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Abstract

TITLE OF DISSERTATION: PROSPECT OF HARNESSING SOLAR ENERGY,
OFFSHORE WIND ENERGY AND INSTALLING LIQUID AIR ENERGY STORAGE
SYSTEM TO POWER CHITTAGONG PORT AND DESIGN OF A HYBRID POWER
SYSTEM

Degree: Master of Science
KEYWORDS:

The Earth- ultimate dwelling place for about 7.9 billion human is being struck by one
after another natural disasters and calamities. Entire human race is facing
existential threat at the moment. Mankind already suffering globally from the
deadliest virus ever known to forest fires, heatwaves, locust swarms, excessive
rains, and floods. Global nations are all in agreement that majority of these disasters
are linked to climate change. Hence, Climate change is a matter of serious concern
at all levels of global environmental forum and discussions. Emission of GHGs in the
atmosphere is accelerating the climate change. Unfortunately, international shipping
is one of the contributors of this harmful GHG emissions to atmosphere. Global
ports operation is a prominent source of this emission from international shipping.
International Maritime Organization (IMO) is acting competently to reduce emission
of pollutants from shipping through various environmental regulatory instruments.
Technology innovators, scholars are developing innovative technologies for
decarbonization of international shipping. Renewable energy applications are being
developed and promoted as a solution in this regard. Energy generation technology
from renewable wind and solar energy is well matured now while innovative ideas
like liquid air energy storage system is being developed. Unlike other global nations,
Bangladesh - an emerging developing country is considering reducing its carbon
footprint by establishment of renewable energy solutions although very less study
and data is available for specific high potential areas of Bangladesh. This research
proposed and highlighted means to meet power demand of Chittagong port
harnessing green energy from abundant offshore wind energy, solar energy and
LAES system.
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Chapter - 1

1: Introduction

1.1: Background and History

Climate change is potentially a menacing threat to humanity and mother nature.
Global governments-initiated action against climate change under the treaty of ‘The
1992 United Nations Framework Convention on Climate Change (UNFCC)’. As a
concrete climate action, the 2015 Paris Agreement, set the goal for global mean
surface temperature to maintain well below 2°C above the mean of pre-industrial
value while attempt to maintain temperature to 1.5°C (Lawrence & Schafer, 2019).
Although strategic climate actions are in place, detrimental impacts of climate
change on global humans, ecosystems, livelihoods increasing rapidly. As mentioned
by UN Secretary General Antdnio Guterres in 2018 -

“Climate change is moving faster than we are,” (IPCC, 2018). IPCC 2019 report
highlighted anthropogenic activities, burning of fossil fuels as responsible for the
emission of carbon in the atmosphere which causes global warming. Under a
business-as-usual scenario, the current global temperature of 1°C will increase to
1.5°C by the following decades which is a deviation from the track to maintain
temperature well below 2°C (IPCC, 2019).

International shipping is one of the key contributors of this harmful GHG emission in
the global atmosphere and global port operations are an integral part of it. In the
1995 UNFCC secretariat report, the contribution of international shipping to climate
change was addressed, and Article 2(2) of the 1997 Kyoto Protocol mandated IMO
for the parties of developed countries in addressing GHG emission from
international shipping (Doelle & Chircop, 2019). Considerable measures have been
undertaken by IMO so far on the issue and yet international shipping is responsible
for about 3% of total global GHG emission (Olcer et al, 2018). In April 2018, IMO
MEPC adopted the “Initial IMO GHG Strategy” by resolution MEPC.304(72) which is
marked as a milestone initiative that synchronizes with the 2015 Paris Agreement
and UN Sustainable Development Goal 13 (UN SDG-13).

The Fourth IMO GHG study 2018 showed GHG emissions from the maritime sector

have increased 9.6% from 977 million tonnes COzeq. in 2012 to 1076 million tonnes



COzeq in 2018 while according to The Third IMO GHG study in 2008, these
emissions were 940 million tonnes CO.eq (Psaraftis & Kontovas, 2021). Such an
increasing trend of GHG emission indicates that international shipping is out of the
line to meet the IMO initial GHG strategy to reduce GHG emission by 50%
compared to the value of 2008 by the year 2050. Moreover, it is predicted that
under a business-as-usual scenario, emissions from international shipping will
increase from 50% to 250% by the year 2050 considering faster growth of seaborne
trade in the future. In light of this, in its initial strategy, IMO proposed to include
measures to improve global ports operation and development of energy-efficient
infrastructures with regards to GHG emission reduction.

Bangladesh is an emerging and developing economy. In response to global climate
awareness, the Government of Bangladesh also emphasized reducing GHG
emissions arising from anthropogenic activities and developed a strategic plan to
promote renewable energy. The Power division of The Government of Bangladesh
released the “Renewable Energy Policy of Bangladesh” in November 2008. Energy
policy 2008 of Bangladesh made a target to produce 10% of total electricity demand
from renewable energy sources by 2020. Bangladesh has great potential of
producing electricity from solar and wind energy (Islam et al, 2013).

Chittagong port is the busiest and largest seaport in Bangladesh. This port entirely
depends on electricity supply from the national grid which mainly burns fossil fuel for
electricity generation. Chittagong port is located adjacent to the Bay of Bengal
where there is an unexplored potential for electricity generation from solar and wind
energy. If these renewable energies are explored and integrated with the port grid,
Chittagong port can become self-sufficient with power without depending on supply

from the national grid.

1.1: Problem Statement

Chittagong is the busiest and largest seaport in Bangladesh which handles 92% of
countries seaborne trade. The power demand for this port is met by two main sub-
stations of 33/11KV capacity and twelve 11/0.4 KV electrical substations connected
to the national grid. National grid power is mainly generated from fossil fuel sources.

Besides, the port is equipped with one 2.5 MW and four 2.0 MW diesel generators
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for backup power supply (SMP-CP, 2015). According to the strategic master plan for
Chittagong port 2015, the port’'s maximum peak hour power demand is
approximately 10 MW and the port’s authority strategically decided to establish a
new power plant of 30 MW capacity which will be upgraded to 50 MW later on. No
mention is found regarding power generation from renewable energy sources
despite the port is located close to the Bay of Bengal where there is potential scope
to generate electricity from Solar and Wind energy.

The problem of harnessing these renewable energies in Bangladesh is that there is
a lack of substantial data and literature in this regard. Study in this sector is
essential to explore power generation potential from the Bay of Bengal using
renewable energy sources. Comprehensive research to harness solar energy,
offshore wind energy of the Bay of Bengal is urgent to demonstrate and motivate
policymakers of Bangladesh which resultantly can pave the way to transform

Chittagong port into a green port.

1.2: Research Aim and Objective

This study aims is to explore the potential for green electricity generation from
renewable solar energy, offshore wind energy, and liquid air energy storage system
for Chittagong port and integrate this green electricity with the port grid. To achieve
this goal, the following research objectives are determined-

1. To study theories and technologies for green electricity generation from
renewable wind energy, solar energy, and liquid air energy storage system.

2. To study the potential solar energy, wind energy available at Chittagong port
area.

3. To provide sample calculations for the time-averaged operation of a
renewable energy power plant to the meet total power demand of Chittagong
port utilizing photo-voltaic panels, wind turbine, and liquid air energy storage
system.

4. To design a grid-tie hybrid “Photovoltaic-Wind Turbine-Liquid Air Energy
Storage(PV-WT-LAES) ” electricity system to integrate green electricity

generated from renewable energy sources with the port grid.
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1.3: Research Questions

This research will strive to find answers to the below questions -

1. How much electricity can be produced from renewable wind and solar
energy at Chittagong port and how much can be stored in a liquid air energy
storage system to meet the emergency demand of Chittagong port?

2. How this green electricity generated by renewable wind energy, solar
energy, and liquid air energy storage system can be connected with the port
grid?

3. How much GHG emission can be saved if the above electricity generation

system is installed at the Chittagong port?

1.4: Research Methodology

In this study, electricity generation from renewable energy of wind, solar and liquid
air energy storage system is explored for the Chittagong port. For this purpose, at
first, qualitative data describing energy production from wind, solar and liquid air
energy storage systems is obtained through extensive literature study. At this stage,
fundamental theory and mathematical equations for power and other required
calculations related to these systems are established. Then, quantitative primary
data was collected for selected locations from “Global Wind Atlas”
(globalwindatlas.info) for wind energy and “Photovoltaic Geographical Information

System (PVGIS)” (https://re.jrc.ec.europa.eu) database for solar energy. Details of

this data collection process are described in section 3.2. Later on, the time-
averaged probability distribution of wind speed occurrence is used to calculate the
time-averaged power and energy production for the site based on data from the
Global Wind Atlas for the chosen site at the Chittagong port. This calculation was
performed in a computer program written in the “Python version 3.9.2” programming
language. Details of wind energy calculations are described in section 3.1 of this

literature.

PVGIS software is used for solar energy calculations. Details of solar energy
applications are described in chapter 4.2. A LAES system is briefly discussed and

analyzed in chapter 2.6 based on an extensive literature review. In chapter 5, the
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design of a grid-tie hybrid “PV-WT-LAES” electricity system is established using
simple mathematical formulas with the help of a Microsoft excel calculation sheet.
Finally, the literature is concluded with discussions of calculation results,
recommendations and limitations mentioned.

The flow chart of this research is as mentioned in figure 1 -

Literature study to establish fundamental theory and mathematical equations for
wind, solar and LAES system applications

2

Data collection for wind, solar, LAES application at Chittagong port location from
Global Wind Atlas, PVGIS-SARAH database and scholarly article

Python version 3.9.2 programming software use for calculation of electricity
production from wind turbine at Chittagong anchorage area

Application of PVGIS software (web application) for electricity production
calculation from PV panels at Chittagong port location

Design of hybrid grid tie WT-PV-LAES electricity system using simple
mathematical equations with the help of Microsoft excel calculation sheet

Figure 1: Flow chart of research methodology

Chapter - 2
2.0 : Literature Review

Bangladesh is a developing country with one of the world’s largest GDP growth
rates. Energy is crucial for the development of Bangladesh which enables export-
based industries, commerce to run un-interrupt. But Bangladesh is facing energy
scarcity while day by day supply and demand gap for energy increasing.
Approximately 70% of the total energy demand in Bangladesh is met by electricity
production from natural gas. Unfortunately, countries natural gas reserve is not
substantial and already started to import LPG, to supplement oil (Hydrocarbon unit,
2019). For sustainable development, Bangladesh must initiate power generation
from renewable sources. Now, the status of renewable energy generation is very

less than required. According to the Government hydrocarbon unit report, in the
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year 2017-2018, Bangladesh produced 10958 MW of electricity of which 68% is
produced from domestic sources (Coal, Natural gas, Hydropower), 24% generated
by the use of petroleum fuels like furnace oil, diesel which is completely imported
and 8% of total electricity were imported from India. This statistic demonstrates how
significant it is for Bangladesh to harness renewable energy. In light of this, the
Government of Bangladesh formulated the “Energy policy 2008” and targeted to
generate 10% of the total energy production from renewable energy (GOB, 2008).
Thereafter, enacted SREDA act 2012 was to establish the “Sustainable and
Renewable Energy Development Authority (SREDA)” whose mandate is to promote
renewable energy generation in Bangladesh. Despite governments intervention,
electricity generation from renewable energy sources up to 2018 was only 570 MW
out of 18,753 MW which is only 3% of the total power generation (Hydrocarbon Unit,
2019). The Pie chart in figure 2 shows clearly how negligible the share of power

generation from RE sources in Bangladesh is-

POWER GENERATION BY FUEL TYPE 2017-2018

a, a,
2.70% 1.63/6001%

7.60%

= Natural Gas = Fossil Fuel Imported Electricity = Coal = Hydropower = Wind

Figure 2: Bangladesh power generation by fuel type 2017-2018. Data collected from
Hydrocarbon Unit, Bangladesh report 2019.

Bangladesh has potential RE sources although unexplored. Geographically the
country is situated in a suitable location (20°34' to 26°38' north latitude) to harness
sunlight where solar irradiance is abundantly available throughout the year.
Approximately 4 to 7 KWh/m?/day solar energy is available in Bangladesh. Currently
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very little of this energy is harnessed. A similar scenario exists concerning wind
energy, despite its enormous potential. However, the government is currently
planning to set up a pilot project by the seashore adjacent to Chittagong port to
generate 20 MW of electricity by installing windmills. 200 MW power generation
from wind energy will be considered upon the success of the 20 MW approved
project. As the Government of Bangladesh is already strategically decided to
harness wind energy and solar energy from seashore, this study aims to explore
feasibility of powering Chittagong port from wind and solar energy only, although
there are prospects for wave energy, geothermal energy and Biomass energy in this
area. In the process of electricity generation from wind and solar energy, this study
proposes integration of Liquid Air Energy Storage (LAES) system in a hybrid power
system as a backup during unavailability or overcapacity of wind and solar energy.
To understand the potential of electricity generation from renewable solar energy,
wind energy, and liquid air energy storage system for Bangladesh, this section of

the literature focused on a comprehensive literature review related to these topics.

2.1: Source of Solar Energy.

The sun, a paramount source of energy for almost all life that lives on Earth. It is
109 times bigger than Earth, mass more than 330000 times comparing to Earth.
Sun is made of Hydrogen (Approximately 73%), Helium (Approximately 25%), a
small quantity of Neon, Iron, Carbon, and Oxygen. Having extremely high
temperature at its core, approximately 6000° Celsius together with exceedingly high
gravitational force, the sun is capable to create nuclear fusion reaction by itself
which generates tremendous energy. At the core of the Sun, proton-proton (p-p)
chain reaction transforms Hydrogen into Helium. This is how Sun energy is
produced which is then released in the form of light and heat at 3.846 x 10%° Joule
per Second (Charbonneau, 2014).

Sunlight that we receive in the earth, is nothing but ultra-violate and infrared visible
light which is a part of electromagnetic radiation that originated from the sun. In our
upper atmosphere insolation (Incoming solar radiation) is about 174000 Terawatts
whereas in the earth’s surface where we live insolation level is about 3.5-7.5-

kilowatt-hours per square meter per day.
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2.2: Working principle of PV energy system.

PV panels are made by combining multiple solar cells. If photons hit any solar cells,
electrons are separated from atoms. Solar cells are made combining P-type and N-
type semiconductors which forms a P-N junction.

P-type semiconductors are doped with Boron and N-type doped with phosphorus to
facilitate electrons free movement. When sunlight hit these silicon cells, photon
excites electrons. Hence, electrons flow towards P-type silicon cells from N-type
silicon cells that creates a positive charge on N-type cells and a negative charge on
P-type cells. Electric field is created in this way by combining two different types of
semi-conductors which move negative particles in one direction while positively
charged particles move in other directions. Electric circuits are made by attaching
conductors at the positive as well as the negative sides of the solar cells. If electrons
pass through this circuit, this flow of electrons produces electricity. The solar array is
made by wiring up many solar panels together. The larger the number of solar

panels, the greater the electricity generation.

_ Lunked cells
c0n Gisk pr———
S — »
|, — To mcrease T.x.‘tp\\m
o B > Y ST
voitage requremet
Solar Cell Photovoine Moduls Photovolts Armay
[ Solar Pasel | | Solar Armay

Figure 3: Formation of Solar cells, Solar Panel and Solar Array, Source- (Nyanya &
Vu, 2019: Salem & Seddiek, 2017)
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How a Photovoltaic cell generates power

Figure 4: Photovoltaic effects in solar panel, Source- (Nyanya & Vu, 2019 : Bodel &
Chiribuga, 2018).

For a better understanding of PV cell characteristics, an electrically equivalent
simplified model can be used as in figure 5 -

Ro ley

r MWA——o

Figure 5: Equivalent circuit for a PV plant, reproduced from - (Rosa-clot & Tina,
2018)

In an equivalent model circuit like above, output current | and Output Volt V for a PV
cell can be calculated using formulas below (Rosa-clot & Tina, 2018; Talukdar,
2018)-

Vp

= Ipy — Ip-
pH — Ip- g
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Qv v
I — 1o (EXP(E2) —1). 22

" Rsh

V + Rg.l
I = Io{ EXP(——(V + Rs.)) -1}.% ........................................ 1

(Rosa-clot & Tina, 2018; Talukdar, 2018)
And,
V-Vo-Rs. | . 2 (Rosa-clot & Tina, 2018; Talukdar, 2018)
Where,
lo = Reverse saturation current
Q = Electron charge = 1.6 x 10°C
Iew = Photocurrent in circuit A
Io = Average current through diode
Vp = Voltage of Diode
Rsn = Equivalent Shunt resistance
k = Boltzmann constant = = 1.38x10%® , J-K!
T= Temperature of Panel in K

Rs = Intrinsic series resistance (ohm)

When resistance is negligible, the solar cell output current can be calculated as
below-

Q
l= Ipy = ToCEXP(= V) = 1) o 3
In open circuit condition, | = 0, in that case,

Open circuit voltage  Voc = (”T”) In (I;’—OH + 1)

S (ST () 4

But when the circuit is in a shorted condition, the output voltage becomes zero, and

average diode current is considered negligible, in that case,

Short circuit current, lsc=1= {—

And PV panel output power is calculated by the below formula-

P=V.={ly —Ip =22}V s 6

Rsu

(Equation 3 to 6 sourced from Rosa-clot & Tina, 2018; Talukdar, 2018)
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2.3: Optimise operation of PV system.

