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nouvelles et à IFP School, travaux de recherche ou notes de synthèse en économie, finance et gestion. La forme 
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ne reflètent pas nécessairement le point de vue d’ IFP Energies nouvelles ou d' IFP School. 
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Ó�ç Ï9ÖbÏhë$ÎaÏ=ÐEÑ`Í�Ù Ö�î�í¢Ò Ï=Ü�Ï9ô7Ù Ñ�ë$ÌCÏ=ÒEÓ^×�Ô�Ò ð¡Óbç ÏgÍ�Ù Ó � Í6Ü¦Ø9Í0Î�ÎbÏ9Ö�ëTÍ0Ò ðvÑ�Ò$ÕøÓbÍ�Ó�çQÏgÖbØ=ÎaÔ�ë$ë Ñ�Ò$ÕøÍ�è"Í0î`ð
Ï9ô;Ù$Ñ�ë$ÌCÏ9Ò;Ó^Ú
# ç Ï[Ò Ï=ÞEÓhÖ�ÓbÏ=ë�Ñ`ÖCÓbÍ�ÌCÍEð$Ï=îZÓ�çQÏ4ð$Ï=ëGÏ=Ò ð$Ï9Ò Ø9Ï[ìGÏ=ÓjÜlÏ9Ï9Ò�Ó�ç Ï � Í6Ü Í�è�ÓbÍ�ÓaÔ�îZÑ�ÒEÐ7Ï9Ö�Ó�ÌhÏ=ÒEÓ I Ô�Ò ð
Ó�ç ÏtÍ6Ð7Ï=ÎaÔ�î�îOÖ�ÓbÍ;Øaï4Í�è�Ï�ÞvÑ`ÖpÓ�Ñ`Ò$ÕgÏ9ô;Ù$Ñ�ë ÌCÏ=ÒEÓ^Ú$�¢ÏtØ^Ô�Ò4æ ÎbÖ�Ózð$Ï=æ Ò Ï Ki = (KN i + KO i)

Ó�ç ÏrÓbÍ�Ó�Ô�î
Ø^Ô�ëQÔ�Ø9Ñ�Ójí¡Í�èZÑ�Ò Ö�ÓaÔ�î�î,Ï9ð¡ì$Ù$Î�Ò$Ñ`Ò$Õ�Ï^ô7Ù Ñ�ë$ÌCÏ=ÒEÓ	ÜfÑ�Ó�ç¡èmÙ Ï=îlÍ�ë$Ó�Ñ`Í0Ò i ×�Ô�ÒQð K Ó�ç ÏhÓbÍ�ÓaÔ�îqØ^Ô�ëQÔ�Ø=Ñ�Ókí¢Í�è
Ñ�Ò Ö�ÓaÔ�î�î`Ï9ð[ì$Ù$Î�Ò Ñ�Ò$ÕCÏ9ô;Ù$Ñ`ë$ÌCÏ=ÒEÓ ó K =

∑

i Ki
Ú

òlÓfÓ�Ñ`ÌCÏ t ×vÓ�çQÏ�Í6Ð7Ï=ÎaÔ�î�îMØ^Ô�ëQÔ�Ø9Ñ�Ójí�Í�è�ÖbØ=ÎaÔ�ë ëTÏ^ð[Ï9ô;Ù$Ñ�ë$ÌhÏ=ÒEÓfÑ`Ö ó

