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Abstract
Electricity can be considered as the backbone of the modern society. It has become an
essential component of the day to day life of all human beings in the world. As a result, the
demand of electricity is growing at a higher rate each year. To fulfill this demand a large
number of fossil fuels are being consumed all around the world.
Sri Lanka, as a developing country in the Asian region, is currently facing this issue
of having difficulties in meeting the electricity demand of the country’s population. As a
country having a lower economic growth rate, it is an essential choice to reduce the usage of
fossil fuel, since it is not only reducing the wastage of money for exportations of fossil fuel
from other countries but also helps to reduce the harmful gas emissions. Compared to the
European countries, the involvement of Sri Lanka in utilizing renewable energy resources for
power generation is observed to be very less. Hence this project aims on analyzing and
providing an overview of the possibility in fulfilling the country’s energy demand by
completely renewable resources.
Three renewable energy components have been taken in to account for this study. The
power output from solar, wind and hydropower resources have been considered and the
analysis has been carried out with MATLAB software. It is an obvious fact that the electricity
demand varies within the day due to the different lifestyles of people. Hence hourly demand
is the most important fact to be considered during a demand-supply analysis. With the data
obtained from Ceylon electricity board, Ministry of power and Renewable Energy, the
analysis has been done for all three resources assuming the wind and solar power plants are
being constructed at the perfect locations after a careful study of the wind maps and solar
irradiation data throughout a year.
The Analysis has been carried out with solar power alone and then with wind power
and then with the combined solar and wind power. The results have shown that it is not
possible to fulfill the hourly demand solely from solar and wind power since the solar
radiation and the wind flow is not constant throughout the day in each location. Hence for
certain hours the power production is excess and for certain hours power production is less
than the load requirement. Then Hydro power has been fitted in to place to compensate the
shortage in the load. Calculations have been carried out considering only the current hydro
power plants which are on operation.

Regarding Hydro power plants, the analysis was mainly based on the assumption that
pumps are being used to handle the excess electricity produced by solar and wind plants.
Hence the final outcome has been considered based on two main facts which are the current
available storage span of all hydro plants as a whole and the required pump power and the
hydro turbine power to handle the excess power production from solar and wind.
The results have shown that it is possible to meet the total hourly energy demand of
the whole population of the country by completely renewable resources under certain
conditions. The combination and sometimes correlation of solar and wind during the day has
the capacity to meet the different hourly demands within the day for certain days. However to
meet the hourly demand, hydro power has to be included to balance the shortage. Considering
the two facts mentioned earlier it has been proven that the current storage span and pump
power is sufficient to balance the excess electricity produced from certain value of installed
PV power and certain number of turbines in a wind plant, however for certain value of
installed PV power and certain number of turbines ,the pump power requirement and storage
level to handle the excess power is slightly more than the current power production from
hydro. Hence it is possible to meet the hourly load if more hydro power plants could be
constructed for those cases.
Since this is a positive and bright outcome, the next step required is the attention of
the authorities to execute the construction and implementation of projects related to solar,
wind and Hydro plants and thereby opening a new era in the technology and the economy of
Sri Lanka.

Sammanfattning
Elektricitet kan betraktas som ryggraden i det moderna samhället. Det har blivit en
viktig del av det dagliga livet för alla människor i världen. Som ett resultat växer efterfrågan
på el till en högre takt varje år. För att uppfylla detta krav konsumeras ett stort antal fossila
bränslen över hela världen.
Sri Lanka, som ett utvecklingsland i den asiatiska regionen, står för närvarande inför
denna fråga om att ha svårigheter att möta elbehovet i landets befolkning. Som ett land med
en lägre ekonomisk tillväxttakt är det ett väsentligt val att minska användningen av fossilt
bränsle, eftersom det inte bara minskar svinnet på pengar för export av fossilt bränsle från
andra länder utan också bidrar till att minska de skadliga gasutsläppen . Jämfört med de
europeiska länderna anses Sri Lankas engagemang i att utnyttja förnybara energiresurser för
kraftproduktion vara mycket mindre. Därför syftar detta projekt till att analysera och ge en
översikt över möjligheten att uppfylla landets energibehov med helt förnybara resurser.
Tre komponenter för förnybar energi har tagits i beaktande för denna studie. Effekten
från sol-, vind- och vattenkraftsresurser har beaktats och analysen har utförts med MATLABprogramvaran. Det är uppenbart att elbehovet varierar inom dagen på grund av människors
olika livsstilar. Därför är timefterfrågan det viktigaste faktum som ska beaktas vid en
efterfrågan på tillgångsanalys. Med de uppgifter som erhållits från Ceylon elektricitetskort,
ministeriet för kraft och förnybar energi har analysen gjorts för alla tre resurser förutsatt att
vindkraftverk och solkraftverk byggs på de perfekta platserna efter en noggrann
undersökning

av

vindkartorna

och

solbestrålningen

data

under

ett

år.

Analysen har utförts med solenergi ensam och sedan med vindkraft och sedan med
den kombinerade sol- och vindkraften. Resultaten har visat att det inte är möjligt att
tillgodose timkraven enbart från sol- och vindkraft eftersom solstrålningen och vindflödet
inte är konstant under dagen på varje plats. Därför är kraftproduktionen för vissa timmar
överskott och för vissa timmar är kraftproduktionen mindre än belastningskravet. Sedan har
Hydro-kraft monterats för att kompensera bristen i lasten. Beräkningar har gjorts med
beaktande av endast de nuvarande vattenkraftverk som är i drift.
När det gäller vattenkraftverk baserades analysen huvudsakligen på antagandet att
pumpar används för att hantera överskottet el som produceras av sol- och vindkraftverk.
Därför har det slutliga utfallet beaktats baserat på två huvudsakliga fakta som är det

nuvarande tillgängliga lagringsintervallet för alla vattenkraftverk i sin helhet och den
erforderliga pumpkraften och hydrokraftkraften för att hantera överskottsproduktionen från
sol och vind.
Resultaten har visat att det är möjligt att möta det totala energibehovet per timme för
hela befolkningen i landet med helt förnybara resurser under vissa förhållanden.
Kombinationen och ibland korrelation mellan sol och vind under dagen har kapacitet att möta
de olika timkraven på dagen under vissa dagar. Men för att möta timkraven måste vattenkraft
inkluderas för att balansera bristen. Med beaktande av de två tidigare nämnda fakta har det
visat sig att det aktuella lagringsintervallet och pumpkraften är tillräcklig för att balansera
överskottet av el som produceras från ett visst värde av installerad PV-kraft och ett visst antal
turbiner i ett vindkraftverk, dock för ett visst värde av installerad PV kraft och visst antal
turbiner, pumpkraftbehovet och lagringsnivån för att hantera överskottskraften är något mer
än den nuvarande kraftproduktionen från hydro. Därför är det möjligt att möta
timbelastningen om fler vattenkraftverk kan byggas för dessa fall.
Eftersom detta är ett positivt och ljust resultat är nästa steg som krävs myndigheternas
uppmärksamhet att genomföra byggande och genomförande av projekt relaterade till sol-,
vind- och vattenkraftverk och därigenom öppna en ny era i tekniken och ekonomin i Sri
Lanka .
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1 INTRODUCTION
The Modern world nowadays can be considered as in its peak level of innovations and
technologies of broad varieties that consumes loads of electrical energy. Since industrial
revolution, coal and petroleum, being the traditional energy sources, have exposed the nature into
a large amount of pollutant gases and other harmful substances (e.g. excess concentrations of
CO2, CH4, CO, CFC). It has been forecasted that the global energy consumption will
continuously grow stronger in the next few years to come. Energy consumption of the
industrialized countries will not grow as quickly as the developing countries since they have a lot
of add-ups needs to be done regarding the growth of their economy. Furthermore, the population
growth has become considerably high compared to the past and seemed to grow even more in the
years to come. Hence it is realistic to predict that the energy demand will rise by a factor of 3 to
6 during the end of this century [1]. Figure 1 shows the region wise global energy consumption
in 2011.
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Figure 1 : Primary Global energy consumption in EJ in 2011. [1]

The trace gases emitted as a result of high energy consumption and other environmental
impacts has caused anthropogenic greenhouse effect. In some parts of the world greenhouse
gases are released from burning tropical rain forests and agriculture where in most of the
industrial countries it is due to the combustion of fossil fuel. The rapid depletion of coal and
petroleum and the enormous pollution caused by them have led the world in to a new path of
seeking for renewable energy resources.

