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O%:3'&4!&+!96+6)*%]!&4(!'&!%$3+!%&!?&4$3+!Q)6'$>3+*+(!*:D'&44$:4!'&!h=!,C!\-<!u!':!?&4$3+!
($(*%!&+!'&44$:4!'&!h=!,C]F!H$3)&!*:D'&44$:4!'&!<==!,C!\*H&#!.J!u!':!?&4$3+!'&!#A*%&:)]F!
4:3H3!Q*)!%&!46#A*9&!3+':4()3&%^!C&((&!#$+4(*(*(3$+!3+'3[:&![:7:+&!Q*)(3&!3>Q$)(*+(&!'&4!Q:3(4!
'&! #A*%&:)! *! :+&! 9)*+'&! H*)3*(3$+! '&! (&>Q6)*(:)&F! #&! [:3! #$+4(3(:&! :+&! Q*)(3#:%*)3(6!
&44&+(3&%%&!'&4!KLC!3+':4()3&%%&4!Q*)!)*QQ$)(!*:Z!KLC!:(3%346&4!'*+4!'7*:()&4!4&#(&:)4^!
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!



!
C)<6&,!XTXX!i!V87'&%)%)#5!96!?,*#)5!9,!$-'2,6&!,5%&,!2,*!6*'<,*!)596*%&),2*!,5!C&'5$,![6*=63'6H!

5)@,'6H!9,!%,:78&'%6&,!7&#$,**!9,!cg!oI!,%!Xgg!oI!&,*7,$%)@,:,5%!

-<u

<fu
<.u

Ju
fu

Ju
hu

.Ju

/Ju

<.u
<=u

Ju .u
fu

=u

<=u

/=u

.=u

-=u

J=u

CA*:OO*9&!'&4!
%3[:3'&4!&(!'&4!

9*k

26#A*9&!
3+':4()3&%

"H*Q$)*(3$+F!
#)34(*%%34*(3$+F!
#$+#&+()*(3$+

V)*3(&>&+(!
(A&)>3[:&

@34(3%*(3$+! M6*#(3$+4!
#A3>3[:&4

L:()&4!:4*9&4

G&4$3+!'&!#A*%&:)!X:4[:{_!h=!,C

G&4$3+!'&!#A*%&:)!X:4[:{_!<==!,C

!

1.2.1.2 Analyse du potentiel technique en Allemagne 
!
P+&!6(:'&!43>3%*3)&! ':!?&4$3+! '&!#A*%&:)! '*+4!%73+':4()3&!&+!L%%&>*9+&!jJ':?'6,&! ,%! '2TG!
\ggck !>$+()&! [:7*H&#!%*! (&#A+$%$93&! '&4!KLC!*#(:&%%&4! \X:4[:7_! I=! ,C! '&! (&>Q6)*(:)&! '&!
4$)(3&]!:+!?&4$3+!(A&)>3[:&!'&!<-FE!K`!*++:&%!&+!"C2!3+':4()3&%%&!Q&:(!c()&!*44:)6F!*:($:)!
'&! JJ! K`T*! Q$:)! '&4! ?&4$3+4! '&! #A*:OO*9&! '&! %$#*:Z! &(! &+H3)$+! <E<F-! K`T*! '&! #A*%&:)!
Q)$#&44F!4$3(!:+!($(*%!'&!/.<!K`T*^!"+!*:9>&+(*+(!%&!+3H&*:! '&!(&>Q6)*(:)&!X:4[:7_!h=!,CF!
:+!934&>&+(!4:QQ%6>&+(*3)&!'&!<<!K`T*!&4(!*X$:(6^!"+!)&>$+(*+(!Q)$9)&443H&>&+(!%&!+3H&*:!
X:4[:7_!%*!H*%&:)!'&!<==!,CF!%&!Q$(&+(3&%!(&#A+3[:&!*:9>&+(&!'&!<-h!K`T*^!
!

!
C)<6&,!XTX\i!")*%&)?6%)#5!96!?,*#)5!9,!$-'2,6&!7'&!*,$%,6&!)596*%&),2!,5!B22,:'<5,!7#6&!

%&#)*!5)@,'6H!9,!%,:78&'%6&,!7&#$,**!jZg!oIG!cg!oI!,%!Xgg!oIk!
!

S*! R39:)&!<^</!>$+()&!%76H$%:(3$+!'&!%*!'34()3?:(3$+!':!?&4$3+!#*%$)3O3[:&!Q*)!4&#(&:)!3+':4()3&%!
&+! L%%&>*9+&! &+! Q*44*+(! ':! +3H&*:! '&! (&>Q6)*(:)&! Q)$#&44! '&! I=! ,C! X:4[:7_! <==! ,C^!
@7*Q)B4!%&4! )64:%(*(4! '&!#&((&!6(:'&F!$+!Q&:(!#$+#%:)&! [:&!%&!Q$(&+(3&%!(&#A+3[:&! '&4!KLC!
X:4[:7_! :+&! (&>Q6)*(:)&! '&! 4$)(3&! '&! <==! ,C! &4(! 6H*%:6! _! .f=! K`T*F! #&! [:3! #$))&4Q$+'! _!
<E!u!'&!%*!($(*%3(6!'&!%*!#$+4$>>*(3$+!6+&)96(3[:&!3+':4()3&%%&!&+!L%%&>*9+&!&+!/==J^!

<-!
!



1.2.1.3 Estimation du potentiel technique au Japon 
!
P+&!6(:'&!4:)!%&4!$QQ$)(:+3(64!'&4!KLC!'*+4!%&4!8LL!*:!`*Q$+!j.(+IRG!\gXgk! :(3%34&!:+&!
>6(A$'&! '3OO6)&+(&! '&4! '&:Z! Q)6#6'&+(&4! 6(:'&4! Q$:)! %7&4(3>*(3$+! ':! Q$(&+(3&%! (&#A+3[:&!
'&4! KLC! '*+4! #&! 4&#(&:)! 3+':4()3&%^! "%%&! 4&! ?*4&! 4:)! %7&ZQ6)3&+#&! '&4! 3+':4()3&%4! &(! '&4!
#$+4():#(&:)4^!"%%&!*!Q$:)!*H*+(*9&!%*!43>Q%3#3(6!>*34!Q$:)!3+#$+H6+3&+(!'7c()&!&>Q3)3[:&!&(!
>$3+4!Q)6#34&![:&!%&4!>6(A$'&4!Q)6#6'&+(&4^!S*!>6(A$'&!#$>Q$)(&!'&:Z!6(*Q&4^!!
!

�x! S*! Q)&>3B)&! #$+434(&! _! &4(3>&)F! Q$:)! :+! 4&#(&:)! 3+':4()3&%! '$++6F! %*! Q*)(! '&4!
#$+4$>>*(3$+4!Q)$H&+*+(! '&4!#A*:'3B)&4! '&!Q)$':#(3$+! '&!H*Q&:)!Q*)!)*QQ$)(!_!%*!
($(*%3(6! '&4!6+&)93&4!O$443%&4!#$+4$>>6&4! '*+4!%7:43+&^!C&!Q$:)#&+(*9&!&4(!&4(3>6!
4&%$+!%&!4&#(&:)!3+':4()3&%!&(!%&!(WQ&! '76+&)93&!O$443%&!&+!4&!?*4*+(!4:)!%&! '$#:>&+(!
1!(A&!4():#(:)*%!4:)H&W!$O!$3%!#$+4:>Q(3$+!3+!/==<!;!Q*)!%&!>3+34(B)&!'&!%76#$+$>3&F!':!
#$>>&)#&!&(!'&!%73+':4()3&!*:!`*Q$+^!j.(+IRG!\gXgk !

!
�x! S*!'&:Z3B>&!6(*Q&!#$+434(&!_!&4(3>&)!%*!Q*)(!'&4!6+&)93&4!O$443%&4!#$+4$>>6&4!Q*)!

