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Executive Summary

Objectives and PIER Vision
!"#$ 3#A$ (8S#:'26#$ (4$ '"27$ 5)##*"(&7#$ 5%7$ NGEGQ$ #;2772(*$ )#+&:'2(*$ 7&991A$ :&)6#7
)(%+;%9$ 27$ '($ :(*')28&'#$ '($ %+6%*:#;#*'7$ 2*$ '"#$ 7:2#*:#$(4$ 7&991A$ :&)6#$+#6#1(9;#*'H
9%)'2:&1%)1A$ %7$ %9912#+$ '($ &*+#)7'%*+2*5$ GEG$ #;2772(*7$ )#+&:'2(*7$ (99()'&*2'2#7$ 2*
K%124()*2%C$$!($%:"2#6#$'"27$5(%1H$2'$0211$%17($123#1A$8#$*#:#77%)A$'($+#6#1(9$GEG$)#+&:'2(*
7&991A$:&)6#7$4()$K%124()*2%$2*$:%7#7$0"#)#$7&:"$:&)6#7$%)#$('"#)027#$&*%6%21%81#C

,%)'$ (4$ '"#$ 1(*5W'#);$ 6272(*$ (4$ '"27$ )(%+;%9$ 27$ '($ +#6#1(9$ '"#$ '#:"*2:%1$ 2*4();%'2(*
*#:#77%)A$'($#*7&)#$'"%'$K%124()*2%L7$9(12:A$;%3#)7$:%*$#44#:'26#1A$)#79(*+$'($%*A$GEGW
)#+&:'2(*$:(;;2';#*'7$;%+#$(*$2'7$8#"%14$8A$'"#$U*2'#+$>'%'#7C$.6#*$%87#*'$%$*%'2(*%1
:(;;2';#*'$ '($ 2*'#)*%'2(*%1$ %5)##;#*'7$ 7&:"$ %7$ '"#$ JA('($ ,)('(:(1H$ K%124()*2%$ ;25"'
+#:2+#$'($%+(9'$2'7$(0*$GEG$;2'25%'2(*$5(%17$4()$'"#$7'%'#C$=1)#%+AH$'"#$>'%'#$"%7$:)#%'#+
%$K%124()*2%$K12;%'#$=:'2(*$/#527')A$'($"#19$:(;9%*2#7$%*+$()5%*2X%'2(*7$+(2*5$8&72*#77
2*$ K%124()*2%$ #7'%8127"$ GEG$ #;2772(*7$ 8%7#12*#7$ %5%2*7'$ 0"2:"$ 4&'&)#$ GEG$ #;2772(*
)#+&:'2(*$ )#Y&2)#;#*'7$ :(&1+$ 8#$ %9912#+C$ >'%'#$ 9(12:A;%3#)7$ 0211$ *##+$ )(8&7'$ %*+
:)#+281#$ #7'2;%'#7$ (4$ GEG$ ;2'25%'2(*$ :(7'7$ %*+$ 2;9%:'7$ 2*$ ()+#)$ '($ +#6#1(9$ GEG
;2'25%'2(*$7')%'#52#7H$9(12:2#7H$9)(5)%;7H$%*+H$9(77281AH$)#5&1%'2(*7C

!"27$)(%+;%9$7##37$'($%+6%*:#$'"#$7'%'#W(4W'"#W%)'$(4$7&991A$:&)6#$+#6#1(9;#*'H$%7$0#11
%7$ 2;9)(6#$ '"#$ %9912:%8212'A$ %*+$ 4&*:'2(*%12'A$ (4$ 7&:"$ :&)6#7$ 4()$ 9(12:A$ ;%32*5$ %*+
;%:)(#:(*(;2:$ ;(+#12*5C$ !"#$ 7')#*5'"7$ %*+$ 12;2'%'2(*7$ (4$ 7&991A$ :&)6#7$ 6%)A
725*242:%*'1A$8A$5)##*"(&7#$5%7$'A9#$%*+$8A$7#:'()Z$"(0#6#)H$62)'&%11A$%11$7&991A$:&)6#7
+#6#1(9#+$'($+%'#$:%*$8#$ 2;9)(6#+$02'"$)#79#:'$ '($'"#2)$;#'"(+7H$+%'%$ 12;2'%'2(*7H$%*+
;(+#17C

Background
[>&991A$:&)6#7\$"%6#$8##*$&'212X#+$2*$%$*&;8#)$(4$+27:2912*#7$4()$;%*A$A#%)7$%7$%$0%A$'(
5)%9"2:%11A$+2791%AH$2*$72;91#$'#);7H$'"#$:(7'$%*+$%6%21%8212'A$(4$%$)#7(&):#$()$('"#)$;%)3#'
5((+C$ !"#$ 7&991A$ :&)6#$ 9%)%+25;$0%7$ %+(9'#+$ '($ :"%)%:'#)2X#$ '"#$ 9('#*'2%1$ :(7'7$ %*+
8#*#42'7$(4$#*#)5A$:(*7#)6%'2(*$2*$'"#$#%)1A$OP]^7C$!"#7#$#%)1A$:(*7#)6%'2(*$7&991A$:&)6#7
0#)#$ 2*'#*+#+$ '($ 5)%9"2:%11A$ 211&7')%'#$ '"#$ %;(&*'$ (4$ #*#)5A$ )%@'$/)$ '"%'$ :(&1+$ 8#
%:"2#6#+$'")(&5"$02+#79)#%+$ 2;91#;#*'%'2(*$(4$#*#)5A$:(*7#)6%'2(*$;#%7&)#7H$%7$0#11
%7$ '"#$ :(7'7$ (4$ %:"2#62*5$ '"(7#$ 7%62*57C$ $ -*$ '"27$0%AH$ :(*7#)6%'2(*$ 7&991A$ :&)6#7$0#)#
+#725*#+$'($%11(0$+2)#:'$:(;9%)27(*$(4$'"#$:(7'7$(4$7%62*5$%$&*2'$(4$#*#)5A$02'"$'"#$:(7'7
(4$ 9)(+&:2*5$ 2'C$ $ G#*#)%11AH$ '"#$ 6#)'2:%1$ %T27$ (4$ '"#$ :&)6#$ )#9)#7#*'#+$ '"#$ :(7'$ (4$ #%:"
:(*7#)6%'2(*$;#%7&)#H$&7&%11A$ 2*$+(11%)7$9#)$&*2'$(4$ #*#)5A$ 7%6#+H$0"21#$ '"#$"()2X(*'%1
%T27$)#9)#7#*'#+$'"#$'('%1$%;(&*'$(4$#*#)5A$7%62*57$%6%21%81#C$$D#%7&)#7$%)#$()+#)#+$(*$%
;%)52*%1H$1#%7'W:(7'$8%727C
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M6#)$'"#$1%7'$'#*$A#%)7H$'"#$#*#)5A$:(*7#)6%'2(*$7&991A$:&)6#$4)%;#0()3$0%7$%+%9'#+$%*+
%9912#+$'($'"#$9)(81#;$(4$:"%)%:'#)2X2*5$'"#$:(7'7$%*+$8#*#42'7$(4$6%)2(&7$GEG$;2'25%'2(*
7')%'#52#7C$$-*$'"#7#$GEG$;2'25%'2(*$7&991A$:&)6#7H$:(7'7$%)#$5#*#)%11A$#T9)#77#+$2*$+(11%)7
9#)$ '(*$(4$ :%)8(*W#Y&26%1#*'$ )#+&:'2(*$ %*+$91(''#+$ %5%2*7'$ '"#$ '('%1$ %;(&*'$ (4$ :%)8(*W
#Y&26%1#*'$)#+&:'2(*$'"%'$:%*$8#$%:"2#6#+$8A$2;91#;#*'2*5$'"#$;2'25%'2(*$;#%7&)#7C

I#792'#$ 7(;#$ 2*"#)#*'$0#%3*#77#7$%*+$ 12;2'%'2(*7$ 2*$ '"#$ 7&991A$ :&)6#$%99)(%:"H$ 2'$ "%7
8##*$%+(9'#+$ 2*$;%*A$GEG$;2'25%'2(*$7'&+2#7$ 4()$ 7#6#)%1$ )#%7(*7C$R2)7'H$ 7&991A$:&)6#7
%)#$%*$#44#:'26#$0%A$(4$9)#7#*'2*5$ '"#$ :(;82*#+$ )#7&1'7$(4$ 2*+262+&%1 ;#%7&)#$ %*%1A7#7
2*'($ %$ 72;91#$ 5)%9"2:%1$ 4();%'$ '"%'$ 27$ 2*'&2'26#1A$ #%7A$ '($ &*+#)7'%*+C$ !"27$ 27$ 2;9()'%*'
8#:%&7#$;%*A$GEG$;2'25%'2(*$7&991A$:&)6#$7'&+2#7$(4'#*$2*:1&+#$:(7'$%*+$2;9%:'$+%'%$(*
"&*+)#+7$()$'"(&7%*+7$(4$2*+262+&%1$'#:"*(1(52#7$%*+$9)%:'2:#7C$=$7#:(*+$)#%7(*$7&991A
:&)6#7$ "%6#$ 9)(6#+$ &7#4&1$ '($ GEG$ )#7#%):"#)7$ 27$ '"%'$ '"#2)$ )#7&1'7$ :%*$ 8#$ +2)#:'1A
2*:()9()%'#+$2*'($%$*&;8#)$(4$#T27'2*5$#*#)5A$%*+$#:(*(;2:$ 4()#:%7'2*5$;(+#17C$ $!"#7#
;(+#17$ &7#$ GEG$ ;2'25%'2(*$ 7&991A$ :&)6#7$ %7$ 2*9&'7$ '($ #7'2;%'#7$ (4$ '"#$ '('%1
;%:)(#:(*(;2:$:(7'7$%77(:2%'#+$02'"$%:"2#62*5$79#:242:$1#6#17$(4$)#+&:'2(*7$2*$5)##*"(&7#
5%7$#;2772(*7C

Roadmap Scope
!"27$ )(%+;%9$ %++)#77#7$ )#7#%):"$*##+7$ %77(:2%'#+$02'"$ '"#$+#6#1(9;#*'$ (4$K%124()*2%W
79#:242:$GEG$#;2772(*$)#+&:'2(*$7&991A$:&)6#7$4()$%$6%)2#'A$(4$GEG$'A9#7$%*+$7#:'()7C
K%)8(*$+2(T2+#$;2'25%'2(*$ '")(&5"$ 7#Y&#7')%'2(*$ %*+$ +2)#:'$ )#;(6%1$ %99)(%:"#7$ 27$ *('
%++)#77#+C

General Supply Curve Methodological and Data Limitation Issues
I#792'#$ '"#2)$&7#4&1*#77H$ )#7#%):"$ 4()$ '"27$ )(%+;%9$ 2*+2:%'#7$ '"%'$ '"#)#$%)#$%$*&;8#)$(4
;#'"(+(1(52:%1$ 9)(81#;7$ %*+$ +%'%$ 12;2'%'2(*7$ %77(:2%'#+$02'"$ GEG$;2'25%'2(*$ 7&991A
:&)6#$ 7'&+2#7H$ 2*:1&+2*5$ '"#$ 4(11(02*5<$ $ 2*%+#Y&%'#$ 2*:()9()%'2(*$ (4$;#%7&)#$ :(7'7$ %*+
8#*#42'7Z$%$1%:3$(4$%::#77$'($9)(9)2#'%)A$2*+&7')A$+%'%Z$%$1%:3$(4$;#%7&)#$%+(9'2(*$%*%1A727
%*+$;(+#12*5Z$ 2*%+#Y&%'#$ 4()#:%7'2*5$ (4$ '#:"*(1(52:%1$ 2**(6%'2(*Z$ &7#$ (4$ %6#)%5#$ :%7#
;#%7&)#$ %*%1A7#7$ N)#7&1'2*5$ 2*$ %55)#5%'2(*$ 82%7QZ$ &7#$ (4$ 7'%'2:$ 6#)7&7$ +A*%;2:$ 7'(:3
;(+#12*5Z$%*+$%$1%:3$(4$&*:#)'%2*'A$%*%1A727C

Goals
!"27$ )(%+;%9L7$ 9)2;%)A$ 5(%1$ 27$ '($ :(*')28&'#$ '($ %+6%*:#;#*'7$ 2*$ '"#$ 7:2#*:#$ (4$ GEG
;2'25%'2(*$7&991A$:&)6#$+#6#1(9;#*'H$9%)'2:&1%)1A$%7$%9912#+$'($&*+#)7'%*+2*5$#;2772(*7
)#+&:'2(*7$(99()'&*2'2#7$2*$K%124()*2%C$!($%:"2#6#$'"27$5(%1H$ 2'$ 123#1A$0211$8#$*#:#77%)A$'(
+#6#1(9$;2'25%'2(*$7&991A$:&)6#7$4()$'"#$>'%'#$(4$K%124()*2%$2*$:%7#7$0"#)#$7&:"$:&)6#7$%)#
('"#)027#$&*%6%21%81#C$ $ -;9)(6#+$GEG$ )#+&:'2(*$ 7&991A$ :&)6#7$0211$ "#19$ 8('"$9)26%'#
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PIER GHG Mitigation Supply Curve Research Objectives
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Note: An asterisk (*) indicates a high probability that the work will be leveraged with other ongoing efforts. The
figure given is the California Energy Commission’s projected expenditure to complete each short-term objective.
**Range depends on number of industry-specific studies conducted ($35,000–$75,000 per industry).
***Higher range includes funding for one or more studies to empirically estimate model parameters.
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Roadmap Organization
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1. Issue Statement
California lacks a full complement of supply curves that would enable State agencies and decision makers
to develop informed decisions about the cost-effectiveness of potential greenhouse gas (GHG) mitigation
measures.$!"27$1%:3$(4$:%9%8212'A$1#%6#7$'"#$>'%'#$&*9)#9%)#+$'($%++)#77$9('#*'2%1$7'%'#$()
*%'2(*%1$;%*+%'#7$4()$GEG$)#+&:'2(*H$()$'($8#*#42'$4)(;$'"#$*%7:#*'$GEG$#;2772(*7
')%+2*5$;%)3#'7C

2. Public Interest Vision
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0%))%*'7$+#6#1(9;#*'$%*+$2;91#;#*'%'2(*$(4$'#:"*(1(52#7$%*+$9(12:2#7$'($;2'25%'#$GEG
#;2772(*7CO$ !"#$ 3#A$ (8S#:'26#$ (4$ '"27$ )(%+;%9$ 27$ '($ "#19$ %+6%*:#$ '"#$ 7'%'#W(4W'"#W%)'$ (4
7&991A$ :&)6#$ +#6#1(9;#*'H$ 9%)'2:&1%)1A$ %7$ %9912#+$ '($ '"#$ &*+#)7'%*+2*5$ (4$ GEG
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,%)'$ (4$ '"#$ 1(*5W'#);$ 6272(*$ (4$ '"27$ )(%+;%9$ 27$ '($ +#6#1(9$ '"#$ '#:"*2:%1$ 2*4();%'2(*
*#:#77%)A$'($#*7&)#$'"%'$K%124()*2%L7$9(12:A$;%3#)7$:%*$#44#:'26#1A$)#79(*+$'($%*A$GEGW
)#+&:'2(*$:(;;2';#*'7$;%+#$(*$2'7$8#"%14$8A$'"#$U*2'#+$>'%'#7C$.6#*$%87#*'$%$*%'2(*%1
:(;;2';#*'$ '($ 2*'#)*%'2(*%1$ %5)##;#*'7$ 7&:"$ %7$ '"#$ JA('($ ,)('(:(1H$ K%124()*2%$ ;25"'
+#:2+#$'($%+(9'$2'7$(0*$GEG$;2'25%'2(*$5(%17$4()$'"#$7'%'#C$=1)#%+AH$'"#$>'%'#$"%7$:)#%'#+
%$K%124()*2%$K12;%'#$=:'2(*$/#527')A$'($"#19$:(;9%*2#7$%*+$()5%*2X%'2(*7$+(2*5$8&72*#77
2*$ K%124()*2%$ #7'%8127"$ GEG$ #;2772(*7$ 8%7#12*#7$ %5%2*7'$ 0"2:"$ 4&'&)#$ GEG$ #;2772(*
)#+&:'2(*$ )#Y&2)#;#*'7$ :(&1+$ 8#$ %9912#+C$ >'%'#$ 9(12:A$ ;%3#)7$ 0211$ *##+$ )(8&7'$ %*+
:)#+281#$ #7'2;%'#7$ (4$ GEG$ ;2'25%'2(*$ :(7'7$ %*+$ 2;9%:'7$ 2*$ ()+#)$ '($ +#6#1(9$ GEG
;2'25%'2(*$7')%'#52#7H$9(12:2#7H$9)(5)%;7H$%*+H$9(77281AH$)#5&1%'2(*7C

!"#)#$%)#$%$*&;8#)$(4$'%)5#'$%&+2#*:#7$4()$0"(;$'"#$2*4();%'2(*$+#6#1(9#+$'")(&5"(&'
2;91#;#*'%'2(*$(4$'"27$)(%+;%9$0(&1+$123#1A$8#$%9912:%81#H$2*:1&+2*5$'"#$4(11(02*5<

•  .T#:&'26#$%*+$?#5271%'26#$8)%*:"#7$(4$>'%'#$5(6#)*;#*'
•  >'%'#$%5#*:2#7H$7&:"$%7$;#;8#)7$(4$'"#$-*'#)%5#*:A$!#%;$(*$K12;%'#$K"%*5#
•  ?(:%1$5(6#)*;#*'7$'"%'$+#:2+#$'($+#6#1(9$%*+$9&)7&#$'"#2)$(0*$GEGW)#+&:'2(*$91%*7

N#C5CH$%7$"%7$(::&))#+$2*$,()'1%*+$%*+$>#%''1#Q
•  !"#$K%124()*2%$K12;%'#$=:'2(*$/#527')A$N:)#%'#+$'")(&5"$>@$OhhOQ
•  ,)26%'#W7#:'()$42);7$9%)'2:29%'2*5$2*$'"#$K12;%'#$=:'2(*$/#527')A

                                                     
1 The potential impacts and costs of global warming on California are addressed through companion PIEREA
RD&D roadmaps.
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•  -*6#7'()W(0*#+$%*+$;&*2:29%1$&'212'2#7$'")(&5"(&'$'"#$>'%'#
•  M'"#)$ *%'2(*%1$ %*+$ 2*'#)*%'2(*%1$ 5(6#)*;#*'$ %*+$ )#7#%):"$ ()5%*2X%'2(*7$ N#C5CH$ UC>C

I#9%)';#*'$(4$.*#)5A$NIM.Q$%*+$UC>C$.*62)(*;#*'%1$,)('#:'2(*$=5#*:A$N.,=QQC

3. Background
3.1 Supply Curves Basics2

!2FF-0* "2&@#)$"%6#$8##*$&'212X#+$ 2*$%$*&;8#)$(4$+27:2912*#7$ 4()$;%*A$A#%)7$ %7$ %$0%A$ '(
5)%9"2:%11A$+2791%AH$2*$72;91#$'#);7H$'"#$:(7'$%*+$%6%21%8212'A$(4$%$)#7(&):#$()$('"#)$;%)3#'
5((+C$ !"#$ 7&991A$ :&)6#$ 9%)%+25;$0%7$ %+(9'#+$ '($ :"%)%:'#)2X#$ '"#$ 9('#*'2%1$ :(7'7$ %*+
8#*#42'7$(4$#*#)5A$:(*7#)6%'2(*$2*$'"#$#%)1A$OP]^7C$!#:"*(1(52#7$()$9)%:'2:#7$'"%'$:(*7#)6#
#*#)5A$0#)#$:"%)%:'#)2X#+$%7$[128#)%'2*5$ i7&991AL$ 4()$('"#)$#*#)5A$+#;%*+7\$%*+$:(&1+
'"#)#4()#$8#$'"(&5"'$(4$%7$%$)#7(&):#$%*+$91(''#+$(*$%$7&991A$:&)6#C`$ -*$'"#$#%)1A$OP]^7H
=)'"&)$/(7#*4#1+He$/(5#)$>%*'Hc$=;()A$?(62*7$N?(62*7$#'$%1C$OP]gQH$%*+$=1%*$D#2#)$ND#2#)
OP]bQ$ :(*+&:'#+$;&:"$ (4$ '"#$ 2*2'2%1$ 0()3$ +#6#1(92*5$ %*+$ %991A2*5$ '"27$ 4)%;#0()3$ '(
#*#)5A$ :(*7#)6%'2(*C$ M6#)$ '"#$ 1%7'$ '#*$ A#%)7H$ '"#$ #*#)5A$ :(*7#)6%'2(*$ 7&991A$ :&)6#
4)%;#0()3$0%7$%9912#+$ 2*$%$*&;8#)$(4$ 7'&+2#7$ '"%'$ 4(:&7#+$(*$:"%)%:'#)2X2*5$ '"#$ :(7'7
%*+$8#*#42'7$(4$6%)2(&7$GEG$;2'25%'2(*$7')%'#52#7C$R()$#T%;91#H$'0($)#:#*'$.,=$7'&+2#7
N.,=$b^^^$%*+$.,=$b^^OQ$+#6#1(9#+$7&991A$:&)6#7$4()$;2'25%'2(*$(4$"25"$51(8%1$0%);2*5
9('#*'2%1$5%7#7$%*+$;#'"%*#H$)#79#:'26#1ACg

I#792'#$ 7(;#$ 2*"#)#*'$ 0#%3*#77#7$ %*+$ 12;2'%'2(*7$ 2*$ '"#$ 7&991A$ :&)6#$ %99)(%:"
N+27:&77#+$ 4&)'"#)$ 2*$ >#:'2(*$ `CeQH$ 2'$ 27$ 123#1A$ '"%'$ 7&991A$ :&)6#7$ "%6#$ 8##*$ %+(9'#+$ 2*
;%*A$GEG$;2'25%'2(*$ 7'&+2#7$ 4()$ %'$ 1#%7'$ '0($ 3#A$ )#%7(*7C$ R2)7'H$ 7&991A$ :&)6#7$ %)#$ %*
#44#:'26#$0%A$(4$9)#7#*'2*5$ '"#$ :(;82*#+$ )#7&1'7$(4$ 2*+262+&%1$;#%7&)#$ %*%1A7#7$ 2*'($ %
72;91#$5)%9"2:%1$4();%'$'"%'$27$ 2*'&2'26#1A$#%7A$'($&*+#)7'%*+C$!"27$27$2;9()'%*'$8#:%&7#
;%*A$(4$ '"#$ 7(W:%11#+$ [8(''(;$&9\$ 7&991A$ :&)6#$ 7'&+2#7$ (4'#*$ 2*:1&+#$ :(7'$ %*+$ 2;9%:'
+%'%$ (*$"&*+)#+7$ ()$ '"(&7%*+7$ (4$ '#:"*(1(52#7$ %*+$9)%:'2:#7C$=$ 7#:(*+$ )#%7(*$ 7&991A
:&)6#7$ "%6#$ 9)(6#+$ &7#4&1$ '($ GEG$ )#7#%):"#)7$ 27$ '"%'$ '"#$ 4();%'$ (4$ '"#2)$ )#7&1'7$ :%*
7(;#'2;#7$ 8#$ +2)#:'1A$ 2*:()9()%'#+$ 2*'($ #T27'2*5$ #*#)5A$ ()$ #:(*(;2:$ ;(+#17$ N'"(&5"
;()#$ 7($ 2*$ '"#$ 4();#)$ '"%*$ 2*$ '"#$ 1%''#)H$ %*+$ )%)#1A$ %7$ #44#:'26#1A$ %7$ )#7#%):"#)7$0(&1+
123#QC$ =*('"#)$ %99#%12*5$ %79#:'$ (4$ 7&991A$ :&)6#7$ 27$ '"%'$ '"#2)$ 9('#*'2%1$ 7%62*57$ ()
;2'25%'2(*$2;9%:'7$%)#$%+S&7'#+$4()$'"#$#44#:'7$(4$(6#)1%992*5$(9'2(*7$'"%'$%)#$'%)5#'#+$%'

