelamis P2 ‘Wave Dragon AquaBuoy

" Con d,  Sum Con da Sum Cn d.  Sum

1 0.84 0.82 0.8 1.65 0.79 0.6 1.44 0.75 0.8 1.58
2 0.84 0.82 0.8 1.66 0.79 0.6 1.44 0.75 0.8 1.59
3 0.71 0.64 0.6 1.26 0.62 0.5 1.13 0.51 0.6 1.13
4 0.82 0.73 0.6 1.34 0.70 0.5 1.20 0.64 0.6 1.25
5 0.88 0.80 0.6 1.39 0.74 0.5 1.22 0.70 0.6 1.29
6 0.88 0.80 0.6 1.41 0.74 0.5 1.24 0.70 0.6 1.32
7 0.88 0.80 0.7 1.46 0.75 0.5 1.28 0.70 0.7 1.37
8 0.45 0.32 0.8 1.17 0.39 0.7 1.04 0.23 0.8 1.07
9 0.43 0.14 0.5 0.69 0.10 0.5 0.56 0.00 0.5 0.55
10 0.84 0.82 0.6 1.40 0.79 0.5 1.28 0.75 0.6 1.34
11 0.84 0.82 0.7 1.51 0.79 0.6 1.34 0.75 0.7 1.44
12 0.84 0.82 0.8 1.60 0.79 0.6 1.40 0.75 0.8 1.54
13 0.84 0.82 0.7 1.47 0.79 0.5 1.32 0.75 0.7 1.40
14 0.92 0.82 0.6 1.42 0.77 0.5 1.27 0.74 0.6 1.34
15 0.92 0.82 0.6 1.40 0.77 0.5 1.25 0.74 0.6 1.32
16 0.75 0.66 0.8 1.43 0.65 0.6 1.25 0.54 0.8 1.30
17 0.64 0.68 0.7 1.43 0.69 0.6 1.27 0.60 0.7 1.34
18 0.61 0.52 0.8 1.37 0.54 0.7 1.19 0.40 0.8 1.25

(a)
Pelamis P2 Wave Dragon AquaBuoy
SKO P,

Cnn d,  Sum Cnn du Sum Cin da Sum

19 0.94 0.95 0.7 1.62 0.95 0.5 1.49 0.94 0.7 1.61
20 0.82 0.86 1.0 1.85 0.87 0.7 1.61 0.81 1.0 1.80
21 0.59 0.86 0.0 0.86 0.87 0.0 0.87 0.81 0.0 0.81
22 0.72 0.86 1.0 1.83 0.87 0.7 1.60 0.81 1.0 1.78
23 0.92 0.62 0.6 1.24 0.69 0.5 1.19 0.56 0.6 1.18
24 0.92 0.62 0.7 1.28 0.69 0.5 1.22 0.56 0.7 1.22
25 0.92 0.62 0.7 1.35 0.69 0.6 1.27 0.56 0.7 1.29
26 0.67 0.66 0.0 0.66 0.73 0.9 1.63 0.60 0.0 0.60
27 0.67 0.94 0.0 0.94 0.94 1.0 1.91 0.92 0.0 0.92
28 0.67 0.66 0.0 0.66 0.73 0.8 1.53 0.62 0.0 0.62
29 0.75 0.80 0.0 0.80 0.82 0.8 1.61 0.75 0.0 0.75
30 0.75 0.80 0.0 0.80 0.82 0.8 1.62 0.75 0.0 0.75
31 0.72 0.66 0.9 1.54 0.73 0.7 1.40 0.60 0.9 1.47
32 0.30 0.29 0.0 0.29 0.45 0.0 0.45 0.20 0.0 0.20
33 0.87 0.78 1.0 1.75 0.86 0.7 1.59 0.73 1.0 1.70
34 0.91 0.92 0.3 1.22 0.93 0.3 1.23 0.90 0.3 1.20
35 0.91 0.92 0.3 1.22 0.93 0.3 1.23 0.90 0.3 1.20
36 0.91 0.92 0.3 1.23 0.93 0.3 1.24 0.90 0.3 1.21
37 1.00 1.00 0.3 1.32 1.00 0.3 1.31 1.00 0.3 1.32
38 0.42 0.45 0.0 0.45 0.57 1.0 1.55 0.37 0.0 0.37
39 0.42 0.45 0.0 0.45 0.57 1.0 1.57 0.37 0.0 0.37

(b)
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TABLE 10. (Continued.) (A)-(C) Normalized parameters for different WECS.

