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SYNOPSIS 
 

Introduction: 

The energy consumption keeps on growing with the increase in world population 

as well as the living standard.  In spite of improvements in energy efficiency, the 

demand has increased. This demand at present and in future is for electrical 

power generation.  The fossil fuel prices have to eventually increase due to its 

limited availability causing that the policymakers have to look for other 

sustainable sources of energy.  Wind  and  solar photo voltaic  are  the  most  

promising  renewable  sources,  in  addition  to  hydroelectric  power  sources  

which  have  been  traditionally exploited.   

 

Water is a critical resource and water security is a necessary criterion for a 

country’s sustainable development. A huge gap exists between the demand and 

availability of fresh water. Desalination of seawater/saline groundwater is the 

option available to fill the gap between the availability and demand for fresh 

water. A variety of desalination processes have been developed. All these 

processes demand a significant amount of energy. There are many parts of the 

country which does not have the conventional source of power and costs of 

extending the electricity grid to these places are very high.  Fortunately, there 

are many parts of the country that have water shortage but have exploitable 

renewable sources of energy that could be used to drive desalination processes. 

Renewable energy systems utilize sources available locally and freely for 

production of energy. Producing the fresh water at source using desalination 

technologies that are driven by renewable energy systems is a viable solution to 



ii 

 

the water scarcity at remote locations and islands that are characterized by both 

lack of adequate potable water and access to conventional energy sources like 

heat and electricity grid. 

 

Renewable energy sources have the inherent problems of intermittency, 

uncertainty,  and low availability  which makes the power supply  more 

unreliable.  Huge energy storage systems like batteries are to be employed to 

increase the availability. Photovoltaic (PV) and wind  power are complementary 

because sunny days mostly have very low wind while the cloudy days and nights 

are more likely to  have strong winds.  Therefore, hybrid PV-Wind systems can 

have higher availability and reliability than systems based on individual PV or 

wind sources.  Therefore, this study is orientated towards hybrid PV-Wind 

systems suitable for small-scale desalination plants. The desalination plant can 

act as a variable load and can effectively attack the problem of intermittency and 

variability of renewable power. 

 

The performance of the hybrid power system largely depends on the proper 

combination of capacities of the individual system like PV and wind generator. 

The power generation depends on instantaneous solar irradiation and the wind 

speed also. On the other hand, the load requirement variations also affect the 

overall generation. This makes it necessary to study the overall annual power 

generation for various combinations of PV-Wind capacities under varying load 

conditions. Also, there is a need to develop high efficient power converter that 

can take multiple renewable energy inputs with a closed loop controller. Further, 

there is a need to develop a comprehensive model for annual power generation for 
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the PV-wind hybrid system for a particular site (e.g. Kalpakkam) and the annual 

water production under a given site conditions to assess the feasibility. 

 

Thesis organization 

A general introduction and literature survey along with motivation of the work 

and objectives are given in Chapter 1. Chapter 2 presents the modeling of the 

hybrid power system and analysis with various capacities of the same. Chapter 3 

deals with the Neural Network based modeling of the hybrid power system. 

Chapter 4 explains the development of a power converter for the multiple 

renewable energy sources. The last chapter summarizes the overall conclusions 

and salient findings of the entire study and scope of further works. The contents 

of the individual chapters are given below.  

 

Chapter 1: Introduction 

This chapter gives a brief introduction to the energy requirement and status of 

renewable energy systems. The nexus between energy and water is also explained. 

The need for co-generation of power and water is emphasized. The uncertainties 

in renewable energy supply due to its intermittent nature is explained. The 

requirement of the hybrid power system and the present status is also presented. 

The need for selection of a proper combination of renewable energy capacities and 

the effect of load variations are also discussed. Finally, the motivation for the 

study and the objectives of the studies are stated. 
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Chapter 2: M odeling and Size Optimization Analysis of 

Hybrid Power System 

 
This chapter deals with the system under study and analysis on the combination 

of capacities of the system. A methodology of selection of the capacities of 

various power sources of the hybrid power system is developed for obtaining the 

optimum configuration. The optimum configuration can be chosen based on our 

objectives.  

 

A hybrid  PV-Wind energy  conversion system  (with battery storage)  and 

desalination plant as the load are proposed in  this study as a  small-scale  

standalone system.  The main energy sources  for the  system are  wind and  PV  

generators,  while the  battery bank works as  an energy  storage backup  source.  

The system taken for modeling is, intended to be used for water pumping system 

of the desalination plant.  

 

The modeling of solar PV system is carried out. The equivalent circuit of solar 

PV system is discussed. The basic equations governing the power generated are 

explained. Maximum Power Point Tracking (MPPT) algorithm is implemented 

to maximize the power output from the PV cells with varying radiations. From 

this, the output power can be calculated. At each point of output power, the 

maximum power is measured by using the Perturb & Observe (P&O) method 

which is used to determine the value of reference current to adjust the output 

power toward the maximum point. 

 

Similarly, the modeling of wind generator system was also carried out. The 

output of a wind turbine depends primarily on the wind velocity. The input to 
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the wind model is the average wind velocity for the hour and the generator 

constants which depend on the capacity of the generator chosen. From this, the 

power output of the wind generator is determined. 

 

The modeling of the battery system is also done on the basis of charging power 

received, discharged capacity and efficiency of the battery. 

 

The cost model of the various energy sources is developed considering the capital 

cost per kW capacity. The annualized capital costs are calculated by using the 

capital recovery factor which is calculated by taking the life span of systems and 

the interest rate into account. Also, the operation and maintenance costs are 

included in the model.  The annual total cost of the hybrid power system for a 

particular set of capacities of solar PV, wind, and battery is finally calculated by 

summation of the individual costs. Thus the entire system under study is 

modeled. 

 

The selection of capacities of solar PV, wind generator, and battery greatly 

affects the total power generated in a particular year, capital cost and the 

Operation & Maintenance cost of the system. This has got a direct bearing on 

the Cost of Energy per unit of power generated (COE) and the availability of 

power for the load. Hence an in-depth techno-economic analysis of the 

combination of different renewables is necessary to obtain enough understanding 

of the system. The entire hybrid power system is modeled in MATLAB software. 

The main objective of the model is to analyze the various combinations of solar 

PV, wind generator and battery capacities with respect to total power generation, 

availability and cost of energy per unit. 
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The simulation is carried out for various combinations of solar PV capacities, 

wind generator capacities, and battery capacities. The hourly solar irradiance 

data measured in kWh/m2/day and wind speed data in m/s are given as inputs 

for simulation. The above data is used to calculate the power output available 

from PV and wind sources using the models.  The power generated is calculated 

for every hour of the day for a complete year (8760 hours).  The hybrid power 

system shall be designed to feed power to a brackish water desalination plant of 

24 m3/day capacity. 

 

It is observed that the desalination plant caters the need of both the variable 

load and the energy storage requirements of the renewable power systems. This 

helps to extract maximum possible power generation from the system. Hence the 

hybrid PV-wind system is more economical and reduces the need for high battery 

storage capacities. For an objective of around 6000 kWh per year power 

production, the best option is the combination of 8 kW Solar PV , 1 kW Wind 

and 1.5 kW storage battery for obtaining energy at cost of INR 12.73 per kWh 

with an availability of 40% . For lowest cost of energy / kWh, we can select a 

combination of 5 kW Solar PV, 1 kW Wind and 0.5 kW battery. With the above 

combination, we get the lowest cost of energy at INR 11.32 per kWh, but the 

total power produced in the year is around 5000 kWh with an availability of only 

29%. For application of this hybrid power system for desalination purpose that 

requires a variable load of 2 kW, the necessity of energy storage battery is 

reduced. There is an average increase of around 25% in utilization of power 

generated. In the case of desalination plant as load, the hybrid power system can 
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 produce and store water in suitable tanks and hence the availability factor is not 

a major concern. For an objective of lower cost of water, we can select the 

combination of 5 kW solar PV, 1 kW wind and 0.5 kW battery to produce a 

total of 6906 m3 of product water at a cost of INR 80 per 1000 liters. This comes 

with an availability of plant of around 28% which can be compensated by 

selecting suitable storage tanks.  

Similarly, for a high production of water at around 7500 m3, we can select the 

combination of 10 kW solar PV, 2 kW wind and 0.5 kW storage battery to 

produce water at a cost of INR 116 per 1000 liters of water and the availability is 

around 54%. The cost economics is highly viable in remote locations and islands 

where there is no availability of conventional grid power and water. 

 

Chapter 3: Neural Network M odeling of Annual Power 

Generation 
 

The estimation of total annual power generation of a particular combination of 

hybrid power system is an elaborate process and hence there is a need for a 

model to make a quick estimation of the annual power generation. This chapter 

deals with modeling of hybrid renewable power system using Artificial Neural 

Network (NN).  

 

The configuration and the power generation data developed in Chapter 2 is 

chosen for neural network modeling. A neural network model is developed for the 

above system with solar PV, wind generator and battery capacity as inputs and 

total power (kWHr) production per year as the output. The neutral network has 

three layers viz. input layer, a hidden layer, and the output layer. The input 
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layer is composed of three nodes as inputs: solar PV capacity, wind generator 

capacity, storage battery capacity.  The hidden layer is made up of five nodes 

whose activation function is the hyperbolic tangent sigmoid transfer function. 

The output layer is composed of one node, and this represents the required 

output (i.e.) the estimated total kWHr produced for the year for a given set of 

capacities as input. The input comprising of 400 data set is used for training of 

the chosen neural network. The weight values are adjusted using this data set 

during training according to the error calculated using the training algorithm. 

The input weight matrix, bias and weight matrix for hidden layer and the bias 

for the output layer are calculated. The chosen architecture converged in 217 

iterations. The trained model was validated and verified using 60 data sets. The 

NN model fitted with very high regression values above 0.99 indicating the 

accuracy of the NN model. With the model, the total kWh produced in a given 

year for a given capacity of solar PV, wind generator, and battery capacity is 

estimated.   

 

Chapter 4: H igh step-up converter in closed loop for 

Renewable energy applications 

 
Since a majority of small scale renewable energy sources (RES) including the 

solar PV modules gives the output voltage in the range of around 15 – 40 V DC, 

the output needs to be stepped up to suit the load requirements using a high 

voltage gain converter. The renewable sources inherently generate sudden 

variations in input voltage, a good output voltage profile even during such 

random variations in input conditions is essential. Such power converter enables 

deployment of hybrid renewable systems for standalone desalination applications.  
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This chapter presents prototype development of a high step-up converter 

configuration with closed loop control. The converter topology is explained and 

the design of the circuit is elaborated. The converter for hybrid power system 

that can handle two input sources is developed and tested. 

  

A 100 W high step up dc-dc converter prototype with two input sources is 

developed. The converter is designed in closed loop to deliver an output voltage 

of around 200 V with variable input voltage in 15 V to 40 V range. The proposed 

configuration is suitable for application for renewable sources based systems. 

 

The circuit components and parameters are designed from the design equations 

Eq. 4.1 to Eq. 4.7. The turns ratio (n) of coupled inductor is chosen to be 5 for a 

moderate duty cycle of 0.4 to 0.6 to obtain the desired voltage ratio in the range 

of 8 to 17. The inductance of coupled reactor is designed for a value of 30 µH.  

Other capacitors and resistor values are also chosen using the design equations. 

The transfer function is derived for closed loop operation of the designed circuit. 

The controller is tuned and the proportionality constant 𝐾𝑝 and integral constant 

𝐾𝑖 values are set at 9.1 and 1.7 respectively. We obtained the stable performance 

with less than 17% peak overshoot and rise time of less than 0.2 ms. The 

designed circuit is subjected to both steady and random input voltage variations 

and the output voltage is found to be within ± 5% range. 

 

Chapter 5: Conclusions and Future scope of work 

This chapter summarizes the findings and proposes lines of future work that will 

be of important to this technology. The hybrid renewable power system for 
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desalination applications in remote locations and islands is developed. The 

following is the summary of the work.  

1. A methodology of selection of the capacities of various power sources of 

the hybrid power system is developed for obtaining the optimum 

configuration. The optimum configuration can be chosen based on the 

requirement. 

2. From the results obtained, we can see that addition of capacities of PV 

panels or Wind turbines or storage capacities separately does not help in 

reduction of the cost of energy.  But, when the capacities of Solar PV and 

Wind turbines are supplemented with each other, we find that we are able 

to maintain the total kWh produced per year to meet the load 

requirements.  

3. For a requirement of around 6000 kWh per year power production, the 

best option obtained is the combination of 8 kW Solar PV , 1 kW Wind 

and 1.5 kW storage battery for obtaining energy at cost of INR 12.73 per 

kWh with an availability of 40% . 

4. If the requirement is only the lowest cost of energy / kWh, we can select a 

combination of 5 kW Solar PV, 1 kW Wind and 0.5 kW battery. With the 

above combination, we get the lowest cost of energy at INR 11.32 per 

kWh, but the total power produced in the year is around 5000 kWh with 

an availability of only 29%.  

5. In the case of desalination plant as load, the hybrid power system can 

produce and store water in suitable tanks and hence the availability factor 

is not a major concern. The necessity of energy storage battery is also 

reduced. For application of hybrid power system for desalination purpose 

that requires a load of 2 kW, there is an average increase of around 25% in 

utilization of power generated, when used for desalination plant. 
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6. For lower cost of water, we can select the combination of 5 kW solar PV, 

1 kW wind and 0.5 kW battery to produce a total of 6906 m3 of product 

water at a cost of INR 80 per 1000 liters. This comes with an availability 

of plant of around 28% which can be compensated by selecting suitable 

storage tanks.  

7. Similarly, for a high production of water at around 7500 m3, we can select 

the combination of 10 kW solar PV, 2 kW wind and 0.5 kW storage 

battery to produce water at a cost of INR 116 per 1000 liters of water and 

the availability is around 54%.  

8. A neural network model is proposed for the above system with Solar PV, 

Wind generator and battery capacities as inputs and total kWh production 

per year as the output. The proposed three layer architecture is trained to 

obtain the required performance optimization. The network estimates the 

total power generated per year for a given capacity of Solar PV, Wind 

generator and Battery. The developed model predicts the unknown test 

data with regression of 0.99. 

9. A prototype power converter configuration for the renewable energy 

application is developed. The circuit components and parameters are fixed 

from the design. The turns ratio (n) of coupled inductor is chosen to be 5 

for a moderate duty cycle of 0.4 to 0.6 to obtain the desired voltage ratio 

in the range of 8 to 17. The transfer function is derived for closed loop 

operation of the designed circuit. We obtained the stable performance with 

less than 17% peak overshoot and rise time of less than 0.2 ms. The 

designed circuit is subjected to both steady and random input voltage 

variations and the output voltage is found to be within ± 5% range. 
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The renewable energy based hybrid power system will be the future of power 

solution for remote and isolated locations. Also, such systems with specific load 

applications can be developed and brought into the market with some more study 

and testing. 
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Chapter 1 

1 INTRODUCTION  

 

1.1 Introduction 

 

Chapter 1 presents a brief introduction to the global energy scenario and 

renewable energy sources. The global water scenario is also discussed particularly 

with reference to the availability of fresh water and the desalination process used 

to augment freshwater resources. The nexus between the water and the energy is 

also discussed. The availability and accessibility of energy sources are analyzed 

stressing on the use of locally available renewable energy sources.  

 

1.2 Energy scenario 

 

The rapid industrialization spread throughout the world during the late sixties 

and early seventies. The global population also doubled from 3.7 billion in the 

1970 to 7.4 billion in 2015. The economic growth was largely due to mass 

consumption and increase in affordability for goods by the middle classes 

especially in growing economies like India and China. This process increased the 

hunger for energy than ever before which was completely catered by the fossil 

fuels [1] . The world total energy consumption is an index used for accessing the 

economic growth. The energy consumption in per year from 1965 is shown in 

Figure 1.1 
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Figure 1.1 Global Energy consumption in TWh/year from 1965 to 2015 [1] 

We can observe that the energy consumption goes on increasing 

year after year. The share of renewables are increasing at a faster 

rate during the last decade. 

 

1.2.1 Primary energy sources 

 

The energy consumed is derived from the primary supply sources of energy like 

coal, natural gas, oil, nuclear, hydro and other renewables. The world primary 

energy consumption, even till date is predominantly fed by oil  at 33%, closely 

followed by coal at 30% and natural gas at 24%. The hydro electric energy and 

nuclear energy contributes a decent 7% and 4% respectively. The remaining 2% is 

catered by the new and renewable energy sources like solar, wind and biomass [1] 

[2]. 
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1.2.2 Remaining reserves of fossil fuel 

 

The fossil fuels are exhaustible in nature. From the trend of consumption, we can 

observe that we are increasing the usage of these reserves continuously and 

eventually we may be left out without these sources.  

 

 

Figure 1.2 Years of fossil fuel reserves left [1] 

The above graph illustrates that the world cannot depend on fossil fuels for long. 

Figure 1.2  shows the total remaining years for which we will have fossil fuel 

reserves throughout the world. The oil and natural gas gets exhausted by another 

half a century and the coal for slightly above a century. 

 

1.2.3  Environmental impacts of energy 
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The major environmental impacts of energy production and consumption are 

global warming and climate change. All fossil fuels emit greenhouse gases. This is 

coupled with deforestation for extraction of fossil fuels. On the other end, the 

consumption of energy in the industries also generate greenhouse gases. So, the 

complete dependence on fossil fuels is going to aggravate the problem of global 

warming and climate change.  

 

The hydro power does not directly contribute to the global warming, but its 

environmental impacts are largely ecological. This needs a lot of land to be 

submerged in water for building dams and often require relocation of human 

beings and other living organisms. The nuclear power can produce electricity in 

large scale and does not contribute to carbon emission. The environmental 

impact from the nuclear power is lower than fossil fuels.  

 

The renewable energy sources like the wind and solar have got the lowest 

environmental impacts. Wind turbines have the lowest carbon emission levels of 

12 g CO2 equivalent per kWh of electricity generated as against 820 g CO2 

equivalent per kWh in case of coal. As far as ecological impact is concerned, the 

solar and wind farms can be made alongside the agricultural lands. Wind farms 

need only foundation arrangement and rest land can be used for agriculture. [3] 

1.3  Water scenario 

 

Water is distributed in various forms across the earth. Most of the water is 

available in oceans, and an only tiny portion of 2.5 % is present as fresh water. 

Hence, the bulk of the water on Earth is saline, with a salinity of 35,000 ppm on 

an average (35 grams of salts in 1 kg of seawater). Freshwater is defined as water 

that has a salinity of less than 1 percent that of the oceans - i.e., below around 
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350 ppm and water around this salinity is only fit for human and animal 

consumption and also for most of the other uses. Out of the available fresh water, 

a major fraction is locked in the form of glaciers, ice caps and snow leaving 

behind only a tiny percentage of water for use [4].  

 

Figure 1.3 Global water distribution [4] 

The distribution of, already limited fresh water, makes it more scarce. 

Figure 1.3 represents the distribution of global water in a lucid manner. The 

available fresh water is also highly skewed both spatially and temporally. All the 

parts of the planet are not equally distributed with fresh water resulting in 

regions of acute water scarcity.  
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Figure 1.4 Water stress map of India   [http://www.wri.org] 

We can observe that most of the places in India are already water stressed. 

 

 

The availability of the water is not evenly distributed throughout the year, and 

hence there are periods in a year when water shortages are very common. Also, 

even if the fresh water is available, the quantity and quality of the fresh water is 

another issue. Hence there is inherent uncertainty in access to the fresh water.  

 

Source: World Resources 

Institute 
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The water scenario of India is shown in Figure 1.4. Water stress is estimated 

based on the withdrawals of water against the availability. If the withdrawals are 

lower than the availability, the region is classified as low water stress, and then 

the water stress increases with increase in withdrawals [5]. We can observe that 

most of the regions come under high and extremely high water stress.  

 

1.4 Desalination 

 

The demand for fresh water continues to grow with ever-increasing population, 

rapid industrialization, and economic growth. On the other hand, the availability 

of directly usable natural water keeps on shrinking. The disturbances created by 

global warming and climate change, exploitation of natural resources all 

contribute to the problem. The problem is more prominent in partially arid 

climates and also in islands and some coastal regions. Hence, desalination of the 

locally available salt water of any quality is seen as an option to supplement the 

demand gap for freshwater supplies. The schematic representation of desalination 

system is shown in Figure 1.5.  

 

Desalination processes extract fresh water from the saline water leaving behind 

the brine which will be of higher salt concentration than the input saline water. 