                                                     
2 This section describes conservation supply curves as they have been defined and implemented in numerous studies.
Readers should note that Stoft 1995 describes several technical errors in the definition and implementation of
conservation supply curves in the original and subsequent conservation supply curve studies.  Stoft concludes that
“conservation supply curves” are not “true” supply curves in the standard economic sense but can still be useful
(albeit with his recommended improvements) for their intended purpose (demonstration of cost-effective
conservation opportunities).
3 National Academy of Sciences (NAS 1991, Appendix C).
4 Rosenfeld provides an excellent and interesting historical summary of the “early days” of developing estimates of
energy-efficiency potential, beginning in the 1970s, in Rosenfeld 1999.
5 Sant is often credited with coining the terms “least cost energy services” and “cost of conserved energy.”
6 Supply curves have also been used by government agencies, including the California Air Resources Board, to
make decisions about the relative costs and benefits of reducing criteria pollutants.
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R25&)#$O$9)#7#*'7$%$5#*#)2:$#T%;91#$(4$%$7&991A$:&)6#C$=7$7"(0*$2*$'"#$425&)#H$%$7&991A
:&)6#$ 'A92:%11A$ :(*727'7$ (4$ '0($ %T#7j(*#$ '"%'$ :%9'&)#7$ '"#$ :(7'$ 9#)$ &*2'$ (4$ 7%62*5$ %
)#7(&):#$ ()$;2'25%'2*5$ %*$ 2;9%:'$ N#C5CH$ k_321(0%''"(&)$ N3F"Q$ 7%6#+$()$ k_'(*$(4$ :%)8(*
%6(2+#+Qh$ %*+$ '"#$ ('"#)$ '"%'$ 7"(07$ '"#$ %;(&*'$ (4$ 7%62*57$ ()$;2'25%'2(*$ '"%'$ :(&1+$ 8#
%:"2#6#+$%'$#%:"$1#6#1$(4$:(7'C$!"#$:&)6#$27$'A92:%11A$8&21'$&9$%:)(77$2*+262+&%1$;#%7&)#7
'"%'$%)#$%9912#+$'($79#:242:$8%7#$:%7#$9)%:'2:#7$()$'#:"*(1(52#7$8A$;%)3#'$7#5;#*'C$>%62*57
()$;2'25%'2(*$;#%7&)#7$ %)#$ 7()'#+$(*$%$ 1#%7'W:(7'$8%727$ %*+$ '"#$ '('%1$ 7%62*57$()$ 2;9%:'7
;2'25%'#+$ %)#$ :%1:&1%'#+$ 2*:)#;#*'%11A$02'"$ )#79#:'$ '($ '"#$;#%7&)#7$ '"%'$ 9)#:#+#$ '"#;C
>&991A$ :&)6#7$ 'A92:%11A$ N8&'$*('$ %10%A7Q$ #*+$&9$ )#41#:'2*5$+2;2*27"2*5$ )#'&)*7$ %7$ :(7'7
2*:)#%7#$)%92+1A$%*+$7%62*57$+#:)#%7#$725*242:%*'1A$%'$'"#$#*+$(4$'"#$:&)6#C

Percentage or Absolute Units Saved or Avoided

C
os

t p
er

 U
ni

t S
av

ed
 o

r A
vo

id
ed

 

Low Cost - High Potential

Mid Cost - Mid Potential

High Cost - Low to Mid Potential

Each point 
represents an 
individual measure in 
a particular 
application

L').,"*H=*+"(",'9*3.&&$4*5.,#"

                                                     
7 Note that costs are usually annualized (sometimes referred to as “levelized”) in supply curves.  For example,
energy conservation supply curves usually present “costs of conserved energy,” which relate energy savings
achieved by implementing a given efficiency measure, to that measure's “cost of conserved energy” (CCE).

The initial investment in an efficient technology or program is annualized by multiplying it by the “capital recovery
rate” (CRR).

,

where d is the real discount rate and n is the number of years over which the investment is written off (i.e.,
amortized).
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!%81#$O$9)#7#*'7$%$72;91242#+$*&;#)2:$#T%;91#$(4$%$7&991A$:&)6#$:%1:&1%'2(*$ 4()$ 7#6#)%1
#*#)5AW#442:2#*:A$;#%7&)#7$%9912#+$'($:(;;#):2%1$125"'2*5H$4()$%$"A9('"#'2:%1$9(9&1%'2(*
(4$ 8&21+2*57C$ F"%'$ 27$ 2;9()'%*'$ '($ *('#$ 2*$ '"27$ #T%;91#$ 27$ '"%'$ ;#%7&)#7$ %)#$ 7'%:3#+
2*:)#;#*'%11AH$ 8%7#+$ (*$ 1#%7'$ :(7'C$F"#*$;&1'291#$;#%7&)#7$ %)#$ %9912:%81#$ '($ '"#$ 7%;#
8%7#$ :%7#$ '#:"*(1(5AH$ 7&991A$ :&)6#7$ %6(2+$ '"#$ +(&81#$ :(&*'2*5$ (4$ 7%62*57C$ !"27$ 27
%::(;9127"#+$ 8A$ %991A2*5$ ;#%7&)#7$ 7#Y&#*'2%11A$ %*+$ 1(52:%11A$ '($ '"#$ 8%7#$ :%7#$ 2*
Y&#7'2(*C$!"#7#$%+S&7';#*'7$%)#$'A92:%11A$;%+#$2*$#*#)5A$7&991A$:&)6#$7'&+2#7$8A$'%32*5
2*'($ %::(&*'$ '"#$ 2*:)#%72*5$ #442:2#*:A$ '"%'$ (::&)7$ %7$ '"#$ ;(7'$ :(7'W#44#:'26#H$ #*#)5AW
#442:2#*:A$ (9'2(*7$ %)#$ %+(9'#+C$ =7$ '"#$ #*#)5A$ #442:2#*:A$ 5(#7$ &9$ %7$ #%:"$ ;#%7&)#$ 27
%9912#+H$ '"#$ 7%62*57$ %'')28&'%81#$ '($ '"#$ *#T'$ ;#%7&)#$ +#:)#%7#H$ 24$ '"#$ ;#%7&)#7$ %)#
2*'#)%:'26#C$ R()$ #T%;91#H$ '"#$ (::&9%*:A$ 7#*7()$;#%7&)#$ 7"(0*$ 2*$ !%81#$ O$ 0(&1+$ 7%6#
;()#$%'$1#77$:(7'$9#)$&*2'$7%6#+$24$2'$0#)#$%9912#+$'($'"#$8%7#$:%7#$:(*7&;9'2(*$8#4()#$'"#
!]$1%;9$%*+$#1#:')(*2:$8%11%7'$:(;82*%'2(*C$@#:%&7#$'"#$!]_#1#:')(*2:$8%11%7'$:(;82*%'2(*
27$;()#$:(7'W#44#:'26#H$"(0#6#)H$2'$27$%9912#+$42)7'H$1#%62*5$1#77$#*#)5A$7%62*57$9('#*'2%1$4()
'"#$(::&9%*:A$7#*7()C$!"&7H$2*$%$'A92:%1$#*#)5AW#442:2#*:A$7&991A$:&)6#H$'"#$7#:'()$&7%5#
(4$ '"#$8%7#$:%7#$#*+$&7#$ 27$ )#+&:#+$02'"$#%:"$&*2'$(4$ #*#)5AW#442:2#*:A$ '"%'$ 27$%:Y&2)#+C
B('2:#$ 2*$ !%81#$ O$ '"%'$ '"#$ '('%1$ #*+W&7#$ GF"$ :(*7&;9'2(*$ 27$ )#:%1:&1%'#+$ %4'#)$ #%:"
;#%7&)#$27$2;91#;#*'#+H$'"&7$)#+&:2*5$'"#$8%7#$#*#)5A$%6%21%81#$'($8#$7%6#+$8A$'"#$*#T'
;#%7&)#C8

F0?$"*H=*30G&$"*F"9-('90$*:%2"(2'0$*3.&&$4*5.,#"*50$9.$02'%(*6%,*5%GG",9'0$
M')-2'()*B!"#$%&'(#(&()$&*++,-#)(#*.$&"/+0E

       

Measure

Total End Use
Consumption

(GWh)

Applicable
Square
Footage
(000s)

Average
kWh/ft2

Savings
Percentage

(%)
GWh

Savings

Levelized
Cost

($/kWh
saved)

1. Federal Standards 500 100,000 5.0 15 75 0.01

2. T8 with Elec. Ballast 425 100,000 4.3 21 89 0.04

3. Occupancy Sensors 336 40,000 3.4 10 13 0.11

4. Perimeter Dimming 322 20,000 3.2 45 29 0.25

       With all measures 293  2.9 41 207  

-*$'"#$#%)1A$OPP^7H$)#7#%):"#)7$8#5%*$'($%991A$'"#$:(*7#)6%'2(*$7&991A$:&)6#$4)%;#0()3$'(
'"#$9)(81#;$(4$51(8%1$0%);2*5C$!"#$KMb$)#+&:'2(*$%77(:2%'#+$02'"$)#+&:#+$9(0#)$91%*'
5#*#)%'2(*$:%&7#+$8A$ 2;91#;#*'%'2(*$(4$ #*#)5A$ :(*7#)6%'2(*$;#%7&)#7$0%7$%++#+$%7$ %
+2;#*72(*$ '($ '"#$ :(*7#)6%'2(*$ 7&991A$ :&)6#C$R25&)#$ b$ 7"(07$%*$ #T%;91#$(4$ 7&:"$0()3C
!"27$ :&)6#$ 4(:&7#7$ (*$ '"#$ :(7'7$ (4$ )#+&:#+$ KMb$ %77(:2%'#+$ 02'"$ 2;91#;#*'%'2(*$ (4
:(*7#)6%'2(*$%'$+244#)#*'$#*#)5A$9)2:#$9(2*'7C

                                                     
8 The process of ordering measures becomes somewhat more complex when dealing with bundles or packages of
multiple measures that are combined (see Stoft 1995).
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L').,"*N=*O"2*5%/2*%6*5%(/",#"A*50,?%(*!'%P'A"*B55*5>NE*6%,*;$"92,'9
;66'9'"(94*'(*2-"*Q.'$A'()/*3"92%,
!(2&"#>$B=>$OPPOH$=99#*+2T$KC

3.2 The Many “Potentials”
?23#$%*A$)#7(&):#H$'"#)#$%)#$%$*&;8#)$(4$0%A7$2*$0"2:"$%*$#*#)5A$#442:2#*:A$)#7(&):#$:%*
8#$ #7'2;%'#+$ %*+$ :"%)%:'#)2X#+C$ $ I#42*2'2(*7$ (4$ #*#)5A$ #442:2#*:A$ 9('#*'2%1$ %)#$ 2*$ 7(;#
0%A7$%*%1(5(&7$ '($+#42*2'2(*7$(4$9('#*'2%1$+#6#1(9#+$ 4()$ 42*2'#$ 4(7721$ 4&#1$ )#7(&):#7$ 123#
:(%1H$ (21H$ %*+$*%'&)%1$ 5%7C$ $ R()$ #T%;91#H$ 4(7721$ 4&#1$ )#7(&):#7$ %)#$ 'A92:%11A$ :"%)%:'#)2X#+
%1(*5$ '0($9)2;%)A$ +2;#*72(*7<$ $ '"#$ +#5)##$ (4$ 5#(1(52:$ :#)'%2*'A$02'"$0"2:"$ )#7(&):#7
;%A$8#$4(&*+H$%*+$'"#$123#12"((+$'"%'$#T')%:'2(*$(4$'"#$)#7(&):#$0211$8#$#:(*(;2:C$ $!"27
)#1%'2(*7"29$27$7"(0*$:(*:#9'&%11A$2*$R25&)#$`C$$=7$211&7')%'#+$8A$'"#$1(0#)$1#4'$81(:3$2*$'"#
425&)#H$ 7(;#$ 4(7721$ )#7(&):#7$ %)#$3*(0*$02'"$ )#79#:'$ '($ '"#2)$ 1(:%'2(*$ %*+$ 72X#$ N&7&%11A
4)(;$+)2112*5$7%;91#7Q$%*+$%)#$#:(*(;2:%11A$4#%7281#$'($#T')%:'C$$!"#7#$%)#$&7&%11A$)#4#))#+
'($%7$B&(@#$*G#)#&@#)C$$M'"#)$)#7(&):#7$%)#$3*(0*$8&'$*('$#:(*(;2:$'($#T')%:'C$$M&'72+#$(4
'"#$3*(0*$)#7(&):#7$%)#$)#7(&):#7$'"%'$%)#$9(77281#$8&'$*('$0#11$3*(0*C$$!"&7H$%11$('"#)
Y&%+)%*'7$(4$'"#$425&)#$%)#$B())'K-#*G#)(2&"#)C  E(0#6#)H$8('"$'"#$:#)'%2*'A$(4$3*(01#+5#
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%8(&'$#T27'2*5$)#7(&):#7$%*+$'"#2)$#:(*(;2:$62%8212'A$(4$#T')%:'2(*$:%*$:"%*5#$Y&2:31AH$4()
#T%;91#$2*$)#79(*7#$'($02+#$702*57$2*$51(8%1$(21$9)2:#7C$$!"&7H$'"#$:(*:#9'&%1$8(&*+%)2#7
2*$'"#$425&)#$"%6#$9)(6#*$'($8#$6#)A$%;()9"(&7$%*+$+A*%;2:$(6#)$'2;#C

Decreasing Economic Feasibility
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L').,"*K=*5%(9"&2.0$*L,0G"R%,S*6%,*;/2'G02"/*%6*L%//'$*L."$*<"/%.,9"/
!(2&"#>$$E#%1A$#'$%1C$OP]`C

>(;#0"%'$%*%1(5(&71AH$9)#62(&7$#*#)5AW#442:2#*:AW9('#*'2%1$7'&+2#7$"%6#$+#42*#+$7#6#)%1
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#;91(A#+$ 2*$ &'212'A$ 2*'#5)%'#+$ )#7(&):#$ 91%**2*5$ N-/,Q$ 9)(:#77#7$ 2*$ '"#$ 1%'#$ OP]^7$ %*+
#%)1A$OPP^7H$;%*A$ 7'&+2#7$ 4();%11A$ %++#+$ '"#$ :(*:#9'$(4$ #"($(8'"$ 9('#*'2%1$ Nl.B./Gm
OPPbH$.,/-$OPP^QC$;9%(%G'9*:%2"(2'0$$0%7$'A92:%11A$&7#+$'($)#4#)$'($'"#$3#"7$'"%-*F(3#$3'%-$(4
'"(7#$#*#)5A$:(*7#)6%'2(*$;#%7&)#7$ '"%'$0#)#$:(7'W#44#:'26#$0"#*$ :(;9%)#+$ '($ 7&991AW
72+#$%1'#)*%'26#7CP

                                                     
9 Economic potential has been defined differently in different studies.  For example, in the traditional IRP
framework, economic potential was often defined based on the marginal cost of building and running new power
plants.  In California, the Total Resource Cost (TRC) test was often used as part of this determination.  The TRC test
is a form of societal benefit cost test commonly used to compare a utility’s resource alternatives.  In general terms
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for energy-efficiency measures, the TRC was calculated as the ratio of the present value of energy and capacity costs
that would be avoided as a result of implementation of the efficiency measure, divided by the present value of utility
and participant costs incurred to achieve the avoided cost savings.  Other studies, including the recent Report of
Working Group III of the Intergovernmental Panel on Climate Change (IPCC 2001), estimate economic potential
from the consumer’s perspective, that is, based on the direct consumer costs and benefits.
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#:(*(;2:$0#)#$(6#):(;#C$!"#$7(:2(#:(*(;2:$9('#*'2%1$2*:()9()%'#7$'"#$6%1&#$(4$)#+&:2*5
#T'#)*%12'2#7$%*+$27$8%7#+$(*$%$7(:2#'%1$)%'"#)$'"%*$:(*7&;#)$9#)79#:'26#C

                                                     
10 See, for example, ECOFYS 2001.
11 In the CEF study, the BAU forecast assumed a continuation of current energy policies and a steady pace of
technological progress. In contrast, the Moderate and Advanced scenarios were defined by policies that were
consistent with increasing levels of public commitment and political resolve to solving the nation’s energy-related
challenges.  Some of the public policies and programs that define the scenarios cut across sectors; others were
designed individually for each sector (buildings, industry, transportation, and electric generators) and assessed for
impacts out to 2020. Numerous policies were examined, including fiscal incentives, voluntary programs,
regulations, and research and development.
12 Often, the studies that exclude programmatic costs from estimates of “economic” potential do so because the
authors argue that programmatic costs vary by programmatic strategy and, thus, are best captured when estimating
achievable potential.
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3.3 Scope of This Roadmap
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3.4 General Supply Curve Methodological and Data Limitation Issues
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13 For example, some critics argue that a key underlying premise of the bottom-up approach, that there are extensive
market barriers and failures that limit the adoption of energy-efficiency measures to levels below what is optimal for
society, is false.  They view many of the barriers identified in conservation supply curve studies as “benign
characteristics of well-functioning markets” that do not meet the threshold definition of “market failures”
(Sutherland 2000).
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14 Although as demonstrated by the evolution of variable-speed drive controls, the efficiency and cost-reduction
potential of traditional industrial era equipment can also be strongly affected by information technology, almost
always in ways that are difficult to predict.
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M'"#)$3#A$277&#7$2*:1&+#$'"#$4(11(02*5<

•  K(7'7$2*$7&991A$:&)6#7$'#*+$'($8#$72*51#$9(2*'$%6#)%5#7$%*+$+($*('$:%9'&)#$'"#$4%:'$'"%'
:(7'7$(4'#*$6%)A$ %:)(77$ %9912:%'2(*7C$ !"27$ 4%:'()$ *%'&)%11A$ 1#%+7$ '($ 7(;#$ %55)#5%'2(*
82%7Z$ "(0#6#)H$ 2'$ :%*$ %++$ 725*242:%*'$ :(7'H$ '2;#H$ %*+$ :(;91#T2'A$ '($ 2*:()9()%'#$ '"#
+27')28&'2(*7$%)(&*+$'"#$%6#)%5#7C

•  B(*W#*#)5A$:(7'7$%*+$8#*#42'7$%)#$(4'#*$*('$Y&%*'242#+C$R()$#T%;91#H$2*$'"#$2*+&7')2%1
7#:'()H$ *(*W#*#)5A$ 8#*#42'7$ 2*:1&+#$ ;2*2;2X%'2(*$ (4$ 0%7'#$ 9)(+&:'2(*H$ 2*:)#%7#+
9)(+&:'262'AH$%*+$)#+&:'2(*7$2*$('"#)$#;2772(*7$N?%2'*#)$#'$%1C$b^^OQC$-'$27$(4'#*$+2442:&1'
#*(&5"$ 02'"2*$ '"#$ 7:(9#$ (4$ ;%*A$ 7'&+2#7$ '($ Y&%*'24A$ +2)#:'$ :(7'7$ %*+$ 8#*#42'7$ (4
;#%7&)#7H$;&:"$ 1#77$ 2*+2)#:'$ (*#7C$ $B(*#'"#1#77H$ 2+#*'242:%'2(*$%*+$Y&%*'242:%'2(*$(4
2*+2)#:'$ :(7'7$ %*+$ 8#*#42'7$ 27$ :)2'2:%1$ '($ 2;9)(6#+$;(+#12*5$ (4$ %+(9'2(*$ %*+$0(&1+
2*:)#%7#$'"#$:)#+28212'A$(4$;%*A$7'&+2#7C

•  !"#$ 1#%7'W:(7'$ ()+#)2*5$ (4$ ;#%7&)#7$ 2*$ 7&991A$ :&)6#7$ 2;912#7$ '"%'$ ;#%7&)#7$ %)#
%+(9'#+$(*$%$1#%7'W:(7'$8%727Z$0"#)#%7H$%:'&%1$;#%7&)#$%+(9'2(*$27$5#*#)%11A$%$;&1'2W
%'')28&'#$+#:272(*$9)(:#77C$$!"27$+27:)#9%*:A$27$%$4&*:'2(*$(4$8('"$'"#$;#%7&)#W79#:242:
;%)3#'$8%))2#)7_4%21&)#7$'"%'$#T27'$%*+$'"#$4%:'$'"%'$;#%7&)#7$2*$7&991A$:&)6#7$+($*('
%10%A7$(44#)$9#)4#:'1A$:(*7'%*'$&'212'AC

-*$7&;;%)AH$7&991A$:&)6#$7'&+2#7$'($+%'#$"%6#$7&44#)#+$4)(;$%$12;2'%'2(*$'"%'$27$%1;(7'H
8A$+#42*2'2(*H$2*"#)#*'$'($'"#2)$()252*%1$9&)9(7#$%7$%$9(12:A$%*+$;(+#12*5$'((1<$$72;912:2'AC
=7$R1()#*'2*$J)%&7#H$%*$2*'#)62#0##$4()$'"27$)(%+;%9H$9&'$2'<$[=$7&991A$:&)6#$4)%;#0()3
                                                     
15 For example, it has been argued in several studies that utility and government policies to promote electronic
ballasts has resulted in a significant positive feedback loop in which production was increased, costs decreased due
to production economies, and further increases in production and market penetration resulted (see, for example,
XENERGY 1998b and Duke and Kammen 1999).
16 This roadmap does not include such models in scope; however, we reference this issue to illustrate that some of
the limitations of supply curve studies are tied to the limits of the larger models into which they feed.  See the
companion PIEREA roadmap on economic issues authored by Alan Sanstad for more issues related to
macroeconomic and GCC models.
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27$&7#4&1$;%2*1A$4()$%$:#)'%2*$32*+$(4$;(+#12*5$2*$0"2:"$')%*79%)#*:A$%*+$72;912:2'A$%)#
;()#$ 2;9()'%*'$ '"%*$ :(;9)#"#*726#*#77C\$ $D(7'$ %*%1A7'7$ %5)##$ '"%'$ '"#)#$ %)#$ 8)(%+#)
;(+#12*5$%99)(%:"#7$'"%'$%)#$;()#$%99)(9)2%'#$4()$9(12:A$;%32*5$'"%*$7&991A$:&)6#7C$$-*
4%:'H$8A$7(;#$+#42*2'2(*7H$%++)#772*5$'"#$0#%3*#77#7$(&'12*#+$%8(6#$)#Y&2)#7$'"#$%+(9'2(*
(4$%$4)%;#0()3$'"%'$5(#7$8#A(*+$7&991A$:&)6#7C

