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INTRODUCTION

A machine can be described as a device used for converting energy.

PRIMARY ENERGY SOURCE
(fuel chemical energy, hydraulic R ENERGY IN USEFUL FORM
potential energy, wind of water | (mechanic, thermal, electrical)

kinetic energy, ...)

Operating machines  Mechanical energy - Other forms of energy
Driving machines Other forms of energy - Mechanical energy
Generating machine  Mechanical energy - Electrical energy
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INTRODUCTION

Figure 67. Growth in world electric power
generation and total energy consumption,

1990-2035 (index, 1990 = 1) C* study: PV in Italy and Europe
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ELECTROCHEMISTRY AND THE ELECTROCHEMICAL CELL

Electrochemistry is the science dealing with the interconversion of electrical and chemical energies.
In particular, it deals with chemical reactions in which an electron transfer takes place in between two
conductive electrodes, divided by an insulating and ionically conductive electrolyte.

An electrochemical cell is a general device capable of
converting chemical energy into electrical one. If current is
generated during cell operation, the electrochemical cell is
also known as Galvanic electrochemical cell.

In example, the electrochemical cell can be viewed as the
fundamental brick constituting batteries.
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REDOX (REDUCTION-OXIDATION) REACTIONS

Redox, is a term used to describe a couple of specular electrochemical reactions.
aA+ bB = cC+dD
Composed by:
Reduction reaction
the oxidation number of a specimen is reducing (+ )
M"™ +ne” - M
Oxidation reaction
the oxidation number of a specimen is increasing (- e)

M - M™ +ne”
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AN EXAMPLE: IRON OXIDATION

3. Inthe anodic part of the circuit:
2Fe?t + 40H- - 2Fe(OH),
4. Thus:

2Fe(OH); +1/20; > Fe;05 - ni;0 + H,0

Fe® OH-

1. Inthe anodic part of

T SN
the circuit: L/ —xC
2Fe — 2Fe* + 4e™ N \

https://it.wikipedia.org/wiki/Corrosione#cite_notexCEST-13

v

lonic circuit

v

Electrical circuit

2. Inthe cathodic part of the
circuit:
0, +2H,0 +4e~ - 40H™
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PROCESSES AT THE ELECTRODE SURFACE

Processes involved in

electrochemical reactions: Macroscopic Microscopic

1. Transport by diffusion or oL o i s
migration of EC active species Meta'...B"'ksc""ﬁmﬂ ................... i T Ve Ve
towards electrode surface c— /0 """""" BI\! oieence

2. The EC active atom/ion has to | % _____ AVS_:E':?_‘Z’_:
adsorb a the electrode surface s ﬁ g pitgnﬁm

3. Charge transfer (redox) has to 3 5 L
take place e L Catrode | Tangier w_prp ook |
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The reacted atom/ion has to
desorb the electrode surface
It migrates back in
electrolyte bulk

the
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AN EXAMPLE: THE Zn-Cu GALVANIC CELL

It is composed by two half-EC-cells:

- Anodic cell, composed by a Zn(s) electrode immersed in ZnS0,(aq) solution ——> elections ——>
- Cathodic cell, composed by a Cu(s) electrode immersed in CuS0,(aq) solution
salt bridge
- A bridge filled with NaS0,(aq) solution, working as ionic conductor. zincions | ” fate fons
At the anode side, Zn is oxidized: Zn(s) —» Zn?*(aq) + 2e~ o C'_L\S e I
electrode GF‘ ﬁ/ elec’ifode
The electrons migrate from the anode to the cathode where 1/
N .
Cuis reduced: Cu?*(aq) + 2e™ - Cu(s) 5
Cu is deposited on the Cu electrode %
The overall redox reaction is: Zn(s) + Cu®*(aq) = Zn?*(aq) + Cu(s) sinc @ é\ .
Sulrate - + copper
anode cathode sulfate
The difference of potential rising from the spontaneous reactions is: oxidation reduction -