For maximum production of solar electricity from any PV system below mechanisms
are vital-

1. Accurate PV surface tilt and azimuth operation of PV surface to increase
incident solar irradiance.

2. Application of MPPT (Maximum Power Point Tracking) technique for
extraction of photovoltaic electricity under varying ambient temperatures and
solar irradiance.

For precise tilting and azimuth operation, sun trackers are used (Tang, Wu, & Li,
2018) which monitor sun path and sets PV panels perpendicular against solar
irradiance. This way, input is maximized.

There is a direct relation between the power output of PV arrays with load current.

Maximum power is achieved at a certain load current value.

Maximum Power

Amps Paint (MPP) Paower
Short Circuit | 3 A -V Curve _ Ap
Current (Isc) —= max
——————————— — _‘.-—--'—"{P = VKI}
Imp
= PV C | =
= urve | 5
o -
E k]
2 | 5
E | o
<L Area = Vimp X Imp |
I
| Vi
0 . -
Voltage (V) Vmp T Volts
Open Circuit
Woltage (Voc)

Figure 6: Typical PV panel Current-Voltage characteristics, Source from Jaffer
(2018).

MPPT system operates PV panels at that specific load current at which maximum

power can be achieved. This is done by using converters (DC-DC) in between
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battery banks and solar panels. Alteration of converters driving duty signal causes a
change of impedance which is sensed by PV arrays. In this way, the operating point
attains the optimum power point position.

2.4: Theory of Solar Irradiation Angle Geometry

During the earth’s orbital rotation around the sun, the North pole of the earth tilts
23.45%0n 21 June towards the sun which is known as the summer solstice, and tilts
23.45°%0n 21 December away from the sun which is known as the winter solstice. As
a result, the sun crosses the earth’s sky much higher during the noon of June than
the noon of December if seen from the northern hemisphere.

September 22-23

Autumnal Equinox

June 20-22

Summer Solstice

December 21-22
Winter Solstice

March 20-21

Vernal Equinox
Figure 7: Seasonal configuration of earth and sun, source from- National oceanic

and atmospheric administration(NOAA)

Yearly two times, the axis of the earth tilted neither toward the sun nor away from
the sun. This causes an almost equal amounts of darkness and daylight at all
latitudes. This phenomenon is known as Equinoxes. During this period, days are
longer at higher latitudes as the sun takes long time to set and rise. During Equinox,
even few a days before and after equinox, the day length at the equator is about 12
hours 6.5 minutes, at 30° latitudes 12 hours 8 minutes, at 60° latitudes 12 hours 16
minutes (NOAA).
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2.4.1: Basic Solar Angles

The solar incidence angle changes around the year because of its rotation on the
axis and elliptical orbit. To obtain maximum power from PV panels, sunlight should
fall onto the panel at a steep angle. Hence, PV panel tilt angles should be altered

monthly as well as seasonally (Karafil et al, 2015). Figure 8 showing various solar

angles-
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~ \ .
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Figure 8: Solar Angles. Adapted from- (Karafil et al, 2015).

Angle form between the vertical axis of PV panel and line to the sun is Zenith angle
(8.), its calculation depends on some other angle. 6zis 0° at sunset, 90° during
sunrise.

B, = cos d x cos @ x cosw +sind x sin @ (Karafil et al, 2015)
@ is the Latitude angle that forms according to the equator centre and is used to

state any location on the earth’s surface. Symbol w represents the hour angle or the
time difference among noon and desired time of the day and is obtained multiplying
the time difference with 15 fixed numbers. It is the angle form between the
longitudes of the sunlight and the location.

Hour Angle w = 15 ( solar time-12)  ......... (Karafil et al, 2015)
Solar Azimuth angle (ys) is formed between the north or south position of the sun to

the solar direct radiation.

Ys=cos{ (sinaxsin@)-sind/(cosaxcos®)} ...... (Karafil et al, 2015)
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a - represents the solar elevation angle between line to the sun and horizontal plan.

The solar elevation angle = 90 — zenith angle ....... (Karafil et al, 2015).
The angle between the equator plan and sunlight is called ‘Declination Angle (d)'.
The value of d varies between -23.45° and 23.45°, positive at North. On 215 June,
the angle is at its highest point (23.45° and on 22" December it is at its lowest point

(-23.45Y). & is calculated as below-

n+284
& = 23.45 x sin [360 X % ] degree .....(Karafil et al, 2015)

. Polaris

f

North Pole

Sun rays

T~ \{13 Declination angle

South Pole

Figure 9: Solar Declination angle. Adapted from (Karafil et al, 2015).

Some other important formula in solar application is as below-

Apparent solar time (AST) = LST + {ET +4( Standard longitude — Local
Longitude)}/60  ....... (Karafil et al, 2015)

Where LST is local standard time, ET is the equation of time. AST is an hour.

2.4.2: PV Panel Annual Electricity Production Calculation

Instantaneous PV panel power production capacity can be calculated using the

below formula (Alsayed et al, 2013; Talukdar, 2018)-

Open circuit voltage Vo (t=0,1,2....24) = V, at standard temperature condition +
Ky {T¢ (t=0,1,2....24) — Reference Temperature} .......... 33
Where K, = Temperature co-efficient of Vo in V/ °C

(Alsayed et al, 2013)

Short circuit current Isc (t=0,1,2....24) = |5 at standard temperature condition +

Ki{T¢ (t=0,1,2....24) — Reference Temperature} x

PV panel Solar Irradiance (t=0,,1,2,.,24) in W /m2
1000
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Where K; = Temperature co-efficient of lsc in A/ °C
(Alsayed et al, 2013)
In both the formula above, reference temperature is defined by manufacturer in °C

cell nominal operating temp °C —20)

and T. (t=0,1,2,....24) = Site ambient temperature °C( 500

X PV panel Solar Irradiance (t = 0,,1,2,..,24) inW/m2 ...35
PV panel instantaneous power (hourly) can be calculated as below-
Povh = Inverter efficiency x Transformer efficiency x Fill factor x
Voc (t=0,1,2....24) x Is¢ (t=0,1,2....24) ....... 36 (Alsayed et al, 2013)
Where Fill factor is applicable to PV panel which can be obtained from voltage-
current characteristic curve of PV panel as below-

FE = maximum power point power 37
Open circuit voltageVoc (t=0,1,2...24) x Short circuit current Isc (t=0,1,2....24)

(Alsayed et al, 2013)
PV panel daily power production can be calculated by the below formula-

Epva = Inverter efficiency x Transformer efficiency x FF x
24 Voc(t=10,1,2...24)xIsc (t=0,1,2....24) ....... 38 (Alsayed et al, 2013)
For monthly power production below formula can be used-
Epvm = Epwa X total days of the month  ............... 39 (Alsayed et al, 2013)
PV panel efficiency reduces with its age; hence the production of electricity also
reduces. PV panel yearly lifetime average electricity production can be found using
the below formula-

Npvl*—-1 _ 100—Mpvxt
EpvyYi—s X D00

Npvl

......... 40 (Alsayed et al, 2013; Talukdar, 2018)

Epvavgy =

Where Epvy is yearly electricity produced by a PV panel which is the summation of
all 12 months of electricity production by a PV panel. Mpy is the gradient of derated

efficiency curve per year. Npy is the lifetime of the PV panel.
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Figure 41: PV panel derated efficiency curve. Source- Alsayed et al, 2013;
Talukdar, 2017.

Using formula 38, PV panel daily average electricity production can be obtained
from below formula-

Epva = E”;”% ................... 41 (Alsayed et al, 2013; Talukdar, 2018)

2.5: Fundamental theory of Wind Energy

Wind can be referred to as solar energy in an indirect form. The Sun provides Earth
about 1.7 x 10** Kilowatts of power as solar radiation. 1 to 2% of this radiation is
transformed into wind energy. Radiation from Sun heats up the earth’s surface
unevenly causing a pressure gradient which results in cold airflow from the pole of
the earth towards the equator. This is how Geostrophic Wind’ or Global Wind’ is
formed. Global winds are available at higher altitudes. Earth’s rotation causes the air
mass to flow towards low-pressure region from high pressure region, this
phenomenon is known as the Coriolis effect. Speed of the wind increases when the
height from the ground increases due to the boundary layer effect and wind velocity

with height follows the logarithmic pattern (Mathew et al, 2002).
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2.5.1: Wind Probability Distribution

To determine the wind energy potential for a specific site, it is required to know the
average wind speed of that site. Normally, wind energy potential of a location
described using a a probability distribution function. To model wind speed
climatology of a site, mostly ‘Weibull Distribution’ of wind speed and ‘Wind Rose
Diagram’ is used.

The Weibull function represents the wind speed frequency distribution, and it is very
useful in wind energy applications. Weibull distribution is expressed by ‘Wind speed
frequency curve’ known as Probability Density Function and equivalent ‘Wind speed
duration Curve’ known as ‘Cumulative Probability Function’ (Justus et al, 1978). For

wind speed V, the probability density function is as below-

P =5 ew(-()) 7

(Justus et al, 1978)
In the above equation, k and c are two Weibull parameters where k is the shape
factor (dimensionless) and c is the scale factor (Units of speed). Their value
depends on wind speed data and estimated basis wind data analysis. Few methods
are available to calculate the value of k and c. A sample wind speed “Weibull

Distribution Diagram” shown in figure 10 -
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Figure 10: Sample wind speed Weibull Distribution diagram. Source- Schonborn
(2021)

From Weibull distribution, two types of wind speeds can be obtained to estimate
wind energy. One is ‘Most occurring wind speed’ and another one is ‘Wind speed

with highest wind energy’ (Chang et al, 2003).

k—1\1/k
Most occurring wind speed = C (T) ....... 8
k+2\1/k
Wind speed with highest wind energy = ¢ (T) .9

(Equation 8 &9 sourced from Chang et al, 2003)
Another important tool for describing wind speed climatology of a location is the
‘Wind Rose Diagram’ which displays the direction and magnitude of wind speed of a
location for a period of time in a graphical representation. Wind speed frequency to
a direction is obtained and the percentage of the wind speed frequency distribution
is shown in a circle indicating the direction of wind flow. A typical wind rose diagram
for Chittagong anchorage area is collected from ‘Global Wind Atlas’ for a location of
22.23° Latitude and -91.799° Longitude as shown in figure 11 -
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Figure 11: Wind Frequency, Speed and Power rose diagram for Chittagong

anchorage area as collected from global wind atlas site.

2.5.2: Wind Turbine mechanisms

Wind turbines generate electricity by converting mechanical energy contained in
wind into mechanical energy by rotational motion. The wind rotates turbine rotor
blades and thus generator rotor coupled with it. When the generator rotor rotates
inside armature windings, a magnetic field is created. According to Faraday’s law,
the alteration of magnetic field in armature winding due to relative motion between
winding and magnetic field, voltage is generated in the armature winding.
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Figure 12: A typical Horizontal axis wind turbine structural components.
Source of figure - Hau, E. (2013). Wind Turbines.

2.5.2: Theory of Wind Turbine power, energy conversion, and
Betz’'s Law

If we consider, an air of density p kg/m? with an initial velocity of Vi, m/s and area of
Ain m? approaches towards a turbine blade. Also, assume that velocity at blade is V,
the area is A. Area of wind flow after turbine Ao wWhile velocity after turbine Vout.

We know, the mass flow of airm= p AV kg

Kinetic energy per second = % m V2 = % pAV3 .... (Hau, E.,2013)

Hence, wind power becomes PW=% pAV3 watt ... 10 (Hau, E.,2013)
Mass flow before and after the turbine is same as per conservation of mass.

Before turbine wind power = %x m X Vin?2 = % P AV XV
After turbine wind Power = % P AV X Voui?

Hence, wind power converted by turbine = % PAV (Vi - Vou?) ....... 11
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Vin —Vout)

Wind Forceonrotor=F=mxa=m X ;

m

= v X (Vin - Vout)

=m (Vin - Vout)

SPXAXV (Vin—=Vout)  covviriiiiiias cenens 12
(Equation 11 & 12 source - Hau, E.,2013)

Viﬂ Ain h-‘-‘__‘-—"‘—'-———___‘-_

Inlet / -
velocity Inlet A l \Z__
area P

Aout Vout

Figure 13 : Wind flow condition before and after wind turbine according to
elementary momentum theory. Adapted from- Hau, E. (2013).

Therefore, Work done by turbine per second =W =F x V
P AV (Vin - Vout) xV
p A V2 (Vin - Vout) ...... 13

Power converted by Turbine

From figure 10 it is understood that \V = Zin*Yout
If we put this value in equation 12, we get

Turbine power = % pAX (W) X (Vin? - Vou?)

=X Vid X p A (147288 ) x (1-2outy
Vin Vi

4 in2
LV
If we consider 2= b, then
m

Turbine power = % X Vin® X p A (1+b) (1-b?) ....14 (Equ.13 & 14 from Hau, E.,2013)
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From this equation, after some re-arrangements, we obtain maximum turbine power

16

as Prvax = %2 X Vii® X p X A X 5 e 15 (Hau, E.,2013)

We know that,
wind turbine power coefficient C, = Turbine output power / Input power of wind

= Prvax/ Pw

= (¥2xXVi®xpXxXAX ;—s) I 2 p AV? (Hau, E.,2013)
Therefore, Cp = 16/27 = 0.593 = Wind turbine Maximum theoretical power co-
efficient
This 16/27 expression is known as the Betz limit. It means theoretically wind

turbines cannot capture kinetic energy over 59.3% from incoming wind.

& 10

08

Ideal power coefficient

: | |
0 02 04 06 08 10

Velocity ratio vo/vy

Figure 14: Power coefficient and velocity ratio graph before and after wind turbine.
Source- Hau, E. (2013).

From the above equations, we learn that-
Power generated by a single turbine Pr =% x Cox px Ax Vin® ..., 16

Energy converted by a single turbine Er=Prxt .. 17
(Equation 16 & 17 from Hau, E.,2013)
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2.5.2: Wind Turbine characteristics

In theory, any wind turbine can capture a maximum 59.3% of wind energy according
to Betz limit, but in practice power co-efficient for large wind turbines is between

0.45 to 0.50. According to momentum theory power generated by turbines from free
stream airflow increases by the 3" power of wind velocity and square of its diameter

or linearly with the cross-sectional area. (Hau, 2013).
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Figure 15: Power co-efficient and tip speed ratio of various wind turbines. Source-
Hau, E., Wind turbines (2006), 2nd Ed., p.101

When the power co-efficient of the turbine reaches a maximum at 0.593, the wind
velocity at the plan of flow of turbine amounts to 2/3 of undisturbed wind velocity and

after turbine, it reduces to one third (Hau, 2013)

2.6: Liquid Air Energy Storage System (LAES)

In renewable energy applications, energy storage is considered to be an important
aspect of electricity production. Energy demand varies throughout the day. Different

types of electricity generation systems can be used to meet the demand. To balance
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the grid supply and demand, energy management technologies are utilized. Energy
storage can be considered as supply-side management (Lim et at, 2016).
Renewable energy like wind and solar is location and weather dependant. As
sunlight and wind availability is different at different seasons, the integration of these
energies is always a challenge. LAES can work as a potential backup solution for
some uncertain situations. When wind, solar output is low, LAES (Liquid Air Energy
Storage) can generate electricity to balance the grid demand. Again, when there is
high wind, high solar output, and excess electricity generation, LAES can absorb
excess generation. LAES can utilize wasted off-peak renewal energy. This system
produces liquid air during off-peak periods when demand is low, and energy is

wasted. LAES supply this electricity during peak demand (Akhurst et al, 2013).
2.6.1: Economy of Liquid Air Energy Storage System

A few numbers of energy storage technologies are already available in the market
while some other potential technologies are under development. The selection of
suitable technology for a specific application depends on some characteristics like
cost, energy density, power rating, and duration (Akhurst et al, 2013).

The table 1 shows the power rating and cost of different available competing
energy storage systems as per liquid energy network, UK.

Among the available technologies mentioned in below table, pumped hydro storage
and sodium sulphur batteries are commercially available at full scale, but they are

very expensive.

Pumped hydro storage 100-5000MW £1,000-1,300/kW
Sodium Sulphur Batteries Up to 8 MW £1,700-2,200/kW
Advanced Lead Acid Up to 40 MW £1,100-3,100/kW
Liquid Air Energy Storage 10-250 MW £500-1,250/kW
Compressed air storage 5-400MW £470-800/kW
Zn/Br redox batteries Up to 2MW £1,000-1200/kW
Vanadium redox batteries Up to 3BMW £2,100-2,600/kW

Table 1: Energy storage technologies comparison. Data: Akhurst et al, 2013
Among all the technologies, compressed air storage is the cheapest, but this is not

suitable for the Chittagong port considering geographic features. Salt Cavern is
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required to store compressed air which is not suitable in the coastal area of
Chittagong port. Hence, the closest competitor to compressed air storage is Liquid
air energy storage which can be installed at Chittagong port economically. A 300
KWh LAES system is already successfully demonstrated by Highview Power
Storage in Slough. Currently, a 10MWh capacity commercial plant is under
development. Once this technology is applied more and more, the overall cost will
be reduced.

