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Importance of Electric Power Systems

* Importance of electric energy to our social welfare

* Awareness of the finite supply of fossil fuels

* The use of fossil fuels releases carbon into the atmosphere

* Traditional power systems may have to change

* Also ... electric power is being used for a wider range of applications
as time goes on

* Reduction in the need of energy requires efficiency and very often
this involves the use of electricity

 All this indicates the need for well-educated, innovative engineers to

build the power systems of the future
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Electric Power Systems in developed countries

 Electric utility service is ubiquitous in developed countries
* Standardized levels of voltage and frequency permit a wide
range of appliances to be simply plugged in and operated
* Blackouts are uncommon
* We depend on electric power to keep the lights on,
to control heating, cooling, cooking, and refrigeration

systems in our homes and businesses
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Electric Power Systems in developing countries

* One billion people have not access to electric power

* In many developing countries there're widespread
distribution systems but generation is insufficient

* Today the most used primary resources are new renewables
(photovoltaics and wind), fossil fuels, falling water and heat
from nuclear fission

* Sun and wind will be soon the most used primary resources
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Definitions

" Energy w is the quantitative property that is transferred to a
body or to a physical system. In the International System of
Units, the unit of energy is joule (J). Often energy is
measured in watt-hour (Wh)

" Power p is the amount of energy per unit time
In the International System of Units, the unit of power is the
watt (W) corresponding to one joule per second (J/s)

T

Aw w(T) = [ p(t) dt
0

P At

1 watt-hour = 1 watt x hour = 3.600 J
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Definitions

" 1WisalsolVx1A

" The volt (V) is a unit of electrical potential

" The ampere (A) is a unit of current flow

" Power is expressed in watts, kilowatts, etc...

" A basic unit of electric energy is the kilowatt-hour (kWh)
corresponding to 3.6 x 10°J

" Electricity is sold at retail by the kilowatt-hour and, usually,

at wholesale by the megawatt-hour
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10%° peta P
1012 tera T
10° giga G
106 mega M
103 kilo k
1073 milli m
10° micro 1
107 nano n
1012 pico p
101> femto f
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Integrated circuit 1nA —1pA
Current that a person can feel 1 mA

Mobile phone charger 150 mA — 1A
Photovoltaic module 5—-10A
Residential power plant 1-20A
Industrial power plant 10 =200 A
HV transmission line 30-500 A

Synchronous Generator 10 — 3 few kA
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Radio antenna

100 nV —=10 pVv
Car battery 12V
Home plug 230V
Industrial plug 400 V
Electrical distribution system 0,4 — 150 kV

Electrical transmission system 400 kV
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Smartphone receiver 5 pW

Personal Computer 100 W
Dishwasher 1-2kW
Residential power system 3 kW

E-Vehicle charger 3,7—22-120 kW
Synchrotron 1-5 MW
Electrical distribution system 0,1- a few MW
Electrical transmission system 100 - a few GW

Power plants 0,01- a few GW
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Smartphone battery 10 Wh

Fridge use annually 150 — 300 kWh
Average energy consumption of a family 2 000 kWh

Car battery capacity 20 - 100 kWh
Photovoltaic plant yield (1 kWp) 1.500 - 5.000 kWh

Power plant yield
0,01 — 10 TWh
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Centralized utility systems

Unidirectional power flux

Transmission System Operator (TSO) Distribution System Operator (DSO)
\ \
( \ | \
20/400 kV 400/ 1 50 kV | 50/20 kV 20/0.4 kV
Step vp EHV/HV Station AV/MV Station MV/LV Station
Transtormer
/// /// /// /// -
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/1 3
Generation Transmission HV Distribution MV Distribution ///. 5
[MVA — GVA] /// /// vrs s O
\ } /17 /17 O
| H\V Customers MV Customers /ﬁ/ 2
1O - |00 MVA O.1 — 10O MVA
Producers L\VV Customers
< 200 kVA
\ J |
| |
Customers Commercial and Industral Residential, commercial

are passive and industrial
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Single line diagrams
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Sinusoidal function w = 2nf

x(t) = A cos(wt + 6) 1
z(t) A ' =—
f
T - 21 = A —-amplitude
Y e = » — pulsation [rad/s]
. " O — initial phase [°]
0/ " = T—period [s]
st MMV VL " f —frequency [Hz]
" rms — root mean square
r A
Ao = —[ A% sin® wtdt = — = 0,707A
I J, V2

Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan




DC - 10AC - 3QAC ???

