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Structure of the courses

for nano » bio « sustainable technologies

Master Degree In
“Materials and chemical
engineering for nano, bio and
sustainable technologies”

Master Degree In
“Engineering for the energy
transition”

Materials, systems and critical raw Alternative Energy Technologies 1
materials for the energy transition

Modules: Modules:
* Materials for photovoltaics and energy transition technologies 3 CFU = ¢o—— * Materials for the Energy Transition 3 CFU
* Photovoltaic systems and energy management 3 CFU ecn————— * Electrical Systems for the Energy Transition 3 CFU
e Strategic and critical raw materials 3 CFU * Electrical Energy Storage 3 CFU

e Substitution of critical materials 3 CFU



Content

You can find the Syllabus in the Moodle page of the Course

1. Photovoltaic systems: Massi Pavan

2. Storage systems: Massi Pavan

3. Energy management systems: Blasuttigh

.,

ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 R YNIVERSITA
ALESSANDRO MASSI PAVAN %=/ DITRIESTE

- Dipartimento di
Ingegneria
I a e Architettura



References

* Your notes taken during lesson
* Slides in Moodle, the password is: eSfet2320L*
* Books

v' V. Bearzi. Manuale di Energia Solare, Tecniche Nuove
v’ Photovoltaic Solar Energy: From Fundamentals to Applications Volume 2, Wiley 2024
v’ Practical handbook of photovoltaics : fundamentals and applications, Elsevier 2011

v' Handbook of photovoltaic science and engineering, Wiley 2003
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The role of photovoltaics
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The role of photovoltaics

Solar was the largest power source in the EU for the first month ever in June

Share of electricity generation (%)

o Solar
Nuclear
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Wind
15
Gas
Hydro
10
Coal
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Bioenergy
Other fossil
Other
0 : . renewables
June 2023 June 2024 June 2025

source: Monthly electricity data, Ember, ember-energy.org/data/electricity-data-explorer

Ranked: Share of electricity generation, June 2025

Nuclear 21.8%
Wind 15.8%
Gas 14.4%
Hydro 12.8%
Coal 6.1%
Bioenergy 3.5%

Other fossil 31%

Other

renewables = ©0°%

ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027
ALESSANDRO MASSI PAVAN

S UNIVERSITA

=

=)

. ",
Le

88 DEGLISTUDI

la

Dipartimento di
Ingegneria
e Architettura



A vision from the past
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THE PHOTOCHEMISTEY OF THE FUTURE?®

MoperN civilization 18 the daughter of
coal, for this offers to mankind the solar
energy 1n 1ts most concentrated form : that
15, in a form in which it has been aceumu-
lated In a long series of centuries. Mod-
ern man uses 1t with inereasing eagerness

and thoughtless prodigality for the con-
quest of the world and, like the mythiecal

ecold of the Rhine, ecoal 1s to-day the great-
est source of energy and wealth.

" .if our black and nervous civilization, based on coal, shall be
followed by a quieter civilization based on the utilization of solar

energy, that will not be harmful to progress and to human
happiness.”

Transition
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Why photovoltaics?

Solar is now ‘cheapest electricity in history’,
confirms IEA
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Fuel source is vast and

essentially infinite Low costs
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Installing...

Reliable and Easy and quick
durable installation

DN E:g:r;serins ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 UNIVERSITA IS s
il i ALESSANDRO MASSI PAVAN K DITRIESTE Ila' e Architettura



Why photovoltaics?

Modular No moving parts, no noise

technology (no emissions)
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Distributed Daily output peak can
generation match the local demand
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Energy Payback Time

EPBT [yrs]
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Photovoltaic Solar Energy: From Fundamentals to Applications

Volume 2, Wiley 2024

Irradiation: 1000
kWh/(mz*yr)
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EROI and CO2 emissions
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Photovoltaic Solar Energy: From Fundamentals to Applications
Volume 2, Wiley 2024
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Cumulative installed power (MWp)

World Europe
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Source: IRENA, Renewable Capacity Statistics (historical series; 2026 edition for 2016-2025). irce: IRENA, Renewable Capacity Statistics (historical series; 2026 edition for 2016-2025).
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Cumulative installed power (MWp)

TOP PV MARKETS 2025
415 GW

e v e TOP PV MARKETs 2024

14%

rt [ CHINA 3096Wto 357 GW ]

Rest of Europe

12%
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Annual PV capacity additions (2025) | Source: IEA PVPS, Trends 2026
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Evolution of global market
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PV module production by region -
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EU PV Manufacturing Landscape - Status Quo

e
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Status Quo in the EU

= Many PV Module manufacturers still exist. But almost all of
them with a small production capacity (< 1 GWp/a).

= Cell production capacity of <5 GWp/a.

= No active Ingot & Wafer production.

= One Polysilicon manufacturer.

Data and Graph: Dr. Jochen Rentsch, Fraunhofer ISE 2025; last update: 08/2025 Source: @istock RN F ra u n hOfer
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EU PV Manufacturing Landscape - Perspective
Announced / Planned GW Fabs
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Diversification of European PV supply: Y
= GWp PV Manufacturing projects in Europe announced.

= What is planned in other global regions?

Fraunhofer
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Data and Graph: Dr. Jochen Rentsch, Fraunhofer ISE 2025; last update: 08/2025 Source: S tod e
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Electricity production in 2023

Curtailment is the intentional reduction of
electricity generation, preventing it from exporting
its maximum potential output to the grid
- oversupply of renewable energy
- grid-related issues like congestion or restrictions
to prevent instability and ensure grid balance
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Modeled cumulative installed capacity
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Photovoltaic Solar Energy: From Fundamentals to Applications
Volume 2, Wiley 2024
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It’s just the beginning: the first clue

ITRPV (2023)/International Technology Roadmap for Photovoltaics
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- Grid-parity: electricity price [16 — 60 cent/kWh] > PV LCOE [4 — 14 cent/kWh]

- Fuel-parity: LCOE from conventional sources [9 — 58 cent/kWh] > PV LCOE [2.5 — 5 cent/kWh]
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The grid-parity occurs when the price of electricity for the end
consumer is lower than the generation cost from PV (4-14 cent/kWh)

Prezzo complessivo dell'energia elettrica
con consumo annuo di 2700 kWh
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Global LCOE and cost for large PV systems

Levelised cost of electricity % f
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Evolution of LCOE and electricity price
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~ Fraunhofer
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G0 Electricity costs
== HoLschold 1 000 KVVhia to 2 500 kK\VVhYa
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Fuel-parity

The fuel-parity occurs when the cost of electricity from PV(2.5-5 cent/kWh)
iIs comparable with the one from conventional technologies

Version: July 2024 =
ersion: July ﬁ Fraunhofer
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It’s just the beginning: the second clue

INSTALLED | POPULATION* POWER

COUNTRY | bowER* [GW] |  [MILIONI] PER CAPITA | CROWTH [%]
GERMANY 106 34 1273 16.5 (20.8)
ITALY 41 59 699 16.2 (20.7)
JAPAN 92 123 747 2.9 (2.9)
EU - 27 365 451 809 18.3 (24)
USA 210 342 615 19.3 (27.2)
CHINA 1200 1407 853 35.5 (45.4)
INDIA 135 1464 92 37.7 (35.0)

*2025

ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027

ALESSANDRO MASSI PAVAN

Ingegneria

4850 Spn, s .
fﬁi‘f'\’%ﬁ UNIVERSITA - Dipartimento di
&)y DEGLI STUDI
'«°‘%‘;:"$':;§%’.§/ D I T R I E s T E

e Architettura



It’s just the beginning: the third clue

i (' ®  wawfutur-e.enelit/en-UK/ E1l| ¢ || Q Search

Futur.E MANIFESTO INITIATIVES ENERGY SCENARIO POWER PLANTS AND TERRITORY HNEWS MEDIA

ENEL AND THE ROAD FOR RELAUNCHING

The energy revolution will lead to a strong growth in domestic solar PV and the spread of energy storage devices

MANIFESTO PROJECT POWER PLANTS ECLECTIC POWER
AND TERRITORY

Q | Al |

Generazione
distribuita

Produrre autonomamente energia per aumentare l'efficienza e ridurre i costi.
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Photovoltaics, the first global power source

thousand TWh
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There’s a lot of road to cover

" Today 2TW, 20-60 in 2050!!!
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Grid-connected photovoltaic systems
DISTRIBUTED

PV GENERATOR

" LOCAL LOADS: [~ }
INVERTER |
3 I
S GR'D AT
- STORAGE
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Grid-connected photovoltaic systems
CENTRALIZED

PV GENERATOR q STORAGE

L

INVERTER - GRID
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Off-grid photovoltaic systems
RESIDENTIAL