3.5 Why This Research Is Needed
!"#)#$ %)#$%$*&;8#)$(4$ 2;9()'%*'$ )#%7(*7$ 4()$,-./.=$ '($ #;8%)3$(*$ )#7#%):"$ )#1%'#+$ '(
GEG$;2'25%'2(*$ :&)6#7$ 4()$ K%124()*2%C$ $ R2)7'H$ K%124()*2%$ *##+7$ %::&)%'#$ GEG$ )#+&:'2(*
2*4();%'2(*$2*$()+#)$'($;%3#$2*4();#+$+#:272(*7$(*$0"#'"#)$%*+$'($0"%'$#T'#*'$2'$7"(&1+
4();&1%'#$ 2'7$(0*$9&812:$9(12:A$(*$:12;%'#$:"%*5#C$ $>#:(*+H$%7$+27:&77#+$ 2*$>#:'2(*7$`Ce
%*+$eH$#T27'2*5$GEG$)#+&:'2(*$7'&+2#7$%)#$2*%+#Y&%'#$4()$'"27$9&)9(7#$8#:%&7#$'"#A<$OQ$%)#
*('$79#:242:$ '($K%124()*2%H$bQ$ 7&44#)$ 4)(;$;#'"(+(1(52:%1$%*+$+%'%$ 12;2'%'2(*7H$%*+$`Q$%)#
2*:(;91#'#$N7&991A$:&)6#7$%)#$*('$%6%21%81#$4()$%11$3#A$GEG7QC$$!"2)+H$*($('"#)$2*7'2'&'2(*
2*$K%124()*2%$27$:&))#*'1A$0()32*5$'($+#6#1(9$:(;9)#"#*726#$%*+$%::&)%'#$GEG$)#+&:'2(*
7&991A$:&)6#7$4()$'"#$>'%'#C

-*$7"()'H$,-./.=$#44()'7$%)#$*##+#+$'($%+6%*:#$'"#$7'%'#W(4W'"#W%)'$4()$GEG$7&991A$:&)6#7
%*+$'($+#6#1(9$K%124()*2%W79#:242:$GEG$7&991A$:&)6#7$ 2*$:%7#7$0"#)#$*($('"#)$#*'2'A$ 27
+(2*5$7(C$$F"#)#$;#'"(+(1(52:%1$()$+%'%$2;9)(6#;#*'7$%)#$'%)5#'#+$'"%'$"%6#$*%'2(*%1$()
2*'#)*%'2(*%1$8#*#42'7H$,-./.=$7"(&1+$0()3$S(2*'1A$02'"$('"#)$()5%*2X%'2(*7$'($7"%)#$8('"
'"#$:(7'7$%*+$8#*#42'7$(4$7&:"$0()3C

3.6 The PIER Focus
.T27'2*5$5)##*"(&7#$5%7$;2'25%'2(*$7&991A$:&)6#7$%)#$2*%+#Y&%'#$'($9)(9#)1A$%++)#77$'"#
4&11$ 7#1#:'2(*$ (4$ GEG$ ;2'25%'2(*$ (99()'&*2'2#7$ 2*$ K%124()*2%C$ >&991A$ :&)6#7$ 4()$ 7(;#
7#:'()7$"%6#$8##*$+#6#1(9#+$(*$%$*%'2(*%1$1#6#1Z$"(0#6#)H$'"#$>'%'#$*##+7$'($8&21+$&9(*
'"27$0()3$'($+#42*#$2'7$7:(9#$2*$)#1%'2(*$'($K%124()*2%H$%7$0#11$%7$+#6#1(9$7&991A$:&)6#7$4()
7#:'()7$'"%'$"%6#$*('$8##*$%++)#77#+$2*$('"#)$)#7#%):"$#44()'7C

,%)'$ (4$ '"#$;2772(*$ (4$ ,-./$ 27$ '($ :(*+&:'$ %*+$ 4&*+$ )#7#%):"$ 2*$ '"#$ 9&812:$ 2*'#)#7'$ '"%'
0(&1+$('"#)027#$*('$(::&)C$I#6#1(92*5$5)##*"(&7#$5%7$;2'25%'2(*$7&991A$:&)6#7$4()$2*W
7'%'#$5#*#)%'2(*$7(&):#7$27$(*#$7&:"$277&#C$,-./.=$%2;7$'($%++)#77$'"27$'(92:$'")(&5"$2'7
(0*$ '%)5#'#+$ )#7#%):"$ %*+$ '($ %'')%:'$ :(11%8()%'()7$ '"%'$ 0211$ 7"%)#$ +%'%$ %*+$ 0()3$ 02'"
,-./.=C

M'"#)$ ,-./.=$ )(%+;%97$ %++)#77$ ('"#)$ #:(*(;2:$ %*+$ '#:"*2:%1$ %79#:'7$ (4$ GEG
;2'25%'2(*C$F"#*#6#)$9(77281#H$,-./.=$0211$:(()+2*%'#$'"#7#$9)(5)%;7$%*+$7##3$(&'72+#
:(11%8()%'()7$'($1#6#)%5#$4&*+2*5$%*+$%6(2+$(6#)1%992*5$)#7#%):"C
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4. Current Research and Research Needs
!"27$ )(%+;%9L7$ 9)2;%)A$ 5(%1$ 27$ '($ :(*')28&'#$ '($ %+6%*:#;#*'7$ 2*$ '"#$ 7:2#*:#$ (4$ GEG
;2'25%'2(*$7&991A$:&)6#$+#6#1(9;#*'H$9%)'2:&1%)1A$%7$%9912#+$'($&*+#)7'%*+2*5$#;2772(*7
)#+&:'2(*7$(99()'&*2'2#7$2*$K%124()*2%C$!($%:"2#6#$'"27$5(%1H$ 2'$ 123#1A$0211$8#$*#:#77%)A$'(
+#6#1(9$;2'25%'2(*$7&991A$:&)6#7$4()$'"#$>'%'#$(4$K%124()*2%$2*$:%7#7$0"#)#$7&:"$:&)6#7$%)#
('"#)027#$&*%6%21%81#C$ $ -;9)(6#+$GEG$ )#+&:'2(*$ 7&991A$ :&)6#7$0211$ "#19$ 8('"$9)26%'#
%*+$9&812:$7#:'()$+#:272(*$;%3#)7$'($ 4();&1%'#$ '"#$;(7'$#44#:'26#$%*+$#:(*(;2:%1$GEG
;2'25%'2(*$9(12:2#7C

!"#$%:"2#6#;#*'$(4$ '"#7#$5(%17$+#9#*+7$(*$%$6%)2#'A$(4$ 4%:'()7$ '"%'$6%)A$8A$ 7#:'()$ %*+
5)##*"(&7#$5%7C$ $G#*#)%11AH$ 2'$0211$8#$*#:#77%)A$ '($ 2;9)(6#$8%7#12*#$ 2*6#*'()A$+%'%$ 2*$%
6%)2#'A$(4$%)#%7H$2*:1&+2*5$4&#1$:(*7&;9'2(*H$1%*+42117H$%*+$126#7'(:3$4%);7C$$-*$%++2'2(*H$%
*&;8#)$ (4$ ;#'"(+(1(52:%1$ %*+$ ;%:)(#:(*(;2:$ 2*'#5)%'2(*$ 277&#7$ 0211$ *##+$ '($ 8#
2;9)(6#+C$$R2*%11AH$2'$0211$8#$:)2'2:%1$'"%'$,-./.=$#44()'7$2*$'"27$%)#%$%)#$1#6#)%5#+$02'"$'"#
)#7(&):#7$ %*+$ '%1#*'$ %6%21%81#$ 4)(;$('"#)$()5%*2X%'2(*7$02'"$ :(*6#)5#*'$ )#7#%):"$*##+7
%*+$2*'#)#7'7C

='$9)#7#*'H$7"()'W'#);$7&991A$:&)6#$+#6#1(9;#*'$)#7#%):"$*##+7$'($4(:&7$(*$'"#$4(11(02*5
%)#%7<

OC KMb<$@&21+2*57

bC KMb<$-*+&7')A

`C KMb<$!)%*79()'%'2(*

eC KMb<$.1#:')2:2'A$,)(+&:'2(*

cC D#'"%*#<$F%7'#$%*+$=5)2:&1'&)#

gC BbM<$=5)2:&1'&)#$%*+$D(821#$>(&):#7

hC E25"$ G1(8%1$F%);2*5$ ,('#*'2%1$ G%7#7<$ $ -*+&7')A$ %*+$ .1#:')2:2'A$ !)%*7;2772(*$ %*+
I27')28&'2(*

!"#$4(11(02*5$+27:&772(*7$(&'12*#$'"#$7'%'&7$(4$:&))#*'$0()3$2*$'"#$+#6#1(9;#*'$(4$GEG
;2'25%'2(*$7&991A$:&)6#7$8A$7#:'()$%*+$5)##*"(&7#$5%7$ 'A9#H$%*+$ 2+#*'24A$ 7:2#*'242:$%*+
)#7#%):"$5%97C

4.1 CO2: Buildings
!"#)#$27$%$1%)5#$8(+A$(4$)#:#*'$%*+$"27'()2:$12'#)%'&)#$(*$'"#$9('#*'2%1$4()$#*#)5A$7%62*57
%*+$%77(:2%'#+$KMb$)#+&:'2(*7$2*$'"#$8&21+2*57$7#:'()C$N2'-D'$/)*)#"3(&$)#4#)7$8)(%+1A$"#)#
'($#*#)5A$&7#$02'"$)#72+#*'2%1$%*+$:(;;#):2%1$8&21+2*57$%*+$2*:1&+#7$%11$%77(:2%'#+$#*+
&7#7$ N#C5CH$ 2*:1&+2*5$ %9912%*:#7QC$ @%7#+$ (*$ K%124()*2%L7$ 1%'#7'$ #;2772(*7$ 2*6#*'()AH$ '"#
)#72+#*'2%1$%*+$:(;;#):2%1$8&21+2*57$7#:'()$%::(&*'$4()$Oen$%*+$O^n$Nben$:(;82*#+Q$(4
'"#$KMb$#;2772(*7$2*$K%124()*2%$NK.K$b^^O+QC$@#:%&7#$KMb$%::(&*'7$4()$]en$(4$'"#$>'%'#L7
'('%1$GEG$#;2772(*7H$'"#$8&21+2*57$7#:'()$)#9)#7#*'7$b^n$(4$'('%1$GEG$#;2772(*7C
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=7$*('#+$9)#62(&71AH$#%)1A$0()3$2*$'"#$8&21+2*57$7#:'()$2*$'"#$U>$2*$'"#$OPh^7$%*+$OP]^7
:)#%'#+$'"#$8(''(;W&9$4)%;#0()3$4()$;%*A$GEG$;2'25%'2(*$7'&+2#7$2*$'"#$OPP^7C$F2'"2*
'"#$ U*2'#+$ >'%'#7H$ K%124()*2%W8%7#+$ 7'&+2#7$ 0#)#$ %'$ '"#$ 4()#4)(*'$ (4$ #%)1A$ 8&21+2*57
9('#*'2%1$7'&+2#7C$-*'#*726#$7'&+A$(4$#*#)5A$&7#$2*$K%124()*2%$8&21+2*57$"%7$(::&))#+$(6#)
'"#$9%7'$'0#*'AW426#$A#%)7$%7$%$)#7&1'$(4$7#6#)%1$4%:'()7H$2*:1&+2*5<

•  %*$ #%)1A$ 9(12:A$ :(;;2';#*'$ '($ #*#)5A$ :(*7#)6%'2(*$ %*+$ )#*#0%81#$ #*#)5A$ %*+
:)#%'2(*$(4$'"#$K%124()*2%$.*#)5A$K(;;2772(*$NK(;;2772(*Q$2*$OPheH

•  '"#$K(;;2772(*L7$%&'"()2'A$'($9)(;&15%'#$>'%'#W79#:242:$#*#)5AW#442:2#*:A$7'%*+%)+7$2*
'"#$4();$(4$!2'1#$b^$N%9912%*:#7Q$%*+$!2'1#$be$N8&21+2*5$7"#11QH

•  '"#$K(;;2772(*L7$+#6#1(9;#*'$%*+$(*5(2*5$2;91#;#*'%'2(*$(4$#*+W&7#$4()#:%7'2*5$'(
9)(S#:'$ #*#)5A$ :(*7&;9'2(*$ %*+$ 9#%3$ +#;%*+$ 2*$ '"#$ :(;;#):2%1$ %*+$ )#72+#*'2%1
7#:'()7H

•  '"#$ K%124()*2%$ ,&812:$ U'212'2#7$ K(;;2772(*L7$ NK,UKL7Q$ )#Y&2)#;#*'7$ '"%'$ '"#$ >'%'#L7
2*6#7'()W(0*#+$&'212'2#7$ 2;91#;#*'$ #*#)5AW7%62*57$9)(5)%;7$ N4)(;$ '"#$ 1%'#$ OPh^7$ '(
'"#$9)#7#*'Q$%*+$9)%:'2:#$2*'#5)%'#+$)#7(&):#$91%**2*5$N4)(;$'"#$1%'#$OP]^7$'($'"#$;2+W
OPP^7QH

•  '"#$ %:'&%1$ 2;91#;#*'%'2(*$ %*+$ #6%1&%'2(*$ (4$ #*#)5AW#442:2#*:A$ 9)(5)%;7$ 8A
K%124()*2%L7$2*6#7'()W(0*#+$%*+$;&*2:29%1$&'212'2#7$%*+H$2*$'"#$:%7#$(4$'"#$4();#)H$'"#
0#%1'"$ (4$ #TW9(7'$ #6%1&%'2(*7$ (4$ 9)(5)%;$ 2;9%:'7$ N7#6#)%1$ "&*+)#+$ 7'&+2#7$ '"%'
)#9)#7#*'$7#6#)%1$'#*7$(4$;2112(*7$(4$+(11%)7$0()'"$(4$)#7#%):"QH

•  '"#$ >'%'#L7$ 8)2#4$ 7"24'$ '(0%)+7$ %$ ;%)3#'$ ')%*74();%'2(*$ 9)(5)%;$ ()2#*'%'2(*H$ 0"2:"
)#7&1'#+$2*$%$7#'$(4$;%)3#'$%77#77;#*'$%*+$#6%1&%'2(*$7'&+2#7$'"%'$0#)#$;()#$4(:&7#+
(*$&*+#)7'%*+2*5$%*+$%;#12()%'2*5$;%)3#'$8%))2#)7$'"%*$0#)#$'"#$2;9%:'$#6%1&%'2(*7
'"%'$9)#:#+#+$'"#;H$%*+

•  '"#$ )#:#*'$ K%124()*2%$ #*#)5A$ :)2727$ 0"2:"$ 5#*#)%'#+$ %$ *#0$ 0%6#$ (4$ 2*'#)#7'$ %*+
)#7(&):#7$+2)#:'#+$%'$2;91#;#*'2*5$#*#)5AW#442:2#*:A$;#%7&)#7$2*$'"#$>'%'#C

!($ 9)(62+#$ %$ 512;97#$ (4$ '"#$ 8(+A$ (4$ )#7#%):"$ 8()*$ (4$ '"#7#$ "27'()2:$ %*+$ :(*'#;9()%)A
4%:'()7H$ 0#$ 127'$ 8#1(0$ S&7'$ %$ 4#0$ )#1%'26#1A$ )#:#*'$ #T%;91#7$ (4$ '"#$ 7'&+2#7$ %*+$ )#9()'7
%6%21%81#$(*$#*#)5AW#442:2#*:A$2*$K%124()*2%L7$8&21+2*57$7#:'()<Oh

•  ,%-'+(&$'%*.$#&/0*,(88'))'($*.$DZ2)#*W#8%$D*1(&#"%)3)*$N#C5CH$K.K$b^^^%$%*+$b^^bQC$!"#
.*#)5A$K(;;2772(*$9#)2(+2:%11A$:(*+&:'7$#*#)5A$+#;%*+$4()#:%7'7C$ $!"#7#$4()#:%7'7
2*:1&+#$#7'2;%'#7$(4$3#A$+%'%$*#:#77%)A$4()$%77#77;#*'$(4$#*#)5AW#442:2#*:A$9('#*'2%1H
2*$ 9%)'2:&1%)H$ 4()#:%7'7$ (4$ :(;;#):2%1$ 41(()$ 79%:#H$ :(;;#):2%1$ 7Y&%)#$ 4(('%5#H
)#72+#*'2%1$ "(&7#"(1+7H$ #*+$ &7#$ :(*7&;9'2(*$ N#C5CH$ 3F"$ 9#)$ "(&7#"(1+$ 4()$ %2)
:(*+2'2(*2*5QH$ %*+$#*+$&7#$ 7%'&)%'2(*$ 1#6#17$ N#C5CH$ 4)%:'2(*$(4$ :(;;#):2%1$ 41(()$ 79%:#
02'"$;#:"%*2:%1$%2)$:(*+2'2(*2*5QC

•  =;;9*W..G*4FD%3#*!32D0$ Nl.B./Gm$b^^O8QC$ -*:1&+#7$&9+%'#+$ 2*:)#;#*'%1$;#%7&)#
:(7'7$4()$:&))#*'1A$%6%21%81#$)#72+#*'2%1$%*+$:(;;#):2%1$;#%7&)#7$%*+$#7'2;%'#7$(4$9#)
&*2'$ #*#)5A$ 7%62*57$ 4()$ :&))#*'1A$ %6%21%81#$ )#72+#*'2%1$ ;#%7&)#7C$ U9+%'#7$ 9)#62(&7
;#%7&)#$:(7'$7'&+2#7$4)(;$OPPbH$OPPeH$%*+$OPPgC

                                                     
17 It is safe to say that no other state approaches California in the breadth and depth of efficiency-related buildings
research.
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<"/"0,9-*O""A/
-*$ '"#$ 7"()'W'#);H$ '"#)#$ 27$ %$ *##+$ '($ 2*'#5)%'#$ #T27'2*5$ 2*4();%'2(*$ (*$ #*#)5AW#442:2#*:A
(99()'&*2'2#7$2*$8&21+2*57$2*'($7&991A$:&)6#7$%*+$GEG$;2'25%'2(*$9('#*'2%1$#7'2;%'#7$2*$%
0%A$'"%'$2;9)(6#7$&9(*$9%7'$#44()'7$8A$%+6%*:2*5$'"#$7'%'#W(4W'"#W%)'$4()$7&:"$7'&+2#7C$=7
9%)'$ (4$ '"#7#$ #44()'7H$ #*#)5A$ 7%62*57$ #7'2;%'#7$ 0211$ *##+$ '($ 8#$ :(**#:'#+$ '($ '"#2)$ KMb

#;2772(*W)#+&:'2(*$#Y&26%1#*'7C

-*$%++2'2(*H$'"#)#$27$%*$2;9()'%*'$*##+$'($+#6#1(9$2;9)(6#+$'#:"*(1(5A$%+(9'2(*$;(+#17
4()$#*#)5A$#442:2#*:A$%*+$GEG$;2'25%'2(*$;#%7&)#7C$$=$9('#*'2%11A$&7#4&1$7(&):#$(4$+%'%
4()$ :%128)%'2*5$ 7&:"$ ;(+#17$ ;%A$ 8#$ %6%21%81#$ 4)(;$ '"#$ 9)(5)%;$ ')%:32*5$ 7A7'#;7$ %*+
)#7#%):"$ 7'&+2#7$ +#6#1(9#+$ +&)2*5$ '"#$ 1%7'$ '#*$ A#%)7$ (4$ &'212'A$ #442:2#*:A$ 9)(5)%;7$ 2*
K%124()*2%$ %*+$ ('"#)$ )#52(*7$ (4$ '"#$ U*2'#+$ >'%'#7$ 02'"$ #T'#*726#$ #*#)5A$ #442:2#*:A
9)(5)%;7C

4.2 CO2: Industry
M6#)$'"#$9%7'$'0#*'AW426#$A#%)7H$+#6#1(9;#*'$(4$:(;9)#"#*726#$#*#)5AW#442:2#*:A$7&991A
:&)6#7$ 4()$ '"#$ 2*+&7')2%1$ 7#:'()$"%7$5#*#)%11A$ 1%55#+$8#"2*+$ '"#$0()3$:(*+&:'#+$ 4()$ '"#
8&21+2*57$7#:'()C$!"27$1%5$+2+$*('$)#41#:'$%*A$1#77#)$2;9()'%*:#$(4$'"#$2*+&7')2%1$7#:'()$()
1(0#)$ 9('#*'2%1$ 4()$ 7%62*57H$ 8&'$ )%'"#)H$ 211&7')%'#+$ '"#$ +2442:&1'A$ '"%'$ '"#$ 7#:'()L7
"#'#)(5#*#2'A$9(7#+$'($)#7#%):"#)7C$!%81#$b$7"(07$'"#$2;9()'%*:#$(4$'"#$2*+&7')2%1$7#:'()
'($K%124()*2%L7$#1#:')2:$%*+$5%7$:(*7&;9'2(*C

                                                     
18 There is, however, a new study of the remaining energy-efficiency potential in existing commercial buildings in
progress (XENERGY 2002).
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F0?$"*N=*50$'6%,('0*;$"92,'9*0(A*+0/*Y/"*?4*3"92%,

Electricity Natural Gas
Sector GWh % of Total Mth % of Total
Residential 75,388 31% 5,521 38%
Commercial 87,093 36% 2,103 15%
Industrial 51,996 21% 6,341 44%
Agricultural 14,661 6% 0%
Other 15,270 6% 379 3%
Total 244,408 100% 14,344 100%

!(2&"#>$NK.K$b^^^%QC

!"#$ 2*+&7')2%1$ 7#:'()$ :(*')28&'#7$ Ohn$ (4$ '"#$ >'%'#L7$ KMb$ #;2772(*7$ 4)(;$ 4(7721$ 4&#1
:(*7&;9'2(*H$)(&5"1A$Oen$(4$'('%1$GEG$#;2772(*7$NK.K$b^^O+QC

!"#$:"%11#*5#$9(7#+$8A$'"#$"#'#)(5#*#2'A$(4$'"#$7#:'()$:%*$8#$7##*$2*$R25&)#7$g$%*+$hC$.6#*
%'$'"#$'0(W+252'$7'%*+%)+$2*+&7')2%1$:1%77242:%'2(*$N>-KQ$1#6#1H$#1#:')2:2'A$&7#$27$+27')28&'#+
%:)(77$2*+&7')2#7$02'"$#T')#;#1A$+244#)#*'$2*+&7')2%1$9)(:#77#7C$!"#$bW+252'$+27')28&'2(*$(4
*%'&)%1$5%7$:(*7&;9'2(*$27$ 1#77$+244&7#H$8#2*5$:(*:#*')%'#+$2*$426#$()$72T$;%S()$ 2*+&7')A
'A9#7C19