DO =
∑

i

DO i =
∑

i

KO i

Ti

2

Ú ß
%7ä

& Ï=Ó^ñ ÖCØ^Ô�î�î ED Ó�ç Ï4Í6Ð7Ï=Î�Ô�î�î"ð$Ï=ÌgÔ�Ò ð�è�Í�ÎCÓ�ç Ï4Ó�ç$ÎbÏ9Ï�èmÙ Ï=î,ÖhÔ�ÓCÓbÑ�ÌCÏ t ×qÜfç$Ñ`Øaç�Ñ`ÖgÔ�Ò Ï�Þ$Í�Õ7Ï9Ò Í�Ù Ö
ëQÔ�ÎaÔ�ÌhÏ=ÓbÏ=ÎOÑ�ÒtÓ�ç Ñ`ÖMÌCÍEð$Ï=îYÚ�'qÍ�ÌCÌCÍ�Ò�Ö�Ï9Ò Ö�ÏqÖ�Ù$Õ0Õ7Ï9Ö�ÓbÖMÓ�çQÔ�ÓMÑ�ÒEÐ7Ï9Ö�Ó�ÌCÏ9Ò;ÓOÑ�ÒtÒQÏ=Ü�Ï9ô;Ù$Ñ�ë ÌCÏ=ÒEÓOÖ�ç Í�Ù î`ð
ìTÏ�ÎbÏ=î}Ô�ÓbÏ9ð�Ñ�Ò�Ö�Í�ÌhÏgÜfÔ^í¡ÓbÍøÓ�ç Ï[Í�ì ÖbÏ=Î�Ð7Ï^ð�ðvÑ,Ö�Ø=ÎaÏ=ëQÔ�Ò Ø9í¡ìTÏ9ÓjÜlÏ9Ï=Ò�ð$Ï=ÌgÔ�Ò ð�Ô�Ò ð�Ó�ç Ï�Ñ�Ò Ö�ÓaÔ�î�î,Ï9ð
Ø^Ô�ëQÔ�Ø9Ñ�Ójí�Í�è�Ï�ÞvÑ`Ö�Ó�Ñ�Ò$Õ�Ï9ô;Ù$Ñ�ë ÌCÏ=ÒEÓ^ÚzòzÖ"Ó�ç$Ñ`Ö�Ô�ð�åpÙ Ö�Ó�ÌCÏ=ÒEÓzÑ`Ö"ÙQÖpÙQÔ�î�î�í[Ò Í0Ó"Ñ`Ò ÖpÓ�Ô�Ò;Ó�Ô�Ò Ï9Í�ÙQÖ9×GÝ�Í9ÞvÒ Ï9Ö
ßpà^á0â7ã7äCÑ�ÒEÓ�ÎbÍEðvÙ Ø^Ï9Ö�Ó�ç ÏøëQÔ�ÎaÔ�ÌhÏ=ÓbÏ=Î TI ×"Ó�ç ÏøÓ�Ñ�ÌCÏøÓbÍ Ô0ð�åkÙQÖpÓ[Ñ�ÒEÐ7Ï9Ö�Ó�ÌCÏ=ÒEÓbÖ�Ó�çTÔ�Ó)(*�+���,��ü���û��-�.�/ ��ÿ�ù=ú0���zû��213�����������2����ú4�*5������6��û��7�vý�ú��,�8�:9aú.;$ú499û��mþ<�
��ÿ�ú�ü8�:�8=4�.>����?�3���@�����Cú3�?��A�(	òfØ9Ø9Í0ÎbðvÑ�Ò$Õ7î�í7×
Ó�ç Ï	ÓbÍ�Ó�Ô�î(Ñ�ÒEÐ7Ï9Ö�Ó�ÌCÏ=ÒEÓ�çQÔ0ÖzÓbÍgìGÏ	ÌCÍEð$Ï9î`Ï9ð�Ô�ÖrÔ�ÒøÑ�Ò Ø9ÎbÏ^Ô�Ö�Ñ�Ò$ÕgèmÙ$Ò Ø=ÓbÑ`Í�Ò�Í�è E D −K

TI
ÚtöYÒ¢Ô0ð$ðvÑ�Ó�Ñ`Í0ÒV×

Ñ�Ò;Ð;Ï9Ö�Ó�ÌCÏ=ÒEÓ�çQÔ�Ö�ÓbÍ�ìTÏøØ^Í�Ò$Ò Ï9Ø9ÓbÏ9ð ÓbÍ�Ó�ç Ï�ÓbÍ0ÓaÔ�î�Ö�Ø9ÎaÔ�ë$ë$Ñ`Ò$Õ Í�è	Í�î,ð Ï9ô7Ù Ñ�ë$ÌCÏ=ÒEÓ DO ÓaÍ Ô�î�î`Í6Ü
Ô�ÎaÏ=Õ7Ï=Ò Ï9ÎaÔ�Ó�Ñ`Í�Ò Í�è�Ó�ç Ï4ÖpÓaÍ;Øaï�Í�èrÏ9ô7Ù Ñ�ë$ÌCÏ9Ò;Ó^Ú # Í�ÌCÍEð$Ï=îZÓ�ç Ï9ÖbÏ[Ñ�Ò;ÓaÏ=ÎaÔ�Ø=ÓbÑ`Í�Ò Ö^×qÝ�Í9ÞvÒ Ï^Ö�ßpà^á0â;ã0ä
ëTÍ7ÖpÓ�Ù î,Ô�ÓbÏ9ÖrÓ�ç Ï.èmÍ0î�î`Í^ÜZÑ�Ò$Õ[è�Í�Î�Ì	Ù$î,Ô[Ó�çQÔ�Ó	ð$Ï�æ Ò Ï^Ö�Óbç Ï.ÓbÍ�Ó�Ô�î�Ñ�ÒEÐ7Ï9Ö�Ó�ÌCÏ=ÒEÓ	Ô0ÖtÔ�è}Ù$ÒQØ=Ó�Ñ`Í�Ò�Í�èfÓ�ç Ï9ÖbÏ
ëQÔ�ÎaÔ�ÌhÏ=ÓbÏ=ÎbÖ ó