" | [m]-length of an electrical line connecting a generator to a load
P [W]- active power absorbed by the load
V [V] — voltage across the load

p [Qxm] — resistivity of the conductor

Py [W] — power losses

V

cond, z

[m3] — volume of the conductor

Vcond,BcI) o 3

o 2
Vcond,cc 4 cos P
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Voltage and power levels (ltaly)

= Extra High Voltage (EHV): > 150kV — typically 230 and 400 kV
" High Voltage (HV): > [35 - 150 kV] — typically 132 and 150 kV
" Medium Voltage (MV): [1 — 35 kV] — typically 10 and 20 kV

" Low Voltage (LV): <1 kV - typically 400 and 230 V and 20 kV

Power [MW] ______ \Voltage
<0.1 LV

0.1-0.2 LV/MV

0.2-3(0.2-6)* MV

3—-10(6—-10)* MV/HV

> 10 HV

* Producers
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Sources of electric power = Generators: prime movers can
be heat engines (steam and gas

turbines, internal combustion
engines), or turbines converting
from water or wind)
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S()urces Of eIECtriC pOWer More in “Materials and Systems for the

Energy Transition”, “Photovoltaic Systems”
and “Hydrogen and Fuel Cells”

" Direct conversion: from chemical energy or sunlight
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More in “Industrial Energy Management”

Power plants

And in “Environmental hydraulics”

" Fossil fuels-based ~°
O

" Production of electricity
but of contaminants too:
sulfur (acid rain), mercury  Smokestack -
(food chain), carbon
dioxide (global warming) .. ...,

" Fossil fuel-based energy

+

Boiler
olie Generator

Steam
turbine

/|

systems are inefficient = Transformer
; L\
and expensive | N oo
Cooling water supply N\
= \
Kirtley, Electric Power Principles Feed pump
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More in “Alternative Technologies 2”

Nuclear Power plants

Containment
vessel Pressurizer

S bi
Steam generator eam turbine

)
)

Control rods

power to system

\ Generator High voltage
N

14
/

S e

5
S
S
N
N\ el
N / <
N
N W
% > L * Transformer
§ W ’ Cooling water
§ Core = ~ =
% Reactor N \‘\
§ vessel Feed pump

Figure 1.5 Diagram of a nuclear power plant.
Kirtley, Electric Power Principles
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Hyd roelectric power More in “Renewable Energy Technologies”

Generator rotor Generator stator

e

. Thrust bearing
|

NN\ /
Wicket gates /
— /

\ - ——— Turbine runner

\ Water flow to tailrace
Y Y

Figure 1.6 Diagram of a hydroelectric generating unit.

Water flow from
penstock

Kirtley, Electric Power Principles
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Wl nd tU rbl nes More in “Alternative Technologies 2”

and in “Renewable Energy Technologies”

Speed increasing

ear
Transformer g

Nacelle -
\-LE
-

Cascade ﬁf—-—* AC/DC/AC Pitch
electronics | | adjust
Slip rings | |
P ring i ol .
Generator — i
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Yaw mechanism

\

Tower

,-'"'-'-'.--
/N

HV to POCC

paR

Figure 1.8 Wind turbine components.

Kirtley, Electric Power Principles
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Power plants: global

TECHNOLOGY 2023 [GW] | 2022 [GW] | VARIATION [%]
PHOTOVOLTAICS 1600 1200 33.3
WIND 1021 904 12.9
BIOMASS, SOLID BIOFUELS AND WASTE 290 277 4.7
GAS 1926 1895 2.3
HYDROPOWER 1412 1392 1.6
COAL 2190 2142 2.2
NUCLEAR 372 371 0.3

= China 2023: 217GW of PV, 90GW of wind, 1GW of nuclear
" Nuclear in China: 34.4GW during the last 10 years, they have a plan

to install other 30GW by 2030 (5 per year)

w24
-/z<7 X Engineering
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Power plants: global

SolarPV © Wind @ Hydropower = Other renewables
600

GW

500

400

300

200
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O

2015 2016 2017 2018 2019 2020 2021 2022 2023
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Power generation in ltaly

