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Storage of renewable energies

= Renewable power (photovoltaic, solar thermal or
wind) is inherently intermittent and fluctuating

= Several energy storage systems are under study:

batteries (Lead-acid, Na-S,
Li-ion)

hydrogen storage - fuel cells
flow batteries

pumped hydro storage
(PHS)

compressed air energy
storage (CAES)

flywheels

superconducting magnetic
energy storage (SMES)

capacitors/supercapacitors
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Storage of renewable energies

PER LE NUOVE TECNOLOGIE, L'E

E LO SVILUPPO ECONOMICO SOSTENIB

Technology

Mechanical energy storage
— Pumped storage hydro
(PSH)

Compressed air energy

storage (CAES)

Flywheel

Electrical energy storage —
Capacitors and
Supercapacitors

Superconducting magnetic
energy storage (SMES)

Lead-acid

Chemical energy storage —
Flow batteries: VRB, ZnBr,
PSB

NiCd
Li-ion
Metal-air

Nas

Advatange

High capacity, Low
efficiency

High capacity

High power

Long cycle life/high
efficiency

High power

High capacity, independent
power and energy ratings

High power/high efficiency

High power/high efficiency

Disadvantage

Special site requirement

Special site requirement
need gas fuel, Low energy
density

Low energy density

Low energy density

Low energy density and
high production cost

Limited cycle life when
deeply discharged

Low energy density

High energy density, High
cost

High cost and needs special
charging circuit

Electrically not re-
chargeable

Commercial
maturity

High
High
High
Medium
Medium

High

Medium

High

Medium

Medium

Application
Energy management
Energy management

Power quality management

Power quality management

Power quality management

Power quality management

Power quality and energy
management

Power quality and energy
management

Power quality and energy
management

Cost

Low cost

Low cost

High production cost

Low capital cost

Suitable for Load leveling

Suitable for Load leveling

Suitable for short duration
in sec or min (voltage dip)

Suitable for short duration
in sec or min (voltage dip

Suitable for short duration
in sec or min (voltage dip

Renewables and power
plants

Renewables and power
plants

Renewables and power
plants

Power quality management

Renewables and power
plants

F. Rahman, S. Rehman, M.A. Abdul-Majeed, Overview of energy storage systems for storing electricity from renewable energy

sources in Saudi Arabia, Renewable and Sustainable Energy Reviews 16 (2012) 274-283




Energy storage via production of

fuels and chemicals

= So far, technologies for safe and economic storage,
transportation and use of the hydrogen are not still available

= Hydrogen produced from renewable energies can be used
for producing fuels and chemicals

= Several studies considered the reaction of hydrogen and CO,
for producing:

= methane
= fuels and chemicals (Green Freedom)
= gasoline



Energy storage via production of

fuels and chemicals | et one recho oG Ui

A process for the methanation of CO, (Sabatier reaction) has
been developed at ENEA (2007)

CO, + 4H, = CH, + 2H,0 AH,g5¢=-164,9 kd mol'  AG,g5¢= -27 kd mol-’
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A. Capriccioli, S. Tosti "Processo per l'utilizzazione di fonti energetiche rinnovabili mediante conversione di anidride

carbonica in metano", Italian Patent Application RM2007A000433 (09.08.2007)




Energy storage via production of

|
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E LO SVILUPPO ECONOMICO SOSTENIBILE

A similar process for the methanation of CO, has been developed
in Germany/Austria (2009)
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Sterner 2009 — Fraunhofer Institute for Wind Energy and Energy System Technology IWES, Germany
Specht et al. 2009 - ZSW - Centre for Solar Energy and Hydrogen Research, Stuttgart, Germany
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Energy storage via production of

fuels and chemicals

Green Freedom produces synthetic gasoline from CO, (in air)
and hydrogen (via water electrolysis) (2007)
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F.J. Martin, W.L. Kubic, Green Freedom, Aconcept for producing carbon-neutral synthetic fuels and chemicals, Report LA-

UR-07-7897 Los Alamos Laboratory, Nov. 2007




Energy storage via production of

fuels and chemicals

In the Air Fuel Synthesis (AFP) process, the carbon dioxide
(from air) and hydrogen (via water electrolysis) react together to
make liquid hydrocarbon fuels

"
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http://www.airfuelsynthesis.com/technology.html| 9




Description of the new process

= Basic process: water electrolysis and coal hydrogasification:

