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BATTERIES : a brief overview
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Battery design

• 2 electrodes = 2 active masses 
• 1 electrolyte
• active mass stock; separation foils

1) active mass ≠ electrodes (FC)
continuous feed in H2 (CHx), O2 (air)

2) active mass = electrodes (battery)
– reversible reactions : rechargable batteries (accumulators, 2°)
– irreversible reactions : primary batteries (1°)

negative : Me, H2, CHx

positive : MeOx, O2
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Desired battery properties

• usually: high current i density (>0.5 A/cm2) 
– but not always! Depends on the application

• low overpotentials h (<0.1V)
• high rest potential Eo (>1 V) (zero current, open circuit)
• very low corrosion (=self-discharge)
• high energy density (J / L, J / kg)
• high power density (W / L, W / kg)
• cheap materials 
• non-toxic, recyclable
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Discharge behaviour (i-V): examples

• Leclanché cell 
(AA battery)

• Pb-acid cell 
(car battery)
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Primary battery: Leclanché (alcaline)

• cathode = carbon rod
immersed in cathode paste 
(MnO2)
and electrolyte paste

• container = Zn (or Al, Mg) = anode
• 1.5 V “AA” battery = reverse 

design (Zn inside)

electrolyte

Zn

MnO2

carbon

Anode: Zn
0
⇔ Zn2+ + 2e− Electrolyte : Zn2+ + 2NH4Cl + 2OH

− ⇒ Zn(NH3)2Cl2 + 2H2O

Cathode: 2Mn
4+
O2 + 2H2O + 2e− ⇒ 2Mn

3+
O(OH) + 2OH−

Total: 2MnO2 + Zn + 2NH4Cl ⇒ 2MnO(OH) + Zn(NH3 )2Cl2

cap
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Primary Li batteries
• Li metal as anode 
• cathode = SOCl2
• Li :   - low density (0.53 g/cm3)

- most negative potential of all elements (-3 V)
- high theoretical energy density (300 Wh/kg)

• electrolyte ≠ H2O ! 
– polymer foils, organic solvents

• free of corrosion (life > 10 ans)
• application f.ex. implants (pacemaker,…)
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Li/SOCl2 primary battery

• Li-foil (-); 
• separator in polypropylen (PP);
• steel grid (+) enrolled in a steel 

casing
• electrolyte : LiBr salt, organic 

solvent, SOCl2 impregnated in 
PP foil

+
Al

seal
ring

Separator
Li

Separator
Cathode C

Steel case
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Storage capacity of battery metals
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Pb-acid secondary battery (reversible)

• Pb grids filled with a paste of Pb/PbO/PbSO4 :
the active mass is formed during the 1st charging process

• self-discharge : 0.5% / day
• poor energy density Es (40 Wh/kg)
• high power density (250 W/kg), 600A @ 6V
• degradation : - Pb corrosion (by acid)

- sulfatation (loss of PbSO4)
- cycles (1000)

• but : cheap and very well studied system

PbO2 + 2H
+ + 2e− + H2SO4 ⇒ PbSO4 + 2H2O

Pb +H2SO4 ⇒ PbSO4 + 2H
+ + 2e−
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Ni(+)/Cd(-) (secondary battery )

• Button cells (portable electronics)
• Electric vehicles

• Cd toxicity : replaced in part by Fe (‘steel accumulator’)
• Ni-Cd now replaced by :

– Ni-MeH
– Li ion

www.saftbatteries.com
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Ni-Cd ‘button’ cell

• gastight
• protection against 

overcharge (=formation of 
O2 -> risk of rupture) : 
avoided by a internal 
short-circuit

spring contact
Cd
KOH

NiOOH
bottom

charge at 1.6 V

Cd
0
+ 2OH− ⇔ Cd

2+
(OH)2 + 2e

−

2Ni
3+
O(OH) + 2H2O + 2e− ⇔ 2Ni

2 +
(OH)2 + 2OH

−
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‘Soluble’ accumulators

• the active anode mass (Zn) is dissolved during discharge 
(f.ex. solution of ZnBr2) 
= 100% utilisation of the active mass

• system separated in components : Br2 reservoir, pump to 
circulate the electrolyte

• high energy density, low cost : -> vehicles
• limited operation regime (T-range, self-discharge)
• also : good potential in electricity storage 

(“REDOX FLOW”)
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“REDOX FLOW”

• net efficiency 75%
• since 1970 (Exxon)
• installations of 

1 MW / 4 MWh 
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Vanadium redox flow (VRB)
• 10’000 cycles (>10 yrs); 85% efficiency
• 25 Wh/kg (low); 0.35 ms response time
• for storage (‘load-leveling’) or peak power 

(‘peak-shaving’, f.ex. 3 MW/2s):
– Hokkaido (Jap,2005) : 30 MW wind farm, for 

4 MW/90 min VRB capacity
– Castle Valley (Utah,2004): 250 kW/8 h VRB to 

avoid a 5M$ transmission line

500 kW/10h



ElChem for MXE-441 17

‘Hybrid’ accumulators
• Zn/air

– a battery that “breaths air” (O2 = active mass) : fuel cell-like O2 diffusion 
cathode 

