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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 António 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 (Ölcer 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 CO2eq. in 2012 to 1076 million tonnes 
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CO2eq in 2018 while according to The Third IMO GHG study in 2008, these 

emissions were 940 million tonnes CO2eq (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 -

 
 

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- 

             

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 (20034′ to 26038′ north latitude) to harness 

sunlight where solar irradiance is abundantly available throughout the year. 

Approximately 4 to 7 KWh/m2/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 60000 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 1026 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. 

 

 
 
Figure 3: Formation of Solar cells, Solar Panel and Solar Array, Source- (Nyanya & 
Vu, 2019: Salem & Seddiek, 2017)  



 17 

 
  .  

 
 
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 - 
 

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

 
In an equivalent model circuit like above, output current I and Output Volt V for a PV 

cell can be calculated using formulas below (Rosa-clot & Tina, 2018; Talukdar, 

2018)- 

 

I =  𝐼𝑃𝐻 − 𝐼𝐷 - 
𝑉𝐷

𝑅𝑆𝐻
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  =     𝐼𝑃𝐻 − 𝐼𝑂  (𝐸𝑋𝑃(
𝑄.𝑉𝐷

𝑛.𝑘.𝑇
) − 1) -  

𝑉𝐷

𝑅𝑆𝐻
          

  =    𝐼𝑃𝐻 −  𝐼𝑂{ 𝐸𝑋𝑃(
𝑄

𝑛.𝑘.𝑇
 (V + RS.I)) -1} - 

(V + 𝑅𝑆.I)  

𝑅𝑆𝐻
  ………………………………….1           

                                                                          (Rosa-clot & Tina, 2018; Talukdar, 2018)                                       

And,  

  V = VD -  RS . I  ……………..………………2   (Rosa-clot & Tina, 2018; Talukdar, 2018) 

Where,  

I0 = Reverse saturation current  

Q = Electron charge = 1.6 x 10-19 C    

IPH = Photocurrent in circuit A 

ID = Average current through diode 

VD = Voltage of Diode 

RSH = Equivalent Shunt resistance  

k = Boltzmann constant = = 1.38×10-23 , J⋅K-1 

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- 

                                     I =   𝐼𝑃𝐻 −  𝐼𝑂( 𝐸𝑋𝑃(
𝑄

𝑛.𝑘.𝑇
 . V ) − 1) ……………………….3 

In open circuit condition, I = 0, in that case, 

Open circuit voltage      VOC   = (
𝑛.𝑘.𝑇

𝑄
) 𝐼𝑛 (

𝐼𝑃𝐻

𝐼0
+ 1)            

                                             =  (
𝑛.𝑘.𝑇

𝑄
) 𝐼𝑛 (

𝐼𝑃𝐻

𝐼0
)                ………………………….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,     Isc= I =  
𝐼𝑃𝐻

{1+
𝑅𝑆

𝑅𝑆𝐻
}
            …………………………...…….5 

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

                                   P = V . I = {𝐼𝑃𝐻  − 𝐼𝐷  −
𝑉𝐷

𝑅𝑆𝐻
} V        …………………….….6   

              (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.  

 

 
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 

23.450 on 21 June towards the sun which is known as the summer solstice, and tilts 

23.450 on 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.  

 

 
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 300 latitudes 12 hours 8 minutes, at 600 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- 

     
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 

(θz), its calculation depends on some other angle. θZ is 00 at sunset, 900 during 

sunrise. 

                      θz =   cos δ × cos φ × cos ω + sin δ × sin φ  (Karafil et al, 2015) 

φ is the Latitude angle that forms according to the equator centre and is used to 

state any location on the earth’s surface. Symbol ω 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 ω = 15 ( solar time- 12)               ………(Karafil et al, 2015) 

Solar Azimuth angle (γs) is formed between the north or south position of the sun to 

the solar direct radiation. 

         γs = cos-1{ (sin α x sin φ) - sin δ / (cos α x cos φ) }      ……(Karafil et al, 2015) 
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α - 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 (δ)’. 

