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There is an urgent need for clean and sustainable methods of power generation to meet the ever increasing demand of energy
for human activities. Photovoltaic (PV) technologies are some of the most attractive forms of clean and sustainable power
generation. This study introduces the basic PV process and goes on to describe the different solar PV technologies extant
today The strengths and challenges in the deployment of each of the prominent technologies are deseriedy

concludes by highlighting the government plans for promoting PV and the short, medium and long term initiatives that need

to be undertaken in the Indian context for the success of solr RAfness the suménegy effectively.
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Introduction

It is well-established that the quality of life (QoL) —

often defined or estimated with the help of parameters

that are indicative of the general well-being of a

population group or country such as employment

opportunity access to health, education level, socio-

political and economic equality and empowerment,

etc — is strongly dependent on the per capita energy

availability. This is especially borne out when the

energy availability in a particular country or society is

low. Beyond a certain threshold of e@'ﬁava”abi"ty Fig. 1: QoL today has a strong link with the per capita

the QoL appears to saturate. This optimal per capita electrical energy available for small values of energy

electrical energy availability in industrial and availability. (Plotted with data taken from http://

democratic countries for good QoL appears to be www.eia.gov/ and http://wwweconomist.com/media/
pdf/QUALITY_OF_LIFE.pdf)

around 15-18 kWh of electrical energy per person

per day as shown in Fig. 1 (based on data from http:/

Iwww.eia.gov/ and http:/iwwconomist.com/media/  Thus, to raise the QoL in India for all its citizens, we

pdf/QUALITY_OF_LIFE.pdf). The electrical energy will need exponential increase in electricity production.

available per person per day in India in the beginningAs of 2011, India generated 985 billion kWh of

of the first decade of the twenty-first century was electricity (http://wwweia.gov/) and by the yardstick

around 1.5 to 2 kWh per day should also be noted  of maximizing QoL for all citizens, 6000 billion kwh

that the energy availability is skewed significantly needs to be generated — an almost six-fold increase

towards the residents in and around urban centresin power generation. Relying purely on fossil fuels
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might be counter-productive economically and www.mnre.govin/sec/solarassmnt.htm), most parts
environmentally and one needs to explore renewableof India receive more than 5 k¥h-2xday Even with
sourcesAmong the various renewable sources of 10% eficient PV power generation, Indig'current
enepy, tapping solar engy directly with photovoltaic  electricity requirement can be generated in an area
(PV) technology is an attractive and practical option, less than 75 km x 75 km which is less than 1% of its
especially for a country such as India which receivedland area. This deployment should, of course, be
abundant sunshine for most of the year distributed to take advantages of its inherent strength
and also to minimize transmission losses. The capital
involved in the deployment of so many PV panels
and their availability will be a bottle neck — besides
the challenge of storage of energy for use at night

Approximately 170 PW (P = peta 10Y) is
incident on the face of the earth at any point of time,
which is 6000 times more than the current world

demand of 17 TW of energy used — out of which when PVpanels cannot generate powdowever

electrlczy genzrgtlon IS ?rgl:nq 213V T?e?fgtilw b simplistic this calculation might appeadtr helps us
energy demand 15 expected lo Increase 1o Yrealize that with availability of the right technology
the middle of this century (Hoffert et al., 1998).

and policies, India is well-placed to generate a
The electricity production in India as of 201  significant fraction of its energy requirement directly

was 112 GW (985 billion kWh per year), which is  fromincident solar radiation.

about 5% of the total world energy production (http:/

/www.eia.gov/) As seen in the solar insolation map

of the Ministry of New and Renewable Energy

(MNRE), Government of India (Fig. 2) (http://

While the solar power may be tapped by various
means such as solar thermal and photochemical
approaches, PV allows for direction conversion to
electricity which has evolved to be the most
convenient form of energy for human use. The other
approaches too have their advantages (as discussed
in the other contributions in this volume), and one
should evolve methods of combining the different
approaches for effectively harnessing solar power for
human useWe will focus on the current status of
PV technologies, the challenges and opportunities
these provide in tapping solar power and finally discuss
possible approaches of deploying thereeively,
especially in the Indian context.

Brief History and Status of PV Deployment

While the photovoltaic process was described and
some of its aspects were understood in the 19th
century especially byAlexandre-Edmond Becquerel,
it was in 1952 that the first solar cell with more than
1% efficiency was demonstrated in Bell Labs by
Chapin, Fuller and Pearson (Chapginal., 1954).
Their cell fabricated with p-n junction on Czochralski
process grown monocrystalline silicon had an
efficiency of 6%. The news of its fabrication was
received with much enthusiasm by the press and the
Fig. 2: Annual average energy that can be generated per’m  scientific communityWithin a couple of decades, PV

per da); :ﬁr ')”d‘a- (http://www.mnre.govin/sec/solar established itself as an important and mature
assmnt.ntm
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technology for power generation, especially in niche is based on silicon — both single crystalline and multi-
applications such as power generation in spacecrystalline. Howeverdue to the high cost per watt of
remote locations and in consumer electronics. energy with these PV cells, various thin film silicon
However its use for lage-scale power generation have emerged. Some of the more popular technologies
replacing the use of fossil fuels did not happen due toin this category are cadmium telluride (@&lTand
the higher cost in the fabrication of the solar cells ascopper indium gallium diselenide/sulphide (CIGS).
well as the huge energy payback time for the solarAnother promising technologgspecially in the Indian
cells fabricated with the existing technologies. context is amorphous silicon solar cells and their
_ variations. In recent years, a variety of promising
Th_ere was a b|g push to promote renevV"’lbletechnologies have emerged including dye-sensitized
power. |ncI.ud|ng PV in the decade of th? 1970s, solar cells, organic solar cells and quantum dot solar
especially in USA and other western countries due tocells. The high efficiency compound semiconductor-

:jhe ugav?rlllabmt_ytgf petroleurrrl]. _In It:dlta toof, tlﬂ tht‘_"‘t based cells and multi-junction solar cells have also
ecade, the existing research Instiltes ot e M€, - je rapid strides in recent years. Often the gostly
were involved in PV research and development.

¥ ith th litical and . Ut but high efficiency solar cells are used with
oweverw € politicaland economic resofution concentrators, where the mirrors which are cheaper

of the issues with oil producing nations and the SUppIYthan the high efficiency cells collect sunlight from a

of petroleum becoming more abundant, the emphas'%/vider area and concentrate on to a small area.
on PV research was reduced — although it did not

stop but continued only in low kely was only in the The choice of the technology to be deployed
first decade of the 21st century that the emphasis orwill depend on the specific application, availability of
PV research has come back, especially in the contextand and the capital cost restrictions. The current status
of growing awareness of global warming due to of many of these technologies and the challenges they
continued use of fossil fuels. Owing to government face will be discussed in more detail in section - PV
incentives in countries such as GermaRy Technologies for PV Power Generation.
manufacturing has taken off rapidly in the last decade _

and the cost of solar PV power is quickly moving Power Electronic System

towards grid parity making it more and more Once the charges have been separated and the PV
competitive. process is complete in the PV cell/module, the power
needs to be extracted to the outside world efficiently
for practical use. The power extracted will be a
maximum only for a particular load value as seen by
The components that need to be handled for thethe photovoltaic cell/module. It is possible to build
deployment of solar PV power generation technology €lectronic circuits that can track th¥ characteristics
consists of the following: (i) power generation; (i) of the PV cell/module and help extract maximum
power electronic system and (iii) a load or a storagePower from the module. Such circuits are called
where the generated power may be used upmaximum power point tracking (MPPT) circuits and

