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1. Solar Energy Potential

2. Principle and Characteristics of Photovoltaics

3. Photovoltaic Systems: On- and Off-Grid

4. Decentralized photovoltaics for Germany & Guatemala
5. How to size an off-grid PV System

6. Cost comparison: Diesel vs. PV

7. Implementation aspects
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Prof. Dr.-Ing. habil. Stefan Krauter

1998 Dipl.-Ing. for EE at University of Technology Munich
1993 Ph.D. at University of Technology Berlin

1996 Founder of SOLON AG (manufacturer of PV modules)
1998 Habilitation at University of Technology Berlin

1999 Founder of Rio-Solar Ltd (set-up of PV systems)

1998-2006 Visiting Professor at Federal University of Rio de Janeiro
(lectures, set-up RE-lab, chairman of events RIO 02-15)
2006 Co-Founder, CEO of Photovoltaic Institute Berlin SE
(Testing of PV modules & Quality control of PV systems)
2008-2010 Professor at University of Applied Sciences Biberach
Since 2010 Professor & Chair at University of Paderborn,

Vice-Director of Competence Center for Sustainable
Energy Technology (KET)
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Electrical Energy Technology — Sustainable Energy Concepts

Research area:

Sustainable Generation
and Use of Energy

» Energy efficient buildings
Wind power monitoring
Decentralized energy systems
Virtual energy storage

Load shifting via remote control of loads
Yield prediction & optimization of PV
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Natural Gas
resources

Oil resources

World’s Energy
consumption
of one year

Coal resources

Uranium resources/.l
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Natural Gas
resources

Oil resources

World’s Energy
consumption

Coal resources of one year

Uranium resources/.I

solar energy
iIrradiated during
one year onto the
surface of the Earth
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p-Si

Doping with boron (3 outer If p-Si and n-Si are together, diffusion of
electrons) causes free free charge carriers into the other part occurs.
positive charge carriers Thus, the electrical neutrality is repealed:
(electron vacancy +) This creates an electric field in the

transition region.
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I-V curve, power output, MPP
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Current of solar cell (A)

I-V characteristics for @ 5
. ] ] energy solutions
different irradiance levels
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: ) ] 5~ Operation points for
2l E=1000 W/m maximum power (MPP)
E = 900 W/m? *
= 800 W/m? * multicrystalline
i — 2 silicon solar cell at
oF 700 W/m ) AM 1.5 and 25°C
= 600 W/m?
= 500 W/m?
= 400 W/m?
1t = 300 W/m2
= 200 W/m? |
= 100 W/m? - \
T R S T S S \ [N IR S |
0 0.1 0.2 0.3 0.4 0.5

Voltage of solar cell (V)
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different temperatures of cell
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of power, current, voltage
module eff. |Tkoeff Pmax |coeff. Current |coeff. Voltage coff FF NOCT

a-Si (triple) 5.3% -0.20%/K 0.11%/K -0.32%/K 0.02%/K 45.1
a-Si (tandem) 5.2% -0.20%/K 0.07%/K -0.30%/K 0.03%/K 49.0
CdTe 7.7% -0.23%/K 0.05%/K -0.30%/K 0.02%/K 45.1
a-Si (single) 5.5% -0.24%/K 0.09%/K -0.33%/K 0.00%/K 47.7
DSC 0.8% -0.30%/K 0.50%/K -0.30%/K | -0.50%/K 40.0
HIT 15.1% -0.31%/K 0.03%/K -0.25%/K | -0.08%/K 49.0
mono Si 11.6% -0.41%/K 0.05%/K -0.39%/K | -0.08%/K 45.8
CIS 9.1% -0.44%/K 0.04%/K -0.34%/K | -0.13%/K 47.0
multi Si 11.8% -0.44%/K 0.05%/K -0.39%/K | -0.10%/K 45.0
multi EFG Si 11.6% -0.47%/K 0.10%/K -0.41%/K | -0.16%/K 46.3
Ribbon Si 10.0% -0.47%/K 0.06%/K -0.49%/K | -0.03%/K 44.0
mono LGBC 13.3% -0.49%/K 0.05%/K -0.45%/K | -0.09%/K 47.0
Apex 7.6% -0.52%/K 0.08%/K -0.49%/K | -0.12%/K 45.7
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Definition of “Air Mass” (AM)