The value of δ varies between -23.450 and 23.450, positive at North. On 21st June, 

the angle is at its highest point (23.450) and on 22nd December it is at its lowest point 

(-23.450). δ is calculated as below- 

         δ = 23.45 × sin [360 ×  
(𝑛+284)

365
  ] degree        …..(Karafil et al, 2015)  

 
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 Voc (t=0,1,2….24) =  Voc at standard temperature condition +  

                                     Kv {Tc (t=0,1,2….24) – Reference Temperature}    ….……33 

                                     Where Kv = Temperature co-efficient of Voc in V/ 0C 

                                                                                                  (Alsayed et al, 2013) 

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

                          Ki {Tc (t=0,1,2….24) – Reference Temperature} x      

                          
𝑃𝑉 𝑝𝑎𝑛𝑒𝑙 𝑆𝑜𝑙𝑎𝑟 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (𝑡=0,,1,2,..,24) 𝑖𝑛 𝑊/𝑚2

1000
              ………...34 
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                                     Where Ki = Temperature co-efficient of Isc in A/ 0C 

                                                                                                   (Alsayed et al, 2013) 

In both the formula above, reference temperature is defined by manufacturer in 0C 

and Tc (t=0,1,2,….24) = Site ambient temperature 0C(
𝑐𝑒𝑙𝑙 𝑛𝑜𝑚𝑖𝑛𝑎𝑙 𝑜𝑝𝑒𝑟𝑎𝑡𝑖𝑛𝑔 𝑡𝑒𝑚𝑝 ℃ −20

800
) 

                       x 𝑃𝑉 𝑝𝑎𝑛𝑒𝑙 𝑆𝑜𝑙𝑎𝑟 𝐼𝑟𝑟𝑎𝑑𝑖𝑎𝑛𝑐𝑒 (𝑡 = 0, ,1,2, . . ,24) 𝑖𝑛 𝑊/𝑚2  …35 

PV panel instantaneous power (hourly) can be calculated as below- 

 Ppvh = Inverter efficiency x Transformer efficiency x Fill factor x  

                       Voc (t=0,1,2….24) x Isc (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- 

 FF = 
𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑝𝑜𝑤𝑒𝑟 𝑝𝑜𝑖𝑛𝑡 𝑝𝑜𝑤𝑒𝑟

Open circuit voltageVoc (t=0,1,2….24)   x Short circuit current Isc (t=0,1,2….24) 
   …..37   

                                                                                                     (Alsayed et al, 2013) 

PV panel daily power production can be calculated by the below formula- 

 Epvd = Inverter efficiency x Transformer efficiency x FF x 

           ∑ Voc (t = 0,1,2 … .24) x Isc (t = 0,1,2 … .24)24
𝑡=1   …….38   (Alsayed et al, 2013) 

For monthly power production below formula can be used- 

 Epvm = Epvd 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- 

 Epvavgy = 
Epvy ∑ 𝑥 

100−𝑀𝑝𝑣 𝑥 𝑡

10 0

Npvl^−1 
𝑡=𝑜

Npvl
    ………40 (Alsayed et al, 2013; Talukdar, 2018) 

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. MPV is the gradient of derated 

efficiency curve per year. Npvl 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- 

 Epvd = 
𝐸𝑝𝑣𝑎𝑣𝑔𝑦

365
            ……………….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 1014 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(v) = 
𝑘

𝑐
(

𝑣

𝑐
)

𝑘−1
𝑒𝑥𝑝 (− (

𝑣

𝑐
)

𝑘

)                             ……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). 

                   Most occurring wind speed =  𝑐 (
𝑘−1

𝑘
)

1∕𝑘
                             …….8 

 Wind speed with highest wind energy =   𝑐 (
𝑘+2

𝑘
)

1∕𝑘
                     ….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 

22.230 Latitude and -91.7990 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 ρ kg/𝑚3 with an initial velocity of Vin m/s and area of 

Ain m2 approaches towards a turbine blade. Also, assume that velocity at blade is V, 

the area is A. Area of wind flow after turbine Aout while velocity after turbine Vout.    

