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Abstract: In this paper possibilities and limits of use ofes energy (like the best efficiencies of PV cell®rld
records and ‘notable exceptions’) were shown. Aeme new ideas and concepts in photovoltaics (ke
photovoltaic power plants or energy storage) weesgnted. Additionally authors try to predict depshent of
solar power industry.
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Introduction

Today the world's energy needs are met mainly Ipjoiation of fossil fuels, whose
resources are estimated globally at 0¥ MWh, including oil at 2.M0" MWh.

In contrast, fuel consumption in 2000 was apprd20% MWh [1]. This means that the
situation is very serious, because according tioumarforecasts global growth in energy
consumption of fossil fuels resources may be gefiiconly for a few decades. Close
perspective of their exhaustion and concerns abmitstate of the natural environment
necessitated increased interest in renewable ersmogyces in the last decades of the
twentieth century, and consequently led to a lamgeease in their applications. From 1990
to 2000, the amount of energy (heat and elect)iggnerated from solar energy has more
than doubled. After signing the Kyoto Protocol ied@mber 1997 the role of renewable
energy sources is evident.

Currently in the world there is a change in engrggrities. New cleaner technologies
have been adapted to local needs, they begin ractthe interest of investors and local
authorities, slowly competing with monopolized aoentralized energy sector. When
comparing different energy options, economic cagtdually cease to be the decisive
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criterion. Increasingly count factors, which econowalue is difficult to calculate directly,
especially in the face of the possibility of funttemergy crises.

Solar energy resources in the world

Solar energy is an unlimited reservoir of renewabtergy. The power of solar
radiation emitted to space i§14°° MW. The averaged value of the intensity of radiati
reaching the Earth's upper atmosphere (the sodcadlelar constant) is as high
as 1367 W/rh(WMO Commission Measurements and Methods of Olasienv, 8 session,
Mexico City, 1981), which means that the Earth hemsc16® kWh/year. This energy is
greater than the energy of all the identified fossergy resources.
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Fig. 1. Available energy resources (all known reser- fossil fuels, yearly potential - renewable
energy) [2]

As we can see in Figure 1, reserves of fossil faetslimited and in comparison to
energy consumption, they can be depleted in vemyrtstime (3-4 generations), so
humankind should look for other energy sourcescdwer demand. Comparing to the
available renewable energy resources, we can s¢ehlise sources are much higher than
our consumption. Even if we realize that efficieméyenewables is sometimes about 10%,
these sources have a much greater potential thame@ds. So using renewable in future is
the only chance to provide energy especially faettgping countries.

It is estimated that the installation of photovitpower plants in the Sahara desert
with the active surface of the photovoltaic modul#80 x 400) krh (it is less than 1.75%
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of the surface of the desert) would satisfy conghjetoday's global demand for electricity
(Fig. 2). Application of tracking systems and ligtincentrators can improve this result.
A major problem now is to transfer this energy tstomers, which share a large distance
from the place of production. However, the probled large energy losses during
transmission can almost completely disappear oree wires of power grid are
superconducting and cheap. Global research on cupductivity are developed very
rapidly and probably on the positive results yoil mot have long to wait.

Installation of PV modules > The area of PV modules
in the area of 400 x 400 km S N installed in Germany

Fig. 2. Comparison of the area of PV systems imf@er with the surface of PV systems in the area of
(400% 400) knt which can secure the total electricity consumptibthe World

Local solar energy resources for the southern Poland

Solar energy resources in Poland and other Europeantries are mainly related to
the geographical location (mainly latitude of caied) and the prevailing local weather
conditions. For many years, they are subject dfinlgsand registration by number of
meteorological and actinometric stations. Theseurees are characterized by:

— insolation, the number of hours of sunshine per yeaduring the expected life of the
solar system);

— irradiation,ie the flux of solar radiation reaching the horizdfnmalined surface;

— structure of the solar radiatiorg the individual components: direct radiation, di#fds
and reflected (at the level of the inclined surfa# the total radiation;

" These calculations were carried out with the feifqy assumptions: 1) the annual value of irradiatid the
Sahara is approx. 2.2 MWh/ryear); 2) the demand for electricity in the woiddat Z10° TWh (e the value of
the energy produced in 2008); 3) the use of conweal PV modules with an efficieneysrc = 10% and assuming
typical values of energy conversion for PV systemsnected to the netwoRR = 0.75.
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— distribution over time of solar radiation in annusgasonal and daily cycles.

The possibility of using solar energy varies greatpending on location. In Poland,
the climatic conditions are determined by significahanges in the angle of incidence of
solar radiation on an annual basis, and the clésvam fronts - Atlantic and Continental,
resulting in huge differences in climatic condisoharge clouds and rainfall in autumn and
spring, cold air in winter, are the cause of vemgwen distribution of radioactivity and its
structure on an annual basis. About 80% [3] oftttal annual irradiation falls for seven
months in spring and summer (April to October). Hheicture of the solar radiation in
Poland is characterized by a high proportion oftrittisted component in the total
irradiation. During the year, it amounts to ovef&Gnd during the four months of winter
(November-February) reaches maximum values vagesden 65-73% [3].