– the anode is a Zn paste made as a rechargable cartridge
– commercialised 

• Ni/MeH (metal-hydrides)
– H2 stored in special alloys, released by mild heating
– dominates (with Li-ion batteries) the ‘3C’ electronics market (computers, 

cameras, cellular phones)
– high densities in J/kg and W/kg, rapid recharge, 2000 cycles



Zn-air battery
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http://www3.aiche.org/Proceedings/ExtendedAbstract.aspx?PaperID=220703
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Principle of operation : Ni-MeH
http://batteryrocket.com/eng/html/tech.php
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Liquid sodium accumulators (high T)
• Na/S

– ceramic b-Al2O3 tube filled with Naliq

– 350°C
– 3S + 2Na+ + 2e- -> Na2S3

– low cost (-> vehicles)
– problem : maintenance of temperature 

• Na/NiCl2
– more advanced
– ZEBRA battery (EV)
– 100’000 km, 4 yrs
– 150 km autonomy
– commercialised

• 18 kWh
• 280 V
• 195 Wh/kg
• 265 kW peak

http://www.mpoweruk.com/zebra.htm
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Secondary Li batteries (rechargeable)

• Li metal
– LiAl anode
– FeS cathode
– 450°C
– molten salt electrolyte

• Probleme of Li metal:
passivation

• Li ion 
– Li storage in layered structures :

– C (LiC6 anode)
– oxides, sulphides (cathode)

– electrolyte :
– polymer film
– organic liquid

• Li moves back and forth in-
between intercalation electrodes 
(“rocking chair battery”)

At first: Now :
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Possible technologies for electricity storage
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Energy Storage Technology and Cost Characterization Report, July 2019 
K Mongird, V Viswanathan, P Balducci, J Alam, PNNL-28866 
https://www.energy.gov/eere/water/hydrowires-initiative 

Existing electrical storage capacity
2018: 173 GWe, of which
98% pumped hydro schemes

Li-ion dominate
batteries schemes



Rapid growth in storage capacity (esp. Li-ion)
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Sustainability 2020, 12, 10511; doi:10.3390/su122410511 
A Review of Energy Storage Technologies Application Potentials in Renewable Energy Sources Grid Integration
Henok Ayele Behabtu, Maarten Messagie, Thierry Coosemans, Maitane Berecibar, Kinde Anlay Fante, Abraham Alem Kebede, Joeri Van Mierlo

March 2020

173 GW 8.5 GW

Total : 185 GW
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Schmidt et al., Joule 3, 81–100
January 16, 2019 a 2018 Elsevier Inc. 
https://doi.org/10.1016/j.joule.2018.12.008 PHS / CAES:  slow response

time (>10 s) and large 
minimum sizes (>5 MWe) => 
not suited for primary response
and power quality and small-
scale consumption.

Flywheels and 
supercapacitors : short 
discharge (<1 h) => not suited
for longer-term power. 

Seasonal storage (months, 
>700h):  only met by 
technologies where energy
storage capacity is fully
independent of power capacity. 
(PtG, H2)

LCOES



ElChem for MXE-441 28

ELECTRIC VEHICLES 

• Advantages :
– efficiency 75% (200Wh/km battery => 150 Wh/km at wheel)

• 3-4 times better than a gasoline car
– low pollution (local ! not necessarily global !)
– low noise

• Limitations :
– range (low energy density)
– acceleration, slopes (low power density)
– recharging
– battery materials availability
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Energy densities



Battery cars

mcar=740 kg, without batteries
e = 0.85 (charging / discharging efficiency)
cdA = 0.8 m2 (air resistance cross-section)
cr = 0.01 (road rolling resistance)
v=15 m/s (50 km/h)
d = 500 m (avg. distance btw start-stop)
(with 50% regenerative braking)

Allow for a 500 kg battery:
difficult with Pb-acid (40 Wh/kg)
à range < 200 km
possible with Li-ion (120 Wh/kg)
à range > 500 km

miles per gallon

(D McKay, ‘Sustainable Energy’)
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Ragone plot : W/kg vs Wh/kg
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200 Wh/kg

200 W/kg



Ragone plot Wh/kg vs W/kh
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http://physics.ucsd.edu/do-the-math/2012/08/battery-performance-deficit-disorder/

200 W/kg

200 Wh/kg
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http://www.nature.com/nmat/journal/v11/n1/full/nmat3191.html



Wh/kg and Wh/L (energy per weight, and 
per volume) of common bateries
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http://www.honcell.com/faq/batttery-knowledge/
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Recap on batteries for E-Vehicles
• batteries fulfill conditions for a city car
• to reach the performances of a gasoline car, a huge 

battery is required, constituting a big part of the weight 
of the vehicle…

• electric driving = very efficient : 0.2 kWh/km 
(gasoline : 0.7 kWh/km)

• recharge ?
– infrastructure
– installed power

example (CH) : 30 kWh car, recharge time 10 h, charging source of 4 kW, 
30% of the vehicle fleet (1.5 mio cars) 

requires a charging 
source of 6 GW !