%&4!#A*:'3B)&4!_!H*Q&:)!Q$:)!'&4!*QQ%3#*(3$+4!'&!#A*:OO*9&!$:!'&!Q)$#&44!3+O6)3&:)&4!
_! <==! ,C! &(! '$+#! Q$(&+(3&%%&>&+(! 4:?4(3(:*?%&4! Q*)! '&4! KLC^! C&! Q$:)#&+(*9&! &4(!
&4(3>6! &+! #$%%&#(*+(! '&4! 3+O$)>*(3$+4! *:Q)B4! '&4! #$+4():#(&:)4! '&4! 6[:3Q&>&+(4F!
'&4!4$:4D:(3%34*(&:)4!\)&%*(3O4!_!%*!#$+4$>>*(3$+!'76+&)93&!O$443%&!($(*%&!'&!%7:43+&]!&(!
'&4! :(3%34*(&:)4! 3+':4()3&%4! \)&%*(3O4! _! %*! #$+4$>>*(3$+! '76+&)93&! O$443%&! '&! %*!
#A*:'3B)&! _! H*Q&:)]! *:! `*Q$+! [:3! Q$44B'&+(! :+&! #&)(*3+&! &ZQ&)(34&! '&4! Q)$#6'64!
3+':4()3&%4! &(! '&! %*! 4():#(:)&! '&! %*! #$+4$>>*(3$+! (A&)>3[:&4! '&4! #A*:'3B)&4! _!
H*Q&:)^! S*! R39:)&! <^<.! Q)64&+(&! %&4! )64:%(*(4! $?(&+:4! Q$:)! #3+[! ?)*+#A&4!
3+':4()3&%%&4! '&4! 8LL! )&%*(3H&>&+(! ()B4! 6+&)93H$)&4! *W*+(! '&4! ?&4$3+4! '&! #A*%&:)!
Q)$#&44! _! ?*44&! (&>Q6)*(:)&! \4(6)3%34*(3$+F! Q*4(&:)34*(3$+F! O&)>&+(*(3$+F! +&(($W*9&F!
&(#^]^!S*!H*%&:)!>$W&++&!)&(&+:&!Q*)!qKVC`!&4(!'&!%7$)')&!'&!E=!uF!#&![:3!3>Q%3[:&!
[:&! %&! Q$(&+(3&%! (&#A+3[:&! '&4! KLC! '*+4! %&4! 8LL! *:! `*Q$+! &4(! &4(3>6! _! E=! u! ':!
?&4$3+!#*%$)3O3[:&!($(*%!'&!#&!4&#(&:)!\z<<F.!VeA!&+!*QQ%3[:*+(!#&((&!>6(A$'&!Q$:)!
%&4!8LL!&+!R)*+#&]^!!

!

!
!

C)<6&,!XTX]!i!('&%!936%)2)*'%)#5!9,!2385,&<),!$'2#&)`)=6,!9,!726*),6&*!
?&'5$-,*!9,*!DBB!7#6&!9,*!?,*#)5*!)5`8&),6&*!E!Xgg!oI!*,2#5!2,*!

9)``8&,5%*!'$%,6&*!)596*%&),2*!'6!R'7#5!j.(+IRG!\gXgk!
!

<J!
!



XT\T\! (&#$,**!76)%*!9,!$-'2,6&!9'5* !23)596*%&),!'<&#'2):,5%')&,!
!
S&4!8LL!$+(!:+!?&4$3+!439+3O3#*(3O!&+!&*:!(3B'&T#A*:'&!'&!Q)$#&44!&(!&+!&*:!#A*:'&!Q$:)!'&4!
?&4$3+4! '&! +&(($W*9&! &(! '&! %*H*9&! 4*+3(*3)&! '*+4! %73+(&)H*%%&! '&! (&>Q6)*(:)&! '&! -=! ,C! _!
f=!,C^! "+! $:()&F! 3%! &Z34(&! :+&! '&>*+'&! '&! #A*:OO*9&! '&4! O%:Z! Q)$#&44! _! :+&! (&>Q6)*(:)&!
'6(&)>3+6&!Q*)!%&!Q)$#&44!'&!Q)$':#(3$+^!
!
S&!V*?%&*:! <^<! O$:)+3(! '&4! &Z&>Q%&4! '&! [:&%[:&4! Q)$#6'64! 3+':4()3&%4! )&Q)64&+(*+(! '&4!
Q:3(4! $:! ?&4$3+4! '&! #A*%&:)! '&! '3OO6)&+(&4! ?)*+#A&4! ':! 4&#(&:)! *9)$D*%3>&+(*3)&! *H&#! %&!
+3H&*:! '&! (&>Q6)*(:)&! Q)$#&44! *44$#36!j1"C! Vl"G! \gXgk ^! S&! +3H&*:! '&! (&>Q6)*(:)&! ':!
Q)$#&44!'6Q&+'!'&!%*!H*)36(6!':!Q)$':3(!&(!'&!%73+':4()3&%^!
!

+'?2,'6!XTX!i!1H,:72,*!9,*!5)@,'6H!9,!%,:78&'%6&,!7&#$,**!9'5*!
9)``8&,5%,*!?&'5$-,*!9,*!DBB!

O&'5$-,!h!B$%)@)%8! (&#$,**! +!poIq!

K)$':#(3$+!'&!X:4!'&!O):3(4!! K*4(&:)34*(3$+! IJ!D!fJ!

K)$':3(4!%*3(3&)4!D!K)$':#(3$+!':!%*3(! K*4(&:)34*(3$+! IJ!D!fJ!

K)$':3(4!%*3(3&)4!D!K)$':#(3$+!'&!O)$>*9&!K*4(&:)34*(3$+! E.!D!IJ!

G)*44&)3&4!D!R*?)3#*(3$+!'&!?3B)&!
K*4(&:)34*(3$+! EI!

5$p(! h=!

L?*(($3)4!D!8+':4()3&!'&4!H3*+'&4!
"*:!(3B'&! -=!D!E=!

"*:!#A*:'&! h=!

K)$':3(4!*9)$*%3>&+(*3)&4!&+!96+6)*%! "*:!'&!+&(($W*9&!T!%*H*9&! J=!D!f=!
!

XT\T]! V,[,%*!*#6&$,*!9,!$-'2,6&!9' 5*!23)596*%&),!'<&#'2):,5%')&,!
!
S*!+*(:)&!'&4!()*+4O$)>*(3$+4!'&4!Q)$':3(4!*%3>&+(*3)&4!$OO)&!Q%:43&:)4!$QQ$)(:+3(64!Q$:)!%&4!
KLC! '*+4!#&4!3+':4()3&4^!S&4! )&X&(4! '&!#A*%&:)! '&4!Q)$#6'64!4$+(!%&4!4$:)#&4! '&!#A*%&:)!
'&4! KLC^! S&4! O%:Z! '&! )&X&(4! 4$+(! 96+6)*%&>&+(! '&4! &OO%:&+(4! %3[:3'&4! #A*:'4F! '&4! &*:Z!
:46&4F! '&!%*!#A*%&:)!%*(&+(&!$:!%*!#A*%&:)!O*(*%&! '&!#$+'&+4*(3$+! '&4!9)$:Q&4!O)$3'4^!C&4!
)&X&(4! (A&)>3[:&4! 4$+(! 96+6)*%&>&+(! '&! ?*44&! (&>Q6)*(:)&! &(! %&:)! +3H&*:! >$W&+! H*)3&!
(WQ3[:&>&+(!&+()&!.=!,C!&(!J=!,C^!!
!
S&!V*?%&*:! <^/! >$+()&! [:&%[:&4! &Z&>Q%&4! '&! 4$:)#&4! '&! )&X&(4! (A&)>3[:&4! '*+4! %&4! 8LL!
#$+43'6)6&4!#$>>&!#A*%&:)!O*(*%&!*H&#!%&!+3H&*:!'&!(&>Q6)*(:)&!#$))&4Q$+'*+(!j1"V!Vl"G!
\gXgk^!S&!'6?3(!'&4!)&X&(4!*3+43![:&!%&:)!+3H&*:!'&!(&>Q6)*(:)&!3+3(3*%!'6(&)>3+&+(!%*![:*+(3(6!
'34Q$+3?%&!'&!%*!4$:)#&!'&!#A*%&:)!Q$:)!%*!KLC^!
!

+'?2,'6!XT\!i!1H,:72,*!9,*!5)@,'6H!9,!%,:78&'%6&,!9,*!&,[,%*!9,!
$-'2,6&!9'5*!2,*!7&#$898*!DBB!

0#6&$,*!9,!&,[,%*!9,!$-'2,6&! +!poIq!

M&O)$3'344&>&+(!'&4!#$>Q)&44&:)4!'7*3)!3+':4()3&%4! /J!D!J=!

M&O)$3'344&>&+(!'&4!#$+'&+4&:)4!'&4!9)$:Q&4!O)39$)3O3[:&4! .=!D!-J!

@3H&)4!&OO%:&+(4!T!&*:Z!:46&4!'&4!4W4(B>&4!'&!+&(($W*9&! .=!D!J=!