Distribution of the irradiation

Table 1 summarizes the average monthly values @fetlergy of radiation on the
horizontal plane in AGH-Krakow area for 2009 origfimg from: a) a global (the total), and
b) a diffused component of solar radiation. Howewastogram of the daily values of
irradiation, occurring in 2009, in AGH Krakow arisashown in Figure 3.

Table 1
Summary of monthly values (in the plane of the fmm) of the solar radiation energy: total (global),
diffused and diffused component content index, @H\Krakow area in 2009 [4]

Month Global irradiation Eg Diffused irradiation Es Kso
[KWh/m?| [KWh/m?] [-]
January 22.1 15.4 0.70
February 33.3 27.6 0.83
March 57 40.6 0.71
April 157.8 52.9 0.33
May 163.4 69.6 0.43
June 137.6 72.8 0.53
July 188.7 74.3 0.39
August 146.1 57.3 0.39
September 103.2 47.6 0.46
October 41.9 29.0 0.69
November 29.7 16.3 0.55
December 13.3 10.4 0.78
2009 1094.2 513.7 0.47

The histogram shows that the test area was chawstteby the presence of a large
number of cloudy days with insolation not exceed8@ Wh/mi, which accounted for
more than 24.5% of the monitoring period. They arestly a day MIMT KMedium
Irradiation, High Temperature) or even LILT (ow Irradiation, Low Temperature) [5, 6]
for the period of autumn and winter (from Octob@iMarch). During the six months only
18% of the annual energy radiation (see TableeBches the module. Then they are very
difficult conditions for photovoltaic energy cons@n, and energy needs increased
(the need of heating, lighting for a long time hesa of the short days and frequent heavy
overcast and reheating the water from the loweptrature).

In addition, during the monitoring period were 3%.9f cloudy days with irradiation
in the range of 800 to 3200 WHiniThese are the days of the typical weather faslure



Photovoltaics: solar energy resources and the lpibissof their use 13

occurring in the entire period of spring and autuffinen medianexceeds 1.6 kWh/min
which typical modern PV inverter already operatéthan efficiency of up to 98% of its
maximum efficiency [7-9], and a typical PV systeiready exceeds 75% of its nominal
performance [3]. To different category can be dfeesh so-called sunny and very sunny
days (like HIHT-High Irradiation, High Temperaturg&hich are respectively 18.6 and 21%
of the days monitored. They occur during the spand summer, in which are the ideal
conditions for the operation of photovoltaic systei@ince the number of these days largely
depends the value of generated energy in the Piérayd.0].
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Fig. 3. Histogram of the daily values of irradiatjmccurring in 2009, in AGH Krakow area [4]

Distribution of temperature and intensity of solar radiation

Figure 4a shows the distribution of average airperatures in 2009 for the area of
Krakow. One may notice the lack of symmetry of Wpuemperature distribution. In
summer days are characteristic cooler morningsségficant warming in the afternoon
and evening hours.

However, Figure 4b shows the distribution of intgnef solar radiation on the horizon
surface at the testing site. Note the wide rangehainges in both the intensity of the
radiation, as well as the time of solar radiatidhe data are the basis to determine the
so-called insolation of areée determine the average number of hours of dailiactof
the Sun in different months of the year, enougihoperate the PV system.

" The expected value of the distribution of insalati

™ Typical photovoltaic inverter has a characterigtieshold of DC input power connected to the afahis work
at maximum efficiency. For properly designed PWVteysthat threshold inverter DC input power corresfsoto
value of solar radiatiom 200 W/nf. Then a typical efficiency of the inverter is aldy above 95% of its

maximum efficiency
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Fig. 4. Distribution of daily values of: a) air tperature and b) intensity of solar radiation odogrin
the AGH in Krakow in 2009 [4]

Distribution of values diffused component contentridex of solar radiation

The relationship between the intensity of solaiatoh incident on the earth's surface,
and reaching into the upper atmosphere in the ptdrthe horizon is a measure of the
transparency of the atmosphere and is determindkeaslearness indek,). This index
translates directly to the contents of a diffusemnponent of the global solar radiation
incident on the surface of horizon, known in theriture as diffused component content
indexkgg (see Figure 5).

For each day of month one could determine frongiraievalues [11]:

» daily atmosphere clearness indegy as:

_E©
m= = oy )
" E)
» daily diffuse component content index of solar atidh as:
Es(0)
2
RO @

where:Ec(0) - average daily value of insolation energypedfic month in higher layer of
atmosphere in horizontal plar&,(0) - daily value of insolation energlg0) - daily value
of insolation energy from diffuse component.