PV GENERATOR

CHARGE
CONTROLLER

STORAGE [ “'
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Off-grid photovoltaic systems
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Off-grid photovoltaic systems

Cumultaive insatlled gobal on-grid PV capacity [GWDp]

2,000
1,800
1,600
1,400
1,200
1,000

800

600

~ Fraunhofer

ISE

0.40%

0.579
0.62%
0.61%

0.63%

0.72%
0.74%
0.75%
71%

0.93ep /4% I

“all I I

2010 2012 2014 2016 2018 2020 2022 2024
 On-grid PV s Qff-grid PV

Cumultaive insatlled gobal off-grid PV capacity [GWp]
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Standard photovoltaics

Residential
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Building Integrated Photovoltaics
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Building Integrated Photovoltaics (BIPV)

Discontinuous roofing (1)

Roof

Continuous roofing ;

\ : o S —

Atrim/skylight (4) a
Rainscreen facace (5) |

Facade

Double skin facade » €

22
Curtain walling (2-6) \ "x
Window (8)

Masonry wall =
N

i
Q

Parapet/Balustrade (3)

%

BIPV categories

External
device Canopy (4)

Solar shading (7) Photovoltaic Solar Energy: From Fundamentals to Applications
Volume 2, Wiley 2024

2 PN 7\ N\

A B C D E

e

IEC63092 standard
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Black Asphalt -
Black slate Spanish Clay

Grey Asphalt Brown Asphalt
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SolaRail™

Electrifying skylines with solar railings

1’1’”{
Solar Panel & Roof
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Standard photovoltaics .
Utility-scale }

Utility-scale

40 Commercial/Industrial
20
-‘.l-h-‘-""‘-l-...__
~— /—m
O | | | ! |
2014 2016 2018 2020 2022
GWp FIGURE 4: SEGMENTATION OF PV INSTALLATION 2014-2024

600
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300
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Ground-mounted pv systems

WORLD’S LARGEST OPERATING SOLAR PV PLANTS

Installed photovoltaic capacity at 31 December 2025 - GW

Ruogiang Solar Farm
(China)

Midong Solar Farm

(China)

Mohammed bin Rashid Al Maktoum
(UAE)

Mengxi Lanhai / Ordos

(China)

Tengger Desert / Ningxia-Hunan
(China)

Ningxia Shapotou Solar Base
(China)

Nilka Solar Farm

(China)

Shuaibah 2

(Saudi Arabia)

Shihezi-Manas Solar Complex
(China)

Hoboksar / Shenergy
(China)

0.5 1 1.5 2 2.5 3 3.5

4.5

2000 - 0.02MW
2008 - 1MW
2018 - 1,365MW
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Witznitz Energy Park, Germany

The 650MW Witznitz Energy Park in Germany commenced operations in July 2024.
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C&I rooftop pv systems
LARGEST SINGLE-ROOF PV INSTALLATIONS

Selected VERIFIED projects | Operational by 31 December 2025

POWER LOCATION DESCRIPTION ON GRID
34.5 MWp DENMARK - Horsens DSV - integrated logistics building 2025
25.0 MWp BELGIUM - Ghent WDP Big Box - 8 units, one continuous roof 2023
18.0 MWp NETHERLANDS - Venlo Heylen Energy - VE-Commerce logistics roof 2020
16.82 MWp GHANA - Tema Helios Solar - IWC Mega Warehouse 2024
12.0 MWp GERMANY - Marl Goodman / METRO - single 12-MWp roof 2023-24
12.0 MWp INDIA - Angul Jindal Steel - plate mill (one tin roof) 2024
10.27 MWp GERMANY - Magdeburg VGP Park Silzetal - Building C 2024

Strict criterion: ONE BUILDING / ONE ROOF per row (multiple sections of the SAME building are allowed).
Excludes multi-building parks (e.qg. Jining 120 MWp / 43 roofs, LaiYih 38 MWp, Rotterdam Maasvlakte 25 MWp).
Sources: SolarFuture; WDP (2023 interim report); Heylen/Encon; Helios/3E; Goodman/BayWa; Jindal/Saatvik; VGP.

Selected, source-verified examples — NOT an exhaustive global ranking. Power values are DC nameplate (MWp). 2025
ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 @3 UNIVERSITA : S onto d
s @&l ¥ DEGLI STUDI Ingegneria
ALESSANDRO MASSI PAVAN %= DITRIESTE 1AL ) e achitettura




Photovoltaic carports
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Photovoltaic charging stations
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Photovoltaic noise barriers
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Floating photovoltaics
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Shares of PV additions by application in Germany

Share of capacity additions

—
0 v O
o o oO
£ X2 =

m Building (x < 10 kWp)

® Building (20 < x < 30 kWp)

® Building (100 < x < 500 kWp)

m Building (750 < x < 1000 kWp)
® Ground-mounted (x < 750 kWp)

-
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m Building (10 < x < 20 kWp)

® Building (30 < x < 100 kwp)

® Building (500 < x < 750 kWp)

m Building (x > 1000 kWp)

B Ground-mounted (750 < x < 1000 kWp)

\

~ Fraunhofer

ISE

The annual distribution of the
different system size categories
strongly depends on current:

= regulations

= market incentives (like EEG)

= tender procedures

= bankability (trust of investors)

Note:
“Building” includes roofs, facades and
plug-in systems.

“Ground-mounted” includes bodies of
water, parking lots and other
structures.
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Shares of PV additions by application in Germany

~ Fraunhofer

Total Installations and Share of
Grid-Connected PV Systems

~ " 312,594
7%

_ = 196,873

) _..'--Eﬂ,'g..ﬂ.;ﬂ
_._—-# il

e 1%
\\ = 74,790

Note:

4% --.--................--

:1--%-----" S

Total Installations and Share of
PV Systems > 500 kWp

= Building (x = 10 kWp)

= Building (10 < x < 20 kWp)

= Building (20 = x < 30 kWp)

= Building (30 < x < 100 kWp)

= Building (100 = x < 500 kWp)

= Building (500 = x = 750 kWp)

= Building (750 < x < 1000 kWp)

s Building (x = 1000 kWp)

= Ground-mounted (x = 750 kWp)
s Ground-mounted (750 < x < 1000

kWp)
» Ground-mounted (x = 1000 kWp)

ISE

At the end of 2024, about
4.8 million grid-
connected PV systems
were installed in
Germany.

In 2024, around 800,000 plug-in systems (up to 800 W feed-in power from so-called balcony PV systems), were registered in Germany.
Due to underreporting, the actual number is estimated to be around 3 million installed systems. [1]

& Fraunhofer ISE

sr7le) Energy

Transition
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Shares of residential PV with and without storage in Germany

~ Fraunhofer

ISE

Share at the End of 2023 Share in Year of Commissioning
2%

100%
iy 80%
1.2 million
residential rooftop o OU%
PV systems are =

. : 40%

combined with a
battery storage 5 0%

58%

: 0%

2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Year of commissioning

m PV systems with battery storage m PV system without battery storage ® Unknown

“‘?:; .......
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Shares of C&l and Utility-scale PV with storage in Germany

Commercial rooftop systems Utility-scale ground-mounted systems
100% 100%
80% 80%
w 60% w 60%
- e
i A0% i 40%
20% 20%
0% 0%
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023
Year of commissioning Year of commissioning
Z Fraunhof
ISE
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Generations of photovoltaic modules
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Efficiencies and power of commercial PV modules

COMMERCIAL PV MODULES

Efficiency and nominal power by technology

26%

24%

22%

20%

18%

16%

Module efficiency (%)

14%

12%

10%

EFFICIENCY

@ 24.8%

W 22.7%

18.9% ¢

c-Si

800
700

o
= 600

, O
@ 19.7% S 500

M 18.9% =

18.1% ¢ I3
> 400

©

O

S
= 300

Q

& 14.5% ©
200

B 12.9%
| 100
11.2% ¢
0
CdTe CIGS

€ Llowest B Weighted average*

Source: Fraunhofer ISE, Photovoltaics Report (14 July 2026), p. 33; manufacturer datasheets (09/2025).

*Approximate points read from Fraunhofer chart; c-Si average 22.7% stated in report (weighted by 2024 shipments).

Selection: top-10 c-Si manufacturers; CdTe: First Solar; CIGS: Avancis. Module wattage also depends on module area.
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Global PV production by technology

o Production 2025 (GWp)
-— = Thin film* 16

el B Multi-Si 0

PR M Mono-Si 690

60% Total 706 (ITRPV)

*only First Solar is considered when
calculating the thin film technology.