TECHNOLOGY 2005 2020 2022 2023 (2024
THERMAL POWER 81% 60% 67% 58% 51%
HYDROPOWER 15% 17% 9% 16% |20%
PHOTOVOLTAICS |0% 9% 9% 12% |14%
WIND POWER 1% 6% 7% 9% 9%
BIOMASS 2% 6% 6% 3% 5%
GEOTHERMAL 2% 2% 2% 2% 1%
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Comparing technologies

Power [lVlVA] dozens dozens 1-350 1-350 1 -hundreds 1-hundreds 1 -hundreds
thousands thousands
OCS [€/kW] 900-1.400 2?7?77 300 500 1.000-2.000 900 -2.000 600 - 800
n [%] 36 - 50 50 33-40 60— 75 50-90 20-70 20 - 25
Utilization hours 6-500 - 8.000 6.500 6.500 2.000 1.700 1.200
7.500 7.500 7.500 4.000 4.250 1.700
Speed low low high high high high high
Load full full variable variable variable variable variable
LCOE [€/kWh] 0127 7?7 0.15 T 0.10 ™ 0.08 T 0.08 | 0.04 J
EROEI 17 ¢ 14 | 15 ¢ 19 ¢ 84 18 T 25 T
FIexibiIity low low high high high low/high low/high

VTN Engineering
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Levelized Cost Of Energy

OCS X CRF + FO&MC
8760 X CF

CRF_WACCX(WACC+1)N WA E e D e
 (WACC + 1N -1 E+D ¢ d

LCOE =VO&MC +

- VO&MC [€/year]: variable operation and maintenance costs

- OCS [€]: overnight capital cost - WACC [%]: weighted average cost of capital

- CRF [ ]: capital recovery factor - N [ ]: number of annuities received

- FO&MC [€/year]: fixed operation and maintenance costs - E [%]: equity — D [%]: dept

_ CF[]: capacity factor - Ke [%]: the return of equity — Kd [%]: the cost of dept
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Energy Returned on Energy Invested

I
E R 0 E | = — l] Self Consumption
. Net
Energy to Energy
consumer
Cumulated
Energy
Production 1
Cumulated 0 time Production Process
Energy i
Costs End of life
Construction Life time Decomissioning
> > >
- S
Project Project
Starts ends

More in “Design for Sustainability of Processes”
. Engineering
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King et al., Nature Energy, 2018
S ome E R O E I S Table 1| Comparison of mean EROlIs for different energy sources

Energy source Optimistic Optimistic net
EROI energy percentage

Coal Thermal 46:1 08
Electricity 17:] 94
Electricity with CCS 1317 92
Oil Thermal 19:] 95
Electricity 7:1 85
Gas Thermal 19:1 95
Electricity 3:1 38
Electricity with CCS 7:1 386
Biofuels & waste  Solids Thermal 2511 96
Electricity 10:1 90
Gases and liquids  Thermal 5:1 30
Electricity 2: 50
Nuclear 14:1 93
Hydroelectric 34:1 99
Geothermal 91 39
Wind 18:1 94
Solar PV 25 96

Solar thermal 19:7 95



Oil and gas

E RO for discoveries for the US Oil and Gas Industry

1200
1000

Characteristic Depth/length in

feet

800

By true vertical depth: Bertha Rogers No. 1 (Anardarko basin, Oklahoma, U.5.)* 31,441
600

By true vertical depth; BP Deepwater Horizon (Tiber field, Gulf of Mexico, U.5.) 35,000
0 By water depth: Maersk Drilling Raya-1 (Block 14, Uruguay) 11,156
&0 By length, vertically and directionally drilled: Sakhalin O-14 (Chayvo field, A9 00C

RLUssia) L00C

0
Q Q Q Q Q QO Q Q Q
N VO B Y g7 AY & S
S R R 5 R A

N
\)

8020vision.com

Guilford et al., Sustainability, 2011

Longest vertically and directionally drilled oil and natural gas wells worldwide as of 2019

/-« X Engineering
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Energy transitions More in “Fundamentals of the Energy Sector”