In Chittagong port, installation of 2 MWh capacity of Liquid Air Energy Storage
System will highlight port authority’s commitment towards carbon-neutral tendency

beside maintaining backup power source.

2.6.2. Cryo Energy System Description:

This study proposes the below discussed Cryo Energy System developed by
Highview power storage to install at Chittagong port with 2 MWh capacity.

Cryo energy systems have three stages. Charging, storage, and discharging stage.
In the charging stage, ambient air is compressed by the main air compressor and
raised the pressure up to 5 to 8 bar absolute. Temperature is maintained to 20°C by
the evaporator. Air is then filtered in an air purifying unit to filter out carbon dioxide
and water. Purified air is again compressed in RAC (Recycle Air Compressor) at 30
to 50 bar absolute pressure while the temperature is maintained at 20°C by the
evaporator. This high-pressure compressed air then passed through a series of heat
exchangers known as ‘Cool Box'. Very cold air outlet from cool box passes through
the expansion valve where the air is expanded and condensed to a liquid. The
temperature of this liquid is about -192° to -180° C and pressure drops to 1 to 5 bar
absolute. Uncondensed air is returned via separator and a cool box to cool main
high-pressure airflow. Part of the outlet air from a recycled air compressor is
channelled to heat exchanger for cooling and expansion through a turbine. This is
done to reduce energy consumption for air liquefaction and achieve optimum
cooling. Very cold liquid air that is produced from the charging stage is stored inside

a properly insulated tank.
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Figure 16: Diagram Liquid Air Energy Storage (LAES) system developed by
Highview power company. Diagram made by the author (Idea from- Akhurst et al,

2013; Highview power storage).

When there is demand for electricity, discharging stage starts which follows the
Rankine cycle principle. Cryo liquid pump increase the pressure of the flow up to 90
to 100 bar. Finally, warm high-pressure gas discharge from the cryogenic pump is
expanded through a series of turbines to produce electricity.

The efficiency of the above system is typically 25%, but efficiency is increased up to
50-60% by recycling and storing thermal energy that is released during the power

recovery process.

2.6.3. Dearman Cycle Working Principle :

A new generation of the cryogenic engines is being developed that operates on the
“Dearman Cycle” which utilizes vaporization and expansion of liquid air.
This Dearman Cycle is explained below in a simple manner —
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a. Return Stroke

During the return stroke, when the piston travels from BDC to TDC, a warm heat
exchange fluid (HEF) is allowed to enter inside the engine cylinder. This HEF fills
almost the entire dead volume of the cylinder.

o LA Exh. v/v opens at
demnge L A" VORI e BDC, Gas release
fluid enters enters into expand f

: ; : and HEF

into cylinder cyclinder

recovered V

A4 v

>

Piston BDC to TDC
Piston at TDC

Piston TDC to BDC
Piston BDC to TbC

P

[ 1 Cent Power Stroke Bottom Dead Cer

Figure 17: Schematic representation of Dearman Engine Cycle.

b. Top Dead Centre

At TDC, Liquid air is directly injected into the HEF. Due to a large temperature
differential between HEF and liquid air, also a large surface area, hence, rapid heat
transfer occurs between the fluids. It causes the vaporization of the cryogenic liquid

and gives rise to pressure.

c. Power Stroke

When liquid air turns into gas due to vaporization, gas is expanded. This gas
expansion drives the piston towards the BDC. During this entire period, direct
contact heat transfer continues from HEF to expanding gases following the
isothermal expansion principle. Hence, the gas expands but its temperature remains

relatively constant.
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d. Bottom Dead Centre
When piston at BDC, the exhaust valve is timed to open. As the exhaust valve
opens, HEF and gas mixtures leave the cylinder. HEF is reused upon recovery from
the exhaust stream and reheat. Gas is exhausted to the atmosphere.
2.6.4. Advantage of Dearman Engine:
Dearman engine appeared to be an attractive device capable of using liquid air as a
zero-emission energy vector. Key features of the Dearman engine are as below-

o Cheapest zero-emission power system.

¢ Capable to use low-grade waste heat to increase efficiency.

e Fuel used is non-combustible, Generated exhausts are cool and clean

e Very low life cycle footprint

¢ Manufactured from simple recyclable materials and plastics, well-

established process. Hence, low capital cost requirements.

2.6.5: Efficiency Improvement of Liquid Air Energy Storage

System
Liquid air storage technologies are debated for low round trip efficiencies. Scholars

have studied various solutions to improve round trip efficiencies of LAES. The table
2 highlights some key scholarly study findings for efficiency improvements together

with sources-

IMethods Proposed Source
Air liquefaction by adding Claude cycle in cold box. Obtained 57% Morgan et
efficiency. al,2015

Comparison of Linde-Hampson, Collins, Claude cycle for cryogenic

energy storage showed better cost-benefit in Claude Cycle.

Abdo et at, 2015

Impact of pressure loss, heat exchanger pinch-point temperature

and turbine |sentropic efficiency.

Guizzi et al, 2015

Pebbles and rock for cryogenic energy storage as direct contact
cold store.

Sciacovelli et al,
2017

Packed bed to store compression heat. Achieved round trip
efficiency 50-60%.

Peng et al, 2016,
2018

Small scale air liguefaction cycle in micrognd. Obtained efficiency

25% with operating pressure 38 to 45 bar.

Barri et al, 2017

Hybrid energy storage system combining liquid and compressed air.

Efficiency obtained 53%.

Kantharaj et al,
2015
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Table 2: Different methods of improving RTE (Round Trip Efficiency) of LAES
system as studied by scholars.

Recovering compression heat during the charging stage and liquid air cold energy in
the discharging stage can improve the significant RTE of the LAES system. The
cold energy loss from discharging cycle reduces round trip efficiency 7 times higher
comparing heat energy loss of the charging stage. Recovering cold and heat energy
and by utilizing this waste heat the RTE of LAES can be improved. Peng et al
(2018) successfully shown improvement of efficiency up to 60% incorporating an
Organic Rankine Cycle (ORC) with LAES. In this system, excess heat is utilized to
generate power through the additional turbine. Working medium (R134a) of ORC is

heated by using excess heat and thereafter cooled by using ambient cooling water.

2.6.6: Thermodynamic Calculations of LAES system

To conduct thermodynamic analysis of the figure of LAES layout, system is
considered in steady-state and assumed heat loss from system components is nil.
Also working medium R134a condensed in evaporator and condenser into a

saturated state.
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Figure 18: Layout of LAES system with Organic Rankin Cycle (LAES-ORC).
Diagram made by Author (Idea from Peng et al, 2018).

During the charging stage, ambient air is compressed to high pressure in three
stages via a multistage air compressor. Enthalpy of outlet air from each stage can

be calculated using the below formula-

Enthalpy Hisi= Hi+ ——=— e, 18 (Peng et al, 2018)

Ncompressor

Where, H; = state i specific enthalpy
i=1,30r5

Ncompressor = Air compressor Isentropic efficiency
Subscript s refers the Isentropic compression.

High pressure compressed air is then directed to the cold box where the air is
cooled by cold fluid, normally by propane and methanol. The mass flow rate of outlet
cold air from the cold box can be calculated using below formula-
Mair,ch X (H7 ~Hs) = (1-Y) X Mair.ch X (H11 — H10) + Mpropane,ch X (Hez - Her) +
Mmethanol,ch X (Hea - Hea)  vvvvenncniiens 19 (Peng et al, 2018)
Where Mairch = Air mass flow rate during the charging stage
Moropane,ch = Propane mass flow rate during charging stage

Mmethanoi,ch = Methanol mass flow rate during charging stage
Y = Liquid Air Yield
Cold compressed air of the cold box then sent to cryo turbine where expansion

occurs at ambient pressure. Part of this air turns to liquid.
Two-phase air outlet enthalpy = Hg — Hg — Neryo.turb X (Hs - Hos)
.................. 20 (Peng et al, 2018)
Where neryo.wb = Cryo turbine isentropic efficiency
During discharging, the Cryo liquid pump takes suction of liquid air from storage

tank and pumps to high pressure. Enthalpy of this outlet air is-

Hig= Hys +22es= s, 21 (Peng et al, 2018)
Npump

Where 1pyump = Isentropic efficiency Cryo liquid pump.
In evaporators 1 and 2, propane and methanol recover the cold energy of liquid air.
Outlet conditions of both evaporators are as below-

Mairdi X (H1s ~H14) = Mpropane,di X (Hcz — Hea) ... 22 (Peng et al, 2018)
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Where Mair i, Mpropane,ai = Mass flow rate of air and propane during discharge

Mair.di X (H16 “H15) = Mmethanol,ai X (Hca — Hes) .......... 23 (Peng et al, 2018)
Where Mair gi, Mmethanol,si = Mass flow rate of air and methanol during discharge.
After evaporator, high-pressure air enters multi-stage air turbine via heater to
produce electricity. Air outlet enthalpy after each stage of turbines can be calculated
using below formula-

His1 = Hi— Nuw X (Hi = Hists) e 24 (Peng et al, 2018)

Where, nuwm = Air turbine isentropic efficiency. i =17, 19 or 21
RTE, net output work during discharging, and net input work during the charging

cycle can be obtained from the below formulas-

—  Wairour
Nrre= —WAIR,IN ..................... 25
WAIR,OUT = (H17 - H18) + (ng - Hzo) + (H21 - sz) - (H14 - H13) .................... 26

Warrin = [{Maireh X {(H17 — His) + (H1o — H20) + (Ha1 — H22) - (H1a — H13)}] / M2 .27
In ORC, R143a condensed to liquid in a condenser and then pumped to high

pressure. Enthalpy of outlet R134a is as below-

HRa,s - HR1
HrRo = HRi +—=————= s 28
Npump

High-pressure R134a is heated to a high-temperature state in the heater by thermal
oil. This R134a then enters to the turbine and produce electricity. Enthalpy of R134a

after turbine can be calculated as below-
Hrs = Hra— Nwrb X (HRa —Hrss) e, 29
Per unit mass of liquid air output work can be calculated from below formula-
Worc,out = {Morc X ((Hra - Hrs) - (Hr2 - Hr1))} / MARDI  ceeveeeireeiicecinee 30
Where Morc = R134a mass flow rate in ORC

(Formula 25 to 30 sourced from Peng et al, 2018)
During peak time, ORC generates electricity together with LAES discharging stage.

2.6.7: Thermodynamic Analysis of Liquid Air Energy Storage
System

For thermodynamic analysis of the LAES system, simulation results of kinds of
literature are compared and studied. Key findings of this comparison and studies are

highlighted below-
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2.6.7.1: Effect of Cold Room Temperature:

From the simulation of Peng et al, (2018), T-S diagram in figure 19 is obtained-
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Figure 19: T-s diagram as obtained from simulation of Peng et al (2018) showing the
effect of cold source temperature on ORC when R134a is working fluid.

This diagram was obtained upon simulation carried out by Peng et al (2018) and
they claim that in an ORC when heat source temperature is the same, lower

temperature cold source generates higher specific output power.

2.6.7.2: Exergy analysis of overall Liquid Air Energy Storage
System

From the simulation of Guizzi et al (2015), work output and energy losses from the
overall LAES plant were obtained as below figure. It is seen that exergy losses are
maximum during storage or liquefaction and exergy losses are minimum due to heat
rejection to the environment. The magnitude of exergy losses during the energy

recovery section is also almost close to storage section losses.
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Figure 20: Exergy analysis of overall LAES plant as per the model of Guizzi et
(2015).

2.6.7.3: Effect of Charging and Discharging Pressure
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Figure 21: Impact of charging pressure on round trip efficiency (nrte), Exergy
efficiency (nex), Liquid air yield (Y), compressor consumption as per the model of
Peng et al (2018).
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With the increase in charging pressure, liquid air yield increases up to certain
pressure (14 MPa in this case) and then remains almost constant or reduces
slightly. RTE follows the same trend. Whereas exergy efficiency and compressor
electricity consumption increase continuously with the increase in charging
pressure.

The figure 22 shows the effect of different discharge pressure on RTE. At relatively
low charging pressure (4-8 MPa), RTE does not change that much. At charging
pressure 8 to 14 MPa, RTE decreases gradually while discharging pressure
increases. At 14 MPa charging pressure, RTE is maximum and above this high

discharge pressure is beneficial for LAES.
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Figure 22: Effect of discharging pressure on round trip efficiency as per the model
of Peng et al (2018).

2.6.7.4: Effect of Thermal Loss, Heat and Cold Recovery

In LAES, heat energy is stored in mediums like thermal oil, and cold energy is
stored in mediums like propane and methanol. During storage, thermal dissipation
to the environment causes energy losses. Both heat and cold energy loss cause a
reduction of LAES performance. In the simulation of Peng et al (2018), it is seen that
the decrease rate is 7 times higher in case of cold energy loss than heat energy

loss.
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Figure 23: Effect of heat and cold energy losses during storage on Round Trip
Efficiency of LAES system at Charging Pressure 14 MPa and Discharging Pressure
8 MPa in the simulation of Peng et al (2018)

Unlike thermal loss, heat recovery from compressed air during the charging stage
and cold recovery from liquid air during discharging stage also affects the RTE of
LAES. During charging, heat energy is generated due to the compression of
ambient air which can be stored using a medium like thermal oil to use this heat
during discharging cycle. The Simulation of Peng et al (2018) showed that about 20-
45% excess heat of compression is wasted. The addition of the Organic Rankin
Cycle (ORC) and Absorption Refrigeration Cycle (ARC) with LAES can make use of

this wasted heat to improve the round-trip efficiency of LAES system.

Chapter 3
3.0: Methodology

3.1: Wind Power Calculation

The wind power converted by a wind turbine was calculated using equation

P = %*rho*Cp*A*v"3, where, rho is the density of the air, Cp is the power coefficient
of the turbine, A is the rotor area of the turbine, and v is the instantaneous wind
speed. This calculation was performed for every wind speed in steps of 1 m/s

ranging from O m/s to 25 m/s. The power produced was multiplied by the number of
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times in one year and the probability of this wind speed occurring, to obtain the
amount of energy produced on average at that wind speed. The total energy
produced in one year by the turbine was calculated as the sum of all energy

produced at various wind speeds. This methodology was implemented in a
computer program written in the Python 3.9.2 programming language. At first, the
functions ‘numpy’ and ‘matplotlib.pyplot’ imported for calculation assistance in
Python programming. Then Weibull ‘A’ and ‘k’ parameters for the proposed wind
farm site were obtained from GWA 3.1 for roughness length 0.0 meter which is for
sea surface level and at a reference height of 10 meters. Then the wind turbine
selection was made, and specifications of turbine and windfarm were input into the
computer program (Python). Turbine rotor diameter used as 90 m, power co-
efficient C, assumed as 0.45, and density of air considered as 1.2 kg/m3. Total 7
units Vestas V90-2.0 MW turbine planned for the proposed wind farm. The
maximum rating of wind turbine entered as 2 MW as mentioned in turbine
manufacturers manual for this specific module.

After determining wind turbine and windfarm specifications, matrices of the
probability of wind speed, turbine power, energy generation by turbine and time
(number of hours) are set for calculating values for the range of 1 to 21 so that

Python programming can calculate values from 1 up to 20 for each assigned
variable. For this function created a ‘for’ loop in Python in range 1 to 21 which
allowed repeating power calculation for various speed ranges. Wind speed array
was formed that contains all different wind-speed values from 1 m/s to 20 m/s.
Once the matrix was set, the probability of various wind speed occurrences using
Weibull distribution was calculated using formula 8 putting the Weibull A and k
parameters as obtained from GWA 3.1 indenting inside ‘for’ loop.

For calculating single turbine power generation for each wind speed in the ‘for’ loop,
formula 16 is used assigning a maximum rating of a wind turbine to 2000 KW. This
function provided the power generation capacity of a Vestas V90-2.0MW wind
turbine at each wind speed from 1 m/s to 20 m/s in Watt at the proposed wind farm
site. As the maximum power rating is fixed, the diagram did not display values more
than 2MW.