Percentage of Annual Production
N w g vl
o o o
X X X

N =
o ~ Fraunhofer

ISE

0%

N TIPS P TP JPA. - TP TR PP, - PR JPC - SR\ g RPN, - SR IR RN TR I S P A
DX OO NANANANAN AL Year
F P FF P S PSP S A DA F TS S S A S
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Thin film photovoltaic modules

Thin-Film Market Share of Total Market

18%

16%

14%

12%

10%

8%

6%

4%

2%

0%

m CdTe
m 3-Si

| I R = CI(G)S

1

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020 2022 Year

Thin-Film technology
contributed in year 2023
with about 2.5% to the
total PV-market.
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First generation

Poly - Si Mono - Si

Single-glass photovoltaic modules Double-glazed photovoltaic modules

—  Front sheet/
tempered glass

—  Front sheet/
tempered glass

— EVA encapsulant — EVA encapsulant

‘ ';~<$" — Crystalline solar : = . — "»;;\. Q — Crystalline solar

— EVA encapsulant — EVA encapsulant

—— Back sheet/TPT, / —— Back sheet/
TPE and PET etc. Tempered glass

Junction Box Junction Box

ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 (G UNIVERSITA n oo
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Bifacial modules

V\ 2 SKy
"5::":..‘ \I. - ‘:‘; - L] F 1
Front glass < = Direct light I
. e A A A A A A & A & & A = ::\_‘_ ____.-"'II!‘::M ."

. d i

d

7 Module

:: Clear EVA 5-30% energy gain ». reflection
Back glass
or Back sheet " Ground reflection & diffusion

Photovoltaic Solar Energy: From Fundamentals to Applications
Volume 2, Wiley 2024
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Isc

Imp

Current [A]
(o))

2t Vmp 1 Voc

0 5 10 15 20 25 30 35 40
Voltage [V]
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Electrical parameters STANDARD TEST CONDITIONS (STC)

Irradiance 1.000 W/m? - Cell Temperature 25 °C - Air Mass 1.5

PV MODULE Q.CELLS — Q.PEAK DUO-GS5 320
Nominal Power - P [Wp] 320 + [0-5] R PMP
Short circuit current - | .. [A] 10,1 Nstc — 1000 X A
Open circuit voltage — V. [V] 40,1
Current at MPP — | [A] 9,6
Voltage at MPP -V [V] 33,3 1
Temperature coefficient of | .. —Z [%/K] +0.04%/K AlkWp —
Temperature coefficient of V_.— W [%/K] -0.28%/K Nstc
Temperature coefficientof P —P [%/K] -0.37%/K
Cells * m-Si p
Size [mm*mm] 1685*1000 FFSTC — MP
Degradation rate [%/year] 0.54 ISC X VOC
Nominal Operating Cell Temperature — Tyocr [ Cl 43%3

amsmanan,

,-;"‘as .,
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Temperature dependence

120

110

|=C

—
il
-

wWoc

FPrmia

Hommalized Pmax, Voc, and Isc (%)
=] ()
— —

T
i

all
0 29 all =

Cell Temperature {°C)
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: STANDARD TEST CONDITIONS (STC)
E I € Ct rca I p alldm Ete 'S Irradiance 1.000 W/m? - Cell Temperature 25 °C - Air Mass 1.5

_ PMP
1STC = 1000 x 4

1

AlkWp - NsTtc

PMP

FE -
oo Isc X Voc

R
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A first generation photovoltaic module

Q.PEAK DUO ML-G11

Qcells

m Mechanical Specification l

- 2054 mm -
Format 2054mm x 1134 mm x 32 mm (including frame) ) pem " .
Weight 26.0kg ] —
[l 4 = Grounding holes, @ 4.5 mm . i
Front Cover 3.2mm thermally pre-stressed glass with E
anti-reflection technology ——— Frame —
1092 mm
Back Cover Composite film |
Frame Silver anodised aluminium Il.] 1134 mm
Cell 6 x 22 monocrystalline Q. ANTUM solar half cells
Junction box 53-101mm x 32-60 mm x 15-18 mm . el
Protection class IP6/, with bypass diodes ” \ 5 Drainoe hoee
Cable 4mm? Solar cable: (+) >1400 mm, (-) >1400 mm | /I ——— v romn
Connector Staubli MC4-Evo2, Hanwha Q CELLS HQC4; IP68 —| |—32mm OETAIL A Hf—”‘ﬁ
Z1mm I—Blﬂ.h i

G\

7&+7) Engineeing ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 S UNIVERSITA | oy osarimenod
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A first-generation photovoltaic module

m Electrical Characteristics

POWER CLASS

MINIMUM PERFORMANCE AT STANDARD TEST CONDITIONS, STC' (POWER TOLERANCE +5W/-0W)

Power at MPP'

Short Circuit Current’
Open Circuit Voltage'
Current at MPP
Voltage at MPP

Efficiency’

Minimum

TEMPERATURE COEFFICIENTS
Temperature Coefficient of I__

Temperature Coefficient of P,

m Properties for System Design

Maximum System Voltage
Maximum Reverse Current

Max. Design Load, Push/Pull
Max. Test Load, Push/Pull

Puep
lsc
Voc
lvipp
Vier
N
a  [%/K]
Y [7/K]
Vsys [V]
[A]
[Pa]
[Pa]

(W
Al
V]
A
V]
%)

+0.04

-0.34

1500

25

3600/1600

5400/2400

480 485
430 485
13.51 13.54
45.59 45.62
12.78 12.83
3757 3779
>20.6 >20.8

Temperature Coefficient of V__

Nominal Module Operating Temperature

PV module classification
Fire Rating based on ANSI/UL 61730

Permitted Module Temperature
on Continuous Duty

490

490
13.57
45.65
12.89
38.02
>21.0

495 500
495 500
13.60 13.63
45.67 4570
12.95 13.00
38.24 38.45
>21.3 >215
B 1% /K] -0.27/
NMOT |"C] 43+3
Class |l
C/TYPE1
-40°C - +85°C
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A first-generation photovoltaic module

RELATIVE EFFCIENCY
COMPARED TO NOMINAL POWER [%)]

Qcells PERFORMANCE WARRANTY

100
o8

S5

86

85

80

s Qcells

Industry standard of p-mono*

0 05

10 15 20 25
YEARS

At least 98 % of nominal power

during first year. Thereafter max.

0.5 % degradation per year. At
least 93.5 % of nominal power
up to 10 years. At least 86 % of
nominal power up to 25 years.

All data within measurement

tolerances. Full warranties in
accordance with the warranty
terms of the Qcells sales
organisation of your respective
country.

£/ Energy
Transition
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3
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2
| 1
\ 0
10 15 20 25 30 35 40 10 15 20 25 30 35 40
Voltage [V] Voltage [V]
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Power/voltage characteristic

— 230
2
S
2

o 200
(a

150

100

20

0

0 5 10 15 20 25 30 35 40 45
Voltage [V]
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Photovoltaic devices modelling: simple model 1

Pyc = A - Gppa *Mstc * PR

P, =P, .2P0A pp
ACT T 1000 " G, [W/m?] —Solar Irradiance (Plane Of Array)
" A [m?] — Area of the module
\ ﬂ ﬂ ,\ v " P, [W]—Power produced by the PV system
” | = P [W] - Nominal power of the PV system
'\\ | " PR [-] — Performance ratio
0 |._I - J - UL \_/ ) ] L
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Photovoltaic devices modelling: simple model 2

p » G [W/m?] = Solar Irradiance (POA)

[,(G) = 1000 X Iy,sTc [x=sc,mp " | [A] — Current

"V [V] — Voltage

V.(T) =V,src+ W X (T, — 25) x=oc, mp
' " T, [°C] — cell temperature

T — 20 " T_[°C]—ambi

NOCT ambient temperature
T.(G,Ta) =T, + ———— X G :

: : 800 W [%/°C]
O
= W = — -V
l ] 100 oc
e LESSANDRO MASS! PAVAN TR Py e

.________,



Photovoltaic devices modelling: simple models 2

b X |
1000 ~ °T¢

V(T) — VSTC W X (TC — 25)

I(G) =

Tvocr — 20
T.(G,Ta) =T, - NOgTOO X G
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Photovoltaic devices modelling: less simple

/
e AVAVAY "

V+1XR.

] = Iph L IO X [e(V'l'IXRs)/nXVt - 1] o -
Sh

" | ,[A] — photo generated current = R, [Q] —series resistance
= |, [A] — dark saturation current = R, [Q] —shunt resistance
=V, [V] —thermal voltage " n[]-—ideality factor

ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 Fa) UNIVERSITA | ey Dpsrinenoa
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Modelling photovoltaic devices: the empirical model

SOLAR

that can be always found in the datasheet ENERGY

The Official Journal of
the International Solar Energy Society

* A simple and explicit model based on the parameters

* Any PV technology (c-Si, a-Si, CdTe, CIGS, ...)