1

1.1 Renewable resources and the associated challenges
Energy resources can be categorized as renewable if those can be infinite within a
timeline comparative to human life. Primary renewable resources are the solar energy, Planetary
energy and Geothermal energy where the other types of renewable sources such as wind , tidal,
wave energy , bio mass, Hydro power are the secondary sources derived from the primary
sources. [1]
In order to mitigate the man-made climate changes and negative consequences, such as
global warming, it is necessary to reduce fossil fuel usage and to move towards green energy
production from the renewable resources. Most of the countries and the environmental
organizations have taken the initiative in reducing the carbon emission by implementing
protocols and agreements upon each country. Furthermore, experiments and researches are being
carried out in large scale in most of the developed countries to enhance the efficiency of
extracting renewable power to produce energy. The energy share from the renewable resources
to the total energy generation has observed to be increasing nowadays for most of the countries
since it has become a critical point for the protection of the environment. International efforts for
climate protection has been mainly focused on public attention of developing countries which is
currently in ongoing stage and as a result many Asian and other developing countries have also
shown trends in absorbing more renewable technologies to produce green energy. The drastic
trend of moving towards the renewable sector has further been speeded up with the development
of advanced technologies and skilled knowledge of new and old generations.
In contrast to the fossil fuels, renewable energy generation is associated with some
challenges such as considerable fluctuation of some forms of renewable power. E.g. wind power.
Hence If the energy sector of a country needs to be completely fulfilled by renewables then the
main focus should not only be on energy conversion from one form to the other , but also on the
assurance of the availability of energy.
Hence energy storages need to be on a large scale. Distribution of energy and demand
management, where the supply and consumption is adjusted to suit each other, should be of
higher focus.
Hence, instead of focusing more on one specific source, many countries are using several
sources and a hybrid network of all these sources are used to produce the total output. How much
share each source could contribute is solely depend on the location of the country and the
availability of renewable power in each country which is a challenging factor.
2

However the world is seeking for alternative methods to overcome these challenges and
make a transition in their energy sector in to completely fossil free.
It is a well-known fact that the developed countries are far more ahead in technologies
and skills than the developing countries which is mainly due to the large scale funding
availability for implementations.

1.2 Renewable Energy Approach of Sri Lanka
As a developing country, Sri Lanka has also stepped into renewable power sector since a
few years. However, other than hydro power, the contribution to the power generation from the
share of renewable sources is of negligible percentage. The power generation and distribution is
governed by the Ministry of power and Renewable Energy. Ceylon electricity board (CEB) has
been the main supplier of electricity in Sri Lanka. However there are several other individual
power producing (IPP) companies who supply the remaining energy shortage.
Observing the reports of Ceylon electricity board in 2016, it shows that the country’s
energy demand was fulfilled mainly by the coal and petroleum oil to a percentage of 34% and
17% respectively in 2015. And renewable share was at a percent of 49% where 46% was from
hydro power and only 3% was from non-conventional renewable energy sources (NCRE). In
2016, the non-renewable share has increased even further up to 67% where 31% is from
petroleum oil and 36% was from coal. The renewable share has been reduced to a total of 33%
with 3% from non-conventional renewable energy sources and 30% from hydro power as shown
in figure 2. [2]
As per the Generation mix report in 2017 issued by Ceylon electricity board it was shown
that share of coal and petroleum has been increased even further up to a total of 69% where 35%
was from coal and 34% was from petroleum oil. Renewable energy share has decreased from
33% to 31% from 2016 to 2017 where 27% contribution was from hydro and 4% from other
renewable sources (ORE) as shown in figure 2.[3]
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Figure 2: CEB-Net Electricity Generation by source in 2015, 2016 and 2017

According to the report issued in 2017 by the Ministry of power and renewable energy,
CEB and all other individual power producers as a whole, have produced electricity shares in
total as 40% from coal, 18 % from thermal oil (produced by CEB) , 19% from thermal(produced
by IPP- individual power producers) , 16% from hydro power and only 7% from nonconventional renewable sources as shown in figure 3. [4]
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Figure 3 : Electricity Generation shares in 2017 [4]

As a result, Sri Lankan government has to spend a lot of money to import crude oil from
Middle East countries since the country is not enriched with any oil deposits.
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According to the statistical data, the forecasted energy demand seems to be growing each
year [4] (as shown in figure 4). In order to overcome the arising concern, it is essential to replace
petroleum and coal by renewable energy sources such as solar, wind and hydro power.
Average daily electricity demand was reported approximately 40GWh and forecasted
demand by the end of 2017 and 2018 were 13 656 GWh and 14 588 GWh respectively. [4]

Figure 4: Change in daily electricity load curve over the years [4]

1.3 Importance of Renewable Energy for Sri Lanka
Considering the geological location, Sri Lanka is located in an ideal position exposed for
solar, wind and hydro resources. Being close to the equator, the country is rich in solar radiation
throughout the year and being an island, high wind flow rate is experienced in the coastal areas.
Since the hill side is situated in the middle of the country, large number of rivers originated and
flowing in all directions towards the sea, which makes it ideal for hydro power generation. It is
crucial to utilize all possible renewable energy sources since there will be an energy crisis in the
years to come due to the increasing energy demand.

5

1.4 Aim of the thesis

This project aims on obtaining an overview of the possible renewable energy sources to
make an assessment of the possibility for Sri Lanka to be 100% fossil free. In this project the
main focus will be on solar, wind and hydro which are the most abundant and cost effective
renewable sources.
The initial aim is to check the possibility of fulfilling the total energy demand of the
country by solar and wind power alone. Then contribution of hydro power will be taken into
account if there will be any shortage in daily loads.
The ambition of this project is to show the possibility of renewable sources in power
generation in Sri Lanka and to encourage the investors on implementing projects with advanced
technologies which will strengthen the country’s economy while protecting the environment.
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2 LITERATURE REVIEW

Research groups from all around the world have done numerous studies related to
renewable energy technologies. However, the researches which have been carried out in Sri
Lanka are found to be comparatively less. The most important focus in designing hybrid system
is that they should be economically attractive as well as being reliable in electricity supply for all
the consumers. Several approaches based on different methods have been shared in the literature
in order to achieve optimal configurations for the hybrid systems.
Mohan, Iromi and Sisara [5] have conducted a techno- economic sizing on an off-grid
hybrid renewable system for the purpose of rural electrification in Sri Lanka. They have focused
on a single rural village called Siyambalanduwa which was a village abundant of solar radiation
with an average of 5.0 kWh/m2/day and average wind speed as 6.3 m/s throughout the day. The
main renewable energy technologies which were taken in to account were solar and wind power
only. It has been found that a hybrid system of PV and wind with a capacity of 40kW and 30 kW
respectively could supply electricity at a levelized cost of approximately 0.3 $/kWh . It has also
been discovered that, even though the annual wind speed varies within 4.5 m/s – 6.3 m/s, this
optimized system was able to supply the demand with the change in cost not more than
0.1$/kWh. Further it was found that the variation of solar radiation within the day (4 – 5.5
kWh/m2/day) has made a negligible effect on the energy cost.
Analyzing the energy cost for this project and considering the first ten years to be off grid
and next ten years to be grid connected, this hybrid system was found to be economically viable
irrespective of whether connected off grid or grid connected.
Tania, David and August [6] stated that the main issues in implementing renewable
energy technologies could be categorized in to three main sections as economic issues, legal and
regulatory issues and financial and institutional issues. In order to enhance successful
implementation they further stated that several approaches could be used with regards to the
above categories such as private ownership of the system, designing the system in accordance
with the requirement, using innovative financing which could increase the affordability of the
system and smart subsidies which are structured in a way that could assist even a low income
house hold, government collaboration in building proper policies, linking the system for
productive use and regularity in maintaining and monitoring the system. They mentioned that the
maintenance costs could be reduced by conducting proper training on how to use the system and
giving responsibilities for the users for day to day maintenance.
7