Time assigned in the ‘for’ loop as per below formula-
t[i] = p[i]*24*365 whereiinrange 1to 21
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which calculated the possibility of the number of hours of various wind speeds per
year [hlyear].
After assigning time, energy generation by a single turbine was calculated using
formula 17, inside the ‘for’ loop which provided an energy array containing energy
values for each wind speed from 1 m/s to 20 m/s.
Then the total energy produced by a single turbine is calculated at all different wind
speeds as the sum of energy produced at individual wind speeds in a megawatt-
hour outside of the ‘for’ loop. This was done using a built-in summing function in the
Python ‘numpy’ module using the below formula-

TotalEnergy = np.sum(Energy)
And total energy produced by the entire windfarm is calculated by multiplying the
energy produced by one turbine by the number of turbines (7) in the wind farm.
In the end, Weibull diagram obtained by using Python function ‘matplotlib.pyplot’ for
‘probability (%) vs wind velocity (m/s)’, ‘Time (yearly hour) vs wind velocity (m/s)’,
‘Power (MW) vs wind velocity (m/s)’, ‘Energy (GWh) vs Wind velocity (m/s)’.
The entire Python programming sequence screenshot is shown below, and the data
obtained is attached in appendix A.
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power calculation program Anowara, Chittagong #

program calculates the yearly energy conversion of an offshore windfarm #
numpy &3 np

T nmatplotlik.pyplot a=s plt

B = T7.28 # A-factor for Weibull distribution

k = 3.3z22 # k-factor for Weibull distribution
pi = 3.1415%9 # Define the wvalue of pi

$# Technical specification of the turbine

r = 12&6/2 # radius of the turbine rotor [m]
Area = r**2*pi # Area of rotor [m2]

Cp = 0.50 # Turbine power coefficient [ ]
rho = 1.2 # density [kg/m3]

Maxrating = 3450000 # Power rating of turbine [W]
# Specification of windfarm

=17 # Number of wind turbines in wind-farm
# Initialise matrices of zeros
Energy = np.zeros{((21)) # Prepare matrix for energy values

Speed = np.zeros|((21)) # Prepare matrix for wind-speed values

Pwt = np.zeros((21)) # Prepare matrix for wind-turine powsr values

p = np.zeros((21)) # Prepare matrix for probability walues

= np.zeros|((2l)) # Prepare matrix for time (number of hours) wvalues
or i in range (1, 21): # Create a loop that allows repeating

the power calculations £

thoot

various wind-speeds

v =1 # Assign the iteration value 'i' as wind speed value
Speed[i]=i # Create an array that contains all different wind-speed values
pli]l = (k/B)* (w/R)** (k-1)*np.exp (- (v/A)**k) # Probability of wind speed occurence
using Weibull distribution [ ]
print(p)
Pwt[i] = (1/2) *Area*Cp*rho*v**3 # Power of wind turbine [W]
if (Pwt[i]>Maxrating): # Checking if calculated power is larger than rated power
Pwt [i]=Maxrating # If calculated power iz larger than rated power,
assign rated power 25 maximum value
print (Pwt)
t[i] = p[i]*24%3&5 # Calculate the number of hours of this wind speed per vear [h/vear]
Energy[i] = Pwt[i] * t[i] # Calculate the energy produced at one particular wind-speed
a= the product of power and time [Wh/year]
print (Energy)
TotalEnergy = np.sum(Energy) # Calulate the total energy produced at all different wind speeds as

the sum of energy produced at individual wind-speeds
TotalEnergyWindFarm = TotalEnergy * N # Multiply the energy produced by one turbine by
the number of turbines in the wind farm

print ('The total energy produced by one turbine is', TotalEnergy/l000000, ' [MWh/vear]')

# Output the total energy produced per year for one turbine
print ('The total energy produced by the wind farm is', TotalEnergyWindFarm/1000000, '[MWh/vear]')
# Output the total energy produced for the entire wind-farm

# Plot results

# Plot probability wversus wind speeds
plt.bkar (Speed, p, color='wviclet')
plt.xlabel('Velocity [m/=]"')

plt.ylabel ('Prokbakilicy [ ]')

plt.show()

# Plot number of hours versus wind speeds
plt.bar (Speed, t, color='purple')
plt.xlabel('Velocity [m/=]"')
plt.ylabel('Time [hours/year]")
plt.show()

# Plot Turbine power wversus wind speeds
plt.bar (Speed, Pwt, color="re=d')
plt.xlabel('Velocity [m/=]"')

plt.ylabel ('Powsx [W]'")

plt.show()

# Plot Energy from one wind-turbine versus wind speeds

plt.kar (Speed, Ensrgy, color="gresen')
plt.xlabel('Velocity [m/=]"')

plt.ylabel ('Energy [Wh]')
plt.show()

Figure 24 : Screenshot of Python programming for wind power calculations.
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3.2: SOLAR Power Calculation

For solar irradiances data collection and PV power calculations, PV-GIS version 5
software has been used. PVGIS is a web application that is widely used for the
estimation of photovoltaic system performance in Europe, Africa, a large part of
Asia, and America. European Commission Joint Research Centre developed PVGIS
in 2001. Besides many other services, this web application provides open access to
monthly averages or daily profiles of solar radiation for wider geographical locations
worldwide. In PVGIS 5, satellite data used for solar radiation calculations are
obtained from the METEOSAT satellite which captured one image per hour.

To calculate solar radiation from satellites, the PVGIS-SARAH database has been
used.

In the first step of the calculation, satellite images are used to determine the effect of
clouds on solar radiation. Sun reflects incoming solar radiation; hence less radiation
arrives at the ground. To calculate radiation reflectivity by clouds, satellite image
pixels of the same time every day in a month are observed. The darkest pixels in a
month are considered as a clear sky or no cloud day. Cloud reflectivity for other
days of the month is then calculated relative to clear sky day for all hours of that
day. Effective “cloud albedo” is calculated in this manner.

In the second step, the theory of radiative transfer in the atmosphere is used to
calculate clear sky conditions solar radiation together with data of atmospheric
aerosol content, ozone, and water vapor concentration. At last, cloud albedo and
clear sky irradiance are used to calculate total radiation.

To obtain GHI, DHI for the location of Chittagong port and monthly PV energy
production from selected PV panel, required input is fed into the PVGIS web
application. Location is set to 22.313° Latitude and 91.808° Longitude. Crystalline
Silicon-type PV technology is selected with an installed capacity of 1 KWp. System

loss is considered 14%. Slop angle given 35° and Azimuth angle chosen as 0°. With
the provided inputs, the PVGIS-SARAH database used its in-built algorithms to

calculate required outputs. In this manner, the monthly average GHI, DHI, and
diffuse to global ratio for the location of Chittagong port for the entire year of 2016 is

obtained.
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Monthly average hourly GHI, DHI, DIFF for January to December were also
calculated using PVGIS software and obtained required graphs. Finally, PVGIS
calculated the average monthly global irradiation per square meter received by the
PV module and average monthly electricity production from a PV module.

In addition to PV application calculations using PVGIS software, this study also
highlighted appropriate theoretical formulas for required photovoltaic application

calculations from peer-reviewed literature.

3.3: Liquid Air Energy Storage System (LAES)

For LAES, this literature conducted extensive scholarly article review which is
included in the literature review chapter 2.6. At first, LAES details are described.
Then brief discussion was carried out for thermodynamic calculations and analysis
of LAES. Theoretical formula compiled for thermodynamic power calculation for a
typical LAES. Measures to improve round trip efficiency of LAES were also
highlighted. This study highlighted LAES incorporated with an Organic Rankin Cycle
to install at Chittagong port to improve the efficiency of the overall plant as proposed
by Peng et al (2018). Finally, the effect of various parameters on the RTE of LAES
is indicated. Effect of cold room temperature, charging and discharging pressure,
thermal loss, heat, and cold recovery is analyzed in this regard. In section 5.5 and
5.5.1, this study provided a logical explanation to use LAES as a backup power of
Chittagong port and calculated the required capacity to be installed at Chittagong

port using simple arithmetical formulas.

Chapter- 4

4 : Wind Energy Harnessing, Data Analysis, and Calculations

4.1: Site Selection for Wind Turbine

Chittagong port is located about 9 nautical miles away from the shoreline of the Bay
of Bengal. Abundant wind energy available in the Chittagong port anchorage area

can be harnessed by installing offshore wind turbines at the Bay of Bengal. Wind
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turbines can be installed within 500 metres of distance from the shoreline of
Patenga. A suitable location for wind turbines is shown in figure 25.

Figure 25: Location of the proposed windfarm, Chittagong port, and anchorage area.
Photo source- CPA overview, 2020.

The proposed location is very close to the port and most of the Karnaphuli riverbank
from farm location to port belongs to CPA. Power generated by wind turbines can be
easily connected to the port grid by the port authority’s own transmission lines.
Besides, there are no markable infrastructures adjacent to the proposed location,
hence wind turbine installation at this place will not obstruct any industrial or social

activities.

4.1.1: Wind Data Collection for Proposed Wind Farm Site

Generalized Wind Climate (GWC) data for the location of 91°806’ Longitude and
22°194’ Latitude at the proposed windfarm site has been collected from Global
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Wind Atlas (GWA) version 3.1. GWA is a web-based application that helps
policymakers to identify high-wind areas for the generation of wind power at any
location of the world. GWA 3.1 is the product of a partnership between The World
Bank, International Finance Corporation (IFC), and the Department of Wind Energy
of Technical University of Denmark. GWA 3.1 provides extensive location coverage
from onshore to offshore up to 200 km from the shoreline. It also provides wind
resource mapping at 250m horizontal grid spacing and also for the height of 10 m ,
50 m, 100 m, 150 m, 250 m above sea level.

GWC climate data that is obtained from GWA 3.1 for the proposed wind farm site at
Patenga offshore is shown patrtially in figure 14 with key features indication below-

Global Wind Atlas 3.8 (WRF 3-km)<coordinates>91.806,22.194,0.0</coordinates>

5512 | Number of roughness classes, height, sectors in data file

Probability Weighbull
|[e.0e .00 e.1e0  e.wee  1.5e | Reference roughness length lencity 9 A parameter
density % _
10.0 5.6 160.0  150.8  200.0 | Heights above ground level (m) ] 10 m height

|?.69 8.89 5.37 2.33 1.88 19.48 19.22 8.98 6.81 4.20 5.16 19.?8|
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6.28 5.5 5.56 4.95 1.17 8.59 .24 5.32 3.99 3.64 4.83 5.69

2,926 2.396  2.561  1.799  1.725 |3.623| 2.889  2.825  2.264  2.184  2.488  2.627

6.83 6.42 6.05 4.44 4.58 9.33 8.95 5.81 4.34 3.97 4.39 6.19

3.209 2.635 2.814 1.979  1.893 |3.982| 3.182  2.232  2.434  2.311  2.646  2.885 .

7.16 7.02 5.96 4.33 4.56 [18.63 9.28 5.84 4.35 3.77 3.92 5.9 Weighbull
2,770 2,697 2,311 1,791 1760 |4.201| 3.62 2,139  2.385 2.115 2,166  2.479 K parameter
7.02 7.00 5.69 3.91 4,31 |11.74 9.67 5.77 4.22 3.50 3.63 5.58 :
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Figure 26: GWC data file for proposed wind farm site at Patenga with WRF 3 km for
the coordinates of 91°806’ Longitude and 22° 194’ Latitude. Source- GWA 3.1

EN

Detailed meaning of values indicated in the GWC file by line can be found in figure
15 which is obtained from GWA 3.1-
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Line Contents
1 Global Wind Atlas 2.0 (WRF 9-km) ix: XXX, iy: YYY <coordinates>lat, lon,height</coordinates>
2 Mumber of roughness classes, heights and sectors in data set

Valuesare:5,5and 12

3 Reference roughness lengths [m]
Values are: 0.00,0.03,0.10, 0.40,1.50 m
4 Reference heights above ground level [m]
Values are:10,50,100,150and 200 ma.g.l.
5 Frequencies of occurrence for reference roughness #1(0 m)
6 Weibull A-parameters for reference height #1 (10 m)in [ms-1]
7 Weibull k-parameters for reference height #1 (10 m)

8-9 Weibull A- and k-parameters for reference height #2 (50 m)
10-11 Weibull A- and k-parameters for reference height #3 (100 m)
12-13 Weibull A- and k-parameters for reference height #4 (150 m)
14-15 Weibull A- and k-parameters for reference height #5 (200 m)
16-26 As lines 5-15, but for reference roughness #2 (0.03 m)
27-37 Aslines 5-15, but for reference roughness #3 (0.10 m)
38-48 Aslines 5-15, but for reference roughness #4 (0.40 m)
49-59 As lines 5-15, but for reference roughness #5 (1.50 m)

Figure 27: Details meaning of values by line of GWC data file. Source :
https://globalwindatlas.info/about/faq

From figure 26, it is seen the A parameter for the proposed wind farm site at
Patenga is 7.28 ms™? and the K parameter is 3.322 at a maximum probability density
of 19.48% for roughness length of 0.0 which is applicable for water bodies.

4.1.2: Wind Turbine Selection for Proposed Wind Farm

Multiple choices are available from different manufacturers for the selection of wind
turbines. The selection of turbines involves various factors including budgetary
capabilities, production scale, and so on. For this project, a Horizontal axis wind
turbine is selected. VESTAS V90-2.0 MW of Wind Class IEC S/ IEC IIA wind turbine
used during the calculation of this project. Specification of V90-2.0 MW horizontal

axis turbine is given in table 2 -
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Rated Power 2000 Kw
Wind Class IECS/IECITA
Rotor Diameter 90 m
Swept Area 6362 m2
Cut in Wind Speed 4 m/s
Cut-out Wind Speed 25 mis
Re-cut in wind speed 23 mis
Freguency 50/ 60 HZ
Hub Heights 87 m
Blade length 44 m
Max Chord 3.9m
Max Sound 104dB(A)

Table 3: Specification of Vestas V90-2.0 MW wind turbine. Source- Vestas wind
system A/S, Denmatrk.

4.1.3: Wind Turbine Power Calculation

Power calculation process of the wind turbines are described in methodology
chapter 3.1 of this document.

A small-scale wind farm consisting of 7 Vestas V90-2.0 MW wind turbines has been
considered during calculation. Optimum number of wind turbines can be determined
with the help of optimisation modelling, though this literature proposes 7 units
turbine to install considering small energy demand of Chittagong port as well as
port’s anchorage area limitation. As this study focuses only to explore wind energy
potential of the proposed site, turbine unit number is just a rational assumption to
meet Chittagong port energy demand. Results obtained after calculating in the

software are presented in the next sections -

4.1.3.1: “Wind Probability Density vs Speed” Weibull Diagram
This diagram shows the probability percentage of different wind speed in the
proposed location. Percentage values of probable wind speed from 1 to 20

m/s at the proposed site as obtained from Python programming calculation is
presented in figure 28. Figure 29 is the “Wind Probability and Wind Velocity
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Weibull Diagram” as obtained from Python programming calculation for the
proposed location.

[0.00000000e+00 4.53738039e-03 2.24104499e-02 5.52624699%e-02
9.90779283e-02 1.43132237e-01 1.72111749e-01 1.73171282e-01
1.44640141=-01 9.87593073e-02 5.40301645e-02 2.31395009e-02
7.56110839e-03 1.83390033e-03 3.20707292e-04 3.92292193e-05
3.25249536e-06 1.76943983e-07 6.10915956e-09 1.29362677e-10

1.62233471e-12]

Figure 28: Wind Probability density values (%) for wind speed from 1 m/s to 20 m/s
at proposed wind farm site at Patenga, Chittagong anchorage as obtained from
Python programming software 3.9.2.
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Figure 29: Wind Probability vs Wind Velocity Weibull Diagram of the proposed wind
farm site
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Figure 28 and 29 shows that in proposed wind farm site, probability of wind
speed of 6 and 7 m/s is about 17% each, the probability for 5 and 8 m/s is
about 14% each while there is 10% probability for a wind speed of 4 m/s and
9 m/s. Cut in speed of the selected wind turbine is 4 m/s. That means, more than
90% of the time of a year, this wind turbine will be able to generate electricity at the

proposed location.

4.1.3.2: “Time vs Wind Speed” Weibull Diagram

This diagram shows how much time in hour in a year different wind speed from 1 to
20 m/s exists in the proposed location. Yearly “Time vs velocity’ Weibull diagram for
the proposed location as obtained from Python programming calculation is
presented in figure 30 -
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Figure 30: Time (hours/year) vs Wind Velocity (m/s) Weibull diagram for Patenga

proposed wind farm site calculated in Python programming software basis data from
GWA 3.1
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Time and velocity diagram in figure 30 shows that at the proposed site yearly about
3000 hours (125 days) wind speed remains 6 m/s and 7 m/s, about 2600 hours (108
days) there is availability for 5 m/s and 8 m/s of wind speed while wind speed
remains 9 m/s for more than 850 hours (35 days) and 10 m/s for about 500 hours
(21 days). From this diagram we understand that about 10 months of the year wind

turbine will remain productive at the proposed wind farm site.

4.1.3.3: Power vs Wind Speed Weibull Diagram

This diagram indicates how much power a Vestas V90-2.0 MW wind turbine will
generate at different wind speed. Power generation values at different wind speed
and power vs wind velocity Weibull diagram as obtained from Python calculation is
presented in figure 31 and 32 -

[0.00000000e+00 1.717566433e+03 1.37413147e+04 4.63769370e+04
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Figure 31: Power generation (W) values by a single turbine at wind speed from 1
m/s to 20 m/s at Patenga proposed wind farm site calculated in Python.
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Figure 32: Power (MW) vs wind velocity (m/s) Weibull diagram for Patenga
proposed wind farm site plotted in Python 3.9.2.