* Any operating condition

* | [p.u.] — per unit current referred to Isc

* |, [p.u.] — per unitirradiance referred to STC

m-|V4+w(25-T,
e [ ( )l — 1 * m|[ ] - exponential factor

I =1, +z X (T, — 25) —

em — 1 * V[p.u.] — per unit voltage referred to Voc

e w [1/°C] — voltage/temperature coefficient
Explicit empirical model for general photovoltaic devices:

Experimental validation at maximum power point * z[1/°C] — current/temperature coefficient
A. Massi Pavan®, A. Mellit "“*, V. Lughi® * JcC [OC] — cell temperature
<7\ Engineering ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 #5°% UNIVERSITA
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Modelling photovoltaic devices: the empirical model
em-[V+W(25—TC)] —1

I =1, +zx (T, —25) — e

Voo [V
l.c [A]
oy [A]
W  [%/°C]
Z [%/°C]

%
a'
L
—
L
=
<
a
S
L
—
-
O
O
=

ARBITRARY
CLIMATE CONDITIONS

The information provided by the manufacturer in the data sheet of the PV device are
enough to characterize it at arbitrary climate conditions

ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 UNIVERSITA I
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The exponential factor

Calculate the exponential factor m of a PV module (Pn = 250Wp,
Voc = 37.78V, I1sc=8.94A) working at STC (I, = 1p.u., T_ = 25°C)

m-|[V4+w(25-T,)]

e —1
[ =1, +2zx (T, —25) — e ) =

elZV_l
m=12.0 ) |[=1- =

FE = 250 m=12.3 ‘ [ =1-— 12 i = Pmax =0.7317
| 8.94 % 37.78 el23 — 1
12 7V 1O

— 07402 m=12.7 ‘ ] - AP P . =0.7375
129V —1

m=12.9 ‘ ] = 1_ ) ohe P__.=0.7402
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What are we doing?

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Variation of I=f(V) with m=5.1,Pmax=0.5518

o FF=0.7402

0.0

0.2

0.4

1.2
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How can | calculate P?
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1/V and P/V curves in p.u.

Current [p.u.] Power [p.u.]

o 01 02 03 04 05 06 07 08 0)9 1
Voltage [p.u.]
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A study on the mismatch effect due to the use of

P a r a I | e I a n d S e ri e S C O n n e Ct i O n S different photovoltaic modules classes in large-scale

solar parks

Alessandro Massi Pavan'?, Adel Mellit>**, Davide De Pieri® and Vanni Lughi1

PHOTOVOLTAICS

k k
Vi = Z"ﬂlgl I H{I/[IL! — 1 +z (ZS'TEI)] (em — 1)+ 1— E :W; (25-T¢;)

=1 i=1
0<I<k

n L n EHIJ [(V-{-H’J(ZS TQ)] L 1
Lh=> Ij+» zj(25T5) — )
— ‘Lj — .I .I emj . 1
J= J=1 j=1
0<V<n
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Square-wave half bridge inverter

.y K O
V. I: <> 300,00 2" : : :
H'"‘a \ Q 00.00 L[] o 1 ] [ e
2
‘ 10000
0.00] b
% - Vl?’l B, ,——G—Gl B
out.eff — )
20000
2 [/S 0958 00 0.05 0.10 0.15 0.20
Vout (t) — E E Sin nwt rime
n=1,3,5,

.‘-’s o o,
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v, (filtrata)

P I
e
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—
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Inverter for grid-connected applications

W.

SUNNY CENTIR 1

W
3 .
<5

v }

String inverter Centralized inverter Utility-scale inverter
3 kVA 100 kVA 2200 kVA
30 x 30 x 12 cm 80 x 80 x 160 cm 2.7 x2.3x1.6m

5.5 kg 420 kg 3,400 kg

o
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CEl 0-21: Producers connected to the DSO’s grid

”‘EP“E“‘““'““H“““\ * “Dispositivo della rete”: grid switch
del DSO
R -El—| = “Cabina secondaria”: secondary power station
E Sbarra BT di .
i cannasecondaia @ “Rete del DSO”: DSO’s grid
Rete del DSO |
- E'I”‘ ) = “PdC”: connection point
' ispositivo g
Generale ; . . . . :
Parte di impianti non abiltata = “Dispositivo generale” DG: main switch
al funzionamento in isola i
sispositive = “Parte di impianto ... isola”: portion of the power
[ di Interfaccia 1;:
Miustnsh poits Hpimte_ £ system which cannot work in islanded mode
isola (carichi privilegiati) E
: = “Dispositivo d’interfaccia” DI: interface switch
£ = “Parte di impianto ... isola”: portion of the power
Djspusitivn : . . .
o Goneratore system which can work in islanded mode
Eventuale sistema :
i conversione = “Dispositivo del generatore” DGG: generator switch
GENERATORE = “Eventuale Sistema di conversione”: possible inverter
‘ Enginsering ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 (G UNIVERSITA ==\ oparimercs
oy ey ALESSANDRO MASSI PAVAN W) DiTRiESTE Ila' e Architettura




CEl 0-21: Reference technical rules for the connection of active

and paSSive users to the LV electrical Utilities SISTEMA TT - SCHEMA DI PRINCIPIO

" Frequency variation: 50£5% (100% of the time),
50+2% (95% of the time) - -

(“ » - . . 0 0 i
= Voltage “slow” variation: U, + 10% and U, - 15% STEATY SCHEMA D DS ONE e
AL ; L3
N
Power [kW] Grid voltage level
<100 LV
>100 and < 200 LV or MV :
MASSA k
%Rn RE% :
ELECTRICAL SYSTEMS EOR THE ENERGY TRANSITION heereeesssesessansessssnessssanees s enesel
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Inertia of the electric power system

"= |nertia refers to energy stored

In rotating generators

synchronous
generator |

" This energy is valuable when large
power plants fail (temporary

response — a few seconds)

= Historically inertia was abundant

= With the evolution of the grid
grid AC
waveform

o Lo (inverter-based sources) questions
4

have emerged (and solution have
Inertia and the Power Grid: A Guide Without the Spin - NREL

been found!)
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Inertia of the electric power system — Virtual inertia

" Wind, solar and storage can provide

frequency-responsive services

synchronous
generator  ~

through inverters

electromagnetic
rd (physical) grid -
connection £ ey

" Using sensors and software that

control the response (virtual inertia)

control-based grid
connection

" |nverter-based resources including

grid AC
waveform
(60 Hz)

B b photovoltaic, wind and storage can

wind

quickly detect frequency deviations
and respond to system imbalances
Inertia and the Power Grid: A Guide Without the Spin - NREL

" The response is much faster than

traditional mechanical response

amsnnn
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=

Local issue on the HV grid
(e.g. loss of a generation unit)
2. Frequency fluctuation

First disturbance 3. Intervention of DG protections

50 Hz / on the HV grid

(under-frequency threshold)

Frequency [Hz]

4. DG disconnection
5. Additional power imbalance

6. Worsening of the frequency

Time [s] imbalance

Primary regulation Secondary regulation 7 DISCOﬂﬂECtIOn Of addltlonal DG

(first 30 seconds) (first 200 seconds)

8. Risk of power outage

The SPI must be able to distinguish the origin of the disturbance (HV vs MV)
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The interface protection system (SPI) must ensure:

- areliable connection between the generator and the grid during normal
grid operation, even in the presence of disturbances originating from
the high-voltage system;

- the fast and reliable disconnection of the generator in case of a fault

occurring on the distribution network (to prevent unintentional islanding)

NIVERSITA
.. ! DEGLI STUDI
e’ DITRIESTE
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isturbance

After 300 seconds from the end of the d

the DG can return to produce at full power
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Voltage regulation

T +
V., <> V, P+jQ

1 _ _
P+jQ =Wl

" |Inductive reactive power
reduces voltage and
maximum power transfer

= |f Qis constant: T"P {V

Load voltage
14000 | '
- Q-—1MVAR
____________________ — Q=0
12000 ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ | I — - Q=+1MVAH
10000} T
8000
@
s
6000 [
4000 +
2000 +
= Kirtley, Electric Power Principles
0 I L . I ; I
0 1 2 3 4 O 6 / 8
Power, watts x 10°

21 e e
V2 = = (V2 = 2XQ — 2RP)

:|

1 2
S (V2 = 2XQ - 2RP>) - 1ZI(P* + ¢2)
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RRRSIPEORNVOSEEISRMEEON - 1. injcction of active

Ino power by the DG

NVNVN— increases the voltage at
C’\D . TV N the connection point
— and along the line
" To address the issue,
the regulations require

- //,/”/:\\vx that DGs must be able
7’/ O to exchange reactive
Vi > power with the grid
cosp =1 (only P) cosp = 0,9 (PandQ) " |[f Q is not sufficient,

the DG must reduce P

e
<QS © Sy,
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FV > 400 kW

" The operation at power
factor different from 1,
must be possible
according to a specific
performance of the
Inverter