https://en.wikipedia.org/wiki/Galvanic_cell

E%=E% + EQ,, = 0.7996 — 0.3419 = 0.4577V




FROM THE EC CELL TO (PEMFC) FUEL CELLS

—> electrons —>

e” External Circuit . . . .
> A fuel cell is an electrochemical cell in which
salt bridge e . .
tl ” utate ons ¢ : am fuel and oxidant are continuously fed to the
(P —— — s - ve electrodes in order to promote occurrence
(ecrode £ electrode I /l,: of redox reactions to generate electric
9 Oxidizer Flow
g LS 1/ o By current.
(© / N
© . _
= Anode 2H, —» 4H" + 4e
é d = & : Cathode 0, +4H* + 4e~ —» 2H,0
B ar(ld_c)’de czt(r:’tl)de cosrijrigtgn - E F H OUET'all 2H2 + 02 e 2H20
oxidation reduction
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FROM THE EC CELL TO (Li-ION) BATTERIES

—> electrons —>

o o = ® A battery is a galvanic cell that converts chemical
sincions | sulfate ons (o o oo k' | energy into electrical one. Rechargeable batteries
o :.,i;ﬁ%%fi \ol/ ;h;’ combine the galvanic cell (discharge) with an
N Siede T 5 electrolytic cell (charge).
A SILAN “ q
Tt | oo
e s oinode Anode LiCs— Cg+ LiT + e~
e S S k . Cathode Co00, + Lit + e~ — LiCo0,
B e R S e Overall LiCq + €00, — Cq + LiCo0,
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(LI-ION) BATTERIES / WHY LITHIUM?

1 H* °154 He
Li* Be?* N3 02 -
. . . : (@ ° ® ¢ o QO O ~
1 . It IS Ilght’ a | |OWI ng to 76 45 @ lons EI :leer:lai::letals L 146 140 133
achieve high gravimetric Na' Mg Nasts AP st P s
energy densities. - @ @ b O 00~
2. It has a small cationic K* Ca** st TPt V¥ C?* Mn** Fe** Co* Ni** Cu?* Zn?* Ga®* Ge* |As™* Ser”  Br
radius with respect other N N N X X X XN X N N N N N NI o O ®
alkali metals. 138 100 745 67 79 80 83 78 745 69 73 74 62 53 58 198 196
Rb* Sr2t Y3 zZe Nb3* Mo**  Tc*t RuPt Rh3* Pd**  Agt Cd**  In3* sn*t  Sb3t | Te?” -
3. It has a low reduction ¥ X XY I I Y I XXX o O xe
potent|a| and |t |S h|gh|y 152 18 % 72 72 65 64.5 68 66.5 86 115 95 80 69 76 221 220

. . . Cs* a2+ 44+ a3+ 4+ e g4+ 3+ 2+ ut 2+ 3+ 4+ 3+
reactive, ea5|ly undergomg - e T W Ret O I Pt**  Aut Hg* TP* Pb* B

i 8 . ' Fasl X X X N N N ® o P A
red-ox reactions. . @® ® o t

167 135 n 72 66 63 63 68 80 137 102 885 77.5 103

Acta Crystallographica 32, no. 5 (1976): 751-767
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(LI-ION) BATTERIES / WORKING PRINCIPLE

Discharge
ELECTROLYTE
SEPARATOR ANODE ()
CATHODE () Cozl;ilzgggt:m
ALUMINIUM CURRENT

COLLECTOR

ELECTRON

OXIDES

https://www.azom.com/article.aspx?ArticlelD=19013
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A spontaneous Li-oxidation reaction at the anode
produces free Li*-ions and free electrons. The
electrons are conveyed from the copper current
collector. By flowing across the electrical circuit they
migrate towards the cathode. To maintain system
neutrality, Li*-ions migrate across via the electrolyte
and across the separator to the cathode side as well,

where they recombine forming Li-metal oxides.