Pelamis P2 Wave Dragon AquaBuoy
SBO P,
Cin du Sum Cn d Sum Cin da Sum
40 0.66 0.68 0.9 1.57 0.75 0.7 1.43 0.61 0.9 1.50
41 0.82 0.87 0.8 1.71 0.87 0.7 1.52 0.81 0.8 1.65
42 0.82 0.87 0.8 1.71 0.87 0.7 1.52 0.81 0.8 1.65
43 0.43 0.46 0.0 0.46 0.55 0.8 1.33 0.37 0.0 0.37
44 0.43 0.46 1.0 1.42 0.55 0.7 1.27 0.37 1.0 1.33
45 0.43 0.46 0.0 0.46 0.55 0.0 0.55 0.37 0.0 0.37
46 0.43 0.46 0.0 0.46 0.55 0.0 0.55 0.37 0.0 0.37
47 0.80 0.85 0.0 0.85 0.86 0.8 1.68 0.79 0.0 0.79
48 0.80 0.85 0.0 0.85 0.86 0.9 1.74 0.79 0.0 0.79
49 0.41 0.26 0.9 1.15 0.33 0.7 1.01 0.12 0.9 1.00
50 0.74 0.80 0.9 1.66 0.81 0.7 1.47 0.74 0.9 1.60
51 0.74 0.80 1.0 1.75 0.81 0.7 1.53 0.74 1.0 1.69
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FIGURE 8. Sum of Cg, and dp, for the three WECs when deployed at different study locations.

best WEC option to be deployed to harvest the wave energy
at location 20.

VII. WEC FEASIBILITY ANALYSIS

It has already been found that location 20 is identified to be
the best suited location for wave energy development and
the Pelamis P2 is determined to be the best WEC option for
that location. Now the feasibility of the wave energy project
assuming it takes place at location 20, using the Pelamis P2 is
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assessed based on its energy supply, environmental benefits,
and economic impacts.

A. ENERGY SUPPLY

The energy demand typically ranges from 10-50 MW. Hence,
10 MW is taken as the minimum while 50 MW is taken
as the maximum value for the offshore platforms. From
Table 9, when one unit of Pelamis P2 is deployed at loca-
tion 20, the energy output is estimated to be 91.37 kW or
800.40 MWh/ yr. From these results, one unit of the Pelamis

VOLUME 9, 2021



Z. Nizamani et al.: Renewable Wave Energy Potential for Sustainable Offshore Oil Platforms I E E EACC@SS

48
4

207

Brunei

Malaysia

Singapore

Google Earth

FIGURE 9. Google Earth map showing the best suited locations for offshore wave energy development in the SCS. The shaded
regions are obtained from an online source to indicate the area of the regions [42].
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FIGURE 10. WLS index computed for all study locations.

P2 will only be able to supply 0.18-0.91 % of the platform’s B. ENVIRONMENTAL BENEFITS OF THE PROJECT
demand, which is very low and insufficient. To overcome this The environmental benefits of the project are evaluated based

issue, the project needs to utilize multiple units of WECs as on the amount of fossil fuels that can be replaced when wave
an array or a wave farm to increase the energy output. Hence, energy is utilized as a part of the energy supply. Based on a
an assessment of the energy supply for a single unit, 10 units, survey conducted by Statista Research Department in the US,
50 units, and 100 units is conducted. it is said that 1000 ft> of natural gas can produce 99 kWh of
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TABLE 11. Summary of assessment outcome for different units of Pelamis P2 WEC installed at location 20.

Percentage  of
energy  supply
(%) Savin,
gs
gznli?/l Annual  For For Natural from CcO
Unit Output/u  Output unil: Output i max.  gas natural gas  reduction NOx  reduction
nit (kW) (kW) (MWh/ dem reduction reduced (tonnes/ (tonnes/ yr)
(MWh/ deman 3 .
yr) and (m’/ yr) (mil RM/ yr)
yr) d
(50 yr)
(10 MW
MW)
)
1 91.37 91.37 800.4 800.4 0.91 0.18 228937 264 161 698
10 91.37 703.1 800.4 6159 7.0 1.4 1761672 2033 1240 5373
50 91.37 35155 800.4 30795 352 7.0 8808359 10167 6199 26863
100 91.37 7030.9 800.4 61591 70.3 14.1 17616717 20334 12398 53727

electricity [44]. In other words, approximately 0.286 m> of
natural gas produces 1 kWh of electricity. According to this,
the amount of natural gas that can be reduced annually can
be calculated. One unit of Pelamis P2 produces 800.40 MWh
of electricity every year. Thus, approximately 230000 m® of
natural gas can be avoided every year.