"*:!'&!)&O)$3'344&+(!'&4!($:)4!*6)$)6O)396)*+(&4!&+!96+6)*%! /J!D!.J!

!

<E!
!



XT\T^! (&)5$)7,!9,!$-'6``'<,!7'&!7# :7,!E!$-'2,6&!9'5*!23)596*%&),!
!
S&!>$W&+!#$+H&+(3$++&%!Q$:)!%*!Q)$':#(3$+!'&!#A*%&:)!'*+4!%73+':4()3&!&4(!%*!#A*:'3B)&!$:!%*!
#A*:OO&)3&! :(3%34*+(! %*! #A*%&:)! '&! #$>?:4(3$+! '&4! 6+&)93&4! O$443%&4! \9*kF! O3$:%F•]^! S&4!
#A*:'3B)&4!Q&:H&+(!#A*:OO&)!'3)&#(&>&+(!'&4!%3[:3'&4!_!%*!(&>Q6)*(:)&!':!?&4$3+!Q)$#&44!$:!
:(3%34&)!%*!H*Q&:)!_!'3OO6)&+(4!+3H&*:Z!'&!Q)&443$+!*H&#!:+!)64&*:!'&!'34()3?:(3$+!Q$:)!O$:)+3)!
%&! ?&4$3+! '&! #A*%&:)! _! Q%:43&:)4! +3H&*:Z! '643)64! '&! (&>Q6)*(:)&! _! '3OO6)&+(4! &+')$3(4! '&!
%7:43+&^!S&!Q)3+#3Q&!'&!#A*:OO*9&!Q*)!KLC!&4(!'3OO6)&+(!'&!#&%:3!'&4!#A*:'3B)&4^!
!
K%:43&:)4! (WQ&4! '&! KLC! &Z34(&+(!0! %&4! 6X&#(&:)4F! %&4! ()*+4O$)>*(&:)4! '&! #A*%&:)! \$:! _!
*?4$)Q(3$+!(WQ&!88]!&(!%&4!KLC!_!#$>Q)&443$+!>6#*+3[:&!$:!6%&#()3[:&^!S&4!()*H*:Z!'&!#&((&!
(AB4&!Q$)(&+(!4:)!%&4!KLC!_!#$>Q)&443$+!6%&#()3[:&^!S&:)!Q)3+#3Q&!'&!O$+#(3$++&>&+(!&4(!%&!
>c>&![:3!&4(!:(3%346!Q$:)!%&!#$+'3(3$++&>&+(!'7*3)!$:!%*!Q)$':#(3$+!':!O)$3'!3+':4()3&%!Q*)!%&4!
4W4(B>&4!O)39$)3O3[:&4!_!#$>Q)&443$+!'&!H*Q&:)!\*QQ&%64!*:443!9)$:Q&4!O)$3']^!!
!
LH&#! %&4! 9)$:Q&4! O)39$)3O3[:&4F! %*! #*Q*#3(6!
O)39$)3O3[:&! &4(! H*%$)346&! _! %76H*Q$)*(&:)! \&*:!
9%*#6&! _! :+! +3H&*:! '&! (&>Q6)*(:)&! 3+O6)3&:)! _!
%7&+H3)$++&>&+(]!&(!%76+&)93&!(A&)>3[:&!&4(!)&X&(6&!
*:! #$+'&+4&:)! \*:($:)! '&! %*! (&>Q6)*(:)&! '&!
%7&+H3)$++&>&+(]^!
!
@*+4! %&! #*4! '&4! KLC! :(3%346&4! Q$:)! %&! #A*:OO*9&!
3+':4()3&%F!%*!#A*%&:)!O*(*%&!'&4!)&X&(4!(A&)>3[:&4!_!
?*44&!(&>Q6)*(:)&!&4(!)6#:Q6)6&!Q*)!%76H*Q$)*(&:)!
&(! )&H*%$)346&! _! A*:(&! (&>Q6)*(:)&! '*+4! %&!
#$+'&+4&:)!4&%$+!%*!R39:)&!<^<-̂ !

!
C)<6&,!XTX^!i!0$-8:'!96!7&)5$)7,!9,!

@'2#&)*'%)#5!9,!2'!$-'2,6&!`'%'2,!7'&!(BI!

!
C&Q&+'*+(F! %&4! #)3(B)&4! '76H*%:*(3$+! '&4! Q&)O$)>*+#&4! 6+&)96(3[:&4! &(! 6#$+$>3[:&4! '&4!
KLC!3+':4()3&%%&4!4$+(!'3OO6)&+(4!'&!#&:Z!'&4!4W4(B>&4!O)39$)3O3[:&4!Q:34[:73%!O*:(!X:4(3O3&)!%&4!
3+(6)c(4!Q*)! )*QQ$)(! *:Z!>$W&+4!#$+H&+(3$++&%4! '&!Q)$':#(3$+! '&!#A*%&:)! \#A*:'3B)&4]^!S&!
#$&OO3#3&+(!'&!Q&)O$)>*+#&!\CsK]F![:3!&4(!%&!)*QQ$)(!'&!%*!Q:344*+#&!#*%$)3O3[:&!'6%3H)6&!4:)!
%*! Q:344*+#&! 6%&#()3[:&! #$+4$>>6&F! Q$44B'&! :+&! H*%&:)! Q*)(3#:%3B)&>&+(! 3>Q$)(*+(&^! "+!
&OO&(F!'7:+&!Q*)(!%&!?:(!&4(!%76#$+$>3&!'76+&)93&!Q*)!)*QQ$)(!*:!>$W&+!'&!#A*:OO*9&!#%*443[:&!
&(! '7*:()&! Q*)(! %*! )&+(*?3%3(6! O3+*+#3B)&! &4(! +6#&44*3)&! Q$:)! X:4(3O3&)! %73+H&4(344&>&+(!
4:QQ%6>&+(*3)&^!!

XT\TY! I&)%d&,*!9,!7,&`#&:'5$,!9,!2'! 7#:7,!E!$-'2,6&!)596*%&),22,!
!
S73+(6)c(!':!#A*:OO*9&!3+':4()3&%!Q*)!KLC!Q*)!)*QQ$)(!_!:+&!#A*:'3B)&!_!6+&)93&!O$443%&!Q&:(!
c()&!6H*%:6!4:)!()$34!#)3(B)&4!0!6+&)96(3[:&F!6#$+$>3[:&!&(!&Z&)96(3[:&^!K$:)!#A*[:&!#)3(B)&F!
%7&ZQ)&443$+!*+*%W(3[:&!':!4&:3%!'&!Q&)O$)>*+#&!>3+3>*%!\CsK>3+]!'&!%*!KLC!+6#&44*3)&!Q$:)!
X:4(3O3&)!4$+!3+(6)c(!&4(!'6)3H6&^!!
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()$:H&)!'&4!qRC!_!()B4!O*3?%&!geK!#$>>&!%&!MD</.-WO^!
!!
CA$3Z!'&4!O%:3'&4!O)39$)39B+&4!Q$:)!%&4!KLC!_!A*:(&!(&>Q6)*(:)&!
!
S&!V*?%&*:! <^J! ')&44&! %7A34($)3[:&! '&4! O%:3'&4! O)39$)39B+&4! ()*'3(3$++&%4! '&4! KLC! 4&%$+!
%73+(&)H*%%&!'&!%*!(&>Q6)*(:)&!'&!#$+'&+4*(3$+!&(!%&:)4!*%(&)+*(3O4!_!#$:)(!&(!%$+9!(&)>&4^!K$:)!
%&4!KLC!_!>$W&++&!(&>Q6)*(:)&! \3+O6)3&:)&!_!h=! ,C]F!%&!O%:3'&! ()*'3(3$++&%!6(*3(!%&!CRCD</^!
2$+! Q)&>3&)! )&>Q%*x*+(! \qRCD<.-*]! Q)64&+(&! :+! geK! '&! <! -.=! m9! &[^! Cs / ! &(! 4$+!
'&:Z3B>&!\qRCD<J/*]!Q$44B'&!:+!#*)*#(B)&!3+O%*>>*?%&^!S&!+$:H&*:!O%:3'&!MD</.-WO![:3!*!
:+! geK! '&! -! &(! :+&! ':)6&! '7&Z(3+#(3$+! '*+4! %7*(>$4QAB)&! 3+O6)3&:)&! _! <-! X$:)4F! &4(!
#$+43'6)6!#$>>&!%&! )&>Q%*x*+(! '3)&#(! ':! qRCD<.-*! \&+! ($:(!#*4! '*+4!%&4! *QQ%3#*(3$+4! '&!
#%3>*(34*(3$+!*:($>$?3%&!_!Q*)(3)!'&!/=<<]^!
!