" The capability is
function of the voltage
level and the size of the

pla Nt -Q__=-0436S5, +Q_ =+0436S, 1
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The voltage regulation Vi,

can be implemented:

= with local logic, ~— —\N 77777 e
according to specific .
control laws Vi Va
= with coordinated logic, Va Vi !
in accordance with an Vs = 0,92V,

o U1|=D,9Vn
external signal sent by :

the DSO

e
<aS
oY=

&% UNIVERSITA

[ =i X
2218 DEGLI STUDI
g’ DITRIESTE

_________ __33__,."
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Bl Chinese suppliers M Non-Chinese suppliers

(%) B <100 kW B 101-250 kW B 251-500 kW 501 kW-1 MW
100 1.01-4 MW >4 MW

(%)

80
2022
B0
40
2023
20
? 2021 20272 2023 O 20 40 60 80 100
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Datasheet of a pv grid-connected inverter

Technical Data

Input (DC)

Max. generator power

DC rated power

Masx. input voltage

MPP voltage range / rated input voltage
Min. input voltage / start input voltage
Masx. input current input A / input B

Max. DC shortcircuit current input A/input B
Mumber of independent MPP inputs / strings per MPP input
Output (AC)

Rated power (at 230V, 50 Hz)

Max. AC apparent power

AC nominal voltage

AC voltage range
AC grid frequency / range

Rated power frequency / rated grid voltage

Mazx. output current / Rated output current

Power factor at rated power / Adjustable displacement power factor
THD

Feed-in phases / connection phases

Efficiency

Max. efficiency / European Efficiency

Sunny Tripower Sunny Tripower Sunny Tripower
15000TL 20000TL 25000TL
27000 Wp 36000 Wp 45000 Wp
15330 W 20440'W 25550W
1000V 1000V 1000V
240 V1o 800V /S 600V 320Vio 800V / 600V 390V 1o 800V / 600V
150V / 188V 150V / 188V 150V / 188V
33A/33A 33A/33A 33A/33A
A3 A /A3 A A3 A /43 A A3 A /A3 A
2/ A:3; B:3 2/ A:3; B:3 2/ A:3; B:3
15000 W 20000 W 25000W
15000 VA 20000 VA 25000 VA
3/N/PE 220V / 380V
3/N/PE 230V /400V
3/N/PE; 240V / 415V
180 Vito 280V
50Hz /44 Hz to 55 Hz
60 Hz / 54 Hz to 65 Hz
50Hz / 230V
29A/21.7 A 29A /29 A 36.2A/362A
1 / O overexcited to O underexcited
< 3%

3/3
98.4% / 98.0% 98.4% / 98.0% 98.3% / 98.1%

Ney = 0.03 X 7’]5%"‘ 0.06 X 7’]10% + 0.13 X TIZO%_I_ 0.10 X 7’]30%‘|‘ 0.48 X 7’]50%‘|‘ 0.20 X 7’]100%

. Engineering

2] Energy

Transition
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Datasheet of a pv grid-connected inverter

Efficiency Curve
10 STP 25000TL-30
98 e I R ——— _] —
e T
~
. 94
e i |
o
- EtalV,=3%0V) | | T %
3 | =~ Eta [V,, = 800 V] Ve [V]
g6k )
0.0 0.2 0.4 0.6 (0.8 1.0
CQutput power / Rated power
General data
Dimensions (W / H / D) 661 /682 /264 mm (26.0 / 26.9 / 10.4 inch)
Weight 61 kg (134.48 Ib)
Operating temperature range =25 °Cto +60 °C (-13 “Fto +140 °F)
Moise emission (typical) 51 dB(A)
Self-consumption (at night) 1W
Topology / cooling concept Transformerless / Opticoal
Degree of protection (as per IEC 60529) IP&5
Climatic category (according to IEC 60721-3-4) AKAH
Maximum permissible value for relative humidity (non-condensing) 100%
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Hybrid Inverter

* Combined
functionalities in one
device: battery and
photovoltaic

* May ensure access to
electricity in case of

blackout

f’g’; """""
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Hybrid Inverter

Basic system SMA SMA SUNNY PORTAL
ENERGY APP 360° APP powered by ennexOS UTILITY GRID
# y # 1 ” .
R n;lgr , -@\\IH% ‘E I _ T _
PSrS TS <) R
R \ I ) %J i )

l ] |

UTILITY METER
FOR BILLING
PV MODULES INTERNET PURPOSES
s A s " s )

L] | B
| T

M

oL BOY CONTROLLABLE SMA
SMART ENERGY
” 3 LOADS ROUTER e ERCTEIEIER
— N I"" h @ é B 'K
‘ |
- y N
_F

SMA HOME STORAGE

or 3rd-PARTY e DC
f A — A
— COM
renmee SPEEdWirE
(7 WLAN/WiFi
/z<" X Engineering ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 7 & UNIVERSITA - Dipartimento di
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Hybrid Inverter

% r, N r
A J

l l

Advanced system
SMA am SUNNY PORTAL
ENERGY APP 360° APP powered by ennexOS UTILITY GRID
r a s N r )
> ) Ny, = I
ff%n . TS ﬂ
N ‘ F

B
l‘@
o

UTILITY METER
CONTROLLABLE FOR BILLNG
PV MODULES PV MODULES LOADS INTERNET PURPOSES
il B’ F Ty y e’ ' "y o Ty
\, I v e o \, ‘ v \ ‘ r
SMART ENERGY N RADIC. MANAGER 2.0
e R B N\ SCNARCIR | CONTROLED SOCKETS AANAGER 2.
; R R ' B (7 e [

® | 6 o =

SMA;{?,?SEEH;I‘AGE NON-CONTROLLABLE
; \ LOADS — DC
s ™) — AC
—— COM
D -------- Speedwire
\ — ) (7 WLAN/WiFi
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Hybrid Inverter

Technical data

Input PV (DC)

Max. PV array power
Max. input voltage
Min. input voltage
MPP voltage range
Startup input voltage

Max. usable input current input A / B / C
Max. DC shori-circuit current input A / B / C

Number of independent MPP inputs / inputs per MPP

Connection of MPP inputs in purﬂ||e| pﬂssiHE
Input battery (DC)

Battery type
"ﬁfﬂ“ﬂge range

Max. c:hnrging current / max. dischnrging current
Number of independeni buﬂer}r inputs
Max. charging power

Max. dischﬂrging power

Sunny Boy Smart
Energy 3.6

7200 Wp

3/89 W

~

Sunny Boy Smart Sunny Boy Smart Sunny Boy Smart
Energy 4.0 Energy 5.0 Energy 6.0

8000 Wp 10000 Wp 12000 Wp

600V

60V

60Vio 480V
66V
15 A
up fo 30 A5
3/1
A and B¥

Lithium-lon batteries’

90 V to 500 V
30A/30A
]
10000 W
A211W 5263 W 6316 W
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Solar-only and hybrid Inverter

= Hybrid inverter = Solar-only inverter

2025

2024

0% 20% 40% 60 % 80% 100%
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Inverter market 2024

Bl China (mainland) S Bl ndia Bl Germany Spain

Rest of World Bl <100 kW Il 101-250 kW Bl 251-500 kW 501 kW-1 MW 1.01-4 MW
>4 MW
Bl Chinese suppliers M Non-Chinese suppliers
(%)
(%)
100

80

2022

1.65
60
40
Q.07
20 2023
° 2021 2022 2023
0 20 40 60 80 100
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Photovoltaic generator feer

o . errf t Lm'i" fsrrm l -
Blocking diode ——oo______ g |
. A A P\/ A
Optional R
Stand-alone Bypass diode i N % . " -
systems More than one |
inside the Veen
junction box L N " 1 ™M .
, ) A . mod n-1
. _ N
Istr,i — ‘mod Vstr — Z VmOd,]' Y modvle *
- J=1 L d
Od
% '
lgen = 21  Vien = 4 4 AL J T
gen Str,1 gen — VStr
1=1
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The hotspot phenomenon

The hotspot problem in PV modules refers to a condition
where certain cells in a photovoltaic module become
significantly hotter than others, potentially causing
damage to the panel and reducing its overall

performance and lifespan.

Causes:

- Partial Shading: when a part of a PV module is shaded

- Current Mismatch: different photogenerated current o/
.