(LI-ION) BATTERIES / WORKING PRINCIPLE

Charge

ELECTROLYTE
SEPARATOR

ANODE (=)
CATHODE (+) COZZELT gél:::NT
ALUMINIUM CURRENT
COLLECTOR

.Q :

CARBON

LITHIUM ION

ELECTRON OXIDES

https://www.azom.com/article.aspx?ArticlelD=19013
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The application of the charging potential oxidizes the
Li-metal oxides: Li+ cations and electrons are made
migrate back to the anode, where they reduce to

their initial chemical state



(LI-ION) BATTERIES / ARRANGEMENT

a Cylindrical b Prismatic ¢ Pouch
Exterior

Separators

Separators

Anode

Pouch % Wip S N

. n stacks of :
EF;?{]?;;’(; anode—separator—cathode

Separator\
Anode
Pouch

Can! Cathode Anode

J. W. Choi, D. Aurbach, Nat Rev Mater 1, 16013 (2016)
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(LI-ION) BATTERIES / MANUFACTURING

Cleaning Electrode
Cathode facilities coating
slurry

Slurry Coating & . Cutting E'Ie'ctrolyte Anode
preparation drying Calendering electrodes Cell assembly filling & slurry
formation

Slitting and
calendering

Material
storage

'LQ" EED »-

Active material, binder By a tape casting proce- = During calendaring the ' The electrodes are cut  The electrodes are ' Electrolyte is injected: it
and conductive agent dure the electrode | porous electrodes are jorpunched intostripsof ; wounded or stacked ; is important that the
are mixed together in | slurry is coated on the ! compressed by driving ' a desired shape. together  with the | electrolyte fully perme-
specific mass ratios. current collectors. them through two separator. ates and fills the pores

Dry room
(cell assembly)

massive cylindrical.

Energies 2016, 9(2), 104; https://doi.org/10.3390/en9020104

air lock

Lithium-ion batteries: basics and applications, 2018, Springer
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BATTERIES / FIGURES OF MERIT / CAPACITY

Capacity

Battery capacity is determined from the amount of materials composing the cell and it defines the total quantity
of electric charge involved in the electrochemical reaction. It is measured in terms of Ampere-hour (Ah).

Specific capacity is then defined as the amount of charge which can be stored by the battery system relatively to
the mass of material and it is in terms of Ah/kg.

When battery capacity is expressed in function of the volume of the material, Ah/L, it is called as charge density.




BATTERIES / FIGURES OF MERIT / SPECIFIC ENERGY

Specific energy

Energy density (Wh/kg)

Theoretical limit of graphite/layered cathode couple

It allows to provide information from the capacity of the system from the [ | Theorctical limit of eraphite/layered cathode couple

energy-point-of-view, by adding also information about the battery e ahoore’s law abverns
voltage. It is expressed in Wh/kg (or J/kg) and it provides a measure of chemistries in bateries ..
how much energy a battery contains in comparison to its weight.

Lip(NiMnCo0)O2

When the battery energy is referred to the battery volume, it is common Licon, | oun"" LMIC:
to describe this quantity as energy density (J/L or Wh/L) .
The performative increase of this feature is related to improvements in — et 224:
materials morphology, processes for fabricating electrodes with reduced

nonactive materials contents, and packaging methods. ol L L e L e

Year
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BATTERIES / FIGURES OF MERIT / SPECIFIC ENERGY

Specific energy can be then further classified into:

1600
10001 — N * theoretical specific energy: based on the active
] — — anode and cathode materials only

500 — ] Theoratical . . .

o[ m 3 speciccnergy * theoretical specific energy of a practical battery:
E aool B l o accounting for the electrolyte and non-reactive
£ ’ ! % mﬁwg.ica. components (= 0.5 * theoretical specific energy )

3 T / = pracion batery n _
5 % ] * actual specific energy of these batteries (measured

50— . ey .

