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UNIT-I-SOLAR SPECTRUM: 

Planck’s law of radiation 

A hot body (such as the Sun) emits electromagnetic  radiation with a 

characteristic spectral shape (blue  curve on the previous slide). The peak 

frequency of the spectrum is proportional  to the absolute temperature T. 
And the peak wave-  length is inversely proportional to T, since l = c/f . The 

surface of the Sun radiates at 6000 K. Its thermal radiation peaks in the 

visible (green). The surface of the Earth radiates at 300 K. Its thermal 
radiation peaks in the far infrared.  

 

Absorption and emission of light 
A strong absorber of light is also a strong emitter. A weak absorber either 

reflects or transmits light. Light is absorbed or emitted by electrons jumping  

up or down between two energy levels E1 ,E2 

 

 

 

 

 
 

Figure : 1  Relative Energy Vs Wavelength 
 

SOLAR RADIATION : 

Sun is a sphere of hot gaseous matter with a diameter of 1.39*10^9m. Due 

to its temperature, sun emits energy in the form of electromagnetic waves, 

which is called radiation energy. The energy from the sun is X-ffered to the  
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earth in the form of photons (Small packet of energy) moving at the speed of 

3*10^8 m/s. When Photon energy- absorption (metal)- Heat energy .When 

Photon energy- absorption (Plant)- (Photon energy combine with 

O2)Chemical energy. The heat energy received on the earth through photons 

is responsible foe earth’s temperature. The amount of solar radiation 

reaching different parts of the world is not the same .It varies from location 

to location and season to season its knowledge is important for designing 

and estimating the output  

from solar energy system. Solar spectrum consists of a broad range of 

electromagnetic waves.  The electromagnetic spectrum is the range of all 

possible frequencies of electromagnetic 

 

 

 

Figure :2  Schematic  Representation of Electromagnetic Spectrum 
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EMR consists of electromagnetic waves, which are synchronized oscillations 

of electric and magnetic fields that propagate at the speed of light Sun Emits 

energy between 0.15 to 120 Micrometers .99% of the solar energy is received  

in the wavelength range between 0.15 to 4.0 mm. The radiation in this range 

consists of ultraviolet radiation, visible radiation (which is seen by human) 

and infrared radiation. 

 

Extraterrestrial Radiation: 

The extraterrestrial radiation refers to the amount of radiation falling on 

earth, outside its atmosphere. The extraterrestrial solar radiation received 

by the earth is essentially constant. The solar constant, a measure of flux, is 
the amount of incoming solar electromagnetic radiation per unit area that 

would be incident on a plane perpendicular to the rays, at a distance of one 

astronomical unit (AU) (roughly the mean distance from the Sun to the 
Earth).Solar constant is taken as 1367 W/m2 . 
 

 Flat Plate Collector:  

Absorber plate:  It is usually made of copper, steel or plastic. The surface is 

covered  with a flat black material of high absorbent. If copper or steel is 

used it is possible to apply a selective coating that maximizes the absorbent 

of solar energy and minimizes the radiation emitted by plate.  

Flow passages:  The flow passages conduct the working fluid through the 

collector. If the working fluid is a liquid , the flow passage is usually a tube 

that is attached to or is a  part of absorber plate. If the working fluid is air , 

the flow passage should be below the absorber plate to minimize heat losses.  

Cover plate:  To reduce convective and radiative heat losses from the 

absorber , one or two transparent covers are generally placed above the 

absorber plate. They usually be made from glass or plastic.  

Insulation:  These are some materials such as fiberglass and they are 

placed at the back and sides of the collector to reduce heat losses.  

Enclosure:  A box that the collector is enclosed in holds the components 

together, protect them from weather, facilitates installation of the collector 

on a roof or appropriate frame, Copper, which has high conductivity and is 

corrosion-resistant, is the material for absorber plates, but because copper 

is expensive, steel is also widely used. For a copper plate 0.05 cm thick with  
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1.25-cm tubes spaced 15 cm apart in good thermal contact with the copper, 

the fin efficiency is better than 97 percent. 

    The surface of the absorber plate determines how much of the incident 

solar radiation is absorbed and how much is emitted at a given temperature. 

Flat black paint which is widely used as a coating has an absorvent  about 

95 percent for incident shortwave solar radiation. It is durable and easy to 

apply 

 

 

 
 

Figure: 3  Types of Flat Plate Collectors 

Evacuated Tube Collectors: 

Conventional simple flat-plate solar collectors were developed for use in 

sunny and warm climates. Their benefits however are greatly reduced 

when conditions become unfavourable during cold, cloudy and windy 

days. Furthermore, weathering influences such as condensation and 

moisture will cause early deterioration of internal materials resulting in 

reduced performance and system failure. Evacuated heat pipe solar 

collectors (tubes) operate differently than the other collectors available on 

the market. These solar collectors consist of a heat pipe inside a vacuum- 
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sealed tube.ETC have demonstrated that the combination of a selective 

surface and an effective convection suppressor can result in good 

performance at high temperatures The vacuum envelope reduces 

convection and conduction losses, so the collectors can operate at higher 

temperatures than FPC.  

Like FPC, they collect both direct and diffuse radiation. However, their 

efficiency is higher at low incidence angles. This effect tends to give ETC 

an advantage over FPC in day-long performance. 

ETC use liquid– vapour phase change materials to transfer heat at high 

efficiency. These collectors feature a heat pipe (a highly efficient thermal  

conductor) placed inside a vacuum-sealed tube. The pipe, which is a 

sealed copper pipe, is then attached to a black copper fin that fills the 

tube (absorber plate). Protruding from the top of each tube is a metal tip 

attached to the sealed pipe (condenser). The heat pipe contains a small 

amount of fluid 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure: 4 Evacuated Tube Solar Collector 

 

Concentrating Collectors: 

Fresnel Lens: An optical device for concentrating light that is made of 

concentric  rings that are faced at different angles so that light falling on any 

ring is focused  to the same point.  
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Parabolic trough collector: A high-temperature (above 360K) solar thermal  

concentrator with the capacity for tracking the sun using one axis of 

rotation. It  uses a trough covered with a highly reflective surface to focus 

sunlight onto a  linear absorber containing a working fluid that can be used  

for medium  temperature space or process heat or to operate a steam 

turbine for power or   electricity generation.  

Central Receiver: Also known as a power tower, a solar power facility that 

uses a  field of two-axis tracking mirrors known as heliostat (A device that 

tracks the  movement of the sun). Each heliostat is individually positioned 

by a computer  control system to reflect the sun's rays to a tower-mounted 

thermal receiver. The  effect of many heliostats reflecting to a common point 

creates the combined  energy of thousands of suns, which produces high-

temperature thermal energy. In the receiver, molten nitrate salts absorb the 

heat energy. The hot salt is then  used to boil water to steam, which is sent 

to a conventional steam turbine- generator to produce electricity.  

 

Figure: 5 (a) Fresenal Lens  (b) Parabolic Trough Concentrating Collector 

 

Figure: 6 Parabolic Dish Collector 
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Figure: 7 Central Receiver System 

Solar Ponds : 

Working principle: 

The solar pond works on a very simple principle. It is well-known that water 

or air is heated they become lighter and rise upward. Similarly, in an 

ordinary pond, the sun’s rays heat the water and the heated water from 

within the pond rises and reaches the top but loses the heat into the 

atmosphere. The net result is that the pond water remains at the 

atmospheric temperature. The solar pond restricts this tendency by 

dissolving salt in the bottom layer of the pond making it too heavy to rise . 

You can see a shematic view of a solar pond .A solar pond is an artificially 

constructed water pond in which significant temperature rises are caused in 

the lower regions by preventing the occurrence of convection currents. The 

more specific terms salt-gradient solar pond or non-convecting solar pond 

are also used. The solar pond, which is actually a large area solar collector 

is a simple technology that uses water- a pond between one to four metres 

deep as a working material for three main functions  

The solar pond possesses a thermal storage capacity spanning the seasons. 

The surface area of the pond affects the amount of solar energy it can 

collect. The bottom of the pond is generally lined with a durable plastic liner 

made from material such as black polythene and hypalon reinforced with 

nylon mesh. This dark surface at the bottom of the pond increases the 

absorption of solar radiation. Salts like magnesium chloride, sodium  
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chloride or sodium nitrate are dissolved in the water, the concentration 

being densest at the bottom (20% to 30%) and gradually decreasing to 

almost zero at the top. Typically, a salt gradient solar pond consists of three 

zones. An upper convective zone of clear fresh water that acts as solar 

collector/receiver and which is relatively the most shallow in depth and is 

generally close to ambient temperature, A gradient which serves as the non- 

convective zone which is much thicker and occupies more than half the 

depth of the pond. Salt concentration and temperature increase with depth, 

A lower convective zone with the densest salt concentration, serving as the 

heat storage zone. Almost as thick as the middle non-convective zone, salt 

concentration and temperatures are nearly constant in this zone ,There are 

two main categories of solar ponds: nonconvecting ponds, which reduce heat 

loss by preventing convection from occurring within the pond; and 

convecting ponds, which reduce heat loss by hindering evaporation with a 

cover over the  surface of the pond .  

A solar pond is a body of water that collects and stores solar energy. Solar 

energy will warm a body of water (that is exposed to the sun), but the water 

loses its heat unless some method is used to trap it. Water warmed by the 

sun expands and rises as it becomes less dense. Once it reaches the 

surface, the water loses its heat to the air through convection, or evaporates, 

taking heat with it. The colder water, which is heavier, moves down to 

replace the warm water, creating a natural convective circulation that mixes 

the water and dissipates the heat. The design of solar ponds reduces either  

convection or evaporation in order to store the heat collected by the pond. 

They can operate in almost any climate. 

Types of Solar Ponds: There are two main categories of solar ponds: non 

convicting ponds, which reduce heat loss by preventing convection from 

occurring within the pond; and convicting ponds, which reduce heat loss by 

hindering evaporation with a cover over the surface of the pond. 

Non Convicting Ponds: There are two main types of non convicting ponds: 

salt gradient ponds and membrane ponds. A salt gradient pond has three 

distinct layers of brine (a mixture of salt and water) of varying 

concentrations. Because the density of the brine increases with salt 

concentration, the most concentrated layer forms at the bottom. The least 

concentrated layer is at the surface. The salts commonly used are sodium 

chloride and magnesium chloride. A dark-colored material—usually butyl  
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rubber—lines the pond. The dark lining enhances absorption of the sun’s 

radiation and prevents the salt from contaminating the surrounding soil and 

groundwater. As sunlight enters the pond, the water and the lining absorb 

the solar radiation. As a result, the water near the bottom of the pond 

becomes warm—up to 200o F (93.3oC). Although all of the layers store some  

heat, the bottom layer stores the most. Even when it becomes warm, the 

bottom layer remains denser than the upper layers, thus inhibiting 

convection. Pumping the brine through an external heat exchanger or an 

evaporator removes the heat from this bottom layer. Another method of heat 

removal is to extract heat with a heat transfer fluid as it is pumped through 

a heat exchanger placed on the bottom of the pond. Another type of 

nonconvecting pond, the membrane pond, inhibits convection by physically 

separating the layers with thin transparent membranes. As with salt 

gradient ponds, heat is removed from the bottom layer. 

Convicting Pond : A well-researched example of a convicting pond is the 

shallow solar pond. This pond consists of pure water enclosed in a large bag 

that allows convection but hinders evaporation. The bag has a blackened 

bottom, has foam insulation below, and two types of glazing (sheets of 

plastic or glass) on top. The sun heats the water in the bag during the day. 

At night the hot water is pumped into a large heat storage tank to minimize 

heat loss. Excessive heat loss when pumping the hot water to the storage 

tank has limited the development of shallow solar ponds. Another type of 

convicting pond is the deep, salt less pond. This convicting pond differs from 

shallow solar ponds only in that the water need not be pumped in and out of 

storage. Double-glazing covers deep salt less ponds. At night, or when solar 

energy is not available, placing insulation on top of the glazing reduces heat 

loss. 