 

We know, the mass flow of air m =  ρ A V  kg 

               Kinetic energy per second = 
1

2
 m v2 = 

1

2
  ρ A V3               …. (Hau, E.,2013) 

              Hence, wind power becomes Pw = 
1

2
  ρ A V3  watt     ……10  (Hau, E.,2013) 

Mass flow before and after the turbine is same as per conservation of mass. 

Before turbine wind power = 
1

2
 x m x Vin

2   = 
1

2
  ρ A V x Vin

2 

After turbine wind Power =  
1

2
  ρ A V x Vout

2 

Hence, wind power converted by turbine =  
1

2
  ρ A V ( Vin

2 -  Vout
2)     …….11 
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Wind Force on rotor = F = m x a = m x 
(𝑉𝑖𝑛 −𝑉𝑜𝑢𝑡)

𝑡
         

                                                    = 
𝑚

𝑡
  x (Vin – Vout) 

                                                    = m (Vin – Vout)  

                                                    = ρ x A x V (Vin – Vout)     ……………. …….12 

                                                             (Equation 11 & 12 source - Hau, E.,2013) 

 

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 

                                                                        =  ρ A V (Vin – Vout) x V  

                                                                       =   ρ A V2 (Vin – Vout)   ……13 

                                                                        = Power converted by Turbine                                          

From figure 10 it is understood that V = 
𝑉𝑖𝑛 +𝑉𝑜𝑢𝑡

2
       

If we put this value in equation 12, we get 

Turbine power = 
1

2
 ρ A x ( 

𝑉𝑖𝑛 +𝑉𝑜𝑢𝑡

2
) x ( Vin

2 -  Vout
2) 

                        = 
1

4
 x Vin

3 x ρ A (1+
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
 ) x (1-

𝑉
𝑜𝑢𝑡2

𝑉𝑖𝑛2
)   

If we consider  
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛 
 = b, then  

Turbine power = 
1

4
 x Vin

3 x ρ A (1+b) (1-b2)    ….14 (Equ.13 & 14 from Hau, E.,2013) 
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From this equation, after some re-arrangements, we obtain maximum turbine power 

as PTMAX = ½ x Vin
3 x ρ x A x 

16

27
                      …….15      (Hau, E.,2013) 

We know that,  

wind turbine power coefficient Cp = Turbine output power / Input power of wind 

                                                      =  PTMAX / Pw 

                                                      =   (½ x Vin
3 x ρ x A x 

16

27
) / ½ ρ A V3 (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.    

 

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 PT = ½ x Cp x ρ x A x Vin
3       ………… 16 

Energy converted by a single turbine ET = PT  x t                                …………….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 3rd power of wind velocity and square of its diameter 

or linearly with the cross-sectional area. (Hau, 2013).   

   
 
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 



 32 

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.    

System Power Rating Cost 

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 3MW £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 200C 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 200C 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 -1920 to -1800 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. 

  

 

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- 

 Cheapest zero-emission power system. 

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

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

 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- 
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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   Hi+1 = Hi + 
𝐻𝑖+1,𝑠  − 𝐻𝑖

ƞ𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟
    ……….…………18    (Peng et al, 2018) 

 
                                Where, Hi = state i specific enthalpy 
                                                 i = 1, 3 or 5 

                          ƞ𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑜𝑟  = 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
 – H8) = (1-Y) x Mair,ch x (H11 – H10) +  Mpropane,ch x (HC2 - HC1) +          

                           Mmethanol,ch x (HC4 - HC3)   …….……….19  (Peng et al, 2018) 

                  Where Mair,ch = Air mass flow rate during the charging stage 

                        Mpropane,ch = Propane mass flow rate during charging stage 

                     Mmethanol,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 = H9 – H8 – ƞcryo.turb x (H8 - H9,s) 

                                                                         …………......20 (Peng et al, 2018) 

                                                 Where  ƞcryo.turb = 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- 

                                    H14 = H13 + 
𝐻14,𝑆 −  𝐻13

ƞ𝑝𝑢𝑚𝑝
          ………………….21 (Peng et al, 2018) 