There is an energy input in some form or other to carry out this process. [6] 
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Figure 1.5 Schematic representation of desalination system 

 

 

There are basically two broad categories of desalination technologies based on the 

type of energy primarily used. Thermal desalination uses thermal energy to heat 

saline water and condense the vapours to produce water of high quality. The 

membrane desalination is basically a pressure driven process. The salt water is 

pressurized to the required level and passed through the membrane to produce 

the product water which is usually of potable water quality. This consumes 

mainly electrical energy for the pumps used to product the required pressure. [7] 

 



9 | P a g e  

 

1.1 Energy Implications of Desalination 

 

Desalination process is highly energy-intensive, and the major input is energy in 

different forms. Membrane-based desalination processes (Reverse Osmosis - RO) 

needs energy in the form of electricity whereas thermal based desalination 

processes (Multi-stage flash -MSF, Multi-effect distillation - MED) requires 

primarily thermal energy, but also needs significant electricity for pumping needs. 

Even though the energy required for desalination is site-specific, on an average, 

we can say that the seawater desalination using multistage flash technology needs 

approximately 290 kJ/kg of thermal energy in addition to 2.5–3.5 kWh electrical 

energy per 1000 liter of product water, whereas huge capacity reverse osmosis 

process consumes about 3.5–5.0 kWh of electrical energy alone per 1000 liter of 

product water [8]. Considering the average energy requirement of various 

desalination processes and the global desalination capacity of around 65 million 

m3/day, the energy requirement works out to be approximately 200 million kWh 

per day and keeps growing every year [9] [10] 

 

1.2 Energy-Water nexus 

 

Water and energy systems have become increasingly interdependent and are 

tightly intertwined these days. Water is used in almost all stages of energy 

production, particularly in electricity generation. Energy is invariably required to 

produce or extract, transport over long distances and deliver water at the 

essential quality for various human uses. At the back end, energy is also required 

to treat waste waters before sending back to the environment. [11]  Historically, 

the interactions between energy and water have not been properly addressed. 

They were considered based on region or based on the technologies. Throughout 
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the world, energy systems were developed separately, and water systems were 

managed separately. These two were treated independent of each other [12]. But 

the fact remains that the energy and water flows are intrinsically connected with 

each other. The inherent properties and characteristics of water make it an ideal 

choice to be used for producing energy. On the other hand, the energy is required 

to treat, distribute water for human use and again put the water back into the 

cycle. Thermoelectric power generation draws huge quantities of water for cooling 

purposes and in turn, dissipates back tremendous amounts of energy on account 

of its inherent inefficiencies involved the conversion of thermal energy to 

electricity. The quality and quantity of intensity of water use and energy 

dissipated vary with generation and cooling technology [13]. In addition, water 

treatment and distribution for drinking water supply and municipal wastewater 

also require energy [14]. 

 

Water and energy needs will be governed by growth in population and also 

migration patterns.  The changes in the type of fuels used and energy 

technologies adopted also shape the water and energy needs.  For example, if the 

population increases in a region, the demand for both water and energy is set to 

increase. This can be triggered by an increase in production of locally available 

energy resource like coal, oil. As a consequence, the requirement of water also 

increases. Hence both water and energy need to be managed as a whole. While 

many of the forces affecting the water-energy nexus are cannot be controlled 

directly, this interconnection can be effectively managed to a certain extent by 

proper planning considering various available technology choices, fixing proper 

share for various energy sources and also planning the site of these projects [15]. 

 



11 | P a g e  

 

1.3  Energy-related risks to water security  

 

Most of the present day water distribution and water production systems 

consume energy in the form of electricity. Also, there are specific requirements 

due to infrastructure and site-specific conditions that make these water systems 

depend on the fossil fuels sources directly for extraction and distribution of water. 

The form of energy that is utilized and its abundance or scarcity can increase the 

water security of that region or can cause danger to water security.  In addition, 

most of the conventional energy sources are likely to contaminate the already 

scarce surface water and also the water table, in certain cases [16]. There are 

certain major problems that are identified in the literature, and they are briefed 

in the following paragraphs.  These points are important and very much relevant 

for policy makers and government planners.  

 

1.3.1 Limited or unreliable and affordable ene rgy for extraction of 

water 

 

The quality of water for various tail end-users are not same and are very much 

different from one another. Such variable quality requirement calls for a various 

degree of treating the water. The processes and methods employed also depends 

on the source of raw water. Consequently, the quantity and the form of energy 

needed for the treatment of water also varies to a great extent. For instance, the 

underground water can be directly pumped for agricultural uses and hence only 

pumping power is required either in the form of electricity or diesel. On the 

contrary, desalination processes to produce potable water from either brackish 

water or water from sea sources, need significant energy, both for pumping 

purposes and for core process activities [17]. Also, the cost of energy is the most 
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significant component in extraction of water and amounts to approximately one-

third of the total O&M component [17]. Hence, the supply of water is governed 

by the availability and affordability of energy. The energy source, if directly 

drawn from hydrocarbon fuels, is highly susceptible to ever-changing price trend. 

As a consequence, the energy cost becomes un-affordable and project can become 

unviable. This can ultimately affect the availability of water. Parts of the country 

and certain geographic locations which predominantly depend on desalination as 

the major source for drinking water are more likely to be affected by the input 

energy costs [9] [18]. 

 

1.3.2 Water for energy production and related problems 

 

Water has become a limited resource in most parts of the world. Water is 

essential for energy production, agriculture and of course, to cater drinking water 

needs. Policymakers often face problems in allocation and re-allocation of the 

water resources for its various uses. Particularly in case of developing nations 

that witness large scale requirements of energy production face this dilemma 

wherein some amount of water allocated for other purposes have to be diverted 

for energy production. Thus water has become a very important factor in 

determining health and day to day livelihood of the society [19]  [20]. 

 

1.3.3  Pollution of water due to energy-related activities 

 

Usage of fossil fuels increases the danger of contamination the available water 

sources. The water resources are affected in terms of its quality and also are 

harmful to flora and fauna in that region. Even the very extraction of fossil fuels 

can cause pollution to the water. The coal is extracted in coal mines. The huge 
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mine dumps that are left over residues from the mines have a lot of polluting 

things that diffuses slowly into the underground and contaminate the water. 

When the gas is being drilled, spillages and major leakages release heavy metals 

to the surface, polluting the water. [21] [22] Also, at deep levels underground, 

water is highly salty, and when released into the surface contaminates the surface 

water. In addition to this, the fractional distillation of gas can pollute 

underground, and river waters are rendering it useless for human and animal 

purposes and even industrial purposes [17] [23] [24] [25] [26] [27]. 

 

1.4 LITERATURE SURVEY 

 

The literature survey presents the literature survey on renewables based 

desalination systems. The availability and accessibility of energy sources are 

analyzed stressing on the use of locally available renewable energy sources. The 

options available for desalination systems based on these renewable energy 

sources are explained. The present technology status and barriers in renewable 

energy based desalination systems are analyzed. The hybrid power system based 

on renewable sources is presented as a technology option. The motivation of the 

research work is drawn from the present barriers in design and implementation of 

the above system, and the research objectives are set.  

 

1.4.1 Renewables based desalination 

 

Desalination is an energy-intensive process. Mostly, energy supply is from fossil 

fuel sources, and they are highly vulnerable to every changing global market 

conditions and also the inherent logistical supply issues to remote places and 

island communities. Hence it is an obvious fact that they are not sustainable. 
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Until now, most of the desalination plants are located in regions where energy 

availability is high, and costs of energy are low. [28]  At present, close to only one 

percent of the water produced by various technologies is powered by solar, wind, 

biomass and other similar new energy sources. The renewable energy option is 

now being adopted in various applications making it a regular energy source, and 

due to this increase in the scale of utility, the cost of these energy sources are 

likely to decline in the near future [29]. This makes the renewable energy a more 

viable option.  The demand for desalinated water is growing with the growth in 

the economy and energy-importing countries like India, China, and other small 

islands; there is a vast scope for renewable energy-powered desalination systems 

worldwide [30]. 

 

Designers need to consider these different technology options for desalination, and 

their decisions shall be based on the available renewable energy sources at a given 

site. For example, thermal desalination is a viable option with high potential for 

solar energy. Membrane desalination can also be considered with electricity from 

solar photovoltaic panels. This is a good solution for arid regions that have 

extensive solar energy potential. Wind energy could be considered for membrane 

desalination projects locations with good wind potential and in coastal 

areas/islands. [31] [32] 

 

The desalination itself is still a costly process, and declining renewable energy 

deployment costs are most likely to bring the overall cost down in the recent 

future. Such a configuration is of particular interest for remote locations and 

island communities with small populations where infrastructure for drinking 

water and electricity generation, transmission and distribution is either 

inadequate or absent. [33] 
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Hence the water needs and various renewable energy sources available shall be 

mapped for a country. This mapping provides a clear roadmap for taking policy 

decisions about concluding on renewable powered desalination plants in years to 

come. Such mapping and subsequent planning would enable a self-sustained 

model of development for packets of society that mainly look upon desalination 

systems as the major source for potable and useful applications. Renewable 

energy-powered desalination can enable a continued and sustained growth, 

particularly in the countries that depend on desalinated water for supporting 

local communities and other productive uses like irrigation. On the whole, such 

option may be viewed as a self-sustainable model of investment which brings 

down various costs like ecological and operation related. Government planners 

shall also consider the above option and assess the overall life-cycle costs of 

various technologies available at the time of planning their capacity, related 

infrastructure, and water supply need on a sustainable basis [34]. 

 

Energy storage systems are also required for the renewable energy system to 

increase the availability. For example, thermal storage systems with concentrated 

solar plates, when used for desalination, can significantly help in reduction of the 

fossil fuels use and hence the associated CO2 emissions.  Similarly, other 

renewable energy sources, like solar PV and wind power, when associated with 

energy storage systems, can offer significant contributions.  In this context, this 

thesis proposes desalination itself to be a more useful and viable method to store 

renewable electricity, under varying conditions of operation. The same is 

elaborated in Chapter 3 
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Thus, the renewable energy sources based desalination can offer a sustainable 

method to produce fresh water.  With the scenario where fossil fuel prices 

continue to increase, and the cost of renewable energy technologies continue to 

come down, it is expected that the above option will become economically 

attractive. Particularly in case of remote locations, with a low density of 

population and absence of infrastructure for power and water, renewable energy 

with desalination is most likely to be the cost-effective solution. At present, less 

than 1% of the desalination capacity is based on renewable energy sources, and 

this does not truly reflect its advantages.  The membrane-based reverse osmosis 

and the thermal technology based multistage flash and multi-effect desalination 

systems contribute to above 60 % of the renewables based desalination plants. 

Among the renewable sources, solar photovoltaic tops with above 40 % of the 

total power produced. Solar thermal-based systems and wind energy follow it. 

The best-suited combination of the renewables coupled with a suitable 

desalination technology can be the solution to achieve energy security and water 

security, in an economical, efficient and an environmentally friendly method. The 

techno-economic feasibility of renewable desalination system needs an elaborate 

assessment considering various inputs. The site selected for the plant, the 

renewable resources availability throughout the year, various parameters of input 

raw water like the salt content, suspended solid content and the amount of fresh 

water required along with its quality, the availability of conventional electricity, 

all needs to be taken into consideration. Apart from these, the problems related 

to the day-to-day running of the plant, transportation option for raw water, and 

requirement of pre-treatment are additional the factors to be taken into 

consideration for the decision-making process. Some technology solutions are 

more suitable for larger plant capacities, and others are for small-scale 

applications. 
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1.4.2 Solar PV based Desalination 

 

The reverse osmosis and the electrodialysis desalination systems directly need 

energy only in the form of electricity. Hence, they are a natural choice for getting 

coupled with photovoltaic panels. Among the above mentioned processes, the 

electrodialysis is used for the production of high purity water and reverse osmosis 

is used to produce potable water. Some demonstration scale PV-RO plants have 

been installed in remote locations up to 10 m3 per day capacity [35]. Cost 

economics is still a major challenge due to higher costs of PV and storage 

battery. [36] The unreliable solar resource is also a problem. The lifespan of the 

battery system is very crucial and depends upon operating conditions and 

meticulous maintenance. Any revolution in storage device would lead to the 

large-scale deployment of PV based systems. [37] [38] 

 

 

1.4.3  Wind energy based Desalination 

 

The wind turbine can provide power output both as mechanical and electrical. 

The electrical energy generated can be used for reverse osmosis and electrodialysis 

plant. The mechanical power output can be directly utilized for mechanical vapor 

compression systems without converting into electrical energy. The seacoast zones 

are generally with high wind potential and are the most resourceful locations for 

setting up of wind turbine based systems. Wind-powered reverse osmosis plants 

with sea water as input have been installed for demonstration purposes at few 

places up to capacities of 50 m3 per day. The hour-to-hour variation and seasonal 

variation is a problem of wind power systems similar to solar-based systems.  
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Storage systems like batteries can also increase the availability but comes with its 

own cost and maintenance issues.  

 

Hence, combining with other renewable sources can address the problem of 

intermittency. Also, desalination can act as a buffer and double up as an energy 

storage method during high resource availability periods [39] . 

 

1.4.4  Desalination Costs 

 

The operational cost of desalination plant comprises of cost of energy, cost of 

chemicals consumed, cost of workforce and cost of maintenance/spares. Energy 

cost is the single major component of the running cost of desalination at around 

40%. Hence, the cost of energy dictates the overall cost of desalination. Energy 

cost, thus, decides the economic viability of the desalination plant [40].  

 

It is very difficult to compare various desalination technologies as a whole. Such a 

comparison has to be site specific. Several factors that govern the cost of 

desalination are unique to that particular site. [41] The source of raw water, 

transfer of the raw water up to the desalination plant, distribution of final 

product water to the point of use, disposal of reject water and the cost of locally 

available energy, all are unique to the site selected. All these factors have got a 

significant impact on the final cost. [42] 

 

The reverse osmosis and multistage flash processes are the most used and 

commercially well-established technologies to date. The initial investment of 

higher for MSF plant due to elaborate design and fabrication involved in the 

plant equipment. The operational costs of RO plant are more due to the 
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complexity involved in the process. The initial investment towards capitals is in 

the range of 800 – 1500 US dollars on an average [43].  The range is wide due to 

the variation of prevailing labor costs at site and interest rates in the country. 

The cost of running the plant is slightly above two percent per year of the initial 

investment cost. [44] 

 

The overall cost shows a decreasing trend in the past decade, particularly for RO 

plants. This is largely due to improvements in technology and reduction in the 

cost of membranes. Still, desalination is a viable option for nations with middle-

income levels. It proves to be a costly proposition in case of developing nations. 

The typical cost figures are in the range of 1 to 2 US dollars per 1000 liters of 

product water.  The economies of scale, coupled with other positive factors, if 

available, can bring it down as much as 0.5 US dollars per 1000 liters of product 

water [23]. The above costs are based on desalination plants with grid power 

electricity at costs around 5 US cents per unit.  

 

In the first instance, the renewables based desalination appears to be more 

expensive as compared to the grid power based desalination plants. This is true 

for places where already established energy infrastructure is present. But 

locations that are very remote and islands with small communities lack such 

infrastructure. Extending the energy supply to such areas is definitely not going 

to be an economical option and sometimes may not be technically feasible also.  

The renewables powered desalination systems have got their scope at these 

places. Such plants will be sustainable and economically more viable than any 

other technology. 
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1.4.5  Challenges 

 

Coupling of the desalination plant with the renewable energy sources brings in a 

lot of challenges. The variable and intermittent nature of renewable sources make 

it very difficult to decide on the capacity of the system as a major design 

problem. Similarly, the management of power generated from the source to the 

load and the storage system is a difficult technical task. Both these things bring 

economic issues as a challenge. Advances in technologies aimed at improving the 

availability of energy at lower costs and better energy storages.   A complete survey to 

create a database of available renewable energy resources in all regions is the primary 

challenge. The variability of these resources creates the problem of availability of energy 

source. This, in turn, affects the reliability of the system. The technological 

challenge involved is to freeze a design under varying input resources. The design 

of capacities has got a direct bearing on the cost of the system and hence the 

final cost of water produced which is a highly sensitive issue. A synchronized 

effort is required in the energy and water industry for addressing these challenges. 

The developing nations need to attend the problem of high initial cost and 

availability of skilled workforce to operate the plants [45] [28]. 

 

1.4.6  Hybrid renewables based desalination 

 

The hybrid power system is basically combination of two or more sources of 

power generation systems together. The locally available renewable energy 

sources are the natural choice for creating the hybrid power system. [46] Most 

probably, the solar photovoltaic (PV) systems are employed in association with 

wind energy systems. Such hybrid energy configurations offer a better of energy 

security to the region as it uses the energy mixed from various sources. [47] [48] 
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Nevertheless, it comes with its own complications. This is normally accompanied 

by energy storage systems like batteries to ensure maximum supply reliability 

and availability. [49] Figure 1.6 shows a general schematic of the typical solar PV 

– wind generator based hybrid power system.  

 

 

Figure 1.6  A typical solar PV - wind hybrid power system 

The above hybrid power system has solar PV and wind 

generator as renewable sources. Battery is used for energy 

storage. The regulation and conversion of power is handled 

by power electronic circuitry. 

 

The system consists of solar Photo Voltaic (PV) modules, wind generator as 

sources for renewable power generation. There is a battery bank for storage of 
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energy. These are all connected to a power conversion system. This takes power 

for either or both the sources, charges the battery and feeds power to the load. 

 

Figure 1.7  Solar resource map of India   [www.mnre.nic.in] 

We can see that most of the parts of India has an average 

solar irradiation of above 5 kWh/m2/day. 



23 | P a g e  

 

The solar and wind power availability throughout India are shown in Figure 1.7 

and Figure 1.8. We can observe that an average of 5 kWh solar resource is 

available per m2 area on a typical day. Parts of the country like Tamil Nadu, 

Gujarat, Rajasthan and even some places in Jammu & Kashmir has got around 6 

kWh/m2/day of the resource. 

 

Figure 1.8 Wind resource map of India. [www.niwe.res.in] 

Almost half of regions in India has got a moderate wind 

power potential with wind power density around 200 W/m2. 
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Similarly, there are regions of high wind resources like Tamil Nadu, Gujarat 

having around 200 W/m2. Most of these resources have been commercially 

exploited for power generation purposes. The next concentration is in the medium 

resource regions where the current potential is very high. The solar power is 

available not more than 10 hours a day, but the wind power is exploitable 

through most of the hours. This paves the way for venturing into medium wind 

resource area also in hybrid power mode along with the solar PV. This 

characteristic makes conditions favorable for solar PV – wind hybrid power 

system along with small energy storage batteries. [50] 

 

1.4.7   M otivation and objectives: 

 

Renewable energy sources have the inherent problems of intermittency, 

uncertainty, and low availability which makes the power supply more unreliable.  

Huge energy storage systems like batteries are to be employed to increase the 

availability. Photovoltaic (PV) and wind power are complementary because 

sunny days are generally accompanied by very low wind and cloudy days and 

night times are likely to have strong winds.  Therefore, hybrid PV-wind systems 

can have higher availability and reliability than systems based on individual PV 

or wind sources.  Thus, this study is orientated towards hybrid PV-wind systems 

suitable for small-scale desalination plants that are to be applied in remote 

locations and islands.  

 

Use of hybrid PV-Wind systems for desalination has a unique advantage of 

reduction in energy storage battery capacity resulting in increased utilization of 

power generated and reduced cost. 
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Hence the performance of the hybrid power system largely depends on the proper 

combination of capacities of the individual system like PV and wind generator. 

The power generation depends on instantaneous solar irradiation and the wind 

speed. On the other hand, the load requirement variations also affect the overall 

generation. This makes it necessary to study the overall annual power generation 

for various combinations of PV-wind capacities under varying load conditions. 

 

There is a need to develop a comprehensive model for annual power generation. 

Also, the performance of the system with desalination plant as a load and the 

annual water production need to be assessed under given site conditions in order 

to access the techno-economic feasibility. Also, there is a need to develop high 

efficient power converter that can take multiple renewable energy inputs with a 

closed loop controller. 

 

From the literature survey and current status of the technology, the following are 

the derived objectives taken for the study: 

 

 Modeling of hybrid renewable power system with PV-wind coupled with 

the desalination plant for remote locations and islands. 

 Calculate the overall annual power generation for the selected site. 

 Size optimization analysis for various combination of PV-wind capacities. 

 Method of identifying combination of solar and wind capacities for various 

objectives like cost of energy, total power generation and availability. 

 Analysis of the size optimization study for a desalination plant load. 
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 Neural Network based modeling of total annual power generation for 

various combinations. 

 Development and testing of a power converter that can take multiple 

renewable energy source inputs. 

1.5 Thesis organization 

 

The thesis is organized into five chapters, viz. introduction with the review of the 

literature, size optimization of PV-wind hybrid power system, Neural network 

modeling of PV-wind system and Power converter for the hybrid power system. 