I
—lx— AM x =1/ sin s

Zenith

«—— Earth’'s atmosphere

A/

Earth‘s surface
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spectral irradiance in W/(m?um)

Spectra during different parts of the day o is

and the spectral efficiency of a solar cell

/
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relative spectral efficiency of a
crystalline silicon solar cell (multi-Si)

Yg=90° =AM 1.00 (12.00 a.m.)
”Y =70°=AM 1.06 (01.20 p.m.)
Vg™ =50°=AM 1.31 (02.40 p.m.)
Vs = =30° =AM 2.00 (04.00 p.m.)
Ys =10°=AM 5.76 (05.20 p.m.)
Example: |
, time at the equator at —
’ Equinox (3/21 and 9/22)
1000 15OO 2000 2500

Wavelength in nm
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efficiency of different solar cell technologies e

relative spectral efficiency of a
crystalline silicon solar cell (multi-Si)

1500
= T YS= 90° =AM 1.00 |(12.00 a.m.)
3 ) Tg= 70° =AM 1.06 (01.20 p.m.)
g a-Si IS 50° =AM 1.31 /(02.40 p.m.)
= 1000 Vg™ 30° =AM 2.00 (04.00 p.m.)
c o
'é | CdTe yS= 10° =AM 5.76 |(05.20 p.m.)
C -
©
'-g T Example: j
k= . time at the equator at
® 500+ Equinox (3/21 and 9/22)
©
o)
73

O._
O 500 1000 1500 2000 2500

Wavelength in nm
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o eoomic e From solar cell to PV generator e graglutions
Solar
cell
Strlng
Solar
module
(PV module)
Solar panel
(PV generator)
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Federal Ministry . .
LS o oromic Afars - PV module for crystalline cells with frame

© www.solarpraxis.de

1 Aluminum frame, 2 Seal, gasket, 3 Glass, 4 EVA embedding, 5 crystalline solar cell, 6 Tedlar-Polyester-Foil
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box, inverters via MC4 sockets and plugs
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indicated by index “p” at Wattage: W,

Fixed conditions to measure and compare the performance

(e.9. Pypp» Voc i Ise» n) of a PV module:

s
SOLARWORLD AG
Cell Temperature: T.=25" C o M—
Global Irradiance level: E = 1000 W/m? e e
Spectrum according to AM 1.5
Incidence angle of irradiance 6 =0° &m o D

Usually, STC is measured in the laboratory or in a factory via a solar simulator (,Flasher)
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Integration of Maximum-Power-Point-Tracker e

Inverter for grid injection (grid-feeding):
Dependent on grid, synchronizes to grid voltage and frequency

Inverter

30-1000 V

2 &

PV modules . .
1 (for module inverter) to 25 modules public gnd terminal box

(Limit: max. System Voltage)
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© www.solarpraxis.de

1 PV generator, 2 DC Junction box, 3 Inverter, 4 KWh-meter for Durhire

@  energie

consumption and PV injection, 5 grid connection, 6 local loads < waechter
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Generating more electricity than consumed

pics:~ =

.
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" Generation & Use during daytime
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PV-learning-curve caused by effective feed-in

(for crystalline Si-wafer based PV)

legislation and investments in mass production

‘ FAEY
L
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Development of PV electricity costs

% fF(?rd Etziln?%nii:sg:‘/fairs ) “ {é 55.’

and Energy in Germany (900 PV full-load hours per year) and  energy solutions
1n Guatemala (1800 PV full-load hours per year)
€/kWh