100%-

PERSPECTIVE

Mawizio Fermeglia €, Vanni Lughi ©, and Alessandro Massi

HOW tO aVOid t e perfBCt StOtm: Pavan -.Depar't’;nem of Engineering and Architecture, University of Trieste,
The I'Ole Of en rgy ' Piazzale Europa 1, 34127 Trieste, Naly
and photovoltaics

Address all comespondence to Maurizio Fermeglia at ma fermegliad
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Power capacity growth

GW
100.0% 500
90.0% IRENA 450
80- 0% nemanona Kenewable energy Agency 400
® 70.0% 350
© 0
= 60.0% 300
Q 0
3 50.0% 250
z 40.0% 200
E 30.0% 150
20.0% I I 100
|| |I||“| bbbl -

2005 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023

B Increase in non-renewables (GW) = Increase in renewables (GW) === Renewable share (%)
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Power capacity growth

GW

ea -

European Union

O 2017-2023 @ 2024-2030

0 500 1000 1500 2000 2500 3000 3500
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Latin America

ASEAN

MENA

Sub-Saharan Africa

Other countries
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Investments in the power sector

Power Investment, 2019-2023 (Renewables + Grids & Storage Combined)

W Renewables + Grids and Storage
0 Fossil

1000 k Bl Nuclear

800 [
600 [

400

Investment (billion USD)

200

2019 2020 2021 2022 2023
Year
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Hydro, 37.1

L4 L] [
Engineering
000

Transition

Solar, 31.6

Hydro, 92.6

Wind, 26.6

Bioenergy, 4.3

Solar, 36.7

Hydro, 32.7
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The rise of renewables
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Renewables beat fossil fuels
EU-27 electricity generation

Installed renewable electricity capacity (GW) (globally)
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The rise of photovolaics

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

Share of electricity generation (%) Ranked: Share of electricity generation, June 2025
25
Nuclear 21.8%
o Solar
Nuclear .
Wind 15.8%
20
Gas 14.4%

Wind

15 G
as Hydro 12.8%

Hydro

- Coal 61%
Bioenergy 3.5%
Coal
5
Bioenergy Other fossil 31%
“ Other fossil
Other Other
0, . . renewables renewables = 9-°%

June 2023 June 2024 June 2025
Source: Monthly electricity data, Ember, ember-energy.org/data/electricity-data-explorer E M B: R

-/e<7 X Engineering
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Renewables and electricity

2018 2050 - Where we need to be (1.5-S)

64Y% —m10%

3% District heat

3 Modern
% biomass

8%

Traditional biomass

- 9%

12% District
18% (direct use
Modern biomass and e-fuels)*

O
o
3%

16%

Natural gas

other
4+, renewables

other renewables

1%
Electricity
(direct)

Renewable share in electricity: 25% Renewable share in electricity: 90%
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Why electricity?

-3

: A !
\‘“s. — . -.g\ : - . |

i ||| i

* The most efficient carrier TR I

* Easy to use ii”!:i il I

* Zero impact 1 ’,;,,,, i

* Easy to transport long distances

* New distributed generators

. Engineering
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Why electricity?

* New stationary applications: induction cooking and heat pumps
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Why electricity?

* New applications: light electric vehicles
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Reactive power and voltage

L
S2%R
+ + R
V. = V. X ———
Vs(> R %vr " > R+ jwL
VS

" The receiving voltage is

less than the source voltage Joll
" The receiving voltage

decreases with the load V. a

/‘}‘\ Engineering

Lili) Ene rgy Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan




Power in the sinusoidal steady-state
. K+ Acos —
— 1__ = S-complex power [VA] ' "
S ==VI A
2 " S —apparent power [VA] o
" P - active power [W] 0
" Q —reactive power [VAR] A

" COS @ -power factor

_ 1 Reactive
Re

Vi L, COS @ +] -V 'l sSingp =P + jO
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Reactive power and voltage
1

) 2222 ) (1-— 2LC)+]%L

Capacitive voltage support
1.1 | | I | I |
Vs C, 1~ F?% V

104 e

" The capacitor provides

(positive) reactive power
and thus provides some A
094 L hh

amount of voltage control ) | Kirtlay, Electric Power Principles
o9 0 10 20 30 40 50 60 70 80 90 100

Capacitance, pF

Relative voltage

O

©

o
|

O
©
»
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Reactive power and voltage
R

