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WhereWhere thethe errorerror isis ??……
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Variable electricity production from Wind Power does not allow electricity to be 
produced when it is most needed, ie when demand is highest

MW
Wind production peak when 
prices and demand are low

Wind production low 
while prices and demand 

are high

Wind Production (MW)
Intraday Market Marginal Prices Spain (€/MWh)

Evolution of Spanish Wind Energy Production on 6/02/2010

“storage of energy is by far the most challenging need
that our society will face in the following years”



GasolineGasoline GasoilGasoil/gas/gas High pressure gasHigh pressure gas Cryogenic liquidCryogenic liquid Solid Solid 
hydrideshydrides

Fuel  =  HydrogenFuel  =  Hydrogen

ICEICE PEMFCPEMFC SOFCSOFC
Thermal engineThermal engine Low temperature FCLow temperature FC High temperature FCHigh temperature FC

Hydrogen storageHydrogen storage

Reforming

30 to 70 MPa !! 20 K !!

COCO22 emissionemission
ex : MgHex : MgH22
7.6 w%7.6 w%

RisksRisks && EnergyEnergy consumingconsuming



MassMass andand VolumeVolume DensitiesDensities



ReversibleReversible MetalMetal HydridesHydrides

–– SafeSafe storagestorage
Low pressure + endothermal desorption

–– HighHigh volumevolume densitydensity
–– HighHigh puritypurity hydrogenhydrogen
––PoorPoor massmass densitydensity…… butbut

H2
Metal Hydride

kg Hkg H22 / m/ m33 weight % 
HH22 gasgas (700 b)(700 b) 6262 100100
HH22 liqliq. (20 K). (20 K) 7070 100100

LaNiLaNi55HH66 123123 1.4
TiTi--VV--CrCr 205205 3.73.7
AlNaHAlNaH44 9696 7.5
MgHMgH22 106106 7.67.6



Hystory
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BCC type BCC type alloysalloys RelativeRelative stabilitystability ::
ExperimentalExperimental
&& TheoreticalTheoretical
ApproachesApproaches
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FLAPW & KKRFLAPW & KKR--CPACPA bandband structurestructure calculationscalculations

ABAB22

BCCBCC

MartensiticMartensitic transformationtransformation

BCCBCCFCCFCC

PCT (H/M vs pressure)PCT (H/M vs pressure)

BCCBCC alloysalloys formform
FCC hydrides !FCC hydrides !

MartensiticMartensitic transformationtransformation



BCCBCC basedbased alloysalloys : Ti: TixxVVyyCrCr11--xx--yy
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 Composé à base Ti0.33V1.27Cr1.4 à 18°C (291 K)
 Composé à base TiV0.8Cr1.2 à 15°C (288 K)
 Composé à base Ti0.5V1.9Cr0.6 à 18°C (291 K)

EffectiveEffective reversiblereversible capacitycapacity > 2 w% > 2 w% 



FastFast reactivityreactivity ofof TiTixxVVyyCrCr11--xx--yy alloysalloys toto hydrogenhydrogen
whenwhen compositedcomposited withwith x%x% ofof ZrZr77NiNi1010 additivesadditives

Reactive bulk microstructure Decrepited powders

~ 50 μm

100μm

TiV0.8Cr1.2 + 4 wt% Zr7Ni10
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SpecificSpecific processprocess : Patent: Patent W0 2007096527W0 2007096527

PseudoPseudo--cellularcellular microstructure for a microstructure for a fastfast intergranularintergranular hydrogenhydrogen
diffusiondiffusion andand homogeneoushomogeneous powderpowder sizesize decrepitationdecrepitation



HyCan ( = CNRS – McPHy – PaxiTech – Boxal - AdVAnta)

Development of small cans to H-supply micro fuel cells FUI
(Peq < 13 bars at 50°C)

MODERNHy’T (CNRS - CEA-Liten - G-INP – SNCF - PSA)

Hybride storage for automotive applications

(Peq > 100 bars : gas + metal hydride) 