A general introduction is given in chapter 1 and literature survey along with 

motivation of the work and objectives are explained in Chapter 2. Chapter 3 

presents the modeling of the hybrid power system and sizing analysis of the same. 

Chapter 4 deals with the Neural Network based modeling of the hybrid power 

system. Chapter 5 explains the development and testing of the high-efficiency 

power converter for the multiple renewable energy source inputs. The last 

chapter summarizes the overall conclusions and salient findings of the entire 

study.  
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Chapter 2 

2 SIZE ANALYSIS AND OPTIM IZATION OF 

RENEWABLE HYBRID POWER SYSTEM S 

 

2.1 Introduction 

 

  The energy and water scenario and their nexus was discussed in 

Chapter 1. Water and energy are the basic needs that control the lives of 

humanity and also promote civilization. Water, energy, and environment are 

essential inputs for the sustainable development of society [51]. The availability 

of fresh water is an important issue in many areas of the world. The ocean is the 

only perennial source of water. Their main problem is obviously its high salinity 

[52]. The removal of salinity is accomplished by several desalination methods. 

But, all the desalination processes require significant quantities of energy.  

Ironically most of the places that are water stressed are also energy stressed. The 

cost of extending grid power may be prohibitively high in those cases. Rural / 

Remote locations like hills and islands multiply the problem to a larger 

magnitude [53]. These remote parts do not have access to the conventional source 

of power.  Use of renewable sources like solar, wind, Biomass and other locally 

available energy sources is the only solution. Fortunately, most of such locations 

have exploitable renewable sources of energy that could be used to drive 

desalination processes [54]. Renewable energy systems utilize sources available 

locally and freely for production of energy. Production of fresh water using 

desalination technologies driven by renewable energy systems is thought to be a 

viable solution to the water scarcity at remote areas, which is characterized by 
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lack of potable water and conventional energy sources like heat and electricity 

grid. Also, they are environmental friendly [55]. Desalination systems cannot be 

compared with conventional systems in terms of cost without taking site-specific 

factors into consideration. They are suitable for certain locations and will 

certainly emerge as widely feasible solutions in due course of time [56] [57] [58] 

[59] [60] [61] [62] [63]. 

But the renewable sources are of intermittent nature and have poor availability. 

Hence, it is practically difficult to produce water with a single source of energy. 

Naturally, combining two or more sources of energy, known as hybrid power 

system along with energy storage devices, is the next available option. 

 

2.1.1 Energy storage systems: (ESS) 

 

The power system is expected to perform well in terms of its reliability and 

availability leading to better energy security. Hence various energy storage 

systems (ESS) like the pumped energy storage, battery storage and fuel cells are 

to be employed to meet the objective [64] [65] [66]. The storage devices help is 

managing the load, apart from carrying out the basic function of storing the 

energy. There is always a need to balance between the load end requirements and 

the generation instantaneously [67] [68] [69]. When the demand exceeds the 

supply, ESS supplies the additional power required. Another important 

application is the meeting up of peak demand. Very short time spike load 

requirements can be met out by the ESS [70] [71].  Also energy storage systems 

helps in reducing the capacity of DG sets and can cater power back up 

requirements for emergency loads. Future energy storage systems are expected to 

contribute for easier transition to smart grid networks [72] [73] [74]. 
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2.1.2 Reverse Osmosis (RO) desalination using solar PV and wind 

Energy 

 

The energy storage systems takes away a portion of generated energy for energy 

conversion purposes during the process of storage and again during usage. Hence, 

it is necessary to utilize the surplus energy generated instantaneously to make a 

final product which can be stored. This eliminates the energy wastage due to 

conversion efficiency both during storage phase and also during reuse of stored 

energy for end use. This increases the net overall energy available for the load. 

 

A suitably sized reverse osmosis plant finds its application under such 

circumstances. RO is the desalination process with the minimum energy 

requirements [75] [76] [77] [78] [79]. The RO plant is considered as a load because 

the plant can run as and when enough power is available from any of these 

sources, produce water and stored in tanks. The plant can operate at various 

capacities and hence it serves as a variable load. With this, we can keep the 

capacity of energy storage system like batteries to aminimum and hence increase 

efficiency and reduce costs. 

 

This chapter presents the techno-economic analysis of various sizing combinations 

of systems with solar Photovoltaic, wind energy and storage batteries for a 

constant load. The components of the hybrid power system is modeled using 

MATLAB to simulate the performance of the system for different combinations 

of capacities. [63] 

 

The second section of this chapter also discusses the hybrid power system coupled 

with a brackish water reverse osmosis desaliantion plant working as the variable 
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load. This configuration of small capacity hybrid power system can be employed 

for supplying electricity and clean water in islands and remote locations.  

 

2.2 Hybrid Solar PV-W ind power scheme 

 

The complementary features of wind and solar resources make the use of hybrid 

wind–solar systems to drive a desalination unit a promising alternative as usually 

when there is no sun and the wind is stronger and vice versa [80]. It should be 

noted, however, that there will be conditions when both solar and wind energy is 

not available. This implies that the load operates only partially when the energy 

is available unless some storage device is used. Batteries are one such storage 

devices but are usually expensive [54] [56].  

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1 Schematic diagram of a typical Hybrid power system 

 

SOLAR  
PV CELLS 

POWER  
CONVERTER 

WIND 
TURBINE 

 
LOAD 

BATTERY 
 



31 | P a g e  

 

The basic components of the hybrid system are the wind generator and the PV 

system. Others are additional/auxiliary components which help for the full-time 

functioning of the hybrid system. Figure 2.1 shows schematic of the hybrid 

system with the desalination plant as a load. 

 

2.3  M odeling the renewable energy systems 

 

There are a variety of renewable energy sources identified and utilized at various 

levels. The renewable energy sources encompasses solar energy, which includes 

thermal collectors, solar ponds and photovoltaic, wind energy and geothermal 

energy. In this section, we will discuss about solar photovoltaic and wind energy. 

 

2.3.1 Solar Photovoltaic 

 

Photovoltaic effect was discovered in selenium way back in 1839. The 

photovoltaic (PV) processabsorbs the energy in sunlight and converts the energy 

directly to the form of electricity. A typical photovoltaic cell comprises of a 

minimum two thin layers of semiconductor and the most common semiconductor 

used is silicon. [81] This junction of semiconductor is the source that harvests the 

energy in light and creates charged particles in the material. Metal contacts are 

provided on either side of the layer to conduct these generated electrical charges 

in the form of direct current.  The schematic representation of a PV cell is given 

in Figure 2.2 
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Figure 2.2 Schematic representation of a PV cell 

  

The Luque and Hegedus model of PV cell is given by the equation below and 

Table 2.1 gives the description of symbols used [82] [83]. 

 

I = ISC [1 − exp  
V−V∝+IRs

Vt
 ]                                                            …Eq.(2.1)                                  

 

 

Isc = Isc
∗ G

G∗ [1 +
dI sc

dT c
 Tc − Tc∗ ]                                                                        … Eq.(2.2) 

 

 

Tc = Ta + CtGeff                         …Eq.(2.3) 

 

C𝑡 =
NOCT (o c)−20

800W/m2
                                    … Eq.(2.4) 
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V∝ =  V∝
∗ +

dV∝

dTc
 T𝑐 − T𝑐

∗   1 + 𝜎∝1n  
Geff

G∝
 1n  

Geff

G∗                                      … Eq.(2.5) 

 

Rs =  
V∝

∗ −VM
∗ +Vt 1n 1−

IM
∗

Isc
∗  

IM
∗                                                    … Eq.(2.6) 

 

Pv t = NpvVm t Im(t)                                                   … Eq.(2.7) 

 

PV equipment is basically a static system and has no moving parts and hence 

requires minimal maintenance. Also, it has a long life. It generates electricity 

directly without producing any sorts of emission of the greenhouse gases, and its 

operation is practically silent. 

 

Table 2.1 Symbols used in solar PV model equations 

 

Symbol Description 

Isc is the short circuit current 

Voc is the open circuit voltage 

Vt is the thermal voltage 

Rs is the series resistance 

STC is standard test conditions 

Isc
∗  is the short circuit current of the module at STC 

Voc
∗  is the open circuit voltage of the module at STC 

G∗ is the Irradiance at STC 

Ta is the ambient temperature 

Tc is the operating temperature of the module above ambient 
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Tc
∗ is the temperature of the module at STC 

NOCT  is  normal operating cell temperature 

dISC

dTc
 and 

dVoc

dTc
 

are temperature coefficient of current and voltage  

σoc is the empirically adjusted parameter equal to -0.04 

Goc is the empirically adjusted parameter taken as equal to the 

value of G∗ 

VM
∗  is the maximum voltage of the module  at STC 

IM
∗  is the maximum current of the module at STC. 

 

2.3.2  Wind energy 

 

Wind energy is created by the pressure differences in the atmosphere due to solar 

power. The wind turbine technology is highly mature and already deployed in 

commercial scale in sites of high wind energy potential. In future, small wind 

turbines are expected to play the crucial role in distributed and decentralized 

energy systems. The production can be improved by using novel control strategies 

and better energy storage systems. 

  

The wind energy is modeled using the equation Eq. 2.8. Table 2.2 gives the 

description of symbols used. 

Pw (𝑡) =

 
 
 

 
 

0                    (v<v in ) 

a1v2+b1v+c1       (v in ≤v<v1)

a2v2 + b2v + c2        (v1 ≤ v < v2)

a3v2 + b3v + c3  v2 ≤ v < vout  

0                    (v > vout )

      … Eq.(2.8) 
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Table 2.2  Symbols used in wind model equations 

Symbol Description 

PW t  is the hourly output power of wind generator at wind speed v 

v is wind speed at the projected height 

Vin and Vout are cut-in and cut-off wind speed of the wind generator 

respectively 

 

2.3.3  Energy storage battery 

 

 The modeling of battery storage system is required to track the amount of 

energy stored in the system at a given point of time during the simulation. For 

estimating the state of charge of the battery, we need to know the power 

generation from the renewable sources during the hour, the load requirements 

and the state of charge at the start of the hour.  The state of charge at a given 

hour Eb(t) is given by the equation 

 

Eb(t) = Eb(t-1) + [ Ech(t) * ῂch ]  - [ Edis(t) * ῂdis ]                                         … Eq. 2.9  

where Eb(t-1) denotes the state of charge in the preceding hour, Ech(t) and Edis(t) 

are the charge and discharge quantities of energy storage, ῂch and ῂdis are the 

charging and discharging efficiencies respectively. The charging and discharging 

efficiencies of the lead-acid storage battery is approximately 90%. 
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2.3.4  Assumptions 

 

In modelling the technologies, the technical performance, economical assessment 

and the data pertaining to site chosen are crucial factors that can affect the 

performance of the hybrid power system model.  

 

1. Weather data is assumed to be constant within each 1 hour time step. 

2. The steady state of technical parameters is assumed. The output of solar 

PV and the wind generator depends only on meteorological data. The 

battery charging and discharging efficiencies are also fixed. The capacity of 

the battery is assumed to be constant over its life cycle. 

3. The applied weather data is for the design year and similar trend is 

expected to continue. 

4. Maintenance and operation costs depend largely on the installed capacity. 

 

 

2.4 Cost M odel of solar PV, wind and battery system 

 

The cost model of the various energy sources is developed considering the capital 

cost per kW capacity. The annualized capital costs are calculated by using the 

capital recovery factor which is calculated by taking the lifespan of systems and 

the interest rate into account. Also, the operation and maintenance costs are 

included in the model.  The annual total cost of the hybrid power system for a 

particular set of capacities of solar PV, wind and battery is finally calculated by 

summation of the individual costs.  
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The formulae used for the cost model is as given below. Table 2.3 lists the 

description of symbols used. 

 

𝐴𝐶𝐶 = 𝐶𝐶 𝑥 𝐶𝑅𝐹                   …Eq.(2.10) 

  

ATC = C PV  x [ACC PV +  AMC PV ] +  C W  x [ ACC W +  AMC W ] 

  + C B  x [ACC B +  AMC  B ] …Eq. 2.11)  

Table 2.3  Symbols used in Cost model 

Symbol Description 

CC Capital cost/kW ( in INR – Indian 

Rupees) 

CRF Capital recovery factor 

ACC Annualized capital cost ( in INR ) 

AMC Annual O&M cost ( in INR ) 

ATC Annualized Total cost ( in INR ) 

C(PV) PV Capacity ( in kW ) 

C (W) Wind plant capacity ( in kW ) 

C (B) Battery capacity ( in kW ) 

COE Cost of Energy / kWh ( in INR ) 

 

 

A brackish water RO desalination plant is connected as a load to the hybrid 

power system. This plant produces drinking water when the power available 

(both generated and stored put together) is sufficient to operate the plant. The 

water produced will increase up to its rated capacity if the power produced is also 

more. Hence the load can handle variation in the power generation due to the 
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renewable sources.  The RO plant indirectly stores power produced in the form of 

product water thereby eliminating the need for having higher capacities of 

expensive batteries.  

 

2.5 Techno-economic analysis of hybrid power system 

 

The selection of capacities of solar PV, wind generator, and battery greatly 

affects the total power generated in a particular year, capital cost and the 

operation & maintenance cost of the system. This has got a direct bearing on the 

cost of energy per unit of power generated (COE) and the availability of power 

for the load. The percentage availability is defined the time period in a year, the 

instantaneous power output from the hybrid power system is sufficient enough to 

operate the RO plant. 

 

A hybrid power system can be designed with a particular combination of solar 

PV capacity, wind generator capacity, and battery capacity. Due to the 

intermittent nature of renewable sources, selection of capacity of any particular 

renewable energy resource based system may lead to component over-sizing and 

unnecessary operational and lifecycle costs. Also, the total power generated may 

be reduced, and hence the availability will reduce, and cost of producing energy 

per unit will increase. Hence a proper combination of capacities of solar PV, 

wind, and battery is crucial to achieving the required objective.  

Hence an in-depth techno-economic analysis of the combination of different 

renewables is necessary to obtain enough understanding of the system. We have 

modeled the entire hybrid power system in MATLAB using the equations (2.1) to 

(2.11). The main objective of the model is to analyze the various combinations of 
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solar PV, wind generator and battery capacities with respect to total power 

generation, availability and cost of energy per unit. 

 

2.6 Data 

 

The hybrid power system design optionsare analyzed for the selected site, 

Kalpakkam.  Kalpakkam is situated in South India and has the following latitude 

and longitude: 

Latitude: 12o34’  North 

Longitude: 80o 10’ East  

The solar irradiation data is measured by using the ‘Online solar Radiation 

Meter’ installed at the site, and the wind data is extracted from the 

meteorological data available at IGCAR, Kalpakkam. 

 

2.7 Simulation methodology 

 

We have used the hourly solar irradiance data measured in kWh/m2/day and 

wind speed data in m/s as inputs for simulation. The above data is used to 

calculate the power output available from PV and wind sources using the models 

as described in Section 2.3. The power generated is calculated for every hour of 

the day for a complete year.  The hybrid power system shall be designed to feed 

power to a constant load requirement of 2 kW.  When the power generated at a 

particular instant is sufficient to feed the load, the power is fed to the load. If the 

power generated is more than the load requirement, surplus power is used to 

charge the storage battery bank and the state of battery charge is monitored. 

When the power generated is less than the load requirement of 2 kW, battery 

supplements the additional requirement. If the available battery storage and 
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power generated are not sufficient for load, the load is disconnected, and the 

batteries are charged from the generated power.  

 

The above simulation is carried out for various combinations of solar PV 

capacities (1 kW to 10 kW), wind generator capacities (1 kW to 10 kW) and 

battery capacities (0.5 kW to 2 kW). Capital cost, O&M cost (@ 2% of capital 

cost), interest rate (10 %) and project lifetime (for solar PV, wind, and batteries) 

are considered for calculation of cost economics. Table 2.4 gives the various input 

parameters used for simulation. 

 

Table 2.4  Simulation input parameters [84] [85] [86] [87] 

 

Parameter Unit Solar 

Photovoltaic 

Wind Generator Batteries 

Capital Cost Indian 

Rupees/kW 

(INR/kW) 

50000 180000 10656 

Lifespan Years 20 20 5 
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Table 2.5 Partial list of different configurations of hybrid power systems along 

with their key performance indicators   ( Complete table given in Appendix – A ) 

Solar 

PV 

Capacity 

( in kW) 

W ind 

Gen. 

Capacity 

( in kW) 

Storage 

battery 

capacity  

( in kW) 

Cost of 

Energy per 

Unit (in 

Indian 

Rupees – 

INR) 

% 

Availability 

of power for 

the year 

Total power 

Produced for 

the year 

( in kWh) 

7 1 2 12.63 41.4 5664 

8 1 1.5 12.73 40.0 5974 

8 1 2 13.00 42.3 5954 

9 1 2 13.45 43.4 6196 

6 2 1.5 16.04 41.1 5548 

8 2 1 16.18 41.1 6140 

8 2 2 16.65 46.1 6138 

10 2 1 16.87 43.0 6586 

9 2 2 16.99 46.8 6360 

10 2 1.5 17.09 45.3 6586 

10 2 2 17.30 47.6 6586 

6 3 2 18.68 47.4 6166 

5 3 1.5 18.74 42.9 5756 

9 3 1 18.77 44.8 6926 

8 3 2 18.94 49.5 6700 

9 3 1.5 18.97 47.8 6926 

5 3 2 18.98 46.0 5756 

10 3 1 19.05 45.7 7132 

9 3 2 19.18 50.4 6926 

10 3 1.5 19.25 48.5 7132 

10 3 2 19.45 51.1 7132 

4 3 1.5 19.71 40.7 5174 

7 4 2 21.52 51.2 6776 

9 4 2 21.85 52.9 7210 

10 4 2 22.10 53.5 7396 

7 5 2 24.08 53.4 7082 

9 5 2 24.29 55.0 7504 

10 5 2 24.45 55.6 7696 
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2.8 Results and discussions 

 

The output of the simulation gives data on total power generation in kWh /year, 

cost of energy per unit and the % availability of power throughout the year for 

400 combinations of solar PV, wind generator and battery capacity for the ranges 

mentioned in Section 2.7.   

 

 

 

 

 

 

Table 2.5 lists the partial results of different configurations of hybrid power 

systems along with their key performance indicators. The table of complete 

results is given in Appendix - A. 

 

Figure 2.3 shows the total units produced per year for various combinations of 

solar PV, wind and battery capacities. For a particular solar PV capacity, the 

total power generated / year increases with increase in wind generator and 

battery capacities. When the next solar PV capacity is chosen,and the wind 

generator and battery capacities are startedfrom minimum values, the total 

power generated / year drops down. The trend continues and thus forms a 

sawtooth pattern. The net increase in total power generation due to increase in 

wind generator and storage battery capacities starts to saturate with higher solar 

PV capacities. 

  



43 | P a g e  

 

 

Figure 2.3Trend line showing total power produced (in kWh) / per year for various combinations of capacities 

In X-axis, each number represent a particular combination of PV, wind and battery capacity. 400 such combinations are 

considered. The Total units produced per year for each such combination is plotted. We can observe that the total units 

produced gets saturated and does not increase significantly beyond combination of capacities.  
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2.8.1 M onthly distribution of power generation  

 

The main disadvantage of renewable energy systems is its uneven distribution, 

and hence very small quantities of power may be available during certain months 

of a year.Figure 2.4 shows the monthly power generation of individual sources – 

solar PV and wind for a particular combination of capacities (6 kW solar PV, 9 

kW wind, 0.5 kW battery). We can observe that the wind power generation dips 

during March-April months, but at the same period the solar PV power 

generation increases. Similar dip in wind power generation can be seen during 

September which is partially compensated by increase in solar PV generation. 

 

 

Figure 2.4 Individual PV & wind power generation - Monthly distribution 
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Figure 2.5 Monthly power generation of solar PV and wind 

The above figure shows the monthly power generation in 

kWh for a particular combination of capacities (solar PV – 6 

kW, wind – 9 kW, battery – 0.5 kW). The plot indicates the 

months in a year that we can expect decent share of power 

generation from PV and wind sources. 

 

Figure 2.5 gives the combined monthly power generation of the hybrid power 

system. From the plot, we can find that when hybrid sysem is employed, the 

monthly power generation is fairly distributed throughout the year except in 

October when both the sources produce less power simultaneously. The solar and 

wind resources supplement each other. For instance, when the generation from 

wind is significantly low during March-April, the generation is supplemented by 

increased solar PV. Similarly, when the solar PV generation dip during 

November-December, the wind generation increases and compensates. Hence, 

0

100

200

300

400

500

600

700

800

900

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

M
o

n
th

ly
 P

o
w

e
r 

G
e

n
e

ra
ti

o
n

 in
 U

n
it

s

Months

Combined PV & Wind Power Generation
Monthly Distribution

PV Wind



46 | P a g e  

 

increasing capacity of any one power source separately does not help to increase 

overall power production significantly, and ultimately contributes to increase in 

cost of energy per kWh 

 

2.8.2  Analysis of Cost of Energy Vs. Energy production 

 

The sizing of various renewable sources leads to different costs of energy. The 

Cost of Energy per unit power produced is calculated based on total cost and 

total units generated throughout the year. The profile of Cost of energy and 

energy produced with respect to these combinations is given in Figure 2.6.  