+'?2,'6!XTY!i!.)*%#&)=6,*!9,*!`26)9,*!`&)<#&)< d5,*!%&'9)%)#55,2*!,%!'2%,&5'%)`*!7#6&!(BI!E!
-'6%,!%,:78&'%6&,!

8+(&)H*%%&!'&!(&>Q6)*(:)&!
'&!#$+'&+4*(3$+!l,Cn!

R%:3'&4!!
()*'3(3$++&%4!

L%(&)+*(3O4!!
()*'3(3$++&%4!

L%(&)+*(3O4!!
qRC!

L%(&)+*(3O4!_!()B4!
O*3?%&!geK!

h=!D</=! CRCD<<-!
qCRCD</.!!
qCRCD</-!
qCRCD<-/?!

qRCD//I&*!
qRCD/.EO*!
qRCD/-JO*!
qRCD.EJ>O#!

qRCD</.-k&\b]!
Eau 
Butane 

E=!D!h=! CRCD</! ! qRCD<.-*!
qRCD<J/*!

qRCD</.-WO!
CO2 
Ammoniac 
Propane / Butane!

-=!D!E=! qCRCD//! qCRCD//! qRCD-=IC! Ammoniac 
Propane!

!
K$:)!%&4!KLC!_!A*:(&!(&>Q6)*(:)&! \4:Q6)3&:)&!_!h=! ,C!H$3)&!_! IJ! ,C]!%&!O%:3'&!()*'3(3$++&%!
6(*3(! '&! CRCD<<-! &(! 4&4! *%(&)+*(3O4! ()*'3(3$++&%4! 3+(&)'3(4! *:X$:)'7A:3! 6(*3&+(! \qCRCD</.F!
qCRCD</-!&(!qCRCD<-/?]^!S&4!qRC!*Q(&4!_!%&4! )&>Q%*#&)!Q)64&+(&+(! ($:4!%&4!A*+'3#*Q4!
4:3H*+(4!0!%73+O%*>>*?3%3(6!\qRCD.EJ>O#]!$:! '&4!geK!6%&H64!#$>>&!%&!qRCD/-JO*!\geK!€!
<=.=]F! H$3)&! &Z#&443H&>&+(! 6%&H64! #$>>&! %&! qRCD//I&*! \geK! €! .//=]! &(! qRCD/.EO*!
\geK! €! f-==]^! @&! Q%:4! %&! qRCD//I&*F! &4(! ()B4! %3>3(6! Q$:)! '&4! *QQ%3#*(3$+4! _! A*:(&!
(&>Q6)*(:)&!_!#*:4&!'&!4*!(&>Q6)*(:)&!#)3(3[:&!)&%*(3H&>&+(!?*44&!\<=<Fh!,C]^!C&Q&+'*+(!%&!
qRCD</.-k&\b]!Q$446'*+(! '&4!Q)$Q)36(64!(A&)>$'W+*>3[:&4!()B4!Q)$#A&4! ':!CRCD<<-!&4(!
&+!#$:)4!'&!'6H&%$QQ&>&+(!&(!'7&ZQ6)3>&+(*(3$+!jO&#{5!,%!'2G!\ggfkT!!
!
S&!V*?%&*:! <^I! Q)64&+(&! %&4! Q)$Q)36(64! '&4!
O%:3'&4!O)39$)39B+&4!Q$(&+(3&%%&>&+(!*%(&)+*(3O4!
Q$:)!%&4!KLC!_!A*:(&!(&>Q6)*(:)&^!!
!
S*! %69&+'&! '&4! 9)$:Q&4! '&! 46#:)3(6! &4(!
Q)64&+(6&!'*+4!%&!V*?%&*:!<^Ê!

+'?2,'6!XT_!i!I2'**,:,5%!9,!*8$6&)%8!9,*!!
`26)9,*!`&)<#&)<d5,*!j0#6&$,!B0.VB1!]^k!

! R*3?%&!($Z3#3(6!q*:(&!($Z3#3(6!
8+O%*>>*?%&! L.! G.!
R*3?%&>&+(!
3+O%*>>*?%&!

L/! G/!

U$+!3+O%*>>*?%&! L<! G<!
!
"+! Q*)*%%B%&F! '&4! '6H&%$QQ&>&+(4! 4$+(! &+! #$:)4! Q$:)! :(3%34&)! '&4! O%:3'&4! 3+$)9*+3[:&4!
#$>>&!%7&*:F!%&!Cs/ !$:!%7*>>$+3*#!$:!'&4!AW')$#*)?:)&4!#$>>&!%&!?:(*+&!$:!%&!Q)$Q*+&F!
[:3!+7$+(!*:#:+!&OO&(!+69*(3O!4:)!%*!#$:#A&!'7$k$+&!&(!'$+(!%&!geK!&4(!()B4!O*3?%&!>*34!%&:)!
:(3%34*(3$+!+&!H*!Q*4!4*+4!3+#$+H6+3&+(4^!
!

./!
!



�x! S7*>>$+3*#!&4(!3+O%*>>*?%&!&(!($Z3[:&^!!
�x! S&4!AW')$#*)?:)&4!4$+(!()B4!O*#3%&>&+(!3+O%*>>*?%&4!&(!&ZQ%$43O4^!!
�x! S7&*:!+&!Q&:(!Q*4!c()&!:(3%346&!O*#3%&>&+(!Q$:)!'&4!(&>Q6)*(:)&4!3+O6)3&:)&4!_!<==!,CF!

#$>Q(&!(&+:!'&!4*!()B4!O*3?%&!>*44&!H$%:>3[:&!_!%*!?*44&!Q)&443$+![:3!&+()*a+&!'&4!
H$%:>&4!3+*##&Q(*?%&4!'&!#$>Q)&44&:)^!!

�x! S&! Cs/ ! *! :+&! (&>Q6)*(:)&! #)3(3[:&! '&! .<! ,C! &(! 3>Q$4&! '$+#! :+! O$+#(3$++&>&+(!
4:Q&)#)3(3[:&!*:Z!(&>Q6)*(:)&4!(WQ3[:&4!'7:(3%34*(3$+!'&4!Q$>Q&4!_!#A*%&:)!&+()*a+*+(!
'&4!Q)&443$+4!'&!O$+#(3$++&>&+(!6%&H6&4!&(!'&4!4:)#$p(4!*44$#364^!

!
+'?2,'6!XTZ!i!(&#7&)8%8*!9,*!`26)9,*!76&*!7#%,5%),2*!7#6&!(BI!E!-'6%,!%,:78&'%6&,!

g)$:Q&!'&!
46#:)3(6!U$>!':!O%:3'&! C$>Q$43(3$+!

#A3>3[:&!
K)&443$+!
#)3(3[:&!l?*)n!

V&>Q6)*(:)&!
#)3(3[:&!l,Cn! geK!

qW')$O%:$)$#*)?:)&4!qRCTqRs!

qRCD<.-*! C/q/R-! -=^E! <=<! <-.=! L<!
qRCD<J/*! C/q-R/! -J^/! <<.^J! </-! L/!
qRCD</.-WO!! C.q/R-! ./^I! f-^h! -! L/!\%$j]!
qRCD//I&*! C.qRI! /f^/! <=<^h! .//=! L<!
qRCD/.EO*! C.q/RE! ./! </-^f! fh<=! L<!
qRCD/-JO*! C.q.RJ! .E^J! <J-^<! <=.=! G<!
qRCD.EJ>O#! C-qJRJ! ./^I! <hE^f! f<=! L/!
qRCD</.-k&\b]! C.q/R-! .f^I! <J.^J! E! !•!

R%:3'&4!3+$)9*+3[:&4!&(!AW')$#*)?:)&4!

MDI--!\@3$ZW'&!'&!C*)?$+&]! Cs / ! I.! .<! <! L<!
MDI<h!\"*:]! q / s! //=! .I-! }<! L<!
MDI<I!\L>>$+3*#]! Uq . ! <<.! <..! }<! G/!
MD/f=!\Q)$Q*+&]! C.qh! -/^J! fE^h! /=! L.!
MDE==!\?:(*+&]! C-q<=! .h! <J/! /=! L.!