TargetsTargets :: nomadnomad andand mobile applicationsmobile applications

Hycan SA
McPhy Energy
Boxal
Paxitech

Ad’Venta



Mg vs MgHMg vs MgH22

Mg Mg isis thethe bestbest ??
Mg Mg isis thethe 77thth mostmost abundantabundant
elementelement on on earthearth
Mg Mg hashas ~ ~ samesame costcost as Alas Al
Mg Mg metallurgymetallurgy isis easyeasy
Mg Mg isis biobio--compatiblecompatible
Mg Mg isis rere--cyclablecyclable
MgHMgH22 isis monometalmonometal hydride hydride 
systemsystem: : nono demixtiondemixtion
MgHMgH22 uptakeuptake isis 7.6 w%7.6 w%

40 l40 l 71 l71 l
160 l160 l

350

47 l47 l

357 kg 5 kg 5 kg66 kgTank : 5 kg HTank : 5 kg H22 = 300 km= 300 km

SoSo calledcalled difficultiesdifficulties withwith MgMg
HH--reactionreaction kinetickinetic are are saidsaid lowlow, but, but……
TemperatureTemperature ofof reactionreaction isis highhigh, but, but……



• 1 h
• 5 h
• 10 h
• 20 h
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• 1 % at V
• 3 % at V
• 5 % at V

Absorption 240Absorption 240°°CC –– 11 MPaMPa DesorptionDesorption 300300°°CC –– 1010
kPakPa
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EnergeticEnergetic BallBall--MillingMilling isis aa commoncommon methodmethod usedused toto prepareprepare
reactivereactive powderspowders :: homogeneoushomogeneous nanonano--crystallitescrystallites,, highhigh
densitydensity ofof defectsdefects,, dopingdoping withwith metalmetal typetype catalystscatalysts®®

@@ McPhyMcPhy
EnergyEnergy SASA

FranceFrance

MetalMetal ««catalystcatalyst»» depositsdeposits on BM MgHon BM MgH22 particulesparticules

coana
Line



a a -- SEM picture of as received SEM picture of as received 
MgHMgH22, the mean grain size is , the mean grain size is 
about about 40 40 mm

b b –– SEM picture of a 10 hour SEM picture of a 10 hour 
ballball--milled MgHmilled MgH22, the mean , the mean 
size distribution ranges from size distribution ranges from 
0.2 to 10 0.2 to 10 mm

a a -- HREM HREM picturepicture ofof a 6 a 6 hourhour ballball--milledmilled
MgHMgH22, , defectsdefects andand nanocrystallinenanocrystalline state state 
transformtransform to to wellwell shapedshaped homogeneoushomogeneous
sizedsized crystalscrystals afterafter evacuationevacuation underunder thethe
ee-- beambeam; ; meanmean grain grain sizesize ~ ~ 20 nm20 nm

b b –– ElectronElectron diffraction diffraction picturepicture ofof inin--situsitu
wellwell recrystallisedrecrystallised Mg Mg fromfrom thethe MgHMgH22
precursorprecursor

MicroMicro-- toto NanoNano--structurestructure ++ highhigh densitydensity defectsdefects



SchemeScheme : a : a NbNb nanonano--particleparticle
interfacinginterfacing aa micrometricmicrometric Mg grainMg grain

Mg MgH2

Nb
Mg/MgH2 interface 
propagation

nucleus of
MgH2

H2

InIn--situsitu neutron diffractionneutron diffraction
hydrogenationhydrogenation

ofof Mg via Mg via NbNb//NbHNbHxx
asas «« catalystcatalyst »»

SoSo--calledcalled
««CatalyticCatalytic»»

EffectEffect ??



MgMg

MgHMgH22 :: HH--tanktank

StrainedStrained BCC MgBCC Mg ontoonto NbNb interfaceinterface ((nucleationnucleation)) : 3 nm: 3 nm

NbNb toto NhHNhHxx withwith x << 2 in a x << 2 in a supersuper abundantabundant vacancyvacancy regimeregime

Mg to Mg to MgHMgH22 propagationpropagation wallwall

PdPd toto PdHxPdHx withwith x < 1 x < 1 -- hydrogenhydrogen pipepipe

D
ehydrogenation

D
ehydrogenation

-- H
ydrogenation

H
ydrogenation
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MoMo bufferbuffer