@#:%&7#$ (4$ '"#$ :(;91#T2'A$ (4$ '"#$ 2*+&7')2%1$ 7#:'()$ %*+$ :(*:(;2'%*'1A$ "25"$ :(7'7$ (4
)#7#%):"2*5$ 2*+&7')AW79#:242:$ #*#)5A$ %*+$ KMb$ )#+&:'2(*$ (99()'&*2'2#7H$ )#1%'26#1A$ 4#0
:(;9)#"#*726#$ 8(''(;W&9$ %77#77;#*'7$ (4$ '"#$ :(7'7$ %*+$ 7%62*57$ 9('#*'2%17$ 02'"2*$ '"#
2*+&7')2%1$ 7#:'()$ "%6#$ 8##*$ :(*+&:'#+$"27'()2:%11AC$ N!"27$ 27$ *('$ '($ 7%A$ '"%'$ *($0()3$ "%7
8##*$ +(*#j7##$ 4()$ #T%;91#H$ G#11#)$ %*+$B#%1$ OPPe$ %*+$ '"#$ 0()3$ (4$D%):$ /(77$ %'$ '"#
U*26#)72'A$(4$D2:"25%*CQ$R()'&*%'#1AH$'"#$7'%'#$(4$2*+&7')2%1$7#:'()$)#7#%):"$"%7$8#5&*$'(
%+6%*:#$'")(&5"$%$*&;8#)$(4$)#:#*'$7'&+2#7C$!0($7#'7$(4$'"#7#$7'&+2#7$:(;91#;#*'$#%:"
('"#)$0#11H$2*$'"%'$(*#$7#'$4(:&7#7$(*$'"#$&*2Y&#$9)(:#77$#1#;#*'7$(4$2*+262+&%1$2*+&7')A
'A9#7H$0"21#$ '"#$ ('"#)$ 7#'$ 4(:&7#7$ (*$ '#:"*(1(52#7$ '"%'$ :&'$ %:)(77$ 2*+&7')2#7C$ ?%0)#*:#
@#)3#1#A$ B%'2(*%1$ ?%8()%'()A$ "%7$ :(*+&:'#+$ %$ 7#)2#7$ (4$ )#:#*'$ 7'&+2#7$ 4()$ '"#
.*62)(*;#*'%1$,)('#:'2(*$=5#*:A$'"%'$9)(62+#$KMbW)#+&:'2(*$7&991A$:&)6#7$ 4()$79#:242:
2*+&7')2%1$7#5;#*'7C$-*+&7')AW79#:242:$7'&+2#7$"%6#$8##*$:(;91#'#+$'($+%'#$ 4()$,&19$%*+
,%9#)$ND%)'2*$#'$%1C$b^^^8QH$K#;#*'$ND%)'2*$#'$%1C$OPPPQH$-)(*$%*+$>'##1$NF())#11$#'$%1C$OPPPQH
%*+$>'#%;$ N.2*7'#2*$#'$ %1CQCb^$!"#$?@B?$ '#%;$%17($ )#:#*'1A$9&8127"#+$%$ )#1%'#+$ 7'&+A$(4
#;#)52*5$ 2*+&7')2%1$ '#:"*(1(52#7$ ND%)'2*$ #'$ %1C$ b^^^:QC$ !"#$ IM.$ "%7$ %17($ :(*+&:'#+
7#6#)%1$ )#:#*'$ 7'&+2#7$%2;#+$%'$ :"%)%:'#)2X2*5$ '"#$9('#*'2%1$ '($ 2;9)(6#$ 2*+&7')2%1$;('()
Nl.B./Gm$OPP]QH$:(;9)#77#+$%2)$Nl.B./Gm$b^^^QH$%*+$7'#%;$7A7'#;7CbO

                                                     
19 Note, however, that energy processes can vary significantly within two-digit SIC groups as well.
20 The LBNL team has also conducted a baseline study of energy use in the chemicals sector (Martin et al. 2000a).
21 See DOE’s Office of Industrial Technologies steam studies at www.oit.doe.gov/bestpractices/steam/.
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'"(7#$ 2+#*'242#+$ 2*$ >#:'2(*$ `CcC$ -77&#7$ '"%'$ %)#$ 9%)'2:&1%)1A$ :"%11#*52*5$ 2*$ '"#$ 2*+&7')2%1
7#:'()$2*:1&+#+$'"#$4(11(02*5<

•  -+#*'24A2*5$ (99()'&*2'2#7$ :%*$ 8#$ '2;#$ :(*7&;2*5$ %*+$ :(7'1AH$ 8#:%&7#$ (4$ '"#$ &*2Y&#
9)(:#77#7$%77(:2%'#+$02'"$2*+262+&%1$2*+&7')A$'A9#7C

•  -'$27$+2442:&1'$2*$9)%:'2:#$'($(8'%2*$%::&)%'#$#7'2;%'#7$(4$'"#$:&))#*'$1#6#17$(4$9#*#')%'2(*
4()$2*+262+&%1$7')%'#52#7$%*+$'#:"*(1(52#7$02'"2*$79#:242:$2*+&7')2#7C$R#0$+%'%$7(&):#7
%)#$%6%21%81#$'"%'$%)#$8%7#+$(*$7'%'27'2:%11A$)#9)#7#*'%'26#$(*W72'#$7&)6#A7C

•  !"#)#$ 27$ 12;2'#+$ 2*4();%'2(*$ %6%21%81#$ (*$ '"#$ :(7'7$ %*+$ *(*W#*#)5A$ 8#*#42'7$ (4
2*+&7')2%1$$7')%'#52#7$%*+$'#:"*(1(52#7H$%*+$'"#7#$:%*$8#$+2442:&1'$%*+$:(7'1A$'($:(11#:'
4()$2*+&7')AW79#:242:$9)(:#77#7C

•  D(7'$:&)6#7$+($*('$+244#)#*'2%'#$;#%7&)#7$'"%'$%)#$#%7A$'($2;91#;#*'$4)(;$'"(7#$'"%'
%)#$6#)A$+2442:&1'$'($2;91#;#*'C

•  !"#$()5%*2X%'2(*%1$9)(:#77#7$%*+$:)2'#)2%$%77(:2%'#+$02'"$+#:272(*7$'($2*6#7'$2*$#*#)5AW
#442:2#*:A$%*+$#*62)(*;#*'%1$;2'25%'2(*$9)(S#:'7$%)#$*('$0#11$&*+#)7'((+C

•  I%'%$ (*$ 2*+&7')2%1$ 7#:'()$ '#:"*(1(52#7H$ 9)(:#77#7H$ %*+$ %+(9'2(*7$ :%*$ 8#$ +2442:&1'$ '(
(8'%2*$8#:%&7#$2*+&7')2%1$:&7'(;#)7$7(;#'2;#7$:(*72+#)$7&:"$2*4();%'2(*$:(*42+#*'2%1
()$9)(9)2#'%)AC

G26#*$'"#$2;9()'%*:#$(4$'"#$2*+&7')2%1$7#:'()$'($GEG$#;2772(*7$2*$K%124()*2%H$%*+$'"#$1%:3
(4$ K%124()*2%W79#:242:$ 2*+&7')2%1$ 7&991A$ :&)6#7H$ 725*242:%*'$ 4&)'"#)$ )#7#%):"$ 2*$ '"27$ '(92:
%)#%$27$*##+#+C

<"/"0,9-*O""A/
B($)#:#*'H$K%124()*2%W79#:242:$7&991A$:&)6#7$%)#$%6%21%81#$4()$2*+&7')AC$E(0#6#)H$'"#)#$%)#
%$*&;8#)$(4$*%'2(*%1$7'&+2#7$'"%'$:%*$8#$#44#:'26#1A$1#6#)%5#+$%*+$%9912#+$'($'"#$K%124()*2%
;%)3#'7C$.T27'2*5$7'&+2#7$"%6#$%99)(%:"#+$'"#$;%)3#'$8('"$8A$2*+&7')A$'A9#$%*+$8A$#*+
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&7#C$ @#:%&7#$ (4$ '"#$ "#'#)(5#*#2'A$ (4$ '"#$ 7#:'()H$ %*$ 2*+&7')AW8AW2*+&7')A$ %99)(%:"$ 27
%99)(9)2%'#$4()$:"%)%:'#)2X2*5$2*+&7')AW79#:242:$9)(:#77$(99()'&*2'2#7C

@#:%&7#$ '"#7#$ 7'&+2#7$ %)#$ :(7'1A$ 0"#*$ :(*+&:'#+$ %:)(77$ ;%*A$ 79#:242:$ 2*+&7')2#7$ %*+
8#:%&7#$;&:"$(4$ '"#$8%72:$;#%7&)#$ :(7'$ %*+$9#)W&*2'$ 7%62*57$ 2*4();%'2(*$ :%*$ 123#1A$ 8#
')%*74#))#+$4)(;$*%'2(*%1$7'&+2#7$'($K%124()*2%H$'"#$)#7#%):"$+27:&77#+$2*$>#:'2(*$c$7"(&1+
8('"$1#6#)%5#$'"#$#T27'2*5$*%'2(*%1$7'&+2#7$%*+$:(W79(*7()$*#0$7'&+2#7$4()$3#A$2*+&7')2#7
*('$A#'$%++)#77#+C

-*$%++2'2(*H$'"#)#$27$%*$2;9()'%*'$*##+$'($+#6#1(9$2;9)(6#+$'#:"*(1(5A$%+(9'2(*$;(+#17
4()$#*#)5A$#442:2#*:A$%*+$GEG$;2'25%'2(*$;#%7&)#7C$$=$9('#*'2%11A$&7#4&1$7(&):#$(4$+%'%
4()$ :%128)%'2*5$ 7&:"$ ;(+#17$ ;%A$ 8#$ %6%21%81#$ 4)(;$ '"#$ 9)(5)%;$ ')%:32*5$ 7A7'#;7$ %*+
)#7#%):"$ 7'&+2#7$ +#6#1(9#+$ +&)2*5$ '"#$ 1%7'$ '#*$ A#%)7$ (4$ &'212'A$ #442:2#*:A$ 9)(5)%;7$ 2*
K%124()*2%$ %*+$ ('"#)$ )#52(*7$ (4$ '"#$ U*2'#+$ >'%'#7$ 02'"$ #T'#*726#$ #*#)5A$ #442:2#*:A
9)(5)%;7C

4.3 CO2: Transportation
!"#$ )#1%'26#$ :(*')28&'2(*$ (4$ '"#$ ')%*79()'%'2(*$ 7#:'()$ '($ KMb$ #;2772(*7$ 27$ 1%)5#)$ 2*
K%124()*2%$ '"%*$ 2'$ 27$ *%'2(*%11AC$ -*$ K%124()*2%H$ '"#$ ')%*79()'%'2(*$ 7#:'()$ %::(&*'7$ 4()$ '"#
1%)5#7'$7"%)#$(4$KMb$#;2772(*7$4)(;$4(7721$4&#1$:(*7&;9'2(*$2*$K%124()*2%$8A$4%)H$%'$)(&5"1A
cPn$ NK.K$ b^^O+QH$ 0"#)#%7$ ')%*79()'%'2(*L7$ :(*')28&'2(*$ '($ :%)8(*$ +2(T2+#$ #;2772(*7
*%'2(*%11A$ 27$ (*$ '"#$ ()+#)$ (4$ `bn$ NU>IM._-FG$ b^^^QC$ B%'2(*%11AH$ 125"'W+&'A$ 6#"2:1#7
%::(&*'$4()$cgn$(4$KMb$#;2772(*7$2*$'"#$')%*79()'%'2(*$7#:'()H$4)#25"'$')&:37$OhnH$%*+$%2)
')%6#1$O`nC

!"#)#$27$%$1%)5#$8(+A$(4$12'#)%'&)#$'"%'$%++)#77#7$'"#$9('#*'2%1$'($2;9)(6#$'"#$4&#1$#:(*(;A
(4$125"'W+&'A$6#"2:1#7$2*$'"#$U*2'#+$>'%'#7H$'"#$1%)5#7'$KMb$:(*')28&'()$2*$'"#$')%*79()'%'2(*
7#:'()C$!"#)#$27$;&:"$1#77$2*4();%'2(*$%6%21%81#H$"(0#6#)H$(*$'"#$9('#*'2%1$'($)#+&:#$4&#1
:(*7&;9'2(*$ %*+$ #;2772(*7$ %;(*5$ 4)#25"'$ ')&:37C$ NB('#$ '"%'$ %2)$ ')%*79()'%'2(*$ 27$ *('
2*:1&+#+$02'"2*$'"#$7:(9#$(4$'"27$)(%+;%9CQ$J#A$')%*79()'%'2(*W)#1%'#+$7(&):#7$)#62#0#+
4()$'"27$)(%+;%9$2*:1&+#<

•  G)##*#H$I%62+$%*+$V("*$I#K2::($b^^^C$.$/'$##&'$/*."($(8'"*H$%-0)#)*(+*H23(8(3'@#*12#-
."($(80*B(3#$3'%-*'$*37#*4$'3#D*!3%3#)A$M/B?_!DWb^^^_bgH$V%*&%)AC

•  UC>C$ IM.$ -*'#)1%8()%'()A$ F()32*5$ G)(&9$ (*$ .*#)5AW.442:2#*'$ %*+$ K1#%*W.*#)5A
!#:"*(1(52#7$b^^^C$!"#$%&'()* +(&*%*,-#%$*.$#&/0*1232&#5$,7%F3#&*T>*\&%$)F(&3%3'($*!#"3(&5
UC>C$I#9%)';#*'$(4$.*#)5A$?@B?aee^bPH$B(6#;8#)C

•  =.=$ !#:"*(1(5A$ .*62)(*;#*'$ N=.=QC$ b^^O:C$ ."($(8'"* .@%-2%3'($* (+* .8'))'($)
G#D2"3'($)* '$* 37#* \&%$)F(&3* !#"3(&* (+* 37#* .2&(F#%$* 4$'($* I.4JA* N(33(8Z2F* H$%-0)')A
.&)(9#%*$K(;;2772(*H$D%):"C

•  K%124()*2%$.*#)5A$K(;;2772(*C$OPP]C$S&##$7(2)#*S%)*.8'))'($)*G#D2"3'($*!3&%3#/'#)* +(&
,%-'+(&$'%*L(-28#* =5* ,7%F3#&* T>*G#D2"'$/*S&##$7(2)#*S%)* .8'))'($)* +&(8* \&%$)F(&3%3'($5
K%124()*2%$.*#)5A$K(;;2772(*H$>%:)%;#*'(H$V%*&%)AC
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•  B%'2(*%1$=:%+#;A$(4$>:2#*:#7$NB=>QC$b^^OC$.++#"3'@#$#))*%$D*?8F%"3*(+*,(&F(&%3#*H@#&%/#
12#-*."($(80* I,H1.J*!3%$D%&D)A*,)#9&812:%'2(*$a$U*#+2'#+$,)((4H$B%'2(*%1$=:%+#;A
,)#77H$F%7"2*5'(*H$ICKC

•  >'%'#$ (4$ K%124()*2%C$ b^^OC$!3&%3#/'"* B-%$* +(&* G#)#%&"7* =;;9* 3(* =;9;A$ >'%'#$ (4$ K%124()*2%H
K%1_.,=H$%*+$K%124()*2%$=2)$/#7(&):#7$@(%)+H$V&1AC

•  >#)2#7$(4$ 7'&+2#7$ 79(*7()#+$8A$K%124()*2%$=2)$/#7(&):#7$@(%)+$ N=/@Q$ %*+$K%124()*2%
.*#)5A$ K(;;2772(*$ NK(;;2772(*Q$ 8#2*5$ 9&8127"#+$ 9)2;%)21A$ 2*$ b^^bC$ N=/@_K.K
b^^b%$ %*+$ b^^b8QC$ $ !"#$=/@$ %*+$ '"#$K(;;2772(*$ %)#$ 2*$ '"#$ 9)(:#77$ (4$ :(*+&:'2*5
7#6#)%1$7'&+2#7$)#1%'#+$'($'"#$4&#1$#:(*(;A$%*+$9(11&'2(*$2;9%:'7$(4$'"#$')%*79()'%'2(*
7#:'()$2*$)#79(*7#$'($=77#;81A$@211$b^hgHbb$0"2:"$)#Y&2)#7$'"#$K(;;2772(*$%*+$=/@$'(
+#6#1(9$%*+$7&8;2'$%$7')%'#5A$'($'"#$?#5271%'&)#$'($)#+&:#$9#')(1#&;$+#9#*+#*:#$2*
K%124()*2%C

M*#$(4$'"#$3#A$7(&):#7$127'#+$%8(6#$27$'"#$)#:#*'$7'&+A$8A$G)##*#$%*+$I#K2::($Nb^^^QC$-*
'"27$ 0()3H$ G)##*#$ %*+$ I#K2::($ :(*+&:'#+$ %$ :(;9)#"#*726#$ 12'#)%'&)#$ )#62#0$ %*+
:(;9%)%'26#$ %77#77;#*'$ (4$ 4&#1$ #:(*(;A$ 7&991A$ :&)6#$;#'"(+(1(52#7$ %*+$ )#7&1'7C$ !"#
)#7&1'$27$%*$#T"%&7'26#$%*+$&9W'(W+%'#$%77#77;#*'$(4$'"#$'#:"*2:%1$9('#*'2%1$%*+$%77(:2%'#+
:(7'7$(4$2;9)(62*5$125"'$6#"2:1#$4&#1$#:(*(;AC$=7$*('#+$%8(6#H$'"#$B%'2(*%1$=:%+#;A$(4
>:2#*:#7L$)#:#*'1A$)#1#%7#+$7'&+A$2*:1&+#7$%77#77;#*'$(4$'#:"*(1(52:%1$(9'2(*7$'($2;9)(6#
4&#1$ #:(*(;A$ %*+$ '"#2)$ %77(:2%'#+$ :(7'7$ %*+$ 8#*#42'7C$ -*$ %++2'2(*H$ '"#$ K1#%*$ .*#)5A
R&'&)#H$.&)(9#%*$U*2(*H$%*+$.*#)5A$K(;;2772(*$7'&+2#7$%17($9)(62+#$&7#4&1$2*4();%'2(*
(*$ '"#$9(12:A$ 7')%'#52#7$ '"%'$ :(&1+$8#$ #;91(A#+$ '($ 2*+&:#$ )#+&:'2(*7$ 2*$KMb$ %77(:2%'#+
02'"$ '"#$ ')%*79()'$ 7#:'()C$ R2*%11AH$ '($ :(;91#;#*'$ )#62#0$ (4$ '"#7#$ 7'&+2#7H$ 0#$ %17(
:(*+&:'#+$%*$2*W+#9'"$2*'#)62#0$02'"$G)##*#$Nb^^OQC

!"#$G)##*#$%*+$I#K2::($7'&+A$(*$#*52*##)2*5W#:(*(;2:$%*%1A7#7$)#62#07$;()#$'"%*$b^
;%S()$ 7'&+2#7$ '"%'$ #7'2;%'#$ '"#$ '#:"*(1(52:%1$ 9('#*'2%1$ '($ 2;9)(6#$ 4&#1$ #:(*(;A$ %*+
%77(:2%'#+$ :(7'7C$ G)##*#$ %*+$I#K2::($ +#;(*7')%'#$02+#1A$ +26#)5#*'$ )#7&1'7$ %;(*5$ '"#
7'&+2#7$)#62#0#+H$%7$2*+2:%'#+$8A$'"#$;&1'2W7'&+A$)#7&1'7$7"(0*$2*$R25&)#$]C

                                                     
22 AB 2076 (Chapter 936, Statutes of 2000).
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L').,"*^=*:0//"()",*50,*L."$*;9%(%G4*5%/2*5.,#"/*Q0/"A*%(*3'P*32.A'"/
!(2&"#>$G)##*#$%*+$I#K2::($b^^^C

>(;#$(4$'"#$)#1#6%*'$42*+2*57$4)(;$'"#$G)##*#$%*+$I#K2::($:)(77W7'&+A$%*%1A7#7$2*:1&+#
'"#$4(11(02*5<

•  B($ 4&#1$ #:(*(;A$ 7'&+A$ '"#A$ )#62#0#+$ #T912:2'1A$ 2*:()9()%'#+$ &*:#)'%2*'A$ 2*'($ '"#
#7'2;%'2(*$(4$ '#:"*2:%1$ 9('#*'2%1C$B($ 7'&+2#7$ "%6#$ 8##*$ 4(&*+$ '"%'$ #6%1&%'#$ '"#$ 4&#1
#:(*(;A$ 9('#*'2%1$ (4$ A#'W'(W8#$ ;%)3#'#+$ '#:"*(1(52#7$ 2*$ 0%A7$ '"%'$ Y&%*'24A
&*:#)'%2*'2#7C$D#'"(+7$(4$#7'2;%'2*5$4&#1$#:(*(;A$9('#*'2%1$)#1A$(*$9(2*'$#7'2;%'#7$%7
2*9&'7$ %*+$ 9)(+&:#$ 9(2*'$ #7'2;%'#7$ %7$ (&'9&'7C$ >#*72'262'A$ %*%1A727$ "%7$ )%)#1A$ 8##*
&7#+C

•  >'&+2#7$ +26#)5#+$ 02+#1A$ 02'"$ )#79#:'$ '($ #7'2;%'#7$ (4$ '"#$ :(7'$ (4$ 2*:)#%72*5$ 4&#1
#:(*(;AC$>(;#$(4$'"27$9)(81#;$%)27#7$(&'$(4$2*"#)#*'1A$%;825&(&7$72'&%'2(*7$2*$0"2:"
4&#1W#442:2#*:A$2;9)(62*5$'#:"*(1(52#7$"%6#$;&1'291#$8#*#42'7C$!"#7#$;&1'291#$8#*#42'7
;%3#$ %11(:%'2(*$ (4$ 2*:)#;#*'%1$ :(7'7$ +2442:&1'$ %*+$ 2;9)#:27#C$ =17(H$ 2*$ '"#$ "25"1A
:(;9#'2'26#$ %*+$ :(*:#*')%'#+$ %&'($ 2*+&7')AH$ +2)#:'$ :(7'7$ %77(:2%'#+$ 02'"$ :"%*52*5
%&'(;(821#$'#:"*(1(52#7$+#9#*+$(*$2*"#)#*'$9)(+&:'2(*$:(7'7H$'2;2*5$(4$2*6#7';#*'7H
%*+$;%)3#'$)273C

•  D()#$7($'"%*$27$'"#$:%7#$2*$8&21+2*57W)#1%'#+$7&991A$:&)6#7H$%::(&*'2*5$4()$7A*#)527'2:
#44#:'7$ %;(*5$ %&'(;(821#$ #442:2#*:A$ 2;9)(6#;#*'7$ :%*$ 8#$ #T')#;#1A$ :(;91#T$ %*+
&*:#)'%2*C