Components in the Deployment of PV
Technology

immediately or stored as energy for future use. are to be designed for the specific solar module
technology and system as well as the load to which
Power Generation the power is to be actually delivered. Besides the

Electrical power is generated from solar insolation power extraction from the power generating cell/

with the help of solar modules which are implemented module, the power electronic system also balances

by a range of technologies. These technologies are a@e“varla:::ons n pfgwer frqm the ?|ffefr(ta:t To%ulers].ars]
various stages of maturity and development, which V&' @s IN€ SpEecIc requirements ot the load whic

offer various trade-éfin cost, eficiency, stability might be a battery bank where energy is stored or a

weight and aesthetics. The most popular technolog rid to which the generated power is |mmed|ately.
evacuated. The power system has to be custom built
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according to the specific location and purpose of thegeneration as the sun moves across the sky or a few
PV system.The Indian grid system’features are hours of cloudy weather; dong term to manage
distinct from those in developed countries. The seasonal variations in PV power generation and longer
weather and maintenance conditions possible in theperiods of lack of sun as during monsoons or foggy
places where the PV deployment is taking place maywinter months. For the success of large-scale PV
also vary These have to be also factored in when technology deployment and to effectively use the
putting together a power electronic system. In the technologyit is critical to address storage methods
Indian context, location-specific power electronic that are economical and compatible to PV
system design and deployment is a critical factor intechnologies.

the successful deployment of B&thnolo _ :
pioy oy While all three aspects — power generation,

Energy Sorage power electronic system and energy storage —
discussed in the above three sub-sections - Power

The power harnessed by a solar PV system andzeneration to Energy Sorage are important for

provided as electrical power could be immediately deployment of P\power generation technolagye

used up by supplying to the grid or it has to be stored,i|| focus on power generation with PVhe other
as enegy, possibly with the help of batteriéhis is  45pects are discussed elsewhere in this volume.
unlike the solar thermal and solar chemical routes for

harnessing solar power where the harnessed energihotovoltaic Action and Power Generation
is automatically stored in the steam generated or agfficiency
chemical energy which could be used after a gap in

time Photovoltaic action may be divided into three steps:

(i) absorption of incident photon; (ii) creation of an
For solar PY directly supplying the power electron-hole pair that can conduct current; and finally
generated to the grid is increasingly populdis is (i) separation of this electron and hole to separate
particularly attractive if the peak power demands electrodes to create the electro-motive force (emf)
coincide with the power generation periods during the of the PV cell as a power source.
day This solution may be acceptable today when _ _ )
power generated and fed to the grid is a small fraction/APSorption of Incident Light

of the fossil-dominated power generation. When the 1 jntensity of incident light drops exponentially in a

main source of power in a grid is from Rability of  yaterial as it goes through it. This is modelled by the
the grid can be captive to the vagaries of the powergeer_| ambert law (Swinehert, 1962):

generation due to the availability of sunshine and its

variation during the dayin systems and situations 1(x, A) = 15(A)-exp[-a@) X,

where the geperated power from PV negds to L_’Sfeo\livherelo(}\) is the intensity of the incident optical beam
!ater (e.g. at night when sunlight is nqt ava|lz_;1ble), itis of wavelength landi(x, A) is the intensity of beam
|mp9rtant 10 evplve low-cost, economically viable anq after it travels a distancefsom the surface within
environment-friendly methodg of energy gtorage. This the material Here, a(A) is the absorption coefficient
could take the form of storing water in elevated

: lectro-chemical thod h in the material for light of wavelength. For
reservoirs, or electro-chemical methods suc asphotovoltaic material, we would waiA) to be large
batteries or with hydrogen fuel cells.

for the As present in the solar spectrum. Thus, less
The storage duration required maydert term material will be sufficient to absorb the photons coming
to ease of transfer of power to the grid and to protectin from the sunlight to contribute to the PV process.
output power from momentary fluctuations, possibly
due to a bird flying over the panel or cloud momentary
covering the sun or other causesdiumtermto  An incident photon in a material can be absorbed
take care of hourly variations in solar PV power provided an electron can absorb its energy and is able

Creation of Electron Hole Pairs
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to find an energy state in the electronic band structurean emf in the solar cell which can do useful work on
that can accommodate the excited electron. Foran external load connected across the PV cell
example, in the schematic shown in Fig. 3, any electronterminals.

in the filled valance band can absorb energy in the

range o, <E <E_. Thus, the absorption coefficient Efficiency of a PV Cell

a(l) depends on the band-gap, besides the electronigpe power conversion efficiency of a PV cell for

band structure of the material. For indirect ba”d'gapcomparative purposes is determined by exposing the

semiconductors such as silicon, the non-zero changge|/module to a known intensity of optical radiation

in momentum has to be accommodated with the ¢ 5 given spectrum. The maximum electrical power

involvement of phonons which makes the absorptionhat can be extracted from the cell by choosing the

less probable. This is why for indirect band-gap 55nropriate load, is then determined and this is taken

semiconductors, the absorption coefficientis small. 1, pe the useful electrical power generated. This latter
quantity may be expressed as the product gfthe
open circuit voltage obtained in the PV cell, the
short circuit current for the PV cells and the fill factor
(FF). The FF is a fraction of the maximum power
that can be extracted by an optimum external load
from the solar cell to the product of \andl . (For

A B C D more information on Ffplease refer to the article by
, _ , Saheet al. in this Special Issue of INSén Enegy.)
Fig. 3: Incident photon of energy hv>Eg (band-ap) A:.Exmtes Thus. the power conversion efficien@y (n the solar
an electron from the valance band to conduction band, !

which results in, B: An excited electon and an excited cell for an incident power OfilEiS given by
hole. C: The excited charges thermalize in a short
time to come to the bottom of conduction band and n= (VOC X lge % FF)P

top of the valance band, espectively D: The free
electron and hole now need to be separated physically ~Wheren may often be expressed as a percentage.
which is usually accomplished with the help of a

built-in electric field to create an emf in the solar Sun’s Spectrum and Units Specific to SolaCells
cell and Modules

in’

When a photovoltaic cell is used for generation of
Once the photon energy is absorbed by thepower from solar irradiation, it is often referred to as
electron to form the electron—hole p#iey thermalize  a solar cell and the module built with it is called a
rapidly. The electron comes to the lowest possible solar module. Thus, solar cells and modules for
state in the conduction band and the hole to the highesterrestrial applications need to be calibrated to the
possible state in the valance band. This change irsuns spectrum on the earshsurfaceThe rating of
energy in the electron and hole is dissipated as heatthe solar cells and modules are also made with distinct

units which are described here.
Physical Separation of Electrons and Holes

_ The Solar Spectrum
The thermalized electron and hole now need to be

physically separated. This is usually achieved by aThe energy from the sun reaches the earth in the
built-in field present in the device at the location of form of solar irradiation. The incident power is
the formation of the electron—hole palhe most  distributed over different wavelengths. The spectrum
popular way of achieving the built-in field is by creating observed corresponds to a black-body radiation at
ap-njunction in a semiconductorhe electron gets  6000°C, which is the temperature of the sun on its
swept towards the cathode and the hole gets swepsurface. The radiation from the sun reaches earth
towards the anode. This separation of charge createlocated approximately 8.32 light minutes awdyst
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outside the earth’atmosphere, the total intensity of Rating and Output of a Solar Cell/panel
light is 1353 W m?(Sze, 1991). When the light reaches
the earths surface, not only does its intensity get
attenuated, but its spectrum also gets altered. This iS
?huee;?;Zi;fgg%opeggumfrg;;gﬁ:::ﬁ,g;foug (integration of the intensi;[y of light for all the
depending on the distance in the atmosphere that thgvavelepgths) of 10.00. W . (1OOImW_<crrT2) as
light travels, which in turn depends on the syrusition shown in Fig. 5. This intensity of light is also often
with respect to the zenith, the spectrum and intensity
of light reaching that location on the eastlurface
varies.