                            Where   ƞ𝑝𝑢𝑚𝑝 = 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- 

                            Mair,di x (H15
 – H14) = Mpropane,di x (HC2 – HC1)  ……22 (Peng et al, 2018) 
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Where Mair,di , Mpropane,di = Mass flow rate of air and propane during discharge 

           Mair,di x (H16
 – H15) = Mmethanol,di x (HC4 – HC3) ……….23   (Peng et al, 2018)  

Where Mair,di , Mmethanol,di = 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- 

              Hi+1 = Hi – ƞturb x (Hi – Hi+1,s)          …. .…………….24 (Peng et al, 2018) 

 Where, ƞturb = 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-  

                                          ȠRTE =    
𝑊𝐴𝐼𝑅,𝑂𝑈𝑇

𝑊𝐴𝐼𝑅,𝐼 𝑁
                                 …....…………..25 

 𝑊𝐴𝐼𝑅,𝑂𝑈𝑇 = (H17 – H18) + (H19 – H20) + (H21 – H22) - (H14 – H13)     ….…………….26 

 𝑊𝐴𝐼𝑅,𝐼 𝑁  = [{Mair,ch X {(H17 – H18) + (H19 – H20) + (H21 – H22) - (H14 – H13)}] / M12  …27  

In ORC, R143a condensed to liquid in a condenser and then pumped to high 

pressure. Enthalpy of outlet R134a is as below- 

                                          HR2 = HR1 + 
𝐻𝑅2,𝑆 −  𝐻𝑅1

ƞ𝑝𝑢𝑚𝑝
                            …….……………….28 

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- 

                                   HR5 = HR4 – ƞturb x (HR4 – HR5,S)                                 …………………….29 

Per unit mass of liquid air output work can be calculated from below formula- 

                        WORC,OUT = {MORC x ((HR4 - HR5) - (HR2 - HR1))} / MAIR,DI      …………………….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- 

 

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 
 

 
Figure 21: Impact of charging pressure on round trip efficiency (ƞRTE), Exergy 

efficiency (ƞEX), 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.     

 
 

 
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 = ½*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 0 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 Cp 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  where i in range 1 to 21 
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which calculated the possibility of the number of hours of various wind speeds per 

year [h/year]. 

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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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 22.3130 Latitude and 91.8080 Longitude. Crystalline 

Silicon-type PV technology is selected with an installed capacity of 1 KWp. System 

loss is considered 14%. Slop angle given 350 and Azimuth angle chosen as 00. 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.  



 48 

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 910 806’ Longitude and 

220 194’ 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 partially in figure 14 with key features indication below-  

 

  

Figure 26: GWC data file for proposed wind farm site at Patenga with WRF 3 km for 
the coordinates of  910 806’ Longitude and 220 194’ Latitude. Source- GWA 3.1 
 
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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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-1 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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Table 3: Specification of Vestas V90-2.0 MW wind turbine. Source- Vestas wind 
system A/S, Denmark. 
 

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.                                         

   
 
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. 

 

 
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 -   

 

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 -   

 

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. 

 



 56 

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 -     

 

 
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 : 220 318’ , Longitude: 910 799’ , 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 
 
GHI 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. 
 

 



 60 

Figure 37: Monthly average diffuse to the global ratio for Chittagong port for the year 
2016 as calculated in PV-GIS software. 
 

 
 
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/m2 in March, and the minimum 

was 124.05 KWh/m2 in July. The monthly average DHI found maximum of 184.48 

KWh/m2 in December and the minimum was 59.92 KWh/m2 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)- 

  

Month

Monthly average 

GHI in KWh/m2 

Monthly average 

DHI  in KWh/m2

Diffuse/Global 

Ratio

January 140.29 160.32 0.37

February 145.16 143.11 0.38

March 185.08 160.48 0.38

April 183.4 136.74 0.43

May 178.4 127.42 0.43

June 153.2 89.8 0.54

July 124.05 59.92 0.64

August 139.57 86.31 0.54

September 149.34 110.75 0.47

October 130.65 110.45 0.46

November 135.68 157.64 0.34

December 142.42 184.48 0.31
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            GHI(hr) = {
𝜋/24(𝑐𝑜𝑠𝜔(ℎ𝑟)−𝑐𝑜𝑠𝜔𝑠𝑠