I = DO .f

(

ED − K

TI.DO

)

× ßjã0ä

 



B$C2D�E8D f F�G6HJI
F D�K�D�B F�G DLK�M3N+O F N+P2M3P G"Q P
N2K�O F M3NROSC H O$C H�G O8C2D Q M3TUT�MVB F N
W�D�X I E8D G8GSF M3NZY

f(x) = x + 1 F[Q x ≥ 0 \

f(x) = ea.x F[Q x < 0 \
]
^4_

B$C2D�E8D a F�G�H N2M3N
`
N2D�W H O FUa D I?H E H0b D�O8D�EdcfegD@K H NhM�i G D�E a D�OSC H O \jF[Q OSC2DkO8M3O H T$l
D b�H Nml ED F�GD�n�P H ToO.MJOSCmD F N G O H T�T�D�lpK H0ImH K F O,q K
] OSC H O F�G�\ ED = K

_ \ OSC2D F N a D G O b D�N+O$B F TUToi-DrT H ESW4DLD�N2M3P2W�CO8MsK�M b�I D�N G.H O8D Q M3EtOSCmD G K�E H0I
I D�lkD�n�P FUI
b D�N�O DO
]
f(0) = 1

_ cju Q ED > K \4F N a D G O b D�N+O G K H P G D
H N2D�O�E F�G D F NhOSCmD G O8M�K.v�M QwF N G O H TUT�DdlhD�n�P FUI
b D�N+O ] f(x) > 1 F[Q x > 0

_ cxu Q ED < K \tG M b D
I M G*F O FUa D F N a D G O b D�N+O a�H TUPmD G K H N@i-DyM3i
O H3F N2D�loc�zwMVB{D a D�E \|GSF N2KdD I < DO \ OSC2D�q�B F TUToK H P G D H NmD�Ol|E8M I}F NpOSCmD F N G O H TUT�D�lpK H3ImH K F O~q ] f(x) < 1 F[Q x < 0

_ c{u,NpOSC2DsK H3G D ED < K \ O8C2DLK.C2M G D�N Q P
NmK�`O F M3N H T GSI D�K F[� K H O F M3NRl FU� D�E G"G T F W4C�OST�q Q E8M b OSC2D HV� N2DrM3N2DyP G Ddl F N@O8C2DyM3E F W F N H T b M+l
D�T ]�� MdX|N2D Gd\�d� ^4� \o� W2c�� _ c��$C F�G K8C H N
W4D F�G W4P F l
D�l:i�qfOSCmD�l
D GSF E8D�O8M FUb�I T�D b D�N+O H E8M3i
P G O Q M3E b P
T H O F M3NgO8MD�X|OSE8D b DkK�M�N2l F O F M�N�O8D G O F N
W ]
� T FUa3H
\ ���4��� _ c}e F OSC H N H0� N2D GSI DdK F[� K H O F M3N \�Hpa D�ESqgT H ESW4Dkl|E.M I
F Nfl
D bkH N2l ED K�M3P
T�lpE8D G P
TUO F N H NmD�W H O FUa D F N a D G O b D�N+O a�H TUPmD \ O8C H O F�Gd\ OSC2D I E8D b�H OSP
E8D G K�E H3I `
I
F N
WLM Q�� N2D�B � D�n�P FUI
b D�N+O ] D GSI DdK F�H TUTUq7OSC2M G D"B F OSC�OSC2D b M G O�l
D GSF E H i
T�D Q P2D�T2M I O F M3N _ c���MyE8D b D�l|qOSC F�Gd\�H NJD�X I M3N2D�N+O F�H T GSI D�K F[� K H O F M3N F�G�FUb�I T�D b D�N+O8D�lsO8M F N G P2E8D H N2M3N|`
N2D�W H O FUa D F N a D G O b D�N+O a�H TUPmD�c
� N2DyO8C2D�NRC H3G O.M�l
D�O8D�E b�F N2DrOSC2DrK H3ImH K F O~qkP
O F T F��VH O F M3NpO8M H TUT�MdB�OSC2D b M�l
D�ToO8MJOSE H K8v@D�X
M3W�D�N2M3P GD�N2D�ESW4qfl
D b�H N2l F NgK H3G D�M Q T H ESW4D�l2MdB�N�B H E8l a3H E F�H O F M3N G ] K�M b�ImH E.D�l<O8M@O8M�O H T G K�E H0I
I2F N
W DO