2 H,0(g) = 2 H,(g) + 0,(g) AH,yq, = 483.71 kJ mol-*
C(s) + 2 H,(g) = CH,(g) AH,g, = -74.87 kJ mol-"
C+2H,0©®CH,+0, AH,yq, = 408.84 kJ mol-*
l Water
Electriclty | »u.,0 o 21, + 0, | 2XY9€n >
Hydrogen
Carbon -

—> C+ ZHZ(—)CH4

Methane

Methane storage
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Description of the new process

Water electrolysis and coal hydrogasification

For producing 1 mole of CH,:

= electrolysis of 2 moles of water
= use of 1 mole of carbon
= production of 1 mole of oxygen

¥

Large amounts of oxygen produced: is there a market?
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Description of the new process

FER LE NUOVE TECNOLOGIE, LENERGI
E LO SVILUPPO ECONOMICO SOSTENIB

= Combination with partial oxidation and water gas shift

0.5 H,0(g) = 0.5 H,(g) + 0.25 O,(9) AH,ge = 120.93 kd mol

0.25 C(s) + 0.5 H,(g) = 0.25 CH,(9g) AH,gq = -18.72 kJ mol-

0.5 C(s) + 0.25 O,(g) = 0.5 CO(g) AH, g = -55.27 kJ mol-

0.5 CO(g) + 0.5 H,O(g) = 0.5 CO,(g) + 0.5 H,(g) AH, g = -20.55 kJ mol-

0.25 C(s) + 0.5 H,(g) = 0.25 CH,(9g) AH,gq = -18.72 kJ mol-

C+H,0& 05CH,+0.5CO, AH,ge = 7.67 kd mol!

Water
Vaporizer
l Water l Carbon
Electricity A CcO
—>(0.5H,0 < 0.5H, + 0.250, 0.5C + 0.250, < 0.5C0 > 0.5H,0 + 0.5C0 < 0.5H, + 0.5C0,
Hydrogen l CO, + H,

Car b_)on = Hydrogen

N
7

0.5C+ H, & 0.5CH,

N

CO,

Methane

Methane storage
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Description of the new process

Combination with partial oxidation and water gas shift:

For producing 1 mole of CH,:

= electrolysis of 1 mole of water
= use of 2 moles of carbon
= production of 1 mole of CO,

2

Lower electricity consumption
Larger use of coal

Production of CO, (need of separation and
storage...)
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FER LE NUOVE TECNOLOGIE, LENERGIA
E LO SVILUPPO ECONOMICO SOSTENIBILE

Description of the new process e

= Combination with oxy-combustion

H,0(g) = H,(g) + 0.5 0,(g) AH,,,, = 241.86 kJ mol!
0.5 C(s) + H,(g) = 0.5 CH,(9) AH,45 = -37.44 kJ mol-’
0.5 C(s) + 0.5 O,(g) = 0.5 CO,(g) AH,g, = -196.75 kJ mol
C +H,0 © 0.5CH, +0.5CO, AH,4q, = 7.67 kJ mol-’
l Water l Carbon
Electrici CcO
eCtricy | H,0 o Hy+0.50, 298" 1 0.5¢ +0.50, & €O, 7
Heat and/or
! Hydrogen electricity
Carbon

—>| 0.5C+ H, & 0.5CH,

Methane

Methane storage
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Description of the new process

Combination with oxy-combustion:

For producing 1 mole of CH,:

= electrolysis of 2 moles of water
= use of 2 moles of carbon
= production of 1 mole of CO,

2

Electricity consumption can be partially balanced
(oxy-combustion power plants)

Larger use of coal

Production of enriched-CO, ready for segregation
(no CO, separation required)

15



Description of the new process

FER LE NUOVE TECNOLOGIE, LENERGI
E LO SVILUPPO ECONOMICO SOSTENIB

= Combination with oxy-combustion and Sabatier reaction

H,0(g) = H,(g) + 0.5 0,(q) AH,,, = 241.86 kJ mol"!
0.5 C(s) + H,(g) = 0.5 CH,(g) AH,,, = -37.44 kJ mol-
0.5 C(s) + 0.5 O,(g) = 0.5 CO,(g) AH,g,, = -196.75 kJ mol-!
2 H,0(g) = 2 H,(g) + 0,(g) AH,,, = 483.71 kJ mol"!
0.5 CO,(g) + 2 H,(g) = 0.5 CH,(g) + H,O AH, ., = -82.54 kJ mol-