•  /#7#%):"#)7$:(&1+$+#)26#$4&#1$#:(*(;A$:(7'$:&)6#7$'"%'$0(&1+$7"(0$'"#$2*'#)7#:'2(*$(4
7&991A$%*+$+#;%*+$:&)6#7$4()$4&#1$#:(*(;AC$!"#7#$:&)6#7$0(&1+$2*+2:%'#$0"#)#$'"#
;%)52*%1$ :(*7&;#)$ :(7'$ (4$ 2*:)#%72*5$ ;21#7W9#)W5%11(*$ #Y&%17$ '"#$ ;%)52*%1$ 9)#7#*'
6%1&#$(4$ 4&#1$7%62*57C$>&:"$:&)6#7$0(&1+$*('$ '%3#$ 2*'($%::(&*'$%*A$#T'#)*%1$ :(7'7$(4
4&#1$&7#H$7&:"$%7$GEGC
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•  R)(;$%$8)(%+$9#)79#:'26#H$*#%)1A$%11$7'&+2#7$)#62#0#+$2*+2:%'#$'"%'$7(;#$[*(*W')262%1\
2;9)(6#;#*'7$ %)#$ %6%21%81#$ %'$ ;(+#7'$ :(7'C$ !"(&5"$ 5)#%'#)$ :(*727'#*:A$ 2*
%77&;9'2(*7$ %*+$ ;#'"(+7$ ;25"'$ *%))(0$ '"#$ )%*5#$ (4$ +244#)#*:#7$ 2*$ :(7'W#:(*(;A
)#7&1'7$%;(*5$4&'&)#$7'&+2#7H$'"#$)#1%'26#$5%2*7$4)(;$4&)'"#)$'#:"*(1(5A_:(7'$%*%1A727
4()$125"'W+&'A$6#"2:1#7$;%A$8#$7;%11C

•  R&'&)#$)#7#%):"$#44()'7$;%A$8#$4(:&7#+$;()#$9)(+&:'26#1A$(*$8#''#)$0%A7$'($)#9)#7#*'
N%Q$ '"#$ :"%)%:'#)27'2:7H$ +)26#)7H$ %*+$ #44#:'7$ (4$ 2**(6%'2(*$ 2*$ %&'(;('26#$ '#:"*(1(5AZ
N8Q$'"#$#44#:'7$(4$)#5&1%'2(*$2*$7"%92*5$+#725*$+#:272(*7$%*+$#T9%*+2*5$'"#$'#:"*(1(5A
(9'2(*7$ %6%21%81#Z$ %*+$ N:Q$ '"#$ )(1#$ (4$ :%92'%1$ :(*7')%2*'7$ 2*$ '#:"*(1(5A$ +#91(A;#*'
+#:272(*7C

K"%9'#)$g$(4$!"#$%&'()*+(&*%*,-#%$*.$#&/0*1232&#$NU>IM._-FG$b^^^QH$9)(62+#7$#7'2;%'#7$(4
2;9%:'7$4)(;$*#0$5(6#)*;#*'$9(12:2#7$(*$')%*79()'%'2(*$#*#)5A$:(*7&;9'2(*$%*+$GEG
#;2772(*7C$=$;(+242#+$6#)72(*$(4$ '"#$B%'2(*%1$.*#)5A$D(+#12*5$>A7'#;$ NB.D>Q$;(+#1
NU>IM._.-=$ b^^^Q$ 0%7$ +#6#1(9#+$ '($ 4()#:%7'$ :"%*5#7$ 2*$ '"#$ ')%*79()'%'2(*$ 7#:'()
7:#*%)2(7$'"%'$;25"'$(::&)$2*$)#79(*7#$'($5(6#)*;#*'$9(12:2#7$'($#*:(&)%5#$)#+&:'2(*7$2*
5)##*"(&7#$ 5%7#7C$ !"#7#$ 4()#:%7'7$ 2*:1&+#+$ @=UH$ ;(+#)%'#$ N1(0W:(7'QH$ %*+$ %+6%*:#+
N;()#$%55)#7726#Q$GEGW)#+&:'2(*$7:#*%)2(7C$!"#$7'&+A$%++)#77#7$&*:#)'%2*'2#7$%77(:2%'#+
02'"$ '"#7#$ 7:#*%)2(7C$!"#7#$&*:#)'%2*'2#7$ %)#$ %77(:2%'#+$02'"$ '"#$ :(7'7$ %*+$9#)4();%*:#
6%1&#7$ (4$ '#:"*(1(52#7$ &*+#)$ +#6#1(9;#*'H$ '"#$ (&':(;#$ (4$ %*$ /IfI$ 9)(5)%;H$ %*+
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23 For example, in 1977, EPRI first published its syndicated Technical Assessment Guide (TAGTM), a series of
reports developed by EPRI to provide a consistent basis for evaluating the economic feasibility of research and
development alternatives for electricity production and delivery technologies.  Various updates to the TAG series
were conducted in the 1980s and early 1990s.  The U.S. DOE and EPRI 1997 Renewables study discussed above is
a related part of this series, in that previous TAGs were used as sources and the results were subsequently used to
prepare EPRI’s first TAG focused exclusively on renewable energy sources (EPRI 2001).  EPRI 2001 is a
proprietary study that was not available for review.  The summary on EPRI’s Web site states that the renewable
TAG will be updated annually.  For its part, the U.S. DOE has been conducting Renewable Energy Technology
Characterizations (TCs) since 1989, the first of which was used for the 1991 National Energy Strategy.
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+27:&77#7$ %*+$ Y&%*'242#7$ :%)8(*W+2(T2+#W)#+&:'2(*$ 9('#*'2%17$ %77(:2%'#+$ 02'"$ *#0$ 5%7
5#*#)%'2(*$'#:"*(1(52#7C$>#:'2(*$eCc$(4$'"#$)#9()'$+27:&77#7$)#*#0%81#$#*#)5A$)#7(&):#7$2*
K%124()*2%H$ %5%2*$02'"2*$ '"#$:(*'#T'$(4$%$ ')%*72'2(*$ '($=@$O]P^$ )#Y&2)#;#*'7C$!"#$ )#9()'
+27:&77#7$2'7$%99)(%:"#7H$%'$'"%'$'2;#H$'($)#+&:2*5$#;2772(*7$4)(;$#1#:')2:2'A$5#*#)%'2(*$8A
%::(&*'2*5$4()$#*62)(*;#*'%1$#T'#)*%12'2#7H$9)(;('2*5$"25"W#442:2#*:A$5%7$5#*#)%'2(*H$%*+
+#6#1(92*5$ %*+$ 2*'#5)%'2*5$ )#*#0%81#$ #*#)5A$ )#7(&):#7$ 2*'($ #1#:')2:2'A$ 5#*#)%'2(*C
,)#7&;%81A$8#:%&7#$(4$ '"#$&*:#)'%2*'A$%8(&'$'"#$')%*72'2(*$8#'0##*$'"#$./$9)(:#77$%*+
;%)3#'W8%7#+$ )#Y&2)#;#*'7$ (4$ =@$ O]P^H$ '"#$ )#9()'$ ;%3#7$ *($ 7')(*5$ 9(12:A
)#:(;;#*+%'2(*7$ 4()$ GEG$ ;2'25%'2(*$ 2*$ '"#$ 5#*#)%'2(*$ 7#:'()$ ('"#)$ '"%*$ '($ *('#$ '"#
K(;;2772(*L7$ :(;;2';#*'$ '($ [9&)7&#$ '"#$ >'%'#L7$ 1(*5W)&*$ 5(%1$ '($ 2*:)#%7#$ %9912:%'2(*
8)(%+1AW8%7#+H$;%)3#'W()2#*'#+$#*62)(*;#*'%1$9(12:2#7$%7$%$0%A$'($2;9)(6#$'"#$8%1%*:2*5
(4$7(:2%1$:(7'7$%*+$8#*#42'7C\



!"#"$%&'()*+,""(-%./"*+0/*1'2')02'%(*3.&&$4*5.,#"/*6%,*7(83202"*3%.,9"/* :7;<

`e

<"/"0,9-*O""A/
R()$'"#$;(7'$9%)'H$'"#$:&))#*'$:(7'7$%*+$GEG$#;2772(*7$:"%)%:'#)27'2:7$(4$+244#)#*'$'A9#7$(4
#1#:')2:2'A$ 5#*#)%'2*5$ 91%*'7$ %)#$ 0#11$ 3*(0*$ N7##H$ 4()$ #T%;91#H$ U>IM._-FG$ b^^^H
U>IM._.,/-$OPPhH$K.K$b^^^:QHbe$%7$%)#$'"#$:(7'7$%77(:2%'#+$02'"$2;9)(62*5$'"#$#442:2#*:A
(4$#T27'2*5$91%*'7$&72*5$#T27'2*5$'#:"*(1(52#7C

?#77$0#11$&*+#)7'((+$'"%*$8%72:$5#*#)%'2(*$:(7'7$%*+$#;2772(*$:"%)%:'#)27'2:7$27$"(0$'"#
;2T$(4$5#*#)%'2(*$7(&):#7$2*$K%124()*2%$0211$()$:(&1+$:"%*5#$2*$'"#$4&'&)#$%*+$"(0$7&:"
:"%*5#7$0(&1+$2;9%:'$(6#)%11$GEG$#;2772(*7C$!"#$'&)8&1#*'$9)(:#77$(4$)#7')&:'&)2*5$%*+
)#W)#5&1%'2*5$ K%124()*2%L7$ #1#:')2:2'A$ 5#*#)%'2(*$ 7#:'()$ "%7$ :(*')28&'#+$ '($ 2*:)#%7#+
&*:#)'%2*'A$2*$'"#$;2T$(4$K%124()*2%L7$5#*#)%'2(*$7(&):#7$(6#)$'"#$*#T'$O^$'($b^$A#%)7C$-*
%++2'2(*H$ '"#)#$ %)#$ %$ 6%)2#'A$ (4$ *#0$ %*+$ 9)(79#:'26#$ 9&812:$ 9(12:2#7$ '"%'$ :(&1+$ 2;9%:'
GEG$ #;2772(*7$ 2*$ '"27$ 7#:'()$ 725*242:%*'1A$ N#C5CH$ '"#$ =@$ Ph^$ IG$ 921('H$ >#*%'()$ >"#)L7
9)(9(7#+$ )#*#0%81#$ 9()'4(12($ 7'%*+%)+H$ '"#$ 7&991A$ 9)(:&)#;#*'$ +#:272(*7$ (4$ '"#
I#9%)';#*'$(4$F%'#)$/#7(&):#7H$ %:'2(*7$ '%3#*$8A$ '"#$K%124()*2%$,(0#)$=&'"()2'AQC$ !"#
K(;;2772(*$:&))#*'1A$;(+#17$'"#$4&'&)#$;2T$(4$5#*#)%'2(*$7(&):#7$2*$'"#$>'%'#$%7$9%)'$(4
2'7$#*#)5A$4()#:%7'2*5$9)(:#77C

R&'&)#$ )#7#%):"$ *##+7$ '($ +#6#1(9$ '"#$ 7&991A$ :&)6#7$ 8%7#+$ (*$ '"27$ 2*4();%'2(*$ %*+$ '(
:(*'2*&#$'($4()#:%7'$'"#$4&'&)#$5#*#)%'2(*$;2T$2*$K%124()*2%$%*+$2*:()9()%'#$'"#$%8212'A$'(
;(+#1$:"%*5#7$2*$)#79(*7#$'($GEG$;2'25%'2(*$9(12:2#7C

4.5 Methane: Waste and Agriculture
=::()+2*5$ '($ '"#$.*#)5A$K(;;2772(*L7$8%7#12*#$ 2*6#*'()A$ 7'&+A$ NK.K$b^^O+QH$;#'"%*#
#;2772(*7$ 2*$ K%124()*2%$ %::(&*'$ 4()$ %99)(T2;%'#1A$ ]n$ (4$ GEG$ #;2772(*7$ 2*$ '"#$ >'%'#C
?%*+42117$2*$K%124()*2%$%)#$'"#$1%)5#7'$7(&):#$(4$;#'"%*#$#;2772(*7H$%::(&*'2*5$4()$)(&5"1A
ebn$NK.K$b^^O+QH$4(11(0#+$8A$%5)2:&1'&)%1$7(&):#7H$0"2:"$;%3#$&9$eOnC$=11$('"#)$7(&):#7
)#9)#7#*'$ 1#77$ '"%*$ O]n$ (4$ '"#$ >'%'#L7$ ;#'"%*#$ #;2772(*7C$ ?%*+42117$ %*+$ %5)2:&1'&)#
)#9)#7#*'$%$1%)5#)$7"%)#$(4$;#'"%*#$#;2772(*7$2*$'"#$>'%'#$'"%*$'"#A$+($*%'2(*%11A$N`h$%*+
bPnH$)#79#:'26#1AH$(4$'"#$*%'2(*%1$;#'"%*#$#;2772(*7H$.,=$OPPPQC$!"27$+279%)2'A$27$8#:%&7#
#;2772(*7$4)(;$*%'&)%1$5%7$7A7'#;7$%*+$:(%1$;2*2*5$%::(&*'$4()$%$;&:"$ 1%)5#)$7"%)#$(4
;#'"%*#$#;2772(*7$*%'2(*%11A$N`^nQ$'"%*$'"#A$4()$K%124()*2%$NPnQC

M*1A$ %$ 4#0$ :(;9)#"#*726#$ 7'&+2#7$ (4$;#'"%*#$ #;2772(*7$ %*+$;2'25%'2(*$ (99()'&*2'2#7
"%6#$8##*$:(*+&:'#+C$!"#$12'#)%'&)#$)#62#0$4()$'"27$)#9()'$4(:&7#+$(*$'"#$4(11(02*5<

•  .*62)(*;#*'%1$ ,)('#:'2(*$ =5#*:A$ N.,=QC$ OPPPC$ 45!5* 6#37%$#* .8'))'($)* 9::;<=;=;>
?$@#$3(&'#)A*B&(C#"3'($)A*%$D*EFF(&32$'3'#)*+(&*G#D2"3'($)A$.,=$e`^W/WPPW^O`H$F%7"2*5'(*H
IK<$UC>C$.*62)(*;#*'%1$,)('#:'2(*$=5#*:AH$>#9'#;8#)C

                                                     
24 In addition, the Energy Commission has current information it has received in the form of actual bid amounts for
prospective renewable projects in California. (See www.energy.ca.gov/renewables/new_renewables_table.html.
Note, however, that the amounts shown are Energy Commission incentive awards, not bid amounts).
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!3&%3#/'#)* +(&* ,%-'+(&$'%* L(-28#)* 9* %$D* =5$ K%124()*2%$ .*#)5A$K(;;2772(*H$ >%:)%;#*'(H
V%*&%)AC

•  K%124()*2%$ .*#)5A$ K(;;2772(*$ NK.KQC$ OPPhC$ .$#&/0* \#"7$(-(/0* !3%32)* G#F(&3A* G#F(&3
!288%&0A*R;;Z:TZ;;TA$K%124()*2%$.*#)5A$K(;;2772(*H$>%:)%;#*'(H$I#:#;8#)C

•  UC>C$I#9%)';#*'$(4$.*#)5A$%*+$.1#:')2:$,(0#)$/#7#%):"$-*7'2'&'#$NU>IM._.,/-Q$OPPhC
G#$#]%K-#* .$#&/0* \#"7$(-(/0* ,7%&%"3#&'[%3'($)5$ !(92:%1$ /#9()'$ !/WO^PePgC
000C#)#*C+(#C5(6_9(0#)_9+47_#*'2)#s+(:&;#*'C9+4C$I#:#;8#)C

•  =.=$!#:"*(1(5A$.*62)(*;#*'$ N=.=QC$b^^O8C$."($(8'"*.@%-2%3'($*(+*!#"3(&%-*.8'))'($
G#D2"3'($*EKC#"3'@#* +(&*,-'8%3#*,7%$/#* <*."($(8'"*.@%-2%3'($* (+* .8'))'($)*G#D2"3'($)* (+
Q'3&(2)*EY'D#)*%$D*6#37%$#*'$*H/&'"2-32&#*'$*37#*.45$UJC$R#8)&%)AC

T=J=H*M0(A6'$$/

D#'"%*#$#;2772(*7$4)(;$1%*+42117$+#9#*+$(*$'"#$72X#$%*+$'A9#$(4$1%*+4211C$=::()+2*5$'($'"#
12'#)%'&)#$ )#62#0#+H$ '"#$ 9)2*:29%1$ ;#%*7$ 4()$ )#+&:2*5$ 1%*+4211$ ;#'"%*#$ #;2772(*7$ %)#
;#'"%*#$)#:(6#)A$%*+$&7#$9)(S#:'7H$%7$0#11$%7$41%)2*5C$=*('"#)$%99)(%:"$27$'($;(+24A$'"#
0%7'#$;%*%5#;#*'$9)%:'2:#7$ '($ )#+&:#$0%7'#$+279(7%1$ 2*$ 1%*+42117C$ !"#$;(7'$ 7A7'#;%'2:
%77#77;#*'$ (4$ '"#$ :(7'7$ %*+$ )#+&:'2(*$ 9('#*'2%1$ %77(:2%'#+$ 02'"$ +(;#7'2:$ ;#'"%*#
#;2772(*7$ 27$.,=$OPPPC$!"27$+(:&;#*'$+#6#1(97$%$;%)52*%1$%8%'#;#*'$:&)6#$ ND=KQ$ 4()
;#'"%*#$ 4)(;$1%*+42117H$8%7#+$(*$;#'"%*#$ )#:(6#)A$ 4()$#1#:')2:2'A$5#*#)%'2(*$%*+$+2)#:'
&7#$(4$;#'"%*#$5%7$8A$*#%)8A$#*+$&7#)7C$NB#2'"#)$41%)2*5$()$0%7'#$)#+&:'2(*$%)#$%77#77#+
8#:%&7#$725*242:%*'$:"%*5#7$2*$9)%:'2:#7$%)#$%1)#%+A$9)(S#:'#+$'($(::&)$%7$%$)#7&1'$(4$7(&):#
)#+&:'2(*7$%77(:2%'#+$02'"$.,=L7$?%*+4211$/&1#$N.,=$OPPgQ$%*+$('"#)$#T27'2*5$;%*+%'()A
)#Y&2)#;#*'7CQ$!"#$8%72:$%99)(%:"$#;91(A#+$2*6(16#7$'"#$#7'2;%'2(*$(4$9)(S#:'$:(7'7$ 4()
1%*+42117$(4$+244#)#*'$72X#7C$K(7'W#44#:'26#*#77$6%)2#7$%7$%$4&*:'2(*$(4$1%*+4211$72X#$#T9)#77#+
2*$'(*7$(4$0%7'#W2*W91%:#$NF-,QC$!"#$*%'2(*%1$9(9&1%'2(*$(4$%99)(T2;%'#1A$bHc^^$1%*+42117$27
%*%1AX#+$ 8A$ 5)(&92*5$ #%:"$ 1%*+4211$ 2*'($ %$ 72X#$ :%'#5()AC$ K(7'$ #7'2;%'#7$ &7#+$ %)#
%55)#5%'#+$ :(7'$ 4%:'()7$ %*+$%$ )#1%'26#1A$ 72;91#$ 7#'$ (4$ 1%*+4211$ :"%)%:'#)27'2:7C$/#7&1'7$ %)#
7"(0*$2*$!%81#$cC$U*:#)'%2*'2#7$%77(:2%'#+$02'"$'"#$.,=$%*%1A727$%)#$7"(0*$2*$!%81#$g$%*+
2*:1&+#$ #))()7$ %77(:2%'#+$ 02'"$ 1%*+4211$ 9(9&1%'2(*$ #7'2;%'#7H$ #))()7$ 2*$ #7'2;%'#7$ (4
#1#:')2:2'A$5#*#)%'2(*$%*+$+2)#:'$&7#$:(7'7H$%*+$#))()7$2*$%77&;9'2(*7$%8(&'$'"#$%;(&*'$(4
5%7$'"%'$:%*$8#$4#%7281A$)#:(6#)#+C

-*$K.K$OPP]%H$'"#$K(;;2772(*$(&'12*#+$'"#$:(;91#T2'2#7$%77(:2%'#+$02'"$GEG$#;2772(*7
%*+$ 72*37$ )#1%'#+$ '($ ;&*2:29%1$ 7(12+$ 0%7'#$ %*+$ 4()#:%7'#+$ #;2772(*7$ %77(:2%'#+$ 02'"
1%*+42117C$!"#$)#9()'$%17($+27:&77#+$7#6#)%1$7')%'#52#7$4()$)#+&:2*5$;#'"%*#$#;2772(*7$4)(;
K%124()*2%$1%*+42117C$!"#$7')%'#52#7$+27:&77#+$2*:1&+#<$0()32*5$:1(7#1A$02'"$'"#$K%124()*2%
-*'#5)%'#+$ F%7'#$ D%*%5#;#*'$ @(%)+$ NK-FD@Q$ '($ #*7&)#$ '"%'$ '"#$ >'%'#$ ;##'7$ 2'7
;%*+%'()A$ 7(&):#$ )#+&:'2(*$ 5(%17H$ 4&)'"#)$ 7'&+A$ (4$ '"#$ :(7'7$ %*+$ 8#*#42'7$ (4$ 79#:242:
;2'25%'2(*$ ;#%7&)#7H$ %*+$ #*:(&)%5#;#*'$ (4$ 1%*+4211W8%7#+$ #1#:')2:$ 5#*#)%'2(*C$ B(
Y&%*'2'%'26#$ %*%1A727$ (4$ '"#$ 9('#*'2%1$ 4()$ )#+&:2*5$ ;#'"%*#$ 4)(;$ 2*:)#%7#+$ #1#:')2:
5#*#)%'2(*$()$+2)#:'$&7#$27$9)(62+#+C
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62)'&%11A$%11$(4$'"#$;%*&)#$(*$1%)5#$"(5$4%);7$27$;%*%5#+$&72*5$12Y&2+$7A7'#;7C\$.;2772(*
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:(7'7$8%7#+$(*$%:'&%1$9)(S#:'$:(7'7$4)(;$+25#7'#)$4%);$9)(S#:'7$9%)'2:29%'2*5$2*$'"#$=5>!=/
9)(5)%;C$ !"#$ .,=$ &7#+$ R%);F%)#H$ %*$ .,=$ 7(4'0%)#$ '((1H$ '($ #7'2;%'#$ ;(+#1$ 4%);
#:(*(;2:7C$ !"#$ :(7'W#44#:'26#*#77$ (4$ :(11#:'2*5$ %*+$ :(*6#)'2*5$ '"#$ ;#'"%*#$ 2*$ 12Y&2+
7A7'#;7$ '($ #*#)5A$6%)2#7$ 9)2;%)21A$ %7$ %$ 4&*:'2(*$ (4$ 4%);$ 72X#H$ %7$ 7"(0*$ 2*$ !%81#$ hC$=7
7"(0*$ 2*$ !%81#$ ]H$ 7#6#)%1$ &*:#)'%2*'2#7$ %*+$ 12;2'%'2(*7$ #T27'$ 2*$ '"#$ )#+&:'2(*$ #7'2;%'#C
!"#7#$2*:1&+#$'"#$%77&;9'2(*7$&7#+$'($+#6#1(9$'"#$;(+#1$4%);$4%:212'AH$'"#$6%)2%8212'A$2*
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I&)2*5$+25#7'2(*H$+(;#7'2:%'#+$%*2;%17$9)(+&:#$;#'"%*#$8A$#*'#)2:$4#);#*'%'2(*C$F"#*
#7'2;%'2*5$ ;#'"%*#$ #;2772(*$ 4)(;$ #*'#)2:$ 4#);#*'%'2(*H$ .,=$ :%'#5()2X#7$ 126#7'(:3
9(9&1%'2(*7$ %*+$ +#6#1(97$ #;2772(*$ 4%:'()7$ 8%7#+$ (*$ '"#$ +26#)72'A$ (4$ 4##+$ %*+$ %*2;%1
:"%)%:'#)27'2:7$N.,=$OPPPQC$!"#$)#9()'$+27:&77#7$%$*&;8#)$(4$0%A7$'($)#+&:#$'"27$4();$(4
#;2772(*7H$ 9)2*:29%11A$ '")(&5"$ 2*:)#%72*5$ 9)(+&:'2(*$ #442:2#*:A$ N#442:2#*:A$ (4$ 4##+
:(*6#)'#+$ '($ 9)(+&:'QC$ D%*A$ (4$ '"#7#$ ;#'"(+7$ 2*6(16#$ 725*242:%*'$ :"%*5#7$ 2*$ 4%);
9)%:'2:#7H$4)(;$4##+7'(:3H$ '($5)%X2*5H$ '($8)##+2*5C$K(*72+#)%81#$&*:#)'%2*'A$ 27$%77(:2%'#+
02'"$ '"#7#$ ;#'"(+7C$ .7'2;%'2*5$ '"#$ :(7'7$ %77(:2%'#+$ 02'"$ 7&:"$ :"%*5#7$ 0(&1+$ %17($ 8#
"25"1A$79#:&1%'26#C$-*$%++2'2(*H$2'$27$#T')#;#1A$+2442:&1'$'($4()#:%7'$"(0$9)2:#$725*%17$0(&1+
8#$7#*'$'($4%);#)7$'($:"%*5#$'"#7#$9)%:'2:#7$NJ)&5#)$b^^OQC
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!(2&"#>$.,=$OPPPC