1,0 I\ - e - r-

| 900 h/a: | |

Costs for I 0,60 €/kWh I I
0,8 S N —— == = 4 - - l— — — — — — - - - - — Lo

. . | | ' | |

electricity supply | ‘| 1800 h/a: | :
| 06 - \/ / | o30ekwh | |

(grid & PV) ! | | | |

| 900 h/a |
04 4 N ,___[]oi0€kwh |

: 1800 h/a :

i ' 0.06 €/kwh
0,2 | ol

Im PV iy
T T [ LT T re—

mq Peak load 0,0 i — i i i

— Base |load 1990 2000 2010 2020 2030 2040

References: Hoffmann 2000, Krauter 2010
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200,000 -

180,000 =

100,000 —

50,000 —

50,0 7

Average price of PV modules
[€2013/Wp]

PV cumulative installed capacity @ i

energy solutions

2000-2014 (in MW)

End of 2015:
> 200 GW 178,391

20% price reduction with doubling of total installed capacity

0,5
0, 005

Source: EPIA 2015, ISE Fraunhofer 2015

0O —

2000 2001

B Europe

0,050 0,500 5,000 50,000 500 000
Cumulative installed capacity [GWp]

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

B APAC Americas China MEA B Row
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New trend: PV & home storage: Up to 60% less
electricity from the grid

German case -

Without PV With PV With PV & storage For Guatemala 100%
at home . I
i g can be achieved !

-30% -60%

Solar PV

Electricity
storage

Electricy from the grid for a 4 persons household

SOLARGRAFIK.de

up to 30% reduction via  yp to 60% reduction via PV
PV self-consumption self-consumption & storage

Base: Household with 4 persons: 4500 kWh/a, PV generator of 5 kW, effective storage capacity: 4 kWh
www.solarwirtschaft.de Frauenhofer ISE, Quaschning HTW Berlin, BSW-Solar
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Space, science fiction, remote power supply
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Important:
Far away from
electrical grid
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10°
4 \ wrist watch
10 7| ) pocket calculator
c
2
» 10°
=
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O tourc
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3 QNF\ e
O l | .
2 10 \I\ C—R gasoline generator (1 kW)
8 -) |_Diesel generator (10 kW)
Diesel (100 kW )—
1 ""r DYSLE| [ NS car electrics
1
\QQgrid (small consumerltarif)
I
10" C \grid (normal tarif)
N |

102 107 1 10 10% 10® 10* 105 10® 107 108 10° 1070
Equivalent power of PV generator in Central Europe in W, Durchfier
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e “Solar Home System” (SHS) T
for DC loads with battery storage

charge

controller

off if vbat< 1M1.5VA(T.,)

Tbat

PV generator

|
hffah

battery load

energie



B | oy Scheme of simple p_—

Wy

ey “Solar Home System” (SHS) T
for AC loads with battery storage

_T
i
Ch -
arge I Inverter
controller
_T
_T #
PV panel Battery Load

Typical size for sunny locations: For a daily consumption of 400 Wh/d
a PV panel of 140 W, is sufficient. For a maximum discharge of 50%
and 2 days of autonomy, the battery capacity is 150 Ah at 12 V energie

\o waechter
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Examples: Charge controllers

'

PR 3030

(] (8 )

@ Steca

Outside View Of The Controller

Work Mode

Salar Raltery <3 73
Digital LED Display

Indicatoe Light(1) L 5

Sorage Batlery et \{—‘]

Indicator Light (2) Sy \h* OfeelC &’JL Setting KEY
|.oad
Indicater Light (3) '

$ - ¢ - » -
Solar  Stoeege LOAD
Eattery Baltery

energy solutions
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Inverters for off-grid systems
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Determination of load: Power of loads, duration of use: ~ W, _4

Determination of battery size: max. depth of discharge (DoD: typical
for lead-acid batteries: 50%), days of autonomy (DoA, e.g. 4 days In
Germany, 2 days in the tropics):

Wbattery = Wload'DOA/ DoD

Energy to be generated by PV (use energy efficiency!):

Wpy = Wigaq / (r]charge controller " Neat Ninverter)

Daily irradiance at a typical day of the worst month of operation
(from measurements, tables, maps, or simulation): W, .4 gay