—

- Degradation: different performances
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Power conversion

<
-IE 0,5
o DC Boards String conversion 0
rng | S 04
_ _ (@) ’ _ﬁﬁ e
— N
: < N 0,3 \ \
i e e T | \ \
. ' : g
i | GRID 0,2 \
2 \
<C
— 0.1 ~
A
. Vies \ Vips \ Ve N \
String n = O 05 1 15 2 25 3
14
Centralized conversion o
String | DC Board :
O

—
o
6]

i < AC Board \
= GRID Y \_

i N \
E 0,35

p, centr \

0 0,5 1 1,5 2 2,5 3
Voltage [V]

String n
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Coupling inverter and PV field Minimum MPP voltage

Nominal power Vmpmod min = Vup + W X (Thnax — 25)

Pacn > PR X By, VMp min < 1 X Vypmod min

Maximum MPP voltage

Maximum DC current VMP,mod max = Vyp + W X (T)in — 25)
ISC,mod max — ISC(G) Tz X (Tmax - 25) VMP T TRAG VMP’mOd i
G Maximum DC voltage

Isc(G) = 1000 X Isc sTc
VOC,mod max = Yoc + W X (Tmin - 25)

IDC max > m X ISC,mod max VDC > n X VOC S
max ,Tmoda max
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Mounting options

Type of system: fixed

. . Azimuth Angle vs Tilt Angle
or tracking, free standing

or BIPV
North

Tilt angle: slope of the

photovoltaic module

Tilt Angle

West

B [0° - 90°]

Azimuth angle: orientation

South
of the photovoltaic module

a [-180° - + 180°]

v
2 GoSolarQuotes
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Optimizing the tilt angle

.

! “).:0 ol
* redenes
sitiiiiliiiin
trene L o

- -e

..............

B=30;

) = 40°

B = 60°
-+ r ‘
i
e ' B
Horizontal
Vertical
e | i

. Engineering

=) Energy

Transition
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Definitions

v’ Solar radiation: general meaning

v' Irradiation [Wh/m2]: energy received per unit area

v' Irradiance [W/m2]: power received per unit area

v Yield [kWh/kWp]: yearly output energy referred to the nominal power
v’ Solar constant: energy received from the Sun per unit of time

per unit of area on a theoretical surface perpendicular to the Sun’s rays

and at Earth’s mean distance from the Sun, roughly 1,367W/m?2
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Spectral content of sunlight

2.5

UV | Visible | Infrared

2
Sunlight without atmospheric absorption
g
o 1.5
E : '
= f 5 5778K blackbody
Q |
g ' /
e -
;é H,0 Sunlight at sea level
0.5 Atmospheric

absorption bands

H,0 " co,

250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Photovoltaic Solar Energy: From Fundamentals to Applications
Volume 2, Wiley 2024
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Spectral content of sunlight

AM = 1/ cos(0,)
Zenith

AM 1.5 48.2°

AM 2.0 60.1°

AMO at top of atmosphere

<& I AM] at séa level when Sun is at the zenith

Photovoltaic Solar Energy: From Fundamentals to Applications,
Volume 2, Wiley 2024
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Air Mass

ZENITH
L. LN N R BN B S R R R B B SR B B B S B B R R g ‘ 4
500 150 _. < //W_-) e
o ] 48.2°
; 1.5 -4 1.5 N / /_\i
= ] — AM1.5 Global (ASTMG173)| - @ - -
8 AMA1.5 Direct (ASTMG173) | |
S . AMO (ASTM E490) :
© 1.0+ 4 1.0 e AM. 0
I.:_ i Ni % 90°
- N
%) J05
| ATMOSPHERE
. N Z &< ENLITECH
DID ] ] ] I ] ] ] ] l ] ] ] l ] ] ] L] I ] ] i ] ] ] L] I—1 DIO
500 1000 1500 2000 2500 3000
Wavelength (nm)
https://www.youtube.com/watch?v=vXEwiGKIcGS8
E:g:_“eering ELECTRICAL SYSTEMS FOR THE ENERGY TRANSITION 2026-2027 - :’:ar;‘mer:‘:r‘i’;
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https://www.youtube.com/watch?v=vXEwiGKlcG8

Solar radiation components
1. Solar radiation G

/ 2. Direct radiation |

Direct Diffuse 3. Diffuse radiation D
Radiation
Radiation

Ny

Reflected \

Radiation . PV module

B Reflected radiation R

G=1+D+R=f(geometric parameters, time, meteorology, shading)
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Solarimeters

un =¥

3D 89/20 40sUag 138]
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Geometric parameters

PV GENERATOR

v Tilt Angle R: slope of the PV modules

v' Azimuth Angle a: orientation of the PV modules

LOCATION

v’ Latitude L [0 — 90°]: specify the north-south position of a point on the
Earth’s surface

v Solar Elevation [0 — 90°]: is the altitude of the sun

siny =sIinL Xsind + cosL Xcoso X cosw

.,
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Time parameters

Hour angle: converts the local solar time into the number of degrees

which the sun moves across the sky

w=15X%x (12 - t,)

Declination of the Sun: is the angle between the equator and a

line drawn from the center of the Earth to the center of the sun

284 + n

= 23,45sin| 360 X
o) 3,45 sin 265
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— 80
Trajectories of the sun - SUMMER SOLSTICE
.g 70
S 60
SUNMOONCALENDAR.COM %
- 50
S
40
30
20
10
solstic
0
45 90 135 180 205 270 315
Azimuth o [°]
20/03 21/06 21/12
e iif—— N e NE v [°] +4 68 21
E o, [°] 90 64 116
o [°] 270 296 244
https://www.earthspacelab.com/app/solar-time/
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https://www.earthspacelab.com/app/solar-time/
https://www.earthspacelab.com/app/solar-time/
https://www.earthspacelab.com/app/solar-time/
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Shading — Clinometric profile

Solar elevation [°]

60

50

40

30

20

10

0

30 60 90 120

150

180 210 240 270 300 330 360
Azimuth [°]
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Parallel rows

¢gp < Y21dic,12:00 all l I I

Y1200 = Sin~1(sin L X sin § + cos L X cos &)
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Shading - Parallel rows

Solar elevation [°]
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Solar radiation components
ANGLE OF INCIDENCE

COSU =sino XsinL X cosf —sind X cosL X sinf X cosa +

COSO X COSL X cosff X cosw + cosd XsinL Xsinf X cosa X cosw +

COSO X sinff X sinw X sin«

The direct, diffuse and reflected components are

I = I, X CcOS U
D=Dypr X(1+4+cosp)/2

R =Gor Xpg X (1—cosp)/2

GROUND SURFACE ALBEDO P
Water 0.70
Dry leaves 0.30
Green Grass 0.26
Concrete 0.22
Dark wall 0.27
Bright wall 0.60

Some models as the
Liu and Jordan model
take into account the

presence of clouds
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https://re.jrc.ec.europa.eu/pvg tools/en/

Average daily irradiation

Cursor: Use terrain shadows:

Celected: ﬁ_ﬁﬂ]! 13.771 Calculated honzon m

Elevation 13 [JUpload horizon file | Sfoglia... | Messun file selezionato.
(m) owitch to version 5.1

PVGIS ver. 5.2

(%% AVERAGE DAILY IRRADIANCE DATA

Solar radiation database” |F"I..I’GIE~E.-&FEAHE > |
Month® |June w |
() UTC time ® Local time

On fixed plane:

Irradiance
[] Clear-sky irradiance

Slope [7] | 35 |

Azimuth [°] | 0 | k#," .

On sun-tracking plane: L/ o

- madiance 0 .; CampilElisi et ¢
L] Clear-sky irradiance e 2
Temperature:

Daily temperature profile

ie) Energy

Transition
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Results

Irradiance on a fixed plane

Time 00:45 01:45 0245 03:45 04:45 0545 06:45
G(i) 0 0 0 0 0 20 87
Gb(i) O 0 0 0 0 0 16
Gd(i) O 0 0 0 0 20 68

G(1): Global irradiance on a fixed plane [W/mZ2].
GDb(1): Direct irradiance on a fixed plane [W/m2].
Gd(i): Diffuse irradiance on a fixed plane [W/m2].