<"/"0,9-*O""A/
!"#$ :&))#*'$ :(7'7$ (4$ :(11#:'2*5$ %*+$ :(*6#)'2*5$ ;#'"%*#$ 4)(;$ 12Y&2+$ 7A7'#;$ ;%*&)#
;%*%5#;#*'$7A7'#;7$'($#1#:')2:2'A$%)#$9)(62+#+$2*$.,=$OPPPC$!"#$.*#)5A$K(;;2772(*$"%7
%17($ 9)#62(&71A$ #7'2;%'#+$ ;%*&)#$ 82(5%7$ +25#7'#)$ :(7'7$ 2*$ K.K$ OPPhC$ =991A2*5$ '"#
;#'"(+(1(5A$&7#+$2*$.,=$OPPP$'($'"#$9(9&1%'2(*$(4$"(5$%*+$+%2)A$:(0$4%);7$2*$K%124()*2%
%99#%)7$'($8#$4%2)1A$7')%25"'4()0%)+C$!"#$3#A$)#Y&2)#;#*'$ 27$%::&)%'#$:"%)%:'#)2X%'2(*$(4
'"#$ 9(9&1%'2(*$ (4$ K%124()*2%$ 4%);7$ 8A$ 126#7'(:3$ 'A9#H$ 72X#H$ %*+$ :&))#*'$ ;%*&)#
;%*%5#;#*'$%99)(%:"C$!"#$UC>C$I#9%)';#*'$(4$=5)2:&1'&)#$:(*+&:'7$%$ :#*7&7$(4$ 4%);7
#6#)A$ 426#$ A#%)7C$ /#7&1'7$ 4()$ K%124()*2%$ %)#$ 9&8127"#+$ 7#9%)%'#1A$ NU>I=$ OPPPQC$ >#6#)%1
()5%*2X%'2(*7$"%6#$+#6#1(9#+$+%'%8%7#$7#%):"$4&*:'2(*7$'"%'$0()3$(44$(4$'"#$:#*7&7$+%'%C
R&)'"#)$ %77#77;#*'$ 27$ *##+#+$ '($ +#'#);2*#$ 0"#'"#)$ '"27$ +%'%8%7#$ 9)(62+#7$ %11$ (4$ '"#
2*4();%'2(*$*##+#+$ '($ +#6#1(9$ '"#$;%)52*%1$ %8%'#;#*'$ :&)6#$ 4()$ 82(5%7$ 4()$K%124()*2%C
,)(9#)1A$2*:()9()%'2*5$%*+$;%*%52*5$%$+A*%;2:$8%7#12*#$4()#:%7'$(4$"(5$%*+$+%2)A$4%);7
0211$ %17($ 8#$ 2;9()'%*'C$ =7$ 2*$ '"#$ :%7#$ (4$ 1%*+4211$ 5#*#)%'2(*H$ 277&#7$ )#1%'#+$ '($ IG
2*'#):(**#:'2(*$ %*+$ #1#:')2:2'A$ 9(0#)$ 9&):"%7#$ ;%)3#'7$ 2*$ K%124()*2%$ %)#$ :)2'2:%11A
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4.6 Nitrous Oxide and High Global-Warming-Potential Gases
U*+#)$'"#$:&))#*'$GEG$#;2772(*$8%7#12*#$NK.K$b^^O+QH$BbM$)#9)#7#*'7$gn$(4$K%124()*2%L7
GF,$#;2772(*7C$E25"$51(8%1W0%);2*5W9('#*'2%1$ 5%7#7$ 7&:"$%7$ 9#)41&()(:%)8(*7$ N,RK7QH
"A+)(41&()(:%)8(*7$ NERK7QH$ %*+$ 7&14&)$ "#T%41&()2+#$ N>RgQ$ %)#$ 8#12#6#+$ '($ )#9)#7#*'
)(&5"1A$bn$(4$'"#$7'%'#L7$GEG$#;2772(*7C$!"#7#$#7'2;%'#7$%)#$8%7#+$(*$KMb$#Y&26%1#*:#H
&72*5$ '"#$ -*'#)5(6#)*;#*'%1$ ,%*#1$ (*$ K12;%'#$ K"%*5#$ N-,KKQW%99)(6#+$ :(*6#)72(*
4%:'()7C$ $ >(;#$ )#7#%):"$ "%7$ 8##*$ +(*#$ (*$ +#6#1(92*5$ %*+$ 7&;;%)2X2*5$ ;#%7&)#7$ '(
)#+&:#$BbM$%*+$"25"$GF,$#;2772(*7Z$"(0#6#)H$(*1A$)#:#*'1A$"%6#$%*A$7'&+2#7$ ')2#+$ '(
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•  .*62)(*;#*'%1$ ,)('#:'2(*$ =5#*:A$ N.,=QC$ b^^OC$45!5* _'/7* S^B* S%)* .8'))'($)* 9::;<
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F%7"2*5'(*H$IK<$UC>C$.*62)(*;#*'%1$,)('#:'2(*$=5#*:AC$V&*#C
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H/&'"2-32&#*'$*,%$%D%C$D%AC

•  D2*27')A$ (4$ =5)2:&1'&)#$ %*+$ R()#7')A$ NB#0$ t#%1%*+QC$ b^^OC$ B(3#$3'%-* 6%$%/#8#$3
B&%"3'"#)*%$D*\#"7$(-(/'#)*3(*G#D2"#*Q'3&(2)*EY'D#A*6#37%$#*%$D*,%&K($*W'(Y'D#*.8'))'($)
+&(8*Q#]*`#%-%$D*H/&'"2-32&#C$>#9'#;8#)C
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%*+$(*#$Y&%)'#)$(4$K%124()*2%L7$BbM$#;2772(*7H$)#79#:'26#1A$N(6#)$P^n$:(;82*#+QC
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*2')242:%'2(*$%*+$+#*2')242:%'2(*H$0"2:"$7&87#Y&#*'1A$2*:)#%7#7$'"#$%;(&*'$(4$BbM$#;2''#+
4)(;$'"#$7(217C$,)(+&:'2(*$(4$*2')(5#*W42T2*5$:)(97$%*+$%9912:%'2(*$(4$4#)'212X#)7H$126#7'(:3
;%*&)#H$7#0%5#$71&+5#H$%*+$:)(9$)#72+&#7$%)#$0%A7$'($%++$*2')(5#*$'($'"#$7(21C$$-*+2)#:'
#;2772(*7$(4$BbM$%)#$:%&7#+$4)(;$1#%:"2*5H$)&*(44H$()$%';(79"#)2:$+#9(72'2(*$(4$*2')(5#*
'($'"#$%5)2:&1'&)%1$7A7'#;C$!"#7#$2*:1&+#$'"#$%;;(*2%$%*+$BMl$)#1#%7#+$4)(;$'"#$7(21$%*+
+#9(72'#+$ %';(79"#)2:%11A$ 8%:3$ '($ '"#$ 7(21H$ %*+$ )&*(44$ (4$ 7(21$ '($ 0%'#)$ 7A7'#;7C$ B(*W
%5)2:&1'&)%1$2*+2)#:'$#;2772(*7$:%*$%17($(::&)$4)(;$7(&):#7$(4$BMl$#;2772(*7$'"%'$+#9(72'
(*'($'"#$7(21C

!"#)#$%)#$4#0$7'&+2#7$(4$'"#$(9'2(*7H$:(7'7H$%*+$9('#*'2%1$2;9%:'7$(4$)#+&:2*5$BbMC$M*#$(4
'"#$4#0$7&:"$7'&+2#7$9&8127"#+$N=.=$b^^O8Q$+27:&77#7$(9'2(*7$'($)#+&:#$BbM$#;2772(*7$2*
'"#$.&)(9#%*$U*2(*$N.UQH$2*:1&+2*5$BbM$#;2772(*7$4)(;$'"#$:"#;2:%17$7#:'()H$:(;8&7'2(*
2*$ 8('"$ 7'%'2(*%)A$ %*+$;(821#$ 7(&):#7H$ %*+$ %5)2:&1'&)#C$ !%81#$ P$ 7"(07$ '"#$ %5)2:&1'&)%1
;%*%5#;#*'$ (9'2(*7$ '"%'$ :(&1+$ 2*41&#*:#$ BbM$ #;2772(*7C$ M'"#)$ 7'&+2#7$ 9)(62+#
2*4();%'2(*$ (*$0%A7$ '($;2'25%'#$BbM$ 8&'$ +($ *('$ 9)(62+#$ #7'2;%'#7$ (4$;2'25%'2(*$ :(7'7
NB#0$ t#%1%*+$ b^^OH$ K%*%+%$ OPPPQC$ $ E(0#6#)H$ .,=$ 27$ :&))#*'1A$ 2*$ '"#$ 9)(:#77$ (4
:(*+&:'2*5$%$7'&+A$(4$'"#$:(7'7$%*+$9('#*'2%1$2;9%:'7$(4$BbM$;2'25%'2(*$NJ)&5#)$b^^bQC
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F0?$"*`=*U),'9.$2.,0$*10(0)"G"(2*>&2'%(/*7(6$."(9'()*ON>*;G'//'%(/
Type of option Management Option
1. Crop management (a) change in fertiliser application rates

(b) precision farming
(c) crop selection (i.e. with different nitrogen requirements)
(d) breeding nitrogen fixing crops
(e) breeding crops to improve nitrogen use efficiency (e.g., lower requirements,
more efficient uptake)
(f) cultivation of unmanaged land (i.e. histosols)
(g) irrigation management
(h) soil pH management
(i) crop residue burning
(j) reduce soil compaction

2. Fertiliser
 efficiency

(a) nitrification inhibitors;
(b) release rates (e.g. slow or timed release, coatings to limit or retard

management water solubility);
(c) improved fertiliser placement and timing (e.g. band placement, foliar
applications).

3. Manure management (a) storage times and conditions (e.g., slurry treatment to change viscosity);
(b) application placement (e.g. slurry injection)
(c) application timing;
(d) application amounts (e.g. controlled rate systems);
(e) export of manure  (from the agricultural system).

4. Reducing the amount
of manure nitrogen

(a) dietary manipulation;
(b) breeding nitrogen efficient livestock;
(c) livestock selection (e.g. livestock types, herd sizes).

!(2&"#>*=.=$b^^O8

=::()+2*5$'($=.=$b^^O8H$'"#)#$27$%$1%:3$(4$)#12%81#$+%'%$(*$#;2772(*7$:"%*5#7$2*$)#79(*7#
'($BbM$;%*%5#;#*'$+#:272(*7C$D(7'$)#7&1'7$%)#$72'#$79#:242:$%*+$2*:1&+#$;%*A$4%:'()7$'"%'
9('#*'2%11A$2*41&#*:#$'"#$;#:"%*27;$4()$BbM$#;2772(*7C$.T')%9(1%'2*5$)#7&1'7$ 4)(;$'"#7#
72'#7$'($%$1%)5#)$7:%1#$27$2*%99)(9)2%'#$02'"(&'$;()#$)#7#%):"$'($)#+&:#$&*:#)'%2*'2#7C
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2;9%:'7$(4$BbM$;2'25%'2(*$;#%7&)#7$0211$+#9#*+$9%)'1A$(*$ '"#$ )#7&1'7$(4$.,=L7$ :&))#*'
0()3$(*$%$*%'2(*%1$BbM$;%)52*%1$ %8%'#;#*'$ :&)6#C$F"#*$.,=L7$ 7'&+A$ 27$ :(;91#'#+H$ 2'
;%A$ 8#$ 9(77281#$ '($ #44#:'26#1A$ 2*'#)%:'$ K%124()*2%L7$ )#627#+$ 8%7#12*#$ 02'"$ .,=L7$ BbM
;2'25%'2(*$)#7&1'7$'($9)(+&:#$%$K%124()*2%W79#:242:$BbM$;2'25%'2(*$7&991A$:&)6#C$G26#*$'"#
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8#$*##+#+$'($2;9)(6#$BbM$;2'25%'2(*$:(7'$%*+$2;9%:'$#7'2;%'#7C$!($:(*'2*&#$'"#$9)(5)#77
2*$#7'2;%'2*5$8%7#12*#$#;2772(*7$ 4()$K%124()*2%$)#9)#7#*'#+$8A$'"#$.*#)5A$K(;;2772(*L7
1%'#7'$7'&+A$NK.K$b^^O8QH$4&)'"#)$)#7#%):"$;%A$%17($8#$*##+#+$'($2;9)(6#$'"#$%::&)%:A$(4
BbM$#;2772(*$#7'2;%'#7C
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•  2;91#;#*'2*5$*#0$2*+&7')2%1$9)(:#77#7$'"%'$)#+&:#$#;2772(*7$%*+$2;9)(6#$#442:2#*:AH
•  2;91#;#*'2*5$8#''#)$"(&7#3##92*5$9)%:'2:#7$'($)#+&:#$1#%37$(4$"25"$GF,$5%7#7H
•  2*7'%112*5$*#0H$;()#$#442:2#*'$#Y&29;#*'$02'"$1(0#)$#;2772(*$)%'#7H$%*+
•  7&87'2'&'2*5$('"#)$5%7#7$4()$"25"$GF,$5%7#7$2*$%$6%)2#'A$(4$%9912:%'2(*7H$0"#)#$7%4#'A

%*+$9#)4();%*:#$)#Y&2)#;#*'7$:%*$8#$;#'C
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25 The Commission developed a bottom-up energy-efficiency model that includes a program penetration module,
CALRAM, in the mid-1990s; however, the model has not been updated or run in several years and may not meet the
requirements discussed in this roadmap.
26 Rodgers 1995, Diffusion of Innovations, provides a comprehensive review and analysis of several diffusion-of-
innovation models.  One of the broadest attempts to specify such a model for the purpose of modeling energy-
efficiency programs is provided in Chapter 7 of RER 2000a, A Framework for Planning and Assessing Publicly
Funded Energy Efficiency.
27 Note that the PIER Buildings area is also considering research on a Technology Impact Assessment Framework
that would include specifications, and perhaps research, on adoption curves.  PIER efforts in this area should be
coordinated.
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;%:)(#:(*(;2:$%*+$;2+W$'($1(*5W'#);$4()#:%7'2*5$;(+#17C$-*$%++2'2(*H$7&991A$:&)6#7$'"%'
4(:&7$(*1A$(*$'#:"*(1(5A$:(7'7$%*+$8#*#42'7$+($*('$9)(62+#$9(12:A$5&2+%*:#$9#)$7#H$'"(&5"
'"#A$%)#$%*$2;9()'%*'$2*9&'$'($9(12:A$%*%1A7#7C

!"#$ 7"()'W'#);$ K)(77:&''2*5_-*'#5)%'2(*$ )#:(;;#*+%'2(*7$ %++)#77$ '"#$ 8)(%+#)$ *##+7
%77(:2%'#+$ 02'"$ %+6%*:2*5$ '"#$ 7'%'#W(4W%)'$ (4$ 7&991A$ :&)6#$ +#6#1(9;#*'$ %*+$ '"#2)
2*'#5)%'2(*$02'"$1%)5#)$#:(*(;2:$;(+#12*5$#44()'7C$M*#$(4$'"#$)#%7(*7$4()$'"27$()5%*2X%'2(*
27$ 9)%:'2:%12'AC$ R2)7'W()+#)$ 8#*#42'7$ 4()$K%124()*2%L7$ :12;%'#$ :"%*5#$ 9(12:A$;%3#)7$ :%*$ 8#
%:"2#6#+$ 4%2)1A$ Y&2:31A$ 8A$ +#6#1(92*5$ 7&991A$ :&)6#7$ '"%'$ :%9'&)#$ 2*:)#;#*'%1$;#%7&)#
:(7'7H$;#%7&)#$%9912:%8212'AH$%*+$'"#$9('#*'2%1$2;9%:'7$(4$;#%7&)#7$(*$)#+&:2*5$GEG7$2*
K%124()*2%C$R&)'"#)$6%1&#$0211$8#$(8'%2*#+$8A$#T9%*+2*5$7&:"$%*%1A7#7$'($#T912:2'1A$2*:1&+#
'#:"*(1(5A$ 2**(6%'2(*$ (6#)$ '2;#H$ '"#$ +244&72(*W(4W2**(6%'2(*$ 4)%;#0()3$ '($ '#:"*(1(5A
%+(9'2(*H$ 2*:()9()%'2(*$ (4$ ;%)3#'$ 8%))2#)7$ %*+$ ;%)3#'$ 4%21&)#7H$ %*+$ 2*'#5)%'2(*$ 2*'(
2*'#5)%'#+$ ;%:)(#:(*(;2:$ ;(+#17C$ =1'"(&5"$ '"#7#$ %+6%*:#7$ %)#$ %++)#77#+$ 9)2;%)21A
&*+#)$'"#$K)(77:&''2*5_-*'#5)%'2(*$%)#%H$0#$%17($)#:(;;#*+$'"%'$'"#$2*2'2%1$7&991A$:&)6#
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0()3$2*:()9()%'#$%'$1#%7'$Y&%12'%'26#$2+#*'242:%'2(*$(4$;%)3#'$8%))2#)7$%*+$4%21&)#7H$%7$0#11
%7$('"#)$:(W8#*#42'7$%*+$:(11%'#)%1$:(7'7C

D2+W'#);$)#:(;;#*+%'2(*7$4(:&7$(*$'"#$+#6#1(9;#*'$(4$%D@%$"#D$7&991A$:&)6#7H$0"2:"
0(&1+$8&21+$(44$(4$ '"#$ 2*2'2%1$ 7'&+2#7$ '($;()#$+#42*2'26#1A$ )#7(16#$ :&))#*'$%*%1A'2:%1$ %*+
+%'%W)#1%'#+$0#%3*#77#7C

!"#$,-./.=$9)(5)%;$)#:(5*2X#7$'"%'$;&:"$0()3$ 27$:&))#*'1A$&*+#)$0%A$ 2*$'"#7#$%)#%7
%*+$ 7##37$ '($+)%0$ 4)(;H$8&21+$&9(*H$%*+$8)(%+#*$ '"#$ 4(:&7$(4$ '"(7#$ #44()'7C$F"#*#6#)
9(77281#H$ ,-./.=$ 0211$ 2+#*'24A$ #T27'2*5$ #44()'7$ %*+$ 4();$ 9%)'*#)7"297$ '($ 1#6#)%5#
)#7(&):#7=

5.1 Short-term Objectives28

J=H=H*5>NV*Q.'$A'()/

U= 5%(2,'?.2"* 2%* 2-"* A"#"$%&G"(2* %6* 0(* '('2'0$* 50$'6%,('08/&"9'6'9* 5>N* ,"A.92'%(
/.&&$4*9.,#"/*6%,*,"/'A"(2'0$*?.'$A'()/=

H"3'@'3'#)* $##D#D>$ NOQ$,(8F'-#* #Y')3'$/* #$D* 2)#* "($)28F3'($* %$D* #$#&/0Z#++'"'#$"0*8#%)2&#
D%3%* '$3(* &#)'D#$3'%-* #$#&/0Z#++'"'#$"0* )2FF-0* "2&@#)* +(&* ,%-'+(&$'%C$ ='$ %$ ;2*2;&;H
&*+#)1A2*5$ +%'%$0211$ *##+$ '($ 8#$ 7#5;#*'#+$ 8A$ 4&#1$ N#1#:')2:$ %*+$ 5%7QH$ 62*'%5#$ N*#0
6#)7&7$ #T27'2*5$ :(*7')&:'2(*Q$ %*+$ 8&21+2*5$ 'A9#$ N72*51#W4%;21AH$ ;&1'2W4%;21AH$ %*+
;(821#$ "(;#7QC$ D#%7&)#$ 9#*#')%'2(*$ 7"(&1+$ 8#$ ;(+#1#+$ 4()$ %$ )%*5#$ (4$ ;%)3#'
2*'#)6#*'2(*7$'($9)(+&:#$#7'2;%'#7$(4$%:"2#6%81#$9('#*'2%1Z$%77(:2%'#+$:(7'7$7"(&1+$8#
2*:1&726#$ (4$ %*A$ 9)(5)%;;%'2:$ :(7'7C$ $ NbQ$ D%)3#'$ 8%))2#)7$ 8A$ ;#%7&)#$ ()$ 'A9#$ (4
;#%7&)#$ 7"(&1+$ 8#$ 2+#*'242#+H$ %7$ 0#11$ %7$ %*A$ :(W8#*#42'7C$ R&)'"#)$ %*%1A727$ %*+
#7'2;%'2(*$(4$2;912:2'$:&7'(;#)$+27:(&*'$)%'#7$27$%17($*##+#+C