𝑠𝑖𝑛 𝜔𝑠𝑠−2𝜋𝜔𝑠𝑠/360(𝑐𝑜𝑠 𝜔𝑠𝑠)
}  ×  𝐺𝐻𝐼(𝑑𝑎𝑦) ….31(Garg & Garg, 1987)   

 

            DIF(hr) = {
𝜋/24(𝑐𝑜𝑠𝜔(ℎ𝑟)−𝑐𝑜𝑠 𝜔𝑠𝑠

𝑠𝑖𝑛 𝜔𝑠𝑠−2𝜋𝜔𝑠𝑠/360(𝑐𝑜𝑠 𝜔𝑠𝑠)
}  ×  𝐺𝐻𝐼(𝑑𝑎𝑦) …32   (Garg & Garg, 1987) 

    
   Where, hr = 0, 1,2,3………………24 (denotes every hour of a day)      

     ω = Solar Hour angle 

                ωSS = 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/m2. The calculation 

process is described in Methodology chapter 3.2.        

 

 
 
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.     

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
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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/m2 for the location of 

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

 

 
 
Table 6: Hourly GHI, DHI and DIF (Monthly average) in W/m2 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- 
 

     
 

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
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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 -   

 
 
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/m2, spectrum AM 1.5, and cell temperature of 250 C.     
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Current-temperature curves for the above PV panel is shown in the below figure-    

 

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.   
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Figure 42: PG-GIS calculation result of the average monthly sum of global 
irradiation per square meter [kWh/m²] 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 1st 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.CO2) is a basis to evaluate the environmental 

performance of the electricity generation system. Eq CO2 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.CO2 considering 

Life Cycle Assessment (LCA) of the electricity generation system. LCA is conducted 

in four-stages to calculate eq.CO2 as described in the table 8 - 

 
 
Table 8: Life Cycle Assessment stages and scope of eq.CO2 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.CO2 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.𝐶𝑂2 𝑓𝑜𝑟 1 𝑢𝑛𝑖𝑡 𝑔𝑟𝑖𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑡 𝑓𝑢𝑒𝑙𝑠

𝑇𝑜𝑡𝑎𝑙 𝑑𝑎𝑖𝑙𝑦 𝑔𝑟𝑖𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑓𝑟𝑜𝑚 𝑎𝑙𝑙 𝑓𝑢𝑒𝑙𝑠
 

                                                                                     (Nugent et al, 2014; Talukdar, 2017) 
    

      = 
𝐸𝐿𝐺.𝐷  × 𝐸𝑀𝐺/𝐾𝑊ℎ + 𝐸𝐿𝑂.𝐷  × 𝐸𝑀𝑂/𝐾𝑊ℎ + 𝐸𝐿𝐶.𝐷  × 𝐸𝑀𝐶/𝐾𝑊ℎ +𝐸𝐿𝐻𝑌𝐷.𝐷  × 𝐸𝑀𝐻𝑌𝐷/𝐾𝑊ℎ

𝐸𝐿𝑡𝑜𝑡𝑎𝑙.𝐷
   

      = 
{(101.74×106×499) +(26.10×106×733) + (3.46×106×888)+(2.15×106×26)}

133.45×106                                            

 = 547.24 g eq.CO2                                                            

Where,  𝐸𝐿𝐺.𝐷   = Daily electricity generation from gas in Bangladesh  

                       = 101.74 × 106 KWh (BPDB, 2017) 

𝐸𝑀𝐺/𝐾𝑊ℎ = Emission of eq.CO2 for generation of 1 KWh electricity from                    

                 gas = 499 g/KWh (WNA, 2017) 

𝐸𝐿𝑂.𝐷  = Daily electricity generation from Oil in Bangladesh  

          = 26.10 × 106 KWh (BPDB, 2017) 

𝐸𝑀𝑂/𝐾𝑊ℎ= Emission of eq.CO2 for generation of 1 KWh electricity from                    

                 Oil = 733 g/KWh (WNA, 2017) 