Solar Salt Gradient Pond: Uses radiation from sun to heat water, Stores 

sensible heat in dense saline water, Utilizes density gradient to prevent 

convective heat flow and therefore store thermal energy. 3 Main layers in 

salt gradient solar pond: UCZ: upper convective zone, NCZ: non-convective 

zone, LCZ: lower convective zone 
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Figure: 8  Salt Gradient Pond 

 

Size can range from hundreds up to thousands of square meters in surface 

area. Range from approximately 1-5 meters deep.  Typically lined with a 

layer of sand for insulation and then a dark plastic or rubber impermeable  

liner material. Typical salt used is sodium chloride.  Magnesium chloride, 

sodium nitrate, sodium carbonate, sodium sulfate also reported to be used 

 

Forming the Salt Gradient: 

High concentration brine solution mixed in bottom to form the storage layer. 

Layers of decreasing salinity “stacked” on top of the storage layer using a 

horizontal diffuser. Fresh water is the final layer pumped on the surface. 

Maintaining the Gradient:Salt diffuses to surface trying to homogenize the 

solution- artificial maintenance required, Temperature distribution has 

destabilizing influence on pond, Charging pond destabilizes, Energy 

extraction stabilizes Stability of gradient layer is dynamic, Other 

destabilizing factors: surface wind, gradient maintenance flows, convection 

in storage layer 

 

 

Figure: 9  Brine Re-Concentration System 
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Types Of Solar Still: 

Single Effect Basin Solar Still, Tilted Tray Solar Still, Multi basin Stepped 

Solar Still, Regeneration Inclined Step Solar Still, Wick Type Solar Still, 

Multiple Effect Diffusion Solar Still, Chimney Type Solar Still, Multi-Tray 

Multiple Effect Solar Still, Double Basin Solar Still, Humidification 

Dehumidification Distiller, Multistage Flash Distiller, Solar – Assisted wiped 

film Multistage Flash Distiller. 

Methods Of Converting Brackish Water Into Potable Water a) Flash 

Distillation ,b) Vapor Compression Process. c) Electro dialysis , d) Reverse 

Osmosis. e) Solar Distillation 

Desalination: The saline water is evaporated using thermal energy and the 

resulting steam is collected and condensed as final product.  

Compression: Here water vapor from boiling water is compressed 

adiabatically and vapor gets superheated. The superheated vapor is first 

cooled to saturation temperature and then condensed at constant pressure. 

This process is derived by mechanical energy. REVERSE OSMOSIS: Here 

saline water is pushed at high pressure through special membranes 

allowing water molecules pass selectively and not the dissolved salts.  

Electro dialysis: Here a pair of special membranes, perpendicular to which 

there is an electric field are used and water is passed through them. Water 

does not pass through the membranes while dissolved salts pass selectively. 

In distillation; thermal energy is used while in vapor compression, reverse 

osmosis, electro dialysis, etc. some mechanical and electrical energy is used.  

 

Figure: 10  Basin-Type Solar Still 
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Components Of Single Effect Solar Still: 

Basin ,Black Liner, Transparent Cover, Condensate Channel ,Sealant 

,Insulation ,Supply and Delivery System  

Materials For Solar Stills: 

Glazing: Should have high transmittance for solar radiation, opaque to 

thermal radiation, resistance to abrasion, long life, low cost, high wet ability  

for water, lightweight, easy to handle and apply, and universal availability. 

Materials used are: glass or treated  plastic.  

Liner: Should absorb more solar radiation, should be durable, should be 

water tight, easily cleanable, low cost, and should be able to withstand 

temperature around 100 Deg C. Materials used are: asphalt matt, black 

butyl rubber, black polyethylene etc.  

Sealant: Should remain resilient at very low temperatures, low cost, durable 

and easily applicable. Materials used are: putty, tars, tapes silicon, sealant.  

Basin Tray: Should have long life, high resistance to corrosion and low cost. 

Materials used are: wood, galvanized iron, steel, aluminum, asbestos 

cement, masonary bricks, concrete, etc.  

Condensate Channel: Materials used are: aluminum, galvanized iron, 

concrete, plastic material,Cross section of some typical basin type solar still. 

(a) Solar still with double sloped symmetrical with continuous basin, (b) 

Solar still with double sloped symmetrical with basin divided into two bays, 

(c) Solar still with single slope and continuous basin, (d) Solar still with 

unsymmetrical double sloped and divided basin, (e) U-trough type solar still, 

(f)  Solar still with plastic inflated cover, (g) Solar still with stretched plastic 

film with divided basin 

 

 

 

 

 

 

Figure: 11 Types of Solar Stills 
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 shallow basin type solar still 

 

 

 

 

12 Saline Water Solar Still 

Figure: 12  Saline Water Solar Still 

 

Solar  Applications: 

 

 

Figure: 13  Solar Air Heating System 
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Figure: 14  Solar Dish-Engine System 

 

Greenhouse heating, Process heat in dairy plants, Desalination, Power 

generation  Agricultural applications, Drying crops, Heating livestock 

buildings ,Building space heating and absorption cooling 

 

Figure: 15  Organic Rankine Cycle 
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Rankine cycle that uses an organic, high molecular mass working fluid with 

boiling point lower than water.  

 

Figure: 16  Zero Discharge” Water Desalination 

RO: Reverse Osmosis, ED: Electrodialysis , MSF: Multi-stage Flash, MEMS: 

Multi-effect multi-stage BCRS: Brine Concentrator and Recovery System 

 

Types of solar power plant: 

Solar distributed collector power plants and solar central receiver power 

plants 

Solar distributed collector power plants: 

In distributed receiver power plants, parabolic trough collectors with line 

focus are most commonly used. The sun rays are reflected by parabolic or 

cylindrical troughs. The reflected rays are focused on linear conduit (pipe) 

located along the axis of the trough. 

Figure 17 shows a schematic diagram of a distributed collector solar thermal 

power plant. The major components are the following: 

Trough collectors distributed in the solar field, Piping system for primary 

heat transport loop, Heat transport fluid pump, Boiler cum steam generator, 

Secondary (working) fluid loop (steam),Steam turbine, Turbo-generator, 
Condenser, Hot condensate pump – Water loop, Feed water heater- Steam 

loop, Boiler feed pump 
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Figure: 17 Solar Distributed Collector Power Plants 

 

Solar Central Receiver Power Plants: 

Central receiver scheme is used to design large solar thermal power plant in 

the range of 50-200 MW (Figure). The high capacity is possible due to high 

temperature steam in the central receiver results in high efficiency of plants. 

In this plant, several heliostats are located on the ground level. The heliostat 

reflects sun rays towards a central receiver mounted on a tall tower (Figure 

3). The large central receiver power plant is usually built with modular 

concept. Each power plant may have 2 to 10 modules. Each module may be 

rated for 10MWe to 100MWe. It consists of thermal insulation, tower system, 

steam generator , surface mirrors etc. 
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Figure: 18 Diagram of Solar Central Receiver Power Plant 

 

Figure: 19 Schematic Diagram of  Central Receiver 
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Solar Pond Thermal Plant: 

Solar pond (Figure ) is a specially built large shallow reservoir of water. The 

water gets heated by the sunlight. The bottom of the pond is painted black 

for absorption of heat. The water is made saline by adding salt. Lower layers 

are of high salt concentration whereas upper layers are of low salt  

concentration. 

Operation Of Solar Pond:Solar radiation passes through the upper layer to 

the bottom layer. The upper layer provides thermal insulation. Convection of 

water particles is prevented by the graded salt concentration and of higher 

density. Hence they remain at the bottom and get heated rapidly due to 

contact with black bottom.Hot upper layer provides thermal insulation. In a 

well designed solar pond, the bottom layer temperature can reach up to 95O 

C whereas the upper layer has the atmospheric temperature. The solar pond 

therefore acts like a thermal reservoir with large volume. 

 

 

 

Figure: 20 Diagram of  Solar Pond Thermal Plant 
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UNIT-II-SOLAR PHOTOVOLTAIC  

 

Solar photovoltaic (SPV) is the process of converting solar radiation into 
electricity using a device called solar cell. A solar cell is a semi-conducting 

device made of silicon or other materials, which, when exposed to sunlight, 

generates electricity. Factors affecting magnitude of electric current:  
Intensity of the solar radiation , Exposed area of the solar cell ,type of 
material used in fabricating the solar cell, Ambient temperature 

PV Cell Technology: 

 

In making comparisons between alternative power technologies, the most 

important measure is the energy cost per kWh delivered. In PV power, this 
cost primarily depends on two parameters, the photovoltaic energy 

conversion efficiency, and the capital cost per watt capacity. Together, these 
two parameters indicate the economic competitiveness of the PV electricity.  

 

 
Figure: 21  P-Type Silicon                                      Figure: 22  N-Type Silicon 

 

PV cell is a light sensitive two-terminal N-P junction made of semiconducting 
material such as silicon. P- type and N-type semiconductor and a solar cell 
are shown as above  Figure 21 & 22 respectively.  
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Analysis Of Solar Cell: 

 
The N-layer is thin and transparent whereas P-layer is thick. When sun-light 

strikes the N-type thin layer, some of the waves of light energy penetrate up 

to P-type layer. The energy from photons in the light waves is imparted to 
the molecules and atoms in the N-P junction resulting in liberation of 

electron-hole pairs. Electrons are released from N-type material and holes 

are created in P-type material. This results in flow of current from negative 
to positive terminal. 

Solar Cell Construction:  Constructing a solar cell involves following 

important steps: 

General design criteria, Crystal growth,  Czochralski technique  Zone 

refining, Ribbon growth ,Vacuum deposition, Casting, Slice treatment,  

Modules and arrays 

Design Of Solar Cells:  

 Initial materials have to be of high chemical purity with consistent 

properties. Solar cells are mass produced to minimize cost but high level of 

precision is vital. Final product has to face hostile weather (-300C to +2000C) 

for as long as 20 years. So, electrical contacts should be firm and corrosion 

must be avoided. Water must not at all be able to enter the fabric., A few 

faults must not result in an avalanche leading to full system shutdown. 

Crystal Growth: High purity electronic grade material is obtained in 

polycrystalline ingots. Impurities should be less than 1 atom in 109  that is 

less than 1018 atoms per m3. This starter material has to be made into large 

single crystals using one of the techniques mentioned below . 
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Czochralski Technique: Czochralski technique of developing crystals of 

solar cell is explained below: Dip a small seed crystal into molten 

material.Add dopant (boron acceptors for p type) to melt and pull crystal 

mechanically upward with a 15 cm dia. crystal growing from the seed. Slice 

crystal 300 µm thick with highly accurate diamond saws. 

Zone Refining Technique: Zone refining technique of developing crystals of 

solar cell is explained below: Polycrystalline material is formed as a rod. 

Molten zone is passed along the rod by heating with a radio frequency coil or 

lasers. Purified material forms single crystal which is then sliced and 

treated. 

 Slice Treatment: The 300-400 µm thick slices are chemically etched. A 

very thin layer of N type material is formed by diffusion of donors (e.g. 

phosphorus) for the top surface by heating the slices to 10000C in 

atmosphere of N2 in presence of POCL3. 

Photolithographic Methods: On Si surface, Ti is deposited to form a low 

resistance contact. Then thin Pd layer is placed to prevent chemical reaction 

of Ti with Ag. Finally Ag is deposited for current carrying grid. 

Photovoltaic Solar  Cell Systems: Solid state device that converts incident 

solar energy directly into electrical energy Advantages: Efficiencies from a 

few percent up to 20-30%  No moving parts , No noise, Lifetimes of 20-30 
years or more How Does It Work? The junction of dissimilar materials (n and 

p type silicon) creates a voltage Energy from sunlight knocks out electrons, 

creating a electron and a hole in the junction Connecting both sides to an 
external circuit causes current to flow In essence, sunlight on a solar cell 

creates a small battery with voltages typically 0.5 v. DC 

 

Figure: 23  Parts of Solar Cell 
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 Characteristics Of A Solar Cell: 

Theory of I-V Characterization: 

PV cells can be modeled as a current source in parallel with a diode. When 

there is no light present to generate any current, the PV cell behaves like a 

diode. As the intensity of incident light increases, current is generated by 

the PV cell, as illustrated in Figure: 24 
 

Figure: 24  PV Character sits 

In an ideal cell, the total current I is equal to the current Iℓ generated by the 

photoelectric effect minus the diode current ID, according to the equation: 
 

where I0 is the saturation current of the diode, q is the elementary charge 

1.6x10-19 Coulombs, k is a constant of value 1.38x10-23J/K, T is the cell 

temperature in Kelvin, and V is the measured cell voltage that is either 

produced (power quadrant) or applied (voltage bias). 