For terrestrial applications, the internationally accepted
tandard is to calibrate all solar cells and panels at
5°C for a spectrum ¢fM1.5 G with a light intensity

referred to as 1 sun intensitfhe maximum electrical

power that can be garnered from the solar panel for

this standard illumination (AM1.5G spectrum with 1

sun intensity) is referred to as the watt peak (Wp)
When the sun is overhead, solar irradiation rating of the solar panel.

travels through one atmosphere length before reaching

earths surfaceThe spectrum corresponding to this There are, howevevariations in the intensity

is calledAM1.0. When the sun is about midway to and spectrum of light that reaches different locations
- on earth depending on the latitude, altitude, local

the zenith from the horizon (more accurately at th q at heri diti d th
48.19), the surs radiation traverses 1.5 times the weather and atmospheric conditions an ©

thickness of the atmosphere and the spectrum is calIemeadlate surroundings of the sola_r panel._ For
AML.5 (Fig. 4). This spectrum is considered as the example, a 1 Wp (watt peak) in the higher latitude

average of the sus'radiation during the day as it might be able to generate less than 3 Wh in a period

moves from the horizon at sunrise {9 the zenith of one day in wintewhile the same panelina Qesert
position during midday @ and finally again at the region located near théropic of Cancer might

horizon at sunset (9D Moreovey solar spectrum gets _?_Ener?:]e m.ore tfh;l]mlﬂp Idurlng al angt summ?(/\c/iayt/h i
modified depending on whether direct sunlight is us, the siz€ ot Ihe so'ar panels in terms ot Wp tha

considered or scattered light is also taken into will need tlcl) ge mstdalled :ﬁr generta;ung ;[.he re;ql:rllrgd
consideration. This modification in spectrum is energy will depend on the exact location ot their

indicated with a G forglobal” or D for “direct”. deployment.

India, by virtue of its location is blessed with
sunlight for most of the yeaOn average, over the
year most parts of the country can generate 5 to 6
Wh of energy from a 1Wp solar panel (Fig. 2). During
rainy season and in foggy winter months in some parts
of the countrythe enggy that can be harnessed might
decrease to much lower values. More details for
specific locations in India can be obtained from the
MNRE, Government of India website (http://
www.mnre.govin/sec/solaslassmnt.htm).

Shockley-Queisser Limit for Solar Cell Materials

As seen earlier in section - Creation of Electron Hole
Pair a material with a band-gEB will absorb only
Fig. 4: Spectrum of the sunlight reaching the earth’s surface the part of the SpeCtrum with energy greater ttban E
is modified by the distance the sunlight has to travel Moreover enegy more tharEg that is absorbed from
through the atmosphere depending on the sun’s  the photon is lost as heat during thermalization. Thus,

position with respect to the zenith. AM1.5 G is taken onlya limited part ofthe spectrum of the suradiation
as the spectrum to calibrate solar cells and modules
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junction or tandem cells, i.e., solar cells built one above
the other so that the lower cells absorb the spectrum
of light not collected by the cells above. Efficiency
may increase in a well-designed system due to the
lowering of thermalization loss in the individual solar
cells. The theoretical limit of upper bound of efficiency
has been determined B\exis De Vos (DeVos,
1980). When two or more cells with varying band-
gap materials are used, the upper bound efficiency
can be increased significantlifor unconcentrated
incident sunlight with a large (infinite in theory) number
of cells stacked in series on top of each ottex
, , _ _ _ upper bound of efficiency is 68% and for concentrated
Fig. 5: Solar spectrum and intensity for AMO (just outside . . .

the atmospher) and for AM1.5 when the sun is at Sun“ght' the upper bound is as hlgh as 86%.

48.19 to the zenith (http://rredc.nrel.gov/solar/ Concentration of light helps increasing the open circuit

spectra/) voltage as well as the short circuit current which can
result in generation of more electrical power to
increase incident photons, provided the gain is not

and only a part of the absorbed energy will be useful sftset by too much rise in temperature or recombination
during the photovoltaic process to generate the emfyf axcess carrier within the cell.

in the solar cell. Based on a detailed thermodynamic

argument by Shockley and Queisgbe upper bound From a practical point of vieviioweverit is to

of efficiency for solar cells built with materials of a e noted that building tandem cells can be costly and
given band-gap can be estimated (Shockley andd design ensuring the same current through all the
Queisser1961).This eficiency bound is known as tandem cells connected in series can be difficult and
the Shokley-Queisser limit (Fig. 6). The fundamental Will be valid only for a particular relative position of
losses are due to inability of semiconductor to capturethe sun with respect to the zenith as the spectrum of
photons with energy less than the band-gap;sunlight Changes with the sgriocation in the Sky
thermalization loss in the electron-hole created with Similarly, using concentrators will require extra care
energy larger than the band-gap; Boltzmann loss; and" tracking the sun and ensuring that the cell
Carnot loss (Hirst and Ekins-Daukes, 2p1 temperature does not become unacceptably Algh.
the same, these calculations are useful as they give
the upper bound of efficiency for solar cell designers
and fabricators. They may be pursued in situations
where cost consideration is not a limiting factor for
generating powefor example, in the context of space
exploration.

However this upper bound may be extended
beyond the Shockley-Queisser limit by building multi-

PV Technologies forPV Power Generation

A snapshot of the various technologies is provided in
Fig. 7 which shows the “Best Research-Cell
Efficiencies” being compiled and updated by the
National Renewable Energy Laboratories in Golden
Fig. 6: Upper bound of efficiency of a single junction solar Colorado (http://wwv.mrel.gov/ncpv/images/
cell with a material of a given band-gap is called the  efficiency_chart.jpg). The solar PV technologies

Shockley-Queisser limit after the scientists who available today may be broadly classified in the
proposed it (Shockley and Queisserl961)



Fig. 7: Plot of compiled values of highest confirmed conversion f¢iencies for reseach cells, from 1976 toAugust 2015.This plot is obtained by coutesy of the National
Renewable Energy Laboratoy, Golden, Colorado, USA(http://www.nrel.gov/ncpv/images/diciency_chart.jpg)
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following categories: (i) silicon-based solar cells (first
generation); (ii) thin film inorganic semiconductor
including amorphous Si, CIGS and G&d3Jolar cells
(second generation); (iii) higher efficiency compound
semiconductor solar cells such as GaAs and multi-
junction solar cells (third generation) and (iv) newer
and futuristic technologies in solar cells such as
organic, dye-sensitized solar cell (DSSC) and quantum
dot solar cells (also classified as third generation).
The advantages and challenges of popular solar cell
technologies are presented here.