_ c� H0ImH K F O,qkP2O F T FU�VH O F M3N U F�G$GSFUb�I TUq@l
D � N2Ddl H3G Y

U =
ED

K
c ] � _

z6D�E8D \ K H0I?H K F O~q7P
O F T FU�VH O F M3N F�GtH3G8G P b D�l�N2M3O�O8Mri?D Q P2D�T G*I D�K F[� K H3G OSC2D G.H0b D�K H0ImH K F O,q7P
O F T FU�VH O F M3N
� W�P
E8D F�G$I M G*F O.D�l Q M3E$OSCmDyOSC
E.D�D Q P2D�T G Y

∀i, Ui = U c ] � � _

� G6H E8D G P
TUO \ O8C2D GSFUb P
T H O8D�lpl
D bkH N2l Q M3E Q P2D�T i \ l2D�N2M3O8D�l D̂i \
F�G Y

D̂i = UiKi = ED
Ki

K
c ] �4� _

� M3N+OSE H ESqfO8M � MdX|N2D G ] �V� ^4� \ �d��� � _ \ B{D�l
M@N2M3O b M+l
D�T F N G O H T�T�D�l I T H N+O G B F OSC b P
T�O F ` � E F N
WRK H `
ImH i F T F O,q�OSC H O \+F NROSC2D G C2M�ESO*`
ESP
N \
H E8D H i
T�DwO.M G B F O8K.C Q E8M b M3N2D Q P2D�ToO8M H N2M�OSC2D�E H N2lki H K8v H W H3F N
F NgE8D GSI M3N G D�O8M I E F K�D GSF W�N H T G cku,NgOSC F�Grb M�l2D�T \jH TUT�OSC2D F N G O H TUT�D�lxD�n4P FUI
b D�N+O F�G OSC+P GsG P I
I M G D�lO8MJi-D F N|�mD�X F i2T�DyB F OSCpE8D GSI DdK�O$O.M Q P2D�T�K.C2M F K�D�ct�"C2DLl
D�K F�G*F M�NRO8M H i H N2l
M3NpOSC F�G$ImH ESO6M Q OSC2DLM3E F W3`
F N H T b M�l2D�T�B H3G W�P F l2D�l}i+q b�H ESv�D�OyM3i G D�E a3H O F M3N G OSC H O G P
W�W4D G O H�I C H3G D�`,M�P
OyM Q�Q P2D�T G B F O.K8C F N
WK H0ImH i F T F O~q F N F N2l|P G OSE F�H T I T H N�O GJHVQ O.D�EsOSCmD �d� ^ � G c<��O8D�ESN ] �4��� � \ �4��� � _ I E8M a+F l
D GJH N F N Q M3E b D�ll F�G K�P G8G*F M�N@M�NkO8C2DyK H P G D G M Q OSC F�G{I C H3G D�`,M3P
O"i H�G D�l@M3N@OSC2DyD�X|OSE H `,K�M G O H N2l F N2K�M3N a D�N F D�N2K�D H3G8G M0`K F�H O8Ddl@B F OSCpOSC2D b�H3F N�O.D�N H N2KdDrM Q�HJb P
TUO F ` � E F N
W�K H0I?H i F T F O~q \mH Nml@O8C2D I E8M3W�E8D GSGSFUa DrO F W4C�O.D�N F N
W�M QD b�F�G8GSF M3NRT F�b�F O G M3NRO8C2Dyi
P2ESN F N
W�M Q�Q M G8GSF T Q P2D�T G c
��M G P b�bkH E FU� D \ OSC2D b M+l
D�T ] D�n�P H O F M3N G ] � _ ` ] ��� _S_ K�M3E8E8D GSI M3Nml G O8M HkG q G O.D b M Q N2M3N|`
T F N2D H ELl F[Q `
Q D�E.D�N�O F�H T�D�n4P H O F M3N G cr�"CmD H3G8G M�K F�H O8D�l F N F O F�H TjK�M�N2l F O F M�N G B F TUTji-D7l
D�O H0F T�D�l F N<OSC2D7N2D�X|O G D�K�O F M�NZc� D�K H P G DwM Q�F O G K�M b�I T�D�X F O,q \ OSC F�G"G q G O8D b C H3G O8Msi?D G*FUb P
T H O8D�l�B F O8CkN�P b D�E F K H T?O8D�K.C
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