Figures 31 & 32 show that at only 11 m/s wind speed, Vestas V90-2.0 MW wind
turbines reach their maximum power output of 2 MW. From figure 32, it is seen that
if wind speed remains 9 m/s, then selected wind turbine will generate about 1250 kw
electricity and at 10 m/s wind speed 1700 kw power will be produced while at 11 m/s
and above this turbine will produce 2000 kw power. From figure 30, it is understood
that more than approximately 7700 hours per year, wind turbines can generate
electricity at various capacities at the proposed wind farm site. Which indicates, at
least 10 months out of every 12 months, wind farm can produce electricity at this
location. In figure 32, the power bar is flat from wind speed 11 m/s to 20 m/s as this

is the power cut-out range for the selected wind turbines.

4.1.3.4: “Energy vs Wind Speed” Weibull Diagram

Values of energy array obtained at wind speed from 1 m/s to 20 m/s in Watt-hour

and “Energy (GWh) vs Velocity (m/s)” Weibull diagram presented in figure 33 & 34 -

[0.00000000e+00 6.82727810e+04 2.69763362e+06 2.24510398e+07
9.54111861e+07 2.69209187e+08 5.59379664e+08 B.9374246%9e+08
1.11429762e+09 1.08329806e+08 8.12977813e+08 4.05404056e+08
1.32470619%e+08 3.21299338e+07 5.61879175e+06 6.87295921e+05
5.69837188Be+04 3.10005858e+03 1.07032475e+02 2.26643411e+00

2.84233041e-02]
The total energy produced yearly by one turbine is 5429.90383487799 MWh.

The total energy produced yearly by the wind farm is 38009.32684414594 MWh

Figure 33: Values of energy (Wh) array and total annual energy produced by single
turbine as well as entire windfarm at wind speed 1 m/s to 20 m/s as obtained from
Python 3.9.2 programming calculation.
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Figure 34: Energy (GWh) vs wind velocity (m/s) Weibull diagram for Patenga
proposed wind farm site plotted in Python 3.9.2.

Calculation in Python showed in figure 33 that one wind turbine can produce a total
of about 5430 MWh energy in one year considering all wind speed and entire wind
farm can generate 38009 MWh energy yearly at the proposed wind farm site.

According to figure 34, we understand that at only 8 m/s wind speed a Vestas V90-

2.0 MW wind turbine will produce more than 1 GWh energy in a year.

4.2: Solar Data analysis and Photovoltaic power calculations

4.2.1: Location Data

Chittagong port has sufficient space for the installation of photovoltaic panels.
Besides, ports warehouses rooftops, parking areas, and buildings can be utilized to
fix the solar panels to generate at least 3 MW of electricity from Solar Energy. The

location shown in the figure 35 within Chittagong port is chosen for solar plant
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installation. Data is collected from European Commissions PV-GIS database which
provides reliable solar data from all over the world using space satellites.

Site Location: Chittagong port, Bangladesh
Latitude : 22°318’, Longitude: 91°799’ , Elevation: 7.0 m

Figure 35: Location of Solar Plant within Chittagong port, Bangladesh. Source- CPA
overview, 2020.

4.2.2: Monthly average GHI, DHI and Diffuse to Global Ratio for
Chittagong Port

GHlI is the total solar irradiance that incident on the horizontal plane of the earth
surface and DIF is the diffuse solar irradiance incident on the horizontal plane of the
earth surface. DHI is a direct solar irradiance incident on earth’s horizontal plan.
The monthly average DHI, GHI and diffuse to the global ratio for the location of
Chittagong port is calculated using PV-GIS software for the year 2016 from January
to December. Values are given in figures 36, 37 and table 4 -
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Figure 36: Monthly average GHI, DHI for Chittagong port for the year 2016 as
calculated in PV-GIS software.
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Figure 37: Monthly average diffuse to the global ratio for Chittagong port for the year
2016 as calculated in PV-GIS software.

Monthly average | Monthly average | Diffuse/Global
Month GHI in KWh/m?2 DHI in KWh/m?2 Ratio
140.29 160.32 0.37
145.16 143.11 0.38
185.08 160.48 0.38
183.4 136.74 0.43
178.4 127.42 0.43
153.2 89.8 0.54
124.05 59.92 0.64
139.57 86.31 0.54
149.34 110.75 0.47
130.65 110.45 0.46
135.68 157.64 0.34
142.42 184.48 0.31

Table 4: Monthly Average GHI, DHI, Diffuse/Global ratio for Chittagong port for the
year 2016 as calculated in PV-GIS software.

From table 4 and figures 36, 37, it is seen that maximum monthly average GHI in
2016 for the Chittagong port area was 185.08 KWh/m? in March, and the minimum
was 124.05 KWh/m? in July. The monthly average DHI found maximum of 184.48
KWh/m? in December and the minimum was 59.92 KWh/m? in July. In Chittagong,
sufficient solar energy is available round the year, although the potential is less in
June, July, and August.

4.2.3: Monthly Average Hourly GHI, DHI, DIF for Chittagong port

Within a day, PV output power changes with the change of solar irradiance.
Electricity production of a PV panel is the summation of all hourly production within
that particular day. To calculate hourly electricity production by a PV panel, it is
required to consider hourly global solar irradiance incidents on the panels. Average
monthly total GHI, DHI, DIF is required to convert to average hourly GHI, DHI, DIF.
Hourly irradiation data can be obtained from daily average irradiation data according

to the Liu-Jordan correlation equation below (Garg & Garg, 1987)-
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n/24(cosw(hr)—coswss

GHI(hn) = { } X GHI(day) ....31(Garg & Garg, 1987)

Sin wss—2nwss/360(cos wss)

/24 (cosw(hr)—cos wss

DIF(hr) = { Y} x GHI(day) ...32 (Garg & Garg, 1987)

Sin wss—2nwss/360(cos wss)

Where, hr=0,1,2,3.................. 24 (denotes every hour of a day)
w = Solar Hour angle

wss = Sunset Hour Angle

Daily global, diffuse, and direct horizontal irradiance at Chittagong port location is

calculated using PV-GIS software. Obtained values and graphs for all hours of

January to June are presented in table (first 6 months in table 5, rest six months in

table 6). All values from 2000 hours to 0500 hours are zero, hence not displayed in

tables. All the values indicated in table 5 and table 6 are in W/mZ2. The calculation

process is described in Methodology chapter 3.2.

January February March April May June
Hour | GHI/DHI/DIF |GHI/DHI/DIF|GHI/DHI/DIF| GHI/DHI/DIF | GHI/DHI/DIF | GHI/DHI/DIF
5:00 0 0 0 0 0 0
6:00 0 0 0 19/0/18 37/0/36 33/0/32
7:00 6/2/03 42/19/22 79/22/56 | 119/29/88 | 111/18/90 88/9/77
8:00 263/149/111 |286/161/121|291/135/151(319/142/171|281/109/166| 211/58/149
9:00 515/330/179 (544/350/186|544/321/213| 523/286/227|453/215/229| 348/131/209
10:00 | 735/508/217 [769/538/221|757/496/249|708/435/260(598/330/256| 469/207/251
11:00 | 895/649/234 (917/664/240|904/623/265|825/533/276|684/402/269 | 548/261/275
12:00 | 968/718/237 (987/727/246(960/676/268| 857/566/276|704/412/278| 572/274/285
13:00 | 947/698/236 [986/730/242|931/654/262| 825/545/265 |684/402/269| 550/261/278
14:00 | 848/617/219 [891/650/228|835/574/247]735/480/242|612/355/245| 478/209/259
15:00 | 669/468/193 [716/505/200|664/434/220]|576/349/216|469/249/211| 396/170/217
16:00 | 440/289/145 [491/323/161|450/270/172|390/212/171(312/142/164| 267/89/172
17:00 166/98/66 | 229/132/94 (213/104/105| 181/71/106 | 148/42/103 | 133/23/107
18:00 0 0 11/2/09 25/0/24 35/0/34 42/0/41
19:00 0 0 0 0 0

Table 5: Hourly GHI, DHI, and DIF (Monthly average) for January to June for the
location of Chittagong port from 0500 hours to 1900 hours as calculated in PV-GIS

software.

Graphical representation of hourly irradiance values shown in table 5 is presented in

Figure 38 for January to June as obtained from PV-GIS software calculations.

61




Daily irradiance profile, inclined plane
(C) PVGIS, 2021

1200
1000
I
E
2 800
]
c
8 600
b=l
g
S 400
T
a
200
0
0 3 6 9 12 15 18 21
Hour (UTC+6.0)
Irradiance JANUARY
— Global — Direct
~— Diffuse
Daily irradiance profile, inclined plane
(C) PVGIS, 2021
1200
1000
&
E
= 800
8
c
8 600
©
ol
S 400
=
a
200
0
0 3 6 9 12 15 18
Hour (UTC+6.0)
Irradiance MARCH
— Global — Direct
~ Diffuse
Daily irradiance profile, inclined plane
(C) PVGIS, 2021
1200
o 1000
€
= 800
3
S 600
g
<. 400
3
200

o 3 6 9 12 15 18
Hour (UTC+6.0)
Irradiance MAY
— Global — Direct
—— Diffuse

21

62

Daily irradiance [W/m2]

Daily irradiance [W/m2]

Daily irradiance profile, inclined plane

(C) PVGIS, 2021
1200

1000
800
600
400

200

0 3 6 9 12 15 18 21
Hour (UTC+6.0)
Irradiance FEBRUARY
— Global — Direct
- Diffuse
Daily irradiance profile, inclined plane
(C) PVGIS, 2021
1200
1000
800
600
400
200
0
0 3 6 9 12 15 18 21
Hour (UTC+6.0)
Irradiance APRIL
= Global = Direct
— Diffuse
Daily irradiance profile, inclined plane
(C) PVGIS, 2021
1200
. 1000
£
= 800
8
5 600
]
S a0
:
200
[}
0 3 6 9 12 15 18 21

Hour (UTC+6.0)

Irradiance

— Global
— Diffuse

JUNE

— Direct



Figure 38: Graphical representation of hourly GHI, DHI, DIF values for the month of
January to June

The table 6 shows the hourly GHI, DHI, DIF values in W/m? for the location of

Chittagong port as obtained from the calculation of PV-GIS software-

July August Sept. Oct. Nov. Dec

Hour | GHI/DHI/DIF |GHI/DHI/DIF|GHI/DHI/DIF| GHI/DHI/DIF | GHI/DHI/DIF | GHI/DHI/DIF
5:00 0 0 0 0 0 0

6:00 28/0/28 23/0/22 15/0/14 1/0/1 0 0

7:00 78/9/67 72/11/60 90/23/65 | 111/43/66 | 115/58/56 52/30/22
8:00 189/51/134 | 195/59/132 |245/103/137|323/183/135(370/225/141| 305/180/122
9:00 319/116/196 (342/133/202|425/218/199| 522/332/182|623/428/187| 539/355/178
10:00 | 439/178/252 (485/226/250|579/329/240| 682/448/223|810/590/209| 748/531/207
11:00 | 518/227/280 [588/291/285|672/379/281|771/519/240|908/673/222| 899/669/218
12:00 | 558/254/293 (623/297/314|696/393/291(758/492/254|914/669/231| 947/713/221
13:00 | 551/252/288 [617/297/308|692/407/273]|717/456/250(859/624/223| 913/686/215
14:00 | 504/230/264 [563/271/281|608/349/248| 621/393/218(745/537/199| 811/601/199
15:00 | 405/168/229 [439/189/241|471/257/205|478/295/176|565/388/170| 629/452/169
16:00 | 271/88/177 | 285/94/186 |292/135/152(292/165/123|335/213/118| 385/257/123
17:00 149/29/116 | 147/32/111| 118/36/80 | 85/34/49 64/36/27 87/55/31
18:00 46/0/45 35/0/34 4/0/4 0 0 0
19:00 0 0 0 0 0 0

Table 6: Hourly GHI, DHI and DIF (Monthly average) in W/m? for July to December
for the location of Chittagong port from 0500 hours to 1900 hours as calculated in
PV-GIS software.

The figure 39 demonstrates a graphical representation of table 6 values-
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Figure 39: Graphical representation of hourly GHI, DHI, DIF values for July to
December as obtained from PV-GIS software calculation.

Figure 38 and figure 39 show that the beginning and end months of the year have
maximum hourly solar irradiance while middle months have lower potential. These
graphs also indicates that throughout the year solar panels will be able to generate

electricity at the proposed location.

4.2.4: Selection of Photo-Voltaic Panel

There are various types of Photo-voltaic panels available of different capacities
manufactured by different companies. A suitable PV system can be selected

considering budgetary, logistics, and requirements constraints. In this document,
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HIDM5 CS1-Y 400MS all-black high-density mono parc module PV panel made by
Canadian Solar is selected for calculation. Specification of this PV panel is as

shown in table 7 -
Specification Data
Cell-Type Mono-Crystalline
Dimensions 2021 *996 *35 mm (79.6*39.2 *1.38 in)

Maximum power Pz 400 W

Operating Voltage Viyp 435V

Open Circuit Voltage Voc 52.3V
Operating Current Iy 9.20A
Short Circuit Current I 9.90 A
Module Efficiency 19.9%
Temperature co-efficient Py
Temperature co-efficient V, -0.29%/°C

Temperature co-efficient k. 005%/°C

Table 7: Specification of HIDM5 CS1-Y 400MS PV panel selected for Chittagong
port Solar power plant as obtained from manufacturer Canadian Solar specifications

brochure.

The above values are applicable under standard test conditions of Irradiance of
1000 W/m?, spectrum AM 1.5, and cell temperature of 25° C.
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Current-temperature curves for the above PV panel is shown in the below figure-
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Figure 40: HIDM5 CS1-Y 400MS photo-voltaic panel Current-Voltage curves as
obtained from Canadian Solar specifications module.

4.2.5: Photo-Voltaic Panel Power Output and Required Number of
PV Panels Calculation

For this project, the monthly average electricity generation capacity has been
calculated using PV-GIS software. Details of the calculation process is described in
methodology chapter 3.2. Figure 42 shows the monthly average sum of global
irradiance received by the given PV module system and figure 43 shows the
monthly average electricity production by PV module in KWh as obtained from PV-

GIS software calculation for the location of Chittagong port.

66



Monthly in-plane irradiation for fixed-angle:
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Figure 42: PG-GIS calculation result of the average monthly sum of global

irradiation per square meter [kKWh/mZ] received by the modules of the given system
at Chittagong port.

According to figure 42, monthly average in-plane irradiation for the fixed angle of
selected PV panel is maximum of about 210 KWh in March and minimum of about
130 KWh in June.
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Figure 43: PV-GIS calculation result of average monthly electricity production from
the given system [KWh] at Chittagong port location.

As per figure 43, the selected fixed angle PV panel produces average monthly
maximum of 61.77 KWh energy in January and March. The lowest monthly average
energy production is 37.21 KWh. According to PV-GIS software calculation,

In the 1% year, total electricity production by a single Canadian Solar HIDM5 CS1-Y
400MS PV-module in the Chittagong port location is 612.98 KWh which is the
summation of 12 months of production by a single panel.

Average daily electricity production in a year according to equation 29 = 612.98/365
= 1.68 KW/day.

If the plan is to produce 3 MWh energy from photovoltaic installations, then the
required number of PV panels is = 3000/0.07 = 42857.14 units.

4.2.6: GHG Emission Calculation as Measure of Environmental

Performance
Equivalent Carbon-Dioxide (eq.CO,) is a basis to evaluate the environmental

performance of the electricity generation system. Eq CO- refers to an amount and it
compares environmental impacts of different GHGs basis their Global Warming

Potential (GWP). This study prefers to calculate the emission of eq.CO- considering
Life Cycle Assessment (LCA) of the electricity generation system. LCA is conducted

in four-stages to calculate eq.CO. as described in the table 8 -

Stage Name Scope of eq.C0:2 emission calculation

Metallurgical Stage Extraction of resources, Matenal processing, Finishing
of final products. Composition, production, fabrication,
finishing of silicon cells, inverters, glass, required
electronics, blade, gear, rotor, turbine, tower and other
components for wind, PV and LAES module are
considered in this stage.

transportation and Transportation of PV-WT-LAES module components to
Construction stage power plant site. Fitting of modules with balance of
systems including infrastructures, wiring, components
inter-connections. GHG emission calculation includes
fossil fuel consumptions for transportation and
consumptions during processing of balance of systems
maternals.

Operation stage Periodical maintenance, Inspections, cleaning and
replacements of parts- consumable items of PV-WT-
LAES modules.

Decommissioning stage | Recycle, disposal, deconstruction process

Table 8: Life Cycle Assessment stages and scope of eq.CO, emission calculations
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According to many LCA studies over various PV and WT systems, electricity
generation from the WT module emits average of 34.11 g eq. CO2/kWh while PV
module emits average of 49.91 g eq. CO2/ kWh (Nugent et al, 2014; Talukdar,
2017).