/ i ot speci under optimal conditions, it may only be 50 to 75

T 7 7 percent of that lowered value)

20—/

ok n

3 i MnO; M ium/  Nickel- Mickel- . .
g dv oG Sposs cadmum :Et% Thus, the actual energy that is available from a battery under
! r e . . . . . .
Akalne-  Zin/  Unum/  Lead  Zined  Lithium- practical, but close to optimum, discharge conditions is only
MnOp mercuric S0 acid SIIyer ion . . .
| oxide oxide about 35 % of the theoretical energy of the active materials.

f Primary }Fteserve "756:0ndary4"|
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BATTERIES / FIGURES OF MERIT / SPECIFIC ENERGY

400 Lithium Metal
1000 Li-lon/SPE
- Lithium (Cylindrical)
500 300
= T Zinc/Air z
= Lithium (Coin) =
= — %‘ ZnMnCz )
g Alkaline MnO, ool Ni-MH
L
ZniA
= o0 = Ni-Cd
2 100 g 10 Lead Acid
w ——— Zn/HgO
50 Carbon-Zinc o
| | | |
100 500 1000 5000 0 50 100 150 200
Energy Density, WhiL Specific Energy, Wh'kg

The energy storage capability is shown as a field, to illustrate the spread in performance of that battery system
under different conditions of use
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BATTERIES / FIGURES OF MERIT

Specific power

Specific power (W/kg) or Power density (W/L): are related to loading capability. They provide a measurement of the
amount of energy that battery is able to provide in comparison to its weight or volume.

Voltage efficiency

Voltage difference when a battery is charging versus discharging.

Coulombic efficiency

Also known as charge/discharge efficiency, is the ratio of the charge extracted from the battery (C,) over the charge
injected to the battery (C_) over one cycle:
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BATTERIES / FIGURES OF MERIT

Intrinsic Voltage

The intrinsic voltage of battery systems at equilibrium is ruled by the Nernst equation; for the generic
electrochemical reaction ad + bB = cC + dD, the voltage of the system can be expressed as:

c d
g =g 2L ln<[C] D] ) = FEocy

nF
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BATTERIES / VOLTAGES DEFINITION

e.g. Pb-acid battery

Theoretical voltage: is a function of the anode and cathode materials, the composition of the electrolyte and the

temperature (usually stated at 25°C). 51V

2 Open-circuit voltage: voltage under a no-load condition; it is usually a close approximation of the theoretical voltage.

4 Nominal voltage: generally accepted as typical of the operating voltage of the battery (e.g., 1.5 V for a Zn-MnO, battery). 2.0V

Working voltage: representative of the actual operating voltage of the battery under load (it is lower than the open-

4 circuit voltage). 1820V

5 Average voltage: averaged voltage during the discharge. Load-dependant

6 Midpoint voltage: central voltage during the discharge of the cell or battery. Load-dependant

2 End or cut-off voltage: it defines the end of the discharge. Usually it is the voltage above which most of the capacity of 1.75V (low drain)
the cell or battery has been delivered. The end voltage may also be dependent on the application requirements. 1.5V (high load)

8 Charging voltage 23+28V
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BATTERIES / THE POLARIZATION CURVE AND THE DISCHARGE CURVE

V=7
V=Ff

Discharge curve

Polarization curve

During discharge, the battery voltage level drops below the theoretical value. The discharge curve allows to define

the health of the battery and the end (cut-off) voltage.

_— ldeal curve
Curve 1
I Curve 2
© / Worse discharge profiles can be due to:
< e Higher R, (different materials, older component, ...)
* Higher C-rate
Time ———
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BATTERIES / THE C-RATE

Is a notation for the charge and discharge current used for batteries:

I =MC,
And it is expressed as a multiple of the battery capacity. For example, discharging a 2000mAh battery
at 1A is equivalent to state that the discharging current is equal to 0.5C.