From the United States Environmental Protection Agency
(USEPA), assuming that the platforms are equipped with
water-steam injection emission control, the emission factors
of CO and NOx from the natural gas fired turbine are
0.13 Ib/mm BTU and 0.03 Ib/mm BTU, respectively [46].
Assuming that the energy content of natural gas is
55 Ml/kg [47], 230000 m> of natural gas reduction can
avoid the emission of approximately 160 tonnes of CO and
700 tonnes of NOx annually.

C. ECONOMIC BENEFITS OF THE PROJECT

According to the Edge Market website, the average selling
price of natural gas for Q1 of 2021 is RM 22.14/ mm Btu
or RM 1.15/ kJ when the energy content of natural gas is
55 MJ/ kg [48]. With every 230000 m? of natural gas avoided
every year, the project can achieve fuel savings up to RM
260 million in a year.

Table 11 shows the summary of the assessment conducted
for a single unit, 10 units, 50 units, and 100 units of the
Pelamis P2 WEC. From Table 11, it can be observed that
with 100 units of Pelamis P2 installed, the project can supply
almost 70.3 % of the energy supply if the minimum require-
ment is considered while 14.1 % of the energy supply can be
achieved when the maximum requirement is considered. Con-
sequently, the project would save up to 17.6E06 m> natural
gas, avoiding almost 12000 tonnes of CO and 54000 tonnes
of NOx.

VIil. COMPARISON WITH OTHER PUBLISHED STUDIES

Table 12 shows a comparison between previous studies from
the South China Sea. One important difference is that most
of these studies are conducted near the coastal region, island,
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or main sea, and no study was found near the oil and gas plat-
forms, which are found near Malaysia, Thailand, Indonesia,
and Vietnam. It can be found from the Table that the wave
energy determined in this region is comparable to all other
studies conducted in this region. Baristow has reported that
most energy-rich areas of the global oceans are in the mid
to high latitude temperate storm belts of both hemispheres,
between 40 and 60° [49]. In equatorial waters, we find power
levels of 15-20 kW/m on an annual basis over parts of all
the ocean basins. There are also large seasonal changes in the
monsoon areas of South East Asia due to the seasonal switch
in wind direction in these areas. This is particularly large
along seasonally downwind and upwind coastlines due to the
influence of fetch on wind wave growth and is particularly
strong in the South China Sea since there is little swell to
smooth out these seasonal wind sea changes. Finally, the
relationship between the extreme and mean significant wave
heights is important i.e., the lower this ratio is, the more feasi-
ble a wave energy project might be as the extreme conditions
related to design and to a certain extent operational costs and
the mean represents the resource or the income [49].

When wave power flux exceeds 2 kW/m, it is usually
considered as an available energy resource to be harvested.
The seas where the value is over 10 kW/m is recognized
as energy-rich regions of wave energy resource [50]. The
effective wave height was defined by [54] for the first time,
which significantly improve our knowledge on the availabil-
ity of wave energy. In the wave energy development, the wave
height higher than 1.3 m is considered as the available wave
height. The wave height higher than 4 m has great destructive
power and is not conducive to the operation and safety of
the wave power equipment. The wave height available for
wave development is limited between 1.3-4 m, known as the
effective wave height.

The wave energy of the research region is mainly con-
tributed by the following sea states: wave height 2-3 m
and wave period 6-7 s, contribution rate 14.6%; wave
height 2-3 m and wave period 7-8 s, contribution rate 11.1%;
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TABLE 12. Annual Mean Wave power in different parts of South China
Sea.