𝐸𝐿𝐶.𝐷  = Daily electricity generation from Coal in Bangladesh  

          = 3.46 × 106 KWh (BPDB, 2017) 

𝐸𝑀𝐶/𝐾𝑊ℎ= Emission of eq.CO2 for generation of 1 KWh electricity from                    

                 Coal = 888 g/KWh (WNA, 2017) 

𝐸𝐿𝐻𝑌𝐷.𝐷  =  Daily electricity generation from Hydro power in Bangladesh  

              = 2.15 × 106 KWh (BPDB, 2017) 

𝐸𝑀𝐻𝑌𝐷/𝐾𝑊ℎ = Emission of eq.CO2 for generation of 1 KWh electricity from                    

                 Hydro power = 26 g/KWh (WNA, 2017) 

 𝐸𝐿𝑡𝑜𝑡𝑎𝑙.𝐷 = 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.𝐶𝑂2 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) 
    

      = 
𝐸𝐿𝑃𝑉.𝐷  × 𝐸𝑀𝑃𝑉/𝐾𝑊ℎ + 𝐸𝐿𝑊𝑇.𝐷  × 𝐸𝑀𝑊𝑇/𝐾𝑊ℎ + 𝐸𝐿𝐿𝐴𝐸𝑆.𝐷  × 𝐸𝑀𝐿𝐴𝐸𝑆/𝐾𝑊ℎ

𝐸𝐿𝑃𝑉−𝑊𝑇−𝐿𝐴𝐸𝑆.𝐷
   

     = 
{(3000×49.91) +(10000×34.11) + (1000×547.24)}

14000
    

    = 74.14 g eq.CO2     

Where, 𝐸𝐿𝑃𝑉.𝐷  = Daily electricity generation required from PV panels  

                        = 3 MWh = 3000 KWh 

 𝐸𝑀𝑃𝑉/𝐾𝑊ℎ= Emission of eq.CO2 for generation of 1 KWh electricity from PV             

                 = 49.91 g/KWh (Nugent et al, 2014) 

        𝐸𝐿𝑊𝑇.𝐷  = Daily electricity generation required from WT module  

                        = 10 MWh = 10000 KWh 

 𝐸𝑀𝑃𝑉/𝐾𝑊ℎ= Emission of eq.CO2 for generation of 1 KWh electricity from WT             

                 = 34.11 g/KWh (Nugent et al, 2014) 

𝐸𝐿𝐿𝐴𝐸𝑆.𝐷  = Daily electricity generation required from LAES module  

                        = 1 MWh = 1000 KWh 

 𝐸𝑀𝑃𝑉/𝐾𝑊ℎ= Emission of eq.CO2 for generation of 1 KWh electricity from LAES             

                 = 547.24 g/KWh (Considering grid generation emission) 

 𝐸𝐿𝑡𝑜𝑡𝑎𝑙.𝐷 = 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.CO2  

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 

eq.CO2 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 - 

 

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−20

800
) X GH – TR } X { ISC + KI ( TMIN +    

 (
𝑁𝑇−20

800
) – TR )) X GH/1000 } X FF     ……………42 (Alsayed et al, 2013) 

                     = 13307.23 KW    
 
       Where, Standard Test Condition (STC) = Ambient temperature 250C, exposure   

         of irradiance 1000 W/m2   

                    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/0C = -0.29 V/0C  

                    KI = Short circuit current temperature coefficient = 0.05 A/0C 

                   NT = Operating cell nominal temperature = 460 C   
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                   TMIN = Lowest ambient temperature recorded over few years =  40 C 

                   GH = Highest day peak solar irradiance recorded over few years in W/m2 

                        = 950 W/m2 

                   TR = Manufacturer reference temperature = 250 C 

                   FF = Fill Factor = 0.747   

 Total number of central inverters = Ceiling (
𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑝𝑣 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟𝑠

𝑝𝑜𝑤𝑒𝑟 𝑜𝑓 𝑒𝑎𝑐ℎ 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟
) (Talukdar, 2017) 

                                                   = Ceiling ( 
13307.23 

990
 ) = 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- 

                          Ptrans.pv = Ppv.plant x 𝝶inv.pv x  
1

𝑝𝑜𝑤𝑒𝑟 𝑓𝑎𝑐𝑡𝑜𝑟
                               (Talukdar, 2017) 