Shihao et al.[7] conducted a research on a hybrid renewable energy system for a
residential building in china which consisted of a ground water source heat pump and a
photovoltaic/thermal collector. This system was designed to produce cooling, heating as well as
electricity during summer and winter using ground surface energy and solar energy. The tests
were carried out to obtain the thermal performances of the collector and the pump and then the
performance curves of the pump and analytical models of the PVT (Photovoltaic Thermal)
collector was developed and using the experimental data, validation was performed. Further they
have checked the balance between the consumption and production of energy in order to
determine the applicability of this system to the household. It was shown that the hybrid system
could provide 109.3% of the total heating, cooling and electricity requirement and it had the
potential to achieve net zero- energy target.
Fadaeenejad et al. [8] stated that the use of hybrid renewable energy system for rural
electrification was found to be a reliable solution for the villages without electricity all around
the globe. They have researched and utilized this system for a rural village in Malaysia. The
combination of hybrid renewable energy system consisted of PV, wind and battery which was
completely renewable. Furthermore they have stated, although this system’s establishment
depended on the weather conditions and the availability of renewable resources, investigating on
the best combinations was a challenge and it had become a promising research area for further
explorations. They have proved that the optimization of hybrid renewable energy systems and its
design for the particular village in Malaysia under study had shown that this proposed
combination was shown to be cost effective.
According to Laith and Saad [9] sustainable resources and energy management are the
main concerns when designing hybrid energy systems. And finding an efficient framework
which could combine a reliable design to satisfy the process and operation with minimum costs
is mandatory for both investors and customers. This research team has adopted a creative
approach using HOMER software for the design of flexible hybrid system which included both
renewable and conventional energy sources. Their study was based on techno economic analysis,
operation performance and environmental aspect evaluation in all conditions which could
influence the system in both on-grid and off-grid aspects by examining it for a remote Malaysian
village. The study was further aided by a sensitivity analysis to verify the best optimum design
for various conditions such as power purchase, fuel process and load growth. The results showed
that the best optimum system was a combination of PV module of 300kWp, two diesel
generators of 100 kW and 50 kW rated power, a converter and 330 kWh battery banks.
8

Furthermore, the results indicated that considering all parameters prior to the
implementation of a hybrid system is important in order to fulfill the proposed objectives. The
study demonstrated that there is a high capability of this design in meeting the loads, supporting
continuous operation and also to reduce the harmful effects upon the environment.
Similar study was carried out by Nima et al.[10] on a feasibility study on renewable
energy resources for a hybrid renewable energy system. The main objective was to identify the
potential areas in Malaysia in which solar, wind and mini hydro power resources could be
utilized to build a hybrid system using HOMER software. The purpose was accomplished by
obtaining the areas with greater potential for hydro power and then by analyzing renewable
energy resource assessment for these sites for solar and wind based on total net present cost
comparison. They have demonstrated that the region of Langkawi has the highest potential of
solar, wind and hydro power.
Kuo and Grace [11] investigated the Monte Carlo simulation with simulation
optimization techniques in order to obtain the optimal design of hybrid renewable energy system
for uncertain environments. The method they proposed was not only the installation of
equipment (including solar PV, wind and diesel power generators and energy storage) but also
power generation, transmission and allocation within the system to achieve the targeted cost
while fulfilling power demand. The extended computational study showed that the proposed
model of the realistic size could be solved efficiently while enabling to make quality decisions
during practice.
Akbar, Morteza and Mehran [12] stated that the uncertainty of wind speed and solar
radiation could bring about more uncertainties in the power system. Therefore small changes in
these values could result in alteration of results and also the mean values of solar radiation and
wind speed could not be assuredly measured due to the non-linear nature of wind turbines and
photovoltaic cells. They have further stated that during a hybrid system analysis it is always
important to consider the degree of uncertainty and should be taken in to account when it comes
to calculations in order to cover all the possibilities. They have used the Monte Carlo simulation
and particle swarm optimization algorithm for this purpose. They have applied the proposed
methodology to a real case and in this regard PV-wind-battery off-grid hybrid multi source
system was considered, optimally sized, modeled and compared with different periods of the
year with respect to annual cost and uncertainty in wind, solar and electricity demand.
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Vikas, Savitha and Prashant [13] have presented a comprehensive review on different
aspects of hybrid renewable energy resources. They stated that the renewable energy sources are
an emerging solution for the energy demand however is unreliable as a result of their
stoichiometric nature of occurrences. They have discussed on numerous topics such as size
optimization, feasibility analysis, modeling, reliability issues and control aspects. Further they
have presented the application of an evolutionary technique and game theory in hybrid renewable
energy.
Sunanda and Chandel [14] stated that it is quite complex to analyze hybrid systems due
to the existence of multiple generation systems. Hence it has to be analyzed thoroughly which
require software tools for the design, optimization, analysis and economic viability of the system.
During their study they have presented 19 softwares ( HOMER, Hybrid2, INSEL, RAPSIM,
GYBRID DESIGNER etc..).Their research was related to the hybrid system analysis using these
softwares for different locations of the world. They have presented the current status of these
softwares which provided a basic understanding for a researcher to select a suitable software in
hybrid system design. The capabilities and limitations were highlighted as well.
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3 METHOD
The whole analysis was based on developing a MATLAB simulation which can present a
summary of total power output produced by solar radiation, wind and hydro resources and
finding out the possibility to match that power output with the hourly load requirement of Sri
Lanka. Mainly solar and wind resources were considered since these were the most abundant
among other resources.

3.1 Load
Load can be referred to an appliance, a consumer, a group of appliances or consumers or
a network. Load on a power system can be simply described as the hourly average active power
absorbed by all the installations which are connected to the transmission network. It is the value
of the electric power supplied or absorbed at a given moment and at any point in system as
determined by a measurement which was taken instantaneously or by integrating the power
during a particular period of time. [15]
Load should not be confused with consumption since load can always be considered as a
snapshot of one single moment whereas consumption always includes a time period. Load is
generally measured in Megawatts (MW) or Gigawatts (GW).

3.2 Load Curves
A load curve in a power system can be illustrated as a chart which geographically
represents the variation in electric load/demand over a specific time. These curves provide useful
information of how much power is required at a given time. Hence the power generation
companies use these curves to select appropriate generator units to supply electricity.
In distribution grids, load curves helps to evaluate the reliability and efficiency of
transmission. Modeling and sizing of critical aspects such as transformers and batteries depend
on these load curves.
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3.2.1

Importance of load curves in energy industry

The energy consumption of customers are measured on monthly basis, as per the meter
reading. It is not the case for the suppliers, where they are obliged to settle power supply on
hourly or sub-hourly basis. Hence the load curves are being used to convert monthly
consumption data into hourly or sub-hourly consumption in order to determine the obligation of
suppliers.
3.2.2

Load data recording in general transmission

Load data can be measured by direct meter reading, however on smaller devices as
distribution network transformers, this is not frequently done. Instead of that, a load profile is
being extracted from customer billing data. However, to collect the actual demand, strategic
locations are selected to perform detailed load analysis.

3.3 Developing the hourly load curve for an entire year
For this study, the load data has been obtained from the Ceylon Electricity board annual
sales and generation report of 2016. However it was not possible to obtain hourly data from the
report since it only consisted of month loads and one weekly load data curve in a week of April.
See Figure 5 and Table 1.