Annex – EU study report on transport

ElChem for MXE-441 37



Possible drive trains: ICE, electric, FC and hybrids 
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Main study outcome:

40

Source : EU Report 
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Annex – Mobility Seminar EPFL Nov 2020

by 
Dr Priscilla Caliandro (BFH, Biel, PhD at EPFL-GEM, 2018) 

on (Li-) batteries
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Examples of metals need

Metal kg in one EV Metal production No. of cars Reserves

Li 4 kg (Li-battery) 80’000 t/yr 20 million 11 Mt Li

Co 3 kg (Li-battery) 140’000 t/yr 47 million 13 Mt Co

Nd 1 kg (el.motor) 30’000 t/yr 30 million 18 Mt Nd

Pt 3 g   (FC-EV) 200 t/yr 67 million 30’000 t Pt
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Car production : 70 million / yr

What about buses, trucks, bikes, motocycles?
What about the other uses of those metals?

EV : electric vehicle
FC : fuel cell



Automotive sector:
• Biggest metal using sector together with ‘Buildings’
• …but much shorter lifetime (15 yrs vs. 50 yrs)
• 70 million cars/yr, and growing
• 20 million/yr light commercial vehicles, 4 million/yr trucks
• Total fleet : 1 billion cars, 400 mio trucks/buses/light commercial 

vehicles

• for ‘high performance materials’, the steel cannot be recycled
• Recycling can be done for Al, Cu, Pb

48



Critical materials in EV

EU Report on Critical Raw Materials and the Circular Economy
49

http://publications.europa.eu/resource/cellar/d1be1b43-e18f-11e8-b690-01aa75ed71a1.0001.01/DOC_1


Growth in EV puts pressure on Li, rare earths
Drive train kg Li* kg Ni kg Mn kg Nd**

Hybrid EV 2.0 0.4 3.0 1

Plug-in HEV 1.4 2.4 18

Pure BEV 3.0 5.0 38

Need 2030 53 kt 88 kt 670 kt 52 kt

Prod. 2019 77 kt 2.7Mt 20Mt 30 kt

% of prod. 70% 3% 3.5% 160%

*0.6 kg Li2CO3 for 1 kWhe storage

** Nd is used as permananent magnet in electric motors. Demand is high also in windmills. 
>90% of RE production is in China.

• Li-batteries demand is equally strong in the IT sector.
• Li-batteries require a minimum metal purity.
• Li-reserves are very concentrated (Chile, Bolivia, Argentina)
• NiMnCo-cathodes have alternatives: Li-FePO4, C nanotubes

50
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NMC
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Energy density
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reliability
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OUTPUTS
Emissions to
Air : CO2, SO2, 
PM, VOC
Water : PO4, NO3
Soil : pesticides, 
metals

These inputs and outputs can be quantified, compared & 
aggregated for the entire system

Functional 
unit

INPUTS
Natural 
resources 

- Iron ore
- Crude oil
- Water
- Wood
- Land use

75

Life cycle inventory of  a car 



Single 
score

Impact categories
Global warming

Ozone layer depletion
Land use 

Natural resource depletion
Acidification

Eutrophication
Photochemical ozone 

generation
Human toxicity

Ecotoxicity

Elementary flows

Inputs:
Iron ore

Crude oil
Water 
Wood

Solar energy
Land use

…
Outputs :

CO2

SO2

PM
VOC
PO4

NO3

Pesticides
Metals

…

Life cycle impacts



(CIRAIG, 2016; https://www.hydroquebec.com/data/developpement-durable/pdf/analyse-comparaison-vehicule-electrique-vehicule-conventionnel.pdf

Functional unit  150,000 km

Indicator : CO2

Indicator : human health Indicator : ecosystem quality

Indicator : mineral resource depletion

Comparison electric vs. conventional car in 
Québec, Canada



Lithium facts
• 20 ppm avg abundance (rare) 
• Exploitable reserves 4.1 Mt (potential: 11 Mt)
• Production now: 82’000 t/yr (~ 50yrs)
• Minerals (Li2CO3): 80% salt brines in deserts, 20% in 

aluminosilicates/clay
• concentrated in few countries: Chile (mainly), CHN, AUS, 

BRA, CAN. Bolivia has 47% of base reserves, as yet
unexploited.

• Extraction from sea-water (0.17g/m3) is utopic

78



Uses of Li
• Additive to glasses, ceramics
• Lubricants
• Alloys
• Polymers, pharmacy,..
• BATTERIES

– @4kg/BEV, hence total world production could equip 20 
million BEV

– alternatives: Ni, Zn, Cd, Pb, …; H2 FCEV

79
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CONCLUSION – SUMMARY 