 

Figure 2.6 Comparison of trend of Cost of Energy and Units produced for various sizing 

combination of energy sources 
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Obviously, an increased sizing of energy sources leads to increase in energy 

production and simultaneously the capital / O&M cost also increases. With the 

increase in total power generation, the cost of energy per unit starts dropping and 

saturates to a value after certain limit beyond which there is no significant 

increase in energy production. Hence, this region forms the suitable combination 

with reasonably good production and minimum cost of energy. 

 

2.8.3  Availability of power Vs. Cost of Energy 

 

In case of renewable power sources, the availability of energy is intermittent. 

Hence, it is imperative to take a look at the availability also for these 

combinations. 

 

Figure 2.7 shows the plot of Cost of Energy/kWh Vs. % availability of power for 

the year colour coded with the total units produced / year. The deep blue areas 

represent the highest power production band (7953 to 8920). We observe from 

the plot that the cost of energy ranges can be less than Rs. 25 per unit with 60 % 

availability in this maximum power band. Also in the power band of 6018 to 

6985 units (light blue areas of the plot ), the cost of energy is as low as Rs. 12-20 

per unit with good availability of 40 – 55 % range.  

 

 



48 | P a g e  

 

 

Figure 2.7 Effect of availability and Cost of energy [in Indian Rupees (INR)] 

colour coded with total power produced per year. 

The deep blue areas represent combinations that produces 

maximum power. Please note the large variations in the Cost 

of Energy / unit from Rs. 12 up to Rs. 20.  If we choose a 

wrong combination, we may end up with a low power 

production and high cost of energy. We may obtain higher 

power production, but at higher cost of energy. Thus, this 

analysis is crucial to determine the right combination of PV-

wind capacities to obtain higher power at lower cost of 

energy. Also the availability of power in a year for the 

particular combination can also be determined. This plays an 

important role in deciding the battery capacity. 
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For instance, to produce approximately 6000 kWh per year, the best option is the 

combination of 8 kW solar PV , 1 kW wind and 1.5 kW storage battery for 

obtaining energy at cost of INR 12.73 per kWh with an availability of 40% .  

 

 

Figure 2.8   3-D Plot showing cost of energy / unit, % availability and total units 

produced / year. 

This plot shows all the 400 combinations and their 

performance with respect to total power produced, cost of 

energy and the availability. 

 

Similarly, to produce power at the lowest cost / kWh, we can select a 

combination of 5 kW solar PV, 1 kW wind and 0.5 kW battery. With the above 



50 | P a g e  

 

combination, we get the lowest cost of energy at INR 11.32 per kWh, but the 

total power produced in the year is around 5000 kWh with an availability of only 

29%. The same is clearly represented in Figure 2.8. 

 

2.9 Brackish Water RO plant as a variable load for 

Renewables based Hybrid Power System for increased 

power utilization 

 

Modeling of hybrid renewable energy based with solar PV and wind turbines with 

a constant load is presented in the previous sections. This section proposes to use 

a brackish water desalination plant as a variable load coupled with hybrid power 

system and attempts to analyze the effect in power output from the system.  

 

2.10  Simulation M ethodology with desalination plant as 

load 

 

The inputs and the simulation methodology are same as already explain in 

Section 2.7. We have used the hourly solar irradiance data measured in 

kWh/m2/day and wind speed data in m/s as inputs for simulation. The above 

data is used to calculate the power output available from PV and wind sources 

using the models as described in Section 2.  

 

A Brackish water Reverse Osmosis (BWRO) plant with a capacity of 24 m3 / 

day is chosen as the load to be the system. This plant can operate at full load 

with 2 kW of power input and with reduced output up to a power input of 0.5 

kW. Again, the power generated by renewables is calculated for every hour of the 

year. The algorithm used for the simulation is given in Figure 2.9. 
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Figure 2.9  Proposed methodology of simulation 
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The power generated is utilized as per the following logic. When the power 

generated by the renewables is more than 2 kW, the plant will operate at full 

load producing rated output and excess power will be used to charge the battery. 

When the power generated is less than 2 kW and more than 0.5 kW, the plant 

will operate at lesser capacity. If the power generated is less than 0.5 kW, only 

batteries will keep charging and the plant will operate at lesser load using 

batteries until the battery is discharged to it maximum level beyond which the 

plant will shut down and only batteries will keep charging.  

 

 

2.11  Results and discussions 

 

The output of the simulation gives data on Total power output in kWh 

throughout the year for 400 combinations of solar PV, wind generator and 

battery capacity for the ranges mentioned in Section 3.3.  The partial results of 

different configurations of hybrid power systems with constant load and with 

BWRO plant load is presented in Table 2.6. Complete data is given in Appendix 

– B. 
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Table 2.6  Partial list of different configurations of hybrid power systems and kWh/year 

generated with constant load and BWRO plant load 

(Complete table given in Appendix – B) 

PV 

(kW) 

Wind 

(kW) 

Battery 

(kW) 

 

kWh/year 

produced 

With constant 

load 

KWh/year 

produced 

with desal. 

load 

Water 

produced 

per year  

( in m3) 

1 3 0.5 1712 4928 3240 

1 4 2 2268 5738 2612 

1 10 1 5000 9077 5457 

2 1 2 1180 4628 5768 

2 9 1.5 5760 9552 5811 

3 1 0.5 3226 6743 6368 

4 1 0.5 4228 7324 6708 

4 10 2 7646 10678 6679 

5 1 0.5 4910 7711 6906 

5 5 2 6478 9066 5394 

5 6 0.5 6806 9483 5731 

5 10 2 8018 10861 6818 

6 1 0.5 5356 8001 7039 

7 1 0.5 5698 8221 7136 

8 3 2 6700 8678 5160 

9 2 0.5 6362 8326 7467 

10 1 2 6440 8043 7327 

10 2 0.5 6586 8440 7514 

10 10 1 8912 11332 7173 

10 10 1.5 8912 11332 7173 

10 10 2 8912 11332 7173 
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From the results, we can see that there is a clear increase in the total kWh 

produced throughout the year. The increase is mainly due to direct utilization of 

renewables power generation to the maximum extent particularly when the power 

generated in low. In other case, this has to be used for charging the battery or 

will be wasted if the battery charge is already full. Hence the BWRO plant 

indirectly acts as a storage device tapping the generated energy to the maximum 

possible extent. 

 

For example, in combination number 100, a solar PV of 5 kW, wind of 2 kW and 

battery of 1 kW capacities produces 5142 kWh/year with a constant load and 

7520 kWh/year with BWRO plant as load. The average increase in kWh/year is 

around 25%. 

  

Figure 2.10 shows the plot of kWh /year produced for various combinations of 

solar PV, wind and battery capacities in both cases (i.e.) with constant load and 

with desalination plant as a variable load. The constant load curve is same as the 

trend line already given in Figure 2.3. We can observe that there is a clear 

increase in the power produced with BWRO plant. Also we can see that the 

increase in power production is more predominant when the capacities of solar 

PV, wind and Batteries are in lower ranges. This is because of effective 

utilization of power during low power periods. At higher ranges, the increase 

becomes more or less steady. 
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Figure 2.10  Plot showing increase in kWh /year produced with BWRO plant as load 

The red plot shows the total power produced with a constant load 

for all 400 different combinations of PV, wind and batteries. The 

blue line indicates the trend line of total power produced with the 

variable desalination plant as load.  The plot shows a definite 

increase in total power produced with desalination plant as a 

load. 

   

The production capacity of water at various combinations also can be found out 

using the above results. We have taken a specific energy consumption of 1.5 kW 

per m3 of desalinated water production for the chosen BWRO plant. The daily 

water production for a particular combination of renewables (solar PV – 10 kW, 

wind generator – 5 kW) is shown in Figure 2.11.  The total desalinated water 

production for the whole year for the above combination works out to 7768 m3 

and the average production per day is around 21.28 m3. This shows that with a 

suitably sized storage tank, we can deploy to proposed configuration easily to 

cater to desalinated water requirement of around 20 m3/day. 
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Figure 2.11Daily water production throughout the year (in m3 /day) 

The plot shows that   there is always a minimum production of water for almost all days throughout the year, ensuring good 

availability. The average water production is around 21,000 Liters of water per day.
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2.11.1 Cost of Water for various combinations of PV and wind 

capacities 

 

The performance of the proposed configuration is analyzed for total water 

produced in a year and also the cost of water per m3 of water produced. This is 

done to ensure that the total amount of water produced during a year should be 

able to cater to the minimum requirements as desired. Apart from this, we also 

considered the availability of the power for running of the BWRO plant (i.e.) % 

of plant operating hours in a year. 

 

The cost model of the various energy sources is developed considering the capital cost 

per kW capacity and the cost of desalination plant per m3 per day. The annualized capital 

costs are calculated by using the capital recovery factor which is calculated by taking the 

life span of systems and the interest rate into account. Also the operation and 

maintenance costs are included in the model.  The annual total cost of the hybrid power 

system for a particular set of capacities of solar PV, wind and battery is finally calculated 

by summation of the individual costs. The formulae used for the cost model is as given 

below. Table 2.7 lists the description of symbols used and Table 2.8 gives the input 

parameters of simulation. 

ACC = CC x CRF     … Eq. 2.12) 

ATC = C PV  x [ACC PV +  AMC PV ] 

 + C W  x [ ACC W +  AMC W ] 

  + C B  x [ACC B +  AMC  B ]   

 + C (D) x [ACC (D) + AMC (D)]                            … Eq.(2.13) 
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Table 2.7  Symbols used in Cost model 

Symbol Description 

CC Capital cost/kW ( in INR – Indian Rupees) 

CRF Capital recovery factor 

ACC Annualized capital cost ( in INR ) 

AMC Annual O&M cost ( in INR ) 

ATC Annualized Total cost ( in INR ) 

C(PV) PV Capacity ( in kW ) 

C (W) Wind plant capacity ( in kW ) 

C (B) 

C(D) 

Battery capacity ( in kW ) 

Desalination Plant capacity ( in m3/day) 

COE Cost of Energy / kWH ( in INR ) 

 

   

Table 2.8  Simulation input parameters 

Parameter Solar Photovoltaic Wind Generator Batteries BWRO Plant 

Capital Cost 

(in INR) 

50000 per KW 180000 per KW 10656 per kW 250000 per m3/day 

Life span 20 years 20 years 5 years 15 years 
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Figure 2.12Cost of Water Vs % Plant Operation Hours 

The deep blue band in the plot shows that the same total water 

production is achievable for various cost of water per 1000 liters 

(i.e.) around INR 80, around INR 110 and at INR 225 

approximately. This is also spread in the availability of 20%, 40% 

and 60%. So this analysis is extremely crucial to make an informed 

decision. 

 

 

We can observe from Figure 2.12 that the cost of water varies with selection of 

combination of solar PV and wind generator capacities. Also the total water 

produced for the whole year and the availability of plant also varies. The deep 

blue band in the plot shows that the same total water production is achievable 
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for various cost of water (i.e.) around INR 80, around INR 110 and at INR 225 

approximately. This is due to increase in capital cost involved in various 

combination of the solar PV and wind generator capacities. But the total water 

production remains in same level. This only helps to increase the availability of 

the plant, but significantly increases the cost.  

 

For an objective of lower cost of water, we can select the combination of solar 5 

kW, wind 1 kW and battery 0.5 kW to produce a total of 6906 m3 of product 

water at a cost of INR 80 per 1000 liters. (Refer Table 2.6 - Combination no. 

161) This comes with an availability of plant of around 28% which can be 

compensated by selecting suitable storage tanks.  

 

Similarly, for a high production of water at around 7500 m3, we can select the 

combination of solar 10 kW, wind 2 kW and storage battery 0.5 kW to produce 

water at a cost of INR 116 per 1000 liters of water and the availability is around 

54%. (Refer Table 2.6 – Combination no. 365).   

 

The above knowledge enables us to select capacities on the basis of our actual 

requirements. We can fix up the total water required in the whole year and the 

maximum cost that can be afforded for producing this water. The system 

configuration can be selected for the necessary combination of PV-wind systems 

to meet our objective.  Places where water cannot be stored to the required level 

and continuous availability of water is the main objective, the selection can be 

made accordingly, but at an increased cost. 
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2.12  Conclusion 

 

In this chapter, modeling of renewable energy based desalination systems with 

solar PV and wind turbines along with battery storage system is carried out. 

  

1. A methodology of selection of the capacities of various power sources of 

the hybrid power system is developed for obtaining the optimum 

configuration. The optimum configuration can be chosen based on our 

objectives. 

2. From the results obtained, we can see that addition of capacities of PV 

panels or wind turbines or storage capacities separately does not help in 

reduction of the cost of energy. But, when the capacities of solar PV and 

wind turbines are supplemented with each other, we find that we are able 

to maintain the total kWh produced per year to meet the load 

requirements. 

3. For an objective of around 6000 kWh per year power production, the best 

option is the combination of 8 kW solar PV , 1 kW wind and 1.5 kW 

storage battery for obtaining energy at cost of INR 12.73 per kWh with an 

availability of 40% . 

4. But, if our objective is to have the system with minimum possible cost of 

energy / kWh, we can select a combination of 5 kW solar PV, 1 kW wind 

and 0.5 kW battery. With the above combination, we get the cost of 

energy at INR 11.32 per kWh, but the total power produced in the year is 

around 5000 kWh with an availability of only 29%.  

 

5. For application of this hybrid power system for desalination purpose that 

requires a variable load of 2 kW, the necessity of energy storage battery is 
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reduced. There is an average increase in utilization of power generated by 

around 25%. 

6. In the case of desalination plant as load, the hybrid power system can 

produce and store water in suitable tanks and hence the availability factor 

is not a major concern. For an objective of lower cost of water, we can 

select the combination of 5 kW solar PV, 1 kW wind and 0.5 kW battery 

to produce a total of 6906 m3 of product water at a cost of INR 80 per 

1000 liters. This comes with an availability of plant of around 28% which 

can be compensated by selecting suitable storage tanks.  

7. Similarly, for a high production of water at around 7500 m3, we can select 

the combination of 10 kW solar PV, 2 kW wind and 0.5 kW storage 

battery to produce water at a cost of INR 116 per 1000 liters of water and 

the availability is around 54%.  
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Chapter 3 

3  M ODELING OF RENEWABLES BASED 

HYBRID POWER SYSTEM  WITH 

DESALINATION PLANT LOAD USING 

NEURAL NETWORK 

 

3.1 Introduction 

 

Hybrid power system is seen as a viable alternative to the conventional systems. 

Estimating the potential of these hybrid power systems for a selected site is a 

major input required for making informed decisions. Often, estimation of the 

kWh production is a very elaborate and tedious exercise due to lack of a reliable 

model for the same.  This chapter proposed an Artificial Neural Network based 

model that can be used to easily estimate the total kWh/year for a given 

combination of solar PV, wind generator and battery. The variable load 

considered for the model is a desalination plant load. The data is modeled using 

Neural Network and validated. The proposed Neural Network model offers a 

reliable estimation on the total annual power generation for a given combination 

of solar PV, Wind generator and battery capacity. 

 

3.2 Introduction to ANN  

 

An Artificial Neural Network (ANN), simply referred to as a Neural Network, is 

essentially a computer program that is specifically modeled on the human brain. 

The ability of processing information and learning from the above processing is 
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also incorporated in the program [88]. Early artificial neural networks were 

inspired by biological nervous systems. The primary features of artificial neural 

networks are derived from two characteristics of the brain: the ability to 'learn' 

and to generalize from limited information [89]. In later years the development in 

ANN technology has evolved into an applied mathematical technique that has 

some similarities to the human brain [90] [91]. 

 

Figure 3.1 gives the simple artificial neural network. It is composed of a large 

number of highly interconnected processing elements (neurons) working in union 

to solve specific problems [92] [93] [94]. ANNs are more like human in the sense 

that they try to generalize and learn with examples they come across. An 

Artificial Neural network can be configured for a specific purpose application, like 

identification of patterns or classification of data, through a process of learning 

called training. Learning in human is basically by adjustment of the synaptic 

connections between the neurons. The ANN mimics the same.  

 

 

Figure 3.1  A simple Artificial Neural Network 
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Instead of using model of zeros and ones, the processing elements are 

interconnected with each other. The method of arrangement of these process 

elements and their connection weights decide the output of the network 

  

3.3  M odeling the Biological Neuron 

 

A biological neuron or a nerve cell consist of synapses, dendrites, the cell body 

(or hillock), and the axon. The synapses are elementary signal processing devices. 

The synapse converts a pre-synaptic signal into a chemical signal and then back 

into a post-synaptic electrical signal. The input signals are modified in magnitude 

by synapse parameters [95]. The modification is based on type of the synapse. 

The signal can be blocked or completely transmitted. The output signals from the 

synapse are summed up and transmitted through the dendrites up to the cell 

body. The cell produces the output signal that is transmitted to other neuron by 

means of axons. The total synaptic activity controls the frequency of firing and 

the synaptic activity is controlled by weights.  

 In general the function of the main elements can be given as:  

Dendrite – Receives signals from other neurons;  

Soma – Sums all the incoming signals and  

Axon – When a particular amount of input is received, then the cell fires. It 

transmits signal through axon to other cells [96]. 

 

 The basic function of a biological neuron is to receive inputs from other 

neurons and the received inputs are combined with each other in a nonlinear 

manner and give the final output.   

 The following are the basic characteristics of biological neuron inherited 

into the artificial neuron.  
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1. Signals are received by the processing elements. This element sums the 

weighted inputs. 

2. The weight at the receiving end has the capability to modify the incoming 

signal. 

3. The neuron fires (transmits output), when sufficient input is obtained. 

4. The output produced from one neuron may be transmitted to other 

neurons. 

5. The processing of information is found to be local. 

6. The weights can be modified by experience. 

7. Neurotransmitters for the synapse may be excitatory or inhibitory. 

8. Both artificial and biological neurons have inbuilt fault tolerance. 

 

 

 

 

Table 3.1  and Figure 3.2 indicate how the biological neural net is associated with 

the artificial neural net. 

 

Figure 3.2  A simple model of Biological Neuron 
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Table 3.1  Associated Terminologies of Biological and Artificial Neural Net 

 

Biological Neural Network Artificial N eural Network 

Cell Body Neurons 

Dendrite Weights or interconnections 

Soma Net input 

Axon Output 

 

3.4 Building Blocks of ANN  

 

 The basic building blocks of the artificial neural network are the network 

architecture, setting the weights and the activation function. 

 

3.4.1  Network Architecture 

 

 The arrangement of neurons into layers and the pattern of connection 

within and in-between layer are generally called as the architecture. The neurons 

within a layer may or may not be interconnected [97]. The number of layers in 

the net can be defined as the number of layers of weighted interconnected links 

between the particular slabs of neurons. If two layers of interconnected weights 

are present, then the network has hidden layers.  
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 There are various types of network architectures: feed forward, feedback, 

fully interconnected net, competitive net, etc. Figure 3.3 shows some of the very 

commonly used network architectures [98]. 

  

 

Figure 3.3  Some Artificial Neural Network Connection Structures 
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The Artificial neural networks (ANNs) as well as the actual biological neural 

networks have got a variety of shapes and they vary in terms of sizes in case of 

the feed forward network architectures. The input units are activated and these 

activated inputs become a particular value. These values are further propagated 

into the neural network. The process is continued till the weights of the all 

output nodes are found and fixed. 

 

Some of the very common network architecture includes Feed Forward Net (both 

single layer and Multi-layer), Competitive Net, and Recurrent Net.  

 

3.4.2  Setting the weights 

 

 The process of training or learning of neural network is by setting he 

weight values associated with individual connection. The weights are changed 

with the aim to obtain the expected output. This process is called the training of 

a network. The process that the network undergoes internally during the training 

is called learning. There are generally three different types of training namely 

supervised, unsupervised and reinforcement training [90] [99]. 

 

3.4.3  Activation Functions 

 

 The activation function is used to calculate the output response of a 

neuron. The sum of the weighted input signal is applied with an activation to 

obtain the response. For neurons in same layer, same activation functions are 

used. There may be linear as well as nonlinear activation functions. The non-

linear activation functions are used in a multilayer net [100]. 
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3.5 Advantages of ANN: 

 

 Neural networks can easily bring out the trend, underlying meaning and 

implicit rules from data that are not precise. Systems and processes that are too 

difficult to be modeled using analytical techniques can be very easily and 

effectively modeled using neural networks. They can generalize and learn from 

the training set data and can accurately predict when new set of data is given. 