Figure 5: Weekly load curve for 24-30 April 2016 in Sri Lanka [3]
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Table 1 : Monthly Electricity generation by source and sectors- 2016 [3]
C.E.B

Private power purchase

Thermal
Month

Hydr
o

Oil

Coal

wind

Mini
hydro

Wind

Solar

Biomas
s

Therma
l oil

Total
(GWh)

January

417.1

78.992

395.132

0.079

69.964

18.77

0.168

2.795

167.872

1149.94

February

337.3

136.61

342.778

0.084

35.929

12.542

0.143

2.801

221.645

1092.623

March

397.3

277.33

404.873

0.092

23.204

9.679

0.165

2.401

206.258

1224.744

April

234.4

240.32

399.501

0.057

39.548

9.446

0.153

3.159

224.58

1154.867

May

347.5

163.57

376.31

0.177

118.5

34.625

0.13

2.955

128.553

1175.727

June

455.7

148.71

389.826

0.289

111.27

54.796

0.152

2.652

18.143

1185.119

July

334.2

170.72

512.544

0.284

67.038

47.229

0.167

2.372

81.959

1219.206

August

240.6

142.65

566.584

0.306

60.645

47.075

0.135

3.089

184.21

1249.082

September

173.7

218.54

539.239

0.422

45.819

50.19

0.144

3.011

169.532

1204.213

October

215.1

264.49

380.778

0.266

44.996

32.112

0.268

1.078

284.659

1227.358

November

237.9

256.56

359.922

0.022

88.383

8.868

0.994

1.604

203.283

1160.178

December

207.9

261.71

399.4

0.06

37.552

17692

1.673

3.134

273.025

1206.426

Total

3499

2360.2

5066.89

2.137

738.84

342.72

4.291

31.05

2163.72

14249.48

Using the monthly total load obtained from Table 1 and the weekly load, a section has
been added to the MATLAB code to simulate the hourly load data for the entire year. Figure 6
shows the graphical interpretation of the MATLAB section breakdown.
Weekly load curve of 24- 30 April

Extracting the hourly load data by graphical method for the period of 24-30 April

Assuming all the weeks of April has the same hourly load variation, repeating the same data for all the
weeks in April

Using the available monthly load data, introducing a load factor (which is a decimal multiplication
factor of load in April) to the code considering April as the reference month

Multiplying the obtained hourly load data of April with the load factors of each month to obtain the
hourly load for the entire year

Figure 6: graphical interpretation of the MATLAB section breakdown to obtain the hourly load
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An important assumption has been made during the study, that all weeks of April has the
same load variation, since weekly data was only available for only one week in April. Unlike
other regions in the world, the climate of Sri Lanka does not vary much throughout the year
hence this assumption can be made reasonably. Upon successful modeling of the hourly data
model, then power generation from solar and wind has been modeled.

3.4 Power output from Solar Radiation

3.4.1

Data collection

Solar Irradiation data has been collected from PVGIS (Photovoltaic Geographical
Information System) which has the capability to provide the solar irradiation and wind speed
data on monthly, daily and hourly basis.

3.4.2

PVGIS

PVGIS is a system which has been developed for over 10 years at the European
commission joint research center in Italy. The main focus of this system is to research on solar
resource assessment, performance studies of photovoltaic and knowledge distribution of solar
radiation and PV performance. The system is active for many years in determining solar
radiation from satellite data and in collaboration with organizations such as United States
Renewable Energy Laboratory.
Since PV module efficiency mainly depend on the facts such as solar radiation intensity ,
solar spectrum variation and module temperature, air temperature and wind speed, mathematical
models have been developed to estimate PV performance over large geographical regions.[16]
PVGIS system is a very useful tool to obtain solar irradiation data and wind data at in
certain parts of the world with any specific latitude and longitude. Figure 7 shows the interface of
PVGIS system.
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Figure 7 : PVGIS Interface

For this study, only hourly data has been considered since the whole purpose of this study
is to find the possibility of renewable resources to fulfill the hourly load requirement of Sri
Lanka. 13 suitable sites have been selected throughout the island since the sunlight has only
slight variations for different locations in the country during day time. A sample data output from
PVGIS is shown in Table 2.
Table 2 : Sample data output from PVGIS for a particular location

Latitude (decimal degrees):
Longitude (decimal degrees):
Elevation (m):
Radiation database:

7.277
81.627
48
PVGIS-SARAH

Slope: 10 deg. (opt) (optimum)
Azimuth: -32 deg. (opt) (optimum)

Date
20160101:00-15
20160101:01-15
20160101:02-15
20160101:03-15
20160101:04-15
20160101:05-15
20160101:06-15

Global
Irradiation(kW)
0
0
142
113.28
420.26
235.51
122.23
15

Ambient
temperature
(K)
Wind Speed (m/s)
24.53
4.25
24.83
4.40
25.13
4.54
25.42
4.69
25.68
4.75
25.94
4.82
26.20
4.88

3.4.3

Solar PV sites

Annual global horizontal irradiation data for Sri Lanka as a whole, is shown in the below
Figure 8. As per the figure the most intense solar irradiation is experienced by the coastal areas
and reduced irradiation is experienced by the mid country side.

Figure 8: Annual Global Horizontal Irradiation(GHI) of Sri Lanka ;Source :Sustainable
Energy Authority, Sri Lanka
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Locations of the suggested suitable sites for solar plants are shown in figure 9. These
thirteen sites have been selected after a careful analysis of irradiation data of large number of
locations. All these sites have a considerable solar radiation during the daytime.

Figure 9: Locations of assumed Solar PV sites

Hourly Solar radiation variance within several sites on the first day of January,February,March
and April in 2016 are shown in Figure10,11,12 and 13.
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Figure 10: Solar radiation variation on 1st January 2016
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Figure 11: Solar radiation variation on 1st February 2016
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Figure 12: Solar radiation variation on 1st March 2016
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Figure 13: Solar radiation variation on 1st April 2016
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Installation capacity has been assumed to of 342 MW for the initial model and this value
has been changed to obtain different outputs. The output power has not been calculated for
individual sites, but combined together to get the total output.

3.5 Power output from Wind resource
3.5.1

Data collection

When obtaining wind data, wind maps have been briefly studied since the average wind
speed required for a considerable power output is approximately around 6 m/s. Hence only the
areas which has sufficient wind speed has been considered as suitable sites for wind power plants
which is shown by the wind map in figure 14. Wind data has been collected from the PVGIS

Figure 14 :Wind Resource Map of Sri Lanka ;Source: National Renewable Energy Laboratory,US
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3.5.2

Locations of wind plants

Locations suitable for wind power plants were suggested according to the data obtained
from wind maps. Since solar power will be given priority for this study, only six sites have been
selected as shown in below Figure 15, which are namely Point Pedro, Kareinagar, Thaleimannar,
Kandakuli, Kalpitiya and Kirinda. The average wind speed at these sites was found to be
considerably sufficient to generate electricity.

Figure 15 : Locations of suggested wind plant sites
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3.5.3

Average wind speed of different sites

The annual average wind speeds of the selected sites are shown below in Table 3.

Table 3: Annual average wind speed at 10m above ground level.