Silicon-single Crystalline and Multi/polycrystalline

e : . A B
Silicon is one of the best understood materials, owing

to the immense research and development inthe ver)?‘g- 8: A: Module built with single crystalline solar cells;
. . . - and B: A module built with multi-cr ystalline solar

large-scale .|ntegrat|o.n (VLSI) industry where silicon cells. (http://solarmaxdirect.com)

technology is the mainstayloreoverthe abundance

of silicon on eartls crust makes it attractive when

one envisions building solar cells in large volumes that

_ shows examples of single crystalline and multi-
can produce terawatts of power needed in the future

trystalline modules. The former modules are often

The mainstay of solar cells till date has been immediately identifiable by the gaps between the cells
silicon solar technologyn this technologyscientists  in the module —the single crystalline cells being made
have managed to prepare solar cells on siliconWwith circular wafers which are often optimally
substrates with efficiency close to the maximum chamfered to increase the packing density while
possible 25% for single junction cells on Si, as predictedMinimizing the wastage of high quality single crystalline
by the Shokley-Queisser limit and assuming the bestSubstrate.
attainable values of material properties with today’

_ Yet another approach to reduce cost of material
technologies (Zhao et 211998).

used in the solar cell is to use ‘solar grade’ silicon

The cost of manufacturing a silicon solar module "ather than the/€lectronic grade’silicon (Solanki,
consists of broadly three components — the material2011). In the past, the lower grade silicon that was
cost which is primarily the silicon wafer cost, the cost left over after supplying to the VLSI industry was
of processing the wafer and the cost of building the Sufficient to supply manufacturers of silicon PV
module with the wafers. There has been a constanfnodules. The VLSI industry has stringent
effort in the industry to reduce all these componentsreguirements about impurity contents such ag\Fe,
of cost, while not adversely affecting the efficiency and other metals. Electronic grade silicon would need
of the solar module. One of the approaches to reducdmpurity levels of less than parts per billion. On the
the material cost is to simply reduce the amount of0ther hand, wafers with lesser purity might be
silicon used to build the solar cells (thin-film silicon agreeable for solar cell fabrication with acceptable
solar cells). This may take the form of poly or multi- Performance. These ‘parts per million" purity solar
crystalline solar cells that are formed by lower cost 9rade wafers incur significantly lower costs. In recent
process compared to the costly Czochralski processyears, since the boom in PV production, the volume
Another approach is to use amorphous silicon to buildof silicon used to build solar cells is exceeding that
solar cells as discussed in the next sub-section. Théised for VLSI chip production. Many plants for solar

lower cost material, often result in lowering of the grade silicon have been set up, especially in China,
overall efficiency of the solar module built. Fig. 8 Which have flooded the market and have brought down
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prices of silicon wafers to unprecedented levels.  technologies), are some of the processing tricks used
by various manufacturers to increase the efficiency
of solar cellsA good reference on issues related to
silicon PV can be found in Goetzberger et al. (2003).

Even with solar grade wafers, prices can be
brought down further if the wastage during the sawing
of ingots could be minimized (Goetzberggtral.,
2003).Typically, almost 50% of the ingot may be lost Internationally the whole manufacturing of
due to ‘kerf” losses. Some have tried to remedy this silicon solar cells has shifted to China due to the ability
by preparing kerfless silicon waferswo of the of the industries to produce cells and modules at low
popular methods used are edge-defined film-fedcost. In spite of tariffs imposed on Chinese solar
growth (EFG) and string ribbon silicon technologies. products by other countries, they remain competitive
In the case of EF&i-wafers are pulled out from the to the products manufactured in the USA and Europe.
melt by using graphite die with capillary acti&&E In India, there are a few companies such as Lanco
Americas are primarily responsible for this technalogy Solar in Rajnandgaon, Chhattisgarh and Moser Baer
One may also pull out the wafers with a pair of high in Greater Noida in Uttar Pradesh that engage in panel
temperature wires from a silicon melt. This process assemblyHoweverthere is no wafer to module type
was championed by Evergreen Solar (http:// integration or manufacture today in India. Some
www.evegreensolacom/en/about/). research activities are being carried outin IIT Bombay
in the Microelectronics Centre and the National Centre
for Photovoltaic Research in crystalline silicon PV
_ ) X . technology National Physical Laboratories, New
wafers are fabricated. Slmulatlor! results from.l\/.lartln Delhi is also researching various methods to improve
Green show that you can obtain 19.8% efficiency silicon PV efficiencies. Central Glass and Ceramics

solar ctells V;'th Imm thick ,Smcor,]”S glar Ce"j a;llthoutghh Research Institute, Calcutta and other CSIR labs are
so.me ouch up processing Wil be neede on ©S&so looking into developing materials for improved
thinner wafers (Green, 1999). The traditional

. light harvesting for silicon (and other) PV technologies.
assumption was that you need more than rho® ¢ g ( ) g

silicon wafers to be able to absorb sufficient light due Sjlicon-amorphous and Nano-crystalline

to the indirect band-gap in the material — but the __ _ .
fractional higher efficiency one gets will come at a Amorphous silicon solar cells are simpler to fabricate
cost. So, these ultrathin silicon wafers, if successfully Since the solar module is directly fabricated on the
made and handled during fabrication, can bring downSubstrate with amorphous silicon deposition being one
the cost of material by an order of magnitude. One of©f the intermediate steps. The maximum temperature
the interesting ways of preparing ultra-thin wafers is ©f Processing is typically 43C and often lower

by cleaving the wafers at the edge, a processmaking it especially attractive for solar cells
pioneered by Silicon Genesis and called as thelmplementation on flexible substrates and for light
PolyMax™ process. This is a kerfless technology weight building integrated PV (BIPV). The deposition

which makes it competitive with much potential. is carried out using hydrogen {rand silane (Sik)
gases by the plasma enhanced chemical vapour

Besides reducing material cost, novel deposition (PECVD) process — which is the most
modifications are continuously attempted by silicon popular method in commercial use. Since the doping
manufactures such as printing of the contacts (Hilali of the amorphous silicon causes decrease in lifetime
etal., 2004) or ion implantation (Roha#ial., 2012)  of carriers, usuallyp-i-n structure is used in this
in order to reduce the processing cost and time. Us&echnology with the absorption of light taking place in
of backside contact by SunPower to avoid shadowingthe lightly doped intrinsic region. Since the first
effects (Mulligan and Swanson, 2003), anti-reflection demonstration of this technology in 1976 (Carlson and
coating (Rowlette and/olden, 2009) and plasmonic  \Wronski, 1976), buoyed by prevalence of the deposition

techniques (Atwater and Polman, 2010), especiallyprocess in th&LS! industry, it made rapid progress;
in thin silicon wafers (also common to other PV

To reduce the cost even furtheltrathin silicon
technology is being pursued where 5 tavs8 thick
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and by 1980, more than 10% of the efficient cells In India, Bharat Heavy Electrical Limited
found commercial application. Howeyethis (BHEL) has set up aimorphous Silicon Solar Cell
technology was soon plagued by instability in the Plant (ASSCP) at Gwal Pahari, Gurgaon. Research
efficiency — known as thet&bler—Wonski efect and development in amorphous silicon is being carried
(Staebler andwronski, 1977).The passivating out by Indian Institute of Engineering Science and
hydrogen moves with time resulting in drops in Technology at Shibpudadavpur University and Hind
efficiency which stabilizes around 6-7%. Due to its Hivac Ltd. Many private research institutes such as
lower efficiencies, amorphous silicon modules are SSN Research Centre located in south Madras are
usually popular for portable and distributed power also working to develop amorphous silicon solar cells.