Voltage

C-rate

0  Elapsed time of discharge ===
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BATTERIES / CONTINUOUS MODES OF DISCHARGE

+ Constant current
2 Constant power 1
Constant Resistance: The resistance of E s i: !
o 1 ]
the load remains constant throughout the N E— M tep<tec < tey
discharge (The current decreases during f; constant‘:esistance ‘:“H l
the discharge proportional to the = i 1. At Constant Power:

decrease in the battery voltage)

Constant Current: The current remains
constant during the discharge.

Constant Power: The current increases
during the discharge as the battery
voltage decreases, thus discharging the
battery at constant power level (power
current voltage).

Voltage —m=

Power —m-

(a)

Constant resistance

,

-

Constant power * "ll
I

el
e o

Discharge time ———m
(b)

|
|
|
Constant power, |

-
-
.

-
-
———

~ul

Constant current /
Constant resistance

Discharge time =
(c)

P=VI->Ilx1/V
l
| increases while discharging

2. At Constant Resistance:
V=RI->IxV
| decreases while discharging
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BATTERIES / CONTINUOUS MODES OF DISCHARGE

* Constant current f + Constant resistance
.. | Constant power 11 - = [~ o
5 ST = | & ~Tmmmme-i
£ SN e ' g .
"\- T i = Constant pOWE{ I 5| Constantcurrent ~~] 1 |
j _________ i : : g Constantcurrent\_, ’] : ‘__,_J..._;‘-*J.
& TSm0 o = | = et Lo
& | Constant resistance | T~ b e | g| =T o
g Lol g Constant resistance =~ ™~ gy Constantpower | !
I o + o R
Discharge time =w——jm- Discharge time == Discharge time —— :
@ R (@) | @) Lo
i Lo Constant wer |1 |
Constant resistance | | | + ' + po
1 Constant current \ || ! . \_‘_‘“h{'{q;gnjit-antpower : o M —_ -E-“L b
m ----------------- | --------- .,
(1 = e Rty | =1 ———
g Ny % Constant current % Constant resistan
Constant power 7 “‘l ! "1| = | Constant resistance | = Constant current
| Pl
. . [ ] T i
Discharge time ———p- Discharge time ——= Discharge time — :
b L b I b N
(b) o (b) | (k) Co
bt Constant resistance [ Constant resistance | | |
Constant power Lo N | ~ N
* .._.._.._p.._..;\...,.il L + Constantpower | * A o
B | o ATEm—a y s = | 5 Cor;étan'l,gurra-;'ll" i
~—— 5 ] N
Z | Constant current /=y, | Z | Constant currant-"/ < 2l co / Lo
€ | Constant resistance | | | a @ nstant power S
Discharge time ——- Discharge time ——m=’ Discharge time ———
(c) (c) (c)
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BATTERIES / THE DISCHARGE CURVE

The discharge curve can be also used to identify other features of the battery:

1. Flat discharge: representative of a discharge where the effect of change in reactants and reaction
products is minimal until the active materials are nearly exhausted.

2. Representative of two-step discharge indicating a change in the reaction mechanism and potential
of the active material(s)

3. The composition of the active materials, reactants, internal resistance, and so on, change during
the discharge, affecting the shape of the discharge curve similarly

Voltage —

0 Elapsed time of discharge ————=
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BATTERIES / OTHER MODES OF DISCHARGE, CHARGE / DISCHARGE

_/" e

/,/‘

Vaoltage ——
Vaoltage ——

Discharge

Intermittent
discharge

Continuous
discharge

Elapsed time of discharge —— Timg ——

@

/;.Q‘\" gg}_‘.’_f E-Is-brgl - Il)\panumemu @

ﬁ.‘(‘ Ingegneria
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BATTERIES / THE POLARIZATION CURVE AND VOLTAGE LOSSES

The polarization curve is useful to highlight voltage losses. In a battery, voltage losses are due to ohmic polarization and polarization losses.