Location

District

Average wind speed(m/s)

Point Pedro

Jaffna

6.20

Kareinagar

Jaffna

6.19

Thaleimannar

Mannar

6.30

Kandakuli

Puththalam

6.74

Kalpitiya

Puththalam

6.75

Kirinda

Matara

8.26

Hourly wind speed variation for the particular sites during a random day is shown in the Figure
16.
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Figure 16 : Hourly wind speed variation in m/s during a random day
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3.6 Hydro Power
Hydro power plays an important role in power generation of Sri Lanka since hydro power
contributes higher percentage of electricity to the grid compared to all other renewable sources.
Since 1950’s hydro power was established in Sri Lanka however as a result of the introduction of
thermal power plants hydro power plants lost majority of its shares. There are ten main hydro
power plants currently operating in Sri Lanka where Victoria dam being the source of
hydroelectricity and apart from these main plants, mini hydro plants are also being operated by
private sector. Most of the large hydro power projects have been developed by the Ceylon
electricity board.
Hydroelectric development in Sri Lanka is categorized in to three main complexes
depending on the geographical sector. That is “Laxapana complex”, “Mahaweli complex” and
“Samanalawewa complex”. Each complex holds number of dams which acts as the source of
hydro power. The major hydro power projects which are already been developed are associated
with the “Mahaweli” and “Kelani” river basins.
Laxapana complex consists of five hydropower stations which have been built in
association with two main tributary rivers of Kelani river namely “Kehelgamu oya” and
“Maskeli Oya”. The main storage reservoirs of the Laxapana complex are the “Castlereigh
reservoir” and the Moussakelle reservoir” . Mahaweli complex consist of three main reservoirs;
“Randenigala”,

“Kotmale”

and

“Victoria”

and

seven

hydro

stations.

Additionaly,

“Samanalawewa complex” which is contributed by the “Walawe river” is also considered to be a
large reservoir. All other small reservoirs which contributes to generate hydropower from “runof-river “ type plants are considered as ponds.
In order to dispatch a significant amount of hydropower, it is essential to have a
satisfactory capacity of water in these reservoirs throughout the year. The monthly variance of
storage levels in reservoirs for year 2016 is shown below in Figure 17 . [17]
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Figure 17: Monthly variance of storage levels in reservoirs for year 2016 , Source : Generation
Performance(2016) ,Public Utilities Commission of Sri Lanka

Total reservoir capacity of each complex is shown in Table 4.
Table 4 : Total reservoir capacity of hydropower complexes in Sri Lanka in year 2016

Hydro power complex

Total capacity in GWh

Mahaweli

717.8

Laxapana

367.8

Samanalawewa

173.7

It is important to analyze the reservoir storage as a whole which is shown in Figure 18 . For this
analysis, only the reservoirs of Mahaweli, Laxapana and Samanalawewa is considered for the
total storage profile. Variation in total reservoir level throughout the years is also shown in
Figure 19 .
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Figure 18: Total variance of reservoir storage for year 2016 ,Source :Generation performance(2016)
,Public Utilities Commission of Sri Lanka

Figure 19: Variation in total reservoir level from year 2012-2016,Source :Generation performance(2016)
,Public Utilities Commission of Sri Lanka
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3.7 Mathematical modeling

Since Hydro power data could be obtained directly from Ceylon electricity board
generation performance report, mathematical modeling has not been required. However, to
calculate the wind power and solar power generation, mathematical model has been used which
is briefly described below.

3.7.1

Solar power calculation

For this study, installed PV power has been assumed to be at a standard value of 342 MW
initially and in order to get different outputs, installed PV power has been scaled in to different
values from 265-419MW. Total power output has been obtained from the below equation.
Total PV power = Installed power . Power production per 1W installed power
3.7.2

Wind power calculation

For wind power calculations, standard data of a 3.2MW wind turbine has been used.
Figure 20 shows the power curve of the mentioned turbine which illustrates the variation of
power production according to wind speed (in m/s).
3500
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Figure 20 : Power Curve of a 3.2MW standard wind turbine
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There are some practical discrepancies in recording wind speeds and using them for
calculations. Generally the wind speeds are recorded at 10 m height from the ground level. The
wind speeds vary according to the elevation. Wind speed is increased with the height since at the
ground level the wind is slowed down by the roughness of the ground. For wind potential
estimation, additional wind speed measurements at other heights are mandatory. However, if the
ground cover type is known, it is possible to calculate the wind speed at other heights.
If a wind speed at a particular height is h1, then wind speed at a height h2 can be
calculated using the below equation.[1]

where v(h1) is the wind speed at height h1, v(h2) is the wind speed at hub height h2, d is the
parameter which accounts for the displacement of the boundary layer from the ground caused by
the obstacles. Parameter d is zero for the widely scattered obstacles. For other obstacles
parameter d is considered to be 70 percent of the obstacle height.
z0 is known as the “roughness length” which describes the height at which, the wind
speed becomes zero. Hence a surface with a high roughness length has a large effect on the wind.
Table 5 shows the roughness length values of different ground classes.

Table 5 : Roughness Length of various ground classes [1]

Ground class

Roughness length in m

Description

1

Sea

0.0002

Open sea

2

Smooth

0.005

Mud flats

3

Open

0.03

Open flat terrain

4

Open to rough

0.1

Agricultural land(low population)

5

Rough

0.25

Agricultural land(high population)

6

Very rough

0.5

Park landscape with bushes and trees

7

Closed

1

Regular obstacles
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For this mathematical model, below values were assigned to get the output.
h1 = 10 m, h2 = 100m, z0 = 0.03 m, d = 0 m
By calculating the wind speed at hub height using the equation mentioned above, generated wind
power has been obtained from the turbine power curve. Total power out has been calculated from
the below equation.
Total power at a specific location = number of turbines. Power output at hub height h2

For the initial calculation, number of turbines has been assumed to be 30.A section of the
MATLAB script is shown below. And then to get different outputs, number of turbines value has
been changed from 10-50
windAtHubHeight = windspeed_location_1*log((h_2 - d)/z_0) / log((h_1 -d)/z_0);
powerWind_location_1 = numTurbines*interp1(v,P,windAtHubHeight)

Total wind power output from all the wind plants has been obtained by summing up all the
power outputs from different locations.

3.7.3

Total Solar and Wind power output

Total output has been obtained by summing up the integrated solar and wind power outputs.
Total solar and wind power = Total wind power + Total solar power

3.7.4

Hydro power

Since the direct reading of total hydro power could be obtained from the Annual report
from Ceylon electricity board (3498 GWh), the calculation part had to be included for storage
level and pump power requirement.
For the outcome to be a success, hourly shortage power has to be supplied by the hydro
power. Since not all the hydro power plants are run-of-river plants, pumped storage could be
considered as an effective way of storing energy.
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When there is excess power, water is pumped from lower reservoir to the higher
reservoir. When the power is required, water is flown from the higher reservoir to the lower
reservoir through a pressurized pipe line down to the turbine where the electricity is being
generated. Water fill up hours has been considered to be 8760 which is the number of hours in a
year. Here, an assumption has been made that the water is being filled evenly throughout the year
in order to obtain the storage fill power. Storage fill power is considered to be compensated by
hydro power.
The storage level and the pump power has been modeled using the annual load
requirement. Hence when there is excess power produced from solar and wind plants combined,
the excess power is used to pump water up. When there is a power shortage for a particular hour
that can be provided by hydro. The MATLAB code has been written as a loop so that it will take
the total number of hours into consideration. An example section of the MATLAB code is shown
below for reference.

for k = 2:length(yearlyLoad)
storageLevel(k) = storageLevel(k-1) + storageFillPower(k-1) +
windPVpower(k-1) - yearlyLoad(k-1);
diff = windPVpower(k-1) - yearlyLoad(k-1);
if diff > 0
pumpPower(k-1) = diff;
else
hydroTurbinePower(k-1) = -diff;
end
end
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4 RESULTS AND ANALYSIS
The case study was conducted for the analysis of hourly power output, over a year, a total
of 8760 hours considered.

4.1 Load curve
The actual load variation during the year was found vary as shown in figure 21. The load
is presented in GigaWatts (GW). According to the Figure 21, the load ranges within 1 - 3.5 GW
during the year.