1.3.3.5 Verrous technologiques 
!
S&4!H&))$:4!(&#A+$%$93[:&4!'&4!Q$>Q&4!_!#A*%&:)!3+':4()3&%%&4!Q)$H3&++&+(!&44&+(3&%%&>&+(!
'&4! (&>Q6)*(:)&4! '&! O$+#(3$++&>&+(! 6%&H6&4! '643)6&4^! S&4! +$:H&%%&4! #$+'3(3$+4! '&!
O$+#(3$++&>&+(!3>Q$46&4!Q*)!%&4!Q$>Q&4!_!#A*%&:)!_!A*:(&! (&>Q6)*(:)&! '&!#$+'&+4*(3$+!
\&+()&!IJ! ,C!&(!<==!,C]!+&!Q&)>&((&+(!Q%:4!%{&>Q%$3!'&4!O%:3'&4!:(3%3464!#%*443[:&>&+(! '*+4!
%{3+':4()3&! O)39$)3O3[:&!jD1B! .((G! XffgkT ! L! Q*)(3)! '&4! (&>Q6)*(:)&4! '{6H*Q$)*(3$+! &(! '&!
#$+'&+4*(3$+F!$+!Q&:(!'34(3+9:&)!()$34!k$+&4!)&Q)64&+(6&4!4:)!%*!R39:)&!<^.=̂ !
!
S*!Q)&>3B)&!k$+&!\X:4[:7_!&+H3)$+!IJ!,C!'&!
(&>Q6)*(:)&! '&!#$+'&+4*(3$+]!#$))&4Q$+'!_!
'&4!Q$>Q&4!_!#A*%&:)!#$>>&)#3*%346&4!Q*)!
%&4! #$+4():#(&:)4! '&! 9)$:Q&4! O)39$)3O3[:&4^!
C&! >*(6)3&%! '3)&#(&>&+(! '6)3H6! '&4!
>*#A3+&4! O)39$)3O3[:&4! #%*443[:&4! +&! Q$4&!
Q*4! '&! Q)$?%B>&4! (&#A+3[:&4! Q*)(3#:%3&)4F!
&Z#&Q(6!#&![:3!)&%BH&!':!#A$3Z!'&!+$:H&*:Z!
O%:3'&4! O)39$)39B+&4! )B9%&>&+(64! &(! '&!
%73+(69)*(3$+!(A&)>3[:&!'*+4!%&4!Q)$#6'64^!
!
S*! '&:Z3B>&! k$+&! \(&>Q6)*(:)&! '&!
#$+'&+4*(3$+! &+()&! IJ! ,C! &(! <==! ,C]! &4(!
#&%%&! '&4! >*#A3+&4! '6)3H6&4! ':! >*(6)3&%!
O)39$)3O3[:&! #%*443[:&! >*34! 4Q6#3*%&>&+(!
*'*Q(6&4! _! '&4! (&>Q6)*(:)&4! '&!
O$+#(3$++&>&+(!Q%:4!6%&H6&4^!

!
C)<6&,!XT]g!i!L#5,*!9,*!2):)%,*!%,$-5#2#<)=6,*!

9,*!(BI!E!-'6%,!%,:78&'%6&,!

..!
!



S&4!>*#A3+&4! '6H&%$QQ6&4! '*+4!#&! '$>*3+&! '&!(&>Q6)*(:)&4!4$+(!#$:)*>>&+(! *QQ&%6&4!
1Q$>Q&4!_!#A*%&:)!_!A*:(&!(&>Q6)*(:)&;!\KLC!qV]^!!
!
"+O3+F!%*!()$343B>&!k$+&!+{&4(!Q*4!'3)&#(&>&+(!*##&443?%&!*:!>*(6)3&%!'6)3H6!'&4!(&#A+3[:&4!
O)39$)3O3[:&4! #%*443[:&4! \%&4! (&>Q6)*(:)&4! '&! #$+'&+4*(3$+! '&! <==! ,C! #$+4(3(:&+(! :+&!
?*))3B)&! (&#A+$%$93[:&]^! C&((&! k$+&! #$))&4Q$+'! _! '7*:()&4! (&#A+$%$93&4! (&%%&4! [:&! %*!
#$>Q)&443$+!>6#*+3[:&!'&!H*Q&:)!'{&*:!\C5i]![:3!&4(!*QQ%3[:6&!4:)($:(!*:Z!$Q6)*(3$+4!'&!
#$+#&+()*(3$+!&(!'&!'34(3%%*(3$+^!
!
2&%$+! %&4! #$+4():#(&:)4F! %&4! Q)3+#3Q*%&4! '3OO3#:%(64! '&4! KLC! qV! *H&#! '&4! #$>Q)&44&:)4!
%:?)3O364!4$+(!%&4!4:3H*+(&4!0!

�x! )6':#(3$+! '&4!X&:Z!>6#*+3[:&4F!&+!%3>3(*+(!%*! (&>Q6)*(:)&! '&! )&O$:%&>&+(F!%364! *:Z!
'3%*(*(3$+4! '&! )$($)4•F!#&! [:3!&4(! '7*3%%&:)4!#$+()*'3#($3)&! *H&#! :+&!+6#&443(6! '7:+&!
4:)#A*:OO&!3>Q$)(*+(&!*:!)&O$:%&>&+(!Q$:)!:+&!?$++&!46Q*)*(3$+!'7A:3%&!

�x! *'*Q(*(3$+!':!%:?)3O3*+(!\#A*+9&>&+(!'&!%73+'3#&!'&!H34#$43(6!'7A:3%&]!*:!+3H&*:!'&!%*!
(&>Q6)*(:)&! '&!#$+'&+4*(3$+!&(!H6)3O3&)!4*!#$>Q*(3?3%3(6!*H&#!%&4!X$3+(4^!L!+$(&)!:+&!
3+(&)*#(3$+!#$>Q%&Z&!&+()&!(&>Q6)*(:)&F!>34#3?3%3(6!&(!H34#$43(6!'7A:3%&!\[:*')*(:)&!':!
#&)#%&]!Q$:)!%&!#A$3Z!'&4!%:?)3O3*+(4!&+!(&>Q6)*(:)&4!6%&H6&4!

�x! H*%3'*(3$+!'&!%*!O3*?3%3(6!':!#$>Q)&44&:)!*H&#!%&4!#$>?3+*34$+4!\(&>Q6)*(:)&!T!O%:3'&!T!
A:3%&]!!

!
C&4!'3OO3#:%(64!+6#&443(&+(!%&4!*'*Q(*(3$+4!(&#A+$%$93[:&4!#3D*Q)B4^!!
!

<D!S:?)3O3#*(3$+! #$+H&+*?%&! '&4! #$>Q)&44&:)4! &(! #$+()r%&! '&! %*! (&>Q6)*(:)&! '&!
)&O$:%&>&+(!

S*!H34#$43(6!'&4!%:?)3O3*+(4!6(:'364!Q$:)!%&4!:4*9&4!O)39$)3O3[:&4!&4(!+&((&>&+(!3+4:OO34*+(&!_!
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Q)$H$[:&! :+&!Q&)(&! (A&)>3[:&!4:QQ%6>&+(*3)&! [:3! '3>3+:&!%7&OO3#*#3(6! '&!%*!KLC!&(! '{*:()&!
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4$:A*3(6&4^!
!
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'&4!X$3+(4!#$>Q$4*+(!%{3+4(*%%*(3$+!'3>3+:&!()B4!)*Q3'&>&+(!%$)4[:&!%*!(&>Q6)*(:)&!*:9>&+(&^!
P+&!6%6H*(3$+!'&!(&>Q6)*(:)&!'{:+&!H3+9(*3+&!'&!'&9)64!>:%(3Q%3&!&+H3)$+!Q*)!:+!O*#(&:)!<=!
%*! H3(&44&! '&! '6#$>Q$43(3$+! '&4! O)39$)39B+&4!j1"C! Vl"G! \gXgk ^! @&4! #$:Q%&4!
O)39$)39B+&4TA:3%&4!()B4!4(*?%&4!'*+4!%&4!#$+'3(3$+4!'{&>Q%$3!'&!%{3+':4()3&!O)39$)3O3[:&!Q&:H&+(!
4&! '69)*'&)! ()B4! )*Q3'&>&+(! 4{3%4! 4$+(! &>Q%$W64! '*+4! :+&! Q$>Q&! _! #A*%&:)! _! A*:(&!
(&>Q6)*(:)&^!S{A:3%&!&+()*a+6&!'*+4!%&!#3)#:3(! '$3(! '$+#!O*3)&!Q)&:H&!'{:+&!4(*?3%3(6!#A3>3[:&!
4:OO34*+(&! Q$:)! +&! Q*4! 4&! '6#$>Q$4&)! &+! Q)64&+#&! '&4! #*(*%W4&:)4! [:&! )&Q)64&+(&+(! %&!
O)39$)39B+&!&(!%&4!>6(*:Z!#$+4(3(:*+(!%{3+4(*%%*(3$+!\O&)F!#:3H)&F!*%:>3+3:>]^!
!
" +! #$+#%:43$+F! %&! '6H&%$QQ&>&+(! '&4! KLC! qV! Q*44&! $?%39*($3)&>&+(! Q*)! %*! )&#A&)#A&! '&!
O%:3'&4! O)39$)39B+&4! &(! '&! %:?)3O3*+(4! Q)64&+(*+(! %&4! #*)*#(6)34(3[:&4! (A&)>$'W+*>3[:&4! &(!
#A3>3[:&4! )&[:34&4! Q$:)! '&4! O$+#(3$++&>&+(4! _!A*:(&! (&>Q6)*(:)&^! P+&! Q34(&! *%(&)+*(3H&!
&Z34(&!'*+4!%&!'6H&%$QQ&>&+(!'&4!#$>Q)&44&:)4!4*+4!A:3%&^! !
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!