                       Where, Ptrans.pv = Power rating for PV transformer 

                          Ppv.plant = PV plant maximum instantaneous power 

                          𝝶inv.pv = 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.wt = (Pmax.wt + Pmax.pv)  x 
1

𝑝𝑜𝑤𝑒𝑟 𝑓𝑎𝑐𝑡𝑜𝑟
   …………44    (Talukdar, 2017) 

                                = (14 +3) x 
1

0.90
  = 18.9 MVA 

             Where, Pmax.wt = Total power of wind turbine system = 14 MW 

                           Pmax.pv  = 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 

terminals = 
42857

117
     = 366 units 

Each inverter’s input string terminals connected power rating = 
𝐼𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑤𝑒𝑟

117
   

                                         = 
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)-   

            VMPP.MAX = VMPP.PANEL [1 + 0.05391 𝑙𝑜𝑔 (
𝐺𝐻

𝐺𝑆𝑇𝐶
 )] + KV (TMIN – TREF)     ……….45 

                         = 43.5 [1 + 0.05391 𝑙𝑜𝑔 (
950

1000
 )]   - 0.29 (4 – 25)                 

                         = 37.29 V  

Where,  VMPP.PANEL = 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- 

          VMPP.MIN = VMPP.PANEL [1 + 0.05391 𝑙𝑜𝑔 (
𝐺𝑀𝐼𝑁

𝐺𝑆𝑇𝐶
 )] + KV (TMAX – TREF)       ……….46   

                                                                              (Yang et al, 2003; Talukdar,2017) 

                        = 43.5 [1 + 0.05391 𝑙𝑜𝑔 (
50

1000
 )]  - 0.29 (45 – 25)   

                        = 34.65 V     
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Where, GMIN = Minimum solar irradiance that allows MPP trackers to function      

              suitably = 50 W/m2 

              TMAX.A = Highest ambient temperature recorded = 450 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)- 

                VOC.H = VSTC.OC + Kv ( TMIN.A +(
𝑁𝑇−20

800
) x GH - TREF)                     ……………47 

                                       = 52.3 + (-0.29) ((4 + (
46−20

800
) x 950 – 25)  

                                       = 49.44 V 

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

temperature can be calculated as below- 

                      VOC.MIN = VSTC.OC + Kv ( TMAX.A +(
𝑁𝑇−20

800
) x GMIN - TREF)                …………….48 

                                                                                                   (Alsayed et al, 2013) 

                                       = 52.3 + (-0.29) ((45 + (
46−20

800
) x 50 – 25)  

                                       = 46.03 V                                                                                        

Where, VSTC.OC is 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 (
𝑉𝐼𝑁.𝑀𝐴𝑋.𝑀𝑃𝑃

𝑉𝑀𝑃𝑃.𝑀𝐴𝑋
) , floor(

𝑉𝑂𝐶𝐷𝐶.𝑀𝐴𝑋

𝑉𝑂𝐶.𝐻
)]  ….49 

                                                                                                          (Kerekes, 2013) 

                                                        = MIN  [ floor (
800

37.29
) , floor(

900

49.44
)] 

                                                        = MIN [ 21, 18] 

                                                        = 18 

Where, 𝑉𝐼𝑁.𝑀𝐴𝑋.𝑀𝑃𝑃 = Inverter maximum MPP voltage = 800 V (From specification) 

            𝑉𝑂𝐶𝐷𝐶.𝑀𝐴𝑋  = Inverter string maximum DC voltage = 900 V (Specification) 

            𝑉𝑀𝑃𝑃.𝑀𝐴𝑋 = 37.29 V (From equation 4)  

             𝑉𝑂𝐶.𝐻  = 49.44 V (From equation 6) 
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Similarly,  

Minimum panel in series per string = MAX [ ceiling(
𝑉𝐼𝑁.𝑀𝐼𝑁.𝑀𝑃𝑃

𝑉𝑀𝑃𝑃.𝑀𝐼𝑁
) , ceiling(

𝑉𝑂𝐶𝐷𝐶.𝑀𝐼𝑁

𝑉𝑂𝐶.𝑀𝐼𝑁
)]                           