Expanding the equation gives the simplified circuit model shown below and 

the following associated equation, where n is the diode ideality factor 

(typically between 1 and 2), and RS and RSH represents the series and 

shunt resistances that are described in further detail later in this document: 
 
 

 



 

24 
 

 

 

 
 

Figure: 25  IV Character sits 

The I-V curve of an illuminated PV cell has the shape shown in the following 

Figure as the voltage across the measuring load is swept from zero to VOC, 
 

Figure: 26  IV Character sits Curve 

 

Short Circuit Current : 

The short circuit current ISC corresponds to the short circuit condition 

when the impedance is low and is calculated when the voltage equals 0. 

I (at V=0) = ISC 

ISC occurs at the beginning of the forward-bias sweep and is the maximum 

current value in the power quadrant. For an ideal cell, this maximum 

current value is the total current produced in the solar cell by photon 

excitation. 

ISC = IMAX = Iℓ for forward-bias power quadrant 
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Open Circuit Voltage (VOC): 

The open circuit voltage (VOC) occurs when there is no current passing 

through the cell.V (at I=0) = VOC, VOC is also the maximum voltage 

difference across the cell for a forward- bias sweep in the power 

quadrant.VOC= VMAX for forward-bias power quadrant 

Maximum Power (PMAX), Current at PMAX (IMP), Voltage at PMAX (VMP): 

The power produced by the cell in Watts can be easily calculated along the I-

V sweep by the equation P=IV. At the ISC and VOC points, the power will be 

zero and the maximum value for power will occur between the two. The 

voltage and current at this maximum power point are denoted as VMP and 

IMP respectively. 
 

Figure: 27  IV Character sits Curve 

Fill Factor: The Fill Factor (FF) is essentially a measure of quality of the 
solar cell. It is calculated by comparing the maximum power to the 

theoretical power (PT) that would be output at both the open circuit voltage 

and short circuit current together. FF can also be interpreted graphically as 

the ratio of the rectangular areas depicted in Figure 28 

 

 

Figure: 28  IV Character sits Curve 
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A larger fill factor is desirable, and corresponds to an I-V sweep that is more 

square-like. Typical fill factors range from 0.5 to 0.82. Fill factor is also often 

represented as a percentage. 

Efficiency (η): 

Efficiency is the ratio of the electrical power output Pout, compared to the 

solar power input, Pin, into the PV cell. Pout can be taken to be PMAX since 

the solar cell can be operated up to its maximum power output to get the 

maximum efficiency. 

 

 
 

Shunt Resistance (RSH) and Series Resistance (RS): 
 

During operation, the efficiency of solar cells is reduced by the dissipation of 

power across internal resistances. These parasitic resistances can be 

modeled as a parallel shunt resistance (RSH) and series resistance (RS), as 

depicted in Figure previously. For an ideal cell, RSH would be infinite and 

would not provide an alternate path for current to flow, while RS would be  

 

zero, resulting in no further voltage drop before the load.Decreasing RSH 

and increasing Rs will decrease the fill factor (FF) and PMAX as shown in 

Figure 6. If RSH is decreased too much, VOC will drop, while increasing RS 

excessively can cause ISC to drop instead. 

 

Figure: 29  IV Character sits Curves 
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If incident light is prevented from exciting the solar cell, the I-V curve shown 

in following Figure can be obtained. This I-V curve is simply a reflection of 

the ―No Light‖ curve from Figure 1 about the V-axis. The slope of the linear 

region of the curve in the third quadrant (reverse-bias) is a continuation of 

the linear region in the first quadrant, which is the same linear region used 

to calculate RSH in Figure.  It follows that RSH  can be derived from the I-V 

plot obtained with or without providing light excitation, even when power is 

sourced to the cell. It is important to  note, however, that for real cells, these 

resistances are often a function of the light level, and can differ in value 

between the light and dark tests. 

 

Classification of PV Solar Power Systems: 

Stand-alone, Hybrid , Grid connected 

Stand-alone PV systems, shown in Fig.  are used in remote areas with no 

access to a utility grid. Conventional power systems used in remote areas 

often based on  manually controlled diesel generators operating 

continuously or for a few hours. Extended operation of diesel generators at 

low load levels significantly increases maintenance costs and reduces their 

useful life.Renewable energy sources such as PV can be added to remote 

area power systems using diesel and other fossil fuel powered generators to 

provide 24-hour power economically and efficiently. Such systems are called 

‘‘hybrid energy systems.’’ Figure 7b shows a schematic of a PV–diesel hybrid 

system. In grid-connected PV systems, as shown in Fig. 7c, PV panels are 

connected to a grid through inverters without battery storage. These 

systems can be classified as small systems, such as residential rooftop 

systems or large grid-connected systems. The grid interactive inverters must 

be synchronized with the grid in terms of voltage and frequency. 
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Figure: 30 (A) Stand Alone PV System (B) PV-Diesel Hybrid System (C) 

Grid-Connected PV System 
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UNIT-III-WIND ENERGY 

Wind – Atmospheric air  in motion  

Energy Source  

Solar radiation differentially  absorbed by earth surface  converted through 

convective  processes due to temperature  differences to air motion 

,Planetary scale: global circulation  Synoptic scale: weather systems  Meso 

scale: local topographic or  thermally induced circulations Micro scale: 

urban topography  

Types Of Winds: 

Planetary circulations: Jet stream, Trade winds, Polar jets, Geotropic winds, 

Thermal winds, Gradient winds, Katabatic / Anabatic winds – topographic 

winds, Bora / Foehn / Chinook – down slope wind storms, Sea Breeze / 

Land Breeze, Convective storms / Downdrafts, Hurricanes/ Typhoons 

,Tornadoes ,Gusts / Dust devils / Micro bursts, Nocturnal Jets, 

Atmospheric Waves  

Wind Power depends on:  amount of air (volume) , speed of air (velocity) 

,mass of air (density)  

flowing through the area of interest (flux) - Kinetic Energy definition:  KE = 

½ * m * v 2  

Efficiency in Extracting Wind Power: 

Betz Limit & Power Coefficient:  Power Coefficient, Cp, is the ratio of power 

extracted by the turbine  to the total contained in the wind resource Cp = 
PT/PW  

Turbine power output  

PT = ½ * ρ * A * v 3 * Cp   The Betz Limit is the maximal possible Cp = 

16/27 ,59% efficiency is the BEST a conventional wind turbine can do in  

extracting power from the wind  

Capacity Factor (CF): The fraction of the year the turbine generator is 
operating at  rated (peak) power: Capacity Factor = Average Output / Peak 

Output ≈ 30%  , CF is based on both the characteristics of the turbine and 

the  site characteristics (typically 0.3 or above for a good site)  
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Wind Turbine: 

 

A wind turbine is a device that converts kinetic energy from the wind into 

mechanical energy. If the mechanical energy is used to produce electricity, 

the device may be called a wind generator or wind charger. If the mechanical 

energy is used to drive machinery, such as for grinding grain or pumping 

water, the device is called a windmill or wind pump. Developed for over a 

millennium, today's wind turbines are manufactured in a range of vertical 

and horizontal axis types. The smallest turbines are used for applications 

such as battery charging or auxiliary power on sailing boats; while large 

grid-connected arrays of turbines are becoming an increasingly large source 

of commercial electric power. 

Types of Wind turbines: 

Horizontal-axis wind turbines (HAWT) have the main rotor shaft and 

electrical generator at the top of a tower, and must be pointed into the wind. 

 VAWTs have the main rotor shaft arranged vertically. Key advantages of this 

arrangement are that the turbine does not need to be pointed into the wind 

to be effective. This is an advantage on sites where the wind direction is 

highly variable, for example when integrated into buildings. 

Subtypes of VAWM: 

Darrieu‘S Wind Turbine 

Eggbeater" turbines, or Darrieus turbines, were named after the French 

inventor, Georges Darrieus. They have good efficiency, but produce large 

torque ripple and cyclical stress on the tower, which contributes to poor 

reliability. They also generally require some external power source, or an 

additional Savonius rotor to start turning, because the starting torque is 

very low. The torque ripple is reduced by using three or more blades which 

results in greater solidity of the rotor. Solidity is measured by blade area 

divided by the rotor area. Newer Darrieus type turbines are not held up by 

guy-wires but have an external superstructure connected to the top bearing 

Savonius Wind Turbine: These are drag-type devices with two (or more) 

Scoops. They are always self-starting if there are at least three scoops. 

 

http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Mechanical_energy
http://en.wikipedia.org/wiki/Windmill
http://en.wikipedia.org/wiki/Wind_pump
http://en.wikipedia.org/wiki/Rotor
http://en.wikipedia.org/wiki/Electrical_generator
http://en.wikipedia.org/wiki/Electrical_generator
http://en.wikipedia.org/wiki/Guy-wire
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Figure: 31 Digrams of   HAWT & VAWT 

Twisted Savonius: Twisted Savonius is a modified savonius, with long 

helical scoops to give a smooth torque, this is mostly used as roof wind 

turbine or on some boats. 
 

Subtypes Of Horizontal Axis Wind Mills: Single blade rotor: Rotor must 

move more rapidly to capture same amount of wind, Gearbox ratio reduced 
Added weight of counterbalance negates some benefits of lighter design, 

Higher speed means more noise, visual, and wildlife impacts, Blades easier 

to install because entire rotor can be assembled on ground, Captures 10% 

less energy than two blade design, Ultimately provide no cost savings. Two 
bladed rotor:  Advantages & disadvantages similar to one blade, Need 

teetering hub and or shock absorbers because of gyroscopic imbalances, 

Capture 5% less energy than three blade designs Three bladed rotor: 
Balance of gyroscopic forces, Slower rotation, increases gearbox & 

transmission costs, More aesthetic, less noise, fewer bird strikes. Swept 

Area: A = πR2 Area of the circle swept by the rotor (m2). Lift/Drag Forces 

Experienced by Turbine Blades 
 

 

Figure: 32 Lift & Drag Mechanism 
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Tip-Speed Ratio : 

Tip-speed ratio is the ratio of the speed of the rotating blade tip to the speed 

of the free stream wind. There is an optimum angle of attack which creates 

the highest lift to drag ratio. Because angle of attack is dependent on wind 

speed, there is an optimum tip-speed ratio 

Where,  Ω = rotational speed in radians /sec R = Rotor Radius,  V = Wind 

―Free Stream‖ Velocity 

Upwind:  The front rotor faces the wind.  This avoids interference with the 

wind from the structure.  The rotor must be very stiff and placed far enough 

from the structure to avoid contact/interference problems. A yaw control 

mechanism is necessary. Most wind turbines in operation are of this design. 

The rotor is placed on the downwind (lee) side of the structure. An advantage 

is that, at least in principle, yaw control is not necessary. 

This is not always realized in practice since a mechanism still must exist to 

prevent the machine from continuously rotating! In principle, the rotor 

blades can be much more flexible with these designs. Both upwind and 

downwind machines have a power fluctuation as the blades pass in front of  

or behind the structure.  However, this is much more pronounced with 

downwind designs.  

Downwind:  the wind  controls the yaw (left– right motion) that is  it orients 

itself with respect wind direction. But the shadowing effects of the tower  

causes the blade to flex, thus resulting in fatigue, noise and reduces power 

output.Upwind: requires a complex yaw control systems to keep the blades 

facing into the wind, but operates more smoothly and deliver more power. 

Most modern wind turbines are of the upwind type. 

 

Figure: 33  Upwind & Down Wind Mills 
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Specific wind turbine performance:  The blades convert the kinetic energy in 

the wind into rotating  shaft power to spin a generator that produces electric 

power. The rotor blades extract energy from the wind based on Bernoulli’s 

principle to obtain lift (i.e., due to pressure difference).  