Emission of eq.CO, for 1 KWh national grid electricity generation in Bangladesh can

be calculated as below-

Emission for 1 KWh grid electricity generation

_ total daily emission of eq.CO;, for 1 unit grid electricity generation from dif ferent fuels
- Total daily grid electricity generation from all fuels

(Nugent et al, 2014; Talukdar, 2017)

_ ELgp XEMg/kwn + ELo.p X EMo/kwh + ELcp X EMc/kwh +ELgyp.p X EMpyp/kwh

ELtotalp

_ {(101.74%10°x499) +(26.10x10°x733) + (3.46X10°x888)+(2.15X10°x26)}
133.45x106

=547.24 g eq.CO;
Where, EL;p = Daily electricity generation from gas in Bangladesh
=101.74 x 106 KWh (BPDB, 2017)
EMg¢ /xwn = Emission of eq.CO; for generation of 1 KWh electricity from
gas = 499 g/KWh (WNA, 2017)
EL, p = Daily electricity generation from Oil in Bangladesh
=26.10 x 10® Kwh (BPDB, 2017)
EMg xwn= Emission of eq.CO: for generation of 1 KWh electricity from
Oil = 733 g/KWh (WNA, 2017)
EL;p = Dally electricity generation from Coal in Bangladesh
= 3.46 x 10° KWh (BPDB, 2017)
EM¢/xkwr= Emission of eq.CO; for generation of 1 KWh electricity from
Coal = 888 g/KWh (WNA, 2017)
Daily electricity generation from Hydro power in Bangladesh
2.15 x 10° KWh (BPDB, 2017)

ELHYD.D

EMyyp/kwn = Emission of eq.CO; for generation of 1 KWh electricity from
Hydro power = 26 g/KWh (WNA, 2017)

EL;,:q1.p = Total daily electricity generation in Bangladesh from all fuels
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Similarly, Emission for 1 KWh electricity generation from PV-WT-LAES system

_ total daily emission of eq.CO, for 1 unit electricity generation from PV-WT—LAES system

Total daily electricity generation from PV—-WT—LAES system
(Nugent et al, 2014; Talukdar, 2017)

_ ELpyp XEMpy/kwh + ELwrp X EMyr/kwh + ELLAESD X EMLAES/KWh

ELpy_wT-LAES.D

_ {(3000%49.91) +(10000%34.11) + (1000X547.24)}
14000

=74.14 g eq.CO>
Where, ELpy p = Daily electricity generation required from PV panels
=3 MWh = 3000 KWh
EMpy ;kwn= Emission of eq.CO- for generation of 1 KWh electricity from PV
=49.91 g/KWh (Nugent et al, 2014)
ELyrp = Daily electricity generation required from WT module
=10 MWh = 10000 KWh
EMpy ;xkwn= Emission of eq.CO- for generation of 1 KWh electricity from WT
= 34.11 g/KWh (Nugent et al, 2014)
EL; 455 p = Daily electricity generation required from LAES module
=1 MWh = 1000 KWh
EMpy ;xkwn= Emission of eq.CO- for generation of 1 KWh electricity from LAES
= 547.24 g/KWh (Considering grid generation emission)
EL:o:q1.p = Total daily electricity generation from PV-WT-LAES system
= 3000 + 10000 + 1000 = 14000 KWh
Saving of daily emission by installing PV-WT-LAES = 547.24 — 74.15
=473.09 g eq.CO:
Therefore, from the above two calculations, it is seen that installing -PV-WT-LAES
electricity generation system at Chittagong port will save GHG emission of 473.09 g

eg.CO; for 1 KWh of electricity generation.
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Chapter 5
5.0: Design of Port Grid-Tie PV-WT-LAES Electricity System

In chapter 4.2.5., we have already calculated PV panel electricity production
capacity and a number of PV panels required to meet the 3 MW power demand. In
this chapter, the design approach to connect photovoltaic systems, wind turbine
electricity systems and liquid air energy storage system with the port grids will be

discussed.

5.1: Requirements of PV Inverters

PV inverters are electrical converters that convert solar panels Direct Current (DC)
output into a utility frequency Alternating Current (AC) so that current can be fed to
the commercial electrical grid. Sinusoidal wave inverter should be used as PV plant
to be interfaced with port grid. For extraction of maximum PV electricity, inverters
should be embedded with a maximum power point tracking facility. Figure 44 shows

how PV panels are connected with MPPT and Inverter in an off-grid system.
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Figure 44: Typical simple off-grid PV system with Inverter circuit diagram.

Reproduced by the author from ‘https://solar.smps.us/off-grid.html’

Specification of selected grid-tie PV inverter for this project is as table 9 -

Description Value
Type 3 % 330TS-SV Multi MPPT 990kw
Manufacturer Solarmax, Germany
Rated Power 990 KW
Number of String (MPPT embedded) 9 nos
Inverter string rated power 110 KW/String

Inverter efficiency 095
Inverter maximum MPP voltage 800V
Inverter minimum MPP voltage 450V
Inverter string maximum DC voltage 900 Vv
Inverter string minimum DC voltage 450V

Inverter output Voltage

280V, 3-phase

Table 9 : Specification of grid tie inverter selected for project. Source- Talukdar,

2017.

Maximum power rating of PV inverter under record maximum solar irradiance at

record minimum temperature can be found from below formula (Alsayed et al,

2013)-

PV inverter power rating = Max PV power under highest irradiance and lowest

temperature = Np X { Voc + Kv ( Tmin + (

(NT—ZO
800

) —Tr)) X GK/1000 } X FF

=13307.23 KW

NT-20
800

)X Gu—Tr} X{lsc+ K ( Tmn +

.......... 42 (Alsayed et al, 2013)

Where, Standard Test Condition (STC) = Ambient temperature 25°C, exposure

of irradiance 1000 W/m?

Np = Number of PV panels = 42857 units

Voc = Open circuit voltage under standard test condition = 52.3 V

Isc = Short circuit current under standard test condition = 9.90 A

Kv = Open circuit voltage temperature coefficient in V/°C = -0.29 V/°C

K, = Short circuit current temperature coefficient = 0.05 A/°C

NT = Operating cell nominal temperature = 46° C
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Tmin = Lowest ambient temperature recorded over few years = 4°C

Gh = Highest day peak solar irradiance recorded over few years in W/m?
= 950 W/m?

Tr = Manufacturer reference temperature = 25°C

FF = Fill Factor = 0.747

. - total i t
Total number of central inverters = Ceiling ((2Lpower of pv inverters

) (Talukdar, 2017)

power of each inverter

13307.23
990

= Ceiling ( )=13 43

5.2: Requirements of Transformer

The transformer is used in the PV-Wind electricity system to step up inverter output
voltage. Transformer primary is connected with inverter output and transformer
secondary is connected to the grid.

Transformer rating can be found from below formula-

1
power factor

Ptrans.pv = va.plant X Ninv.pv X (Talukdar, 2017)

Where, Pians.pv = POwer rating for PV transformer

Ppv.plant = PV plant maximum instantaneous power

Ninv.pov = PV inverter efficiency
For wind turbine system transformer, wind turbine module output terminal is
connected with transformer low tension side and transformer high-tension side is
connected with the grid. It is necessary to ensure the same high-tension voltage and
low tension of the transformer with grid voltage and wind turbine module voltage.
The transformer LT side and WT output terminal voltage remain 3-phase, 400V,
and transformer HT side — grid voltage is 3-phase, 33000V. Wind turbine
transformer maximum rated power can be calculated from wind turbine module

power curve as below-

Ptrans,wtz (Pmax_wt+ Pmax_p\/) X ; ............ 44 (Ta|ukdal’, 2017)

power factor
= (14 +3) x — = 18.9 MVA
0.90
Where, Pmaxwt = Total power of wind turbine system = 14 MW
Pmaxpv = Total power of PV system = 3 MW

So, the proposed PV-WT-Grid hybrid electricity system transformer’s apparent
power rating should be 18.9 MVA.
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5.3: PV System Electrical Connection

A large size multi-string central inverter of capacity up to 500 KW is suitable for this
3 MW project. Every string of a multi-string inverter is connected with A number of
series-connected PV panels. During connection of PV panel string with an inverter,
it should be confirmed that voltage generated by PV panel string is less than the
allowed maximum input voltage of the inverter. Also, string MPP voltage and current
should remain within the inverters safe range (Myrzik & Calais, 2003).

In the selected MPPT embedded 3 x 330TS-SV inverter, there are 9 input string
terminals. According to equation 43, the required number of central inverters for this
project is 13 units.

Therefore, total inverters input string terminal of this project =13 x 9 = 117

Maximum number PV panels that can be connected with single inverters input string

42857

terminals = = 366 units
117

Inverter total power

Each inverter’s input string terminals connected power rating = 0

_ 13307
117

=113.74 kw

Each PV panel maximum power point voltage can be calculated for record lowest
temperature and highest irradiance exposure as below (Talukdar,2017;Yang et al,
2003)-

Vipp.max = Viveppane [1 + 0.05391 log (%)] + Ky (Tiin = TREE)  cvveenen. 45

950

= 43.5[1 4005391 log (=>-)] - 0.29 (4 - 25)

=37.29V
Where, Vwprpraner = MPP voltage of PV panel under STC = 43.5 V (From table 6)
Other values are as defined in equation 1.
In the same way, each panel lowest MPP voltage can be calculated as below-

Vwee.min = Vvep.panee [1 + 0.05391 log (24—:;’ )]+ Kv(Twax — TRer)  vovnenenes 46
(Yang et al, 2003; Talukdar,2017)
= 435 [1+0.05391 log ()] - 0.29 (45 — 25)
=34.65V
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Where, Gmin = Minimum solar irradiance that allows MPP trackers to function
suitably = 50 W/m?
Twaxa = Highest ambient temperature recorded = 45° C
Equation 5 is applicable for lowest irradiance exposure and highest temperature
recorded. To find out open circuit voltage of each PV panel at record highest
irradiance exposure and lowest temperature, below formula can be used

(Talukdar,2017; Alsayed et al, 2013)-

NT-20
Voch = Vstcoc+ Ky ( Tmina +H(——— 500

2% x 950 — 25)

) X GH TREF) ............... 47

=523 +(-0.29) (4 + (%
=49.44 V

Similarly, open circuit voltage at record lowest irradiance exposure and highest

temperature can be calculated as below-

NT-20

Vocwmn = Vstcoc+ Kv( Twmaxa +( ) X GmN - TREF) ................ 48

(Alsayed et al, 2013)
46—20

= 52.3 + (-0.29) ((45 + (=) x 50 — 25)

=46.03V
Where, Vstc.ocis PV panel open circuit voltage at standard test condition as
obtained from PV panel specifications. Other values are as mentioned in equation 1.
Number of PV panels that can be connected in series in a string can be calculated
as below (Kerekes, 2013) —

Maximum panel in series per string = MIN [ floor (M) floor(focRemaxy) - 49

(Kerekes, 2013)

800 900

= MIN [floor( ) floo r(49 44)]
=MIN [ 21, 18]
=18

Where, V,y max.mpp = INverter maximum MPP voltage = 800 V (From specification)
Vocpemax = Inverter string maximum DC voltage = 900 V (Specification)
Vuppmax = 37.29 V (From equation 4)

Vocu =49.44V (From equation 6)
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Similarly,

Minimum panel in series per string = MAX | celllng(w) celllng(w)]
MPP.MIN

(Kerekes, 2013)
450

= MAX [ ceiling (=— 465) floor(z-23)]
= MAX [ 13, 10]
=13

Where, Viy miv.mpp = INverter minimum MPP voltage = 450 V (From specification)
Vocpemin = Inverter string minimum DC voltage = 450 V (Specification)
Vuppmin = 34.65 V (From equation 5)

Vocmin =46.03 V (From equation 7)

From the above calculations, it is seen that maximum of 18 PV panel units or

minimum of 13 PV panel units can be connected in series in an inverter string. For

this project, 16 PV panel units can be selected to connect in series in a string
practically.

Strings of series connected PV panels are connected in parallel with each inverters

input string terminal.

Maximum PV panel number in single inverter input string terminal
PV panel number connected in series in single string

(Kerekes, 2013; Talukdar, 2017)

Total parallel strings =

31666 = 23 (Rounded up)

The below figure shows a schematic diagram of series-connected 16 PV panels and
23 parallel connections with each inverter string terminal for this project together

with blocking diodes and bypass diodes arrangements.
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Series connected PV Panels in parallel connection
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Figure 45: Series and parallel connection of PV panels with each inverter string
terminal for this project. Reproduced by the author. Basic circuit source- Talukdar,
2017; Saravanan et al, 2019.

5.4: Blocking Diodes and Bypass Diodes Applications

Diodes are two terminal electronic devices. The Main function of the diode is to direct
electrical current flow in one direction only. It means they allow only unidirectional flow
of current. This property of diodes is extremely useful in PV plants. Blocking diodes
and bypass diodes are extensively used in PV installations. Blocking diodes allow
current flow from solar panel to the inverter but prevent reverse current flow from the
inverter to the solar panel. This way, blocking diodes safeguards PV panels from
unwanted damage from reverse power.

Bypass diodes maintain the reliability of the solar system in case of solar panel
failure. In a multi-string panel, if one panel becomes faulty, it bypasses the faulty
panel and provides an alternative path for current to flow.

Bypass diodes are connected in parallel with each PV panel to shunt the current

around it, but the blocking diodes are connected in series in a string.
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Peak Inverse Voltage (PIV) of blocking diode should be higher than inverter maximum
string voltage and for bypass diode, PIV should be higher than panel maximum open-
circuit voltage.
Blocking diode PIV = ( Voch X PV panel in series in a string)

PIV = (49.44 X 16)

PIV=791V
Bypass diode PIV = Voc H

PIV>49.44V

Panel string maximum possible short circuit current for this PV installation is as
below (Talukdar, 2017; Alsayed, 2013)-

NT-20 G
Isc.string.max = {(15(;_57'(; + Ki( Tvaxa +( 800 ) X GH— TREF)) X _10130 }
_ 46-20 950
= {(9.90 + 0.05( 45 +( 500 ) X 950 — 25)) x 1000 }

=11.82 A
Therefore, the blocking diode and bypass diode current rating for these PV

installations should be greater than 11.82 A.

5.5: LAES as Backup Power for Chittagong Port

The weather of the region is governed by the monsoon. Wind flows from south to
south-east direction during the period from April up to September. For a small
period, time wind flows easterly direction. From November to January, the wind
turns to the northerly and north-easterly direction. In February and March, wind
changes its flows via westerly direction and settles from southerly to south easterly.
During a year, wind speed of more than 20 knots (Beaufort scale 5) prevails for 6%
of the time while 0.1% of the time wind speed remains more than 30 knots (Beaufort
scale 7). Although this prevailing weather condition in Bangladesh is favourable for
power generation from renewable wind and solar energy, for a period of 1 to 2
months of the year, power generation from renewable sources may experience low
productivity. During this period, managing a backup power source for Chittagong
port is essential to make ports normal power demand. LAES electricity system is a
potential solution in this respect which can be utilized as emergency power of
Chittagong port when no other power source is available for a certain period as well

as it can add power to regular peak hour power demand. For this to happen, LAES
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system capacity needs to be established upon calculation of actual port energy
demand. Although the peak energy demand of the port is claimed to be only 10
MWh, the actual energy requirement is likely to be more than this. This is because
Chittagong port is growing faster every year. Chittagong port ranked 87" in the year
2009 among the world’s 100 top busiest container handling ports while this port
ranked 58" in the year 2020 (Lloyds List, 2020). To determine the required capacity
of LAES, it is essential to calculate the energy consumption of the cargo and

container handling equipment’s of the Chittagong port.

5.5.1: LAES capacity calculation

The below table shows the cargo and container handling equipment details of
Chittagong port as of 2019 and calculated the approximate energy demand based

on rational assumptions.

Equipment Name Capacity Quantity Approximate Total
(ton) (Actual) Unit energy Energy
consumption Demand
(KWh) (MWh)
Quay gantry crane 40 14 250 3.5
Yard rail mounted 40 01 250 025
gantry crane
Rubber tyred gantry 40 41 250 103
crane
Mobile harbor crane 84 03 500 1.5
Mobile Crane for Cargo 10-50 38 200
handling
4 high straddle carrier 40 48 250 120
2 high straddle carmer 40 02 250 0.5
Reach Stacker 45 11 250 27
Forklift truck 42 03 250 0.75
Reach stacker or 09 50 0.45
Forklift spreader 16 09 80 0.72

Table 10: Approximate energy demand as calculated based on container and cargo
handling equipment’s statistics of Chittagong port.

According to the above table, the approximate energy demand for container and
cargo handling equipment’s is about 40 MWh if all the equipment’s are used at a
time at full load which is unlikely. Due to the long period of clearing and forwarding

formalities of containers and cargoes, excess traffic of hinterland connectivity, lack
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of stevedores and labours, it is more likely that approximately 50% of the time port
operation remains idle. Besides, the electricity consumption estimated above is just
a rational assumption based on 100% load operation. Considering the above, peak
hour energy demand for container and cargo handling equipment’s can be assumed
at about 20 MWh currently. Basis these assumptions, it is advisable to set up an
LAES system with a capacity of 10% of the total peak hour energy demand of the

port.