C + 2H,0 < CH, + O, AH,,,, = 408.84 kJ mol"!

l Water l Carbon

Electricity : Heat and/or
> H,0 o H,+0.50, 0.5C + 0.50, < CO, > .
electricity
Hydrogen CO, l Water
Carbon v %
— H,
0.5C+ H, < 0.5CH, 0.5C0, +2H, < 0.5CH, + H,0 |¢«—={ 2H;0 < 2H; + 0 <——
Electricity
Methane Methane

A 4

Methane storage




Description of the new process

Combination with oxy-combustion and Sabatier reaction:

For producing 1 mole of CH,:

= electrolysis of 3 moles of water
= use of 1 mole of carbon
= production of 1 mole of oxygen

L 2

Much higher electricity consumption (partially
balanced by its production in oxy-combustion
power plants)

Large amounts of oxygen produced
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Application to the Sulcis area:
an economic analysis

= The Sulcis coalfield produces about 300 kt/y of coal which
are burnt at the Portovesme power plant

= The Sulcis area is ofie of the most windy of ltaly
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‘= «ln 2011 Sardlnla produced more than 1000 GWh of electricity

from wind plants (more than 900 MW installed)

Picture of flywheel in the ENEL plant of Portovesme




Application to the Sulcis area:
an economic analysis

ELOSY
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Annual wind map @ 75 m AMSL
(Source — RSE, Ricerca sul S/stema
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Application to the Sulcis area: __
an economic analysis Bty
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Application to the Sulcis area:
an economic analysis

Economic analysis:

cost of coal: 65 €/t

cost of electricity: 0.04-0.06 €/ kWh
cost of methane: 0.20 €/ Nm3

cost of oxygen: 0.25 €/Nm3
carbon content of coal: 60% wt.
efficiency of oxy-combustion: 30%
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Application to the Sulcis area:
an economic analysis

PER LE NUOVE TECNOLOGIE, LENERGI
E LO SVILUPPO ECONOMICO SOSTENIB

= Cost analysis for the treatment of 300 000 t/y of carbon from the
Sulcis coalfield assuming an electricity cost of 40 € MWh

Basic
process

with WGS

with oxy-
combustion

with oxy-
combustion
+ Sabatier
reaction

H, CH, 0, Income/
produced | produced | produced required electricity cost
Nm?3/y 106 | Nm3/y 106 | Nm3/y 106 | (from the

grid)
GWh/y

673 336 336 3300 382 67.3 84.1 19.5 132 1.00

() (0.44)
168 168 - 825 95.5 33.6 - 19.5 33 0.64
336 168 - 1430 165 33.6 - 19.5 57.2 0.44
1010 336 336 4730 547 67.3 84.1 19.5 189 0.73

() (0.32)
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Application to the Sulcis area:
an economic analysis

PER LE NUOVE TECNOLOGIE, LENERGI
E LO SVILUPPO ECONOMICO SOSTENIB

= Cost analysis for the treatment of 300 000 t/y of carbon from the
Sulcis coalfield assuming an electricity cost of 60 € MWh

Basic
process

with WGS

with oxy-
combustion

with oxy-
combustion
+ Sabatier
reaction

H, CH, 0, Income/
produced | produced | produced required electricity cost
Nm?3/y 106 | Nm3/y 106 | Nm3/y 106 | (from the

grid)
GWh/y

673 336 336 3300 382 67.3 84.1 19.5 198 0.70

() (0.31)
168 168 - 825 95.5 33.6 - 19.5 49.5 0.49
336 168 - 1430 165 33.6 - 19.5 85.7 0.32
1010 336 336 4730 547 67.3 84.1 19.5 284 0.50

() (0.22)
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Summary

The process permits:

= production of methane from coal (with reduced environmental

impact + better social acceptability)
storage of renewable energies
the methane produced is a mix of renewable en. and fossil en.

Particular interest for the re-qualification of the Sulcis area:

economicity of installing wind plants (but need electricity
storage)

valorization of the coalfield (that produces low quality coal)
valorization of the Portovesme power plant (oxy-combustion
- CO, capture and storage)

investements for the electrolysers (re-conversion of Alcoa Al
electrolysers?) and hydrogasification plants
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« Tout ce qui est imaginable par ’homme est
réalisable par ’homme »
Thomas Sankara

THANK YOU FOR THE ATTENTION
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