 

Figure: 34  Stalling of Rotor Blade 

Since the blade is moving much faster at the tip than near the  hub, the 

blade must be twisted along its length to keep the angles  right. Increasing 

the angle of attack too much can result in a stall. When  a wing stalls, the 

airflow over the top no longer sticks to the  surface and the resulting 

turbulence destroys lift. If more than 3 blades, the turbulence caused by one 

blade affects the efficiency of the blade that follows. If less than 3 blades, 

power and torque pulsations will appear at  the generator terminals ,Three-

bladed turbines show smoother and quieter operation, with minimum 

aerodynamic interference.  

 

Figure: 35  Parts of Wind Mill 
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Capacity factor of a wind power generator is defined as for a site with an 

average wind speed of 7 m/s,Cf is about 30%,  for a site with an average 

wind speed of 5 m/s, Cf is about 12%. 

 

Figure: 36   Wind Mill  with Generator  

There are four types of utility-scale wind turbine generators  (WTG) in the 

market, based on the generator topology and grid  interface:  Type 1: 

squirrel cage induction generator ,Type 2: wound-rotor induction generator 

with adjustable  external rotor resistance , Type 3: doubly-fed induction 

generator ,Type 4: induction generator with full converter interface , 3 stator 

windings (uniformly  distributed as in a synchronous  generator)  

Wind Turbine Generator : 

The conversion of rotational mechanical energy to electric energy is 

performed by the generator. Different generator types have been used in 

wind energy systems over the years. These include the squirrel cage 

induction generator (SCIG), doubly fed induction generator (DFIG), and 

synchronous generator (SG) (wound rotor and permanent magnet) with 

power ratings from a few kilowatts to several megawatts. The SCIG is simple 

and rugged in construction. It is relatively inexpensive and requires 

minimum maintenance.  

Traditional direct grid-connected wind energy systems are still available in 

today's market. All these turbines use SCIGs and operate at a fixed speed. 

Two-speed SCIGs are also commercially available, in which a tapped stator 

winding can be adapted to change the pole pairs to allow two-speed 

operation. The SCIGs are also employed in variable-speed wind energy 

systems. To date, the largest SCIG wind energy systems are around 3.5 MW 

in offshore wind farms. The DFIG is the current workhorse of the wind 

energy industry. The stator of the generator is connected to the grid directly, 

while the rotor is interfaced with the grid through a power converter system  
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with reduced power capacity. The DFIG typically operates about 30% above 

and below synchronous speed, sufficient for most wind speed conditions. It 

also enables generator-side active power control and grid-side reactive power 

control. The reduced-capacity converter is less expensive and requires less 

space, which makes the DFIG WECS popular in today's market. The 

synchronous generator is very well suited for direct-drive wind turbines. 

Wound rotor synchronous generators (WRSGs) and permanent magnet 

synchronous generators (PMSGs) are used in wind energy systems with a 

maximum power rating up to 7.5 MW. Permanent magnet generators have 

higher efficiency and power density as compared to wound rotor generators. 

Recent trends indicate a move toward direct drive turbines with PMSG. 

Although most SG-based turbines are direct driven, some manufacturers 

have developed SG turbines with gearbox drive trains.  

SCIG Wind Energy Systems  with Full-Capacity Power Converters 

With Two-Level Voltage Source Converters. 

The two converters are identical in topology and linked by a DC-link 

capacitive filter. The generator and converters are typically rated for 690 V, 

and each converter can handle up to 0.75 MW.For wind turbines larger than 

0.75 MW, the power rating of the converter can be increased by paralleling 

IGBT modules. Measures should be taken to ensure minimum circulating 

current among the parallel modules. To minimize the circulating current, 

issues such as dynamic and static characteristics of IGBTs, design and 

arrangement of gate driver circuits, and physical layout of IGBT modules 

and DC bus should be considered. Some semiconductor manufacturers 

provide IGBT modules for parallel operation to achieve a power rating of 

several megawatts.  

 

Figure: 37   Wind Mill  with SCIG Generator  
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An alternative approach to the paralleled converter channels is illustrated in 

the figure, where three converter channels are in parallel for a megawatt IG 

wind turbine. Each converter channel is mainly composed of two-level 

voltage source converters in a back-to-back configuration with harmonic 

filters. An additional benefit of the paralleled converter channels is the 

improvement of energy efficiency. 

With Three-Level NPC Converters. 

The low-voltage converters discussed before are cost-effective at low power 

levels. As the power rating of wind turbines increases to several megawatts, 

medium-voltage (MV) wind energy systems of 3 kV or 4 kV become 

competitive. 

 

 

Figure: 38   Wind Mill  with 2 Level VSR Generator  

 

Figure: 39   Wind Mill  with  3 Level NPC Converters  

To minimize switching losses, the device switching frequency is normally 

around a few hundred hertz. Although the NPC converter has found 

application in commercial medium-voltage SG WECS, commercial medium- 
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voltage SCIG wind turbines have not been reported yet. All the power 

converters presented in previous configurations have been of the voltage 

source type. The current source converter (CSC) technology is also suitable 

for use in multi megawatt wind energy systems. The CSC technology has 

been successfully used in high-power applications such as large industrial 

drives , but the application of this technology to MV wind energy systems is 

yet to be explored. 

The presence of harmonics in electrical systems means that current and 

voltage are distorted and deviate from sinusoidal 

waveforms. Harmonic currents are caused by non-linear loads connected to 

the distribution system. Harmonics are caused by the converter system. To 

reduce these harmonics, an effective filter is needed. There are two types 

of filters that are usually used, active and passive filters. 
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UNIT-IV-BIO MASS ENERGY 

 

Biomass Composition And Types 

 

The material of plants and animals, including their wastes and residues, is 

called biomass (Twidell and Weir, 2006). The initial energy of the biomass is 

captured from  solar radiation in photosynthesis. The associated energy 

bound in photosynthesis is  2×1012 J y-1 out of which only 0.5% by weight is 

used as human food as crops. The  carbon in biomass is obtained from CO2 

in the atmosphere via photosynthesis. When biomass is burnt or digested, 

the emitted CO2 is recycled into the atmosphere, so not adding to 

atmospheric CO2 concentration over the lifetime of the biomass  growth.  

Energy from biomass is therefore ‘carbon neutral’. 

Biomass is usually composed of the elements carbon, hydrogen and oxygen. 

In addition, there may be nitrogen and sulphur. But, unlike in solid fossil 

fuel coal, these elements are present only in small quantities in biomass 

and, therefore, they may be neglected. Ash, with a few exceptions, is 

normally considered as a minor component in biomass. The three major 

elements of biomass carbon, oxygen and hydrogen are present with the 

approximate proportion of about 50%, 6% and 44% respectively on a 

moisture and ash free basis (Sharma, 1993). In general biomass can be 

represented by  the  empirical formula of CH1.44 O0.66. Moreover the basic 

elements C, H, and N are present   in the complex macroscopic polymeric 

forms: cellulose (C6H10O5)x, hemicelluloses (C5H8O4)y and Lignin 

(C9H10O3(CH3O))0.9-1.7)z. The composition of these constituents varies with 

the plant species. However, typically biomass is composed of 50% cellulose, 

25% hemicelluloses and 25% lignin. The heat of combustion of biomass 

based fuels is dependent on the percentage of these three main constituents. 

Lignin has the highest 26.63 MJ/kg, while holocellulose (cellulose and 

hemicelluloses) has a value of 17.46 MJ/kg. Therefore, wood with a 

greater percentage of lignin has higher heat of combustion. The average 

calorific value of biomass may be considered as 16 MJ/kg. 

The biomass fuels can be divided, quite generally, into four primary 

classes: 1) wood and woody materials, 2) herbaceous and other annual 

growth materials, such as straws, grasses, leaves, 3) agricultural by 

products and residues including shells, hulls, pits, and animal manures  

and 4) refuse-derived fuels RDF and waste or non-recyclable papers,  
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often mixed with plastics. The later class is often excluded from the  

category of biomass, but the origin, with the exception of mixed plastics,  is  

appropriate  for  inclusion as a biomass type (Jenkins B.M. et al., 1998). 

Methods Of Generating Energy From Biomass:  The methods of 

generating energy can be split in two different groups. There are the dry 

processes and the wet processes.  

1. dry processes are: Combustion and  Pyrolysis and 2.Wet  processes 

are: Anaerobic Digestion, Gasification and Fermentation 

Dry Processes: Combustion: The most obvious way of extracting energy 

from biomass, the technology of direct combustion is well understood, 

straightforward and commercially available. Combustion systems come in a 

wide range of shapes and sizes burning virtually any kind of fuel, from 

chicken manure and straw bales to tree trunks, municipal refuse and scrap 

tyres. Some of the ways in which heat from burning wastes is currently used 

include space and water heating, industrial processing and electricity 

generation. One problem with this method is its very low efficiency. With an 

open fire most of the heat is wasted and is not used to cook or whatever. 

One method of improving this in developing countries is to build stoves out 

of mud and scrap iron. 

Pyrolysis : A wide range of energy-rich fuels can be produced by roasting 

dry woody matter like straw and woodchips. The process has been used for 

centuries to produce charcoal. The material is pulverised or shredded then 

fed into a reactor vessel and heated in the absence of air. Pyrolysis can also 

be carried out in the presence of a small quantity of oxygen ('gasification'), 

water ('steam gasification') or hydrogen ('hydrogenation'). One of the most 

useful products is methane, which is a suitable fuel for electricity generation 

using high-efficiency gas turbines.  

Wet Processes: Anaerobic Digestion: Biogas is produced when wet sewage 

sludge, animal dung or green plants are allowed to decompose in a sealed 

tank under anaerobic (oxygen-free) conditions. Feed stocks like wood 

shavings, straw and refuse may be used, but digestion takes much longer. 

Each kilogram of organic material (dry weight) can be expected to yield 450-

500 litres of biogas. The residue left after digestion is a potentially valuable 

fertilizer or compost. Fermentation: Ethanol (ethyl alcohol) is produced By  

http://lisas.de/projects/alt_energy/bio/METHODS.HTML#Combustion
http://lisas.de/projects/alt_energy/bio/METHODS.HTML#Anaerobic
http://lisas.de/projects/alt_energy/bio/METHODS.HTML#Gassification
http://lisas.de/projects/alt_energy/bio/METHODS.HTML#Fermentation
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the fermentation of sugar solution by natural yeasts. Suitable feed stocks 

include crushed sugar beet and fruit. Sugars can also be manufactured from 

vegetable starches and cellulose by pulping and cooking, or from cellulose 

by milling and treatment with hot acid. After about 30 hours of 

fermentation, the brew contains 6-10 per cent alcohol, which can be 

removed by distillation as a fuel. 

Gasification: This process, usually using wood produces a flammable gas 

mixture of hydrogen, carbon monoxide, methane and other non flammable 

by products. This is done by partially burning and partially heating the 

biomass (using the heat from the limited burning) in the presence of 

charcoal (a natural by-product of burning biomass). The gas can be used 

instead of petrol and reduces the power output of the car by 40%. It is also 

possible that in the future this fuel could be a major source of energy for 

power stations. 