07:45 08:45 09:45

10:45 11:45 12:45 13:45

14:45 1545 16:45

17:45

245 428 609 738 819 842 810 728 0894 426 249

121
119

263 406 514 o572 385 561

158

192 211 234 243 235 222

493 391

193

259
159

125
119

18:45

19:45 20:45 21:45 22:45 2345
90 25 O 0 0 0
20 O 0 0 0 0
67 24 O 0 0 0

Energy
Transition
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Monthly data
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H O u r | y d a t a Latitude (decimal degrees):45.650

|Longitude (decimal degrees):13.771
|Elevation (m):15
Radiation database:PVGIS-SARAH2

|Slope: 37 deg. (optimum)
Azimuth: 0 deg.

|time Gli) H
20050101:0010 0
|20050101:0110 0
|20050101:0210 0
|20050101:0310 0
|20050101:0410 0
|20050101:0510 0
|20050101:0610 0
|20050101:0710 0
|20050101:0810 29.22
|20050101:0910 229.99
|20050101:1010 f43.13
|20050101:1110 513.44
|20050101:1210 823.90
|20050101:1310 129.48
|20050101:1410 233.07
|20030101:1510 18.91
20050101:1610 0

20050101:1710
20050101:1510
20050101:1910
20050101:2010

s R o [
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Yield of a photovoltaic system

E In E cc,th E out

Nimod,STC ﬁ PR ﬁ

| e PR: Performance Ratio
Eout N Ein,O ' (1 R Esi) *Nmod,STC ° PR

e £.:solarirradiance losses

R

S
|
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Yield of a photovoltaic system S
e P_: nominal power

e PR: Performance Ratio

Eout — 365 X Pn X PR X Gmd X(l- gsi) e G, ,: daily global mean irradiation

e £.:solar irradiance losses

PR =|(1—¢&,u) X (1 —€gen) X (1 — &) X (1 — &10) |
* &, pick up losses (geometry, shading, soiling, albedo)

* &, generator losses (temperature, mismatch)

e &:Joule losses
e & inverter losses

TS A
# % UNIVERSITA

s
)
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System losses
Pick up losses Epu = €alb T Esoi

Generator losses Egen= €T + Emis er =p X (Tee—25)

T — 20
NOCT
er=p X [T, + ———— %G — 25
800
p — power-temperature coefficient
T — cell temperature
T, —ambient temperature

Tyocr — Nominal Operating Cell Temperature
G — Solar Irradiance
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System losses and yield Shading >y
Albedo and Soiling 2%
Temperature 5.5%
Mismatch 2%
Joule 2%
Inverter 3%
PR 85%

The yield of a 1kWp PV plant in Trieste with optimal tilt and
azimuth angles (solar irradiance losses 4%) is

E,,. =365 X085 x1x456 X (1—0.04)=1,358kWh/year
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Yield in Trieste

E} PERFORMANCE OF GRID-CONNECTED PV (2

Solar radiation database” PVGIS-SARAH2

PV technology” Crystalline silicon

A%

v Simulation outputs:

et 2 Slopeangle '] 35
. Admuth angle [] :
Slope [7]° [ % | [ Optimize slope Yearly PV energy production [KWh]: 1364.95
Aemiintd | ] O optimize sope and azimut Yearlyin-plane irradiation [kWh/m?]: 1664.64
A Year-to-year variability [KWh]: 75.10

Changes in outputdue to:
Angle ofincidence [%]: 2.7
., E Spectral effects [%]: 1.15
Temperature and low irradiance [%]: -1.99
Total loss [%]: -18

B Horizon heiaht ;
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Yield in Trieste
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Failure and availability

10'.

L
Q
=
-PURE M
=S H m
§EO.1- - .‘E”Q‘. *
S 0.01 - o %
. . .
_ 100 .R651dent1§1
S 20 - & Commercial
2 m Utility
< o 60'
=< 40-
172 20 -
S
— 0-

Photovoltaic Solar Energy: From Fundamentals to Applications
Volume 2, Wiley 2024
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Levelized Cost of Energy

OCS X CRF + FO&MC

LCOE =VO&MC + 3760 % CF

CRF:WACCX(WACC+1)N WACC — E <K, + D <K,
(WACC + 1N —1 E+D E+D
e VO&MC [€/kWh]: variable operation and maintenance costs
e OCS [€/kWp]: overnight capital cost
e CRF[]: capital recovery factor
 FO&MC [€/kWp]: fixed operation and maintenance costs
e CF[]: capacity factor
e WACC [%]: weighted average cost of capital
e NJ[]: number of annuities received
e E [€]: equity — D [€]: dept
e Ke [%]: the return of equity — Kd [%]: the cost of dept
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Photovoltaic Levelized Cost of Energy

OCS X CRF X (1+ FO&MC)

EO N er(k_l)
Wx2k=1(1 ~ 100 )

LCOE =

e OCS [€/kWp]: overnight capital cost

 CRF [ ]: capital recovery factor

e FO&MC [%]: fixed operation and maintenance costs

 EO [kWh/kWp/year]: yield of the plant over the first year of operations
e N[ ]:isthe number of annuities received

e dr [%/year]: degradation rate of the PV modules
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Photovoltaic Levelized Cost of Energy
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Photovoltaic Levelized Cost of Energy

R
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Levelized Cost of Energy for different technologies

Version: July 2024 —
# Fraunhofer
ISE
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1:1 Battery
3:2
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Net Present Value (NPV)

N ” ” N

(14+g)*x(1+e) "

NPV = —(OCSxPn)+ZICFkXW—ZOCFkX(1‘|‘9)
k=1 k=1

- d.x(k—-1]
ICF,, = Eg X Py X [1 —— 1(00 ) x [Pus x sc + FiT x (1 — sc)] OCF), = OCS X P, x FO&MC

* OCS [€/kWp]: Overnight capital cost  EO [kWh/kWp/year]: yield of the plant over the first year

e |CFk [€]: Input Cash Flow of operations

e g [%]: Inflation rate » Puf [€/kWh]: Electricity price

e e [%]: Energy inflation rate e FiT [€/kWh]: Feed-in tariff

e | [%]: Interest rate e sc|[]:Self-consumption

 OCFk [€]: Output Cash Flow e Pn [kWp]: nominal power of the plant

o

4852 SHp N
“a 9 UNIVERSITA
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Net Present Value
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Payback time (PBT) and Internal Rate of Return (IRR)

N . . N

(14+g)*x(1+e) "
NPV = —(OCSxPn)+ZICFkXW—ZOCFkX(1‘|‘9)
k=1 k=1

* The payback time (PBT) is the time corresponding to a net present value

equal to zero
* The internal rate of return (IRR) is calculated as:

30 30
1 Z:ICF (14 g)k x (1 + e)* Z:OCF 14 )t
— X X — X
30 x OCS k (1 + D)k k g
k=1 k=1
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C&I| — Debt only — Self-consumption 100%

“Old” electricity price

Power 200 kWp
OCS 1,000 €/kWp
FO&Mc 2%

N 30

o 2%

e 3%

Ke /

E /

Kd 8%

D 100%
EP 160 €/ MWh
FiT 47 €/MWh
Sc 100%
EO 1,500
dr 0.6%

LCOE 6.62 €/kWh
PBT O years
IRR 12%

600
500
400
300
200

NPV [k€]

100

-100
-200
-300

4 6 8 10

12 14 16 18 20 22 24 26 28 30

Year
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C&Il — Equity only — Self-consumption 100%

“Old” electricity price

ALESSANDRO MASSI PAVAN

LCOE 3.33 €/kWh
Power 200 kWp PBT 4.2 years
OCS 1,000 €/kWp IRR 33%
FO&Mc 2%
N 30 2200
g 2%
e 3% 1700
Ke 2% ]
E 100% > 1200
Kd / =
D / 700
EP 160 €/ MWh
FiT 47 €/MWh 500
Sc 100%
EO 1,500 1300 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
dr 0.6% Year
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C&I| — Debt only — Self-consumption 100%

Average electricity price

Power 200 kWp
OCS 1,000 €/kWp
FO&Mc 2%

N 30

o 2%

e 3%

Ke /

E /
Kd 8%

D 100%
EP 300 €/ MWh
FiT 47 €/ MWh
Sc 100%
EO 1,500
dr 0.6%

LCOE 6.62 €/ kWh
PBT 2.5 years
IRR 25%

1500
1300

1100
900

/700

NPV [k€]

500

300
100

-100
-300

2 4 6 8 10 12 14 16

Year

18 20 22 24 26 28 30
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C&Il — Equity only — Self-consumption 100%

Average electricity price

Power 200 kWp
OCS 1,000 €/kWp
FO&Mc 2%
N 30
o 2%
e 3%
Ke 2%
E 100%
Kd /
D /
EP 300 €/ MWh
FiT 47 €/MWh
Sc 100%
EO 1,500
dr 0.6%

LCOE 3.33 €/kWh
PBT 2.2 years
IRR 63%

4200
3700
3200
2700

NPV [k€]

2200
1700
1200
700
200
-300

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30

Year
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C&Il — Equity only — Self-consumption 100%

High electricity price

Power 200 kWp
OCS 1,000 €/kWp
FO&Mc 2%
N 30
o 2%
e 3%
Ke 2%
E 100%
Kd /
D /
EP 500 €/ MWh
FiT 47 €/MWh
Sc 100%
EO 1,500
dr 0.6%

LCOE 3.33 €/kWh
PBT 1.4 years
IRR 107%

6700

5700

4700

3700

NPV [k€]

2700

1700

700

-300

O 2 4 6 8 10

12

4 16 18 20 22 24 26 28 30

ecar
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Residential — Equity only — Self-consumption 40%

Average electricity price — IRPEF 50%

Power 3 kWp
OCS 2,200 €/kWp
FO&Mc 2%
N 30
o 2%
e 3%
Ke 0%
E /
Kd 0%
D /
EP 300 €/ MWh
FiT 47 €/MWh
Sc 40%
EO 1,500
dr 0.6%