*  Ohmic polarization is related to battery internal resistance and it is proportional to the current drawn from the system: R;/
Polarization losses can be further classified into activation polarization and concentration polarization. Activation polarization losses
are represented by the formation of an overpotential (1) due to the occurrence of the electrochemical reaction at the electrode
surface, while concentration polarization losses are represented by the formation of an overpotential (1.) arising form the
concentration of the reactants and products at the electrode surface and in the bulk as a result of mass transfer.

Summa rizing: Open-circuit voltage

-------
------ IR loss
WReal. TTeeal

-~

E=Eocy — [Met)a + M)a]l — [(Me)e + M)l —iR; =R

__________ 3 (net)a, +-("Icl)c
) =~~... Activation polarization
Operating -~ (Ncda, + {nce
voltage Concentration polarization

Cell voltage increasing ——

Current increasing ———»

FIGURE 2.1 Cell polarization as a function of operating current.
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BATTERIES / INTERNAL RESISTANCE

Ri = Relectrolyte + Relectrodes + Rcatalyst—support—charge—transfer

o 2 ©

ELECTROLYTE
SEPARATOR ANODE (-)
COPPER CURRENT
CATHODE (+) r COLLECTOR

ALUMINIUM CURRENT

ELECTRON OXIDES

https://www.azom.com/article.aspx?ArticlelD=19013
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BATTERIES / THEIR USE IN ENERGY SYSTEMS

- w w Before Peak Shaving

Sun'’s Path During Summer and Winter After Peak Shaving

£ June 21 BESS discharge into nework
~

Peak
generator

BESS charging from generator
December
21

East BESS charging from generator

North 5 )

Load in MW
Mid merit
genarator|

e
- cranas.’

Base
generator

Solar panel
s 6am 12pm 6 pm 12am

Time of day ——
A review on peak load shaving strategies

Rene. Sus. En. Rev., 82, 2018, 3323-3332
https://doi.org/10.1016/j.rser.2017.10.056
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BATTERIES / THEIR USE IN ENERGY SYSTEMS

Power grid
q
> DCI
| > 7 N Cload
Battery R | Distribution
» Management > > anel
System /\/ P
A
V|t -
A 4 q
> Load
Battery >
K PV array / K storage Balance of system /

s o
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BATTERIES / THEIR USE IN ENERGY SYSTEMS

o

PV array /

/ﬁ'&»‘ UNIVERSITA
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A 4

v

DC load

I .
Battery R .| Distribution
Management > > anel
System /\/ P
‘ A 1 |
A\ 4
Battery
storage Balance of system

A 4

Load
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BATTERIES / THEIR USE IN ENERGY SYSTEMS
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BATTERIES / THEIR USE IN ENERGY SYSTEMS

UNI 10349 / Prospetto VI — Valori medi mensili della temperature media giornaliera dell’aria esterna

{saguito del prospatic Vi)

Ne ‘ Sigla \ocea  [Mtucine| GEN. | FEB. [ MAR. | APA. | MAG. | GIU. | LG | AGO. | SET. | OTT. | Nov. | Dic.
Provincia m °C | °C °c °C C °c °C °c c | c *c °C