Fermentation: If the biomass used is (or can be converted into) mostly 

sugar, then yeast can be added. The fermentation that follows produces 

alcohol which is a very high energy fuel that makes it very practicle for use 

in cars. This has been tried succesfully in Brazil.There are two major types 

of biogas designs promoted in  India : Floating Drum  and  Fixed Dome  

Comparison Between Two Designs: 

Fixed dome Floating Drum 

Digester and gas holder,  masonry or concrete 
structure  

Digester, masonry, Gas holder,  mild steel 
or fiberglass  

Requires high masonry skills  Low masonry or fabricating  skills  

Low reliability due to high  construction 
failure  

High reliability, gas holder  
prefabricated  

Variable gas pressure  Constant gas pressure  

Digester could be inside the  ground  Requires space above ground  for three 
tanks; inlet, digester,  outlet  

Low Cost (2 m
3 
= Rs.5000)  Low Cost (2 m

3 
= Rs.8000)  
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Figure: 40 Diagram Of Floating Gasholder Drum   

 

 

Figure: 41 Spherical Shaped Fixed - Dome Design  

Biomass Gasification Process 

Gasification is a very complex thermo-chemical conversion process,  in  

which  the biomass undergoes drying, pyrolysis, oxidation/combustion and 

reduction  in  a  reactor in presence of a gasifying agent such as oxygen, air 

or steam etc. Gasification, in fact, is not an isolated phenomenon in a 

thermo-chemical conversion of biomass, because it is accompanied by  
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pyrolysis and combustion. In practice these reactions occur in a packed bed  

in a controlled environment called a reactor. Fresh biomass is dried and 

subsequently heated to an elevated temperature to undergo pyrolysis in a 

reactor, where air is supplied in limited quantity. The pyrolytic products 

burn to liberate heat energy. This heat of combustion is utilized  for the 

remaining endothermic processes - reduction, pyrolysis and drying. The 

products of combustion and the hot char undergo reduction reaction and 

the products of this reduction reaction is fuel rich as it contains combustible 

gases CO, CH4 and H2, all burnable gases (refer to fig.2.4). On an average 1 

kg of biomass, say for example wood, produces about 2.5 m3 of producer gas 

at STP. In this process, it consumes about 1.5 m3  of air which is about 33% 

of theoretical stoichiometric air (φ =0.33) for wood (wood requires 

approximately 4.5 m3 of air for combustion). One of the measures of  

performance of a gasifier is conversion efficiency (about 60-70% for wood 

gasifier), which may be defined as the ratio of calorific value of the gas per 

kg of fuel to average calorific value of one kg of biomass. The average 

temperature of the gas leaving the gasifier is about 300-400 °C or even less 

for updraft gasifier. A high temperature of exit gas (~ 500 °C) is indicative of 

partial combustion of the gas, which may happen for  higher air flow rate 

than the design value. 

 

 

 

 

 

 

 

 

 

 

                      Figure: 42  Biomass Gasification Process 
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Classification of Gasifier: 

Updraft Or Counter Current Gasifier: 

The  simplest  type  of  gasifier  is  the  fixed  bed  counter  current  gasifier.  

The biomass is fed at the top of the reactor and moves downwards as a 

result of the  conversion of the biomass and the removal of ashes. The air 

intake is at the bottom and  the gas leaves at the top.  The biomass moves in 

counter current to the gas flow and  passes through the drying zone, the 

distillation zone, reduction zone and the oxidation zone. The major 

advantages of this type of gasifier are its simplicity, high charcoal burn-out 

and internal heat exchange leading to low gas exit temperatures and high 

gasification efficiency. In this way, fuels with high moisture content (up to 

50 % wb)    can also be used. Major drawbacks are the high amounts of 

tar and pyrolysis products, because   the   pyrolysis   gas   passes   not   

through   the   low   temperature   drying zone preventing further cracking 

of the tar. However, this is of minor importance if the gas is used for direct 

heat applications, in which the tar is simply burnt. In case the gas is used 

for engines, gas cleaning is required, resulting in problems of tar-

containing condensates. 

 

Downdraft Or Co-Current Gasifier 

In a conventional downdraft gasifier, biomass is fed at the top of the 

reactor and air is introduced at the top or from the sides. The gas leaves 

at the bottom of the reactor, so the fuel and the gas move in the same 

direction (co-current). The pyrolysis gases are lead through the oxidation 

zone (with high temperatures) and burnt or cracked. Therefore, the 

major advantage of the gasifier is less amount of tar content in the 

producer gas, which is suitable for engine applications. There are certain 

drawbacks of downdraft gasifiers. Some of the drawbacks are: high 

amounts of ash and dust particles in the gas, sensitive to fuel properties, 

high temperature of outlet gas leading to low gasification efficiency, low 

moisture content biomass is acceptable, suitable for use in a power range 

of 80 kWe to 500 kWe. A recent development in downdraft gasifier is the 

'open core' gasifier. These gasifiers are designed for gasification of small 

sized biomass with high ash content. In the open core gasifier, the air is 

sucked over the whole cross section from the top of the bed. This  
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facilitates better air or oxygen distribution and thereby prevents local 

extremes (hot spots) in the solid bed, which is observed in the oxidation 

zone of conventional gasifiers due to poor heat transfer. Moreover, the air  

nozzles in conventional gasifiers generate caves and create obstacles that 

may obstruct solid flow, especially, for solids of low bulk density like rice 

husk. 

 

Crossdraft Gasifier: 

In crossdraft gasifiers, the solid fuels move in a direction perpendicular 

to the direction of gas flow. The temperature of the gas for solid biomass 

is found about 800- 900 °C. Crossdraft gasifiers suffer from minimum tar 

cracking performance. Therefore, these gasifiers are adapted for the use 

of charcoal gasification. However, charcoal gasification results in very 

high temperatures (> 1500 °C) in the oxidation zone, which can lead to 

material problems. Advantages of the system lie in the very small scale 

at which it can be operated. In developing countries, installations for 

shaft power less than 10 kW are used. Because of the limited capacity of 

crossdraft gasifiers and the limited scope for large scale of 

implementation, the crossdraft gasifier types are not widely used. 

 

 
 

Figure: 43  Types of Gasifiers    
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Inverted downdraft or Top-lit updraft (T-LUD) gasifiers: 

This type of gasifier is relatively new in concept and its applications are till 

now restricted to very small power level thermal applications, mostly in 

gasifier stoves. Of course, an experimental gasifier reports the use of T- LUD 

method for gasification of long stick wood. As the name indicates, this 

gasifier possesses some common characteristics of both updraft and down 

draft gasifiers. But simplicity in operation and capacity to produce relatively 

clean gas makes it a suitable candidate for  small thermal applications. The 

basic principle of  operation of  the  gasifier is  similar  to  down-draft  

operation.  But  in  the  T-LUD  gasifier  shown  in  fig.2.6,  the primary air 

is introduced at the bottom and the reaction zone is at the top. The top 

lit updraft  is  “tar  burning,  char  making”  gasifier.  Tar  is  much  lower  

(1%  to  5%   only depending upon the superficial velocity) due to the flaming 

pyrolysis of the biomass and the gases then pass through a layer of hot 

charcoal on the top, where the tars are further cracked. The gases also react 

with the char at the top of the bed and the char is reduced. Gas  is  

produced  at  constant  rate  as  the  reaction  zone  descends  or  the  

flame  front propagates downwards leaving behind a hot char bed. Because 

the reaction moves  counter current to the air, the fuel bed is burned at the 

same rate as the reaction moves against the fuel. 

 

 

 
Figure: 44  Top Lit Updraft Gasifier    
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Lean Phase Reactors: 

Lean phase gasifiers lack separate zones for different reactions. All reactions 

– drying, combustion, pyrolysis, and reduction – occur in one large reactor 

chamber. Lean phase reactors are mostly of two types, fluidized bed gasifiers 

and entrained-flow gasifiers. 

 

Fluidized Bed Gasifiers: 

 

In fluidized bed gasifiers, the biomass is brought into an inert bed of 

fluidized material (e.g. sand, char, etc.). Such systems are less sensitive to 

fuel variations but produce larger amounts of tar and dust. They are more 

compact but also more complex, and usually used at larger scales. Fluidized 

bed gasifiers are operated with significantly higher gas flow velocities than 

fixed bed gasifiers. The fuel bed and a carrier material (e.g. sand) are 

fluidized by the gas flow (fumigator and re circulated product gas). Thus, the 

gasification reaction takes place in a fluidized bed but only 5-10% wt of the 

bed is fuel. 

The fuel is fed into the system either above-bed or directly into the bed, 

depending upon the size and density of the fuel and how it is affected by the 

bed velocities. During normal operation, the bed media is maintained at a 

temperature between 1000EF and 1800EF. When a fuel particle is 

introduced into this environment, its drying and pyrolyzing reactions 

proceed rapidly, driving off all gaseous portions of the fuel at relatively low 

temperatures. The remaining char is oxidized within the bed to provide the 

heat source for the drying and de-volatilizing reactions to continue. In those 

systems using inert bed material, the wood particles are subjected to an 

intense abrasion action from fluidized sand. This etching action tends to 

remove any surface deposits (ash, char, etc.) from the particle and expose a 

clean reaction surface to the surrounding gases. As a result, the residence 

time of a particle in this system is on the order of only a few minutes, as 

opposed to hours in other types of gasifiers. Thus, higher fuel throughput 

rates are achievable. 

Since the fluidized bed allows an intensive mixing and a good heat transfer, 

there are no distinguished reaction zones. Hence, drying, pyrolysis, 

oxidation and reduction reactions take place simultaneously. The 

temperature distribution in the fluidized bed is relatively constant and 

typically ranges between 700°C and 900°C. The large thermal capacity of  
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inert bed material plus the intense mixing associated with the fluid bed 

enable this system to handle a much greater quantity and, normally, a 

much lower quality of fuel. 

 

 
 

 

Figure: 45  Fluidized Bed Gasifier 

Entrained-flow gasifiers 

 

In entrained-flow gasifiers, fuel and air are introduced from the top of the 

reactor, and fuel is carried by the air in the reactor. The operating 

temperatures are 1200–1600 °C and the pressure is 20–80 bar. Entrained-

flow gasifiers can be used for any type of fuel so long as it is dry (low 

moisture) and has low ash content. Due to the short residence time (0.5–4.0 

seconds), high temperatures are required for such gasifiers. The advantage 

of entrained-flow gasifiers is that the gas contains very little tar. 

 

https://www.enggcyclopedia.com/wp-content/uploads/2012/01/fluidized-bed-type-gasifier.png
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KBR Gasifier: 

Figure  is a diagram of the KBR gasifier. Dried, pressurized, pulverized coal 

is fed into the mixing zone of the gasifier. The oxidant is added at the bottom 

of the mixing zone. The gasifier temperature is maintained below the ash 

melting point of the coal, and this favors the use of air rather than oxygen as 

the nitrogen in the air serves to mod- erate the temperatures within the 

fluidized bed, while also supplying the velocity needed to entrain the solids. 

Oxygen-blown operation has also been tested at the PSDF and would be the 

preferred mode for poly- generation applications in which chemical products 

were produced as well as power. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The Kellogg Brown and Root (KBR) Transport Gasifier 
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UNIT-V-OCEAN THERMAL, TIDAL & WAVE ENERGY 

Ocean Thermal Energy Conversion: 

Cold seawater is an integral part of each of the three types of OTEC systems: 

closed-cycle, open-cycle, and hybrid. To operate, the cold seawater must be 

brought to the surface. The primary approaches are active pumping and 

desalination. Desalinating seawater near the sea floor lowers its density, which 

causes it to rise to the surface. 

The alternative to costly pipes to bring condensing cold water to the surface is 

to pump vaporized low boiling point fluid into the depths to be condensed, thus 

reducing pumping volumes and reducing technical and environmental 

problems and lowering costs.  

 

Closed Cycle: 

 

Figure: 46 Diagram Of A Closed Cycle OTEC Plant 

Closed-cycle systems use fluid with a low boiling point, such 

as ammonia (having a boiling point around -33 °C at atmospheric pressure), to 

power a turbine to generate electricity. Warm surface seawater is pumped  

 

https://en.wikipedia.org/wiki/Ammonia
https://en.wikipedia.org/wiki/Turbine
https://en.wikipedia.org/wiki/Seawater
https://en.wikipedia.org/wiki/File:Otec_Closed_Diagram_in_English.JPG
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through a heat exchanger to vaporize the fluid. The expanding vapor turns the 

turbo-generator. Cold water, pumped through a second heat exchanger, 

condenses the vapor into a liquid, which is then recycled through the system. 

In 1979, the Natural Energy Laboratory and several private-sector partners 

developed the "mini OTEC" experiment, which achieved the first successful at-

sea production of net electrical power from closed-cycle OTEC.[38] The mini 

OTEC vessel was moored 1.5 miles (2.4 km) off the Hawaiian coast and 

produced enough net electricity to illuminate the ship's light bulbs and run its 

computers and television. 