The neural network is a systematic approach to optimize a given problem. Once 

trained properly, neural networks can classify, estimate and do prediction [101] 

[102] [103]. 

 

3.6 ANN Vs Traditional statistical methods 

 

 In sharp contrast with the traditional methods, ANNs are data-driven 

methods. They are inherently self-adaptive methods with few prior assumptions 

on the models. Thus it can be applied to estimation and forecasting [104] [105]. 

ANNs need examples to learn and they can find out even small relationships 

underlying within the data which is otherwise very difficult to explain. Hence, 

ANN can be applied to solve very complex and non-linear problems. ANN can 

handle large set of input and output data [106] [107] [108] . This  approach with 

learning  ability can be applied to solve many practical problems where directly 

relationship between parameters are difficult to establish. The ANN method can 

produce results for all practical purposes which is very difficult using traditional 

statistical methods. 

 ANNs have the capacity to generalize and has got more flexible functional 

forms when compared with the traditional statistical methods [109] [110] [111] 

[112] [113] [114]. Almost all traditional statistical processes for time series 
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predictions like the Box-Jenkins [115] or ARIMA method [116] assume the system 

to be linear. Hence they may fail when applied for non linear systems [117] [118] 

[119] [120]. 

 

3.7 Back Propagation Network (BPN) 

 

In this chapter, the Back propagation network is used to create a model to 

estimate the total power produced by the hybrid power system. Back propagation 

is a systematic method for training multi-layer artificial neural networks. It is 

basically a multi-layer forward network that uses gradient-descent algorithm 

based delta-learning rule [121]. This is commonly referred to as back propagation 

of errors rule. Back propagation provides a computationally efficient method for 

changing the weights in a feed forward network, with differentiable activation 

function units, to learn a training set of input-output [122]. Being a gradient 

descent method it minimizes the total squared error of the output computed by 

the net. The network uses supervised training for learning. [123]  The network 

has to get itself trained based on the input patterns and should be able to 

respond in a similar manner for similar input patterns [124] [125] 

 

3.7.1  Architecture 

 

 A multilayer feed forward back propagation network with three layers: one 

input layer X, one hidden layer Z and one output layer Y is shown in the 

Figure 3.4.   



72| P a g e  

 

 

Figure 3.4 Architecture of Back Propagation Network 

 

 The output layer Y has 𝒘𝒐𝒌 as bias input and hidden layer Z has 𝒗𝒐𝒌 as 

bias input. The bias is used to trigger the neuron. From Figure 3.4, it is clear 

that the network has one input layer, one hidden layer and one output layer. The 

input layer is connected to the hidden layer and the hidden layer is connected to 

the output layer by means of interconnection weights. During the back 

propagation phase of learning, the signals are sent in the reverse direction [126]. 

The architecture of back propagation network resembles a multi-layered feed 

forward network. The increase in the number of hidden layers results in the 

computational complexity of the network. This may in turn lead to more 

convergence time and increased time to minimize the error. The bias may be 

provided for the hidden and the output layers [127]. 

 

3.7.2  Training Algorithm 

 

The training algorithm of back propagation involves four stages, viz. initialization 

of weights, feed forward, back Propagation of errors, updation of the weights and 

biases. 
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During first stage which is the initialization of weights, some small random values 

are assigned. During feed forward stage each input unit (𝒙𝒊  receives an input 

signal and transmits this signal to each of the hidden units 𝒛𝟏 …𝒛𝒑.   Each hidden 

unit then calculates the activation function and sends its signal to each output 

unit  𝒚𝒊. The output unit calculates the activation function to form the response 

of the net for the given input pattern [128] [129] [130]. 

 

During back propagation of errors, each output unit compares its computed 

activation 𝒚𝒌 with its target value 𝒕𝒌 to determine the associated error for that 

pattern with that unit. Based on the error, the factor 𝜹𝒌 𝒌 = 𝟏,… ,𝒎  is 

computed and is used to distribute the error at output unit 𝒚𝒌 back to all units 

in the previous layer. Similarly, the factor 𝜹𝒋 𝒋 = 𝟏,… , 𝒑  is computed for each 

hidden unit 𝒛𝒋. 

 

During final stage, the weight and biases are updated using the 𝜹 factor and the 

activation parameters. 

 

The various parameters used in the training algorithm are as follows: 

 

 𝐗 : Input training vector 

 𝐗 = (𝒙𝟏 … , 𝒙𝒋, … , 𝒙𝒏  

 t  : Output target vector 

 𝒕 = (𝒕𝟏 … , 𝒕𝒌, … , 𝒕𝒎  

 𝜹𝒌= error at output unit 𝒚𝒌 

 𝜹𝒋= error at hidden unit 𝒛𝒋 
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 𝜶= learning rate 

 𝒗𝒐𝒋= bias on hidden unit 𝒋 

 𝒛𝒋= hidden unit 𝒋 

 𝒘𝒐𝒌= bias on output unit k 

 𝒚𝒌= output unit k. 

 

The training algorithm used in the back propagation network is as follows. The 

algorithm is given with the various phases: 

 

Initialization of Weights 

 

Step 1 :  Initialization of weight to randomly small values. 

Step 2 :  Until we reach the stoppage criterion, remaining steps to be  

continued in loop. 

Step3  :  Selection of a set inputs and outputs in training set to  

perform remaining steps 

Feed Forward 

Step 4 :  Input signal 𝒙𝒊 fed to each input unit and which in turn  

transmits to other units of hidden layer.  

 Step 5:  For the hidden unit (𝒛𝒋,  𝒋 = 𝟏,… , 𝒑 ,  the input to the  

hidden unit is given by  

𝒛−𝒊𝒏𝒋 = 𝒗𝒐𝒋 + ∑ 𝒙𝒊
𝒏
𝒊=𝟏 𝒗𝒊𝒋               … Eq.(3.1) 
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Then activation function is applied to get the output from hidden unit. 

𝒛𝒋 = 𝒇 𝒛𝒊𝒏𝒋                             … Eq.(3.2) 

This signal is sent to all layers of output units.  

 

Step 6 :  For the output unit  𝒚𝒌,  𝒌 = 𝟏,… ,𝒎 ,  the input to the  

output unit is  given by  

𝒚−𝒊𝒏𝒌 = 𝒘𝒐𝒌 + ∑ 𝒛𝒋
𝒑
𝒋=𝟏 𝒘𝒋𝒌   … Eq.(3.3) 

Then, application of activation function gives the output signals.   

𝒚𝒌 = 𝒇 𝒚−𝒊𝒏𝒌                                                         … Eq.(3.4) 

 

Back Propagation of Errors 

 

Step 7 :  Error in output is calculated using  

𝜹𝒌 =  𝒕𝒌 − 𝒚𝒌 𝒇 𝒚−𝒊𝒏𝒌                       … Eq.(3.5)  

Step 8 : The error is back propagated to the hidden layer using 

𝜹−𝒊𝒏𝒋 = ∑ 𝜹𝒋
𝒎
𝒌=𝟏 𝒘𝒋𝒌                                      … Eq.(3.6) 

𝜹𝒋 = 𝜹−𝒊𝒏𝒋𝒇 𝒛−𝒊𝒏𝒋                            … Eq.(3.7) 

Updation of Weight and Biases 

 Step 9 : The weights are corrected based on the error in the hidden  

layer  

∆𝒘𝒋𝒌 = 𝜶𝜹𝒌𝒛𝒋                  … Eq.(3.8) 
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 Therefore,     𝒘𝒋𝒌(new) = 𝒘𝒋𝒌(old) +∆𝒘𝒋𝒌,              …Eq.(3.9) 

𝒘𝒐𝒌(new) = 𝒘𝒐𝒌(old) + ∆𝒘𝒐𝒌                             …Eq.(3.10) 

 The input and hidden layer weights are corrected using the weight 

correction factors  

∆𝒗𝒊𝒋 = 𝜶𝜹𝒋𝒙𝒊                  … Eq.(3.11) 

∆𝒗𝒐𝒋 = 𝜶𝜹𝒋     … Eq.(3.12) 

 Therefore,     𝒗𝒊𝒋(new) = 𝒗𝒊𝒋 (old) +∆𝒗𝒊𝒋,                                           … Eq.(3.13) 

𝒗𝒐𝒋(new) = 𝒗𝒐𝒋 (old) + ∆𝒗𝒐𝒋                    … Eq.(3.14) 

Step 10:  The output response generated is checked for stopping criterion. 

 The stopping criterion can be anything like the targeted error or the 

number of training cycle.  

 

3.8 M odeling hybrid Solar PV-W ind Power Scheme  

 

The hybrid solar PV-Wind power scheme is already described in Chapter 2.  The 

individual components of hybrid system is modeled. The solar irradiation and 

wind speed data for the selected site Kalpakkam is used. The total power 

produced in kWh per year is determined for various combination of capacities. 

The same is discussed in detail in Chapter 2.  

The quick estimation of power generation that is generated by the hybrid power 

systems is required to evaluate the desired configuration of the system. This 

chapter proposes a neural network model of the hybrid power system to find out 

the total power generated for a year without going in for detailed analysis. The 
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model offers a good estimate of the total annual power generation with the 

capacities of solar PV, Wind generator and battery as input. 

  

3.9 Proposed Neural Network M odel 

 

A neural network model is proposed to estimate the total kWh produced in a 

year for a given set of solar PV capacity, Wind generator capacity and storage 

battery capacity ( in kW ).  A back propagation network with three layers: an 

input layer, a hidden layer and an output layer is proposed. 

 

The input layer is composed of three nodes in inputs which are: 

i) Solar PV capacity 

ii) Wind generator capacity 

iii) Storage battery capacity 

 

The hidden layer is composed of five nodes whose activation function is the 

hyperbolic tangent sigmoid transfer function. The output layer is composed of 

one node and this represents the required output (i.e.) the estimated total kWh 

produced in a year for a given set of capacities as input.  

 

The neural network architecture is shown in Figure 3.5. 

 

The configuration and the power generation data developed in Chapter 2 is 

chosen for neural network modeling. Complete data set given in Appendix-A. We 

have got 400 data sets for solar PV, Wind generator & Storage battery capacities 

as input and the total kWh produced for the year as output. This set is randomly 

divided into 3 sets of data:  
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1. Training data - 70% ( 280 data sets )  

2. Validation data – 15 % ( 60 samples ) 

3. Test data – 15 % ( 60 samples ) 

 

 

 

Figure 3.5  Proposed neural network architecture for estimation of total kWh 

produced per year 

The input layer consists of capacities of solar PV, Wind 

generator and battery. 400 different combinations of such 

capacities are used. The output layer consists of total kWh 

produced throughout the year from respective input 

capacities. One hidden layer is used. 
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3.9.1  Training 

 

The training data set is used for training of the chosen neural network. The 

training was carried out using training algorithm equation Eq 3.1 to 3.14.  

 

The input values of solar PV kW, Wind kW and battery kW are taken from the 

selected data set for training. Initial bias values b1 and b2 are set to be 1. The 

input layer weight matrix – IW , connecting the input layer and hidden layer is 

initialized. Using this, all the nodes of hidden layers are calculated. Subsequently, 

the hidden layer weight matrix – LW and the hidden layer nodes are used to 

calculate the output layer node. This output is nothing but the total power 

(kWh) generated by the hybrid power system for the particular combination of 

capacities.  

 

The predicted output is compared with the target value which is the power 

generated value in the training data set. The difference between the predicted 

and the required target value is the error. The error value is used to adjust the 

weight matrices (IW and LW) and the bias values (b1 and b2) and the output is 

predicted.  

 

The above procedure is carried out for all the 280 training data sets. The weight 

values are adjusted using this data set during training according to the error 

calculated. The training is repeated for all the training data sets until the error 

becomes minimum. Each training cycle is called an epoch. 
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Figure 3.6  Regression plots of neural network model for training datasets 

The regression value close to 1 shows that the network is 

effectively trained. 

 

The performance of the proposed neural network model during training is shown 

in Figure 3.6. The predicted output is plotted against the required target values 

of the training data set. The plots show the regression value of the model during 

the training phase. The value of 0.9995 shows that the neural network model has 

undergone enough training so that the predicted value of the output is almost 

close to the actual value. 
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3.9.2  Validation and Verification: 

 

The validation data set is used to measure the network generalization. This gives 

us information when to halt the training. 15% of the data i.e. 60 samples of data 

are chosen in random for the validation of the model. This data was presented as 

inputs to the neural network model to calculate the output. The predicted value 

of output is compared with the actual value to find out the error in prediction. If 

the error is high, the model is trained further.  

 

Figure 3.7 shows the performance parameters of validation. The gradient refers to 

the derivate from all the data sets before calculating the update required for the 

weight matrices. The gradient in various training cycle called epochs is shown in 

the plot. The momentum update (mu) value is the training gain in each training 

cycle which helps the error to converge. The mu values during the entire training 

cycle is also shown in this plot. The validation fail check is done to ensure that 

the neural network is not over trained. The training is stopped with six 

validation check fails. 
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Figure 3.7  Validation checking of the neural network model 

 

  

The performance of the model for the validation set of data is shown in Figure 

3.8. The regression value (R) between the obtained output and the targeted value 

is 0.99942 which shows a high correlation and good validation of data. 
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Figure 3.8  Regression plots of neural network model for validation datasets 

 

3.9.3  Verification 

 

The verification of the fitted neural network model was carried out using the test 

data set. The test data set consists of again 15% i.e. 60 samples. The test data 

set provides an independent measure of network performance after training. In 

the verification phase, the model is presented with completely a new set of input 

data which it has not encountered during the training. This set is not used during 

training and has no effect in training the network. This will indicate the 

performance of the model when it encounters a completely new set of input data.  
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Figure 3.9 shows the model performance for the test data set and also the overall 

data set which includes the training, validation and testing data sets. The 

regression values close to 1 indicates a very high level of correlation between the 

predicted value by the model and the actual value. This shows that the fitted 

model is accurate. 

 

Figure 3.9  Regression plots of neural network model for verification testing and 

overall datasets 

 

3.9.4  Neural network model 

 

The neural network models the data into the relationship as given in equation 

3.15. 

kWh / year produced  

= b2 + LW * tanh [(b1 + IW * (Inputs –solar PV kW,  

Wind kW, Batt. kW)]  

 … Eq. 3.15  
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where  

 IW is the input weight matrix,  

 b1 is the bias for hidden layer,  

 LW is the hidden layer weight matrix and 

 b2 is the bias for the output layer.  

 

The values of weight matrices and biases are given in Table 3.2. Using equation 

Eq. 3.15, we can instantly obtain the estimated total kWh produced in a year for 

a given capacity of solar PV, Wind generator and battery for the selected site. 

 

 

Table 3.2  Values of Weight matrices and biases 

 

IW 

Input Weight M atrix 

b1 

Bias for 

hidden 

layer 

LW  

H idden Layer 

Weight 

M atrix 

b2 

Bias for 

output 

layer 

[-2.2208,-0.096177, -0.018034; 

 -0.18876,0.31461,-.00066758; 

 -1.8081,0.49754, 2.239; 

 6.3759, 0.5142, -0.010182; 

 1.7715 ,1.2849, -0.043931] 

[-1.0518; 

 -0.44379; 

 0.080092; 

 4.8492; 

 2.9711] 

[-0.16632   

 -1.3172  

-0.00112  

0.16754  

0.27026] 

[-0.58362] 

 

 The regression values are close the one which indicates a very high 

correlation between the estimated kWh value and the actual one which in fact 

shows that the fitted NN model is accurate. 
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3.10  Conclusion 

 

 In this chapter, neural a network model of renewable energy based 

desalination systems using Solar PV and Wind turbines is developed. [131] 

 

1. A neural network model is proposed for the above system with Solar PV, 

Wind generator and battery capacities as inputs and total kWh production 

per year as the output.  

2. The proposed three layer architecture is trained to obtain the required 

performance. The model fitted gives very high regression value close to one 

indicating the accuracy of the NN model. 

3. The weight matrices for the model is determined. 

4. The model estimates the total power generated per year for a given 

capacity of Solar PV, Wind generator and Battery. The model equation 

and parameters are given in Eq. 3.15 and Table 3.2. The model predicts 

the unknown test data with regression of 0.99. 
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Chapter 4 

4 HIGH STEP-UP CONVERTER IN  CLOSED 

LOOP FOR RENEWABLE ENERGY 

APPLICATIONS 

 

4.1 Introduction 

 

Since a majority of small scale renewable energy sources (RES) including the 

solar PV modules gives the output voltage in the range of around 15 – 40 V DC, 

the output needs to be stepped up to suit the load requirements using a high 

voltage gain converter. The renewable sources inherently generate sudden 

variations in input voltage, a good output voltage profile even during such 

random variations in input conditions is essential. Such power converter enables 

deployment of hybrid renewable systems for standalone desalination applications.  

This chapter presents prototype development of a high step-up converter 

configuration with closed loop control. The converter topology is explained and 

the design of the circuit is elaborated. The converter for hybrid power system 

that can handle two input sources is developed and tested. 

 

4.2 Background 

 

The power-electronic technology plays a vital role in distributed generation and 

in integration of renewable energy sources into the electrical grid, and it is widely 

used and rapidly expanding as these applications become more integrated with 

the grid-based systems [132]. The increasing number of renewable energy sources 
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and distributed generators requires new strategies for the operation and 

management of the electricity grid in order to maintain or even to improve the 

power-supply reliability and quality [133] [134] [135]. 

Solar panels and other renewable energy sources have now become an important 

alternate source for the power generation. The scale of production is expected to 

reach to tens of Giga Watts in the future. Solar photovoltaic (PV) system and 

wind generators have got obvious advantages when compared to other renewable 

energy systems as this is silent, modular, easily transportable and quickly 

installed. Power can be generated in-situ, eliminating the need of long 

transmission lines. Also, small scale systems like terrestrial applications of 

photovoltaic panels supplement the other conventional power generation [136]. 

There are PV-AC modules that has got an integrated and compact DC-AC 

inversion circuit fitted to the suitable configuration and is usually at the back 

side of the PV panel [137] [138]. Such an arrangement protects the system from 

losing the power production due to shadow and at the same time offers easier 

method for installing the PV modules in line with the financial requirements [139] 

[140]. 

 

The required level of DC voltage can be obtained by connecting a series of PV 

panels. But this solution may not be suitable for low power applications where 

putting more PV devices will end up in higher capacities and also occupy large 

space making this option unviable [141] [142] [143].  Also high voltage generated 

from PV panels can be a safety issue in low power applications. Hence there is a 

serious need for efficient power electronic conversion systems for low power 

applications of the order of 100 W [144] [140]. The possible applications includes 

low power domestic solar PV system with one or two PV panels generating less 

than 40 V DC. [145] This voltage is required to be stepped up for use in domestic 
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appliances. Also, it can be used in integrated and compact mobile power units 

with possible applications in powering up of mobile devices, LED lamps and low 

mechanical power applications like pumping water and small desalination plant 

systems [146] [147] [148] [149]. 

 

In this chapter, a DC-DC converter with coupled inductor in closed loop 

operation with high step-up is proposed. The main concept is to obtain high step-

up voltage from low voltage delivering devices like photovoltaic panels. The 

voltage step-up is achieved using the inductor coupling along with connection of 

capacitors and diodes. The input switch can isolate the power source during 

periods of non-operation and this feature ensures human safety as well as safety 

of other circuit components. The designed circuit is extended for hybrid sources 

with two inputs. The power from the individual input sources can be supplied to 

the load independently or simultaneously at the same time. The power converter 

can handle large variations in input voltage caused by changes in solar irradiation 

and wind speeds. The maximum power point tracking (MPPT) is also 

implemented for individual sources.  The experimental hardware is designed for 

100 W.  

 

4.3  Description and modeling of the H igh Step-up 

Converter 

 

The general schematic of a power generation system with a high step-up 

converter is shown in Figure 4.1. The solar PV or other renewable energy source 

acts as the input power source. This source is then connected to the high step-up 

converter to produce a sufficient DC voltage. The DC voltage is then fed to an 
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inverter circuit to get an AC output voltage for connecting with the load. In case 

of DC loads, the inverter is not necessary.  

 

 

Figure 4.1  Schematic of renewables based generation system with a high step-up 

converter 

  

The circuit configuration of the high step-up converter is shown in Figure 4.2. 