generation (Fig. 9). _ )
HIT Cells — Amorphous and Single Cryatline

The combination of crystalline silicon with amorphous
Si — popularly referred to as heterojunction with
intrinsic thin layer (HIT) cells —is increasing attractive
to supplement the efficiency of single crystalline silicon
PV cells with marginally increased processing cost.
The agcS heterojunction cells with intrinsic layer
have achieved record efficiencies of more than 21%.
There are many variations of the HIT cells with n
type or ptype a-§ for example, those developed at
Sanyo (‘Bguchi et al, 2005) and EPFL, Neuchatel
(Hanniet al., 2013). In India, BHEL in Gurgaon has
also managed to demonstrate structures similar to HIT
cells successfully

Copper Indium Gallium Diselenide/sulphide
Fig. 9: An example of an amorphous silicon module along

with a solar lantern (http://www .solar-global.cn) In its earlier version, the thin film solar cells with
efficiencies of around 6% to 7% were demonstrated
with CulnSg by Kazmersket al. (1976). This material
One way to avoid this drop in efficiency due to combination had a band-gap of around 1 léWas
Staebler—Wonski efect is to build amorphous silicon  found that the band-gap could be tuned by substituting
— nanocrystalline silicon (aSi-ncSi) multi-junction Ga in place of In and S in place of Se from 1 eV to
stacks. The nc-Si is more stable and can be achieved.5 eV — giving rise to CIGS. Depending on the process
by increasing hydrogen concentration during the and the group fabricating it, the actual absorption layer
PECVD deposition. Howevgthe deposition process may contain four or five elements. There was rapid
is significantly slowed due to this (Roschek et al progress in 1990s in this technology and best cells
2002). with efficiencies of 16% were demonstrated. Unlike
many other technologies, CIGS efficiencies have
shown a steady climb over the years in performance
and devices with efficiencies of more than 20%
efficiencies have been demonstrated receiihe

Internationally this technology seems to have
peaked and is on the wane, at least temporarily
However in the Indian context, the low cost of
fabrication of these cells might still make it attractive . : .

potential for further improvement makes this

for many applications, such as portable PV and for - . :
. technology very promising. Since 2007, production

BIPV. Also, the use of plasmonics and other photon " .
capacities of many tens of MW of solar panels with

management techniques might help extract better,

L this technology have been installed. They are
efficiencies and lower costs for the power produced. . .
particularly popular as they can be deployed on flexible
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substrate (Fig. 10) such as stainless steel and titaniurpurposes. Thus, the process window is small and is a

sheets. They can also be fabricated on polyimide, buthallenge for manufacturing. Moreoyéhere are

the low temperature of processing (<#GPresults  limitations on the window layer where CdS (Cd toxicity

in lower efficiencies. is an issue), ZnS and InS are explored. Similanky
doped ZnO asCO raises concerns about stabikty
few extensive studies on CIGS solar cell technology
areTiwari et al., (2010) and Kodigala (2010), which
also highlight the different international groups involved
in research, development and production. Moser Baer
India Ltd. has undertaken an MNRE-supported project
to come up with a manufacturing technology for CIGS
solar cells.

One of the biggest challenges posed by CIGS
towards terawatt power production is the limited
supply of In in eartls crust.There have been
attempts to recycle the In from old modules, but more

_ T e research and development is needed to make this
on flexible substrates making it ideal for building L. . .
integrated PV. Here, a CIGS solarcell from Day Sar efficient and cost-effective. This has prompted

Technologies, Inc. (01/1/2006) is shown (http:/ researchers to look for earth-abundant element-based
www.solarservercom/solarmagazin/newsa2006_01_e. solar cells.
html)

Fig. 10: CIGS is a thin film solar cell that may be fabricated

Copper Zinc Tn Selenide/sulphide

Typical CIGS cells consist of Mo back contact, Copper zinc tin selenide/sulphide (CZTS) has evolved
ap-type CIGS absorption layer and doped ZnO as@S2 possible alternative to CIGS solar cells using earth-
the transparent conducting oxide (TCO). However abundant elemgnts. The first solar cells of this type
the methods of manufacturing followed by different Were reported in 1988 (Ito and Nakazawa, 1988).

groups are varied. Broadlihere are three methods There has been rapid increase in the efficiencies in
of fabrication of the absorption lay@ne method is the last one and half decades. In 1997, 2.3% efficiency

co-evaporation of the elements on heated glassVas reported and by 2010, the efficiency had crossed

substrate at 60C (usually held below the sources). 10%. InAugust 2012, IBM, partnering with Solar
Modem in-line diagnostics help in getting the right Frontier Tokyo Ohka Kogyo (DK) and DelSolar

stoichiometryAnother method is to form the metal &nnounced CZTS solar cell ofiefency up to 1.1%
films and then subject them to selenidization/ (Nttp://phys.org/news/2012-08-ibm-efficiency-
sulphurization. The latter may be carried out with @bundant-material-solatml). Much of the rapid
hydride gasses ¢Se/H,S) for better control, although ~ ImProvement in these solar cells is due to cross-
toxicity can be an issue. The third method is to deposit'€arning from CIGS. Thus, there is much promise in
the films by wet processes such as electrodepositionfiS technologyWithin India, the thin-film solar cell
particulate deposition/solution processing. Howgver 9roup at NPL has been working on CZTS solar cells
this method does not form as dense a film and&/0ng with research activities on CIGS.

efficiencies are usually lowelsually the first and
second methods result in higher efficiencies, but with
a larger cost and challenges for large-scale productiorirhe first Cadmium telluride (Cd) solar cells were
(Hibberd et al., 2010). reported in 1963 (Cusano, 1963), but it was in the
1990s that interest in the technology picked up. Due
to some good technological improvements, in the

Cadmium 7elluride

CIGS involving five elements can have many
stable phases which are not useful for solar cell
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middle of the first decade of the twenty-first century either costly or too complex to handle. Sulphides of
by companies such as First Solaower generated Zn and In or oxygenated CdS have been tried for
for less than $1 a watt from CeTolar cells was  window layers.

reportedWith significant lowering of cost of Si solar
cells in the last couple of years, the excitement for
CdTe technology in recent years has somewhat
diminished.

The \/ observed for CdS is more than 200 mV
and less than that for GaAs which has a comparable
band-gap of 1.42 e\his is primarily due to the low
carrier lifetime of a few ns arising from defects as

There are many facets that make @dT well as grain-boundaries in the polycrystalline €dT
technology attractive. Its band-gap of 1.44 eV at 300layer. Crystalline Cd€ on the other hand gives
K is in the region where the Shokley-Queisser minority carrier lifetimes of about 1 sn However
efficiency limit will be among the highest. Its solar cells in crystalline CdT are poorer in
absorption coefficient is high and a couple of microns performance than in polycrystalline CelTThis
of the material can absorb most of the incident light in apparent paradox is due to the fact that the grain
the spectrumAs with other II-VI compounds, Cd boundaries may be playing a critical role in the
andTe sublime congruently and the compound €dT transport of charges and thus help in other aspects of
is thermodynamically stable. Thus, it is easy to form the photovoltaic procesélthough in the industry
stoichiometric Cd& by simple thermal deposition some empirical solutions are being used and touted to
process with high deposition rates of more than 20solve the issue, there are no simple or reliable solutions
microns per minute. as yet. One needs to understand the role of defects
and carrier lifetime in Cdd and see how to increase
the latter without compromising on the mobility of the
chages (Wlden etal., 201). One potential solution

dthe ab ion | oftzoe CdB. Finally th is to build p-i-n structures, but the control of dopants
and the absorption layer oitppe - Finally the in CdTe to obtain these structures needs to be

contact is made with ZreTor Cu or C. One big mastered.