Similarly as in the case of daily values of indexeesnporary values of atmosphere
clearness (transparency) and diffuse componenenbimdexes could be computed. It is
made by substitution in equations (1) and (2) dailgrgy values by temporary values of
solar radiation intensity and then the equatioke farm, respectively:

G
kepo(t) =25 )

G, (0)
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Solar radiation intensit@c(0) in higher layers of atmosphere in plane of tamifor
specified day in year is described [10, 12] by:

G (0)=Ecl (5)
BGOmnj

=1+ 0033@:0{ (6)
where: EQ - solar constant (1367 Wfindn - number of day in yeaie January the®i= 1,
February the 3= 32, etc. ParametéMp(t) in equations (3) and (4) is value of real mass of
air given by Kaston and Young in 1989 in the fod8]f

16364]‘1

AMp(t) =2 E[tose +0.505721{96.079950 - O @)
Po

Mutual connections of daily indexes defined acaogdio (1) and (2) were shown in
Figure 5a, while in Figure 5b was presented monthlyes for Warszawa, Poland.

a) b)
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Fig. 5. Graphs: a) diffuse component content indgxas a function of diffuse component content index
of solar radiatiorkmy, b) diffused component content and atmosphereresa indexes for each
month of the year. The graph is made on the bds&v/eraged data for the years 1966-1975,
published in the European Solar Radiation Atlasf@rszawa [14]

Figures 6 a-i are examples of the daily value efatmosphere clearness and diffused
component content in the global solar radiatiou@aloccurring in Krakow for a few days
with different values of daily irradiation.

Presented diffused component content and atmosplexmess indexes are physically
connected not only with solar radiation way throupe Earth's atmosphere, which is
dependent on the value of AM, but also on the chahtiomposition and the clouds.

Liu and Jordan have already shown [15] that, rdgasdof latitude, the global value of
the intensity of solar radiation reaching the Earsurface is directly dependent on this
parameters. For this reason, these indexes caerntyapharacterize the solar conditions for
specified locations. It can also provide informatabout the average photon energy in the
spectrum, and the structure of the solar spectagm Figure 7).
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Fig. 6. Global solar radiation intensity and retate it indexes of atmosphere clearness and diffuse
component content for daygth different values of insolation. Investigatiowere carried out in
Krakow, Poland for different days [4]
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Fig. 8. Diffused component content indky, of solar radiation for AGH Krakow area in 2009. In
zoomed window (blue field) - temporary values af thdex in June 2009 [4]

Diffused component content indée, directly determines the level of cloud cover.
It is very useful for a proper characterizationspgcified locations in order to select the
optimal modules for climatic conditions. For exampin Figure 8 is shown the diffused
component content index for the area of AGH Krake@9. In the enlarged graph (blue
box) - are instantaneous values of index in Jur®20

Distributions average values of photon energy andseful fraction of solar radiation

The average photon energy value is determined dyrtbasurement of the spectrum
and is the quotient of the power and flux densityspecified band recorded by the wide
range receiver according to:

17um

j [ Non(A) Em(A)]dA
APE =23 (8)

17um
q j Npn(A)dA
0.3um
where: APE - average energy of solar radiation photoms,- electron charge,

Ngn(4) - number of photons in sunlight in the wavelenditiiEgn(A) - the energy of a photon
in the wavelengthl.

Table 2
APE of the standard spectrum evaluated from diffespettral integration limits (own calculations)

Measurement (integration) range APE
[nm] [eV]

1 300-4000 1.43

2 300-2500 1.48

3 300-1700 1.62

4 300-1100 1.86

The method of the solar radiation spectrum analysisg the average photon energy
has several advantages. One of them is occurring steong correlation between the
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average photon energy (APE), a range of short-tepectral characteristics of solar
radiation, which strongly influences the efficienol photovoltaic cells. In addition, the
assuming as a unit diPE [eV], gives a full picture of the spectral matahinf used
absorber in PV cell/module to the solar spectrunshbuld be noted that th&PE value
depends on the bandwidth integral of equationT8)s effect is shown in Table 2, which
compares the obtained results of average photaggoé standard spectrum (STC, type of
radiation AM1.5G), using a different bandwidth oéasurement devices.
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Fig. 9. The distribution of the average photon gpéor: a) horizontal position, b) the optimum amépr
the Krakow area (38°), c) typical for PV facadeglar60°, d) vertical position (90°). All planes
have southern setting [4]
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The most appropriate definition éPE would relate to the average photon energy
obtained from the measurements using full rangehef solar spectrum 300-4000 nm,
because the result gives the true valuARE. However, the measurement instruments in
this range are very rare and unsuitable for uderig-term test cycles. Taking into account
that the spectral range of solar radiation (distidn type AM1.5G) in the range
from 300 to 2500 nm contains over 98% of its pos@making measurements in this band
is a very interesting, although there is also a/\&mall number of units with this range.
However, the measurements made in the wavelengtierap to 1700 nm can be easily
extended to 2500 nm with sufficient precision mbdgl - for example, method of
measuring range extending from 300-1100 nm sil@&msor range spectroradiometer, up to
4000 nm, has been recently developed by NR¥tipnal Energy Renewable Laboratory
- Golden, Colorado, USA) [16]. Unchallenged rulethat the most reliable measurement
values are based purely on the measurements. dheréie measurement system used in
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the CREST Centre for Energy Renewable Technology) measures the spectrum of radiation
in the spectral range 300-1700 nm, without the afssdditional procedures, and the result
is given indicating the width of the band.