The circuit has got a coupled inductor T1, switch S1, capacitors 𝐶1 and 𝐶2, diodes 

D1 and D2. The voltage input 𝑉𝑖𝑛 is connected to the primary winding N1 of the 

coupled inductor T1. The primary winding N1 is connected to a pair of capacitor 

𝐶1 and diode D1. Similarly, the secondary winding N2 is connected to capacitor 𝐶2 

and diode D2.  The coupled inductor T1 has a turns ratio ‘n’ which is equal to 

N2/N1. The converter shown a large step-up voltage-conversion ratio because of 

the connection of the two pairs of inductors, capacitor, and diode. The same is 

explained in subsequent sections. 
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Figure 4.2  Circuit configuration of high step-up converter 

  

Under steady state, the input voltage 𝑉𝑖𝑛 is applied across N1 winding of coupled 

inductor. This induces a voltage of n times of 𝑉𝑖𝑛 with polarity as shown in Figure 

4.3 where n is the turns ratio of coupled inductor. Two circulating currents 𝑖𝐶1 

and 𝑖𝐶2 are set up in the loops in directions shown in the same figure. The 

voltages 𝑉𝐶1, 𝑉𝐶2 are also set up across the capacitors 𝐶1 and 𝐶2 due to the 

circulating currents in respective loops. The voltages across the capacitors have 

the polarity as per the respective current directions and it can be seen that they 

are in such a way to aid the incoming voltage. The stored energy of the inductor 

is recycled through the freewheeling diodes D1 and D2 to increase the efficiency. 
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Figure 4.3  Diagram indicating the current and voltage polarities under steady state 

 

From the Figure 4.3, the output voltage 𝑉𝑜 is the sum of voltage drops across the 

capacitors 𝐶1 & 𝐶2 (𝑉𝐶1 & 𝑉𝐶2 ) and the coupled inductors N1 & N2 (𝑉𝑁1 & 𝑉𝑁2 ) 

with the input voltage 𝑉𝑖𝑛.  This is given by the equation (4.1). 

 

𝑉0 = 𝑉𝑖𝑛 + 𝑉𝑛2 + 𝑉𝐶2 + 𝑉𝐶1       … Eq. 4.1  

        

The voltage across capacitors 𝐶1 and 𝐶2 are obtained as follows: 

𝑉𝐶1 =
D

1−D
Vin         … Eq. 4.2  

          

𝑉𝐶2 =  
nD

1−D
Vin         … Eq. 4.3   

 

where D is the Duty cycle and n is the turn’s ratio of the coupled inductor 𝑇1 

windings which is equal to 𝑁2 /𝑁1. 
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Substituting equations 4.2 and 4.3 in equation 4.1, we get 

𝑉0 = 𝑉𝑖𝑛 + 𝑛𝑉𝑖𝑛 +
nD

1−D
Vin +

D

1−D
Vin      … Eq. 4.4  

      

The overall voltage gain M is as follows: 

𝑀 =
𝑉0

Vin
=  

1+n

1−D
        … Eq. 4.5   

 

Figure 4.4  Voltage gain for various duty ratios with different values of n 

From the plot we can see that with moderate duty ratios in 

the range of 0.4 to 0.6 and switching frequency fs = 50 kHz, 

we are able to obtain the voltage gain in the range of 8 to 17. 

We have chosen the turns ratio of n=5. 
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To select the turns ratio of the coupled inductor, we have plotted the voltage 

gain against the duty ratios for various values of turns ratio using equation (4.5). 

The obtained plot is shown in Figure 4.4.  

 

From the plot we can see that with moderate duty ratios in the range of 0.4 to 

0.6 and switching frequency fs = 50 kHz, we are able to obtain the voltage gain 

in the range of 8 to 17. We have chosen the turns ratio of n=5. Hence for 𝑉𝑖𝑛=15 

V to 40 V and  𝑉0 = 200 V; we need a voltage gain (M) up to 13 which is 

obtainable at a turns ratio of n=5 and a moderate duty ratio (D) of 0.55. The 

capacitor 𝐶1 and 𝐶2  are selected as 47 µF and their equivalent series resistance 

(ESR) values are chosen as 4.203 Ohms from capacitor data sheet. The output 

capacitor 𝐶3 is chosen as 220 µF. The converter is designed for 100 W and hence 

the maximum load is also designed for 100 W. Hence at an output voltage of 200 

V, the load resistor chosen is 400 Ohms. 

 

Considering the efficiency of 80% under worst case for design considerations with 

minimum input voltage of 𝑉𝑖𝑛=15 V, the input power is 125 W and input current 

𝐼𝑖𝑛 =8.33 A for the rated output power of 100 W.  

 

The magnetizing inductance Lm of the coupled inductor  

 

𝐿𝑚 >
𝐷𝑉𝑖𝑛𝑇𝑠

𝐼𝑖𝑛
> 21.6 µ𝐻                                                           … Eq. 4.6  

where Ts =1/fs. 

We have chosen the magnetizing inductance 𝐿𝑚 to be 30 µH. 
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When the solar PV module is installed, there will be some output voltage at the 

terminals depending upon the solar irradiation levels. This voltage can be unsafe 

for both personnel and other systems. The floating active switch (S1) is connected 

in series with the PV terminals. The switch isolates the DC current from the PV 

panel during periods of non-operation. The isolation for live power supply makes 

sure that no energy is transferred to output terminals un-intentionally.  

 

The voltage output from the converter varies with respect to the input voltage 

which in turn depends upon the prevailing solar irradiation and wind speed 

conditions. Also, the output voltage varies with changes in the load. To maintain 

the required output voltage, we need to go for closed loop operation where the 

output voltage is constantly measured and controlled using the second order 

compensators such as proportional (P), proportional-integral (PI) and 

proportional-integral-derivative (PID) controllers.  
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Figure 4.5 High step up dc-dc converter PV system in closed loop with PI controller. 

 

The PI controller is implemented in closed as shown in Figure 4.5, because of its 

fast dynamic response and ability to achieve minimum steady state error err≈0.  

In this the actual output voltage 𝑉𝑜 and the desired output voltage 𝑉𝑟𝑒𝑓 is 

compared. Based on the error, the control signal is generated.  The gate pulse for 

input switch S1 is generated using this control signal to increase the duty ratio 

(D) and hence correct the error in output voltage.  If the actual output voltage is 

less than the desired one, the duty ratio is increased. If the actual output voltage 

is more than the desired voltage, then the duty ratio is decreased. The pulse 

width modulated signals are generated by comparing the error signal with a saw 

tooth carrier waveform. Thus the desired output voltage is maintained. 
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4.4 Results - M ATLAB M odeling and Simulation 

 

The converter is modeled in MATLAB/Simulink to analyze and study the 

performance of the system. Figure 4.6 shows the MATLAB/Simulink model of 

high step-up DC-DC converter using PI controller.  

 

 

Figure 4.6  Model of high step-up DC-DC converter with closed loop PI controller 

 

 

The open loop transfer function of the above system is obtained from equation 

(4.4) and is as given below: 
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G s =  
𝑉𝑜 𝑠 

𝑉𝑖𝑛 𝑠 
= 𝐼 + 𝑛 +  

𝐷

𝐼−𝐷
 ∙

1

𝑆𝐶1
+  

𝑛𝐷

𝐼−𝐷
 ∙

1

𝑆𝐶2
  … Eq. 4.7  

 

𝐺 𝑠 =  
[ 1+𝑛  1−𝐷 𝐶1𝐶2]𝑆2+ 𝐶1+𝐶2 𝑆

 1−𝐷 𝑆2𝐶1𝐶2
   … Eq. 4.8  

 

With PI controller in the feedback loop, the feedback loop transfer function is 

given by 

H(s) = 𝐾𝑝 +
𝐾𝑖

𝑆
                                            … Eq. 4.9  

where 𝐾𝑝 is the proportional constant and 𝐾𝑖 is the integral constant. 

 

Then the overall closed loop transfer function is given by 

   T.F = 
𝐺 𝑠 

1+𝐺 𝑠 ∙𝐻 𝑠 
               … Eq.(4.10)  

 

The above model equations Eq. (4.7) – (4.10) represent the closed loop transfer 

function for the power converter. The system is tuned to find out the suitable 

values of proportional and integral constants (𝐾𝑝 & 𝐾𝑝  . The step response of 

the converter and the bode plot is shown in Figure 4.7.  
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Figure 4.7  Step response and Bode Plot for the converter in closed loop 

The stable performance is obtained with less than 17% peak 

overshoot and rise time of less than 0.2 ms. 

 

The controller is tuned initially by increasing the 𝐾𝑝 value till oscillations are set. 

Then 𝐾𝑖 value is increased to obtain steady state with minimum error. The Kp 

and Ki values were set to 9.1 and 1.7 respectively. The stable performance with 

less than 17% peak overshoot and rise time of less than 0.2 ms. 
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The output voltage and current waveforms of capacitors and diodes are shown in 

Figure 4.8 and Figure 4.9 respectively. This shows that there is no extreme 

voltage stress across the components and high current through the components.  

 

Figure 4.8    Output voltage waveforms of MOSFET and diodes of High step-up 

DC-DC converter using PI controller 

The voltage across various components like the switch and 

diodes are with limits. There is no voltage stress and this 

ensures safety of the individual components. 



101| P a g e  

 

 

Figure 4.9  Output current waveforms of capacitors and diodes of High step-up 

DC-DC converter using PI controller 

 

4.5 Performance with variation in input voltage: 

 

The system is subjected to variation in input voltage to observe variation in 

output voltage to verify the response of the converter in closed loop. First the 
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converter was given with an input voltage that varies every 0.1 s within the 

range of 15 V to 40 V. The input and output voltage waveforms are shown in 

Figure 4.10. It is observed that after initial oscillation with maximum of around 

5%, the output voltage settles down and further steady voltage variations does 

not affect the output voltage to great extent and gives a near straight line 

performance. 

 

Figure 4.10  Output voltage response for steady change in Input voltage 

The output voltage waveform remains stable with large 

variations in input voltages which is expected from the output 

of renewable energy system. 

 

Further to verify the converter for application in renewable energy systems where 

variations of input voltage can be very much random based on Solar irradiations, 

cloud movement etc., a random voltage waveform is generated as input that 
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varies much faster in fraction of second within the range of 15 V to 40 V. This 

input voltage waveform was used to evaluate the performance of converter and 

the same is given in Figure 4.10. Under such harsh input voltage conditions also, 

the output voltage could be controlled easily within the band of ± 5%. We can 

observe response of the controller with slight overshoots for sudden rise or drop in 

input voltage and the oscillations damping in two or three cycles.  

 

 

 

Figure 4.11 Output voltage response for Random Input voltage 

The plot shows the almost stable output voltage with 

randomly varying input voltage conditions. This shows the 

performance of the designed power converter in closed loop. 
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Figure 4.12 Hybrid power converter with two inputs 
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4.6 Experimental details and setup 

 

A prototype was developed for experimental verification of the above design.  

The system consists of the power converter with provision for accepting inputs 

from two renewable sources viz. solar PV and wind generator. The output is 

connected to the load. The power circuit is designed with the configuration 

developed in previous section and the same is shown in Figure 4.12.  

 

 

 

Figure 4.13 Block diagram of the hybrid power converter 
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The required control logic is implemented using the controller. The schematic 

block diagram is given in Figure 4.13. The solar panel output (input source -1) 

and the wind source output (input source -2) are connected with the power 

circuit through a miniature circuit breaker (MCB) for on/off control.  The input 

voltage and current from both the sources are measured used voltage and current 

sensors. The sensor output is given as input to the controller through a signal 

conditioning circuit. The DC supply from sources is fed to the high step-up 

converter section that steps up the DC voltage. This output voltage is connected 

to the load. The output voltage and current is measured by the controller using 

sensors and signal conditioning circuits. 

 

The major circuit components are chosen as per the design requirement and 

calculations elaborated in Section 4.3. The coupled inductor of 30 µH is used in 

the circuit. The capacitors in loop with inductors are chosen as 47 µF and the 

capacitor in the output side is of 220 µF. A variable resistance is used to load the 

system. The photographs of the experimental set up is shown in Figure 4.14.  

 

The MOSFET device IRFP4468 is used as input switches S1 and S2.  TLP250 is 

the gate driver used for firing the above MOSFET. The voltage sensors and 

current sensors used in are circuit are LV25P and LTS25N – P respectively. The 

diodes used are MUR3060. The capacitors C1 & C2 used in the loop and the 

output capacitor C3 are of electrolytic type with 450 V rating.  
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Figure 4.14 Photograph of experimental setup 

It shows the developed power converter under testing using 

variable power sources. The input and output waveforms 

being recorded using DSO 
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1. Solar DC to DC Boost converter section 

a. Maximum Input voltage : 40V DC 

b. input current protection : 15A (Max) 

c. Output voltage : 325V DC (Max) 

d. Power rating : 200W 

2. W ind DC to DC Boost converter  section 

a. Maximum input voltage : 40V DC 

b. Input current protection : 15A (Max) 

c. Output voltage : 325V DC (Max) 

d. Power rating : 200W 

3. Voltage and Current Sensor – Signal Conditions Outputs 

a. Solar Input voltage (Vsi) : 50V 

b. Solar Output voltage (Vo) : 325V / 5V 

c. Wind Input voltage (Vw1) : 50V / 5V 

d. Wind Output voltage (Vw0) : 325V / 5V 

e. Output voltage (Vo) : 350V/5V 

f. Solar Input current (Is) : 16A/5V 

g. Wind Input current (In) : 16A/5V 

h. Output current (Io) : 4A/5V 

4. PWM Input 

a. PWM – Amplitude : 5V (TTL Input) 

b. PWM Frequency : 18KHZ (20KHZ – Max) 

5. Power Circuit Details  

a. Solar Input capacitor (C1, C2) : 4700μF / 50V / E 

b. Wind Input capacitor (C3, C4) : 4700μF / 50V / E 

c. Solar Input capacitor (C5) : 47μF / 450V / E 
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d. Wind Input capacitor (C6) : 47μF / 450V / E 

e. Output capacitor at μCB3 : 330μF / 450V / E 

f. Setup Transformer Ratio : ≤ 1:10 

g. MOSFET model name : IRFP4468 

h. Voltage sensor model name : LV25P 

I. Current sensor model name : LTS25N – P 

j. D1, D2 Diode model name : MUR3060 

k. Driver for MOSFET : TLP250 

 

4.7 Errors associated with measurements: 

 

The solar and wind output voltages and currents are measured the implement the 

MPPT algorithm. The voltage transducer as an overall accuracy of 0.9 % and the 

current transducer has an accuracy of 0.7 %. The power generated is calculated 

based on the voltage and current measured. These measurement error is 

propagated to the calculated power value. This value is measured for every time 

step.  

 

But for the MPPT algorithm adopted, the absolute value of power is not 

important because we are checking only the direction of change in power i.e. if 

the power is increased or decreased from the previous instant. Hence the error in 

absolute value of power does not impact the functioning of the circuit. 
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4.8 Experimental results 

 

The input voltages were varied from 15 V to 30 V to check the outputs at 

variable inputs to simulate the renewable power source conditions.  It was 

observed that the output voltage could be maintained within 5 % of the set 

voltage of 200 V in loaded condition. When the output is kept open under no-

load condition with around 30 V input in both the input sources, the maximum 

output voltage was 233 V.   

 

The snapshots of Digital storage oscillator (DSO) with the readings at different 

input voltages of both sources are shown in Figure 4.15. The input voltages and 

currents are displayed in element 4 and element 5 of the DSO. The outputs 

voltages and currents are shown in element 2. We can see that the input voltages 

are varied from 15 V to around 30 V.  The corresponding output voltages vary 

between 189 V up to 199 V and during open circuit goes to 233 V.  

 

The typical voltage and current waveforms obtained in the DSO is shown in 

Figure 4.16. The observed output voltage and current waveform is smooth with 

near straight line performance irrespective of variations in input voltage and 

current waveforms. 
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Figure 4.15  Snapshot of DSO displays showing output voltages at various input 

conditions 

The input voltages were varied from 15 V to 30 V to check the 

outputs at variable inputs to simulate the renewable power source 

conditions.  It can be observed that the output voltage could be 

maintained within 5% of the set voltage of 200 V in loaded 

condition. When the output is kept open under no-load condition 

with around 30 V input in both the input sources, the maximum 

output voltage was 233 V.  

Hybrid 

output 

Input 

Source1 

Input 

Source 2 
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Figure 4.16  DSO waveforms of input and output voltages and currents 

The hybrid output voltage and current waveforms are smooth 

and steady even with variations in input sources voltage and 

currents. 
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4.9 Conclusion 

 

In this chapter, the development of a 100 W high step up dc-dc converter 

prototype with two input sources is presented. The converter is designed in closed 

loop to deliver an output voltage of around 200 V with variable input voltage in 

15 V to 40 V range. The proposed configuration is suitable for application for 

renewable sources based systems [150]. 

 

 A prototype power converter configuration for the renewable energy 

application is developed.  

 The circuit components and parameters are designed from the design 

equations Eq. 5.1 to Eq. 5.7. The turns ratio (n) of coupled inductor is 

chosen to be 5 for a moderate duty cycle of 0.4 to 0.6 to obtain the desired 

voltage ratio in the range of 8 to 17. The inductance of coupled reactor is 

designed for a value of 30 µH.  Other capacitors and resistor values are 

also chosen using the design equations.  

 The transfer function is derived for closed loop operation of the designed 

circuit. The controller is tuned and the proportionality constant 𝐾𝑝 and 

integral constant 𝐾𝑖 values are set at 9.1 and 1.7 respectively. We 

obtained the stable performance with less than 17% peak overshoot and 

rise time of less than 0.2 ms. 

 The designed circuit is subjected to both steady and random input voltage 

variations and the output voltage is found to be within ± 5% range.  
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Chapter 5 

5 CONCLUSIONS AND FUTURE SCOPE OF 

WORK 

 

The thesis deals with modeling of renewable energy based desalination systems 

with solar PV and wind turbines along with battery storage system. The hybrid 

power system is analyzed for application to a desalination plant with a variable 

load. The salient features of the work is summarized below. 

 

A methodology of selection of the capacities of various power sources of the 

hybrid power system is presented for obtaining the optimum configuration. Use of 

hybrid PV-Wind systems for desalination has a unique advantage of reduction in 

energy storage battery capacity resulting in increased utilization of power 

generated and reduced cost. 

 

A neural network modeling of renewable energy based desalination systems using 

Solar PV and Wind turbines has been carried out and the model estimates the 

annual power produced by a given configuration of hybrid power. 

 

A prototype power converter suitable for application for hybrid renewable sources 

with solar and wind sources for desalination application is developed. The 

converter has high step up ratio and is designed in closed loop to deliver an 

output voltage of around 200 V with variable input voltage in 15 V to 40 V 

range. 
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This chapter summarizes the overall conclusions of this study and also discusses 

the future scope of work.  

5.1 Summary of major findings 

 

1. A methodology of selection of the capacities of various power sources of 

the hybrid power system is developed for obtaining the optimum 

configuration. The optimum configuration can be chosen based on the 

requirement. 

2. From the results obtained, we can see that addition of capacities of PV 

panels or Wind turbines or storage capacities separately does not help in 

reduction of the cost of energy.  But, when the capacities of Solar PV and 

Wind turbines are supplemented with each other, we find that we are able 

to maintain the total kWh produced per year to meet the load 

requirements.  

3. For a requirement of around 6000 kWh per year power production, the 

best option obtained is the combination of 8 kW Solar PV , 1 kW Wind 

and 1.5 kW storage battery for obtaining energy at cost of INR 12.73 per 

kWh with an availability of 40% . 

4. If the requirement is only the lowest cost of energy / kWh, we can select a 

combination of 5 kW Solar PV, 1 kW Wind and 0.5 kW battery. With the 

above combination, we get the lowest cost of energy at INR 11.32 per 

kWh, but the total power produced in the year is around 5000 kWh with 

an availability of only 29%.  

5. In the case of desalination plant as load, the hybrid power system can 

produce and store water in suitable tanks and hence the availability factor 

is not a major concern. The necessity of energy storage battery is also 

reduced. For application of hybrid power system for desalination purpose 
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that requires a load of 2 kW, there is an average increase of around 25% in 

utilization of power generated, when used for desalination plant. 

6. For lower cost of water, we can select the combination of 5 kW solar PV, 

1 kW wind and 0.5 kW battery to produce a total of 6906 m3 of product 

water at a cost of INR 80 per 1000 liters. This comes with an availability 

of plant of around 28% which can be compensated by selecting suitable 

storage tanks.  

7. Similarly, for a high production of water at around 7500 m3, we can select 

the combination of 10 kW solar PV, 2 kW wind and 0.5 kW storage 

battery to produce water at a cost of INR 116 per 1000 liters of water and 

the availability is around 54%.  