SapphireSapphire (Al(Al22OO33)) substratesubstrate

Mo protection Mo protection cappingcapping

[110]c[110]c

[001]h[001]h

M
g/M

gH
M

g/M
gH

22 to M
 

to M
 «« catalyst

catalyst »»
interface
interface



Formation of -NbH0,89
-NbH0,89 ’-NbH<0,89 -NbH~0,2

Orthorhombic
Superstructure
Non mobile H

Disordered Cubic Phase
Mobile H (vacancies)

Interface M Interface M ««catalystcatalyst»» -- Mg/MgHMg/MgH22



Heat of Reaction ManagementHeat of Reaction Management
Compacts MgHCompacts MgH22 + Expanded Natural Graphite + Expanded Natural Graphite 

Axial

radial

Compact 10 cm
60 Nl H2

Improve radial thermal conductivity ( x 30 / free powder)
Homogeneous, mechanically stable on H2 cycling
Improvement of H2 volumetric capacity (x 3)
Very safe storage

Heat of Formation !

~ 1/3 H2 Combustion



Adiabatic tank Adiabatic tank 
conceptconcept Stack : 73 disks / 13 cm

10 kg MgH2 + 5 %wt ENG

126 kg CPM (Mg-Zn-Al)

FC H2 pressure limitation : 0.12 MPa

Direct connexion between tank and FC
No H2 buffer, no mass flow regulation

Electrical power : 1.2 kW

Autonomy > 10 h. at max. FC power

Heat of Formation !

~ 1/3 H2
Combustion

LARGE REVERSIBLE SAVING ENERGY =LARGE REVERSIBLE SAVING ENERGY =
STORE REVERSIBLY HEAT WITH A CPMSTORE REVERSIBLY HEAT WITH A CPM



Adiabatic tank Adiabatic tank 
conceptconcept

Stack : 73 disks / 13 cm
10 kg MgH2 + 5 %wt ENG
126 kg CPM (Mg-Zn-Al)

FC H2 pressure limitation : 0.12 MPa

Direct connexion between tank and FC
No H2 buffer, no mass flow regulation

Electrical power : 1.2 kW

Autonomy > 10 h. at max. FC power



OpeningOpening new routes for a new routes for a massmass productionproduction

NanostructurationNanostructuration,, highhigh densitydensity ofof defectsdefects
CNRS & UQTRCNRS & UQTR

Ball Ball MillingMilling isis a a traditionnaltraditionnal andand veryvery effective effective processprocess,,
but but veryvery expensiveexpensive for a for a massmass production in production in termsterms ofof

timetime, , energyenergy, , manpowermanpower……..
UnsafeUnsafe sincesince powderpowder pyrophoricitypyrophoricity

ECAPECAP (as (as e.g.e.g. Cold Cold RollingRolling, , FastFast ForgingForging) ) allowsallows betterbetter
understandingunderstanding ofof metallurgymetallurgy parametersparameters thanthan Ball Ball MillingMilling

No No ««catalystcatalyst»» additive => additive => towardstowards 7.6 w%  !7.6 w%  !



Manufacture MgManufacture Mg--rich composites : temp., route, activationrich composites : temp., route, activation
ECAP process

T = 175 
°C

T = 225 
°C
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LOT 2 -  3 passes @ T = 175 °C
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[T.G. Langdon, Mat. Sci. Eng. A 462 (2007)
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SAMPLE 1 = 3 pass T=275 °C + 1 pass RT, route A
SAMPLE 2 = 8 pass T=275 °C + 1 pass RT, route A

w
t.%

 H

t (h)

SAMPLE 1 + 5 wt.% MgH2 SPEX 30 min, 1st cycle

SAMPLE 1 + 5 wt.% MgH2 SPEX 30 min, 2nd cycle

SAMPLE 2 + 5 wt.% MgH2 SPEX 30 min, 1st cycle

SAMPLE 2 + 5 wt.% MgH2 SPEX 30 min, 2nd cycle



PortPort--folio of Patentsfolio of Patents
• CNRS WO2007096527 : Pulverulent intermetallic material for the reversible storage of 

hydrogen - Charbonnier-J, de Rango-P, Fruchart-D, Miraglia-S, Rivoirard-S

• CNRS WO2007125253 : Nanocrystalline composite for storage of hydrogen- Fruchart-D, 
de Rango-P, Charbonnier-J, Miraglia-S, Rivoirard-S, Skryabina-N, Jehan-M