75 Al | Aot | a0s | a7 | a8 [ &1 | 116 | 152 | 188 | 218 | 217 | 189 | 185 | 87 | 81
78 AM Roma 20 76 | 87 114 147 18,5 228 257 253 224 | 174 128 89
7 AN | Rimini - T - R 85 124 16.5 20,8 23,4 27 19,8 15,0 9.6 53
78 RO | Ravigo 7 13 | 36 85 134 176 220 245 238 20,1 14,0 8.1 3,1
kel SA Salerno 4 | 104 ns3 135 16,5 201 239 285 266 24,1 199 15,7 12,2
80 S | Siena 322 | ag | 87 ‘ 81 124 163 21,0 24,0 237 202 14.6 9.8 6,0
a1 S0 Sondrio 307 05 33 82 126 16,0 200 23 214 81 | 124 6.6 1.7
&2 SP La Spezia 3 ‘ 67 | 73 10,1 134 16.7 209 238 237 212 164 19 83
83 SR Siracusa 17 1.3 15 | 131 154 18.7 23,0 262 264 238 | 201 184 12,9
84 88 Sassarl 225 87 9.1 113 14,0 168 214 24,0 245 221 175 135 9.9
85 sV Savona 4 6.6 ‘ as | 1a 146 18,1 222 249 248 219 | 169 118 8.2
86 TA Taranto 15 82 87 13 145 185 230 259 258 230 18,7 144 10,9
ar TE Teramo 265 5.1 59 | 9.0 128 168 214 240 236 204 | 151 104 [:X]
a8 ™ Trento 194 43 73 18 185 200 240 263 255 223 184 102 8.7
89 ™ Toring 239 04 32 82 12,7 16,7 211 233 2286 188 126 6.8 20
90 ™ Trapani 3 1.0 1.5 | 132 158 19.2 233 258 262 240 | 198 158 124
9 TR | Temi 130 6.7 76 | 107 136 176 223 247 243 211 164 13 6.6
92 ‘ TS | Triests 2 49 62 84 | 138 | 177 | 210 | 242 | 220 | 207 | 155 | 108 69
o3 TV | Treviso 15 2 44 | 84 132 171 218 238 232 19.8 14,0 82 4.3
84 | UD | Udine 13 35 50 86 133 17.3 211 233 231 19.8 14.2 87 48
95 VA | Varese 382 1.2 1.9 60 104 14,0 | 7.7 20,5 19.6 16.4 1.2 53 19
96 VB | Verbania 197 29 46 85 126 186 208 233 226 19,3 13,5 81 42
97 VG | Vercalii 130 02 29 77 125 172 1.7 238 28 w7 | 127 65 18
98 VE | Venezia 1 33 48 86 13.2 17.3 | 213 236 234 20,4 14,8 95 5.0
99 VI | Vicenza 39 24 42 8.5 128 17,0 23 236 230 19.6 ‘ 139 85 a1
w0 | vA | verona 59 24 49 23 13,7 174 21,7 238 238 202 14,7 85 43
101 VT Viterbo 326 57 6,6 9.4 12,7 16,9 | 21,8 248 240 207 | 159 1,3 7.5
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BATTERIES / THEIR USE IN ENERGY SYSTEMS

Hybrid PEMFC/battery powertrain
800
\ 1000 700
800 Pre 600

1
H Ep,
1 = v / s00 2
v Z 600 \ 2
55'7 Pdemaml 400 2,
2 g
A 400 300 5
Propulsion R
PEMFC stacks power demand 500 200
100
jn 0 :
0 200 400 600 800 1000 1200 1400
Batteries Time (min)
Auxiliary power
demand . PEMFC degradation is reduced by up to 70%; battery capacity is increased by up to 75%
. PEMFC generally avoid to operate at nominal power to avoid high degradation rates
. Future reductions in PEMFC cost could change the best configuration

gy, UNIVERSITA - Dipartimento
‘.s,:\ﬂ DEGLI STUDI Ingegneria
“sZ=g’ DITRIESTE Ia e Architettura

5




BIBLIOGRAPHY

Springer Handbook of Electrochemical Energy, C. Breitkopf, K. Swider-Lyons, Springer, 2016, ISBN: 9783662466568

Handbook of Batteries, D. Linden, T. B. Reddy, McGraw-Hill Professional, 2001, 9780071359788

g% UNIVERSITA 5 Diparimento
& DEGLI STUDI Ingegneria
“sZ=s’ DITRIESTE I a e Architettura



% UNIVERSITA

| DEGLI STUDI
’ DITRIESTE

Dipartimento di
Ingegneria
e Architettura