                                                                                             (Kerekes, 2013) 

                                                        = MAX  [ ceiling (
450

34.65
) , floor(

450

46.03
)] 

                                                        = MAX [ 13, 10] 

                                                        = 13 

Where, 𝑉𝐼𝑁.𝑀𝐼𝑁.𝑀𝑃𝑃 = Inverter minimum MPP voltage = 450 V (From specification) 

            𝑉𝑂𝐶𝐷𝐶.𝑀𝐼𝑁 = Inverter string minimum DC voltage = 450 V (Specification) 

            𝑉𝑀𝑃𝑃.𝑀𝐼𝑁 = 34.65 V (From equation 5) 

            𝑉𝑂𝐶.𝑀𝐼𝑁 = 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. 

Total parallel strings = 
𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑃𝑉 𝑝𝑎𝑛𝑒𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑖𝑛 𝑠𝑖𝑛𝑔𝑙𝑒 𝑖𝑛𝑣𝑒𝑟𝑡𝑒𝑟 𝑖𝑛𝑝𝑢𝑡 𝑠𝑡𝑟𝑖𝑛𝑔 𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑙

𝑃𝑉 𝑝𝑎𝑛𝑒𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑒𝑑 𝑖𝑛 𝑠𝑒𝑟𝑖𝑒𝑠 𝑖𝑛 𝑠𝑖𝑛𝑔𝑙𝑒 𝑠𝑡𝑟𝑖𝑛𝑔
    

                                                                              (Kerekes, 2013; Talukdar, 2017) 

                                 = 
366

16
  = 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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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 ≥ ( VOC.H x PV panel in series in a string)    

                        PIV ≥ ( 49.44 X 16)  

                        PIV ≥ 791 V 

Bypass diode PIV ≥ VOC.H 

                      PIV ≥ 49.44 V 

Panel string maximum possible short circuit current for this PV installation is as 

below (Talukdar, 2017; Alsayed, 2013)-  

Isc.string.max = {(𝐼𝑆𝐶.𝑆𝑇𝐶  + 𝐾𝑖( TMAX.A +(
𝑁𝑇−20

800
) x GH – TREF)) x 

𝐺𝐻

1000
 } 

               =  {(9.90 + 0.05( 45 +(
46−20

800
) x 950 – 25)) x 

950

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 87th in the year 

2009 among the world’s 100 top busiest container handling ports while this port 

ranked 58th 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.        

                

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 



 80 

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.    

Required LAES capacity for Chittagong port = 
10 × 20

100
 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 × 250 KWh 

                                                                                      = 0.5 MWh 

 Rail mounted gantry crane to connect with LAES = 1 units = 0.25 MWh 

 RTG crane to connect with LAES = 2 units = 2 × 250 KWh = 0.5 MWh 

 Straddle carrier to connect with LAES = 2 units =2 × 250 KWh = 0.5 MWh    

 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 = 
2000

300
   = 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-   

 
 
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, 



 84 

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- 

 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.                   

 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. 

 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 
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2. PV-GIS SARAH irradiance data for February 2016 for Chittagong  
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2. 1. PV-GIS SARAH irradiance data for March 2016 for Chittagong 
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3. PV-GIS SARAH irradiance data for April 2016 for Chittagong port
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4. PV-GIS SARAH daily irradiance data for May 2016 CTG port
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5. PV-GIS SARAH daily irradiance data June 2016 Chittagong port 
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6. PV-GIS SARAH daily irradiance data July 2016 Chittagong port
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7. PV-GIS SARAH daily irradiance data August 2016 Ctg port
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8. PV-GIS SARAH daily irradiance data September 2016 Ctg port
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9. PV-GIS SARAH daily irradiance data October 2016 Ctg port
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10. PV-GIS SARAH daily irradiance data November 2016 Ctg port
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11. PV-GIS SARAH daily irradiance data December 2016 Ctg port
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12. PV-GIS SARAH daily irradiance data January 2016 Ctg port
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