XT^! D5%8<&'%)#5! 9,*! 7#:7,*! E! $- '2,6&! 9'5*! 2,*! 7&#$898*!
*,2#5!2'!:8%-#9,!96!7)5$,:,5%!

!
K$:)!3+(69)&)!%&4!Q$>Q&4!_!#A*%&:)! '*+4!%&4!Q)$#6'64!3+':4()3&%4F!%&4!#*)*#(6)34(3[:&4! '&4!
O%:Z!6+&)96(3[:&4! ':!Q)$#6'6!&+! [:&4(3$+F!&+!Q%:4! '&4!#*)*#(6)34(3[:&4! '&!%*!KLCF! '$3H&+(!
c()&! Q)34&4! &+! #$>Q(&!jm'22)5! ,%! O,&5%**#5G! Xff^kT! @*+4! #&((&! $Q(3[:&F! %*! >6(A$'&! ':!
Q3+#&>&+(!&4(!:+!$:(3%!Q:344*+(!'*+4!%7*+*%W4&!'&4!Q)$#6'64!3+':4()3&%4^!!
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2.4.1.2 Analyse exergŽtique appliquŽe au syst•me de la pompe ˆ chaleur 
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L8CA"!2W>Q$43:>!2&)3&4!h.F!\/JI]F!-EDJ<^!

VA$>&F!`^M^F!d*((*+F!U^F!R*H)*(F!@^F!<ff-^!G$3%3+9!$O!(j$!k&$()$Q3#!>3Z(:)&!*+'!MDJ=/!3+43'&!
*!Q%*3+!A$)3k$+(*%!(:?&^!K)$#^!8+(^!C$+O^!ŒCRC4F!VA&!'*W!*O(&)ŒF!K*'$H*F!JEJDJI-^!

P+'&)j$$'F!L^`^i^F!<f.-^!VA&!#*%#:%*(3$+!$O!(A&!>&*+!(&>Q&)*(:)&! '3OO&)&+#&!3+!>:%(3!Q*44!
A&*(!&Z#A*+9&)4^!`!8+4(!K&()$%&:>!V&#A!/=F!<-J‚<Jh^!

i&)*Dg*)#‰*F! R^F! g*)#‰*DC*4#*%&4F! `^M^F! g$+kŠ%H&kD5*#3ŠF! `^F! C*?&%%$F! M^F! S%$Q34F! M^F!
2*+#A&kF! @^F! V$))&%%*F! "^F! /=<=^! L! 43>Q%3O3&'! >$'&%! O$)! 4A&%%D*+'D(:?&4! A&*(! &Z#A*+9&)40!
K)*#(3#*%!*QQ%3#*(3$+^!LQQ%3&'!VA&)>*%!"+93+&&)3+9!.=F!</.<‚</-<^!

e*+9F!R^t^F!5*3'>&+(F!g^g^F!5344&+'&+F!`^R^F!V$k&)F!M^5^F!/==I^!L!+$H&%!4Q&#3*%!'34()3?:(&'!
>&(A$'!O$)!'W+*>3#!)&O)39&)*(3$+!4W4(&>!43>:%*(3$+^!8+(&)+*(3$+*%!`$:)+*%!$O!M&O)39&)*(3$+!.=F!
hhIDf=.^!

e&3F! @^F! S:F! N^F! S:F! b^F! g:F! `^F! /==h^! @W+*>3#! >$'&%3+9! *+'! 43>:%*(3$+! $O! *+! s)9*+3#!
M*+m3+&! CW#%&! \sMC]! 4W4(&>! O$)! j*4(&! A&*(! )&#$H&)W^! LQQ%3&'! VA&)>*%! "+93+&&)3+9! /hF!
</<ED<//-^!

e3+m%&)F! `^F! L:(&F! i^F! M*'&)>*#A&)F! M^F! /==h^! C$>Q)&A&+43H&! 3+H&4(39*(3$+! $O! +:>&)3#*%!
>&(A$'4! 3+! 43>:%*(3+9! *! 4(&*'WD4(*(&! H*Q$:)! #$>Q)&443$+! 4W4(&>^! 8+(&)+*(3$+*%! `$:)+*%! $O!
M&O)39&)*(3$+!.<F!f.=Df-/^!

b3H3F!2^5^F!<fE-^!"4(3>*(3$+!$O!4(&*'W!4(*(&!4(&*>!H$3'!O)*#(3$+!?W!>&*+4!$O!(A&!Q)3+#3Q%&!$O!
>3+3>:>!&+()$QW!Q)$':#(3$+^!`$:)+*%!$O!q&*(!V)*+4O&)!hE#F!/-ID/J/^!

bA*+9F! e^`^F! bA*+9F! C^S^F! /==E^! L! 9&+&)*%3k&'! >$H3+9D?$:+'*)W! >$'&%! O$)! ()*+43&+(!
43>:%*(3$+!$O! ')WD&ZQ*+43$+!&H*Q$)*($)4! :+'&)!%*)9&)! '34(:)?*+#&4^!8+(&)+*(3$+*%! `$:)+*%!$O!
M&O)39&)*(3$+!/f!\I]F!<<<fD<</I^!

bA*+9F!e^`^F!bA*+9F!C^S^F!@3+9F!g^S^F!/==f^!V)*+43&+(!>$'&%3+9!$O!*+!*3)D#$$%&'!#A3%%&)!j3(A!
&#$+$>3k&'! #$>Q)&44$)^! K*)(! 80! 5$'&%! '&H&%$Q>&+(! *+'! H*%3'*(3$+^! LQQ%3&'! VA&)>*%!
"+93+&&)3+9!/fF!/.fED/-=/!
! !

fJ!
!
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!

fE!
!

!
!



!
!

I.B (D+V1!^! 0):62'%)#5!56:8&)=6,!,%!#7%):)*'%)#5!9,!
2'!(BI!)596*%&),22,!!

^TX! V,@6,! 9,*! :8%-#9,*! 9,! :#982)*'%)#5! 9,*! 7#:7,*! E!
$-'2,6&!

^TXTX! D5%&#96$%)#5!
!
S&!>&3%%&:)!>$W&+!'&!>&4:)&)!&(!#$>Q*)&)!%&4!Q&)O$)>*+#&4!'&4!Q$>Q&4!_!#A*%&:)F!$:!%&4!
4W4(B>&4! (A&)>$'W+*>3[:&4! &+! 96+6)*%F! &4(! Q*)! &ZQ6)3>&+(*(3$+! 4:)! :+! ?*+#! '7&44*34!
'6'36^!5*34!%&4!&44*34!&ZQ6)3>&+(*:Z!4$+(!4$:H&+(!#$>Q%&Z&4F!#$p(&:Z!&(!#$+4$>>*(&:)4!
&+! (&>Q4^! S*! >$'6%34*(3$+! &(! %*! 43>:%*(3$+! +:>6)3[:&! Q&)>&((&+(! '&! )6':3)&! %&4! #$p(4F! '&!
9*9+&)! ':! (&>Q4! &(! '&! O*#3%3(&)! %*! #$>Q)6A&+43$+! '&4! QA6+$>B+&4! QAW43[:&4! )&%364! *:Z!
Q)$?%6>*(3[:&4!6(:'36&4!jO&#{5,!,%!O'5*'2G!Xffc'kT !
!
S&4!*QQ%3#*(3$+4!'&!%*!>$'6%34*(3$+!+:>6)3[:&!'&4!Q$>Q&4!_!#A*%&:)!Q&:H&+(!c()&!'3H346&4!
&+!'&:Z!(WQ&4!'&!43>:%*(3$+!0!
!