advantage is that the temperature of deposition of the

first three layers ¥CO, CdSand Cd€ of ~600C is The toxicity of Cd is often raised as an issue
the temperature where the glass exits a float line.when considering deployment of GaEolar cells.
This advantage to manufacturing has been used tdHowever tests indicate that contamination due to Cd
the fullest extent by First Solar and other companieseven during fire hazards or cracked modules are
to reduce the cost of production. negligible. In fact, it is argued that Cd, which is a by-
product of mining Zn, can be safely sequestered in
the solar panels between the glass plates. The
manufacturers are also committed to taking back the
panels for re-using Cd at the end of the solar panel
lifetime. It will also be useful to re-use tiie which

is a rare element of limited suppi®n the whole,
while CdTe is likely to play a role in the Piéchnology

Thel _can be improved by increasing absorption much research needs to be carried out before it can

of more light in the Cd& absorption layer and not in  take the centre stage. Moreqguge limited availability
other parts of the cell. The Sp® TCO layer and of Te can be a bottleneck for terawatts of power
CdS window layer absorb much of the blue part of being generated by CdTsolar cells and this issue
the solar spectrumAttempts have been made to has to be addressédcouple of useful review articles
improve this by changing the TCO or by substituting on Cde technology bywu (2004) and Morales-
of CdS with alternative TCOs such as indium tin oxide Acevedo (2006) are available.

(ITO) and cadmium stannate. Howevtdrey are

A typical CdE solar cell is fabricated on a glass
substrate (Meyers ardbright, 2000) with th& CO-
SnQ,:F, followed by an rtype window layer of CdS

In spite of the above advantages, the highest
efficiency of Cde solar cells today are only around
50% of the Shokley-Queisser limit and the
manufacturing diciencies are aroundl112%.This
can be alleviated only by increasing both theihd
theV . for these devices.
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High Efficiency Solar Cells: GaAs, Multi-junction
and Solar Tackers

Some of the highest efficiencies are achieved by direct
band-gap semiconductor solar cells such as GaAs
solar cells. These solar cells routinely achieve
efficiencies close to 30% (single junction — 28.8% by
Alta Devices in 2012), while the practical maximum
efficiency of Si solar cells is only 25%. Researchers
such ag’ablonovitch and\twater have championed
the use of these devices (http://wwaltadevices.com/
technology-overvievphp). Howeverthe GaAs solar
cells could end up much more costly to produce.

Another option to increase the efficiency is the
multi-junction solar cells, one cell stacked on the other
with highest band-gap closer to the light source and
smallest band-gap farthest from it (Fidj) With two
cells, the theoretical Shockley-Queisser maximum
efficiency achievable jumps to 42% and with three
junctions, it increases to 49% (Mes, 1980)With
the highest possible light concentration, the theoretical
maximum efficiencies for single, double and triple
junction solar cells are 40%, 55%, and 63%,
respectively As seen from the chart in Fig. 7,
researchers at Sharp with triple junction, inverted,
metamorphic cells and 302 times concentration have
managed to achieve 44.4% efficiency — the highest
efficiency solar cells as of 2013).

Besides the higher efficiencies achieved with
concentration of light, there is also economic
advantage as the cell size can be small while much of
the solar panel is covered by concentrating mirrors.
Mirror cost per unit area is cheaper than the cost of
cells. This approach has been found to be attractive,
especially in large area deployment in desert areas ..
with copious direct radiation. One additional
requirement of the concentrators is to include trackers
in these solar modules (Fig. 12) because the
concentrators will not be effective in diffused radiation
and are optimal when parallel rays of light fall on them.

A B

Fig. 11: A: An example of a triple-junction solar cell structure

with cell junctions formed with Ge, InGaAs and InGaP
stacked on top of each otherB: The cell absorbing
the blue part of the solar spectrum (InGaP) is on the
top facing the incoming radiation, the cell absorbing
the green part (InGaAs) is in the middle and the cell
absorbing the red part (Ge) is at the bottom of the
stack (Yastrebova, 2007)

Fig. 12: A 1.2 kWp tracker set up by MoserBaer Photovoltaic

Pvt. Ltd. Each of the parabolic mirrors has a high
efficiency solar cell located at the focusA similar
tracker has been installed at IIT Kanpur by the
company

effective in cloudy and foggy conditions and are requirement.

unlikely to find larger use in medium and small scale
deployment — although in drier and predictably sunny

Excitonic Solar Cells

weather conditions, they can be economically A third generation futuristic technology based solar
attractive. One also has to factor the mechanicalcells which does not use the classic semiconductor
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p-n junctions has emerged in the last two decades. Indeed in the last decade, the progress in this
These are often calleéxcitonic” solar cells because technologyespecially in the research domain has been
of the increased role of excitons in the photovoltaic spectacularThe maximum diciencies have been
process in these devices. Every electron when itsteadily climbing over the last decade from 3.6% in
absorbs energy from a photon forms an exciton — an2004 to more than 10% in 2013. Higher efficiencies
excited electron. This may also be viewed as anhave been pursued by various strategies including
electrically neutral packet of energy consisting of a newer molecules and device structures. The most
bound electron and hole. In most inorganic popular material for research is poly 3-hexyl thiophene
semiconductors, at room temperature and above, thes@P3HT) and (6, 6)-pheng,, butyric acid methyl ester
excitons almost immediately break up into free charge(PCBM) usually used in a blend form to yield bulk
carrying electrons and holes. This is because theitheterojunction solar cells. Many new organic
binding enegies are typically less than 25 mdwW molecules are being routinely synthesized and some
excitonic solar cells, howevethe exciton binding have shown promising resultdn important
energies are of the order of 100 meV and hence breakthrough in the stability of the OSCs has been
they do not automatically break up into electrons andthe fabrication of devices withriverted structures’
holes without facilitation. On the other hand, if the (Li et al., 2006). Unlike the regular structures, the
electron and hole pair is not formed, the exciton inverted structure devices consist of ITO (which is
annihilates after some time, often dissipating the the TCO) as the cathode terminal instead of an anode.
enegy as heatTwo of the most popular excitonic

. : Several groups such as Helaitek in German
solar cell technologies which have seen a surge of group y

research activities in the last two decades are DSSC :ldLYaggYar;g‘s ﬁroup n t:|e Unl\lllersnly of ICaIn;orgla.I q
and oganic solar cells or ganic PVIn the last one at LosAngeles have used small molecules to bul

year or so, Perovskite solar cells have caught thethe devices. One of the advantages of this approach

imagination of researchers and are making rapid's inherently the presence of more structured layers

progress in terms of the power conversion efficienciesOf the organic sem|conductor_and the ease of forming
that are achievable with this technology tandem solar cells by stacking cells which absorb

different parts of the solar spectrum to achieve higher
Organic Solar Cells (OSC)/organic PV efficiencies.