Site names Location (Longitude- Depth Annual
Latitude) (m) (kW/m)
This study 3.8-6.3 N—-103.3- 6-95 6.61
115.7E
Hameau Mo, | 109.53 E- 12.90 N 160 10.57 [52]
Vietnam
Spratly 11437E-11.53N 1870 14.74[52]
Island
Cape 11946 E - 16.36 N 1680 6.70 [52]
Bolinao,
Philippines
Palawan, 11723 E-08.70N 42 6.30 [52]
Philippines
Brunei 115.16 E- 05.50 N 20 3.15[52]
Sarawak, 109.70 E - 02.13 N 23 2.86 [52]
Malaysia
Redang, 103.07 E - 05.80 N 14 2.48 [52]
Malaysia
Ko Samui, 100.10 E-09.47 N 10 0.67 [52]
Thailand
Duyen Hai, | 106.70 E-09.57 N 18 2.00 [52]
Vietnam
Korean 117-143E 20-50N 41-150 6-10 [39]
Peninsula
Equatorial Equator 15-20 [49]
waters
East China | 0°—41°N, - Over 2.0
Sea and 97°E-135°E [53]
South
China Sea
South 4-20 [54]
China Sea
South 118.83- 9.6-20 [55]
China Sea 128.63 E
21.04-33.08 N
South 115°35°-_116°26’ 10to 18
China Sea To 22°16°- 22°52 kW/m [48]
Japan Coast | 130-145 E- 32-40N | 29 4-10 [56]

wave height 1-2 m and wave period 5-6 s, contribution rate
9.1%; wave height 3—4 m and wave period 8-9 s, contribution
rate 8.1% [51]. The SCS is a partially-enclosed sea basin
covering an area in the north of the Taiwan Strait, and in
the south to Karimata Strait. China, Vietnam, the Philippines,
Malaysia, Brunei, Thailand, Indonesia, and Cambodia share
its boundary. The weather of the SCS is strongly influenced
by the two monsoon seasons, summer (southwest) and winter
(northeast). Zheng et al. [53] evaluated the wind and wave
power resources in the East and the South China Sea. The
research categorised the regions into four groups of wave
power, i.e., “indigent area” (<1 kW/m), “available area”
(<1-6 kW/m), “subrich area” (6-15 kW/m), and “‘rich area”
(>15 kW/m). The southern part of the SCS, like the Gulf
of Thailand, Karimata, and Malacca Straits were grouped
as “indigent areas’’. Other southern regions of the SCS are
classified as ““available areas’, and the central region of SCS
was grouped as ‘‘subrich area’. There is no region to be
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classified in SCS as a “rich area” Zheng et al [54]. It can
be seen that the annual wave energy of 6.61 kW/m near the
jacket platforms in offshore Malaysia is very competitive as
compared to the other studies.

IX. CONCLUSION

In this study, the assessment of wave energy in the SCS
offshore of Malaysia was conducted. Among 51 study loca-
tions, locations 14-15, 37, and 41-42 were identified to have
the highest mean wave power potential at PMO, SKO, and
SBO regions, respectively. The locations gave the potential
of 7.44 kW/m, 8.10 kW/m, and 6.62 kW/m. These locations
are also the same locations that showed the highest mean Hg
among the other locations of their respective regions. This
result suggests that more wave energy can be generated from
these locations as compared to the other locations. However,
wave energy is harvested with the use of devices known as
WECs, which may work at different efficiency depending on
their design. Hence, the selection of best suited location needs
to be considered for the WEC performance.

Based on the WLS index, locations 2, 20, and 48 were
identified as the best suited location for offshore wave energy
development in the PMO, SKO, and SBO regions, respec-
tively. Location 20 was determined to be the best location
for wave energy development with the highest WLS index
of 2.67. In addition to that, the Pelamis P2 was found to
be the most suited WEC to be installed in location 20. The
characteristics of location 20 are that it is 50.3 m deep, and
has a potential mean wave power of 6.61 kW/m. One unit
of Pelamis P2 can produce approximately 91.37 kW/m of
electricity and achieve up to 12.2 % of Cf when it is deployed
at location 20.

Based on the electricity output of Pelamis P2 at location
20, the energy supply can only supply 0.91 % of the plat-
form’s minimum energy demand and 0.18 % of the maximum
demand. A wave farm consisting of 100 units of Pelamis
P2 could generate electricity up to 62 GWh/yr, which will
be able to meet 70.3 % of the minimum energy demand
or 14.1 % of the maximum energy demand. Furthermore,
the wave farm could also reduce the use of natural gas up to
17.6E06 m3/ yr. This leads to the reduction of approximately
12000 tonnes of CO and 54000 tonnes of NOx annually.
At the same time, the wave farm can save up to RM 20 billion
in a year.
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