LCOE 7.32 €/KWh
PBT S years
IRR 29%

50000

40000

30000

NPV [€]

20000

10000

-10000

3 5 7 9 11 13 15 17 19 21 23 25 27 29 31

Year
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   A  1 k W p =  1   𝜂  S T C


   𝜂  S T C =    P  M P  1000 × A


    F F  S T C =    P  M P   I  S C ×  V  O C


   A  1 k W p =  1   𝜂  S T C


   𝜂  S T C =    P  M P  1000 × A


    F F  S T C =    P  M P   I  S C ×  V  O C


   P  A C = A ∙  G  P O A ∙  η  S T C ∙ P R


   P  A C =  P n ∙    G  P O A 1000 ∙ P R


  W    [  V  ° C ] =   W [%/°C] 100 ∙  V  o c


  V x ( T ) =  V  x , S T C + W × (  T c − 25 )


  I x ( G ) =  G 1000 ×  I  x ,     S T C


   T c  ( G , T a ) =  T a +    T  N O C T − 20 800 × G


  V ( T ) =  V  S T C + W × (  T c − 25 )


  I ( G ) =  G 1000 ×  I  S T C


   T c  ( G , T a ) =  T a +    T  N O C T − 20 800 × G


  I =  I  p h −  I 0 ×  [  e     ( V + I ×  R s ) /  n ×  V t − 1 ] −   V + I ×  R s   R  s h


  I =  I L + z × (  T c − 25 ) −    e  m ∙  [ V + w  ( 25 −  T c ) ] − 1   e m − 1


  I =  I L + z × (  T c − 25 ) −    e  m ∙  [ V + w  ( 25 −  T c ) ] − 1   e m − 1


  I =  I L + z × (  T c − 25 ) −    e  m ∙  [ V + w  ( 25 −  T c ) ] − 1   e m − 1


  I = 1 −    e  m ∙ V − 1   e m − 1


  I = 1 −    e  12 V − 1   e 12 − 1


  I = 1 −    e  12 . 3 V − 1   e  12 . 3 − 1


  I = 1 −    e  12 . 7 V − 1   e  12 . 7 − 1


  I = 1 −    e  12 . 9 V − 1   e  12 . 9 − 1


  F F =  250  8 . 94 × 37 . 78


                = 0 . 7402


   V  o u t ,   e f f =    V  i n 2


   V  o u t ( t ) =   ∑  n = 1 ,   3 ,   5 ,   … ∞    2  V s  n 𝜋  sin ⁡  n 𝜔 t


   V r 2 =  1 2 (  V s 2 − 2 X Q − 2 R P ) ±     (  1 2 (  V s 2 − 2 X Q − 2 R P ) ) 2 −  | Z | (  P 2 +  Q 2 )


  P + j Q =  1 2    V - r    I - ∗


   𝜂  E U = 0 . 03 ×


   𝜂  5 %


  0 . 06 ×


   𝜂  10 % + 0 . 13 ×    𝜂  20 %


  0 . 10 ×


   𝜂  30 %


  0 . 48 ×


   𝜂  50 %


  0 . 20 ×


   𝜂  100 %


   I  s t r , i =  I  m o d ∗


   I  g e n =   ∑  i = 1 m   I  s t r , i


   V  s t r =     ∑  j = 1 n   V  m o d , j ∗


   V  g e n =  V  s t r


   P  A C , n > P R ×  P n


   V  M P , m o d   m i n =  V  M P + w × (  T  m a x − 25 )


   V  M P   m i n < n ×  V  M P , m o d   m i n


   V  M P , m o d   m a x =  V  M P + w × (  T  m i n − 25 )


   V  M P   m a x > n ×  V  M P , m o d   m a x


   V  O C , m o d   m a x =  V  O C + w × (  T  m i n − 25 )


   V  D C   m a x > n ×  V  O C , m o d   m a x


   I  S C , m o d   m a x =  I  S C ( G ) + z × (  T  m a x − 25 )


   I  D C   m a x > m ×  I  s C , m o d   m a x


   I  S C ( G ) =  G 1000 ×  I  S C , S T C


    𝐬 𝐢 𝐧 ⁡  𝜸 =   𝐬 𝐢 𝐧 ⁡ 𝑳 ×   𝐬 𝐢 𝐧 ⁡  𝜹 +   𝐜 𝐨 𝐬 ⁡  𝑳 ×   𝐜 𝐨 𝐬 ⁡  𝜹   ×   𝐜 𝐨 𝐬 ⁡ 𝝎


  𝝎 = 𝟏 𝟓 × ( 𝟏 𝟐 −  𝒕 𝒔 )


  𝜹 = 𝟐 𝟑 , 𝟒 𝟓   𝐬 𝐢 𝐧 ⁡   ( 𝟑 𝟔 𝟎 ×   𝟐 𝟖 𝟒 + 𝒏  𝟑 𝟔 𝟓 )


   ξ B <  γ  21 d i c , 12 : 00


   γ  12 : 00 =    sin  − 1 ⁡   (  sin ⁡ L ×  sin ⁡  𝛿 +  cos ⁡ L ×  cos ⁡ 𝛿 )


  d =   b ×  sin ⁡ 𝛽   tan ⁡   ξ B


   cos ⁡ μ =  sin ⁡  𝛿 ×  sin ⁡ L ×  cos ⁡ 𝛽 −  sin ⁡  𝛿 ×  cos ⁡ L ×  sin ⁡ 𝛽   × cos ⁡ 𝛼 +


   cos ⁡ 𝛿 ×  cos ⁡ L ×  cos ⁡ 𝛽 ×  cos ⁡ 𝜔 +  cos ⁡  𝛿 ×  sin ⁡ L ×  sin ⁡ 𝛽 ×  cos ⁡ 𝛼 ×  cos ⁡ 𝜔 +


   cos ⁡ 𝛿 ×  sin ⁡ 𝛽 ×  sin ⁡ 𝜔 ×  sin ⁡ 𝛼


  I =  I  O R ×  cos ⁡ μ


  D =  D  O R × ( 1 +  cos ⁡  𝛽 ) / 2


  R =  G  O R ×  ρ g × ( 1 −  cos ⁡  𝛽 ) / 2


   E  i n , 0


  1 −  ε  s i


   η  m o d , S T C


  P R


   E  i n


   E  c c , t h


   E  o u t


   E  o u t =  E  i n , 0 ∙ ( 1 −  ε  s i ) ∙  η  m o d , S T C ∙ P R


   E  o u t = 365 ×  P n × P R ×  G  m d


  ×


   𝜀  s i


  P R =  [  ( 1 −  𝜀  p u ) ×  ( 1 −  𝜀  g e n ) ×  ( 1 −  𝜀 j ) ×  ( 1 −  𝜀  i n v ) ]


   𝜀  p u


      𝜀  a l b  


   𝜀  s o i


   𝜀  g e n


      𝜀 T


   𝜀  m i s


   𝜀 T = p ×   ( T  C G − 25


   𝜀 T = p   ×    (  T a +      T  N O C T − 20 800 × G − 25 )


   E  o u t = 365   × 0 . 85   × 1 × 4 . 56 × ( 1 − 0 . 04 ) = 1 , 358 k W h / y e a r


  L C O E = V O & M C +   O C S × C R F + F O & M C  8760 × C F


  C R F =   W A C C ×    ( W A C C + 1 ) N     ( W A C C + 1 ) N − 1


  W A C C =  E  E + D ×  K e +  D  E + D ×  K d


  L C O E =   O C S × C R F × ( 1 + F O & M C )     E 0 N ×   ∑  k = 1 N   ( 1 −    d r × ( k − 1 ) 100 )


  N P V = − ( O C S ×  P n ) +   ∑  k = 1 N    I C F k ×      ( 1 + g ) k ×    ( 1 + e ) k     ( 1 + i ) k −   ∑  k = 1 N    O C F k ×   ( 1 + g ) k


    I C F k =  E 0 ×  P n ×  [ 1 −    d r × ( k − 1 ) 100 ] ×  [  P  u f × s c + F i T × ( 1 − s c ) ]


    O C F k = O C S ×  P n × F O & M C


   1  30 × O C S ×  [   ∑  k = 1 30    I C F k ×      ( 1 + g ) k ×    ( 1 + e ) k     ( 1 + i ) k −   ∑  k = 1 30    O C F k ×   ( 1 + g ) k ]


  N P V = − ( O C S ×  P n ) +   ∑  k = 1 N    I C F k ×      ( 1 + g ) k ×    ( 1 + e ) k     ( 1 + i ) k −   ∑  k = 1 N    O C F k ×   ( 1 + g ) k