Figure 21: Hourly load variation during the year

The maximum load was recorded during the night time between 20:00 to 22:00 hours.
The least was recorded in 02:00 to 04:00 hours. Figure 22 shows a zoomed view of the random
hourly load.
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Figure 22 : Hourly load variation (zoomed view)

4.2 Solar energy
Since solar energy will be given priority in this study, number of selected locations was
higher than wind plant sites. Installed PV power capacity was considered as 342 MW initially
and this value was changed for different number of wind turbines. The result from the MATLAB
simulation showed that the solar power output from all the plants as a whole, could produce an
hourly output that ranges between 1-5 GW as shown in figure 23. However the output was not
steady during different hours of the day. A zoomed view of the MATLAB output is shown in
figure 24.
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Figure 23 : Hourly Solar power output for the year

Figure 24 : Hourly Solar power output for the year (zoomed view)
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4.3 Wind energy
Since the variation and the abundance of wind power is less promising than solar power,
the number of wind power plants selected for the study was less, Hence the power output from
the wind was considerably lesser when compared with solar power. Figure 25 shows the wind
power output from the six selected sites. Here the number of turbines in a particular plant was
considered as 30 initially and further analysis with different turbine numbers was carried out
which will be explained later in this report. Maximum power of a single turbine was considered
to be 3.2 MW which is an average standard value of a turbine power. The hourly wind power
output ranges between 0-1 GW during the year.

Figure 25: Hourly Wind power output during the year
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4.4 Combined solar and wind
Since solar power or wind power alone cannot fulfill the hourly energy demand for every
hour during the day, the combination of both were considered as the next step of this analysis.
Figure 26 shows the combined power output in GW from solar and wind power.

Figure 26: Combined solar and wind power output
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As illustrated from the above graphs it is clearly shown that the total power output is way
higher than the load requirement for certain hours and way lower in some hours. As an average,
daily loads range between 1-3.5 GW . Hourly combined solar and wind output ranges between 15 GW.

4.5 Hydro Power
Since both the wind and solar PV cannot fulfill the demand during all the hours within
the day, hydro power plays an important role in supplying the hourly power shortage. In order to
fulfill the power shortage in the load, particular storage level is required from hydro. The storage
level requirement on hourly basis in GW is shown in Figure 27. Storage level variation is drastic
throughout the year as per figure .The storage spam between the minimum and maximum storage
levels varies with the number of turbines value and the installed power .An example storage level
graph when the installed power is 342MW and the number of turbines is 30 is shown below in
Figure 27. The storage span is at a value of 418.5 GW.

Figure 27: Storage level for hydro power.
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Figure 28 : Storage level for hydro (zoomed view)

To obtain the above storage level, the required pump power and hydro turbine power in GW is
shown in figure 29,30 and 31 . The blue color lines represent the pump power and the orange
lines represent the hydro turbine power. The maximum pump power required is obtained as
2.7603 GW and the maximum hydro turbine power required is 3.061 GW.

Figure 29: Required Pump power and Hydro turbine power
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Figure 30 : Required pump power and hydro turbine power (zoomed view)

Figure 31 : Required pump power and Hydro turbine power (zoomed view)
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5 DISCUSSION
The results have shown that the renewable energy resources are an effective way to fulfill
the hourly energy demand. In this study, only a few locations are being taken in to account
whereas there are plenty more locations to set up solar, wind and hydro power plants. It is
important to observe the results by changing the possible variables such as installed PV power in
each particular solar plant and number of turbines in each wind farm. As these parameters
change we could observe certain changes in power output.

5.1 Variation of output with both installed power and number of turbines
An analysis was done by changing both number of turbines and the installed PV power
simultaneously. Table 6 and Figure 32 shows the storage level variation at each scenario.

Table 6 : Variation of different parameters according to number of wind turbines

Scenario Installed
Power(MW)
1

419

Number of Maximum
turbines
pump power
(GWh)
10
4.1434

2

380

20

3.7913

3.1047

385.29

3

342

30

3.4477

3.0901

418.53

4

304

40

3.1040

3.0755

560.77

5

265

50

2.7603

3.0610

741.68
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Maximum
hydro turbine
power(GWh)
3.1193

Storage
span
(GWh)
496.77

Figure 32 : Storage level variation with the simultaneous change in installed power and number
of turbines

As per the above results minimum storage span is observed when the number of turbines
is at a value of 20 and installed power at 380MW and maximum storage span resulted at 265MW
installed power and number of turbines at 50.

5.2 Analysis Summary
The success of this project can be explained using two parameters. That is, the storage
capacity/ storage span and the hydro turbine power/pump power.

5.2.1

Storage span

From the Table 6, it is clear that the optimal storage span can be achieved by using an
installed PV power of 380 MW and using 20 turbines at each wind station. The calculated
optimal storage span is at a value of 385.29 GWh. Figure 33 shows the actual storage levels of
the three main hydro power complexes in year 2016 with a full storage of 1258.5 GWh.
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The minimum level is 408.4 GWh recorded in Mahaweli complex and the maximum is at
1090.1 GWh in Samanalawewa complex. Hence the actual storage spam of Sri Lanka is at 682
GWh. This is within the calculated values for four scenarios. Hence it is a proof that this analysis
shows positive outcome.

Figure 33: Storage curves of main hydro complexes in 2016; Source: Sales and Generation data
book, Ceylon Electricity board

5.2.2

Pump power and Hydro turbine power

As an assumption has been made that the storage fill power is compensated from hydro
power, produced hydro power has also been taken into account. Even though we assumed that
the storage is filled up evenly throughout the year, it is not the case in reality. Figure 34 shows
the actual hydro power production in all months of the year 2016 with uneven storage filling,
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Figure 34 : Hydro power production of each month in year 2016; Source: Sales and Generation
data book, Ceylon Electricity board

The data displayed in Table 8 demonstrates that the required pump power and the hydro
turbine power range between 2760- 4140 GWh and 3060-3120 GWh respectively. This is the
power required to handle the excess electricity produced by solar and wind plants. Table 7 shows
the actual power production of year 2016 by hydro which is at a total value of 3481 GWh from
all three main hydro complexes.

5.2.3

Combined analysis of storage span and pump power

It is important to analyze all five scenarios with different values of turbine numbers and
installed PV power . Considering 10 turbines and 419 MW installed power as scenario 1, the
storage span is at 496.7 GWh which is within the 682 MW range, however required pump power
is at a higher value of 4143GWh which is beyond the available hydro power production of 3481
GWh.
When the number of turbines value is at 20 and installed power is at 380 MW as per
scenario 2, storage span will result at a value of 385.3GWh and the required pump power is at
3791GWh. In this case, storage span is within the range, however pump power is slightly
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insufficient to handle the excess power. Considering third scenario where number of turbines are
30 and installed power is 342 MW, storage span and pump power result in a value of 418 GWh
and 3447 GWh respectively which are within both ranges of available storage level and actual
hydro power production. As scenario 4 it is clearly shown that the storage span is within the
range which is 560.7GWh and the pump power requirement is at 3104 GWh which is also within
the available range. The final scenario with 50 turbines and 265 MW installed power gives out an
output of 741.7 GWh of storage span and 2760 GWh pump power.
Considering all five scenarios, final outcome could be argued using both storage span and
pump power. If we consider the storage span only, the optimal value is provided by scenario 2
which is the 20 turbines and 380 MW installed capacity. Considering only the pump power
parameter, the results have shown that the optimal value is obtained by scenario 5 which is 50
number of turbines and 265 MW installed power. However, storage level is beyond the range at
scenario 5 even though the pump power is optimal. In order to meet the power demand within
the available capacity scenario 3 and 4 seemed to be most suitable since both the storage span
and pump power are within the range.
For scenario 1 and 2, the produced hydro power is not sufficient to compensate the
required pump power and the hydro turbine power. This is a matter of consideration which
illustrate that the hydro stations could be expanded more than the current existence.
Table 7:Net Generation by hydro power stations in 2016; Source: Sales and Generation data book, Ceylon
Electricity board
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In order to reduce the pump power requirement, another solution would be to use run-ofriver plants which does not consume much power for pumping compared to pumped hydro
plants.