 

Open Cycle: 

 

Figure: 47 Diagram Of an Open Cycle OTEC Plant 

Open-cycle OTEC uses warm surface water directly to make electricity. The 

warm seawater is first pumped into a low-pressure container, which causes it 

to boil. In some schemes, the expanding vapour drives a low-pressure turbine 

attached to an electrical generator. The vapour, which has left its salt and 

other contaminants in the low-pressure container, is pure fresh water. It is 

condensed into a liquid by exposure to cold temperatures from deep-ocean 

water. This method produces desalinized fresh water, suitable for drinking 

water, irrigation or aquaculture.  

https://en.wikipedia.org/wiki/Heat_exchanger
https://en.wikipedia.org/wiki/Ocean_thermal_energy_conversion#cite_note-mini-otec-38
https://en.wikipedia.org/wiki/Vapour
https://en.wikipedia.org/wiki/Electrical_generator
https://en.wikipedia.org/wiki/Salt
https://en.wikipedia.org/wiki/Desalinization
https://en.wikipedia.org/wiki/Drinking_water
https://en.wikipedia.org/wiki/Drinking_water
https://en.wikipedia.org/wiki/Irrigation
https://en.wikipedia.org/wiki/Aquaculture
https://en.wikipedia.org/wiki/File:Otec_Open_Diagram_in_English.JPG
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In other schemes, the rising vapour is used in a gas lift technique of lifting 

water to significant heights. Depending on the embodiment, such vapour 

lift pump techniques generate power from a hydroelectric turbine either before 

or after the pump is used.  

In 1984, the Solar Energy Research Institute (now known as the National 

Renewable Energy Laboratory) developed a vertical-spout evaporator to convert 

warm seawater into low-pressure steam for open-cycle plants. Conversion 

efficiencies were as high as 97% for seawater-to-steam conversion (overall 

steam production would only be a few percent of the incoming water). In May 

1993, an open-cycle OTEC plant at Keahole Point, Hawaii, produced close to 

80 kW of electricity during a net power-producing experiment.[41] This broke 

the record of 40 kW set by a Japanese system in 1982.  

Hybrid 

A hybrid cycle combines the features of the closed- and open-cycle systems. In 

a hybrid, warm seawater enters a vacuum chamber and is flash-evaporated, 

similar to the open-cycle evaporation process. The steam vaporizes 

the ammonia working fluid of a closed-cycle loop on the other side of an 

ammonia vaporizer. The vaporized fluid then drives a turbine to produce 

electricity. The steam condenses within the heat exchanger and 

provides desalinated water (see heat pipe). 

Working Fluids: 

A popular choice of working fluid is ammonia, which has superior transport 

properties, easy availability, and low cost. Ammonia, however, is toxic and 

flammable. Fluorinated carbons such as CFCs and HCFCs are not toxic or 

flammable, but they contribute to ozone layer depletion. Hydrocarbons too are 

good candidates, but they are highly flammable; in addition, this would create 

competition for use of them directly as fuels. The power plant size is dependent 

upon the vapor pressure of the working fluid. With increasing vapor pressure, 

the size of the turbine and heat exchangers decreases while the wall thickness 

of the pipe and heat exchangers increase to endure high pressure especially on 

the evaporator side. 

 

 

https://en.wikipedia.org/wiki/Gas_lift
https://en.wikipedia.org/wiki/Mist_lift
https://en.wikipedia.org/wiki/Mist_lift
https://en.wikipedia.org/wiki/Water_turbine
https://en.wikipedia.org/wiki/National_Renewable_Energy_Laboratory
https://en.wikipedia.org/wiki/National_Renewable_Energy_Laboratory
https://en.wikipedia.org/wiki/KW
https://en.wikipedia.org/wiki/Ocean_thermal_energy_conversion#cite_note-nrel-otec-achievements-41
https://en.wikipedia.org/wiki/Ammonia
https://en.wikipedia.org/wiki/Desalination
https://en.wikipedia.org/wiki/Heat_pipe
https://en.wikipedia.org/wiki/Chlorofluorocarbon
https://en.wikipedia.org/wiki/HCFC
https://en.wikipedia.org/wiki/Hydrocarbon
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Tidal Energy: 

Tidal power is taken from the Earth's oceanic tides. Tidal forces are periodic 

variations in gravitational attraction exerted by celestial bodies. These forces 

create corresponding motions or currents in the world's oceans. Due to the 

strong attraction to the oceans, a bulge in the water level is created, causing a 

temporary increase in sea level. As the Earth rotates, this bulge of ocean water 

meets the shallow water adjacent to the shoreline and creates a tide. This 

occurrence takes place in an unfailing manner, due to the consistent pattern of 

the moon’s orbit around the earth.[6] The magnitude and character of this 

motion reflects the changing positions of the Moon and Sun relative to the 

Earth, the effects of Earth's rotation, and local geography of the sea floor and 

coastlines. 

Generating Methods: 

The world's first commercial-scale and grid-connected tidal stream generator –

 SeaGen – in Strangford Lough. The strong wake shows the power in the tidal 

current. 

Tidal power can be classified into four generating methods: 

Tidal stream generator 

Tidal stream generators make use of the kinetic energy of moving water to 

power turbines, in a similar way to wind turbines that use wind to power 

turbines. Some tidal generators can be built into the structures of existing 

bridges or are entirely submersed, thus avoiding concerns over impact on the 

natural landscape. Land constrictions such as straits or inlets can create high 

velocities at specific sites, which can be captured with the use of turbines. 

These turbines can be horizontal, vertical, open, or ducted.  

Stream energy can be used at a much higher rate than wind turbines due to 

water being more dense than air. Using similar technology to wind turbines 

converting energy in tidal energy is much more efficient. Close to 10 mph 

(about 8.6 knots in nautical terms) ocean tidal current would have an energy 

output equal or greater than a 90 mph wind speed for the same size of turbine 

system.  

https://en.wikipedia.org/wiki/Tide
https://en.wikipedia.org/wiki/Tidal_force
https://en.wikipedia.org/wiki/Tidal_power#cite_note-6
https://en.wikipedia.org/wiki/Coriolis_effect
https://en.wikipedia.org/wiki/Bathymetry
https://en.wikipedia.org/wiki/Bathymetry
https://en.wikipedia.org/wiki/SeaGen
https://en.wikipedia.org/wiki/Strangford_Lough
https://en.wikipedia.org/wiki/Wake
https://en.wikipedia.org/wiki/Tidal_current
https://en.wikipedia.org/wiki/Tidal_current
https://en.wikipedia.org/wiki/Kinetic_energy
https://en.wikipedia.org/wiki/Wind_turbines
https://en.wikipedia.org/wiki/Stream_energy
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Tidal barrage 

Tidal barrages make use of the potential energy in the difference in height 

(or hydraulic head) between high and low tides. When using tidal barrages to 

generate power, the potential energy from a tide is seized through strategic 

placement of specialized dams. When the sea level rises and the tide begins to 

come in, the temporary increase in tidal power is channeled into a large basin 

behind the dam, holding a large amount of potential energy. With the receding 

tide, this energy is then converted into mechanical energy as the water is 

released through large turbines that create electrical power through the use of 

generators.[12] Barrages are essentially dams across the full width of a tidal estuary. 

Dynamic tidal power 

Top-down view of a DTP dam. Blue and dark red colors indicate low and high 

tides, respectively.Dynamic tidal power (or DTP) is an untried but promising 

technology that would exploit an interaction between potential and kinetic 

energies in tidal flows. It proposes that very long dams (for example: 30–50 km 

length) be built from coasts straight out into the sea or ocean, without 

enclosing an area. Tidal phase differences are introduced across the dam, 

leading to a significant water-level differential in shallow coastal seas – 

featuring strong coast-parallel oscillating tidal currents such as found in the 

UK, China, and Korea. 

Tidal lagoon 

A new tidal energy design option is to construct circular retaining walls 

embedded with turbines that can capture the potential energy of tides. The 

created reservoirs are similar to those of tidal barrages, except that the location 

is artificial and does not contain a pre-existing ecosystem. The lagoons can also 

be in double (or triple) format without pumping or with pumping that will 

flatten out the power output. The pumping power could be provided by excess 

to grid demand renewable energy from for example wind turbines or solar 

photovoltaic arrays. Excess renewable energy rather than being curtailed could 

be used and stored for a later period of time. Geographically dispersed tidal 

lagoons with a time delay between peak production would also flatten out peak 

production providing near base load production though at a higher cost than 

some other alternatives such as district heating renewable energy storage. The  

https://en.wikipedia.org/wiki/Potential_energy
https://en.wikipedia.org/wiki/Hydraulic_head
https://en.wikipedia.org/wiki/Mechanical_energy
https://en.wikipedia.org/wiki/Tidal_power#cite_note-12
https://en.wikipedia.org/wiki/Dam
https://en.wikipedia.org/wiki/Phase_difference


 

54  

 

cancelled Tidal Lagoon Swansea Bay in Wales, United Kingdom would have 

been the first tidal power station of this type once built. 

Fuel Cell: 

Working Principle 

A fuel cell is a device that uses hydrogen (or hydrogen-rich fuel) and oxygen to 

create electricity by an electrochemical process.A single fuel cell consists of an 

electrolyte sandwiched between two thin electrodes (a porous anode and 

cathode)Hydrogen, or a hydrogen-rich fuel, is fed to the anode where a catalyst 

separates hydrogen's negatively charged electrons from positively charged ions 

(protons)At the cathode, oxygen combines with electrons and, in some cases, 

with species such as protons or water, resulting in water or hydroxide ions, 

respectively 

The electrons from the anode side of the cell cannot pass through the 

membrane to the positively charged cathode; they must travel around it via an 

electrical circuit to reach the other side of the cell. This movement of electrons 

is an electrical current. The amount of power produced by a fuel cell depends 

upon several factors, such as fuel cell type, cell size, the temperature at which 

it operates, and the pressure at which the gases are supplied to the cell  Still, a 

single fuel cell produces enough electricity for only the smallest applications. 

Therefore, individual fuel cells are typically combined in series into a fuel cell 

stack. A typical fuel cell stack may consist of hundreds of fuel cells. 

Fuel cells are classified primarily by the kind of electrolyte they employ. This 

determines the kind of chemical reactions that take place in the cell, the kind 

of catalysts required, the temperature range in which the cell operates, the fuel 

required, and other factors.There are several types of fuel cells currently under 

development, each with its own advantages, limitations, and potential 

applications. 

 

 

 

https://en.wikipedia.org/wiki/Tidal_Lagoon_Swansea_Bay
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Figure:48 Fuel Cell 

Classification of Fuel Cells: 

Based on the type of Electrolyte : Alkaline Fuel cell (AFC) ,Phosphoric Acid Fuel 

cell (PAFC),Polymer Electrolytic Membrane Fuel Cell (PEMFC) Solid Polymer Fuel 

Cell (SPFC) andProton Exchange Membrane Fuel cell (PEMFC),Molten 

Carbonate Fuel Cell (MCFC),Solid Oxide Fuel Cell (SOFC)  

Based on Types of Fuel and oxidant: Hydrogen (pure)-Oxygen (pure) fuel 

cell,Hydrogen rich gas-air fuel cell,Ammonia –air fuel cell, Synthesis gas- air 

fuel cell,Hydro carbon (gas)- air fuel cell Based on operating temperature 

Alkaline Fuel Cells (AFC):  The alkaline fuel cell uses an alkaline electrolyte 

such as 40% aqueous potassium hydroxide. In alkaline fuel cells, negative ions 

travel through the electrolyte to the anode where they combine with hydrogen to 

generate water and electrons. It was originally used by NASA on space 

missions. NASA space shuttles use Alkaline Fuel Cells. Alkaline fuel cells 

(AFCs) were one of the first fuel cell technologies developed, and they were the  
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first type widely used in the U.S. space program to produce electrical energy 

and water onboard spacecraft. These fuel cells use a solution of potassium 

hydroxide in water as the electrolyte and can use a variety of non- precious 

metals as a catalyst at the anode and cathode. High- temperature AFCs operate 

at temperatures between 100ºC and 250ºC (212ºF and 482ºF). However, more-

recent AFC designs operate at lower temperatures of roughly 23ºC to 70ºC (74ºF 

to 158ºF). 