For such assumptions, Figure 9 shows the distdhutif the average photon energy
for: @) horizontal position, b) the optimum angte the Krakow area (38°) and c) typical
for PV facades angle 60°, d) vertical position §9@&l planes have southern setting.

Useful fraction (UF) is called a power contained in the frequency bahdhe
spectrum of solar radiation, limited by spectratsgvity of the semiconductor absorber
(eg: ¢-Si, mc-Si, CIS, and Si_SJ-and-Si_Tth the power of solar radiation recorded by
broadband meter with bandwidth (uf, A.,) according to:

A2
J-P(/])dﬂ
UF=2 9)

Acut
j P(1)d/
0.3um

where: A, - limit wavelength measured by the instrument (addpby default, as the
1700 nm), 41; A,) - spectral sensitivity range of cell, known ase thavelength range for
which the normalized value of the cell spectraboese iSSR,,m = 0.5 (see Figure 10),
P(/) - spectral power density of the radiation for wesvelength.

As with the determination oAPE, UF value is dependent on the bandwidth of the
measuring instrument integration.

Solar cells Band [pm]
c-5i 0.56-1.11
mc-Si 0.47-1.00
cis 0.47-1.22
a-5i_SJ 0.40 - 0.65
a-SI_T) 0.37-0.87

)

rmrm( B

Spectral Response
o E o
- o
1 1

0.2 5 )
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0.0 +————4 e e —
02 0.8 16
2[um]

Fig. 10. Determination of conversion band for eaelhabsorber based on SR characteristics [4]

" ¢-Si - monocrystalline silicon; mc-Si - multicryBiiae silicon; CIS - cell with CulnSebsorber; a-Si SJ - single
junction cell made of amorphous silicon; a-Si Tdple junction cell made of amorphous silicon
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Fig. 11. The distribution of the useful fractiorr feolar cells/modules made of c-Si for: a) horizabnt
position, b) the optimum angle for the Krakow af8®&°), c) angle 60°, d) vertical position. The
meteorological data are from AGH Krakow area codddn 2009 [4]
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Fig. 15. The distribution of the useful fractiorr fplar cells/modules made of a-Si_TJ for: a) hwrtal
position, b) the optimum angle for the Krakow af8&°), c) angle 60°, d) vertical position. The
meteorological data are from AGH Krakow area codddn 2009 [4]

Useful fractions are parameters dedicated for the type of PV cefllte. It is
characterizing the spectrum of solar radiation,vigiag a direct information about the
content of useful part in the spectrum involved the conversion in that type of
photovoltaic cell/module. It does not contain imf@tion about the impact of spectrum to
other cells with different spectral sensitivity gan and does not indicate present (in the
measurement) solar radiation intensity or the dadlye of radiation energy.

Figures 11-15 show the distribution of the usefaktfion for different types of solar
cells/modules for: a) horizontal position, b) th@imum angle for the Krakow area (38°),
c) angle 60°, d) vertical position. The meteorotagidata are from AGH Krakow area
collected in 2009. Particular attention should bl o:

- range of fraction values obtained for each cell;

- embodied phenomenon of seasonal distributionof @mphasizing with the angle of
the modules exposure;

- occurring phenomenon a very good spectral fit damorphous silicon single- and
multi-junction during sunrise and sunset.

It should be noted that the same paramétEr did not inform you of occurring
irradiance or intensity of solar radiation in aniyen time. This means that it does not
indicate how much energy produce the module fogréam period of time. It only present
fitting of distribution of the solar radiation spgaam to spectral sensitivity of the cells,
which directly translates into the derived valuéfficiency, open circuit voltage and the
Fill Factor (FF). On the other hand, the impact@F on parameters such as short-circuit
currentlg: and the maximum powd?,,, can be observed only in reference to the value of
solar radiation.
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Fig. 16. Changes in the average photon energyeo$dhar radiation spectrum and the normalized galue
of the useful fraction for basic types of solads’€lV modules, during: a) a cloudy summer day,
and b) sunny spring day. Thick green line showscthase of APE during the day. The study
was performed in the AGH Krakow area in 2009 [4]

Figure 16 shows changes in the average photoneonétfe solar radiation spectrum
and the normalized values of the useful fractianbiasic types of solar cells / PV modules,
during: a) a cloudy summer day, and b) sunny spdag. Thick green line shows the
course ofAPE during the day. The study was performed in the AGkkow area in 2009.

