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1. Introduction to photovoltaics

Basic information about the solar energy and photovoltaic Energy conversion

2. Technology of solar cells

The industrial technology of silicon solar cells and thin films solar cells will be presented

3. Emerging photovoltaics

Emerging materials and devices including dye-sensitized solar cell, organic solar cell, perovskite 

solar cell and quantum dot solar cell

4. Photovoltaic systems

Technology, applications, economics of photovoltaic systems 
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Cours description



2013

Region IIIb: perovskite, DSSC, organic PV 
with moderate efficiency and very low
cost

Region IIIa: very high –efficiency devices 
that require novel mechanisms of device
operation

Region IIIb – Emerging PV

Three generations of solar cells



Types of solar cells to exceed the Shockley–Quiseer limit.

Y. Takeda and T. Motohiro , Prog. Photovolt: Res. Appl. 2013; 21:1308–1318

Third generataion solar cell - very high efficiency (Region IIIa)

Only multijunctions solar cells reached very high effciency!! 
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Best research cell efficiensies



Limit  (max.

concentration) %

 (AM1.5)

%

Lansberg 93.3 73.7

∞- cells 86.8 69.0

2 - cells 55.7 42.5

3 - cells 63.8 49.3

Hot carrier 85.0 65.0

IBSC 63.2

MEG 

Down converter DC 36.7 (Si)

Up-converter 48 (Si)

Single junction Si 40.8 31.0

GREEN M.A., Third generation photovoltaics: advanced solar electricity conversion, Springer-

Verlag, Berlin Heidelberg, 2006

Efficiency limits third generation solar cells

𝐦𝐚𝐱. 𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐟𝐦𝐚𝐱 = (𝐝𝐳𝐬/𝐫𝐬)
𝟐= 𝟒𝟔 𝟏𝟗𝟖 𝟐 for vaccum

dzs the distance from the Earth to the Sun, and rs the radius of the Sun.



Jsc

[mA/cm2]
Voc

[mV]
FF

[%]
PCE
[%]

S
[cm2]

suns year

4-junctions  
concentration

46,0 0,052 508 Fraunhofer 
ISE, Soitec

10. 2014

2-junctions 35,5 0,1 38,1 NREL 10.2017

4-junctions 
without

concenration

8,457 5549 83,5 39,2 0,247 1 NREL 11.2018

2 junction
without

concenration

14,56 2570 87,7 32,8 1 1 LG 
Electronics

09.2017

1-junction 
GaAs, 

concentration

30,5 0,1004 258 NREL 10.2018

Multijunction solar cells

https://spectrum.ieee.org/static/interactive-record-breaking-pv-cells



Multijunction solar cells- high concentration

John F. Geisz et al., Building a Six-Junction Inverted Metamorphic Concentrator Solar Cell , IEEE JOURNAL OF 
PHOTOVOLTAICS, 8(2) (2018) 626-632.

HIGH-CONCENTRATION photovoltaics (HCPV) in high direct normal irradiance regions have the potential 

to become the lowest cost utility-scale solar energy technology. Because of the lower capital investments 

required to manufacture and install HCPV systems compared with traditional flat-plate

photovoltaics (PV), this technology also has the potential to rapidly scale up. 

Fig. 1. Schematic for 6J design strategies. The second junction in any of these designs could also be composed of the 1.7-eV quaternary 

Ga.7 In.3 As.3 P.7 .

Efficiency 47.1 % was reached.
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Emerging PV

Emerging PV



QD solar cells



The best Cs0.5FA0.5PbI3

PCE = QDS 16.6 %  (certified record) 

94 % of the original PCE under continuous 1-sun illumination for 600 h



In an LSC fluorescent dyes or Qdots absorb and re-emit light isotropically, and due to total internal 
reflection the reemitted light is highly concentrated on the small edges of the collector. 

The LSC has an important advantage over

geometric concentrators. Both direct and 

diffuse sunlight is collected, making solar 
tracking unnecessary.

Luminescent Solar Concentrators (LSC’s)



LSC for building integrated

photovoltaic (PV) systems

N-doped carbon QDots based LSC 
under UV illumination



Further optimization is needed. 
Application: net-zero power consumption of future urban buildings. 



• Stand-alone

• Grid-connected

• Hybrid

Photovoltaic Power System Types



Scheme of stand-alone (off grid) PV system

Stand-alone

PV Array
Charge

Controller

Battery

DC Load

Inverter

AC Load



Utility Grid

PV array Inverter DC/AC

Grid-connected without battery



PV array Inverter
DC/AC

Battery

Wind turbine

Charge
Controller

Engine
generator

AC Load

Scheme of Hybride System (PV/Auxiliary Generators)

Hybride system (PV/Auxiliary Generators)



Stand-alone system 

(autonomus) 