8. A neural network model is developed for the above system with Solar PV, 

Wind generator and battery capacities as inputs and total kWh production 

per year as the output. The proposed three layer architecture is trained to 

obtain the required performance optimization. The network estimates the 

total power generated per year for a given capacity of Solar PV, Wind 

generator and Battery. The model equation and parameters are given in 

Eq. 3.15 and Table 3.2. The developed model predicts the unknown test 

data with regression of 0.99. 

9. A prototype power converter configuration for the renewable energy 

application is developed. The circuit components and parameters are fixed 

from the design. The turns ratio (n) of coupled inductor is chosen to be 5 

for a moderate duty cycle of 0.4 to 0.6 to obtain the desired voltage ratio 

in the range of 8 to 17. The transfer function is derived for closed loop 

operation of the designed circuit. The controller is tuned and the 

proportionality constant 𝐾𝑝 and integral constant 𝐾𝑖 values are set at 9.1 
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and 1.7 respectively. We obtained the stable performance with less than 

17% peak overshoot and rise time of less than 0.2 ms.  

10. The designed circuit is subjected to both steady and random input voltage 

variations and the output voltage is found to be within ± 5% range. 

 

5.2 M ajor contributions: 

 

The following are the major contributions of this work: 

 

1. A methodology of selection of the capacities of various power sources of 

the hybrid power system is developed for obtaining the optimum 

configuration. The optimum configuration can be chosen based on the 

requirement. 

2. The desalination plant load helps in reducing the energy storage capacity 

requirements and hence offer better performance of the hybrid power 

system. Thus the load profile selected for the hybrid power system 

influences the performance of the system. 

3. A neural network model is developed for the above system with Solar PV, 

Wind generator and battery capacities as inputs and total kWh production 

per year as the output. 

4. A prototype power converter configuration for the renewable energy 

application is developed. 
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5.3  Directions for future scope of work 

 

The small scale renewable energy based hybrid power system coupled with 

desalination plants will be the future of solution for co-generation of power and 

water especially in remote and isolated locations. The proposed future scope of 

work is aimed to make the technology perfect and ready to deliver for future 

market. Also, there is a potential in other similar areas of application. 

 

1. The solar and wind resource data shall be collected for different places; 

sites with different potentials for solar energy and wind energy. The 

developed methodology presented in this thesis shall be applied to a 

variety of sites. This exercise can be done for remote locations and islands. 

By this, we will be able to map the energy potential of the region. This 

will enable the designers to take decisions on planning the infrastructure of 

that region. 

2. The proposed configuration shall be installed at a site and tested for 

actual performance based on solar irradiation and wind speed in a 

particular year by actually connecting solar PV and wind generator.  

3. The study shall be extended to other locally available renewable energy 

sources like biomass, tidal energy and ocean thermal energy. Also, the 

combination of solar thermal collectors based systems shall also be 

considered. The addition of such systems into the hybrid power will 

increase the complexity of analysis and hence need to be completely 

studied to increase the availability of energy on hourly basis in a day and 

also on yearly basis across various seasons. 

4. Various dedicated load options like powering of remotely placed sensors, 

connecting water pumps, powering a mobile tower, residential applications 
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shall be considered. Different voltage configurations depending upon the 

application shall also be developed. An integrated supervisory controller to 

control both renewable sources and desalination plant can be developed. 

The integrated system shall control the parameters of Solar PV and Wind 

generator, power flow to and from the energy storage device and control 

the operation of the desalination plant.  

5. Combining more than two hybrid energy sources need the power 

converters that can handle more inputs. The power converter that can 

accept more than two renewable power sources with varying nature shall 

be developed to enable such system. Also the power converters shall be 

able to operate at higher input voltages and handle high power levels 

which will eventually lead to scaling up of the capacity of hybrid power 

systems. 
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Appendix - A 

 

Table showing the performance of hybrid power system (cost of energy, % 

availability of power and total kWh produced for the year) with various capacity 

configurations of solar PV, wind and battery.  

Combination 

No 

PV 

kW 

W ind 

kW 

Battery 

kW 

Cost 

of 

Energy 

(INR) 

% 

availability 

Total 

kWh 

produced 

per year 

1 1 1 0.5 216 0.8 148 

2 1 1 1 364 2.3 92 

3 1 1 1.5 498 7.8 70 

4 1 1 2 625 14.4 58 

5 1 2 0.5 73 7.6 778 

6 1 2 1 75 10.1 778 

7 1 2 1.5 77 15.2 778 

8 1 2 2 78 21.1 778 

9 1 3 0.5 48 12.3 1712 

10 1 3 1 48 15.6 1712 

11 1 3 1.5 49 21.4 1712 

12 1 3 2 50 27.1 1712 

13 1 4 0.5 47 15.8 2268 

14 1 4 1 47 20.0 2268 

15 1 4 1.5 48 25.7 2268 

16 1 4 2 49 31.6 2268 

17 1 5 0.5 48 19.3 2754 

18 1 5 1 48 23.7 2754 

19 1 5 1.5 49 29.7 2754 

20 1 5 2 49 35.3 2754 

21 1 6 0.5 48 22.4 3244 

22 1 6 1 48 27.5 3244 

23 1 6 1.5 49 33.3 3244 

24 1 6 2 49 38.7 3244 

25 1 7 0.5 48 25.5 3732 

26 1 7 1 49 30.8 3732 
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27 1 7 1.5 49 36.5 3732 

28 1 7 2 50 41.8 3732 

29 1 8 0.5 50 28.4 4144 

30 1 8 1 50 33.6 4144 

31 1 8 1.5 50 39.3 4144 

32 1 8 2 51 44.6 4144 

33 1 9 0.5 50 31.0 4600 

34 1 9 1 50 36.2 4600 

35 1 9 1.5 51 42.2 4600 

36 1 9 2 51 47.2 4600 

37 1 10 0.5 51 33.6 5000 

38 1 10 1 51 38.9 5000 

39 1 10 1.5 52 44.4 5000 

40 1 10 2 52 49.5 5000 

41 2 1 0.5 28 10.1 1368 

42 2 1 1 30 13.7 1314 

43 2 1 1.5 33 18.1 1226 

44 2 1 2 36 21.9 1180 

45 2 2 0.5 34 16.6 1818 

46 2 2 1 35 20.6 1818 

47 2 2 1.5 36 24.6 1818 

48 2 2 2 37 28.2 1814 

49 2 3 0.5 32 21.1 2738 

50 2 3 1 32 25.6 2738 

51 2 3 1.5 33 29.9 2738 

52 2 3 2 33 33.6 2738 

53 2 4 0.5 33 24.9 3374 

54 2 4 1 34 29.4 3374 

55 2 4 1.5 34 33.8 3374 

56 2 4 2 34 37.9 3374 

57 2 5 0.5 35 28.2 3962 

58 2 5 1 35 32.8 3962 

59 2 5 1.5 35 37.6 3962 

60 2 5 2 36 41.4 3962 

61 2 6 0.5 37 31.0 4428 

62 2 6 1 37 35.8 4428 

63 2 6 1.5 37 40.5 4428 

64 2 6 2 37 44.6 4428 
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65 2 7 0.5 38 34.1 4940 

66 2 7 1 38 38.8 4940 

67 2 7 1.5 38 43.4 4940 

68 2 7 2 39 47.4 4940 

69 2 8 0.5 39 36.2 5364 

70 2 8 1 40 41.0 5364 

71 2 8 1.5 40 45.9 5364 

72 2 8 2 40 49.8 5364 

73 2 9 0.5 41 38.6 5760 

74 2 9 1 41 43.3 5760 

75 2 9 1.5 41 48.2 5760 

76 2 9 2 42 52.0 5760 

77 2 10 0.5 43 40.7 6106 

78 2 10 1 43 45.6 6106 

79 2 10 1.5 43 50.2 6106 

80 2 10 2 43 54.1 6106 

81 3 1 0.5 14 20.2 3226 

82 3 1 1 14 23.7 3194 

83 3 1 1.5 15 27.2 3146 

84 3 1 2 15 30.4 3124 

85 3 2 0.5 19 25.4 3580 

86 3 2 1 20 29.2 3580 

87 3 2 1.5 20 32.6 3578 

88 3 2 2 20 35.7 3576 

89 3 3 0.5 22 29.1 4332 

90 3 3 1 22 33.3 4330 

91 3 3 1.5 22 37.1 4328 

92 3 3 2 23 40.4 4328 

93 3 4 0.5 25 32.1 4816 

94 3 4 1 25 36.3 4816 

95 3 4 1.5 25 40.1 4816 

96 3 4 2 25 43.8 4816 

97 3 5 0.5 27 34.8 5262 

98 3 5 1 27 39.1 5262 

99 3 5 1.5 28 43.0 5262 

100 3 5 2 28 46.6 5262 

101 3 6 0.5 30 37.3 5670 

102 3 6 1 30 41.7 5670 
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103 3 6 1.5 30 45.7 5670 

104 3 6 2 30 49.4 5670 

105 3 7 0.5 32 39.4 6060 

106 3 7 1 32 44.0 6060 

107 3 7 1.5 32 48.0 6060 

108 3 7 2 32 51.7 6060 

109 3 8 0.5 34 41.5 6446 

110 3 8 1 34 46.0 6446 

111 3 8 1.5 34 50.3 6446 

112 3 8 2 34 54.0 6446 

113 3 9 0.5 36 43.7 6748 

114 3 9 1 36 48.0 6748 

115 3 9 1.5 36 52.3 6748 

116 3 9 2 36 55.9 6748 

117 3 10 0.5 38 45.3 7054 

118 3 10 1 38 49.9 7054 

119 3 10 1.5 38 54.1 7054 

120 3 10 2 38 57.7 7054 

121 4 1 0.5 12 25.5 4228 

122 4 1 1 12 28.7 4190 

123 4 1 1.5 13 32.1 4168 

124 4 1 2 13 34.9 4154 

125 4 2 0.5 17 30.1 4480 

126 4 2 1 17 33.5 4480 

127 4 2 1.5 17 36.6 4480 

128 4 2 2 18 39.5 4478 

129 4 3 0.5 19 33.4 5174 

130 4 3 1 19 37.1 5174 

131 4 3 1.5 20 40.7 5174 

132 4 3 2 20 43.8 5174 

133 4 4 0.5 22 36.0 5564 

134 4 4 1 23 39.8 5564 

135 4 4 1.5 23 43.2 5564 

136 4 4 2 23 46.6 5564 

137 4 5 0.5 25 38.4 5980 

138 4 5 1 25 42.3 5980 

139 4 5 1.5 25 46.3 5980 

140 4 5 2 26 49.4 5980 
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141 4 6 0.5 27 40.6 6316 

142 4 6 1 28 44.5 6316 

143 4 6 1.5 28 48.5 6316 

144 4 6 2 28 51.9 6316 

145 4 7 0.5 30 42.8 6694 

146 4 7 1 30 46.8 6694 

147 4 7 1.5 30 50.7 6694 

148 4 7 2 30 54.2 6694 

149 4 8 0.5 32 44.6 7036 

150 4 8 1 32 48.6 7036 

151 4 8 1.5 32 53.0 7036 

152 4 8 2 32 56.3 7036 

153 4 9 0.5 34 46.6 7362 

154 4 9 1 34 50.7 7362 

155 4 9 1.5 34 54.7 7362 

156 4 9 2 34 58.0 7362 

157 4 10 0.5 36 48.1 7646 

158 4 10 1 36 52.3 7646 

159 4 10 1.5 36 56.4 7646 

160 4 10 2 36 59.7 7646 

161 5 1 0.5 11 28.9 4910 

162 5 1 1 12 31.8 4888 

163 5 1 1.5 12 35.2 4868 

164 5 1 2 12 37.9 4848 

165 5 2 0.5 16 32.9 5142 

166 5 2 1 16 36.2 5142 

167 5 2 1.5 16 39.3 5140 

168 5 2 2 16 42.2 5136 

169 5 3 0.5 18 36.2 5756 

170 5 3 1 19 39.6 5756 

171 5 3 1.5 19 43.0 5756 

172 5 3 2 19 46.0 5756 

173 5 4 0.5 21 38.5 6138 

174 5 4 1 21 42.2 6138 

175 5 4 1.5 22 45.6 6138 

176 5 4 2 22 48.8 6138 

177 5 5 0.5 24 40.7 6478 

178 5 5 1 24 44.4 6478 
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179 5 5 1.5 24 48.1 6478 

180 5 5 2 25 51.2 6478 

181 5 6 0.5 26 42.9 6806 

182 5 6 1 27 46.5 6806 

183 5 6 1.5 27 50.3 6806 

184 5 6 2 27 53.6 6806 

185 5 7 0.5 28 44.8 7174 

186 5 7 1 29 48.7 7174 

187 5 7 1.5 29 52.5 7174 

188 5 7 2 29 55.8 7174 

189 5 8 0.5 31 46.5 7484 

190 5 8 1 31 50.4 7484 

191 5 8 1.5 31 54.4 7484 

192 5 8 2 31 57.8 7484 

193 5 9 0.5 33 48.4 7774 

194 5 9 1 33 52.1 7774 

195 5 9 1.5 33 56.2 7774 

196 5 9 2 33 59.5 7774 

197 5 10 0.5 35 49.8 8018 

198 5 10 1 35 53.8 8018 

199 5 10 1.5 35 57.6 8018 

200 5 10 2 35 61.0 8018 

201 6 1 0.5 11 31.3 5356 

202 6 1 1 12 34.0 5346 

203 6 1 1.5 12 37.2 5330 

204 6 1 2 12 39.9 5316 

205 6 2 0.5 16 35.1 5550 

206 6 2 1 16 38.2 5548 

207 6 2 1.5 16 41.1 5548 

208 6 2 2 16 43.8 5548 

209 6 3 0.5 18 38.0 6166 

210 6 3 1 18 41.3 6166 

211 6 3 1.5 18 44.6 6166 

212 6 3 2 19 47.4 6166 

213 6 4 0.5 21 40.2 6496 

214 6 4 1 21 43.8 6496 

215 6 4 1.5 21 47.1 6496 

216 6 4 2 22 50.1 6496 
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217 6 5 0.5 24 42.5 6820 

218 6 5 1 24 45.9 6820 

219 6 5 1.5 24 49.6 6820 

220 6 5 2 24 52.5 6820 

221 6 6 0.5 26 44.5 7164 

222 6 6 1 26 48.1 7164 

223 6 6 1.5 26 51.7 7164 

224 6 6 2 26 54.9 7164 

225 6 7 0.5 28 46.3 7480 

226 6 7 1 28 50.1 7480 

227 6 7 1.5 28 53.7 7480 

228 6 7 2 29 57.1 7480 

229 6 8 0.5 30 48.0 7756 

230 6 8 1 30 51.7 7756 

231 6 8 1.5 31 55.5 7756 

232 6 8 2 31 58.9 7756 

233 6 9 0.5 32 49.6 8034 

234 6 9 1 32 53.4 8034 

235 6 9 1.5 33 57.2 8034 

236 6 9 2 33 60.5 8034 

237 6 10 0.5 34 50.9 8264 

238 6 10 1 35 55.0 8264 

239 6 10 1.5 35 58.6 8264 

240 6 10 2 35 61.9 8264 

241 7 1 0.5 12 33.2 5698 

242 7 1 1 12 36.0 5688 

243 7 1 1.5 12 38.8 5670 

244 7 1 2 13 41.4 5664 

245 7 2 0.5 16 36.8 5860 

246 7 2 1 16 39.8 5860 

247 7 2 1.5 16 42.5 5860 

248 7 2 2 16 45.1 5860 

249 7 3 0.5 18 39.6 6464 

250 7 3 1 18 42.9 6464 

251 7 3 1.5 19 45.9 6464 

252 7 3 2 19 48.6 6462 

253 7 4 0.5 21 41.8 6776 

254 7 4 1 21 45.2 6776 
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255 7 4 1.5 21 48.3 6776 

256 7 4 2 22 51.3 6776 

257 7 5 0.5 23 43.9 7082 

258 7 5 1 24 47.1 7082 

259 7 5 1.5 24 50.8 7082 

260 7 5 2 24 53.5 7082 

261 7 6 0.5 26 45.7 7410 

262 7 6 1 26 49.2 7410 

263 7 6 1.5 26 52.7 7410 

264 7 6 2 26 55.8 7410 

265 7 7 0.5 28 47.4 7718 

266 7 7 1 28 51.2 7718 

267 7 7 1.5 28 54.7 7718 

268 7 7 2 29 57.8 7718 

269 7 8 0.5 30 49.1 7976 

270 7 8 1 30 52.6 7976 

271 7 8 1.5 31 56.3 7976 

272 7 8 2 31 59.7 7976 

273 7 9 0.5 32 50.8 8256 

274 7 9 1 32 54.4 8256 

275 7 9 1.5 32 58.0 8256 

276 7 9 2 33 61.4 8256 

277 7 10 0.5 34 52.1 8474 

278 7 10 1 34 55.8 8474 

279 7 10 1.5 35 59.4 8474 

280 7 10 2 35 62.8 8474 

281 8 1 0.5 12 34.8 5998 

282 8 1 1 12 37.3 5986 

283 8 1 1.5 13 40.0 5974 

284 8 1 2 13 42.4 5954 

285 8 2 0.5 16 38.3 6140 

286 8 2 1 16 41.1 6140 

287 8 2 1.5 16 43.5 6138 

288 8 2 2 17 46.2 6138 

289 8 3 0.5 18 40.9 6700 

290 8 3 1 19 44.0 6700 

291 8 3 1.5 19 47.0 6700 

292 8 3 2 19 49.6 6700 
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293 8 4 0.5 21 43.0 7006 

294 8 4 1 21 46.1 7006 

295 8 4 1.5 21 49.2 7006 

296 8 4 2 22 52.2 7004 

297 8 5 0.5 24 45.0 7318 

298 8 5 1 24 48.1 7318 

299 8 5 1.5 24 51.6 7318 

300 8 5 2 24 54.5 7318 

301 8 6 0.5 26 46.8 7618 

302 8 6 1 26 50.2 7618 

303 8 6 1.5 26 53.6 7618 

304 8 6 2 26 56.6 7618 

305 8 7 0.5 28 48.4 7918 

306 8 7 1 28 52.1 7918 

307 8 7 1.5 28 55.4 7918 

308 8 7 2 29 58.7 7918 

309 8 8 0.5 30 50.2 8172 

310 8 8 1 30 53.6 8172 

311 8 8 1.5 31 57.1 8172 

312 8 8 2 31 60.4 8172 

313 8 9 0.5 32 51.7 8404 

314 8 9 1 32 55.1 8404 

315 8 9 1.5 33 58.7 8404 

316 8 9 2 33 62.0 8404 

317 8 10 0.5 34 52.8 8626 

318 8 10 1 34 56.4 8626 

319 8 10 1.5 35 60.0 8626 

320 8 10 2 35 63.3 8626 

321 9 1 0.5 13 36.3 6238 

322 9 1 1 13 38.5 6214 

323 9 1 1.5 13 41.1 6206 

324 9 1 2 13 43.5 6196 

325 9 2 0.5 16 39.4 6362 

326 9 2 1 17 42.1 6362 

327 9 2 1.5 17 44.5 6362 

328 9 2 2 17 46.9 6360 

329 9 3 0.5 19 42.0 6926 

330 9 3 1 19 44.9 6926 
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331 9 3 1.5 19 47.8 6926 

332 9 3 2 19 50.4 6926 

333 9 4 0.5 21 44.1 7210 

334 9 4 1 21 47.1 7210 

335 9 4 1.5 22 50.0 7210 

336 9 4 2 22 52.9 7210 

337 9 5 0.5 24 46.0 7504 

338 9 5 1 24 49.0 7504 

339 9 5 1.5 24 52.3 7504 

340 9 5 2 24 55.1 7504 

341 9 6 0.5 26 47.7 7802 

342 9 6 1 26 50.9 7802 

343 9 6 1.5 26 54.3 7802 

344 9 6 2 27 57.4 7802 

345 9 7 0.5 28 49.3 8078 

346 9 7 1 28 52.9 8078 

347 9 7 1.5 29 55.9 8078 

348 9 7 2 29 59.3 8078 

349 9 8 0.5 30 50.8 8316 

350 9 8 1 31 54.3 8316 

351 9 8 1.5 31 57.7 8316 

352 9 8 2 31 60.9 8316 

353 9 9 0.5 32 52.3 8566 

354 9 9 1 33 55.8 8566 

355 9 9 1.5 33 59.2 8566 

356 9 9 2 33 62.6 8566 

357 9 10 0.5 34 53.5 8794 

358 9 10 1 34 57.2 8794 

359 9 10 1.5 35 60.6 8794 

360 9 10 2 35 63.9 8794 

361 10 1 0.5 13 37.5 6478 

362 10 1 1 13 39.5 6466 

363 10 1 1.5 14 42.0 6454 

364 10 1 2 14 44.1 6440 

365 10 2 0.5 17 40.4 6586 

366 10 2 1 17 43.0 6586 

367 10 2 1.5 17 45.4 6586 

368 10 2 2 17 47.6 6586 
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369 10 3 0.5 19 43.0 7132 

370 10 3 1 19 45.8 7132 

371 10 3 1.5 19 48.6 7132 

372 10 3 2 19 51.1 7132 

373 10 4 0.5 22 44.9 7396 

374 10 4 1 22 47.7 7396 

375 10 4 1.5 22 50.7 7396 

376 10 4 2 22 53.5 7396 

377 10 5 0.5 24 46.8 7696 

378 10 5 1 24 49.6 7696 

379 10 5 1.5 24 52.9 7696 

380 10 5 2 24 55.7 7696 

381 10 6 0.5 26 48.3 7964 

382 10 6 1 26 51.7 7964 

383 10 6 1.5 27 54.8 7964 

384 10 6 2 27 57.9 7964 

385 10 7 0.5 28 49.9 8226 

386 10 7 1 29 53.4 8226 

387 10 7 1.5 29 56.6 8226 

388 10 7 2 29 59.7 8226 

389 10 8 0.5 31 51.5 8454 

390 10 8 1 31 54.8 8454 

391 10 8 1.5 31 58.3 8454 

392 10 8 2 31 61.4 8454 

393 10 9 0.5 32 53.0 8712 

394 10 9 1 33 56.2 8712 

395 10 9 1.5 33 59.7 8712 

396 10 9 2 33 63.0 8712 

397 10 10 0.5 35 54.2 8912 

398 10 10 1 35 57.6 8912 

399 10 10 1.5 35 61.0 8912 

400 10 10 2 35 64.2 8912 
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Appendix - B 

 

Table showing the power utilized with various combinations of hybrid power with 

constant load and with desalination plant as load.  