Photovoltaics: possibilities and limits of use - today and future

The latest efficiency of PV cells and modules

For many years there has been competition betwesmufacturers and laboratories
producing PV cells to establish a world recordfficiency of light conversion - Figure 17.

In April 2013 Fraunhofer Laboratory FRG-ISE) confirmed that monolithic
multijunction cell (InGaP/GaAs/InGaAs) made by Shaacquire world record (WR) in
efficiency - 44.4% [17, 18]. In September, 2014 Maecord efficiency of PV cells was
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45.7% for the concentration of the light (234x),[18], while in November 2014 it reached
46% for concentration of light (508x) [17, 20]. Wri27 April 2015, ie to carry out the
above-mentioned analysis it was a world recorceféiciency of established for monolithic
multijunction cells designed to work with concemdsolar radiation [18, 20].
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Fig. 17. Increase of PV cells efficiency according National Renewable Energy Laboratory
(27.04.2015). Legend: first part in bracket typecefl, second - concentration of sunlight, for
example (4J, 297x) 4-junction cell working with centrator of 297 Suns (5-J - five-junction,
4-J - four-junction, LM - lattice matched, MM - na@torphic, IMM - inverted,
metamorphic) [17]

Table 3
Confirmed terrestrial cell and submodule efficiescineasured under the global AM1.5 spectrum (1006°W
at 25°C (IEC 60904-3: 2008, ASTM G-173-03 globa$[20]

fication?) Eff 53 Voc Jsc FF | Testcentre g
Classificatio %] icm? NV [mAlem | [%] (data) Description
Silicon
. . 25.6 143.7 Panasonic HIT,
Si (crystalline) +0.5 (da) 0.740 41.8 82.7| AIST (2/14 rear-unction
Si (multicrystalline) fg'g 1('2[%2 0664 | 380 | 809 NREL(504)  FhG-ISE
Si (multicrystalline) 382 2(;1;)9 0.6626 39.03 80.3] F(fﬁ/—lli)E Trina Solar
R 20.1 242.6 ;
Si (thin film transfer) 0.4 (ap) 0.682 38.14 77.4| NREL (10/12%olexel (43um thick)
- 21.2 239.7 :
Si (thin film transfer) 0.4 (ap) 0.687 38.50 80.3| NREL (4/14)Solexel (35um thick)
1lI-V Cells
Gaas (thin fim) | 253 0'&’57 1122 | 2968 | 865 NREL(5/12) Alta Devices
. . 184 | 4.011
GaAs (multicrystalling 105 ) 0.994 23.2 79.7| NREL (11/9p) RTI, Ge substrate
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S

. Eff s Voc Jsc FF_| Test centré o
) 3)
Classification* %] cm? M mACm 3] %] (data) Description
InP (crystalline) ES% 4('82 0.878 29.5 85.4| NREL (4/90) Spire, epitaxial
Thin film chalcogenide
CIGS (cell) 382 0'(2?);32 0.752 35.3 77.2| NREL (3/14) Solibro, on glass
- 18.7 | 15.892 FhG-ISE Solibro, four serial
CIGS (minimodule) 406 (da) 0.701 35.29 75.6 (9/13) cells
19.6 | 1.0055 Newport
CdTe (cell) 104 (ap) 0.8573 28.59 80.0] (6/13) GE Global Researc
21.0 | 1.0623 Newport )
CdTe (cell) +0.4 (ap) 0.8759 30.25 79.4 (8/14) First Solar, on glass
Amorphous/microcrystalline Si
. 10.1 | 1.036 4y Oerlikon Solar Lab,
Si (amorphous) +0.3 (ap) 0.886 16.75 67.8] NREL (7/09) Neuchatel
. 10.2 1.001
Si (amorphous) +0.3 (ap) 0.896 16.36 69.8| AIST (7/14 AIST
S . 11.0 1.045
Si (microcrystalline) 403 (da) 0.542 27.44 73.8| AIST (1/14 AIST
. . 11.4 1.046
Si (microcrystalline) +0.3 (da) 0.535 29.07 73.1| AIST (7/14 AIST
Dye sensitised
" 11.9 1.005
Dye sensitised 404 (da) 0.744 22.47 71.2| AIST (9/12 Sharp
Dyg ;ensmsed 29.9 17.11 0.719 19.4 71.4| AIST (8/10 Sony, eight parallel
(minimodule) +0.4 (ap) cells
Dye sensitised 10.0 24.19 Fujikura/Tokyo
(minimodule) +0.4 (da) 0.718 20.46 67.7) AIST (6/14 U. Science
Dye (submodule) +8683 3(%861)8 0.697 18.42 68.7| AIST (9/12) Sharp (26 serial §¢
Organic
o 10.7 1.013 Mitsubishi Chemical
Organic thin film +0.3 (da) 0.872 17.75 | 68.9 | AIST (10/12) (4.4 x23.0 mm)
o 11.0 0.993 i
Organic thin film +0.3 (da) 0.793 19.40 71.4| AIST (9/14 Toshiba
. . 9.1 25.04 Toshiba
Organic (minimodule 403 (da) 0.794 17.06 67.5| AIST (2/14 (four series cells)
Organic 9.5 25.05 Toshiba
(minimodule) +0.3 (da) 0.789 17.01 70.9 AIST (8/14 (four series cells)
. 6.8 395.9 Toshiba
Organic (submodule +0.2 (da) 0.798 13.50 62.8| AIST (10/12) (15 series cells)
Multijunction devices
37.9 1.047
InGaP/GaAs/InGaAs 1.2 (ap) 3.065 14.27 86.7| AIST (2/13] Sharp
a-Si/nc-Si/nc-Si 13.4 1.006 A .
(thin film) +0.4 (ap) 1.963 9.52 71.9] NREL (7/12) LG Electronics
a-Si/nc-Si 12.3 0.962
(thin film cell) 103 (ap) 1.365 12.93 69.4| AIST (7/11] Kaneka
a-Si/nc-Si 12.7 1.000
(thin film cell) 104 (da) 1.342 13.45 70.2| AIST (10/14) AIST
a-Si/nc-Si 11.8 | 40.26 FhG-ISE | TEL Solar, Trubbach
(thin film minimodule) +0.6 | (ap) | 28| 1227 675 " 414" | Labs (10 serial cells
1) CIGS - CulnGaSg a-Si - amorphous silicon/hydrogen alloy; nc-Sinacrystalline or microcrystalline silicon
2) ap - aperture area, t - total area, da - designtaetnation area
3) FhG-ISE - Fraunhoferlnstitut fiir Solare EnergiesystemeAlST - Japanese National Institute Aflvanced