�x! 43>:%*(3$+4! 1!(&>Q4! )6&%!;! '*+4! %*! ?$:#%&! '&! #$+()r%&T#$>>*+'&! $:! ':! '3*9+$4(3#!
'&4! '6O*:(4! '&! O$+#(3$++&>&+(! &+! )693>&! ()*+43($3)&^! S&! >$'B%&! &4(! 4$:H&+(!
'W+*>3[:&!'*+4!#&!#*4! jA#6&S!,%!'2TG!\ggXw!O&#{5,!,%!O'5*'2G!\gg\!w!.'?,&*$-)22!
,%!'2TG!\ggZk!

�x! 43>:%*(3$+4! Q$:)! '&4! ?&4$3+4! '&! #$+#&Q(3$+! &(! '7$Q(3>34*(3$+! '7:+! 4W4(B>&! _!
#$+4():3)&! $:! '7*+*%W4&! '&4! Q&)O$)>*+#&4! '7:+! 4W4(B>&! &Z34(*+(^! S&! >$'B%&! &4(!
4$:H&+(!4(*(3[:&!'*+4!#&!#*4F!&+!)693>&!Q&)>*+&+(!$:!Q&)>*+&+(!9%344*+(!jO&#{5,!
,%!O'5*'2G!Xffc?w!R)5!,%!07)%2,&G!\gg\w!0'&v'&!,%!'2TG!\gg_!w!02):!,%!'2TG!\ggck̂!

!
P+! 4W4(B>&! '&! KLC! #$+(3&+(! *:! >$3+4! [:*()&! #$>Q$4*+(4!0! :+! #$>Q)&44&:)F! :+!
#$+'&+4&:)F! :+! 6H*Q$)*(&:)! &(! :+! '6(&+'&:)^! g6+6)*%&>&+(F! :+&! *QQ)$#A&! 43>Q%3O36&! &4(!
*'$Q(6&!Q$:)!%&!>$'B%&!':!#$>Q)&44&:)![:3!&4(!4$:H&+(!&>Q3)3[:&F!?*46&!4:)!'&4!#$:)?&4!
#*)*#(6)34*+(!4&4!Q&)O$)>*+#&4!9%$?*%&4!&+!O$+#(3$+!':!Q$3+(!'&!O$+#(3$++&>&+(^!C&Q&+'*+(!
Q%:43&:)4!+3H&*:Z! '&!#$>Q%&Z3(6! '&!>$'6%34*(3$+!&Z34(&+(F!4&%$+!%&!+3H&*:! '&! '6(*3%4!#A$343!
'&4!6#A*+9&:)4F!9)$:Q64!&+!'&:Z!#*(69$)3&40!
!

D! >$' 6%34*(3$+!4*+4!(&+3)!#$>Q(&!'&4!#*)*#(6)34(3[:&4!'&4!6#A*+9&:)4!
!

D! >$'6%34*(3$+! (&+*+(! #$>Q(&! '&4! #*)*#(6)34(3[:&4! '&4! 6#A*+9&:)4! *H&#! %&4! ()$34!
+3H&*:Z!4:3H*+(4!\#$>Q%&Z3(6!#)$344*+(&]!0!
�x! k$+*%!0!&Z&>Q%&4!'*+4!jC6!,%!'2TG!\gg\w!J,!,%!'2TG!\gg^k!
�x! &34#)6(346! 0! &Z&>Q%&4!'*+4! jR)'! ,%! '2TG! XffYG! Xfffw! P)%-&'&'%5,! ,%! '2TG! \gggw!

O,<-)!'59!I,$$-)5'%#G!\ggfk ^!
�x! 3+#)6>&+(*%!0!&Z&>Q%&!'*+4!jA'&2**#5!'59!U':2)5<G!\ggYk !

!
CA*#:+&! '&4! #*(69$)3&4! &(! '&4! 4$:4D#*(69$)3&4! '&! >$'6%34*(3$+! 4$+(! Q)64&+(6&4! &(!
'34#:(6&4!'*+4!%&4!Q*)*9)*QA&4!4:3H*+(4^!
!
!
!

fI!
!
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^TXT\! P#982)*'%)#5! *'5*! %,5)&! $#:7%,! 9,*! $'&'$%8&)*%)=6,*! 9,*!
8$-'5<,6&*!

4.1.2.1 Cycle thŽorique 
!
2&%$+! %&! (WQ&! '&4! 4$:)#&4TQ:3(4! \34$(A&)>&! $:! *H&#! H*)3*(3$+! '&! (&>Q6)*(:)&]! %&! #W#%&!
(A6$)3[:&! '&! C*)+$(! $:! '&! S$)&+k! &4(! :(3%346! )&4Q&#(3H&>&+(! \H$3)!R39:)&! -^<]^! U3! %&4!
Q)$Q)36(64! ':! O%:3'&F! +3! %&4! #*)*#(6)34(3[:&4! '&4! 6#A*+9&:)4! +&! 4$+(! Q)34&4! &+! #$>Q(&^! S*!
4&:%&!'3OO6)&+(3*(3$+!Q)34&!&+!#$>Q(&!&4(!#&%%&!'&!%*!+*(:)&!':!O%:3'&!4$3(!3%!&4(!Q:)F!4$3(!#7&4(!
:+!>6%*+9&!k6$()$Q&!*H&#!:+!9%344&>&+(!'&!(&>Q6)*(:)&^!
!

!
C)<6&,!^TX!i!IS$2,*!%-8#&)=6,*!9,!I'&5#%!,%!9,!J#&,5u!

!
S7&ZQ)&443$+! ':! #W#%&! '&! C*)+$(! \#$>Q)&443$+! &(! '6(&+(&! 34&+()$Q3[:&4F! #$+'&+4*(3$+! &(!
6H*Q$)*(3$+!34$(A&)>&4]!Q$:)!:+!#$)Q4!Q:)!&4(!'$++6&!Q*)!%*!O$)>:%&!#%*443[:&!4:3H*+(&!0!
!
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!
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K*)! *+*%$93&F! %7&ZQ)&443$+! ':! #W#%&! '&! S$)&+k! \#$>Q)&443$+! &(! '6(&+(&! 34&+()$Q3[:&4F!
#$+'&+4*(3$+!&(! 6H*Q$)*(3$+! *H&#! :+!#A*+9&>&+(! '&! (&>Q6)*(:)&!%3+6*3)&! *:! #A*+9&>&+(!
'7&+(A*%Q3&]!476#)3(!0!
!
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^T]

"+! Q)&+*+(! #$>>&! AWQ$(AB4&! [:&! %&4! #*Q*#3(64! #*%$)3O3[:&4! \CQ]! '&4! 4$:)#&4TQ:3(4! 4$+(!
#$+4(*+(&4F! %&4! 6[:*(3$+4! '&! %&:)4! (&>Q6)*(:)&4! >$W&++&4! %$9*)3(A>3[:&4!
4&)$+(!)&4Q&#(3H&>&+(!0!
!
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S&4! H*%&:)4! '&4! CsK! $?(&+:4! 4$+(! 3'6*%&4! #$))&4Q$+'*+(! *:Z! H*%&:)4! >*Z3>*%&4!
(A6$)3[:&>&+(!*((&39+*?%&4!Q$:)!:+!4#6+*)3$!4$:)#&4TQ:3(4!'$++6^!

4.1.2.2 Cycle simple du fluide frigorig•ne 
!
@*+4! #&! #W#%&F! %&4! Q)$Q)36(64! '&4! O%:3'&4! 4$+(! Q)34&4! &+! #$>Q(&! '*+4! %&! '3*9)*>>&!
(A&)>$'W+*>3[:&!(&>Q6)*(:)&T&+()$Q3&!\VF!4]! \H$3)!R39:)&!-^/]!$:!(&>Q6)*(:)&T&+(A*%Q3&!\VF!
A]!*H&#!'&4!AWQ$(AB4&4!43>Q%3O3#*()3#&4^!S&4!'$++6&4!'7&+()6&!':!>$'B%&!4$+(!%&4!4:3H*+(&40!