5.3 Environmental impacts and associated problems
Compared to all other fossil fuel resources, renewable resources have so many positive
impacts both on the environment and animal life, however it is vital to consider the negative
impacts as well since it is one of the most important fact when it comes to practical
implementation. Even though this project does not focus mainly on practical implementations, it
is important to be aware of the negative impacts as well as positive impacts in order to get a clear
picture on the whole process.

5.3.1

Environmental Impact- Solar power

Sun is a tremendous power resource which provides clean and sustainable energy
avoiding toxic pollution and global warming emissions, however there are some environmental
impacts associated with practical implementation of solar power plants. Large scale of land
usage, depending on the location can raise concerns about land degradation and habitat losses.
Unlike wind plants, the possibility to share solar project lands for agricultural uses is lesser.
Small scale solar PV arrays that can be built on commercial building or residential buildings
have a minimal impact on land usage.
Some categories of solar thermal plants require water for cooling. These technologies
consume large amount of water which can be considered as a negative impact. Also PV
manufacturing processes involve number of hazardous materials which are being used to clean
the semiconductor surfaces. These chemicals include harmful acids, hence handling and
disposing these materials should be done properly in order to avoid serious environmental and
public health threats.
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5.3.2

Life cycle global warming emission

There are no global warming emissions with solar energy, however there some other
emissions associated with other solar life cycle including material transportation, manufacturing,
installation, decommissioning, maintaining and dismantling.
Estimated life cycle emission for photovoltaic systems are of 0.07-0.18 pounds of CO2
equivalent per kilo watt hour, which is far less than the life cycle emission rate for coal and
natural gas which are 1.4-3.6 pounds of CO2 equivalent per kilo watt hour and 0.6-2 pounds of
CO2 equivalent per kilo watt hour respectively.

5.3.3

Environmental Impact- Wind power

Comparatively wind power plants have less environment impact than the fossil fuel
power plants. However there are several negative impacts raised with wind power plants which
should be taken in to account during implementation.
The main impact is being the “noise” which is produces by the rotor blades during its
operation. In the recent years, engineers have introduced various changes in design to reduce the
noise from wind turbines. When the wind turbines become more efficient, more of the wind
energy is converted in to rotational torque and less is converted to noise. Further, noise could be
reduced even more by proper siting and by using insulating material.
Another concern raised by wind plants are the visual impacts. Since the wind turbines are
highly visible, it causes aesthetic impact on the landscape. In order to avoid or to partially offset
this visual impact is to construct a few turbines in one location and using multiple locations.
Birds and bat deaths are another negative environmental impact caused by the wind
turbines. Since it is a direct threat to the biodiversity, safety measures have to be taken when
construction wind farms in certain locations. Hence environmental impact assessment has to be
carried out prior to the construction in order to select suitable sites.
Unlike other technologies, wind turbines does not use any combustion process in
electricity generation. Hence there are no harmful air emissions. The only hazardous material are
the lubrication oils, hydraulic and insulation fluids which are being used. However, since they
are being used in small amounts this impact is considered to be lesser. As a result, ground water
or surface contaminations are highly unlikely for wind turbines.
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The main safety concern is the movement of blades and the presence of industrial
equipment in the areas which could be accessed by the public.
An additional impact caused by the turbines is the undesirable interference for
telecommunication since the generators provide electric and magnetic fields. Hence careful
selection of proper sites for wind plants plays a vital role in environmental balance.

5.3.4

Environmental Impact – Hydro Power

For this study, main reason of considering hydro power to compensate for the energy
storage is that, hydro reservoir can store inflow for months or even years and also as a seasonal
storage. The main advantage of hydro power plant with storage is that its capacity to store large
volumes of energy and also has the ability to respond to variable load requirement. Hence these
hydro reservoirs are important in storing energy from the other renewables such as solar and
wind power.
Alongside with the advantages, large power plants such as pumped storage hydro power
plants include major civil structures that cause considerable amount of large local disruption
mainly during the construction. The materials which are used in the construction of certain
storage systems can be an area of concern, particularly the systems which uses battery systems
which include toxic materials or harmful ingredients. The challenge is to balance the
environment impact of large storage system against the wide variety of benefits that these plants
can offer. The energy storage provides a way of generating energy from renewable resources,
reducing the carbon emission and producing sustainable electricity. Further, they improve grid
reliability and stability of the grid which are vital for the modern technology.
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6 CONCLUSION
In conclusion, this study has proven that it is possible to fulfill the total hourly energy
demand in Sri Lanka using Solar, Wind and Hydro power. Since solar and wind power
production is highly variable during the day due to environmental conditions, it cannot alone
fulfill the hourly energy requirement. Hydro power comes in to place to compensate the energy
shortage. Pumped hydro system utilizes the excess energy produced by Solar and wind during
certain hours to pump water from lower reservoir to the higher reservoir. Then this stored energy
is utilized to fulfill the energy shortage during certain hours where the solar and wind power
cannot provide sufficient load.
To have an optimal storage span the most effective installed power for PV and the
number of turbines in each wind station should be at 342 MW,30 and 304MW,40 respectively.
Otherwise, the storage span range and the pump power spread rapidly in to a value that the
current storage level and hydro power production cannot handle. By maintaining the installed
power and the number of turbines at the above mentioned values, minimal storage span of 418
MW can be maintained where the actual storage span in Sri Lanka is at 682 MW which fits in the
calculated value.
In order to utilize the excess power produces by solar and wind plants during some hours
the pump power and Hydro turbine power required, ranges within 2700-4160 GWh. Since the
current power production of all hydro power complexes in total is 3481GWh, using the above
mentioned installed power and number of turbine combinations, required pump power can be
fulfilled. However, considering the minimal storage level out of all five scenarios, the pump
power requirement is higher than the current hydro power production which highlights the fact
that the hydro power stations should be expanded more than the current existance.
Since this study does not does not focus on practical aspect, but only focus on theoretical
aspects, practical problems and calculations are not being taken in to account for the MATLAB
model. Since this is a rough analysis, practical implementation with possible improvements is the
next stage of research which could be further challenging and interesting.
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8 APPENDIX
8.1 MATLAB code
nHours = length(windspeed_Kirinda);
% Power from wind data:
%-------------------% Power curve of a 3.2 MW turbine [W]:
P = [0 0 0 64
169 350 623 1004 1506 2115 2712 3083 3187 3199 3200 3200
3200 3200 3200 3200 3200 3200 3200 3200 3200 3200 0 0]*1e3;
v = 0:26;
v = [v 100];
h_1
h_2
z_0
d =

= 10; % [m], height 1
= 100; % [m], height 2
= 0.03; % [m], roughness length, from tab 6.3
0; % [m], displacement

clear storageLevels;
clear storageSpan;
clear maxHydroPower;
clear maxPumpPower;
for k_case = 1:5
% Using log wind profile, Eq 6.6:
numTurbines = 10*k_case;
windAtHubHeight = windspeed_Kirinda*log((h_2 - d)/z_0) / log((h_1 - d)/z_0);
powerWind_Kiranda = numTurbines*interp1(v,P,windAtHubHeight);
windAtHubHeight = windspeed_kalpitiya*log((h_2 - d)/z_0) / log((h_1 - d)/z_0);
powerWind_kalpitiya = numTurbines*interp1(v,P,windAtHubHeight);
windAtHubHeight = windspeed_thalaimannar*log((h_2 - d)/z_0) / log((h_1 d)/z_0);
powerWind_thalaimannar = numTurbines*interp1(v,P,windAtHubHeight);
windAtHubHeight = windspeed_kandakuli*log((h_2 - d)/z_0) / log((h_1 - d)/z_0);
powerWind_kandakuli = numTurbines*interp1(v,P,windAtHubHeight);
windAtHubHeight = windspeed_karainagar*log((h_2 - d)/z_0) / log((h_1 d)/z_0);
powerWind_karainagar = numTurbines*interp1(v,P,windAtHubHeight);
windAtHubHeight = windspeed_pointpedro*log((h_2 - d)/z_0) / log((h_1 d)/z_0);
powerWind_pointpedro = numTurbines*interp1(v,P,windAtHubHeight);
powerWind = powerWind_Kiranda + powerWind_kalpitiya + powerWind_thalaimannar
+...
powerWind_kandakuli + powerWind_karainagar + powerWind_pointpedro
;