AFCs are high-performance fuel cells due to the rate at which chemical 

reactions take place in the cell. They are also very efficient, reaching efficiencies 

of 60 percent in space applications.The disadvantage of this fuel cell type is 

that it is easily poisoned by carbon dioxide (CO2). In fact, even the small 

amount of CO2 in the air can affect the cell's operation, making it necessary to 

purify both the hydrogen and oxygen used in the cell. CO2 can combine with 

KOH to form potassium carbonate which will increase the resistance. This 

purification process is costly. Susceptibility to poisoning also affects the cell's 

lifetime (the amount of time before it must be replaced), further adding to cost. 

Cost is less of a factor for remote locations such as space or under the sea. 

However, to effectively compete in most mainstream commercial markets, these 

fuel cells will have to become more cost effective. AFC stacks have been shown 

to maintain sufficiently stable operation for more than 8,000 operating hours. 

Molten Carbonate Fuel Cells (MCFC):The molten carbonate fuel cell uses a 

molten carbonate salt as the electrolyte. It has the potential to be fuelled with 

coal- derived fuel gases, methane or natural gas. These fuel cells can work at up  
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to 60% efficiency In molten carbonate fuel cells, negative ions travel through the 

electrolyte to the anode where they combine with hydrogen to generate water 

and electrons. Molten carbonate fuel cells (MCFCs) are currently being 

developed for natural gas and coal-based power plants for electrical utility, 

industrial, and military applications. MCFCs are high-temperature fuel cells 

that use an electrolyte composed of a molten carbonate salt mixture suspended 

in a porous, chemically inert ceramic lithium aluminum oxide (LiAlO2) matrix. 

Since they operate at extremely high temperatures of 650ºC and above, 

nonprecious metals can be used as catalysts at the anode and cathode, 

reducing costs. 

Unlike alkaline, phosphoric acid, and polymer electrolyte membrane fuel cells,  

 

MCFCs don't require an external reformer to convert more energy-dense fuels 

to hydrogen. Due to the high temperatures at which they operate, these fuels 

are converted to hydrogen within the fuel cell itself by a process called internal 

reforming, which also reduces cost. Although they are more resistant to 

impurities than other fuel cell types, scientists are looking for ways to make 

MCFCs resistant enough to impurities from coal, such as sulfur and 

particulates. The primary disadvantage of current MCFC technology is 

durability. The high temperatures at which these cells operate and the corrosive 

electrolyte used accelerate component breakdown and corrosion, decreasing cell 

life. Scientists are currently exploring corrosion-resistant materials for 

components as well as fuel cell designs that increase cell life without decreasing  
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performance. Anode eaction: CO3
-2 + H2 → H2O   + CO2 + 2e- Cathode Reaction: CO2 + ½O2 

+ 2e- → CO3
-2 Overall Cell Reaction: H2 + ½O2 → H2O 
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Phosphoric Acid Fuel Cells (PAFC):A phosphoric acid fuel cell (PAFC) consists 
of an anode and a cathode made of a finely dispersed platinum catalyst on 

carbon and a silicon carbide structure that holds the phosphoric acid 

electrolyte. In phosphoric acid fuel cells, protons move through the electrolyte 
to the cathode to combine with oxygen and electrons, producing water and heat. 

Phosphoric acid fuel cells use liquid phosphoric acid as an electrolyte— the 

acid is contained in a Teflon-bonded silicon carbide matrix—and porous carbon 

electrodes containing a platinum catalyst. The phosphoric acid fuel cell (PAFC) 
is considered the "first generation" of modern fuel cells. It is one of the most 

mature cell types and the first to be used commercially, with over 200 units 

currently in use.This type of fuel cell is typically used for stationary power 
generation, but some PAFCs have been used to power large vehicles such as 

city buses PAFCs are more tolerant of impurities They are 85 percent efficient 

when used for the co-generation of electricity and heat, but less efficient at 
generating electricity alone (37 to 42 percent).PAFCs are also less powerful than 

other fuel cells, given the same weight and volume. As a result, these fuel cells 

are typically large and heavy. PAFCs are also expensive. Like PEM fuel cells, 
PAFCs require an expensive platinum catalyst, which raises the cost of the fuel 

cell. 
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Polymer electrolyte membrane (PEM) fuel cells (PEMFC):In polymer 

electrolyte membrane (PEM) fuel cells, protons move through the electrolyte to 

the cathode to combine with oxygen and electrons, producing water and 

heat.Polymer electrolyte membrane (PEM) fuel cell uses a polymeric membrane 

as the electrolyte, with platinum electrodes.These cells operate at relatively low 

temperaturesThese cells are the best candidates for cars, for buildings and 

smaller applications. Polymer electrolyte membrane (PEM) fuel cells—also 

called proton exchange membrane fuel cells—deliver high power density and 

offer the advantages of low weight and volume, compared to other fuel cells. 

PEM fuel cells use a solid polymer as an electrolyte and porous carbon 

electrodes containing a platinum catalyst.They only hydrogen, oxygen from the 

air, and water to operate and do not require corrosive fluids like some fuel cells. 

They are typically fueled with pure hydrogen supplied from storage tanks or 

onboard reformers 

 

 

 

 

 

 

 

 

 

 

Polymer electrolyte membrane fuel cells operate at relatively low temperatures, 

around 80°C (176°F). Low temperature operation allows them to start quickly 

(less warm-up time) and results in less wear on system components, resulting 

in better durability. However, it requires that a noblemetal catalyst (typically  
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platinum) be used to separate the hydrogen's electrons and protons, adding to 

system cost. The platinum catalyst is also extremely sensitive to CO poisoning, 

making it necessary to employ an additional reactor to reduce CO in the fuel 

gas if the hydrogen is derived from an alcohol or hydrocarbon fuel. This also 

adds cost. 

 

Developers are currently exploring platinum/ruthenium catalysts that are 
more resistant to CO. 
 

Solid Oxide Fuel Cells (SOFC):        

 

They use a solid ceramic electrolyte, such as zirconium oxide stabilized with 

yttrium oxide, instead of a liquid and operate at 800 to 1,000°C. In solid oxide 

fuel cells, negative ions travel through the electrolyte to the anode where they 

combine with hydrogen to generate water and electrons. Efficiencies of around 

60 per cent and are expected to be used for generating electricity and heat in 

industry and potentially for providing auxiliary power in vehicles. Since the 

electrolyte is a solid, the cells do not have to be constructed in the plate-like 

configuration typical of other fuel cell 

High temperature operation removes the need for precious-metal catalyst, 

thereby reducing cost. They are not poisoned by carbon monoxide (CO), which 

can even be used as fuel. Sulphur resistant  This allows SOFCs to use gases 

made from coal. Scientists are currently exploring the potential for developing 

lower- temperature SOFCs operating at or below 800ºC that have fewer 

durability problems and cost less. 

Lead Acid Battery : 

Although many electrochemical reactions are reversible in theory, few are 

suitable for a practical storage battery, which will be required to cycle hundreds 

of times between charging and discharging currents of 1–100A or more. The 

most widely used storage battery is the lead acid battery As in all  



 

62  

 

electrochemical cells, there are two electrode ‘plates’ immersed in a conducting 

solution (electrolyte).In this case the electrodes are in the form of grids holding 

pastes of lead (Pb) and lead dioxide respectively; the pastes are made from 

powders to increase surface area in ‘spongy’ form. Electrodes shaped as tubes 

give added mechanical strength and resist ‘shedding’ , and so are suitable for 

deep discharge. The electrolyte is sulphuric acid, which ionizes as follows: 

During discharge, the reaction at the negative electrode  is 

 

The electrons so liberated travel through the external circuit to the positive 
electrode,  where they contribute to the reaction: 
 

 

 

Figure: 49  Lead Acid Battery 
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The electrical current through the solution is carried by H
+ 

and HSO
−4 

ions 

from the sulphuric acid electrolyte, which themselves take part in the plate 

reactions. Transportable ‘gelled cells’ have this electrolyte immobilized in 

phylogenic silica, with the fibrous glass mat separator giving open gas paths for 

the release of hydrogen and oxygen in overcharge. Although this makes them 

relatively expensive, they are safer to use and transport, since there is no 

danger of spilling highly corrosive sulphuric acid, and are ‘maintenance free’. 

The theoretical cell-EMF at standard conditions for 

Pb/PbSO4/H2SO4/PbSO4/PbO2 is cell = +1.92V The actual cell EMF depends 

on the concentration of reagents, and can be calculated by standard 

electrochemical methods. In general, the open-circuit voltage of a cell differs by 

only a few per cent from the theoretical cell voltage In particular, lead acid 

batteries are produced at open- circuit potential difference of 2.0V per cell. 

In the specific case of the lead acid battery, the main reasons for  t he 

‘underachievement’ are: A working battery necessarily contains non-active 

materials, e.g. the case, the separators (which prevent the electrodes short-

circuiting) and the water in which the acid is dissolved. Moreover, the acid 

concentration must not be too large, since the battery would then discharge 

itself. Since the mass of actual battery contents exceeds the mass of the active 

ingredients, the energy density based on the mass of the whole battery is less 

than the theoretical value based on the active mass alone. However, this factor 

is not of great importance for stationary batteries. The reactions cannot be 

allowed to go to completion. If all the lead were consumed by reaction there 

would be no electrode left  for the reverse reaction to operate, i.e. the battery 

could not be cycled. Similarly, if the concentration of H2SO4 is allowed to 

reduce too much, the electrolyte ceases to be an adequate conductor. In 

practice, many battery types should not be allowed to discharge more than 

about 50% of total potential stored energy, or they may be ruined. However, 

specially designed batteries do allow ‘deep discharge’ beyond 50%.The other 

main factor limiting the life of even a well-maintained battery is self-discharge 

of the positive electrode. This is particularly acute in vehicle SLI (Starting, 

Lighting and Ignition) batteries in which the grid is not pure Pb but usually a 

lead– 
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antimony–calcium alloy. Electrode plates with antimony are physically stronger 

and better able to stand the mechanical stresses during motion. 

Lithum Ion Battery: 

 

Li-ion batteries consist of a three primary functional components. The main 

components of a Li-ion battery device are the positive electrode, negative 

electrode and the electrolyte, for which a variety of materials may be used. 

Generally, the most useful material for the positive electrode is one of three 

materials: lithium cobalt oxide, lithium iron phosphate, or a spinel such as 

lithium MnO2. On the other hand, the most common materials for the negative 

electrode are carbon based compounds and lithium- containing alloys. Upon 

charging, lithium ions are extracted from the positive electrode material and 

inserted into the negative electrode material. Upon discharging, the reverse 

process takes place. Common batteries should exhibit three characteristics: (a) 

high energy and power capacity, (b) high charging rate, and  c) long lifetime 

(cycling stability). Although Li-ion batteries are available commercially, the 

performance 

of Li-ion batteries is limited by the current electrode and electrolyte materials. 

For future generations of rechargeable Li-ion batteries, not only for applications 

in portable electronic devices but especially for clean energy storage and use in 

hybrid electric vehicles, further improvements of materials are essential. We 

need to find new, efficient and effective ways to improve the physical and 

chemical characteristics of the materials for use in electrochemical Li-ion 

batteries 

One avenue that is opening up is that of NSMs for electrochemical Li-ion 

batteries devices. However, the selection of NSMs for use as negative electrode, 

positive electrode, and electrolyte, as well as their voltage, capacity, life, and 

safety abilities in electrochemical Li-ion battery devices can dramatically 

improve. Recently, great efforts have been made toward the development of 

improved electrolyte, negative and positive electrodes materials It has been 

demonstrated that the morphology of nanostructures can be optimized to 

achieve higher energy and charge densities in electrochemical Li-ion battery 

devices. Therefore, nanoarchitecture is another consideration that can be 

optimized for further improvement. In this regard, research on . NSMs is  
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expanding rapidly into the assembly of nanoparticles in 0D and 1D structures. 

Recently, some research groups have tried to synthesize 0D nanoparticles to 

avoid the problem of poor Li+ ion diffusivity and electron conductivity, which 

would eliminate either metal doping or carbon coating. 0D nano particles with 

high- crystallinity are particularly advantageous when the aim as above 

mentioned is to achieve faster lithium-ion diffusion. They also display a better 

rate capability, which indicates its possible use in electrochemical Li-ion battery 

devices.  However, 0D NSMs are not very stable and very difficult to make in 

large quantities. Various efforts have been implemented to synthesize novel 0D 

NSMs but have been met with very limited success in the improvement of 

electrochemical Li-ion battery device performance. 