The fabrication of OSC devices with bi-layers by C.W While significant progress has been made in the
Tang of Eastman Kodak in 19861y, 1986) opened  €fficiency and stability of OSCs, there is still much to
the floodgates of research activities on the subject.be covered before this technology can be hoped to
The devices are typically made of either soluble replace established technologies such as silicon PV
organic material such as polymers or by simple thermalEfficiencies above 15% will make this technology
evaporation of ‘small molecules’ such as competitive. More importantthe stability of these
pthalocyanine of Cu, Zn and other metals, pentacenelevices has to improve. Some companies such as
and fullerenes such &, among others. The latter KonarkaTechnologies, Inc. have earlier demonstrated
molecules are not exactly small, but are small in stability for three years (http://wwswissphotonics.
comparison to the gigantic polymers. The simplicity het/libraries.files/Brabec.pdf, slide 25). This might be
of the low temperature processes involved, adequate for some applications, especially disposable
amenability to high-throughput processes such aselectronics. Howeverfor wider power generation
printing, and the abundance of the constituent element@pplication, stabilities of more than a decade will be
present in organic compounds such as C, H, O, N, Shecessary

etc make these attractive for large area, large volume
and high throughput production — which will
increasingly become a critical requirement for PV
technologies.

The promise of this technologyoweveris the
ease with which the OSCs can be fabricated from a
wide variety of substrates such as glass, pafuh,
steel, etc. (Fig. 13). These solar cells are also
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Dye-sensitized Solar Cells

Dye-sensitized solar cells (DSSCs), which are based
on the photo-electrochemical effect, were first
reported in 1991 by O’Regan and Gratzel (O’Regan
and Gratzel, 1991). These cells are also often referred
to as Gratzel cells after the name of the inventor
Within a few years of DSSC invention, researchers
in Prof. Gréatzeb group managed to build solar cells

Fig. 13: (A) OSC printed on paper at Chemnitz University of with 11% eficiency.
Technology Germany (Hubler et al.,, 2011); (B) OSC )
fabricated on flexible polyethylene terephthalate DSSC uses metallo-organic dyes molecules

(PET) at IIT Kanpur(Dembla, 2009) adsorbed to a mesoporous titania nanoparticle films.
Gaps between the particles are filled with an
electrolyte and a plantinized electrode is provided.

amenable to novel applications such as transparen¥Vhen light gets absorbed in the dye, an exciton is
solar cells that could be used on windows — it will createdThis exciton transfers its electron to the,
allow visible light, but harness portions of the solar Molecule at the dye—particle interface. The electron
spectrum outside the visible region to generate powermakes its way through th&iO, film to the
While no commercial products are widely available Photoelectrode. It then completes the circuit by doing
with organic PV technologies — there exist some external work and returning to the platinized electrode
demonstration products — the strength of this to reduce a redox couple in the electrolyte. The
technology will be its low cost, ease of use with a reduced ion makes its way to the dye molecule with
variety of substrates, abundance of the materialthe positively charged hole and regenerates the
needed to fabricate the main device and the potentiamolecule.

for environment-friendly production and recycling after

e DSSC technology has found application as
the product lifetime.

chargers for portable electronics. The various colours

meg to the promise and ease of fabrication, ain which these cells are available as well as the
large number of research groups around the worldPossibility of semi-transparent cells make them
are working in the area of OSC. Indeed, the numberattractive for BIPVOne of the main challenges faced
of research-related publications for this technology is PY this technology is the inability to increase the power
among the highest. In India too, there are a numberconversion diciency beyond 1% in the last many
of groups working in this area. IIKanpur IT ~ Years. The material system of Ru-based dye,
Bombay IndianAssociation for the Cultivation of ~Photoanode and iodine-based redox couple in the
Science in Calcutta, Jawaharlal Nehru Centre for€lectrolyte has not changed and there is little room
Advanced Scientific Research in Bangalore, National for improvementTypically, modules of less than 100
Physical Laboratory in New Delhi, National Chemical cn¥ are built as the series resistances can become
Laboratory in Poona and many other institutions aretoo high, bringing down the fediency. By far, the
conducting state-of-the-art research in this field. Many biggest challenge is in the encapsulation of these
private institutions such as PSG Institutddfanced ~ devices and their lifetimes. While properly
Studies in Coimbatore are also pushing the frontiersencapsulated devices have shown promise of more
of research by exploring OSC on flexible substrates.than a decade of lifetime, devices made on plastic
Due to the large strength of research activity in this typically show lifetimes of a couple of yeatstempts
area in India, with right coordination, this futuristic t0 replace the liquid electrolyte with gels or solid
area of technology can be the one where Indian€lectrolyte have not been very successful as the
researchers and industries can excel. efficiencies drop.
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This is a promising technology in the long term, generation and we have restricted the discussion to
but is awaiting research breakthroughs in dyes,those.
photoanode and electrolyte. The simplicity of o
processing makes it amenable for large volume and®Overnment Initiatives
high throughput productior number of research epnationally it is seen in the last one and half
groups within India are funded for research activities yocades that government initiatives have helped propel
in this technology and have been contributing to the py, power generation to centre stage — the prime
understanding and innovations in this technology example being that of Germangven with poor
notably at National Chemical Laboratory in Poona, gynshine as compared to many other countries across
IIT Delhi, Cochin University of Science and he \yorld, it has become the leading consumer of PV
TechnologyIndianAssociation for the Cultivation of technology This has been possible because of well-
Science in Calcutta and many others. thought out government initiatives and subsidies to
promote PV for power generation. Recent reports
indicate thatin July 2013, 5.1 TWh has been generated
Typically, the perovskite material used for solar cells from PV which exceeds the energy generated from
is a methyl ammonium tin or lead halide. The wind (5 TWh). Germany is well on its way to generate
perovskite-based meso-super-structured cellsmore than 80% of its power from renewable sources,
(MSSCs) which have evolved from DSSCs have in including PV (http://thinkprogress.org/ climate/2013/
the last year made rapid progress in terms of the powef8/22/2508191/germany-solar-generation-record/).
conversion efficiency that they are able to achieve
but new structures are continuously being explored
(Green etal, 2014). Building upon the experience of
DSSC, diiciencies of more than 12% akg_of more
than 1.1V have been fabricateéh CH,NH,Pbl,_
Cl.-based solar cell with the maximum temperature
during device fabrication no higher than 16@&nd a
power conversion efficiency of more than 15.6% has
been reported bwanget al. (2014) opening up the

ibility of fabricati flexible substrat dl
possibity of fabrication on flexible subsirates an argeInititiave (http://www1l.eere.engy.gov/solar/

volume production processes as in printing. However hot/\Vari tates in the USich as Californi
issues of device stability and presence of lead in the>UNs ot/)various states in the chas taliornia

device will have to be addressed in the coming years.have already been in the forefront of promoting power

Whether this technology will overshadow all other generation with PV resulting in Widespreaq adop.tion
technologies is too early to tell, but the rapid progressOf the t.echnolog)AIrr!ost al developeq and industrial
and promise this technology is showing through countries are giving importance to using PV for power

published results in less than five years indicates thalgeneranon to varying degrees.

perovskite solar cells may have an important role to The Government of India too has implemented
play in PV power generation in the coming years g clear ‘National Action Plan on Climate Change’
(Greenet al., 2014). within this “National Action Plan’, eight “National
Missions’ have been identified. One of the national

and device structures that are being explored for solaf 1SSIONS 1S theNational Solar Mission V,Vhlch V\(as
formally launched onIlJanuary 201-his mission

cell application such as cuprous oxide, pyrite, quantum _ o L
PP b pyrte. clearly provides a quantitative and qualitative target

dot solar cells, etc. Unlesssomemajorbreakthroughsth tth i ds t hi Box 1). O ¢
are achieved in future, the above discussed at the nation needs to achieve (see Box 1). One o

technologies will be the pertinent players for power the goals is deployment of 20 GW_ (_Jf solar pgwgr by
2022 Another goal is to deploy 20 million solar lighting