X—
SRR RX(1—-XB)+ jX;s

_ 2
(O el 0= Ikl X

Reactive voltage control

10500 |-+ A

" The capacitor is replaced
by a general reactive
admittance defined

8000
4

0000 |-

Receiving voltage

9000 _ _
' Kir%tley, EI:t-:-ctric Pjower Principles

i i i i j
—2 0 2 4 6 8
s bl g . . ?
[ﬂ\ Engineering Supplied reactive power, VARs x 10

R o =
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P+jQ

(O

1__*
e

" |Inductive reactive power
reduces voltage and
maximum power transfer

= |f Qis constant: TP {V

= |f Pis constant: TNQ 4V

P+ijQ =

14000

12000

10000

8000

Volts

6000 [

4000

2000 r

Load voltage
- Q=—1MVAR
_________________ — Q=0
............................ - Q=+1MVAR
Kirtley, Electric Power Principles
0 1 2 3 4 5 6 7 8

Power, watts x 10°

1 2
+ (5 (V¥ — 2XQ — 2RP)> —1Z|(P? + Q%)
N
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Hybrid utility systems

Bidirectional power flux

20/400 kV 400/ 1 50 kV | 50/20 kV 20/0.4 kV
Step uvp EAV/HV Station HV/MV Station MV/LV Station
Transtormer
O-#CD—#——#—TD—#—TD— ,
//
Generation /ﬁ/ /%/ GD /;/’
/// /// ///!
CUSTOMERS ARE ACTIVE ANDY\ |OD[—77 GD GD 77 y
PASSIVE AT THE SAME TIME 777
GD ///
///

In the hybrid system, customers become active/passive
(prosumers) because ot their distributed generators (GD)
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Distributed generators

-/z<7 X Engineering
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Distributed generators

Small-scale decentralized power generators
= Modular, flexible, usually closed to the load
= Mostly RES-based

= Can be controlled and coordinated within a

Photovoltaic
power station

smart grid

“" " Receiving

load
Station '

= Make the grid bidirectional

- 4
-
>
4
o \
4 | N
- .

= Offer benefits to the grid

Local CHP Plant

or grid-connected Industra
= Supportinreducing losses and delivering RS S. S. Refaat et al. ~ Sere

Smart grid and enabling technologies

" |ncrease the complexity
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Integration of distributed generators & e-vehicles

Voltage | o
(in pU)

Vmax

Vsubstation

1

Vmin | EREE ool SSEE (EESD fAE SEER Su o Samee . wEese fumn SEBe SEwm jsmen meme sl

NI i A S T S T A

B s NI e meatiBIE IAEE USISIAL QEEEAE USIAIAE R Bl s oRIEIE

st e LT L . Y T - S

MELEE 552?1?:£¢1| lndewumhaw .zone!
—  Without DER Nodes
—  With production
——  With electric vehicle (EV)
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Effect of on-load tap changer

ervC |tagEZne

V0|tage
(in pu)

Vinax
Vs ubstation l
1 <

ubstation

L il ol ol e i e il i

el ® A

N 1Tt 11 11 e 1 M T T

= =Undervoltage zone

Nodes
—  With production, without on-load tap changer
——  With production, with on-load tap changer

Nodes
—  With EV, without on-load tap changer

——  With EV, with on-load tap changer
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Inertia of the electric power system (load-frequency relationship)

" One generator and
a limited set of loads:
controlling the frequency
means controlling the
speed of the generator
shaft

" Grid frequency is a
measure of the balance
between su pp|y and Positive Balancing Energy Balanced Negative Balancing Energy
demand

https://www.next-kraftwerke.com/

Balance between electricity generation and electricity consumption

More Consumption than Electricity Generation and More Electricity Generation
Electricity Generation Consumption are in Balance than Consumption

50 50
2 %0 b, a- %0

AV 7

“~ " A
/\ Consumers /\

Generators

>

Consumers

Consumers Generators

consume more generate less

‘KT\‘ Engineering
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Inertia of the electric power system

"= |nertia refers to energy stored

In rotating generators

" This energy is valuable when large

synchronous 7 '
generator *(&h |
\_/
>
-

power plants fail (temporary
response — a few seconds)
= Historically inertia was abundant

= With the evolution of the grid

grid AC . .
st (inverter-based sources) questions
have emerged (and solution have
Inertia and the Power Grid: A Guide Without the Spin - NREL

been found!)