• CNRS WO2009080986 : Hydrogen storage material made of magnesium hydride - de 
Rango-P, Chaise-A, Fruchart-D, Miraglia-S, Olivès-R

• CNRS WO2009080975 : Hydrogen storage tank - de Rango-P, Chaise-A, Fruchart-D, 
Marty-P, Miraglia-S

• CNRS /McPhY Energy F08 07087: Réservoir adiabatique d’hydrure métallique - de 
Rango-P, Fruchart-D, Jehan-M, Miraglia-S, Marty-P, Chaise-A, Garrier-S, Bienvenu-G

• MCPhy /CNRS FR0904442 : Réservoir de stockage et de déstockage d’hydrogène et 
chaleur - Jehan-M, Peyraut-L, Bienvenu-G, de Rango-P, Marty-Ph

• CNRS/UQTR/McPHy Energy FR1002928 : Matériaux déformés plastiquement pour le 
stockage de l'hydrogène - Fruchart D., Miraglia S., de Rango P., Skryabina N. Jehan M., 
Huot J., Lang J., Pednault S. 



PartnershipPartnership

Institut de Recherche sur l’Hydrogène
UQTR (Trois-Rivières, Canada)

McPhy Energy S.A.
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Novel Efficient Solid Storage for Hydrogen

WP3-WP8

CAPESCAPES--COFECUBCOFECUB
FAPESQFAPESQ

BrasilBrasil
Hy-Can

FUI

-- LitenLiten

ModernHy-T
ANR
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NANOHY

ATLASATLAS
Marie CurieMarie Curie

FranceFrance--GreeceGreece--CyprusCyprus
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TENERRDIS
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Energies du Futur
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GdR ACTHYF
CNRS
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AD’Ventasincesince 0202’’



Ball Milling,

23

3 sites (3 sites (factoryfactory, office, design), office, design)

startsstarts FebFeb. 2008. 2008

MetalMetal Hydrides & Tank Hydrides & Tank SystemsSystems

30 30 employeesemployees JuneJune 20112011



McPhyMcPhy EnergyEnergy
SociSociééttéé anonyme anonyme àà Directoire et Directoire et àà Conseil de SurveillanceConseil de Surveillance
au capital de 129.136,60 eurosau capital de 129.136,60 euros
SiSièège socialge social : La : La RiRiéétitièèrere, 26190 La Motte , 26190 La Motte FanjasFanjas
502 205 917 RCS Romans502 205 917 RCS Romans

RepresentativesRepresentatives

McPhyMcPhy--ItalyItaly

McPHyMcPHy--SpainSpain

McPhyMcPhy--JapanJapan

McPhyMcPhy--IndiaIndia

McPhyMcPhy GmbH GmbH GermanyGermany

Directory :Directory :
P. P. MaubergerMauberger: COE, M. Jehan: : COE, M. Jehan: DirectorDirector,  D. ,  D. FruchartFruchart: Sc. Manager, A. : Sc. Manager, A. ScrenziScrenzi: Business: Business
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Confidential26 FirstFirst--Hydrogenation Reactor Hydrogenation Reactor 

Ball Milling, ~ 100 kg MgH~ 100 kg MgH22 precursorprecursor / / dayday



Ball Mills Hall

Dosing & Mixing Automate Dosing & Mixing Automate -- PressPress

Ball Miller HallBall Miller Hall

1 cm

30 cm
MgHMgH22

compositecomposite
density ~ 1

~ 0.45 Nm3 H2 - eq. pressure ~  500 b

Milling capacity of
nanostructured and activated

reactive MgH2

100 kg / day

NGE

reactive MgH2



HF HF synthesissynthesis
of of TiVCrTiVCr®®

additivesadditives

CPMCPM®® meltermelter andand doserdoser
to to fillfill thethe heatheat storagestorage tanktank



AutomaticAutomatic loadingloading tank stationtank station

SevereSevere Plastic Plastic DeformationDeformation
Station (Station (underunder developmentdevelopment))



AlmostAlmost a a realtyrealty……

McPhy composite

Thermal insulator

Electrical cabinet

Gas panel

Design approved by ENEL:  Feb. 7th & 8th , 2011
Design approved by Iwatani:  March 1st , 2011
+ UK Clean Village + Hymage II + MYRTHE…