!($'"#$#T'#*'$'"%'$*(*W,-./$+26272(*7$(4$'"#$.*#)5A$K(;;2772(*H$('"#)$>'%'#$%5#*:2#7H
()$ K%124()*2%$ &'212'2#7$ 9)(+&:#$ &9+%'#+$ #*#)5AW#442:2#*:A$ 7&991A$ :&)6#7$ 2*$ '"#$ *#%)W
'#);H$,-./.=$#44()'7$ 7"(&1+$ 4(:&7$(*$ #7'2;%'2*5$ '"#$ %77(:2%'#+$GEG$)#+&:'2(*$%*+
2;9)(62*5$+%'%$7(&):#7$%*+$;#'"(+(1(52#7C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$ %;(*5$ ,-./.=$ %*+$ ('"#)$ #*'2'2#7$ 79(*7()2*5$ 7&991A$ :&)6#H$ ()

)#1%'#+H$)#7#%):"C
•  =::#77$ '($+%'%C$ $B('$ %11$ (4$ '"#$ +%'%$ *#:#77%)A$ 27$ )#%+21A$ %6%21%81#C$ $K(()+2*%'2(*

%;(*5$#*'2'2#7$02'"$&*2Y&#$+%'%$%::#77$27$:)2'2:%1$N#C5CH$&'212'A$9)(5)%;$+%'%$7#'7QC

                                                     
28 Short-term refers to a 1–3 year time frame; mid-term to 3–10 years; and long-term to 10–20 years. The activities
specified in the roadmap are projected to begin sometime within the designated time frames, and the duration of
actual projects may be less than the entire term specified.
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Q= 5%(2,'?.2"* 2%* 2-"*A"#"$%&G"(2*%6* '('2'0$*50$'6%,('08/&"9'6'9*5>N* ,"A.92'%(* /.&&$4
9.,#"/*6%,*9%GG",9'0$*?.'$A'()/=

H"3'@'3'#)*$##D#D<$ $ NOQ$,(8F'-#*#Y')3'$/*'$+(&8%3'($*'$3(*"(88#&"'%-*#$#&/0Z#++'"'#$"0*)2FF-0
"2&@#)5* *='$ %$;2*2;&;H$&*+#)1A2*5$+%'%$*##+$ '($ 8#$ 7#5;#*'#+$8A$ 4&#1$ N#1#:')2:$ %*+
5%7QH$62*'%5#$ N*#0$6#)7&7$#T27'2*5$:(*7')&:'2(*Q$%*+$8&21+2*5$'A9#$ N#C5CH$(442:#H$)#'%21H
#':CQC$ K&7'(;#)$ 72X#$ %*+$ (0*#)7"29$ 7'%'&7$ 7"(&1+$ %17($ 8#$ :(*72+#)#+$ %7$ 3#A
7#5;#*'%'2(*$6%)2%81#7C$D#%7&)#$9#*#')%'2(*$7"(&1+$8#$;(+#1#+$4()$%$)%*5#$(4$;%)3#'
2*'#)6#*'2(*7$'($9)(+&:#$#7'2;%'#7$(4$%:"2#6%81#$9('#*'2%1Z$%77(:2%'#+$:(7'7$7"(&1+$8#
2*:1&726#$ (4$ %*A$ 9)(5)%;;%'2:$ :(7'7C$ $ NbQ$ D%)3#'$ 8%))2#)7$ 8A$ ;#%7&)#$ ()$ 'A9#$ (4
;#%7&)#$ 7"(&1+$ 8#$ 2+#*'242#+H$ %7$ 0#11$ %7$ %*A$ :(W8#*#42'7C$ $ R&)'"#)$ %*%1A727$ %*+
#7'2;%'2(*$(4$2;912:2'$:&7'(;#)$+27:(&*'$)%'#7$27$%17($*##+#+C

!($'"#$#T'#*'$'"%'$*(*W,-./$+26272(*7$(4$'"#$.*#)5A$K(;;2772(*H$('"#)$>'%'#$%5#*:2#7H
()$ K%124()*2%$ &'212'2#7$ 9)(+&:#$ &9+%'#+$ #*#)5AW#442:2#*:A$ 7&991A$ :&)6#7$ 2*$ '"#$ *#%)W
'#);H$,-./.=$#44()'7$ 7"(&1+$ 4(:&7$(*$ #7'2;%'2*5$ '"#$ %77(:2%'#+$GEG$)#+&:'2(*$%*+
2;9)(62*5$+%'%$7(&):#7$%*+$;#'"(+(1(52#7C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$ %;(*5$ ,-./.=$ %*+$ ('"#)$ #*'2'2#7$ 79(*7()2*5$ 7&991A$ :&)6#H$ ()

)#1%'#+H$)#7#%):"C
•  =::#77$ '($+%'%C$ $B('$ %11$ (4$ '"#$ +%'%$ *#:#77%)A$ 27$ )#%+21A$ %6%21%81#C$ $K(()+2*%'2(*

%;(*5$#*'2'2#7$02'"$&*2Y&#$+%'%$%::#77$27$:)2'2:%1$N#C5CH$&'212'A$9)(5)%;$+%'%$7#'7QC

J=H=N*5>NV*7(A./2,4

U= ;/20?$'/-*2-"*6"0/'?'$'24*%6*0A0&2'()*MQOM*'(A./2,48/&"9'6'9*/2.A'"/*2%*50$'6%,('0=

H"3'@'3'#)*$##D#D>$NOQ$K(*+&:'$%$*#%)W'#);$7'&+A$2*$0"2:"$(*#$(4$'"#$)#:#*'1A$:(;91#'#+
2*+&7')2%1$ 7&991A$ :&)6#$ 7'&+2#7$ ND%)'2*$ #'$ %1C$ %*+$ F())#11$ #'$ %1CQ$ :(*+&:'#+$ %'$ '"#
*%'2(*%1$1#6#1$4()$.,=$27$;(+242#+$%*+$%99)(9)2%'#1A$%9912#+$'($'"#$K%124()*2%$;%)3#'C
NbQ$-4$7&::#774&1H$%+%9'$'"#$)#;%2*2*5$.,=$2*+&7')2%1$7&991A$:&)6#$7'&+2#7C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$ 8#'0##*$ ,-./.=$ %*+$ ('"#)$ #*'2'2#7$ 79(*7()2*5$ 7&991A$ :&)6#$ ()

)#1%'#+$)#7#%):"Z$#79#:2%11A$?@B?$%*+$.,=C

Q= 5%(2,'?.2"* 2%* 2-"*A"#"$%&G"(2*%6* '('2'0$*50$'6%,('08/&"9'6'9*5>N* ,"A.92'%(* /.&&$4
9.,#"/*6%,*,"G0'('()*G0@%,*'(A./2,'"/=

H"3'@'3'#)* $##D#D>$ NOQ$ R()$ '"(7#$;%S()$K%124()*2%$ 2*+&7')2#7$ 4()$0"2:"$ *%'2(*%1$ 7&991A
:&)6#$7'&+2#7$"%6#$*('$8##*$:(*+&:'#+H$K%124()*2%$7"(&1+$+#6#1(9H$()$:(W+#6#1(9H$'"#
)#;%2*2*5$ :&)6#7C$K%*+2+%'#$ 2*+&7')2#7$ 4()$ :(*72+#)%'2(*$ 2*:1&+#$ (21_5%7$ #T')%:'2(*H
4((+$ 9)(:#772*5H$ 9#')(1#&;$ %*+$ :"#;2:%17H$ 2*+&7')2%1$ ;%:"2*#)AH$ %*+$ #1#:')(*2:7C
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NbQ$/#7#%):"#)7$ 7"(&1+$ +#6#1(9$ 7&991A$ :&)6#7$ 4()$ ;%2*$ :)(77:&''2*5$ '#:"*(1(52#7
N#C5CH$ 7'#%;H$ ;('()$ 7A7'#;7H$ :(;9)#77#+$ %2)QH$ 4()$ &7#$ 2*$ '"#$ #6%1&%'2(*$ (4$ 125"'
2*+&7')2#7C$ N`Q$ D(+#1$ ;#%7&)#$ 9#*#')%'2(*$ 4()$ %$ )%*5#$ (4$ ;%)3#'$ 2*'#)6#*'2(*7$ '(
9)(+&:#$#7'2;%'#7$(4$%:"2#6%81#$9('#*'2%1Z$%77(:2%'#+$:(7'7$7"(&1+$8#$2*:1&726#$(4$%*A
9)(5)%;;%'2:$ :(7'7C$ $ NeQ$ -+#*'24A$;%)3#'$8%))2#)7$8A$;#%7&)#$()$ 'A9#$(4$;#%7&)#H$ %7
0#11$%7$:(W8#*#42'7C$$R&)'"#)$%*%1A727$%*+$#7'2;%'2(*$(4$2;912:2'$:&7'(;#)$+27:(&*'$)%'#7
27$ %17($ *##+#+C$ $=*%1A727$ (4$ 2;912:2'$ +27:(&*'$ 7"(&1+$ 8#$ 2*:()9()%'#+$ 2*'($ #44()'7$ '(
:%128)%'#$ #7'2;%'#+$ '($ %:'&%1$ ;#%7&)#$ %+(9'2(*$ 8('"$ 02'"$ %*+$ 02'"(&'$ 9)(5)%;
2*'#)6#*'2(*7C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$ 8#'0##*$ ,-./.=$ %*+$ ('"#)$ #*'2'2#7$ 79(*7()2*5$ 7&991A$ :&)6#H$ ()

)#1%'#+H$)#7#%):"C
•  =::#77$ '($+%'%C$ $B('$ %11$ (4$ '"#$ +%'%$ *#:#77%)A$ 27$ )#%+21A$ %6%21%81#C$ $K(()+2*%'2(*

%;(*5$ #*'2'2#7$ 02'"$ &*2Y&#$ +%'%$ %::#77$ 27$ :)2'2:%1$ N#C5CH$ 2*+&7')AW79#:242:
()5%*2X%'2(*7QC

J=H=K*5>NV*F,0(/&%,202'%(

U= !"#"$%&* 50$'6%,('08/&"9'6'9* 5>N* ,"A.92'%(* /.&&$4* 9.,#"/* 6%,* 2-"* 2,0(/&%,202'%(
/"92%,=

H"3'@'3'#)*$##D#D>$ NOQ$?#6#)%5#$ 125"'W+&'A$6#"2:1#$ 7&991A$ :&)6#7$ 4)(;$#T27'2*5$ 7(&):#7
%*+$;(+#17C$D&:"$(4$'"#$0()3$*#:#77%)A$%99#%)7$'($"%6#$8##*$+(*#$2*$7'&+2#7$)#:#*'1A
:(;91#'#+$%*+$2*$9)(5)#77$2*$)#79(*7#$'($=@$b^hgC$!"#$=@$b^hg$7'&+2#7$;%A$*##+$'(
8#$2*'#5)%'#+$%*+$)#4)%;#+$'($+#6#1(9$%$:(;9)#"#*726#$KMb$)#+&:'2(*$7&991A$:&)6#
4()$ K%124()*2%C$ NbQ$ ,-./.=$ )#7#%):"$ :(&1+$ %17($ 91%A$ %*$ 2;9()'%*'$ )(1#$ 2*$ #44()'7$ '(
)#+&:#$3#A$&*:#)'%2*'2#7$2*$'"#$=@$b^hg$7'&+2#7C$N`Q$?#77$0()3$"%7$8##*$+(*#$'($%77#77
'"#$ :(7'7$ %*+$ 9('#*'2%1$ 2;9%:'7$ (4$ 2;9)(62*5$ #442:2#*:A$ 2*$ ;('()$ 4)#25"'$ ')%*79()'C
K(*72+#)%'2(*$ 7"(&1+$ 8#$ 526#*$ '($ :(W4&*+2*5$ 7&:"$ %$ 7'&+A$02'"$ %$ *%'2(*%1$ %5#*:AH
72*:#$)#7&1'7$0211$"%6#$*%'2(*%1$%9912:%8212'AC

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  R2)7'"%*+$%::#77$'($+%'%$%*+$;(+#17$#;91(A#+$4()$=@$b^hg$7'&+2#7C
•  K(*727'#*:A$ 2*$ +%'%$ %*+$ ;#'"(+7$ 2*$ =@$ b^hg$ 7'&+2#7H$ 7&:"$ '"%'$ :)(77W7'&+A

2*'#5)%'2(*$(4$)#7&1'7$ 2*'($%$:(;9)#"#*726#$KMb$7&991A$:&)6#$ 27$ 4#%7281#$%*+$:(7'
#44#:'26#C

•  K(()+2*%'2(*$02'"$7'%'#$%*+$1(:%1$%2)$Y&%12'A$%*+$')%*79()'%'2(*$%5#*:2#7C

Q= UAA,"//*R"0S("//"/*0(A*)0&/*'(*9.,,"(2*2,0(/&%,202'%(*/.&&$4*9.,#"*/2.A'"/=

H"3'@'3'#)* $##D#D>$ NOQ$ .T%;2*#$ 0#%3*#77#7$ 2*$ :&))#*'$ 125"'W+&'A$ 4&#1$ #:(*(;A$ %*+
#;2772(*7W)#+&:'2(*$ 7'&+2#7H$ '($ +#6#1(9$ %$ 8#''#)$ &*+#)7'%*+2*5$ (4$ '"#$ 9)(:#77$ (4
2**(6%'2(*$ 2*$ %&'(;('26#$ '#:"*(1(5AC$ .T%;2*#$ '"#$ #44#:'7$ (4$ )#5&1%'2(*$ 2*$ 7"%92*5
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+#725*$+#:272(*7$%*+$#T9%*+2*5$'#:"*(1(5A$(9'2(*7Z$%*+$'"#$)(1#$(4$:%92'%1$:(*7')%2*'7
2*$ '#:"*(1(5A$ +#91(A;#*'$ +#:272(*7C$ NbQ$ K(*+&:'_#*"%*:#$ )#7#%):"$ '($ 2;9)(6#
&*+#)7'%*+2*5$(4$:(*7&;#)$8#"%62()$%*+$'"#$)(1#$(4$2*4();%'2(*$2*$6#"2:1#$7#1#:'2(*C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$%*+$1#6#)%52*5$(4$)#7#%):"$02'"$('"#)$/fI$()5%*2X%'2(*7$*%'2(*%11A

%*+$2*'#)*%'2(*%11AC
•  -;9)(6#+$%::#77$'($2*+&7')A$+%'%C
•  K1#%)$4(:&7$(*$)#7#%):"$%)#%7$0"#)#$,-./.=$:%*$%++$6%1&#$'($('"#)027#$91%**#+

=/@$ %*+$ .*#)5A$ K(;;2772(*$ !)%*79()'%'2(*$ I26272(*$ )#7#%):"$ N#C5CH$ 2;9)(62*5
;#'"(+7$%*+$+%'%$%*+$)#+&:2*5$&*:#)'%2*'2#7QC

J=H=T*5>NV*;$"92,'9'24*:,%A.92'%(

U= !"#"$%&* ?0/'9* 50$'6%,('08/&"9'6'9* 5>N* ,"A.92'%(* /.&&$4* 9.,#"/* 6%,* 2-"* "$"92,'9
)"(",02'%(*/"92%,=

H"3'@'3'#)*$##D#D>$NOQ$!"#$K(;;2772(*$7"(&1+$:(;921#$%6%21%81#$2*4();%'2(*$(*$'"#$:(7'7
%*+$GEG$#;2772(*7$:"%)%:'#)27'2:7$(4$K%124()*2%$5#*#)%'2*5$91%*'7$2*'($%$72*51#H$#%721A
%::#77281#$ )#7(&):#$ N24$ 2'$ "%7$ *('$ %1)#%+AQC29$ NbQ$ -*$ %++2'2(*$ '($ :"%)%:'#)2X2*5$ :&))#*'
5#*#)%'2(*$ :(7'7$ %*+$ #;2772(*7H$ 4()#:%7'$ 4&'&)#$ 5#*#)%'2(*$ :(7'7$ %*+$ #;2772(*7H
9%)'2:&1%)1A$4()$)#*#0%81#7$%*+$IGC$$!"#7#$4()#:%7'7$7"(&1+$2*:1&+#$7:#*%)2($%*%1A7#7
'"%'$ :(6#)$ %$02+#$ )%*5#$ (4$ 9(77281#$ 5#*#)%'2(*$;2T#7C$ @#:%&7#$ 7(;#$ '"#$ 8#*#42'7$ (4
7&:"$)#7#%):"$;%A$%17($8#$)#%12X#+$(*$%$*%'2(*%1$7:%1#H$)#7#%):"#)7$7"(&1+$:(()+2*%'#
%*+$1#6#)%5#$#44()'7$02'"$'"(7#$(4$('"#)$()5%*2X%'2(*7$123#$B/.?$%*+$.,/-H$0"2:"$"%6#
)#:#*'1A$9)(+&:#+$)#*#0%81#$:(7'$#7'2;%'#7$%*+$4()#:%7'7C$$!"#$2*+2)#:'$8#*#42'7$N#C5CH
#*"%*:#+$#*#)5A$7#:&)2'AQ$%*+$:(7'7$N#C5CH$2*'#);2''#*'$%6%21%8212'AQ$(4$)#*#0%81#7$%*+
IG$%17($7"(&1+$8#$#7'2;%'#+$'($'"#$#T'#*'$4#%7281#C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$8#'0##*$,-./.=$%*+$('"#)$79(*7()2*5$#*'2'2#7H$ 4()$#T%;91#H$B/.?

%*+$.,/-C

Q= 5%(2'(."* 2%* 6%,"90/2* 2-"* 6.2.,"* )"(",02'%(* G'P* '(* 50$'6%,('0I* $'(S* 9-0()"/* '(
A"G0(A*2%*"G'//'%(/I*0(A*'(9%,&%,02"*2-"*0?'$'24*2%*G%A"$*9-0()"/* '(*,"/&%(/"* 2%
+a+*G'2')02'%(*&%$'9'"/=

H"3'@'3'#)* $##D#D>$ NOQ$ .7'%8127"$ %$ 9)(:#77$ 4()$;(+#12*5$ '"#$GEG$ #;2772(*7$ %77(:2%'#+
02'"$+244#)#*'$5#*#)%'2(*$;2T#7$2*$'"#$>'%'#$&*+#)$%1'#)*%'#$4&'&)#$7:#*%)2(7$N24$ 2'$"%7
*('$ 8##*$ +(*#$ 7($ %1)#%+AQC$ !"27$ ;(+#12*5$ 7"(&1+$ 2*:1&+#$ #1#:')2:2'A$ +#;%*+
)#+&:'2(*7$%*+$GEG$)#+&:'2(*$9(12:2#7$4(:&7#+$(*$'"#$5#*#)%'2(*$7#:'()C

                                                     
29 Such information was compiled in the past in the Energy Commission’s Technology Status Reports, published
over several years in the 1980s and early 1990s.  The fourth edition, and last to date, was published in 1997 (CEC
1997).
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,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  =+#Y&%'#$ .*#)5A$ K(;;2772(*$ 7'%44$ %*+$ )#7(&):#7$ '($ #T9%*+$ %*%1A'2:%1

)#79(*728212'2#7$ '($ 2*:1&+#$ GEG$ #;2772(*7$ ;(+#12*5C$ $ >')(*5$ 12*3%5#7$ 8#'0##*
7&991A$%*+$+#;%*+$%*%1A727$5)(&97$%'$'"#$K(;;2772(*C

J=H=J*1"2-0("V*W0/2"*0(A*U),'9.$2.,"

U= !"#"$%&* 0* ?0/'9* 5aT* G0,)'(0$* 0?02"G"(2* 9.,#"* 6%,* 2-"* $0(A6'$$* &%&.$02'%(* '(
50$'6%,('0I*0(A*,"A.9"*.(9",20'(24*'(*R0/2"8'(8&$09"*0(A*G"2-0("*"G'//'%(/*6092%,/=

H"3'@'3'#)* $##D#D>$ NOQ$ =77#77$ '"#$ K%124()*2%$ -*'#5)%'#+$ F%7'#$ D%*%5#;#*'$ @(%)+
+%'%8%7#$ '"%'$ :"%)%:'#)2X#7$ '"#$ 9(9&1%'2(*$ (4$ K%124()*2%$ 1%*+42117$ 8A$ 72X#H$ 0%7'#
:(;9(72'2(*H$ %*+$ 9)(T2;2'A$ (4$ 9)(79#:'26#$ +2)#:'W&7#$ #*+$ &7#)7$ %+#Y&%'#1A$ '(
+#'#);2*#$0"#'"#)$2'$9)(62+#7$%11$(4$'"#$2*4();%'2(*$*##+#+$'($+#6#1(9$'"#$;%)52*%1
%8%'#;#*'$ :&)6#$ 4()$ K%124()*2%C$ NbQ$ -4$ '"#$ K-FD@$ +%'%$ %)#$ 2*%+#Y&%'#H$ 2;9)(6#
#7'2;%'#7$(4$0%7'#W2*W91%:#$%*+$;#'"%*#$#;2772(*7$4%:'()7C$N`Q$=991A$'"#$;#'"(+(1(5A
&7#+$ 2*$.,=$OPPP$ '($K%124()*2%$ 1%*+4211$ :#*7&7$+%'%$ '($+#6#1(9$%$;#'"%*#$ )#+&:'2(*
7&991A$:&)6#$4()$1%*+42117C$NeQ$-*:()9()%'#$%*+$;%2*'%2*$%$+A*%;2:$8%7#12*#$4()#:%7'$(4
1%*+4211$6(1&;#7C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$%*+$:(W4&*+2*5$02'"$K-FD@$%*+$.,=C
•  -;9)(6#+$+%'%$(*$1%*+4211$72X#$%*+$:(;9(72'2(*C

Q= !"#"$%&* ?0/'9* 50$'6%,('08/&"9'6'9* 5aT8,"A.92'%(* /.&&$4* 9.,#"/* 6,%G* G0(.,"
G0(0)"G"(2=

H"3'@'3'#)*$##D#D>$ NOQ$=77#77$ '"#$UC>C$I#9%)';#*'$(4$=5)2:&1'&)#$ 4%);$:#*7&7$+%'%$ 4()
K%124()*2%$ %*+$ ('"#)$ 7(&):#7$ '($ +#'#);2*#$ 0"#'"#)$ '"27$ +%'%8%7#$ :"%)%:'#)2X#7$ '"#
9(9&1%'2(*$ (4$ K%124()*2%$ 4%);7$ 8A$ 126#7'(:3$ 'A9#H$ 72X#H$ %*+$ :&))#*'$ ;%*&)#
;%*%5#;#*'$%99)(%:"$%+#Y&%'#1A$'($+#6#1(9$'"#$;%)52*%1$%8%'#;#*'$:&)6#$4()$82(5%7
4()$K%124()*2%C$NbQ$U72*5$'"#$8#7'$%6%21%81#$+%'%$4()$K%124()*2%H$%991A$'"#$;#'"(+(1(5A
&7#+$ 2*$ .,=$ OPPP$ '($ '"#$ 9(9&1%'2(*$ (4$ "(5$ %*+$ +%2)A$ :(0$ 4%);7$ 2*$ K%124()*2%$ '(
#7'2;%'#$;%*&)#$82(+25#7'#)$:(7'7$%*+$;#'"%*#$)#+&:'2(*$2;9%:'7C$-*$'"27$%77#77;#*'H
%++)#77$277&#7$)#1%'#+$'($+27')28&'#+$5#*#)%'2(*$2*'#):(**#:'2(*$%*+$#1#:')2:2'A$9(0#)
9&):"%7#$ ;%)3#'7$ 2*$ K%124()*2%H$ %*+$ %*A$ %++2'2(*%1$ "%771#$ %*+$ ')%*7%:'2(*$ :(7'7
%77(:2%'#+$02'"$(0*2*5$%*+$(9#)%'2*5$82(5%7$5#*#)%'()7C$N`Q$-*:()9()%'#$%*+$;%*%5#$%
+A*%;2:$8%7#12*#$4()#:%7'$(4$"(5$%*+$+%2)A$4%);7C