�x! 2:)#A*:OO&!_!%*!4$)(3&!'&!%76H*Q$)*(&:)!
�x! 2$:4 D)&O)$3'344&>&+(!_!%*!4$)(3&!':!#$+'&+4&:)!
�x! K3+#&>&+(!>3+3>*%!*:!#$+'&+4&:)!\O3Z&!%*!(&>Q6)*(:)&!$:!Q)&443$+!'&!#$+'&+4*(3$+]!
�x! K3+#&>&+(!>3+3>*%!_!%76H*Q$)*(&:)!\O3Z&!%*!(&>Q6)*(:)&!$:!Q)&443$+!'76H*Q$)*(3$+]!
�x! M&+'&>&+(!34&+()$Q3[:&!':!#$>Q)&44&:)!
�x! M&+'&>&+(!6%&#()$>6#*+3[:&!':!>$(&:)!

!

!
C)<6&,!^T\!i!IS$2,!*):72,!9365!`26)9,!`&)<#&)<d5,!76&!9'5*!2,!9)'<&'::,!

%-,&:#9S5':)=6,!j+G!0k!
!
@*+4! #&! >$'B%&F! %&4! #*)*#(6)34(3[:&4! '&4! 6#A*+9&:)4! +&! 4$+(! Q*4! Q)34&4! &+! #$>Q(&^! "+!
&OO&(F!%&!O*3(!'&!O3Z&)!:+!Q3+#&>&+(!)&H3&+(!_!*44:>&)!:+&!4:)O*#&!'76#A*+9&:)!H*)3*?%&!4&%$+!
%&!O%:3'&!\Q:)T>6%*+9&!'&!O%:3'&4]!&(!4&%$+!4$+!#$&OO3#3&+(!'76#A*+9&!#$))&4Q$+'*+(^!@&!Q%:4F!
Q$:)!#&)(*3+&4!#$+O39:)*(3$+4!#$>Q%&Z&4!'76#A*+9&:)F!%&!Q3+#&>&+(!+7&4(!+3!_!%7&+()6&F!+3!_!%*!
4$)(3&!'&!%76#A*+9&:)!&(!3%!&4(!'3OO3#3%&!'&!%&!%$#*%34&)!*!Q)3$)3!\H$3)!6#A*+9&:)!':!#A*Q3()&!.]^!

^TXT]! P#982)*'%)#5! %,5'5%! $#:7%,! 9,*! $'&'$%8&)*%)=6,*! 9,*!
8$-'5<,6&*!

4.1.3.1 ModŽlisation zonale 
!
C&!Q)&>3&)!+3H&*:!'&!'6(*3%F!>$'6%34&!%&!#$+'&+4&:)!&+!%&!'6#$:Q*+(!&+!()$34!k$+&4!0!

�x! k$+&!'&!'64:)#A*:OO&!
�x! k$+&!'&!#$+'&+4*(3$+!
�x! k$+&!'&!4$:4D)&O)$3'344&>&+(!

ff!
!
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!

!
" (!%76H*Q$)*(&:)!&+!%&!'6#$:Q*+(!&+!'&:Z!k$+&4!0!

�x! k$+&!'76H*Q$)*(3$+!
�x! k$+&!'&!4:)#A*:OO&!
!

!
C)<6&,!^T]!i!V,7&8*,5%'%)#5!9,!2'!:#982)*'%)#5!u#5'2,!

9'5*!2,!9)'<&'::,!%-,&:#9S5':)=6,!j+G!0k !
!

@*+4! #A*[:&! k$+&! %&! #$&OO3#3&+(! '76#A*+9&! 9%$?*%! \+$(6! P]! &4(! 4:QQ$46! #$+4(*+(! &(! %&4!
6[:*(3$+4!#%*443[:&4!'&4!6#A*+9&:)4!>$+$QA*43[:&4!4$+(!*QQ%3[:6&4^!P+!#*%#:%!3(6)*(3O!4:)!
%*! (&>Q6)*(:)&! \$:!Q)&443$+]! '&!#$+'&+4*(3$+!&(! '76H*Q$)*(3$+!&4(!+6#&44*3)&!Q$:)! )6Q*)(3)!
%&4!Q:344*+#&4!4&%$+!%&4!4:)O*#&4!'&!#A*[:&!k$+&^!
!

!

!

+'?2,'6!^TX! 0!078$)`)$)%8*!9,!2'!:#982)*'%)#5!u#5'2, !

(#)5%*!`')?2,*!
C*4!'7:+!O%:3'&!Q:)!!
5*+[:&! '&! Q)6#343$+! 0! AWQ$(AB4&! P! &4(! #$+4(*+(! &+! '3QA*43[:&!
*%$)4![:73%!&4(!&+!O*3(!()B4!H*)3*?%&^!

C*4!'7:+!>6%*+9&!*H&#!9%344&>&+(!'&!(&>Q6)*(:)&!!
5*+[:&! '&! Q)6#343$+! 4:QQ%6>&+(*3)&! _! #*:4&! '&! %7AWQ$(AB4&! CQ!
6[:3H*%&+(&! #$+4(*+(&! &+! '3QA*43[:&F! *%$)4! [:73%! +7&4(! Q*4!
O$)#6>&+(! #$+4(*+(^! "+! &OO&(F! %*! H*)3*(3$+! '7&+(A*%Q3&! +7&4(! Q*4!
O$)#&>&+(!%3+6*3)&!*H&#!%*!H*)3*(3$+!'&!%*!(&>Q6)*(:)&^!

(#)5%*!`#&%*!
V&>Q4!'&!#*%#:%!'&!%7$)')&!'&4!4&#$+'&4!4:)!:+!KC!4(*+'*)'!

C&((&!>$'6%34*(3$+!#$+H3&+(!?3&+!*:Z!#$+O39:)*(3$+4! '76#A*+9&:)4!_!#$D#$:)*+(4!$:!#$+()&D
#$:)*+(4!#*)!%&4!k$+&4!4$+(!?3&+!46Q*)6&4!\H$3)!R39:)&!-^.]^!
!
C&Q&+'*+(! Q$:)! %&4! #$+O39:)*(3$+4! [:&%#$+[:&4F! %*! >$'6%34*(3$+! #$+H3&+(! *:! O%:3'&! Q:)!
4&:%&>&+(^! "+! &OO&(F! :+&! 9)*+'&! Q*)(3&! '&! %76#A*+9&:)! &4(! #$+4*#)6&! *:! #A*+9&>&+(! '&!
QA*4&! [:3! &4(! 34$(A&)>&! &(! '$+#! %&! )64:%(*(! &4(! 3+'6Q&+'*+(! '&! %*! #$+O39:)*(3$+^! S*!
#$+O39:)*(3$+!9%$?*%&!Q&:(!c()&!'*+4!#&!#*4!*QQ)$#A6&!Q*)!:+!#$+()&D#$:)*+(^!
!
S&!V*?%&*:!-^<!)64:>&!%&4!Q$3+(4!O$)(4!&(!O*3?%&4!'&!#&!+3H&*:!'&!>$'6%34*(3$+^!

4.1.3.2 ModŽlisation discrŽti sŽe ou ˆ param•tres distribuŽs 
!
C&! +3H&*:! '&! '6(*3%! &4(! '&! #$>Q%&Z3(6! 3+(&)>6'3*3)&^! CA*[:&! k$+&! &4(! '34#)6(346&! &+! :+!
+$>?)&!'&!H$%:>&4!O3+34!:+3'3>&+43$++&%4^!S&4!Q)$Q)36(64!%$#*%&4!':!O%:3'&!4$+(!#*%#:%6&4!&(!

<==!
!



!
!

4:QQ$46&4!#$+4(*+(&4!'*+4!#A*[:&!H$%:>&^!S*!H*)3*(3$+!'&!P!&+!'3QA*43[:&!&4(!'$+#!Q)34&!
&+!#$>Q(&!\_!#$+'3(3$+!'&!#A$343)!'&4!#$))6%*(3$+4!?3&+!*'*Q(6&4!_!%76#A*+9&:)]^!@&!Q%:4F!%*!
+$+! %3+6*)3(6! '&! %*! (&>Q6)*(:)&! &+! O$+#(3$+! '&! %7&+(A*%Q3&! \#*4! 96+6)*%! '&4! >6%*+9&4! _!
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