48

% Total from wind:
totWind = sum(powerWind)/1e9; % GWh
% Solar:
% ----% AmountPV = 227e3; % kW installed power
% AmountPV = (342+77)*1e3; % kW installed power (for 10 turbines)
% AmountPV = (342+77/2)*1e3; % kW installed power (for 20 turbines)
% AmountPV = 342e3; % kW installed power (original 342, for 30 turb)
% AmountPV = (342-77/2)*1e3; % kW installed power (for 40 turbines)
instMW = 342 + [77 77/2 0 -77/2 -77];
AmountPV = instMW(k_case)*1e3; % kW installed power (for 50 turbines)
powerPV_rathnapura = AmountPV*PV_rathnapura;
powerPV_ampara = AmountPV*PV_ampara;
powerPV_anuradhapura = AmountPV*PV_anuradhapura;
powerPV_batticaloa = AmountPV*PV_batticaloa;
powerPV_chillaw = AmountPV*PV_chillaw;
powerPV_colombo = AmountPV*PV_colombo;
powerPV_galle = AmountPV*PV_galle;
powerPV_hambantota = AmountPV*PV_hambantota;
powerPV_kilinochchi = AmountPV*PV_kilinochchi;
powerPV_matara = AmountPV*PV_matara;
powerPV_puttalam= AmountPV*PV_puttalam;
powerPV_trincomalee = AmountPV*PV_trincomalee;
powerPV_vavunia= AmountPV*PV_vavunia;
powerPV= powerPV_rathnapura + powerPV_ampara + powerPV_anuradhapura + ...
powerPV_batticaloa + powerPV_chillaw + powerPV_colombo + powerPV_galle
+ ...
powerPV_hambantota + powerPV_kilinochchi + powerPV_matara +
powerPV_puttalam + ...
powerPV_trincomalee + powerPV_vavunia ;

totPV = sum(powerPV)/1e9; % GWh
% Total production (excl hydro):
windPVpower = powerWind + powerPV;
% Hydro (or essentially the fill up of the storage due to rain):
totHydro = 3498.7*1e9; % Wh
% fillupHours = zeros(size(windspeed_Kirinda));
% fillupHours((30*2)*24+(1:200*24)) = 1; % 1 for the proper hours in May
% storageFillPower = totHydro/(200*24)*fillupHours; % Filled up during 20 days
in May
fillupHours = ones(size(windspeed_Kirinda));
storageFillPower = totHydro/nHours*fillupHours; % Filled up evenly

% Load model:
% Week load in W, for one week in April:
week = [1300 1220 1160 1150 1350 1420 1380 1350 ...
1400 1480 1500 1500 1480 1480 1460 1420 ...
1800 2150 2150 2100 1950 1700 1500 1300 ... % Day 1
1200 1180 1150 1200 1600 1750 1450 1800 ...
1950 2000 2100 2050 2020 2100 2120 2050 ...
1900 2450 2400 2250 2150 1900 1600 1500 ... % Day 2
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1350 1300 1280 1300 1300 1700 1880 1480 ...
1900 2000 2000 2100 2050 2000 2100 2100 ...
1900 1600 2100 2100 2000 1800 1600 1400 ... % Day 3
1200 1150 1150 1300 1750 1700 1450 1850 ...
1900 2050 2050 2000 1950 2050 2050 2040 ...
1850 2200 2300 2250 2050 1800 1500 1300 ... % Day 4
1250 1200 1200 1400 1950 1750 1600 1800 ...
1950 2050 2080 2050 2050 2100 2100 2000 ...
1750 3280 2250 2100 2000 1900 1450 1350 ... % Day 5
1250 1200 1200 1500 1780 1700 1800 1900 ...
2050 2100 2100 2000 2100 2100 2080 2000 ...
2000 2350 2350 2200 2000 1800 1550 1400 ... % Day 6
1300 1250 1200 1300 1450 1600 1550 1700 ...
1800 1850 1950 1950 1850 1750 1700 1620 ...
1350 1950 1950 1800 1600 1400 1300 1200 ... % Day 7
]*1e6; % (from CEB report)....
week = [week(6:end) week(1:5)]; % Shifting the load 5 hours, so the load
becomes GMT
yearlyLoad = [];
for w = 1:53
yearlyLoad = [yearlyLoad week];
end
yearlyLoad = yearlyLoad(1:365*24);
apr = 1154.87;
MonthFactors = [1149.94/apr 1092.62/apr 1224.74/apr 1 1175.727/apr ...
1185.119/apr 1219.206/apr 1249.082/apr 1204.213/apr...
1227.358/apr 1160.178/apr 1206.426/apr]; % for 12 months
monthDays = [31 28 31 30 31 30 31 31 30 31 30 31];
startDay(1) = 0;
for m = 2:13
startDay(m) = sum(monthDays(1:m-1));
end
for m = 1:12
range = (startDay(m)*24 + 1):(startDay(m+1)*24);
yearlyLoad(range) = yearlyLoad(range)*MonthFactors(m);
end
figure(1)
plot(yearlyLoad)
axis([1 8769 0 4000*1e6])
xlabel('Hour');
ylabel('Load(GW)');
figure(2)
plot(windPVpower/1e9)
xlabel('Hour');
ylabel('Combined Solar and Wind power(GW)');
figure(8)
plot(powerPV)
axis([1 8769 0 5000*1e6])
xlabel('Hour');
ylabel('Solar Power(GW)');
figure(7)
plot(powerWind)
axis([1 8769 0 5000*1e6])
xlabel('Hour');
ylabel('Wind power output(GW)');
totLoad = sum(yearlyLoad)
totProd = sum(windPVpower)
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storageLevel = zeros(size(yearlyLoad));
pumpPower = zeros(size(yearlyLoad));
hydroTurbinePower = zeros(size(yearlyLoad));
for k = 2:length(yearlyLoad)
storageLevel(k) = storageLevel(k-1) + storageFillPower(k-1) +
windPVpower(k-1) - yearlyLoad(k-1);
diff = windPVpower(k-1) - yearlyLoad(k-1);
if diff > 0
pumpPower(k-1) = diff;
else
hydroTurbinePower(k-1) = -diff;
end
end

figure(3)
plot(storageLevel/1e9)
storageLevels(k_case,:) = storageLevel;
% axis([0 8760 0 4000*1e6])
xlabel('Hour');
ylabel('Storage Level(GW)');
figure(4)
plot(pumpPower/1e9)
hold on
plot(hydroTurbinePower/1e9)
hold off
xlabel('Hour');
ylabel('Pump Power/Hydro Turbine Power(GW)');
legend('Pump Power','Hydro Turbine Power')
maxPumpPower(k_case) = max(pumpPower)
maxHydroPower(k_case) = max(hydroTurbinePower)
storageSpan(k_case) = (max(storageLevel) - min(storageLevel))/1e9 % GWh

figure(5)
subplot(4,1,1)
plot(yearlyLoad)
axis([2303 2303+24*14 0
subplot(4,1,2)
plot(windPVpower)
axis([2303 2303+24*14 0
subplot(4,1,3)
plot(pumpPower)
axis([2303 2303+24*14 0
subplot(4,1,4)
plot(hydroTurbinePower)
axis([2303 2303+24*14 0

4500*1e6])
4500*1e6])
4500*1e6])
4500*1e6])

end

figure(6)
plot(storageLevels'/1e9) % in GWh
xlabel('Hour');
ylabel('GWh');
axis([0 8760 -300 550]);
legend('10 turb/419 MW Instal P','20 turb/380 MW Instal P','30 turb/342 MW
Instal P','40 turb/304 MW Instal P','50 turb/265 MW Instal P')
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