10 X 20
100

Required LAES capacity for Chittagong port = MWh

=2 MWh
Therefore, if 2 MWh capacity LAES system is installed at Chittagong port, this
system can easily supply power to below equipment’s for 12 hours peak hour port

operations while can be charged at off-peak period of rest 12 hours-

Quay gantry crane to connect with LAES = 2 units = 2 x 250 KWh
= 0.5 MWh
¢ Rail mounted gantry crane to connect with LAES = 1 units = 0.25 MWh
e RTG crane to connect with LAES = 2 units = 2 x 250 KWh = 0.5 MWh
e Straddle carrier to connect with LAES = 2 units =2 x 250 KWh = 0.5 MWh
e Reach stacker to connect with LAES = 1 units = 0.25 MWh

If the above equipment’s is provided emergency connections with LAES system,
they can be operated in case of total power loss using the storage energy of the
LAES system for up to 12 hours. In addition, LAES can run above equipment’s
during the regular peak hour periods with the stored energy charged during off-peak
period and save potential energy loss. Multiple 300 KWh capacity LAES systems
developed by Highview company can be integrated to produce 2 MWh energy or

even a complete 2 MWh capacity LAES system can be installed.

Number of 300 KWh capacity Highview LAES system required = % = 6 units

Section 5.5.2 shows the schematic diagram of the proposed WT-PV-LAES Hybrid

Power System.
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5.5.2: Schematic Diagram of WT-PV-LAES Hybrid Power System

Figure 46 shows how wind energy, solar energy, and liquid air energy storage

system can be integrated into Chittagong port-
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Figure 46 : Schematic diagram of WT-PV-LAES hybrid power system for Chittagong
port. Diagram is drawn by the author combining from various sources schematics.
(Gareth & Mathew, 2014; Vecchi et al, 2021; Huang, 2009; Talukdar, 2017)

Chapter 6
6.0: Discussion of Findings, Limitations, and Recommendations:
6.1: Findings

This literature is successful to find answers to its research questions. Electricity
generation potential from wind energy and solar energy, LAES system has been
explored for Chittagong port and anchorage area. A simplified design for a hybrid
PV-WT-LAES electricity system was also developed. Number and specification of
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required major components like a wind turbine, PV panel, inverter, transformer,

diodes, the electrical connection have been established. Key findings of this study

are as below-

Generalized wind climate data as obtained from the global wind atlas
shows that the Chittagong anchorage area has potential wind energy
availability from which sufficient green electricity can be generated by
installing horizontal axis wind turbines that can meet the entire power
demand of Chittagong port. If “Vestas V90-2.0” MW wind turbine is
installed, it can produce electricity for about 11 months a year. Calculation
using Python programming language software shows that one wind turbine
can produce about 5430 MWh energy per year and an entire wind farm
consisting of 7 horizontal axis wind turbines can generate 38009 MWh
energy yearly at the proposed wind farm site. Hence, as Chittagong port is
a low energy consuming port (Energy demand only 10 MWh), the entire
power demand of the port can be met by developing a medium scale
offshore wind turbine plant at Chittagong port anchorage area.

Bangladesh is a coastal riverine country with six seasons where tropical
monsoon impacts the local weather. Hence, wind and solar energy
availability vary throughout the year. As seen from wind power calculation,
wind turbines will remain non-operational for about one to two months a
year. Normally, December, January, and February are the winter months of
Bangladesh. During wintertime, wind availability is less but solar irradiance
is maximum during winter months. Figure 38 and 39 of this literature shows
the GHI, DHI, DIF data of Chittagong port as obtained from European
Commissions PV-GIS SARAH database. The solar irradiance graph of 12
months in figure 38 and 39 shows that Chittagong port has a high potential
to produce electricity from the photovoltaic power plants. Therefore, during
winter when less wind is available, PV power plants can meet the partial
power demand of the port. Again, during stormy and rainy days in May-
June-July-August, when solar irradiance is less, then wind turbine will have
maximum wind availability to produce electricity. Hence, combining wind

and solar power plants can ensure port electricity supply round the year.
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This research developed a design for a photovoltaic power plant of 3 MWh
capacity for Chittagong port. Calculation of PV power from PV panel for the
location of Chittagong port using PV-GIS web application software shows
that installing a single Canadian Solar HIDM5 CS1-Y 400MS PV-module in
Chittagong port location can produce 612.98 KWh electricity per year with
a daily production rate of 1.68 KWh. If only 42857 units of similar PV panel
is fitted together, 3 MWh electricity can be produced from solar energy at
Chittagong port. As Chittagong port possesses a big area, much more PV
panels can be accommodated within the port premise without interrupting
existing infrastructures and a 5 to 10 MWh capacity stand-alone solar
power plant can be installed at Chittagong port to meet its power demand
from renewable solar energy.

If wind and solar power plant described in this study combined, they will
generate more electricity than the port need. This excess electricity can be
made useful if the LAES electricity system is fitted with a PV-WT electricity
system. At night or during the off-peak periods when energy demand is low
and energy is wasted, the LAES system will use this excess electricity to
produce liquid air. During peak period and when PV-WT system is unable
to produce sufficient electricity, LAES will use this liquid air to produce
electricity to balance the supply and demand of the port. Just using a 2
MWh capacity LAES system, Chittagong port can sustain its 10% energy
demand for about 12 hours. Highview power company already successfully
demonstrated a 300 KWh capacity LAES system, and 10 MWh capacity
plant is under development. For Chittagong port, a 2 MWh capacity LAES
system can be considered to install as a power backup solution of the port.
This research successfully demonstrated that the entire energy demand of
low energy consuming Chittagong port can be met from renewable energy
sources. Solar energy module, wind energy module, and liquid air energy
storage module can be integrated (as in figure 46) with the national grid.
This grid-tie PV-WT-LAES electricity system is a realistic environment-
friendly energy solution for Chittagong port which can supply additional
electricity to the national grid. Even if hybrid PV-WT-LAES electricity

remains low productive for one or two months due to weather uncertainty,
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this system will enable the port to meet its power demand from the national
grid in case of emergency. This study has successfully demonstrated the
design approach of a grid-tie PV-WT-LAES electricity system for
Chittagong port.

6.2: Limitations

This study mainly focused on technical aspects, processes and design of electricity
generation from renewable wind, solar energy, and liquid air. This study could not
verify economic and social constraints and impacts of electricity generation from
these renewable energy sources for Chittagong port. Analysis of economic and
social aspects itself an extensive task, hence recommended to conduct further
research in these aspects. Besides, this literature did not identify the annual
average electricity share among solar energy module, wind energy module, LAES
module, and the national grid. Levelized cost of electricity (LCOE) was not
addressed within the scope of the study. This study could not determine actual
energy consumption of Chittagong port cargo and container handling equipment’s,

consumption of all this equipment’s given in this study is just rational assumptions.

6.3: Recommendations

Bangladesh is an emerging shipping nation. The value of total import and export of
the country stands at about 78 billion USD per year (DOS, 2021). The majority
share of this import and export is accomplished via Chittagong port. Chittagong port
growing twice as fast as the nation. Chittagong port ranked 58th among the world's
top 100 busiest container handling ports in 2020 (Lloyd’s list, 2020). To improve the
overall image of Chittagong port globally, the authority should focus on reducing the
carbon footprint of the port operations. Although financial requirements of hybrid
grid- tie PV-WT-LAES electricity system are not addressed in this study, it is in the
authors confident that Chittagong port can switch its power production from fossil
fuel to entirely on renewable energy sources like grid-tie PV-WT-LAES electricity
system comfortably within its financial reserve and budget. Investment in green
electricity generation to meet the port’s power demand will highlight the port

authority’s commitment towards de-carbonization of the port and will ensure the
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transition of the port into a green and smart port. For this to happen, the following
recommendations are suggested-

e Harnessing renewable wind energy, solar energy is a solution towards
reducing carbon footprint from power generation process. Until today major
share of Bangladesh’s total power generation is from fossil sources that is
environmentally harmful. Recent inclination of the Government of
Bangladesh is a positive approach in promoting renewable power
generation. While the Government is currently considering generation of
200 MW electricity generation from wind energy in the same region where
Chittagong port belongs, port authority can demonstrate leadership in this
field by switching its power profile entirely to green renewable power
through installation of grid tie hybrid PV-WT-LAES system. By becoming
first mover in harnessing renewable energy in the region, Chittagong port
can secure public funding for their greening project when the Government
has already approved it’s planning to harness renewable energy through
the planning commission.

e Although there is certain benefit of GHG emission reduction while using
renewable energy technologies, initial installation cost is likely to be higher.
But yet, there exists better economy of renewable technologies in the long
run due to lower maintenance and operating costs. Besides, tendency of
the Government of Bangladesh to subsidise renewable energy harnessing
from public funding can lessen initial economic burden to install renewable
power plant. As this literature mostly and comprehensively demonstrated
technical feasibility of harnessing renewable energy in Chittagong port,
therefore economic, social, and environmental criteria of installing hybrid
grid-tie PV-WT-LAES electricity system at Chittagong port shall be
evaluated extensively.

¢ Port authority shall include renewable energy policy and secure, allocate
the required budget in its 30-year Strategic Master plan for the conversion
of Chittagong port into a green port.

e Port authority shall initiate a pilot trial of small-scale offshore wind turbine

power plant of 10 MW capacity at port anchorage area, install 3 MW
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capacity PV power plant and 2 MW capacity LAES electricity system to
meet its power demand.

Cargo and container handling equipment’s energy inventory shall be made
to improve the overall energy efficiency of the port.

Multi-criteria optimization of the hybrid grid-tie PV-WT-LAES electricity
system shall be conducted where economic, environmental, and social

criteria are optimized to identify the optimal sharing among the systems.
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Appendices

1. Python wind power calculation results screenshot
& “IDLE Shell 3.9.2
File Edit Shell Debug Options Window Help

Python 3.9.2 (tags/v3.9.2:1a79785, Feb 19 2021, 13:44:55) [MSC v.1%28 €4 bit (AMD64)] on win32
Type "help™, "copyright"™, "credits™ or "license ()" for more information.
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= RESTART: C:/Users/acer/Deskrop/Dissercacion/Pacenga wind calculacion python/VS0 CALCULATION.py
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.37413147=+04
.710154%68=+05
.T1766433e+06
L00000000e+06
L00000000e+00

.24104499=-02
L72111745%e-01
.40301645e-02
L20707292e-04
.10515956=-08

.37413147=+04
.710154%68=+05
.T1766433e+06
L00000000e+06
L00000000e+06

.24104499=-02
L72111745%e-01
.40301645e-02
L20707292e-04
.10515956=-08

.37413147=+04
.710154%8=+05
.T1766433e+06
L00000000e+06
L00000000e+06

.2410445959=-02
L721117458e-01
.40301645e-02
L2070725892e-04
.10515956=-08
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LB3T7683T0e+04
.B91588c6e2+05
L00000000e+06
L00000000e+06
L00000000e+00

526824699202
LT73171282e-01
.3135500%9e-02
L92252193e-05
L00000000e+00

LB3T7683T0e+04
.B91588c6e2+05
L00000000e+06
L00000000e+06
L00000000e+00

526824699202
LT73171282e-01
.3135500%9e-02
L92252193e-05
L283628772-10

LB83768370e+04
.B9158866e+05
L00000000e+06
L00000000e+06
L00000000e+06

5268246595202
LT73171282e-01
.3135500%e-02
L8922521583e-05
L283628772-10



2. PV-GIS SARAH irradiance data for February 2016 for Chittagong

PVGIS-5 geo-temporal irradiation database

Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: February

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

o

£
E. Ieradiance on a fixed plane
3o Tiew G045 0145 (245 (DA D4AS D545 0043 O7AS OB4S (245 1045 1045 1345 1345 WAS 145 AT TTAS R4S 1945 J04S I14S 1245 2348
- G ©0 0 0 O 0 O 0 42 286 S44 TER 917 927 D36 BN TE 4 29 0 0 O © o0 o
- Gbg) © 0 0 O O O O 19 161 350 538 664 FI7 V0 650 505 W3 @@ O 0 O O O o°
Gdf) © 0 0 O O 0O 0 22 121 186 221 M40 M6 242 28 200 W1 ™ 0O 0 O© O0 o0 o
N - Gesf) O o o o o o o o -] o o o o o o L] o o o o o o o o
i O{i) Global ivadiance on  fxed plane [WIN2].
e i < e Gbfi) Divect imadiance on @ fd plane [Wm2).

Gafi) Dfuse radiance on a Txed plane WimZ]

Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plane
Tima 0045 0145 0245 045 (445 0545 0645 0745 0845 0045 1045 1145 1245 1345 1445 1545 1645 17,45 1845 1045 2045 2145 2245 2345
- Gn) o 0o © © O O 0 1 B TP 910 959 B91 1001 974 W2 T2 MM O O O 0 O @
. Gbin) @ 0 & © @ 0 O S0 385 530 649 TO4 IO T2 TM6 G52 46 MO O 0 O 0 0 4
o Gdin) 0 O ©® © O 0 O X I8 MB 280 M7 ME 244 23 X8 XM WO OO O O ©0 © 0
Gosin) 0 L] o [ a L] o [ L] L] [ a L] o [ L] L] o [
—iatn =i =Dl — Coy Ginj a s tacking phvimz]
G} Direct normal imadiance (W),
Gain}- D 2 eim2).
Ccin) Clear.sky Z.ais fwima)
Daily average temperature
1
b Daily average temparature

Time D045 0145 0245 0345 (4:45 0545 0645 0745 0545 D45 1045 1145 1245 1345 1445 1545 1645 1795 1545 1045 2045 2145 2245 2345
Tam  aza nss 215 s AT NN WSS 2036 MM X 21 I2S6 DA M 30 MO D DS FE 236 20 DT me I

- Tarm: Dally average temperatre [
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2. 1. PV-GIS SARAH irradiance data for March 2016 for Chittagong

PVGIS-5 geo-temporal irradiation database

Provided inputs Outline of horizon at chosen location:
Latitude/Longitude: 22.313,91.808

Horizon: Calculated

Database used PVGIS-SARAH

Month: March

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

I Horzon heghe

== Sum haight, June

— Sun hesght. Decombet
Irradiance on a fixed plane
Thme Q045 0145 (243 (345 0445 0545 0045 0745 OB4S 0045 1045 (045 1240 1343 MAS 3345 M4S TS 1845 1943 3043 2148 2248 DS
G) © 0 0 © O © O 79 201 544 757 904 950 31 BS €64 450 23 11 0 O O O ©
Guf) © 0 0 O O O © 22 135 321 406 623 676 654 574 434 20 W4 2 0 O O O ©
Gdf) © 0 0 O O O O S5 151 213 M0 265 268 22 M7 220 172 059 0 O O 0 0O

" G@so 0O O © O © 06 0 O 0 G O © © O O © © 0 0 6 0 0 o

Gfi} Global iradianze o a fxod plana [AINZ).

‘Gbfi) Direct imadiance on & fixed plane [Wm2)

Gafi) DfUse matiance on @ xed plane WinZ]
Besfiy ¥

Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plane

Time 2045 0145 OZA4S 0245 D445 D545 0645 G745 OB4S ORAS MOAS 1145 1245 1345 1445 1545 1645 1545 BE4S TR4S 2045 1AL I2AS FheS

@m © 0 O @0 © 0O 0 178 S04 TE1 BOS 057 a7 @30 250 7A5 405 41 0 0 O @ 0
@) @ 0 0 0 0 0 0 1M 308 &4 B0G BT B9 630 ESD SED 406 330 M 0 0O 0O 0 0O
o @dm) © 0 0 0 O 0 0 B4 B0 247 73 I7S 7D A M3 IS0 B 151 0 O 0O 0O 0 @
Gesg) 0 O 0O © © © © © © O O O © © O © © o 0 0O O 0o 0 ©°

‘Gin}: Global iradiance on @ 2-axis Tacking plane [WHm2).
‘Gbin): Direct nomal iradance [Wimd).

‘Gelin): Difissas ITRcianoE 0N & D-ses tracking plane Wing].

‘Besin): Giobal Clear-sky imadiance on a 3-asis racking plane [Wima]

Daily average temperature

™ Daily awerage temperature

" TG 0045 145 DI4S 048 0445 D545 DR-45 OF4d OHS5 D045 BOAS V148 LEAS 1245 1445 1545 1645 1T.45 TH4S VR4S 2048 145 EaL Fal
an THM a8 mar MTE MS 3437 NG 2185 FNGE DM41 3ASD N7 ISAN EH AN M MU A1 W41 XM M NI ME M7 mm

[ T Dislly awarage iempenire [*C].
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3. PV-GIS SARAH irradiance data for April 2016 for Chittagong port

i
.::_’____—/ 7 \§

PVGIS-5 geo-temporal irradiation database

Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: April

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

- I Horizon height
-~ Sun height. June

~= Sun height. December

Irradiance on a fixed plane

Time 0545 0143 (245 G345 0443 0845 DO5 0743 0E45 0045 1045 1143 1243 1345 LAS 1345 1645 1745 T84S 104 208 2143 2245 2348
Gl) 0 0 O D0 0 O 19 119 39 523 708 &25 857 825 7I5 576 30 W 2% 0 O O O O
0 0 0O O 0 0 20 42 286 435 533 586 545 480 M9 212 1 0 O O O O O
Gy 0 O © © O 0 18 B8 171 227 260 276 26 265 242 216 71 106 24 0 0 O © O
o o 0 o © 0o o 0o 0 6 0 0 © o0 0 0 O ©6 o0 6 0 0 O
G{i): Global imadiance on a fued plane (Wim2).