IndustrialScience and echnology
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Table 4

Confirmed terrestrial module efficiencies measureder the global AM1.5 spectrum (1000V¥)m
at a cell temperature of 25°C (IEC 60904-3: 200BTK G-173-03 global) [18, 20]

e Eff s Voc Jsc FF |Test centre o
)
Classification® %] fcm? V] fmAlcm 7] | %] (data) Description
Si (crystalline) 22.9+0.6|778 (da) 5.60 3.97 80.3|Sandia (9/96) UNSW/Gochermann
Si (large crystalline) 22.4 +0.6 15517;)7)5 6957 | 6341 | 80.INREL (8/12) SunPower
. . . 14661 FhG-ISE Q-Cells
P
Si (multicrystalline)| 18.5+0.4 (ap) 38.97 9.149 76.2 (1/12) (60 serial cells)
Si (thin film 82402 | 91 | 250 | 0320 | 68.¢sandia(7i0q)  Pacific Solar
polycrystalline) (ap) (<2 mon glass)
L 858.5 NREL -
P
GaAs (thin film) 24.1+£1.0 (ap) 10.89 2.255 84.p (11/12) Alta Devices
CdTe (thin film) | 17.5+0.7 7(25)1 1031| 1553 | 76.6NREL (2/14) First Solar (monolithic
A 9703 . NREL .
CIGS (thin film)) 15.7 £0.5 (ap) 28.24 7.254 72.5 (11/10) Miasole
CIGSS (Cd free) 13.5 +0.7 ?gg? 31.2 2.18 68.9NREL (8/02), Showa Shell
808 Solar Frontier
CIGS (Cd free) 17.5 0.5 (da) 47.6 0.408 72.8AIST (6/14) (70 cells)
. . 14250 TEL Solar,
a-Si/nc-Si (tandem) 11.6 +0.5 ® 198.5 1.254 | 66.PESTI (12/13 Trubbach Labs
. . 14322 TEL Solar,
a-Si/nc-Si (tandem) 12.2 +0.3 © 202.1 1.261 | 68.8ESTI (6/14) Trubbach Labs
Organic 8.740.3 gjgz) 17.47| 0569 | 70.4AIST (5/14) Toshiba
1) CIGSS - CulnGaSSe, a-Si - amorphous silicon/hydrogoy, a-SiGe - amorphous silicon/germanium/
hydrogen alloy, nc-Si - nanocrystalline or micratafline silicon
2) t-total area, ap - aperture area, da - designilietination area
3) AIST - Japanese National Institute Afdvancedlndustrial Science andTechnology, NREL - National

RenewableEnergy L aboratory,FhG-I1SE - Fraunhoferl nstitut fiir Solare Energiesystemei-STI - European
Solar Testl nstallation

Table 5

‘Notable Exceptions’: ‘Top ten’ confirmed cell antbdule results, not class records measured undgidbal
AML.5 spectrum (1000 W/fpat 25°C (IEC 60904-3: 2008, ASTM G-173-03 glolja8, 20]