&) Energy
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synchronous

generator

—~

Inertia of the electric power system — Virtual inertia

— ‘,‘/" N

' i

il 4

L, N/
/.

-

P

=

",' ':' electromagnetic
Z =z rd (physical) grid
-

=
- -
- -
- -
- -

%
e

—

connectl.?ﬂ =

Wind, solar and storage can provide

frequency-responsive services

through inverters
" Using sensors and software that
; control the response (virtual inertia)
== control-based grid

grid AC === | u
iyl 2

z FFR FFR-

= enabled Shabled

PV wind

Inverter-based resources including

photovoltaic, wind and storage can
quickly detect frequency deviations
and respond to system imbalances

" The response is much faster than

traditional mechanical response
Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan



Power electronics —

o
AC SYSTEM N DC SYSTEM

Rectifier
N~ AC Voltage
~_ regulator DC chopper
Inverter
o
AC SYSTEM F DC SYSTEM

= An enabling technology for large utilization of RES More in “Power Converters

" Photovoltaics, wind, storage, ...

= Distributed generation

Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan




|nve rter More in “Power Converters”

= Converting DC into AC

" Performing the grid connection

* MPPT

-/z<7 X Engineering

Energy Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan
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Energy sto rage More in “Materials and Systems for the Energy

Transition” and “Electrical Energy Storage”

To settle peaks and valleys of supply
Combined with power electronics

Grid support: grid’s voltage and

——————————————

frequency, spinning reserve,

A ] Converer |
resilience ... % 5

—————————————— -

Photovoltaic

Financial benefits (automatic pricing "

et oy
| Loads

sighals |

- an an &

Power congestion avoiding upgrades

P ———————— —

in the grid

Challenges: policies, business s. s. Refaat et al.

Smart grid and enabling technologies

models, financing mechanisms

Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan



Energy storage

9 05/20/2025 v  Options ¥  Download ~ @

27,000
o G CAISO e

21,000
12,000
17,000 19:10
15,000
13.000 ® Renewables: 8,549
> 11,000 e Natural gas: 4,465 \
= 9,000 e Large hydro: 4,236
7,000 ® Imports: 3,535
5,000 ® Batteries: 8,184
3,000 o ~—___ . ® Nuclear: 1,564
1,000 — . L —————————— —_— —~ ® Coal: 0
-1,000 - e Other: 0
3,000 =~
-5,000
-/,000
0 | 2 3 4 5 6 / 8 ? 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

® Renewables  ® Naturalgas @ largehydro @ Imports @ Batteries ~ ® Nuclear @ Coal  ® Other

-/z<7 X Engineering
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More in “Materials and Systems for the Energy

Energy storage

Transition” and “Electrical Energy Storage”

Storage can contribute to shift and or to level the electric
energy demand making it somehow asynchronous with respect

to production

There are two kinds of applications:

" Power applications: peak shaving

" Energy application: time shift

Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan




Power transmission (EHV)

Transmission System Operator (TS0)

< ol

A V(s),k - 2 - 2 V(s),l

| \

20/400 kV 400/ 150 kV
Step up EAV/AV Station

Transtformer

G4

Generation

Energy
Transition

/// ///
A7~

Transmission HV Distribution
///

/7]

Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan

“Low frequency”:
the line is “short”
compared to the
wavelength of
voltages and

currents




Transmission load curve

From: 27/08/2024 To:27/08/2024 Last update: 27/08/2024 12:45

50.0
450

I PEAK LOAD

3 Z  \

=

o 40.0

Z

z

Q

TIME IN HOURS

300

12:00 AM 3:00 AM 6:00 AM 9:00 AM 12:00 PM 3:00 PM 6:00 PM

4 Terna

Drlvmg Energy

® Actual Load ®Forecast Load
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Generation curve

30000
3
2,
25000
20000
= Base load 15000 il
= Peak load 10000 |||III | 1ff
L EE T |||"||l|'"||IlI |||
. Reserve 0 "TIH\\'M\I'ilhli""' i

-5000
1 2 3 4 S 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

mm Wind curtailment I Pumping B Export I Thermal B Import Solar I Wind IS Hydro mmmm Biomass M Geothermal e Demand

—/
?A Terna

A Driving Energy
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Duck curves are getting deeper