G- Direct iradiance on a foxed plane [Wm2).

Gaj): Diffuse Fradance co a fxed plane [Wim2).

Geslly ¥ a

Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plane

Timo 0045 0145 0245 (145 0445 0545 DG45 0745 0345 0045 1045 1145 1345 1345 1845 1645 1645 1745 10:45 1045 D045 D145 2345 3945
Gn) 0o 0O ©» ©0 @ 0 S8 266 BE1 T30 BE5 901 S0 HS? BT 802 BH9 4T B 0 0O O D
Gbinp @ O ©» 0 @ 0 3 53 337 458 556 603 G614 GOE 596 530 457 302 64 0
Gdnp @ 0O © 0 @ 0 25 03 7 263 28T I3 BT 279 266 254 IX 184 30 0
‘Gos{m) 0 1] o o a o L] o o a L] 1] [ a o 1] [ o o L]
‘Gin}: Global rradiance on a 2-acs fracking plane W]

‘Giin}: Direct normal iradiance: fiimz].

Gan): Orfuze a2 [wima2).

Ges(n): Clear-siy azaxts [wima).

CE N

] o o
] o o
1] o o

Daily average temperature

0 Daily average temperature
Timo 0045 0145 0245 0345 04:45 0545 0645 0745 0245 OF45 1045 1145 1245 12485 1445 1545 1645 1745 1245 1045 2045 2145 2245 2345
TAm  av4s s I0s MAT AT JESE M6 D664 DGR I T30 PSS XIFS VAR ITET ITH0 INET ITG4 ITOA ITER ITE1 INT4 ITE4 ITsa

bl T PRI Tam: Daily average semperatre [C].
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PVGIS-5 geo-temporal irradiation database

Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: May

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

™ I Horizon haight

-~ Sun height, June

-~ Sun height,
leradiance on a fixed plane
Time 0042 0145 (245 0045 0445 0543 0085 OF4S OB4S 0245 1043 1145 1245 1345 M43 1542 1045 1748 N84S R4S 208 2148 2248 2348
G) 0 © 0 O 0 O 37 111 281 453 508 684 704 6B 612 469 312 W8 B 0 O O O O
Gbfh) @ O O O 0 G O 1B 108 215 330 402 412 402 I 249 42 42 O 0 O O O O
Gdh) 0 © O O O O 35 SO 166 220 256 269 278 269 245 211 4 W3 X 0 O O O O

" Gespo © ©o © © © 0 O O O O O O O O 6 © O O O 0 O O O

Gi): Globat imadiance on a fixed plane (Wim2).
Gbjl): Direct Irradiance on a fued plane (Wimz).
Gaji): Difuse Fradance on a txed plane [WIMZ2).

Ges{i; Global Clear-sky i

Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plame
Tima 0045 0145 0245 0345 0445 0545 DE45 0745 D45 0045 1045 1145 1245 1345 1945 1545 1645 17.45 1845 1045 2045 2145 Z14S 2945

@n) 0 © 0 0 0 0 104 M8 456 650 TS0 YB6 TBZ TEZ AT E86 581 391 W6 0 O O 0 0
Gon 0 © 0 B 0 O 52 111 IBF 37Z 455 490 483 4EE 44 434 37 XW 63 O 0 O 0 @
Gdmp 0 0O 0 D 0 0 48 58 199 264 ZAT 293 296 PEX TS ME IO 41 3@ 0 o o o 0
Gesmo © © © © © © © ©0 © © © © @ © © © © 6 @ o © ©°o @
Gir a Zavs peencz).

‘Ghin): Direct normal imadiance: [Amz).

Galin): Dithuse 2.ais [Weimz)

esin): Giobal Clear-sky Fradance cn a 2-axs racking plane (Wim2)

Daily average temperature

m Daily average lemparature
Time 0045 0145 0245 0345 445 0545 0645 0745 0245 0F4S 1045 1145 1245 13245 1445 1545 1645 1745 1245 19:45 2045 2145 2245 2345
TEm  a7Ex s as T @3 I 3 373 NTAN IO JNI6 3641 MG A JET) JEVE J5T1 DmAe S IS 3830 1S omo wmos

[E—

R U] T2m: Daily average temperatre [*C).
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5. PV-GIS SARAH daily irradiance data June 2016 Chittagong port

N

PVGIS-5 geo-temporal irradiation database

Provided inputs Outline of horizon at chosen location:
Latitude/Longitude: 22.313,91.808

Horizon: Calculated

Database used PVGIS-SARAH

Month: June

w 3

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

o $

- I Horeon heght

5 == Sus haight,

i — Sun height. Docomsber

5- Irradiance on s fixed plane

E. Thme 0045 0143 (243 (D45 0445 0545 0045 O7AD OR4S OR4S 1045 1145 1245 1340 45 5545 W45 TT4S 1843 1945 3043 2143 3248 2

: ) © 0 0 O O O 33 28 211 348 469 548 52 S50 478 305 267 133 &2 0 O O 0 ©
- abp) © 0 0 O O O © 9 S8 131 207 261 274 21 200 170 e 2 0 0 O O 0 ©O

Gdf) © 0 0 O O O 32 77 4D 200 251 7S 285 /8 250 247 72 107 &4 0 O O 0 O

PR e """ Gmo 0o 0 0 0 0 0 0 0 0 0 0 O 0O 0 © 0 0 0O 0O O O 0 O

Gl Globil irackance on & fued plana (W)
—e =W — DM Do

Gdfit DfMuse rasiance on a Txed slane TWImZ1

Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plane

= Time G048 0148 248 0345 A4S (945 D48 OFAS RS (948 048 1148 1245 1348 1445 1548 TEAS 1748 UE48 1948 48 2148 X048 348
N Gnp o O O O O O 94 158 384 400 500 G541 B0 G38 S50 S50 444 I8 @ 0 O O O @O
. Gbjs) 0 0 O 0 0 O 47 72 167 246 305 337 338 331 2T 302 133 135 &7 0 O 0O 0 O
S . @M 0 0 0 0 O 0 43 7B 165 3234 I7% 302 312 306 286 388 107 120 &1 0 O 0 O 0O
e Gege ©0 O O © O O © ©® 0 O O © © O © © © 0 O © @© © ©
s w1 —me O Gink Global ITasiance on o 2-aws Tacking plane [Am2].

‘Bbjn): Dinest ol oo [Wingj.
‘Gejn): DN ITociono on & 2-5s Tacking pane [WimE]
‘Bes{n): Ginhal Clear-sky imadiance on & 2-asis moking plane (Wm2]

Daily average temperature

Daily average temperature

Time o048 G148 0345 0345 0448 545 DA4S OF4S D648 D048 2048 1148 1148 1345 1445 1545 1648 148 1848 vR4S 2048 Inad FDaS s
T3m 3T T2 0T SN MED M M0 ITH TN ITAY 374D BT A MMM MIF MM MM MM BN M3 T I I I

T 5 F % % Toe Dy avarage temparatue "]

T opman Cameames Taiany fu vebuss 13 rharce puthc accam tourkrraion shoud o nbaee anc st
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6. PV-GIS SARAH daily irradiance data July 2016 Chi{gagong port

PVGIS-5 geo-temporal irradiation database

Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: July

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

Ieradiance on a fixed plane

Thre Q045 0143 (245 (045 D445 0245 0045 Q745 0045 0242 1045 1045 1245 1345 45 1545 MAS (145 1845 1945 3043 2148 2248 238
o)) © 0 ©0 O O O 28 7B 180 319 435 518 S8 551 S04 405 271 49 4% 0 O O O ©
06 0 0 0 0 ©0 9 51 118 178 227 254 252 230 168 8 29 0 0
Gdf) © O 0 O O O 28 €7 134 195 252 260 290 288 264 220 177 196 45 O
o 0 o 0 © © ©o O 0O 0O 0O 0 O ©0 © © © o o
(i) Global iradiance on a flxed plan [WInZ).

Gafi) Dfuse radiance on @ Txed plane [WimZ].
Ges{i} Giobal Clear-shy kradiance on a fued plane [Wimz)

Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plane

e wosarcs vt
E

Time C048 01:45 OF4S 0345 D45 (545 OH48 OF4S8 DRSS 0045 D048 1145 1285 1385 1445 1545 1848 1748 G845 PRAS M48 2145 ThAs FH4s

GmM o0 0 0 O O 0 115 151 305 443 541 S07 GIS GI6 G100 S66 422 IBS 119 0 0 O 0 O
p Gbe) 0 0 0 O O 0 B4 75 151 218 290 289 06 311 15 A2 M4 148 BS 0 O O 0 O
- Gdm) & 0 0 O O 0 48 E0 144 214 I75 305 310 314 280 353 105 128 &8 0 0 O 4 0O
— Gems}o o0 0 © O 0O © o © O 0 @ © 0 O & e © 0 0 6 68 0 @6

—y e — R D Ginf: Glebal ITadiance on o 2-mis Tacking plane MM
Ein): Direst Aomal imasiances
Galjn): Difss FTadancs on & 2-adk racking pland [Winz).
Gesin): Giobal Clear-sky imadiance on a I-ass acking plane (W2}

Daily average temperature

Duily swverage temperature
o TG S0.45 8145 O2AS 045 0445 (545 DA-A5 S48 SH4S SOS AN 1145 TEAS 1985 1445 1545 1H48 1T4S THAS VRAS D045 2145 A8 a8
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PVGIS-5 geo-temporal irradiation database
Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: August

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

- s
- I Horzon hagnt

== Sum haight. June
- — Sun heigt. December

Irradiance on a fixed plane

Thme Q045 0142 (245 (D43 D445 0545 0045 Q745 OBAS 0945 1045 1145 1245 1345 MAS 1545 S4S (145 1843 1045 3043 J14S 3245 DS
an o o 0 0 0 0 23 72 195 342 485 588 617 553 430 285 47 35 0 0 0 o0 ©
o 0o o 0o 0o o 11 59 133 226 201 207 207 27t 189 ™4 X 0 0
Gdny o o o o o o 22 €0 132 202 250 285 314 306 231 241 186 111 34 O
o o 0o o0 0 © ©0 0o 0o 0O o 0 o 0 o ©0 o0 O o
G{ix Gobal imadiance on @ flxed plane [AM2)]

-y e O Oy Gbfi) Direct imadiance oo a fixed plane (Wim2].
Gdfi) Dfuse iradiance on a Txed plane Wing].

Gesdi). Global Clesr-sky imadiance on a flees piane Wim2).
Daily average irradiance on sun-tracking plane

o 0o 0o o
o o o o
o 0o o o

Irradiance on sun-tracking plane

< TiMS SL45 0145 OXAS 0345 (445 (545 SEES OTAS SH4S DG4S S48 1145 1245 1345 1445 1545 TH4S 1745 BE4S DG4S Z04E 2145 ZIA8 2348
- @m © 0 0 O © 0 102 134 301 452 579 G51 B0 673 G55 560 420 IS5 W OO0 0 0 0 @
P Ghin) @ 0 O O 0 O 83 6B 151 234 30F M2 32 i M5 M 7 141 & 0 0 0 0O 0
L P L Gdn) 0 0 0 O 0 O 35 B0 139 27 369 306 335 I3 WG JE2 300 123 38 0 0 0 O @

Gesjo 0 o ©o 0 O © @ o @© 0O O O 0O 9 © o & 0 § 4 & o o0
o 01 —Dmes — oM Gin}: Glohal Wmafiance on @ 2-axs racking plana fAIm2).

Goyn): Direst Aol vt

Galjn): DM IMRSEncS 0N & 2-aes racking plane [AmE)

Besin: Giohal Clear-sky imadiance on a 2-asis iracking plane PAVm2].

Daily average temperature
e
'

i
£ Daily average tamperatura
w TUMG S0 145 0245 DTAS 0445 [S45 DAMS OF45 SHAS OGS BS4S 1145 DE4S 1345 1445 1545 1648 1748 1645 148 2045 2145 TI45 T4
= T2m Sl X4 B4 IEIT MM MIT MM N4 N7 N DE ITE I3 ITIE 75X JIT T NS D81 AT DX AT M0 MM
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PVGIS-5 geo-temporal irradiation database
Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: September

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

- I Horzon heght
== Sum haight. June
— Sum height. Docomber
Irradiance on a fixed plane
Time Q045 0145 02435 (D45 0445 D545 0045 Q745 OR4D OR45 1043 1143 1245 1345 W48 1545 %45 T4 R4S 1943 3045 48 2248 D&
G © 0 0 O O O 15 90 245 425 579 672 €66 €92 606 471 202 18 4 O O 0O O ©
@) © 0 0O O O O © 23 103 218 329 I WA 407 M9 257 135 3 0 0 O O O O
Gdf) © 0 0 O O O 14 65 137 199 M0 281 29t 273 M8 205 152 80 4 O O O 0 O
“ G@sO 0 0O O @€ © © 0 0 0 O O O © 0 e 0 O 0 0O O O O ©°

G(1) Global ¥raciance on 2 fixed plane IWON2).

Gofiy
Gdfi) Dituse atiance on a fxed plane Wiz}
Gesdi) Global Chear-sky imadiance on a flved plane (W2

Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plane

@M O 0 0 0 0 0 M0 470 380 550 GGG TOE TI3 TIO &G04 €I 47 IS1 2 0 0 0 @

P Ghm) 0 0 O 0 O 0 @ 94 T 321 305 S07 406 438 430 380 I W0 B O 0 O O
Y b Gd) 0 0O 0 O O 0 & EA 150 215 254 203 301 284 3 IM 172 83 4 0 0 0O 0
Gegsje 0 @0 O O 0O @ © © 0 0 0 @ © @8 6 © 6 ©o 0 40 O 0

P S - ‘G Giobal imaiands o o 2-as acking plans [AITE).
‘Gt DA R e
‘Geljri): Diflse rmadiance on & 1.2 racking pane [Wims].
‘Gesgn): Global Chear-cky imadiance on a 3-duds rocking plane [Wmz].

Daily average temperature

S—

Daily average temperature

Tih 0045 0145 0245 0345 0445 0545 A4S OF45 OH4S Q048 B045 1148 DR48 1345 1445 1545 1845 1745 1845 W48 2048 2045 2345 a8
T2m T4 AT BT JEE MID M M4l MIF ITH ITH IS TS SN2 381 3006 307 MO MOV 347 78 W7 IJ0Sa IT4 3T
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9. PV-GIS SARAH daily irradiance data October 2016\\<Ctg port
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PVGIS-5 geo-temporal irradiation database

Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: October

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

- s

[ I Horzon heght

5 == Sun hatgt. June

'; - ~ Sum height. Docember

E - Irradiance on a fixed plane
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Gesdi) Clobal Clear-sky imadiance on a feed plane [Wim2].

Daily average irradiance on sun-tracking plane

Iradiance on sun-tracking plane
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Daily average temperature

Duaily average temperature
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10. PV-GIS SARAH daily irradiance data November 2016 Ctg port

PVGIS-5 geo-temporal irradiation database

Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: November

Daily average irradiance on fixed plane with slope 35° and azimuth 0°
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Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plane
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11. PV-GIS SARAH daily irradiance data December 2016 Ctg port

7

PVGIS-5 geo-temporal irradiation database

Provided inputs Outline of horizon at chosen location:
Latitude/Longitude: 22.313,91.808

Horizon: Calculated %

Database used PVGIS-SARAH pm——

Month: December w 4 . £
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Daily average irradiance on sun-tracking plane

Irradiance on sun-tracking plane
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12. PV-GIS SARAH daily irradiance data January 2016 Ctg port
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PVGIS-5 geo-temporal irradiation database

Provided inputs

Latitude/Longitude: 22.313,91.808
Horizon: Calculated
Database used PVGIS-SARAH
Month: January

Daily average irradiance on fixed plane with slope 35° and azimuth 0°

Irradiance on a fixed plane

Thne Q042 0143 (245 (045 D445 D545 0045 Q745 045 OR4S 1045 1143 1245 1345 WS 545 M4 45 1R43 1945 3048 24 248 D
) © 0 0 © O O © & 263 515 735 805 0S8 947 B48 660 480 86 0 0 O 0O O O
abp) o o 0 o

o 0 O 3 149 330 508 649 718 €96 617 468 280 % 0 0O O 0O 0O O
. Gdf) © O O O O O © 2 141 179 217 234 237 236 219 193 W45 6 0 0 O O O O
R " Gspo 0O 0 O © O © 0 6 0O O 0O O 06 © 0 © O 0 0 6 0 0 ©
G(iy Gobal yradiance on a flaed plane Wim2).
Gofiy
- Vel ORee - O

Gdfi) Dfuse irasance on A Txed plane [Wina].
Gesi) Giobal Clear-sky imadiance on a feed plane (Wim2}.

Daily average irradiance on sun-tracking plane

Iradiance on sun-tracking plane
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