Classification® Eff i voc Jsc FF_| Test centre” Description?
%] | [cm] NV | [mAlcmd | [%] (data) p
Cells (silicon)
Si (crystalline) | 25.0 +0.54.00 (da)j 0.706 427 | 824 sandia(3eg)  UNSWPERL
top/rear contacts
Siflarge o5 404 120941 (706 415 82.8 FhG-ISE (/1)  SunPower
crystalline) (t) rear junction
Si (large i ) Q-Cells,
multicrystalline) 19.520.4242.7 (1) 0.652 39.0 76.1 FhG-ISE (3/11)Iaser-fired contacts|
Cells (11I-V)
GanP  |20.8+04 22%%1| 14550 16.04 |89.3| NREL (5/13) . NREL,
(ap) high bandgap
Cells (chalcogenide)
CIGSS (Cd free)| 20.920[7°2192 | 06858 | 39.91 | 764 FEhG-ISE (3/aky Showa Shell
(ap) on glass
CIGS (thin film) |21.7 +0.7 0.4972 0.7963 36.59 79.3 FhG-ISE (9/14) ZSW
(da) on glass
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e Eff S Voc Jsc FF | Testcentre? o
1) 4)
Classification %] cm? V] fmAlcm ] | %] (data) Description
CIGSS (Cdfree| g ¢ ,qg 6603 | 54 0.895 | 69.5| NREL (1/14) | Avancis (monolithic
module) (ap)
CdTe (thin film) | 20.4 £0.5 0.(?138 0.8717 29.47 79.5 [Newport (12/13) First Solar on glass
CZTSS (thin film) 12.6 +0.3 0'(‘;%?9 05134| 3521 |69.8| Newport (7/13)| IBM solution grown
CZTS (thin film) | 8502 92382 | 0708 | 1683 |709| AisT(1/13) | ToYota Central R&D
(da) Labs
Cells (other)
Perovskite 0.0937
hinfim) |17-9%08 T v | 11142 | 218 | 73.6| Newport (4/14) KRICT
Perovskite 0.0955 Newport
(thin fim) | 201%04 "7 | 1059 2465 | 770 000 KRICT
Organic |, 4 493 0159 | (g67 17.81 | 72.2| AIST (10/12) | Mitsubishi Chemica
(thin film) (ap)

1) CIGSS, CulnGaSSe, CZTSS, £n0SnS.,Sg, CZTS, CuZnSnSg

2) t-total area, ap - aperture area, da - desigrnilfetination area

3) AIST - Japanese National Institute #fdvancedIndustrial Science andTechnology, NREL - National
RenewableEnergy L aboratory,FhG-1SE - Fraunhoferl nstitut fir Solare Energiesysteme:STI - European
Solar Testlnstallation

4) KRICT - KoreanResearchnstitute ofChemicalTechnology

Table 6
Terrestrial concentrator cell and module efficiesaneasured under the ASTM G-173-03
direct beam AM1.5 spectrum at a cell temperatur2s6€ [18, 20]

. Eff s Intensity? | Test centre® o
Classification? o] om7] [sunst]y (data) Description®
Single cells
GaAs 29.1+1.3| 0.0505 (d 117 FhG-ISE (3/10) Frehofer ISE
Si 27.6 £1.2 1.00 (da) 92 FhG-ISE (11/04) Amonixlpaontact
CIGS (thin film) 23.3+1.2] 0.09902 (ap) 15 NREL (3/14) NREL
Multijunction cells
InGaP/GaAs/InGaAs| 44.4+25 0.1652(da) 302 FHG(SE3) | . fg}iﬂgmorphic
GS?'A”SPP/%"QEAS 46.0+2.2| 0.0520 (da 508 AIST (10/14) So'tecfoigle':dhe ISE
Submodule
GalnP/GaAs; DuPont et al.,
GalnAsP/GalnAs 385+1.9) 0202 (ap) 20 NREL (8/08) split spectrum
GalnP/GalnAs/Ge; Si| 40.4 +2.8 287 (ap) 365 NREL (11/14) UNSW split sgram
Modules
Si 205+0.8| 1875 (ap) 79 Sandia (4/89 Sa”d'al(tigf‘efﬁls ')ENTECH
Triple junction 35.9+1.8 1092 (ap N/A NREL (8/13) Amonix
Four junction 36.7 £2.6 | 829.6 (ap) N/A FhG-ISE (54) Fraunhofer ISE
‘Notable exceptions’
Si (large area) 21.7 0.} 20.0 (da 11 Sandia §9/90 UNSW laser grooved
Luminescent submodule7.1 +0.2 25 (ap) 2.5 ESTI (9/08) ECN Petten, Gadllsc

1) t- total area, ap - aperture area, da - desigrnilfietination area
2) One sun corresponds to direct irradiance of 10083/
3) ESTI - Europearolar Testl nstallation
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Summary of world records with date of the noticetlgy testing laboratory and a short
parameters and characteristics of the technologwloich they are made, are shown in
Tables 3-6. In Table 3 efficiencies (measured irCSbnditions) of solar cells and PV
minimodules for terrestrial applications were cctiégl, in Table 4 - modules. In Table 5 the
top ten best results obtained by cells and moduleee shown, and in Table 6 the
efficiencies of solar cells and modules for grolmaded applications with the concentration
of solar radiation were collected. It is worth matithat for the cells with absorber made of
crystal InP, best result has not been beaten 4i888. While the efficiencies of the cells:
the dye sensitized cells, organic and based orvgkites rapidly increased.