A 4 kg A 4 kg solidsolid hydrogenhydrogen unitunit



or

Fuel cell

Hydrogen turbine

BACKUP POWER SUPPLY APPLICATIONBACKUP POWER SUPPLY APPLICATION

Power Generator
50 kW/h during at least

12h

CPM storage system
50 kg @ 2 bar

equivalent to 555 Nm3 (1665 kWh)

10 bara
40Nm3/h

2 bara
42,7Nm3/h

Electrolyser
300 Nm3 /h

60 bara



HYDROGEN FUELING STATIONHYDROGEN FUELING STATION

Medium Pressure 
storage

1800 kg @ 60 bar

Fueling 
station

Compressor

Electrolyser
300 Nm3 /h

60 bar

MGH storage system

10 bara
160 Nm3/h

2 bara
160 Nm3/h

Compressor
Suction : 60 bar
Flow : 300 Nm3/h    

Discharge : 200   450   900 bar 30 kg@900 bar 

Trailer station

160 kg @ 2 bar
equivalent to 1760 Nm3 (5328 kWh)

300 kg@450 
bar 

500 kg@200 
bar 

2 to 60 bar
160 Nm3/h



or

INTEGRATED PROJECTINTEGRATED PROJECT
McPhyMcPhy proposalproposal

CPM system storage 

Fueling 
station

MGH system 
storage 

Hydrogen turbine

Power 
Generator

Medium Pressure 
storage 

Fuel cell

Electrolyse
r

High Pressure 
storage Trailer Station

Backup Power System

Fueling Station System



HH22 REFUELING STATIONREFUELING STATION

Currently in refueling station

McPhyMcPhy solutionsolution

Liquid storage Gas storageProcess and 

logistic complexity Logistic 
complexity

No logistic / 
Easy to use

Safety / 
Minimize regulation 

issues
Low 

pressure
< 10 bar

300 b
- 253 C

solidsolid ~ RT < 10 b~ RT < 10 b
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««GreenGreen»» PROJECTPROJECT

CL: quasi-Closed Loop module
e- to the
GridGRID Green e-mobility

Intelligent
Dispenser (ID)

e-

e-

e- to feed 
off-the-grid
utilities

GES - Green Energy Storage System
RES

Access 
Point

EMS

WEWE
modularmodular
subsub--unitunit

HSSHSS
modularmodular
subsub--unitunit

FC sub-unit

H2
e-

OL: Open Loop module 

Green-H2 for hydrogen  
merchant

H2 for turbine power 
generator

H2 for HCNG (hydrogen 
Enriched Natural Gas)

H2 for for FC vehicles

Green-H2 Deployment 

H2 on
demand

1
2
3

e-



SOME R & D COLLABORATIONSSOME R & D COLLABORATIONS

CNRS - McPhyMcPhy--EnergyEnergy – UQTR
Grenoble

Universities of USCar
Perm Brazil

St Petersburg
Novosibirsk

ICMCBordeaux CEA Grenoble

Arcelor-Mittal, Erasteel, Helion…

ENEL
Polytecnico

Torino IAEAIAEA
??



OUR VISIONOUR VISION

StationnaryStationnary Applications (Applications (heatheat management)management)
MassMass storagestorage andand transportation (transportation (upup to GW)to GW)

FC or turbine to FC or turbine to gridgrid -- regulationregulation ofof RERE
RefillingRefilling station (station (e.g.e.g. on site)on site)
On site On site industryindustry applicationsapplications

Merchant Merchant hydrogenhydrogen

Mobile applications (Mobile applications (heatheat management)management)
ICE ICE fuellingfuelling

Hybride ICE/FC/Hybride ICE/FC/ElectricElectric

NomadNomad applicationsapplications
All type hydrides



ESRF (Synchrotron)ESRF (Synchrotron)ThanksThanks are due toare due to
M. Artigas, G. M. Artigas, G. DelhommeDelhomme, A. Chaise, J. Charbonnier,, A. Chaise, J. Charbonnier,

P. de P. de RangoRango, S. , S. GarrierGarrier, G. Girard, J. , G. Girard, J. HuotHuot, M. Jehan, , M. Jehan, P. Marty,P. Marty,
S. Miraglia, S. Rivoirard, M. Shelyapina, N.S. Miraglia, S. Rivoirard, M. Shelyapina, N. SkryabinaSkryabina
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