California's duck curve is getting deeper
CAISO lowest net load day each spring (March—May, 2015-2023), gigawatts

25
20
19

10

0

12AM 2AM 4AM 6AM B8AM 10AM 12PM 2PM 4PM ©6PM
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Duck curves are getting deeper
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EHV — HV power stations

Transmission System Operator (1S0)

\
| \

400/ 150 kV
EAV/HV Station

G /// /// ///
777 777 777

Transmission HV Distribution

///

///
H\V Customers
| O - | OO MVA

-/e<7 X Engineering
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Transformers 2 | 2 7

l:n ]l :n
® ® .
v, v, v,
o L
g _—— . 2
\ Vo, = nV; Vo = —nl;
[ —_17 A
2 — — — I 2 — 11
n n

" Transformers convert electrical energy
at one voltage to some other voltage
" Higher voltages means lower currents

and lower losses
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HV customers Distribution System Operator (DSO)

- ‘ N /// /// ///

J /// /// /17

Transmission HV Distribution

///

///
H\V Customers
1O - 100 MVA

Energy
Transition

Image ID: J8THSF
www.alamy.com




HV — MV power stations (primary)

Distribution System Operator (DSO)
\

|

400/ 150 kV | 50/20 kV
EHV/HV Station HV/MV Station

/// /// [//
H—O—#—TCD—H (0

H\V Distribution MV Distribution
/// ///
/// ///

-/z<7 X Engineering
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Power distribution (MV)

Distribution System Operator (DSO)

\

HV/MV Station MV/LV Station |
/// ///
/ / / @ / / / @7 Conductor
/] .
/ / XLPE Insulation
M\/ DIStI"IbUtIOI’I Insulation Screen
/// /// %
/17 /17
///
/ / / M.etal Screen
More in “Electrical System Design” -

Prof. Andrea Vicenzutti Y ulerShesth

Zi)) Energy
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HV/MV Station

/// ///
/// ///

/ \ 5 : . ’ s BT
MV Distribution ! W /el s o

H#- #

///
MV Customers 7/7
O.1 — 10 MVA

g EDIFICI UNIVERSITA DEGLI STUDI DI TRIESTE

[ ] EDIFICI ARDISS
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MV — LV power stations (secondary)

Distribution System Operator (DSO)

\
| \

20/0.4 kV
MV/LV Station

/// -
(0 )—# (0] &
A 8
MV Distribution 5
/// O
777 a
///
777 > = TT = TN Systems

L\ Customers
< 200 kVA

More in “Electrical System Design”

Prof. Andrea Vicenzutti
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Customers

i dlexan g

S

fufagey

Distribution System Operator (DSO) \ | el S e

20/0.4 kV
MV/LV Station

’l_
///
777 D
O e
178 S 30 __
// — R, e e — R DR RN S el SR X :
N E) alamy stock photo iy
111/ 2
L 7777 =
/// S
/// 0
/1) 0O
LV Customers
\ < 200 kVA
Residential, commercial
and industrial
,“;;T‘ X Engineering ‘
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Load flow

= Understand how

cableld "'5

e [ load flows and over

which pathways

= |oad flow evaluation

';,527.2 z 401 7 N4 ” . .
are required in
Batteryl " DCConvl
i CSW3
- —
—_ .ﬁ T—o
- - advance of any
DDDDD 1 [:] DCFuse4 CCB2 100-3 % DCCB11l [ (] Dé';ﬂml .
peBus2 $170.7 2 $274.5 2 DCBus4 $495.5 & “[.4,295.? a EEE.I_ 2  DCBus3 l 99.53
i EI:I+ A EIJ+222.8 a N [I]+ B [‘[]E Agi}.gla 5 $155.2 2 l+15.5 A l+a A Syst e m eX p a n S I O n
Future IRenewabIe Energy E .
il - 8 " Load flow evaluation
DDDDDD dl DCED2 DCED3
CLumpl

are required as part

of generation

dispatch
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Flexibility of the power system

" |ncreasing need for

flexibility
g g 2018 = At the distribution level:
S & 2040
_ controllable generation
o § 2018 . .
2 5 2040 (VPP, microgrid),
(N}
e 2018 storage, controllable
: °
O 2040 loads, e-vehicles (V2X)
L 2018 = Guarantee various
= 2040
| : * services providing active
20% 40% 60% 80% 100%