Perovskite Solar Cells

Governments in most European countries and
the Far East too have been promoting power
generation from renewables, including .Pihe
Chinese government has provided immense push and
subsidies to make the country the leader in PV
manufacturing todayln the USA, in recent years,
the federal government has been promoting research,
development and production of renewable
technologies including PV through the SunShot

There are a number of other material systems
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Box 1. Mission targets as specified in the National Solar Mission
(Announced on 2312009; Launched111/2010)

e To create an enabling policy framework for the deployment of 20,000ad#1¥dlar power by
2022.

e Toramp up capacity of grid-connected solar power generation to 100@/ith three years —
by 2013; an additional 3000 MW by 2017 through the mandatory use of the renewable purchase
obligation by utilities backed with a preferential tariff. This capacity can be more than doublgd —
reaching 10,000 MW installed power by 2017 or more, based on the enhanced and enabled
international finance and technology transfdre ambitious tayet for 2022 of 20,000 MVér
more, will be dependent on thiearning” of the first two phases, which if successful, could lead
to conditions of grid-competitive solar pow&he transition could be appropriately up-scaled
based on availability of international finance and technology

e To create favourable conditions for solar manufacturing capalpiéityicularly solar thermal for
indigenous production and market coordinatorship.

e Topromote programmes forfedrid applications, reaching 1000 Midy 2017 and 2000 MWWy
2022.

e To achieve 15 million sg. metres solar thermal collector area by 2017 and 20 million by 2Q22.

e To deploy 20 million solar lighting systems for rural areas by 2022.

systems for rural areas by 2022. These goals andrechnology (especiallyDeitY — Department of
directions have given a shot in the arm to solar PV Electronics and Informatiofechnology) have also
research, development, manufacturing andpromoted PV activities through various existing
deployment. Much effort is required if the targets are projects where it is appropriate. The policies of the
to be reached and the country has to withstand, and ifndian government and intent of the various ministries
needed overcome, any adverse effects of internationahave been conducive in the promotion of PV
economic forces. technology for power generation.

The MNRE mainly responsible for promoting One major initiative in India is worth mentioning
PV in India has rolled out many programmes to here As announced by the Press Information Bureau
promote PV activities in line with the National Solar of Government of India, Ministry of Science &
Mission (http:/AMwwwmnre.govn/solarmission/jnnsm/  Technology on 28ugust 2013: “CSIRS Solar Eneyy
introduction-2/). SimilarlyDepartment of Science and Initiative — Technologies and Products for Solar
Technology (DST) has also given the research anEnegy Utilization through Networks @PSUN) has
impetus with its Solar Energy Research Initiative been conceptualized as a mega programme in
(SERI) under which many research programmespartnership with Ministry of New and Renewable
across the country as well as international Enegy. It is being implemented with a number of
collaborations are supported (http://wwlgt.govin/ complementary approaches. The programme has
scientific-programme/t-d-solanegy.htm). Many created network of research institutes, academia and
other ministries and government departments includingindustry with an objective to integrate various
Ministry of Rural Development, Ministry of Power components of technology development. The
and Ministry of Communication Information programme will play a transformational role in bringing
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the benefits of solar energy to the people of India.” (vij Encourage researchers and industry to develop
Promotion of PV for power generation is an integral
part of theTAPSUN programme and has been

shaping up as per plan in the last two and half years. .
Medium-term (Three to Eightvear Time Frame)

Implementation of Solar PV in India

The promotion of PV for power generation needs to (i)
be undertaken over short, medium and long terms.
Ideas that emerged during various meetings and
discussions with experts working in the field are
compiled here.

Short-term (Three-year ime Frame) Goals

()

(i

(i)

(iv)

(V)

Emphasis should be given to the use and
deployment of crystalline silicon solar modules (i)
which are time tested and reliable.

Identify areas of chronic power shortage and
deploy small and medium PV systems in those
areas. The economy in many urban and sub-
urban pockets is driven by the polluting diesel-
powered generators and the power available is
costly when compared to equivalent PV power
cost — and hence, the effort should be
economically viable as wellWith the right
economic packages, government has to (i)
undertake this on a war footing.

The government should hasten to implement
clearly defined policies and legal protection to
promote BIPVWith proper incentives in place

and smoother implementation, the building owner
will ensure proper maintenance and running of (iv)
the facility.

Encourage and provide incentives to all industries
to set up auxiliary PV systems to supplement
power from the grid.

(v)
Encourage PV deployment on government

buildings, roads, bus-stops, shelters and other
such places already being used by humans. In
some states such as Gujarat, canal carrying
irrigation water are covered with PV panels, as

a result of which the space is maximized, cells

are kept cool and water loss due to evaporation(i)
iS minimized.

a robust power electronic system specific to the
Indian grid and local conditions.

Goals

Set up foundries for the manufacture of solar
grade silicon wafers. Build fabrication plants for
silicon solar cells. In the short run, there is bound
to be competition and loss due to the efficient
and well-established Chinese solar industry
Howevetr as Indias power needs soar
indigenous systems can play a critical role if they
are ready ahead of time.

Invest in batteries and thermal storage for
medium-term storage and fuel cells and hydel
storage for long-term storage. Some form of
long-term storage is imperative to make solar
power attractive for year-round operations and
to withstand the vagaries of weather conditions.
Hydel storage might be possible in regions near
high mountainous locations. PV in conjunction
with other renewables such as biofuels and solar
thermal should be promoted.

Build reliable database and models to be able to
predict weather for shorter time intervals, but
as far in advance as possible. This will be critical
to be able to use PV for power generation,
especially if the generated power is directly fed
to the grid.

Encourage with contests and other incentives,
innovations and development of consumer
products which have application unique to Indian
conditions.

Train manpower through existing and new
institutions. The National Centre for Photovoltaic
Research and Education at IIT Bombay is a
good example of such an effort. More such
centres around the country should be established.

Long-term (Beyond Eightrears) Goals

Encourage initiatives with long-term and
challenging research goals in silicon and other
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areas of PV technologies that will encourage energy requirements in 50 years will be much more
competitiveness in manufacture in the coming than the current requirement. Thus, sustainable energy
decades harvesting with PV is not just attractive, but is
inevitable. There are many PV technologies available
today In the short run, silicon-based technologies are
the best bet. Howeven the coming decades, more
attractive eco-friendly technologies with the promise
of shorter energy payback time such as OSC and
DSSC need to be explored. The Indian government
(i) Actively promote research in futuristic departments, government labs, academia and the
technologies with good environmental benefits industry need to come together and continue to propel
such as OSC, DSSC and Perovskite solar cellsPV as one of the main means of power generation.
and make India a powerhouse of these
technologies. These technologies might be able

to mitigate any potential environmental harm | thank my colleagues and mentors with whom |
arising out of large-scale manufacture and usereceived a chance to learn about PV technologies in
of PV cells and modules. They will also help various forums in the last decade. Much of what |
create production methods that are distributed have described above is a result of that learning. |
leading to more sustainable economic especially thank Colliwolden for the discussions
development. when he was in India. His review article ¢lfenet

al., 2011) is an excellent supplement for those who
want to learn more about the current status of PV

Energy needs are only going to increase in the comingechnologies.
decades. For countries such as India, the future

(i) Use hybrid systems with renewable technologies
—solarthermal, wind, biomass, eteto ensure
stable power supplyynegizing the strengths
of the different technologies and mitigating their
disadvantages.
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