Due to this, researchers have fabricated new 1D NSMs that will make 

electrochemical Liion battery devices more efficient due to their unique 

mechanical, thermal, electrical properties and structural versatility. Various 

efforts have been made by the scientific community to fabricate novel 1D NSMs 

such as nano tubes, nano rods, and nano belts . The figure below shows the 

schematic diagram of a Li+ ion pathway in 1D NSMs. 
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Tidal Power Plants: 

 Single Basin Tidal System: 

The simplest generating system for tidal plants, known as an ebb 

generating system, involves a dam, known as a barrage across an 

estuary.Sluice gates on the barrage allow the tidal basin to fill on the 

incoming high tides and to exit through the turbine system on the 

outgoing tide (known as the ebb tide). 

 

 

Figure: 50 Single Basin Tidal 

 

Alternatively, flood-generating systems, which generate power from the 

incoming tide are possible, but are less favored than ebb generating systems. 

Double Basin Tidal System: another form of energy barrage configuration is 

that of the dual basin type. With two basins, one is filled at high tide and the 

other is emptied at low tide. Turbines are placed between the basins. Two-

basin schemes offer advantages over normal schemes in that generation time 

can be adjusted with high flexibility and it is also possible to generate almost 

continuously. In normal estuarine situations, however, two-basin schemes are 

very expensive to construct due to the cost of the extra length of barrage. There  
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are some favorable geographies, however, which are well suited to this type of 

scheme. 
 

 

Figure: 51 Double Basin Tidal 

Parts Of A Tidal Power Station: 
 

Figure: 52 Layout of Tidal Power  

 

The main components of tidal power plant are 
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Power House ,The Dam or Barrage ,Sluice ways from basin to sea and vice 

versa 

DAM ( Barrage):The barrages store water behind them. The barrages should 

provide channels for the turbines, gates and locks. The tidal power 

barrages should be of shorter length. The length should be less than resonant 

length of tidal waves. The tidal barrages require sites where a sufficiently high 

tidal range is available. The barrages require flat bottom. 

Large size turbines are needed to because of small head available. Hence power 

house will also be large structure. The types of turbines used are Bulb type: In 

systems with a bulb turbine, water flows around the turbine, making access for 

maintenance difficult, as the water must be prevented from flowing past the 

turbine. Rim type: Rim turbines reduce these problems as the generator is 

mounted in the barrage, at right angles to the turbine blades. Unfortunately, it 

is difficult to regulate the performance of these turbines and it is unsuitable for 

use in pumping. 

Tubular Type:  Tubular turbines have been proposed for use some UK projects. 

In this configuration, the blades are connected to a long shaft and orientated at 

an angle so that the generator is sitting on top of the barrage. 

. 
 

 

Figure: 53(a) Bulb Type Turbine 
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Figure: 53(b) Rim Type Turbine 
 
 

 

Figure: 53(c) Tubular Type Turbine 

 

Wave Energy: 

Wave energy is an irregular and oscillating low frequency  energy source that 

can be converted to a 50 Hertz frequency and  can then be added to the electric 

utility grid. Waves get their energy from the wind, which comes from solar  

energy. Waves gather, store, and transmit this energy thousands of  kilometers 

with very little loss. Though it varies in intensity, it is available twenty four 

hours a  day all round the year. Wave power is renewable, pollution free and 

environment  friendly. Its net potential is better than wind, solar, small hydro  

or biomass power. Wave energy technologies rely on the up-and-down motion 

of  waves to generate electricity. There are three basic methods for converting  



 

70  

 

wave energy to  electricity. Float or buoy systems that use the rise and fall of 

ocean swells  to drive hydraulic pumps. The object can be mounted to a 

floating raft or to a device fixed  on the ocean bed. A series of anchored buoys 

rise and fall with the wave. The movement is used to run an electrical generator 

to produce  electricity which is then transmitted ashore by underwater power  

cables.  

Oscillating water column devices in which the in-and-out  motion of waves at 

the shore enters a column and force air to  turn a turbine. The column fills 

with water as the wave rises and empties as it  descends. In the process, air 

inside the column is compressed and heats  up, creating energy. This energy is 

harnessed and sent to shore by electrical cable.  

Tapered channel rely on a shore mounted structure to channel  and 

concentrate the waves driving them into an elevated  reservoir. Water flow out 

of this reservoir is used to generate electricity  using standard hydropower 

technologies 

Three main processes appear to be operating are:  

Initially air flowing over the sea exerts a tangential stress on the  water surface, 

resulting in the formation and growth of waves. Turbulent airflow close to the 

water surface creates rapidly  varying shear stresses and pressure 

fluctuations.Where these oscillations are in phase with existing waves,  further 

wave development occurs.Finally, when waves have reached a certain size, the 

wind can  actually exert a stronger force on the upwind face of the wave  

causing additional wave growth. The process is maximized when the speeds of 

the wind and  waves are equal. 

Wave Energy collecting Systems:  

SHORELINE  Oscillating Water Column (OWC),Tapered Channel (TAPCHAN), 

The Pendulor  System   

OFFSHORE   Float-Based System, Moving body System 

Shoreline  Systems:These devices are fixed to or embedded in the shoreline 

itself,  which has the advantage of easier maintenance and/or  installation. In  
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addition these would not require deep-water moorings or  long lengths of 

underwater electrical cable. However, they would experience a much less 

powerful wave  regime. This could be partially compensated by natural energy  

concentration. The deployment of such schemes could be limited by  

requirements for shoreline geology, tidal range, preservation of  coastal 

scenery, etc.  

Oscillating Water Column (OWC) System: 

One major class of shoreline device is the oscillating water  column partly 

submerged concrete or steel structure, which has an  opening to the sea below 

the water line, thereby enclosing a  column of air above a column of water. As 

waves impinge on the device, they cause the water column to  rise and fall, 

which alternately compresses and depressurizes the  air column. This air is 

allowed to flow to and from the atmosphere through a  turbine, which drives an 

electric generator. The axial-flow Wells turbine, invented in the 1970s, is the 

best-  known turbine for this kind of application and has the advantage  of not 

requiring rectifying air valves.  

A number of OWC devices have been installed world wide,  with several of them 

being built into a breakwater to lower  overall construction costs.  

 

 

 

Figure: 54 Oscillating Water Column  
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Tapered Channel System: 

The TAPCHAN comprises a gradually narrowing channel with  wall heights 

typically 3 to 5 m above mean water level.  

Waves enter the wide end of the channel and, as they propagate  down the 

narrowing channel, the wave height is amplified until  the wave crests spill over 

the walls to the reservoir, which is  raised above sea level. The water in the 

reservoir returns to the sea via a conventional  low head turbine, which 

generates a stable output due to the  storage effects of the reservoir. A 

demonstration device with rated output of 350 kW began  operating in 1985 at 

Toftesfallen, in Norway. The device functioned successfully until the early 

1990s, when  work on modifying the device destroyed the tapered channel. The 

potential market for such a device is limited within Europe,  because the 

design requires a small tidal range. 

 

Figure: 55 Tapered Channel System 
 

The Pendulum System: 

A 5 kW Pendulor test device has been operating in Hokkaido  since 1983.It 

consists of a rectangular box, which is open to the sea at one  end. A pendulum 

flap is hinged over this opening, so that the actions  of the waves cause it to  
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swing back and forth. This motion is then used to power a hydraulic pump and  

generator.  

 

 
Figure: 56 The Pendulum System 

 

Offshore Systems: 

This class of device exploits the more powerful wave regimes  available in deep 

water (> 40 m depth) before energy dissipation  mechanisms have had a 

significant effect. In order to extract energy from the waves, the devices need to 

be  at or near the surface (i.e. floating) and so they require flexible  moorings 

and electrical transmission cables. There are many different types of offshore 

device, some of which  are:  

Float-Based System:  

The simplest concepts extract energy from the vertical motion of  a float as it 

rises and falls with each wave.If the motion of the float is reacted against an 

anchor or other  structure that resists motion, then energy can be extracted 

In the Danish Wave Power (DWP) device, this is achieved by  anchoring the 

float to a pump and generator mounted in a concrete  box on the seabed (DWP, 

1996; Nielsen et al, 1995). Following developmental work, a 1 kW test device 

was installed  near the harbor of Hanstholm, Denmark. This incorporated an 

air reservoir, which acted as an energy storage  system, thereby smoothing the  
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device output. After some initial difficulties, this device performed continuously  

for several months providing considerable amounts of information.  

Another example of a device using a float is based on the Hose  pump, which is 

a specially reinforced elastomeric hose whose  volume decreases as it is 

stretched. 

The interior of the Hose pump is filled with seawater, which is  pressurized as 

the float rises. 

By using a non-return valve, the device can supply pressurized  seawater to a 

line connecting several Hose pump modules  together. This line supplies 

seawater to a conventional Pelton turbine at  pressures between 1 and 4 MPa 

Later a larger system, comprising five modules connected in  parallel to a single 

turbine and generator, was installed in Lake  Lygnern. Despite loss of early 

systems in storms, a costing exercise was  carried out on a 64 MW station 

comprising 360 modules for  emplacement off the Norwegian coast (GES, 

1984). The performance of the system was good enough to encourage  recent 

interest in commercial exploitation in using Hose pumps to  power navigation 

buoys.The performance of the system was good enough to encourage  recent 

interest in commercial exploitation in using Hose pumps  to power navigation 

buoys. 

 

 
 

Figure: 57 Float-Based System 
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Figure: 58 Schematic of Hose Pump 

 

The McCabe Wave Pump:  

This device consists of three narrow (4 m wide) rectangular steel  pontoons, 

which are hinged together across their beam . These pontoons are aligned so 

that their longitudinal direction  heads into the incoming waves and they can 

move relative to  each other in the waves. The essential aspect of the scheme is 

the damper plate attached  to the central pontoon this increases the inertia of 

the central  pontoon (by effectively adding mass), ensuring that it stays  relative 

still. Therefore, the fore and aft pontoons move in relation to the  central 

pontoon by pitching about the hinges. Energy is extracted from the rotation 

about the hinge points by  linear hydraulic rams mounted between the central 

and two  outer pontoons near the hinges.  

Control of the characteristics of the hydraulic system allows the  device to be 

tuned to the prevailing sea state and so optimize  energy capture 

This energy can be used in two ways: To provide electricity by driving an 

hydraulic motor attached to a  generator, with a rating of ~ 400 kW . To 

produce potable water by supplying pressurized seawater to a  reverse osmosis 

plant. A 40 m long prototype of this device was deployed off the coast  of 

Kilbaha, County Clare, Ireland and a commercial  demonstration scheme is 

currently being built 



 

76  

 

 

Figure: 59(a) McCabe Water Pump 

 

Figure: 59(b) McCabe Water Pump 
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Limpet (Land Installed Marine Powered Energy Transformer)  

The Limpet a 500KW device is a shoreline-based oscillating  water column 

(OWC), which has been developed by Queen’s  University of Belfast and 

Wavegen of Inverness. Wavegen  installed a Limpet on the Islay Island in 2000.  

Limpet follows the designer gully concept, in which the device is  constructed 

and fixed in place close to the shoreline, being  protected from the sea by a 

rock bund.When the device is completely installed, the bund is removed,  

allowing the sea access to the device. The device consists of three water 

columns placed side by side  in a man-made recess, which forms a slipway at 

an angle to the  horizontal. In the current design for the island of Islay, the 

water column  boxes are made from a steel-concrete-steel sandwich called  

BISTEEL, giving a device width of ~21 m. The device is anchored to the rock 

promontories on either side  and to the base. Wave tank tests have shown that 

the inclined slope increases the  capture efficiency. There are two low solidity, 

counter rotating Wells’ turbines each  rated at 500 kW. The turbines are placed 

behind the OWC chambers and the  associated electrical equipment is located 

behind the turbines. where it is protected from seawater splashes by a rock 

bund.  

Each set of turbines is protected by a sluice gate, which can  prevent the 

turbines being subjected to green water in stormy  seas.The turbines also have 

flywheels to smooth out energy supply,  as well as blow out valves.  

 

Figure: 60  Limpet  
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