W Hydro © Gas W Coal HQil = Nuclear Other M Interconnections m Batteries Demand response (P) and reactive (Q)

More in “Microgrid” power support

Prof. Daniele Bosich
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CEl 0-21: Reference technical rules for the connection of active

and passive users to the LV electrical Utilities

" Frequency variation: 50x5% (100% of the time),

50+2% (95% of the time)

*= Voltage “slow” variation: U  + 10% and U_ - 15%

<100
> 100 and £ 200

Power kW] |Grid voltage level
LV

LV or MV

Fundamentals of Modern Power Systems 2025 - Prof. Alessar
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Y,
\

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

Dispositivo della Rete

del DSO

Rete del DSO

. Dispositivo
' Generale

Parte di impianti non abilitata
al funzionamento in isola

Dispositivo
di Interfaccia

Eventuale parte di impianto

Abilitata al funzionamento in
isola (carichi privilegiati)

Dispositivo
| di Generatore

Eventuale sistema
di conversione

g iransiuion

GENERATORE

Sbarra BT di
Cabina secondaria

impianto del Produttore =----=-=r=msmsmeimrim i

= “Dispositivo della rete”: grid switch

= “Cabina secondaria”: secondary power station

= “Rete del DSO”: DSQO’s grid

= “PdC”: connection point

= “Dispositivo generale” DG: main switch

= “Parte di impianto ... isola”: portion of the power
system which cannot work in islanded mode

= “Dispositivo d’interfaccia” DI: interface switch

= “Parte di impianto ... isola”: portion of the power
system which can work in islanded mode

= “Dispositivo del generatore” DGG: generator switch

= “Eventuale Sistema di conversione”: possible inverter

Is of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan



CEl 0-21: electrical storage systems

RETE DI DISTRIBUZIONE BT
IMPIANTO UTENTE ATTIVO W,

PARTE DI RETE UTENTE NON
ABILITATA AL FUNZIONAMENTO IN

ISOLA

PARTE DI RETE UTENTE ABILITATA AL
FUNZIONAMENTO INISOLA

(UTENZE PRIVILEGIATE)

DISPOSITIVO GENERALE

DISPOSITIVO DI INTERFACCIA

DISPOSITIVO DI GENERATORE

AC

A4

EESS

Sistema di
accumulo

O

Generatore

RETE DI DISTRIBUZIONE BT

IMPIANTO UTENTE ATTIVO

PARTE DI RETE UTENTE NON
ABILITATA AL FUNZIONAMENTO IN
ISOLA

PARTE DI RETE UTENTE ABILITATA AL
FUNZIONAMENTO INISOLA

(UTENZE PRIVILEGIATE)

24

EESS

Sistema di
accumulo

*\. PUNTO DI CONNESSIONE

N o o o o - ——————— -

DISPOSITIVO GENERALE

DISPOSITIVO DI INTERFACCIA

DISPOSITIVO DI GENERATORE

AC

= “Sistema di accumulo”: electrical storage device

. Engineering
Energy
Transition

RETE DI DISTRIBUZIONE BT

_______________________ ..._______________________

IMPIANTO UTENTE ATTIVO

™
*\. PUNTO DI CONNESSIONE

S g R P S S ————

DISPOSITIVO GENERALE

PARTE DI RETE UTENTE NON
ABILITATA AL FUNZIONAMENTO IN

ISOLA

DISPOSITIVO DI INTERFACCIA

PARTE DI RETE UTENTE ABILITATA AL
FUNZIONAMENTO IN ISOLA
(UTENZE PRIVILEGIATE)

_l DISPOSITIVO DI GENERATORE

A

EESS

Sistema di
accumulo
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CEl 0-21: electrical storage systems

" DG: the main switch separates the consumer’s plant from
the grid when a failures occurring before PdC (internal
failure)

" DI: the interface switch avoids the consumer can supply
the grid in case of power outage on the network;
it opens when in case of a fault or abnormal voltage
and/or frequency values on the low voltage network

" DDG: the generator switch separates the generator
from the consumer’s plant and protects the generator itself

Fundamentals of Modern Power Systems 2025 - Prof. Alessandro Massi Pavan
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