– off grid

Grid conected

Free standing 

system

Roof

system

integrated

with the 

building BIPS

with tracking systemwithout tracking system

Photovoltaic Power System Types



PV module

DC Load

=/=
Regulator 

Voltage DC/DC

System PV without storage



+ -

Stand-alone system DC



Źródło: www.sma.de, wirbet.com.pl, georyt-solar

PV modules

Inwerter 

Grid conected PV system

http://www.sma.de/


PV array



Źródło: Polskie Centrum Solarne

PV system grid-connected



Indoor Outdoor

Industrial Distant

houses

Consumer

Stand-alone PV systems

Types of stand-alone (autonomous systems)



Decentralized Centralized

Roofs

School

Facades

Parking

Transport routes

PV plant

Grid connected PV systems

Types of grid connected PV systems



Hybrid PV systems



https://www.pv-magazine.com/2018/03/27/vestas-and-edp-
completes-hybrid-wind-solar-project-in-southern-spain/

The Danish wind specialist and the renewable 
energy unit of the Portuguese utility have 
installed the 3.3 MW power facility near Cadiz, 
in the Spanish region of Andalucia.

Lack of sites with transmission infrastructure, technical issues such 
as grid balancing and tariffs pose challenges to hybrid project roll-
out in India.
www.pv-magazine.com/2020/06/11/india-set-to-add-15-gw-of-
wind-solar-hybrid-capacity-in-five-years/
Image: hpgruesen/Pixabay

Hybrid PV systems

http://www.pv-magazine.com/2020/06/11/india-set-to-add-15-gw-of-wind-solar-hybrid-capacity-in-five-years/


Agrophotovoltaics



Agrophotovoltaics

Image by Fraunhofer ISE (www.ise.fraunhofer.de).

April 15 (Renewables Now) - A project in Germany testing the agrophotovoltaic (APV) 
concept has shown a land use efficiency of 160 % in 2017 and as much as 186 % in 2018, the 
Fraunhofer Institute for Solar Energy Systems ISE said Friday.

https://renewablesnow.com/news/german-agro-pv-trial-shows-up-to-186-land-use-efficiency-650768/



The “Agrophotovoltaics – Resource Efficient Land Use (APV-
RESOLA)” project evaluated the benefits of producing both 
solar power and crops on arable land near Lake Constance. 
The partners in the project installed a solar system of 
194 kW on a five-meter-high structure on land used to 
grow winter wheat, potatoes, clover and celery. 

https://renewablesnow.com/news/german-agro-pv-trial-shows-up-to-186-land-use-efficiency-650768

Agrophotovoltaics



Elements of solar installation



PTC: “Photovoltaics for Utility Scale Applications Test Conditions” or PVUSA Test Conditions 

Electrical parameters of the photovoltaic module



Mechanical parameters



Electrical parameters of the photovoltaic module



 Visual inspection

 UV preconditioning

 Damp heat test, DH

 Humidity-freeze, HF

 Mechanical Load test

 Thermal cycling, TC

 Hail impact test 

HF: Humidity Freeze - PV modules are exposed to cycles ranging between temperatures of 85°C with relative 
humidity of nearly 85 % and negative temperature reaching - 40°C. PV modules are subjected to a total of 10 
complete cycles in a closed climatic chamber.

DH : temperature 85± 2oC , relative humidity: (85 ± 5)% test duration 1000  h

TC thermal cycling test (200 cycles at -40°C to 85°C)

Tests in the module certification process



I-V characteristic solar cell

Certified measurements in the Photovoltaic Laboratory



I-V characteristic solar cell

Electrical parameters:
Isc
Voc

Impp
Vmpp

FF
Eff

Pmax

For  STC 

Electroluminescence image

Certified measurements in the Photovoltaic Laboratory



Źródło: Polskie Centrum Solarne

http://2kw.krdglobalgroup.com/

Maximal Power for STC : 2.35 kWp

Number of PV modules: 10   

PV modules: SFE 235 Wp

Total area of PV modules:   16.32 m2

Number of inverter: 1 

Tilt angle: 35º

Azimut: 0º

Projected energy production: 2399 kWh

Solar system - actual implementation

http://2kw.krdglobalgroup.com/


Maximal Power for STC : 3,1 kWp, Number of PV modules: 12, ModulesL: Selfa 260 Wp

Total area: 20,4 m2, Tilt angle: 32º, Azimut: 0º

Projected energy production: ~3000 kWh

Solar system - actual implementation



Irradiance [W/m2]

Solar cell 100 cm2

Dependence of basic solar cell parameters
on the value of radiation intensity



Dependence of basic solar cell parameters
on the value of radiation intensity



Dependence of basic solar cell parameters
on the value of radiation intensity



M.S.Imamura, P.Helm,and W.Palz,  Photovoltaic system technology, A European Handbook 1992.

Dependence of basic solar cell parameters
on the value of radiation intensity



M.S.Imamura, P.Helm,and W.Palz,  Photovoltaic system technology, A European Handbook 1992.

Dependence of basic solar cell parameters
on the value of temperature



The effect of shading one link
on the characteristics of the PV module



M.S.Imamura, P.Helm,and W.Palz,  Photovoltaic system technology, A European Handbook 1992.

Dependence of ISC

on the value of angle of incidence



Thank you for your attention