Future of photovoltaics

To use the full potential of solar energy we shdnlttease the efficiency of PV cells
(Fig. 17). Now we have steady and stable increag®Vi cells efficiency, but most of these
new cells are not commercially available. Actualomels of efficiency are held by cells with
concentrators (actual 46% cell from Soltec, 4-jiomt508 times concentrated light). This
technology is only profitable for big photovoltgiower plants that can use lens or mirrors
and also use cooling devices. For small PV systeestill use silicon solar cells and they
efficiency increase is very limited. But if we tak&o consideration not only technical
efficiency, but also cost of modules, we can obsefecrease of prices per,\{Fig. 18).
This price drop causes that PV modules are mucle raocessible and profitable in an
increasingly larger parts of the world.
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Fig. 18. Price history chart of crystalline silicsolar cells in $ per watt since 1977 [21]

Predictions for PV market in EU made by EPIA (Ewap Photovoltaic Industry
Association) are very optimistic (Fig. 19). We e stable increase of installed power in
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all scenarios (high, medium and low). Also in histal data can be observed growth even
in years of economic crisis (2008-2010). Of couwse prices of standard energy carriers
that we have nowadays can reduce the price cornveetitss of solar cells, but in the longer
term photovoltaics should be very important sowfcenergy.
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Fig. 19. Scenarios for European PV market [22]
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Also long-term prognoses prepared by German Adyistwuncil on Global Change
(WBGU) are very good for solar energy (not only fmwoltaics, but also solar thermal
generation, for example solar towers). It shows slodar energy can be the most important
source of energy in the near future (90 years - F.

Photovoltaics power plants

For production of big amount of energy the mostonignt are photovoltaics power
plants. The biggest have power over 0.5 GW (TopalarS-arm [24] and Desert Sunlight
Solar Farm [25] in USA - 550 My and can produce over 1 GWh energy per year. But n
only USA invest in photovoltaic power plant, plamigh power more than 100 MW have
many countries (China, Germany, India, France, lbkrgon Crimea) and Chile). PV
power plants show that photovoltaics is very fléxilbechnology. PV systems can be
adapted to the needs of customers and their paavestart from few watts even to GW and
more. Their size is only matter of needs and ofsepossible to use surface.

Especially power plants in Germany (rather standdirdatic conditions for Europe)
gives hope that PV power plants can be used ngtiordunny climate, but also in whole
Europe.

Photovoltaic plants have also competition: solavetis using mirror to concentrate
solar radiation to increase temperature of flumftef molten salts) and these fluids change
water to steam and it feeds a turbine. But thisinefogy is not so safe and flexible as
photovoltaics, it fits only for big power plants chralso causes problems, because
concentrated sunlight can kills animals and birbas traditional steam turbine and
generators that make noise. So solar towers camnlyeused in distant area (plants over
100 MW are only in Spain and USA).

Energy storage

Main problem in use of photovoltaics and wider lhranewable energy sources are
the seasonal and daily changes in energy produciean though the development of
renewable energy resources analysis, not only phtitdcs [4], but also in other types of
Renewable Energy Sources [8], seasonality of tiésgy production is a big problem.

This problem causes that energy storage is vergiitapt and it should be resolved in
a cheap and cost-effective way. Also we need lengrt{days or weeks) storage of energy
that helps us to avoid periods with smaller engngduction. Today's methods for storage
energy that can be used to cover high energy desnaret pumped water (change of
electrical energy to potential energy of water), ESA(Compressed Air Energy Storage),
advanced lead acid batteries and new flow battefidsw batteries are new type of
chemical energy storage in which electrolyte is pad) so battery better uses it and have
higher power density. But these systems have lihptewer density (they have high energy
but can’t fast produce high power). It seems thatgreatest potential have a hybrid system
(supercapacitors and different type of batterias] tells and hydrogen storage, flywheel
and water pumps, etc.)

Conclusions

1. Solar energy is the most environmental friendlyrgpesource, so it can be used
everywhere, also this type RES is the most accdptdthology.
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2. The increase in efficiency and decrease in costreking photovoltaics cost-effective
for growing area.

3. Limits of use for photovoltaics are connected withily and seasonal changes of
energy production and can be solved by energygtsra

4. The problem of electricity storage is not resolvieda cheap, effective way and yet
does not allow us to long-term storage of this gner

5. Increasing the percentage of renewable energy esuenforces energy storage use.
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