 

Combination 

no. 

PV 

kW 

W ind 

kW 

Battery 

kW 

Total kWh per 

year 

Water 

produced 

m3/year 

Total 

kWh 

per year 

W ith 

constant 

load 

with 

desal 

load 

1 1 1 0.5 148 2557 3240 

2 1 1 1 92 2557 2463 

3 1 1 1.5 70 2557 2005 

4 1 1 2 58 2557 1825 

5 1 2 0.5 778 3901 2640 

6 1 2 1 778 3901 2628 

7 1 2 1.5 778 3901 2620 

8 1 2 2 778 3901 2612 

9 1 3 0.5 1712 4928 3240 

10 1 3 1 1712 4928 2463 

11 1 3 1.5 1712 4928 2005 

12 1 3 2 1712 4928 1825 

13 1 4 0.5 2268 5738 2640 

14 1 4 1 2268 5738 2628 

15 1 4 1.5 2268 5738 2620 

16 1 4 2 2268 5738 2612 

17 1 5 0.5 2754 6459 3294 

18 1 5 1 2754 6459 3292 

19 1 5 1.5 2754 6459 3291 

20 1 5 2 2754 6459 3288 

21 1 6 0.5 3244 7087 3825 

22 1 6 1 3244 7087 3825 

23 1 6 1.5 3244 7087 3825 
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24 1 6 2 3244 7087 3825 

25 1 7 0.5 3732 7673 4306 

26 1 7 1 3732 7673 4306 

27 1 7 1.5 3732 7673 4306 

28 1 7 2 3732 7673 4306 

29 1 8 0.5 4144 8185 4724 

30 1 8 1 4144 8185 4724 

31 1 8 1.5 4144 8185 4724 

32 1 8 2 4144 8185 4724 

33 1 9 0.5 4600 8652 5115 

34 1 9 1 4600 8652 5115 

35 1 9 1.5 4600 8652 5115 

36 1 9 2 4600 8652 5115 

37 1 10 0.5 5000 9077 5457 

38 1 10 1 5000 9077 5457 

39 1 10 1.5 5000 9077 5457 

40 1 10 2 5000 9077 5457 

41 2 1 0.5 1368 5667 5768 

42 2 1 1 1314 5111 5768 

43 2 1 1.5 1226 4773 5768 

44 2 1 2 1180 4628 5768 

45 2 2 0.5 1818 5585 6051 

46 2 2 1 1818 5583 6051 

47 2 2 1.5 1818 5581 6051 

48 2 2 2 1814 5571 6051 

49 2 3 0.5 2738 6404 3778 

50 2 3 1 2738 6404 3407 

51 2 3 1.5 2738 6404 3182 

52 2 3 2 2738 6404 3085 

53 2 4 0.5 3374 7088 3723 

54 2 4 1 3374 7088 3722 

55 2 4 1.5 3374 7088 3721 

56 2 4 2 3374 7088 3714 

57 2 5 0.5 3962 7702 4269 

58 2 5 1 3962 7702 4269 

59 2 5 1.5 3962 7702 4269 

60 2 5 2 3962 7702 4269 

61 2 6 0.5 4428 8228 4725 
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62 2 6 1 4428 8228 4725 

63 2 6 1.5 4428 8228 4725 

64 2 6 2 4428 8228 4725 

65 2 7 0.5 4940 8716 5134 

66 2 7 1 4940 8716 5134 

67 2 7 1.5 4940 8716 5134 

68 2 7 2 4940 8716 5134 

69 2 8 0.5 5364 9153 5485 

70 2 8 1 5364 9153 5485 

71 2 8 1.5 5364 9153 5485 

72 2 8 2 5364 9153 5485 

73 2 9 0.5 5760 9552 5811 

74 2 9 1 5760 9552 5811 

75 2 9 1.5 5760 9552 5811 

76 2 9 2 5760 9552 5811 

77 2 10 0.5 6106 9918 6102 

78 2 10 1 6106 9918 6102 

79 2 10 1.5 6106 9918 6102 

80 2 10 2 6106 9918 6102 

81 3 1 0.5 3226 6743 6368 

82 3 1 1 3194 6277 6368 

83 3 1 1.5 3146 6026 6368 

84 3 1 2 3124 5912 6368 

85 3 2 0.5 3580 6619 6612 

86 3 2 1 3580 6613 6612 

87 3 2 1.5 3578 6606 6612 

88 3 2 2 3576 6601 6612 

89 3 3 0.5 4332 7281 4495 

90 3 3 1 4330 7281 4185 

91 3 3 1.5 4328 7281 4018 

92 3 3 2 4328 7281 3942 

93 3 4 0.5 4816 7862 4413 

94 3 4 1 4816 7862 4409 

95 3 4 1.5 4816 7862 4404 

96 3 4 2 4816 7862 4401 

97 3 5 0.5 5262 8396 4854 

98 3 5 1 5262 8396 4854 

99 3 5 1.5 5262 8396 4854 
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100 3 5 2 5262 8396 4854 

101 3 6 0.5 5670 8868 5242 

102 3 6 1 5670 8868 5242 

103 3 6 1.5 5670 8868 5242 

104 3 6 2 5670 8868 5242 

105 3 7 0.5 6060 9306 5597 

106 3 7 1 6060 9306 5597 

107 3 7 1.5 6060 9306 5597 

108 3 7 2 6060 9306 5597 

109 3 8 0.5 6446 9701 5912 

110 3 8 1 6446 9701 5912 

111 3 8 1.5 6446 9701 5912 

112 3 8 2 6446 9701 5912 

113 3 9 0.5 6748 10062 6204 

114 3 9 1 6748 10062 6204 

115 3 9 1.5 6748 10062 6204 

116 3 9 2 6748 10062 6204 

117 3 10 0.5 7054 10401 6467 

118 3 10 1 7054 10401 6467 

119 3 10 1.5 7054 10401 6467 

120 3 10 2 7054 10401 6467 

121 4 1 0.5 4228 7324 6708 

122 4 1 1 4190 6884 6708 

123 4 1 1.5 4168 6661 6708 

124 4 1 2 4154 6567 6708 

125 4 2 0.5 4480 7167 6934 

126 4 2 1 4480 7167 6934 

127 4 2 1.5 4480 7165 6934 

128 4 2 2 4478 7161 6934 

129 4 3 0.5 5174 7774 4883 

130 4 3 1 5174 7774 4589 

131 4 3 1.5 5174 7774 4440 

132 4 3 2 5174 7774 4378 

133 4 4 0.5 5564 8302 4778 

134 4 4 1 5564 8302 4778 

135 4 4 1.5 5564 8302 4777 

136 4 4 2 5564 8302 4774 

137 4 5 0.5 5980 8799 5182 
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138 4 5 1 5980 8799 5182 

139 4 5 1.5 5980 8799 5182 

140 4 5 2 5980 8799 5182 

141 4 6 0.5 6316 9240 5535 

142 4 6 1 6316 9240 5535 

143 4 6 1.5 6316 9240 5535 

144 4 6 2 6316 9240 5535 

145 4 7 0.5 6694 9650 5866 

146 4 7 1 6694 9650 5866 

147 4 7 1.5 6694 9650 5866 

148 4 7 2 6694 9650 5866 

149 4 8 0.5 7036 10019 6160 

150 4 8 1 7036 10019 6160 

151 4 8 1.5 7036 10019 6160 

152 4 8 2 7036 10019 6160 

153 4 9 0.5 7362 10360 6433 

154 4 9 1 7362 10360 6433 

155 4 9 1.5 7362 10360 6433 

156 4 9 2 7362 10360 6433 

157 4 10 0.5 7646 10678 6679 

158 4 10 1 7646 10678 6679 

159 4 10 1.5 7646 10678 6679 

160 4 10 2 7646 10678 6679 

161 5 1 0.5 4910 7711 6906 

162 5 1 1 4888 7319 6906 

163 5 1 1.5 4868 7080 6906 

164 5 1 2 4848 6985 6906 

165 5 2 0.5 5142 7520 7118 

166 5 2 1 5142 7520 7118 

167 5 2 1.5 5140 7517 7118 

168 5 2 2 5136 7517 7118 

169 5 3 0.5 5756 8093 5140 

170 5 3 1 5756 8093 4879 

171 5 3 1.5 5756 8092 4720 

172 5 3 2 5756 8092 4657 

173 5 4 0.5 6138 8597 5013 

174 5 4 1 6138 8597 5013 

175 5 4 1.5 6138 8597 5011 
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176 5 4 2 6138 8597 5011 

177 5 5 0.5 6478 9066 5395 

178 5 5 1 6478 9066 5395 

179 5 5 1.5 6478 9066 5395 

180 5 5 2 6478 9066 5394 

181 5 6 0.5 6806 9483 5731 

182 5 6 1 6806 9483 5731 

183 5 6 1.5 6806 9483 5731 

184 5 6 2 6806 9483 5731 

185 5 7 0.5 7174 9877 6044 

186 5 7 1 7174 9877 6044 

187 5 7 1.5 7174 9877 6044 

188 5 7 2 7174 9877 6044 

189 5 8 0.5 7484 10227 6322 

190 5 8 1 7484 10227 6322 

191 5 8 1.5 7484 10227 6322 

192 5 8 2 7484 10227 6322 

193 5 9 0.5 7774 10558 6585 

194 5 9 1 7774 10558 6585 

195 5 9 1.5 7774 10558 6585 

196 5 9 2 7774 10558 6585 

197 5 10 0.5 8018 10861 6818 

198 5 10 1 8018 10861 6818 

199 5 10 1.5 8018 10861 6818 

200 5 10 2 8018 10861 6818 

201 6 1 0.5 5356 8001 7039 

202 6 1 1 5346 7632 7039 

203 6 1 1.5 5330 7406 7039 

204 6 1 2 5316 7302 7039 

205 6 2 0.5 5550 7807 7240 

206 6 2 1 5548 7806 7240 

207 6 2 1.5 5548 7804 7240 

208 6 2 2 5548 7804 7240 

209 6 3 0.5 6166 8346 5334 

210 6 3 1 6166 8346 5088 

211 6 3 1.5 6166 8346 4938 

212 6 3 2 6166 8346 4868 

213 6 4 0.5 6496 8820 5205 
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214 6 4 1 6496 8820 5204 

215 6 4 1.5 6496 8820 5203 

216 6 4 2 6496 8820 5202 

217 6 5 0.5 6820 9266 5564 

218 6 5 1 6820 9266 5564 

219 6 5 1.5 6820 9266 5564 

220 6 5 2 6820 9266 5564 

221 6 6 0.5 7164 9667 5880 

222 6 6 1 7164 9667 5880 

223 6 6 1.5 7164 9667 5880 

224 6 6 2 7164 9667 5880 

225 6 7 0.5 7480 10044 6177 

226 6 7 1 7480 10044 6177 

227 6 7 1.5 7480 10044 6177 

228 6 7 2 7480 10044 6177 

229 6 8 0.5 7756 10384 6444 

230 6 8 1 7756 10384 6444 

231 6 8 1.5 7756 10384 6444 

232 6 8 2 7756 10384 6444 

233 6 9 0.5 8034 10704 6696 

234 6 9 1 8034 10704 6696 

235 6 9 1.5 8034 10704 6696 

236 6 9 2 8034 10704 6696 

237 6 10 0.5 8264 11000 6922 

238 6 10 1 8264 11000 6922 

239 6 10 1.5 8264 11000 6922 

240 6 10 2 8264 11000 6922 

241 7 1 0.5 5698 8221 7136 

242 7 1 1 5688 7846 7136 

243 7 1 1.5 5670 7637 7136 

244 7 1 2 5664 7537 7136 

245 7 2 0.5 5860 8027 7334 

246 7 2 1 5860 8027 7334 

247 7 2 1.5 5860 8025 7334 

248 7 2 2 5860 8023 7334 

249 7 3 0.5 6464 8532 5481 

250 7 3 1 6464 8532 5231 

251 7 3 1.5 6464 8532 5091 



154| P a g e  

 

252 7 3 2 6462 8531 5025 

253 7 4 0.5 6776 8986 5351 

254 7 4 1 6776 8986 5351 

255 7 4 1.5 6776 8986 5350 

256 7 4 2 6776 8986 5349 

257 7 5 0.5 7082 9421 5688 

258 7 5 1 7082 9421 5688 

259 7 5 1.5 7082 9421 5688 

260 7 5 2 7082 9421 5687 

261 7 6 0.5 7410 9809 5991 

262 7 6 1 7410 9809 5991 

263 7 6 1.5 7410 9809 5991 

264 7 6 2 7410 9809 5991 

265 7 7 0.5 7718 10178 6281 

266 7 7 1 7718 10178 6281 

267 7 7 1.5 7718 10178 6281 

268 7 7 2 7718 10178 6281 

269 7 8 0.5 7976 10510 6539 

270 7 8 1 7976 10510 6539 

271 7 8 1.5 7976 10510 6539 

272 7 8 2 7976 10510 6539 

273 7 9 0.5 8256 10822 6785 

274 7 9 1 8256 10822 6785 

275 7 9 1.5 8256 10822 6785 

276 7 9 2 8256 10822 6785 

277 7 10 0.5 8474 11112 7007 

278 7 10 1 8474 11112 7007 

279 7 10 1.5 8474 11112 7007 

280 7 10 2 8474 11112 7007 

281 8 1 0.5 5998 8405 7215 

282 8 1 1 5986 8031 7215 

283 8 1 1.5 5974 7837 7215 

284 8 1 2 5954 7740 7215 

285 8 2 0.5 6140 8192 7408 

286 8 2 1 6140 8192 7408 

287 8 2 1.5 6138 8192 7408 

288 8 2 2 6138 8189 7408 

289 8 3 0.5 6700 8679 5603 
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290 8 3 1 6700 8679 5354 

291 8 3 1.5 6700 8679 5225 

292 8 3 2 6700 8678 5160 

293 8 4 0.5 7006 9120 5461 

294 8 4 1 7006 9120 5461 

295 8 4 1.5 7006 9120 5461 

296 8 4 2 7004 9120 5459 

297 8 5 0.5 7318 9545 5786 

298 8 5 1 7318 9545 5786 

299 8 5 1.5 7318 9545 5786 

300 8 5 2 7318 9545 5785 

301 8 6 0.5 7618 9921 6080 

302 8 6 1 7618 9921 6080 

303 8 6 1.5 7618 9921 6080 

304 8 6 2 7618 9921 6080 

305 8 7 0.5 7918 10283 6363 

306 8 7 1 7918 10283 6363 

307 8 7 1.5 7918 10283 6363 

308 8 7 2 7918 10283 6363 

309 8 8 0.5 8172 10609 6614 

310 8 8 1 8172 10609 6614 

311 8 8 1.5 8172 10609 6614 

312 8 8 2 8172 10609 6614 

313 8 9 0.5 8404 10915 6855 

314 8 9 1 8404 10915 6855 

315 8 9 1.5 8404 10915 6855 

316 8 9 2 8404 10915 6855 

317 8 10 0.5 8626 11200 7072 

318 8 10 1 8626 11200 7072 

319 8 10 1.5 8626 11200 7072 

320 8 10 2 8626 11200 7072 

321 9 1 0.5 6238 8532 7277 

322 9 1 1 6214 8171 7277 

323 9 1 1.5 6206 7993 7277 

324 9 1 2 6196 7904 7277 

325 9 2 0.5 6362 8326 7467 

326 9 2 1 6362 8325 7467 

327 9 2 1.5 6362 8323 7467 
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328 9 2 2 6360 8320 7467 

329 9 3 0.5 6926 8796 5688 

330 9 3 1 6926 8796 5448 

331 9 3 1.5 6926 8796 5329 

332 9 3 2 6926 8796 5269 

333 9 4 0.5 7210 9229 5551 

334 9 4 1 7210 9229 5550 

335 9 4 1.5 7210 9229 5549 

336 9 4 2 7210 9229 5547 

337 9 5 0.5 7504 9643 5864 

338 9 5 1 7504 9643 5864 

339 9 5 1.5 7504 9643 5864 

340 9 5 2 7504 9643 5864 

341 9 6 0.5 7802 10014 6153 

342 9 6 1 7802 10014 6153 

343 9 6 1.5 7802 10014 6153 

344 9 6 2 7802 10014 6153 

345 9 7 0.5 8078 10367 6429 

346 9 7 1 8078 10367 6429 

347 9 7 1.5 8078 10367 6429 

348 9 7 2 8078 10367 6429 

349 9 8 0.5 8316 10689 6676 

350 9 8 1 8316 10689 6676 

351 9 8 1.5 8316 10689 6676 

352 9 8 2 8316 10689 6676 

353 9 9 0.5 8566 10990 6911 

354 9 9 1 8566 10990 6911 

355 9 9 1.5 8566 10990 6911 

356 9 9 2 8566 10990 6911 

357 9 10 0.5 8794 11270 7126 

358 9 10 1 8794 11270 7126 

359 9 10 1.5 8794 11270 7126 

360 9 10 2 8794 11270 7126 

361 10 1 0.5 6478 8660 7327 

362 10 1 1 6466 8311 7327 

363 10 1 1.5 6454 8123 7327 

364 10 1 2 6440 8043 7327 

365 10 2 0.5 6586 8440 7514 
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366 10 2 1 6586 8438 7514 

367 10 2 1.5 6586 8438 7514 

368 10 2 2 6586 8435 7514 

369 10 3 0.5 7132 8901 5773 

370 10 3 1 7132 8901 5540 

371 10 3 1.5 7132 8901 5415 

372 10 3 2 7132 8901 5362 

373 10 4 0.5 7396 9326 5626 

374 10 4 1 7396 9326 5626 

375 10 4 1.5 7396 9326 5626 

376 10 4 2 7396 9326 5623 

377 10 5 0.5 7696 9735 5934 

378 10 5 1 7696 9735 5934 

379 10 5 1.5 7696 9735 5934 

380 10 5 2 7696 9735 5934 

381 10 6 0.5 7964 10097 6218 

382 10 6 1 7964 10097 6218 

383 10 6 1.5 7964 10097 6218 

384 10 6 2 7964 10097 6218 

385 10 7 0.5 8226 10444 6490 

386 10 7 1 8226 10444 6490 

387 10 7 1.5 8226 10444 6490 

388 10 7 2 8226 10444 6490 

389 10 8 0.5 8454 10759 6731 

390 10 8 1 8454 10759 6731 

391 10 8 1.5 8454 10759 6731 

392 10 8 2 8454 10759 6731 

393 10 9 0.5 8712 11056 6963 

394 10 9 1 8712 11056 6963 

395 10 9 1.5 8712 11056 6963 

396 10 9 2 8712 11056 6963 

397 10 10 0.5 8912 11332 7173 

398 10 10 1 8912 11332 7173 

399 10 10 1.5 8912 11332 7173 

400 10 10 2 8912 11332 7173 

 