Area of PV generator: Apy = Wpy / (Wirag gay ‘N pv)

. energie
\_J waechter
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Annual irradiance in Central America:
Value relevant for grid-feeding

o2°W

o0 W

86°

W 84
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Model estimates of monthly average daily total radiation using inputs
derived from satellite and surface observations of cloud cover,
aerosol oplical depth, precipitable water vapor, albedo, atmospheric
pressure and ozone sampled at a 40km resolution.
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A day in month with worst irradiance:
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elevant tor independent power supply v
W SN W EEW a4
i Flat Plate
) Tilted at Latitude
MEXICO
. - - June
Belmapan Caribhbhean Sea kWh/m?/day
* -
BELIZE Bl as-a0
Il :0-55
"" -0
FN " 15N Bl 0-75
/ e \__/\__’\ B Gs.- 70
GUATEMALA . B0-65
i 55-6.0
50-55
Guatsmala (20 0 [0 YL 4.5-56.0
* 4.0-45
\ Tegueigalpa 35-4.0
o ” A e 20-358
T~ s Salvaar Rl g 25-3.0
EL 20-25
SALVADO
\ - < P
NICARAGUA
North Paciflic Ocean a 5 A 200
I'u'Ian*agua Klicimeaters
N \ 1#H
43-!\.‘3
a wMI=SL
L
Wiodal astimates of monthly sverage dally tolsl rediation using Inpuls %
darived Fom satelile and sufacs ohiservalions of choud cover,
sarosol oplical depth, pracipliable waler vapor, abso, almosphenc P —
pressure ad czone sampled al & 40km resclulion. COSTA RICA Durchfiihrer
I I WS B4 t‘:\ .
AMAHcan10DECD3 EHEPgle

\o waechter



roera sy (COSt share of an autonomous PV system  gagg

for Economic Atfairs

and Energy for 20 years (20 kW, 60 kWh supply per day) energy.solutions

. energie
@/ Waeghter‘
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Share of diesel power plant capacity to total power plant capacity

JEP WISODTWI20 WAD W BDTW SO W 07 30°E B0 E 80° E120° E150° E180°F

| Rl B =

data source: G-Cells Market Development

Source: C. Breyer, RLI, 5th ARE Workshop Academia meets Industry, 27" EUPVSEC, Frankfurt 2012

energy solutions

electrical power supply
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annual irradiation on module
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0.35

for Esonon Diesel vs. PV generation costs
Crude Oil Heavy Fuel Oil  US Diesel Retail max Diesel Retail
80 $ibbl 110 $/bbl 130 $/bbl 290 $/bbl
0.50 $/1 0.70 $/ 0.80 $/1 1.70 $/1
2400 N
2200 - \
g -
. 2000 - o _
= world retail diesel price range
"= 1800 - \
= 1.0 €W
S 1600 - .
x 1.5 €Mp \
1400 - \ 20€Mp | L
1200 - \ 29€MWp | 13.0emp
1000 . . Wi : V2 .
0.00 0.05 0.10 015 0.20 0.25 0.30
average cost of electricity generation [EUR/kWHh]
Key insights:

* current PV system prices of < 2,000 €/kWp enable PV LCOE of 10 - 15 €ct/kWh
» cost of diesel generated power is significantly higher, if no subsidies are paid for diesel

Source: C. Breyer, RLI, 5th ARE Workshop Academia meets Industry, 271" EUPVSEC, Frankfurt 2012
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Project identification: Load, Irradiance, Land, Security

Financing: PPA, Carbon Trading, taxes, tax reductions,
subsidies, interest rates, inflation, risks

Equipment: components suitable for high operating
temperature, high sand & salt contents of air, UV-stability,
warranty (local dealer)

Infrastructure: importation, transport, mounting equipment,
tools, accessibility of location of installation, installation team,
training of local supervisor, maintenance (financing & training),
problem management, future development

energie
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for cost-efficient decentralized power

supply: Hybrid system
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Questions?

, energi

ie
= waechter