Note: We do not recommend attempting to develop a marginal abatement curve for entermic
fermentation in California at this time.
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,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$%*+$:(W4&*+2*5$02'"$.,=C$ $ -;9)(6#+$+%'%$(*$K%124()*2%L7$;%*&)#W

)#1%'#+$4%);$:"%)%:'#)27'2:7C

J=H=Z*ON>*0(A*a')-*+$%?0$8W0,G'()8:%2"(2'0$*+0/"/

U= !"#"$%&* 0*ON>8,"A.92'%(* /.&&$4* 9.,#"* 6%,* 50$'6%,('0I* ,"A.9"* .(9",20'(24* '(*ON>
"G'//'%(*"/2'G02"/=

H"3'@'3'#)* $##D#D>$ NOQ$ I#6#1(9$ 7#'$ (4$ BbMW)#+&:'2(*$ (9'2(*7Z$ 4(:&7$ 9)2;%)21A$ (*
%5)2:&1'&)#$%*+$;(821#$:(;8&7'2(*$7(&):#7C$NbQ$.7'2;%'#$:(7'7$%*+$9('#*'2%1$2;9%:'7$(4
%991A2*5$ (9'2(*7$ '($ K%124()*2%$ 7(&):#7Z$ 4(:&7$ 9)2;%)21A$ (*$ %5)2:&1'&)#$ %*+$ ;(821#
:(;8&7'2(*$7(&):#7C$N`Q$K(*'2*&#$2;9)(62*5$8%7#12*#$BbM$#;2772(*$#7'2;%'#7C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  =6%21%8212'A$%*+$+#6#1(9;#*'$(4$%::&)%'#$:(7'$+%'%$%*+$2;9%:'$+%'%C
•  U*+#)7'%*+2*5$ (4$ %5)2:&1'&)%1$ #:(*(;A$ %*+$ 123#12"((+$ (4$ 4%);$ %+(9'2(*$ (4$BbM

;2'25%'2(*$;#%7&)#7C
•  K(()+2*%'2(*$ %*+$ :(W4&*+2*5$ 02'"$ .,=$ %*+$ ('"#)$ :(&*')2#7$ :(*+&:'2*5$ BbM

;2'25%'2(*$)#7#%):"$'"%'$"%6#$72;21%)$%5)2:&1'&)%1$9)%:'2:#7C

Q= !"#"$%&* 0* /.&&$4* 9.,#"* 6%,* G'2')02'()* -')-* )$%?0$8R0,G'()8&%2"(2'0$* )0/"/* '(
50$'6%,('0I*,"A.9"*.(9",20'(24*'(*-')-*+W:*"G'//'%(*"/2'G02"/=

H"3'@'3'#)* $##D#D>$ NOQ$ I#6#1(9$ %$ 7#'$ (4$ %8%'#;#*'$ (9'2(*7$ 4()$ "25"$ GF,$ 5%7#7C
NbQ$.7'2;%'#$:(7'7$%*+$9('#*'2%1$2;9%:'7$(4$(9'2(*7$%7$%9912#+$'($K%124()*2%$"25"$GF,
7(&):#7Z$ 9)2*:29%11A$ 8A$ 1#6#)%52*5$ %*+$ %99)(9)2%'#1A$ :(;82*2*5$ +%'%H$ 7(&):#7H$ %*+
;#'"(+7$4)(;$.,=$b^^O$02'"$K.K$b^^O8C$N`Q$K(*'2*&#$2;9)(62*5$8%7#12*#$#7'2;%'#7$(4
"25"$GF,$#;2772(*7C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  -;9)(6#+$%::&)%:A$(4$%8%'#;#*'$:(7'$%*+$2;9%:'$+%'%C
•  K(()+2*%'2(*$02'"$.,=C
•  =::#77$'($()$+#6#1(9;#*'$(4$%1'#)*%'26#7$'($9)(9)2#'%)A$2*+&7')2%1$+%'%C
•  /#+&:'2(*$2*$&*:#)'%2*'2#7$2+#*'242#+$2*$.,=$b^^OC

J=H=]*5,%//9.22'()\7(2"),02'()

U= !"#"$%&\7G&$"G"(2*0*!4(0G'9*F"9-(%$%)4*UA%&2'%(*1%A"$

H"3'@'3'#)* $##D#D>* $ NOQ$$ !($ 7&99()'$ 7'&+2#7$ cCOCO=$ %*+$ @$ %8(6#H$ +#6#1(9$ ()$ #*"%*:#
'#:"*(1(5A$ %+(9'2(*$ ;(+#17$ %*+$ '"#2)$ 7&99()'2*5$ +%'%C$ !"#$ $ '#:"*(1(5A$ %+(9'2(*
;(+#1$ 7"(&1+$ 2*'#)4%:#$ +2)#:'1A$ 02'"$ '"#$ '#:"*(1(5A$ +%'%$ +#6#1(9#+$ 2*$ '"#$ 7&991A
:&)6#$7'&+2#7C$-'$7"(&1+$%17($8#$%81#$'($#T912:2'1A$"%*+1#$7'(:3$%::(&*'2*5Z$:(;9#'2'2(*
8#'0##*$'#:"*(1(52#7Z$;&1'2W%'')28&'#$%+(9'2(*$4&*:'2(*7$N#C5CH$#:(*(;2:$%'')%:'26#*#77
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%*+$ ;%)3#'$ 8%))2#)7QZ$ #*+$ &7#)$ %0%)#*#77Z$ +A*%;2:$ :"%*5#7$ 2*$ '#:"*(1(5A$ :(7'7H
%6%21%8212'AH$ %*+$ #*#)5A$ 9)2:#7Z$ %*+$ %$ 6%)2#'A$ (4$;%)3#'$ 2*'#)6#*'2(*7$ N2C#CH$ #T912:2'1A
2*:()9()%'#$ %*+$ ;(+#1$ '"#$ #44#:'7$ (4$ 9)(5)%;$ :(7'7$ 8A$ 2*'#)6#*'2(*$ 'A9#QC$ $ !"#
79#:242:%'2(*$ (4$ 7&:"$ %$ ;(+#1$ 4()$ #*#)5A$ #*+$ &7#$ ;%)3#'7$ 27$ +#7:)28#+$ 2*
/./$b^^^%C$$NbQ$I#6#1(9$'"#$+%'%$%*+$%*%1A727$*##+#+$'($79#:24A$'"#$%:'&%1$:&)6#7$%*+
9%)%;#'#)7$ (4$ %+(9'2(*$;(+#17H$ 2*2'2%11A$ 4(:&72*5$ (*$ '"#$ 0()3$ %1)#%+A$ %6%21%81#$ 2*
#*#)5A$ #*+W&7#$ ;%)3#'$ ;(+#12*5C$ N`Q$ K(*+&:'$ %+(9'2(*$ ;(+#12*5$ '"%'$ #T912:2'1A
2*:()9()%'#7$:(7'7$%*+$#44#:'7$(4$;%)3#'$2*'#)6#*'2(*7$4()$*(*WKMb$GEG7C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$8#'0##*$,-./.=$%*+$('"#)$79(*7()2*5$#*'2'2#7H$2*:1&+2*5$K%124()*2%

#1#:')2:$ %*+$ 5%7$ &'212'2#7$ N62%$ K=?D=KQH$ ,-./$ @&21+2*57H$ *(*W,-./$ .*#)5A
K(;;2772(*$%)#%7H$%*+$('"#)7C

•  =6%21%8212'A$ (4$ %*+$ %::#77$ '($ +%'%C$ $U*4()'&*%'#1AH$;&:"$ (4$ '"#$ +#'%21#+H$ "27'()2:
+%'%$ '"%'$ 0(&1+$ 8#$ 2+#%1$ '($ &'212X#$ 4()$ :%128)%'2*5$ #*#)5AW#442:2#*:A$ %*+$ GEG
)#+&:'2(*$'#:"*(1(5A$(9'2(*$:&)6#7$27$#2'"#)$&*%6%21%81#$()$+2442:&1'$'($(8'%2*C$$R()
#T%;91#H$ '"#$ UC>C$ K#*7&7$ :#%7#+$ ')%:32*5$ %**&%1$ 41&()#7:#*'$ 8%11%7'$ %*+$ ('"#)
#*#)5A$#Y&29;#*'$7"29;#*'$+%'%$7#6#)%1$A#%)7$%5(C

Q= UA#0(9"*2-"*/202"8%682-"80,2*0//%9'02"A*R'2-*?%22%G8.&*0(0$4/"/*%6*+a+*,"A.92'%(
%&2'%(/=

H"3'@'3'#)*$##D#D>$NOQ$K(*+&:'$%$;#'"(+(1(52:%1$7'&+A$'"%'$%++)#77#7$'"#$7&991A$:&)6#
0#%3*#77#7$ 2+#*'242#+$ 2*$ >#:'2(*$ `CgI* 4(:&72*5$ (*$ 4();%11A$ :"%)%:'#)2X2*5$ '"#7#
0#%3*#77#7H$ 9)(9(72*5$ %1'#)*%'26#$ 8(''(;W&9$ ;#'"(+(1(52#7H$ %*+$ 2;91#;#*'2*5
#T%;91#7$(4$%1'#)*%'26#$;#'"(+7$%*+$;(+#17C$R(:&7$(*$7#:'()7$4()$0"2:"$+%'%$:%*$8#
+#6#1(9#+$ %*+$ &'212X#+$ 2*$ Y&%*'2'%'26#$ %*%1A7#7H$ %*+$ (*$;#'"(+7$ 7&:"$ %7$ %+(9'2(*
9)(:#77$;(+#12*5C$NbQ$K(()+2*%'#$02'"$'"#$8#"%62()%1$#:(*(;2:7$%*+$#*#)5A$#442:2#*:A
)#7#%):"$ 7&55#7'#+$ &*+#)$ '"#$ .:(*(;2:7$ (4$ K12;%'#$ K"%*5#$ D2'25%'2(*$ %*+
=+%9'%'2(*$9()'2(*$(4$'"#$K12;%'#$K"%*5#$)(%+;%9C

,&'3'"%-*1%"3(&)*+(&*!2""#))>
•  K(()+2*%'2(*$ %*+$ :(W4&*+2*5$ 02'"$ ('"#)$ ()5%*2X%'2(*7$ 2*'#)#7'#+$ 2*$ %+6%*:2*5

7&991A$:&)6#$;#'"(+7C
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F0?$"*HN=*3-%,282",G*Q.A)"2
Objective Projected Cost ($000)
cCOCOC=$K(*')28&'#$'($'"#$+#6#1(9;#*'$(4$%*$2*2'2%1$K%124()*2%W
79#:242:$KMb$)#+&:'2(*$7&991A$:&)6#7$4()$)#72+#*'2%1$8&21+2*57=

50–100*

cCOCOC@$K(*')28&'#$'($'"#$+#6#1(9;#*'$(4$%*$2*2'2%1$K%124()*2%W
79#:242:$KMb$)#+&:'2(*$7&991A$:&)6#7$4()$:(;;#):2%1$8&21+2*57C

100–200*

cCOCbC=$.7'%8127"$'"#$4#%728212'A$(4$%+%9'2*5$?@B?$2*+&7')AW
79#:242:$7'&+2#7$'($K%124()*2%

50–100

cCOCbC@$K(*')28&'#$'($+#6#1(9;#*'$(4$2*2'2%1$K%124()*2%W79#:242:
KMb$)#+&:'2(*$7&991A$:&)6#7$4()$)#;%2*2*5$;%S()$2*+&7')2#7

100–300**

cCOC`C=$I#6#1(9$8%72:$K%124()*2%W79#:242:$KMb$)#+&:'2(*$7&991A
:&)6#7$4()$'"#$')%*79()'%'2(*$7#:'()

200–500

cCOC`C@$=++)#77$0#%3*#77#7$%*+$5%97$2*$:&))#*'$')%*79()'%'2(*
7&991A$:&)6#$7'&+2#7

100–300

cCOCeC=$I#6#1(9$8%72:$K%124()*2%W79#:242:$KMb$)#+&:'2(*$7&991A
:&)6#7$4()$'"#$#1#:')2:2'A$5#*#)%'2*5$7#:'()

100–400*

cCOCeC@$R()#:%7'$'"#$4&'&)#$5#*#)%'2(*$;2T$2*$K%124()*2%$%*+
2*:()9()%'#$'"#$%8212'A$'($;(+#1$:"%*5#7$2*$)#79(*7#$'($GEG
;2'25%'2(*$9(12:2#7

100–300

cCOCcC=$I#6#1(9$KEe$)#+&:'2(*$7&991A$:&)6#$4()$'"#$1%*+4211
9(9&1%'2(*$2*$K%124()*2%

25–100

cCOCcC@$I#6#1(9$K%124()*2%W79#:242:$KEe$)#+&:'2(*$7&991A
:&)6#7$4)(;$;%*&)#$;%*%5#;#*'

25–100

cCOCg=$I#6#1(9$BbM$)#+&:'2(*$7&991A$:&)6#$4()$K%124()*2%H
)#+&:#$&*:#)'%2*'A$2*$Bb^$#;2772(*$#7'2;%'#7

25–100

cCOCg@$I#6#1(9$7&991A$:&)6#$4()$;2'25%'2*5$"25"$51(8%1
0%);2*5$9('#*'2%1$5%7#7$2*$K%124()*2%H$)#+&:#$&*:#)'%2*'A$2*
"25"$GF,$#;2772(*$#7'2;%'#7

25–50

cCOChC=$I#6#1(9_-;91#;#*'$%$IA*%;2:$!#:"*(1(5A$=+(9'2(*
D(+#1

100–500***

cCOChC@$=+6%*:#$'"#$7'%'#W(4W'"#W%)'$%77(:2%'#+$02'"$8(''(;W&9
%*%1A7#7$(4$GEG$)#+&:'2(*$(9'2(*7

50–100

Total Short-term Cost 1,050–3,150
B('#<$=*$%7'#)273$NdQ$2*+2:%'#7$%$"25"$9)(8%8212'A$'"%'$'"#$0()3$0211$8#$1#6#)%5#+$02'"$('"#)$(*5(2*5
#44()'7C$!"#$425&)#$526#*$27$'"#$K%124()*2%$.*#)5A$K(;;2772(*L7$9)(S#:'#+$#T9#*+2'&)#$'($:(;91#'#$#%:"
7"()'W'#);$(8S#:'26#C
dd/%*5#$+#9#*+7$(*$*&;8#)$(4$2*+&7')AW79#:242:$7'&+2#7$:(*+&:'#+$Nk`cH^^^akhcH^^^$9#)$2*+&7')AQC
dddE25"#)$)%*5#$2*:1&+#7$4&*+2*5$4()$(*#$()$;()#$7'&+2#7$'($#;92)2:%11A$#7'2;%'#$;(+#1$9%)%;#'#)7C
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5.2 Mid-term Objectives
!"#$ ;2+W'#);$ (8S#:'26#7$ 7"(&1+$ 5#*#)%11A$ 8#$ '($ 8&21+$ (44$ (4$ '"#$ 4(&*+%'2(*$ )#7#%):"
9)(S#:'7$+#6#1(9#+$2*$'"#$7"()'$'#);C$$D%*A$(4$'"#$7"()'W'#);$7'&+2#7$)#Y&2)#$+#6#1(9;#*'
(4$ 2*2'2%1$ GEG$ )#+&:'2(*$ 7&991A$ :&)6#7$ 4()$ K%124()*2%$ %7$ %$ 42)7'$ 7'#9$ '(0%)+$ ,-./.=
%:'262'2#7$ '"%'$ 4(:&7$(*$ %+6%*:2*5$;#'"(+(1(52#7$ %*+$ 2;9)(62*5$ 2*9&'$ +%'%C$ $J#A$;2+W
'#);$ )#7#%):"$ 277&#7$ %)#$ 2;9)(6#;#*'$ (4$ 2*:()9()%'2(*$ (4$ GEG$ 7&991A$ :&)6#7$ 2*
;%:)(#:(*(;2:$;(+#17H$ 2;9)(62*5$Y&%*'242:%'2(*$(4$:(W8#*#42'7$%*+$:(11%'#)%1$:(7'7H$%*+
2;9)(62*5$2*9&'$+%'%C

=C !"#"$%&*0A#0(9"A*50$'6%,('08/&"9'6'9*5>N8,"A.92'%(*/.&&$4*9.,#"/*6%,*9%GG",9'0$
0(A*,"/'A"(2'0$*?.'$A'()/=

H"3'@'3'#)* $##D#D>$ NOQ$ -;9)(6#$ '"#$ +A*%;2:$ ;(+#12*5$ %99)(%:"#7$ %*+$ 2*'#5)%'#$ '"#
;(+#17$ ()$ )#7&1'7$ +#6#1(9#+$ 2*$ '"#$ 7"()'$ '#);$ 2*'($ 1%)5#)$ ;%:)(#:(*(;2:$ :12;%'#
:"%*5#$ ;(+#17C$ NbQ$ -*:)#%7#$ Y&%*'242:%'2(*$ (4$ 2*+2)#:'$ :(7'7$ %*+$ 8#*#42'7$ (4$ #*#)5AW
#442:2#*:A$%*+$GEG$)#+&:'2(*$;#%7&)#7C

B. 7(2"),02"*50$'6%,('08/&"9'6'9*5>N8,"A.92'%(*/.&&$4*9.,#"/*09,%//*'(A./2,'"/.

H"3'@'3'#)*$##D#D>$NOQ$=4'#)$'"#$"25"W9)2()2'AH$*#%)W'#);$2*+262+&%1$2*+&7')2%1$7'&+2#7$%)#
:(;91#'#H$'"#$2*+262+&%1$7'&+A$)#7&1'7$7"(&1+$8#$ 2*'#5)%'#+$2*'($%*$(6#)%11$ 2*+&7')2%1
7&991A$:&)6#$4()$'"#$>'%'#C$NbQ$.T9%*+$%*+$2;9)(6#$%+(9'2(*$;(+#12*5$4()$2*+&7')2%1
+#:272(*$ ;%3#)7$ %*+$ '#:"*(1(52#7C$ $ N`Q$ K(*'2*&#$ )#7#%):"$ #44()'7$ %2;#+$ %'$ 8#''#)
&*+#)7'%*+2*5$ 2*+&7')2%1$ :&7'(;#)7L$ +27:(&*'$ )%'#7$ %*+$ Y&%*'24A2*5$ '"#$ :(7'7$ (4
'#:"*(1(5AW79#:242:$;%)3#'$8%))2#)7C

C. 5%(2'(."*2%*0AA,"//*R"0S("//"/*0(A*)0&/*'(*2,0(/&%,202'%(*/.&&$4*9.,#"*/2.A'"/C

H"3'@'3'#)* $##D#D>$ K(*'2*&#$ )#7#%):"$ #44()'7$ '($ +#6#1(9$ %$ 8#''#)$ &*+#)7'%*+2*5$ (4$ '"#
9)(:#77$(4$ 2**(6%'2(*$ 2*$ %&'(;('26#$ '#:"*(1(5AZ$ '"#$ #44#:'7$(4$ )#5&1%'2(*$ 2*$ 7"%92*5
+#725*$+#:272(*7$%*+$#T9%*+2*5$'#:"*(1(5A$(9'2(*7Z$%*+$'"#$)(1#$(4$:%92'%1$:(*7')%2*'7
2*$'#:"*(1(5A$+#91(A;#*'$+#:272(*7C

D. 7G&,%#"*A4(0G'9*"G'//'%(/*G%A"$'()*%6*50$'6%,('0_/*)"(",02'%(*/4/2"G

H"3'@'3'#)* $##D#D>$ K(*'2*&#$ '($ 2;9)(6#$ GEG$ #;2772(*7$ ;(+#12*5$ %77(:2%'#+$ 02'"
+244#)#*'$5#*#)%'2(*$;2T#7$2*$'"#$>'%'#$&*+#)$%1'#)*%'#$4&'&)#$7:#*%)2(7C

E. 7G&,%#"*5aT*G0,)'(0$*0?02"G"(2*9.,#"/*6%,*2-"*$0(A6'$$/*0(A*G0(.,"*G0(0)"G"(2

H"3'@'3'#)* $##D#D>$ K(*'2*&#$ )#7#%):"H$ %7$ *##+#+H$ '($ 2;9)(6#$ #7'2;%'2(*$ (4$ ;#'"%*#
#;2772(*7$ %77(:2%'#+$ 02'"$ 1%*+42117$ %*+$ 126#7'(:3$ %*+$ 2;9)(6#$ ;(+#12*5$ (4$ 5%7
:(*6#)72(*$#:(*(;2:7H$8%))2#)7H$%*+$%+(9'2(*C
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F. 7G&,%#"*ON>*0(A*a')-*+W:*G'2')02'%(*/.&&$4*9.,#"/=

H"3'@'3'#)*$##D#D>$K(*'2*&#$)#7#%):"H$%7$*##+#+H$'($2;9)(6#$#7'2;%'2(*$(4$*2')(&7$(T2+#
%*+$"25"$GF,$5%7#7$;2'25%'2(*$7&991A$:&)6#7C

GC !"#"$%&* 0(* '(2"),02"A* 0(0$4/'/* %6* +a+* ,"A.92'%(* %&&%,2.('2'"/* 0(A* 0//%9'02"A
9%/2/*0(A*?"("6'2/=

H"3'@'3'#)* $##D#D>$ -*'#5)%'#$ '"#$ 7#:'()W79#:242:$ GEG$ )#+&:'2(*$ (99()'&*2'2#7H$ '")(&5"
(*#$()$;()#$ #:(*(;2:W#*#)5A$;(+#17H$ '($9)(+&:#$%$ :(;9)#"#*726#H$ 2*'#)%:'26#H$ %*+
+A*%;2:$ %77#77;#*'$ (4$ %1'#)*%'26#$ 9(12:A$ (9'2(*7$ 4()$ )#+&:2*5$ K%124()*2%$ GEG
#;2772(*7C$ K(()+2*%'#$ '"27$ 0()3$02'"$ '"#$ )#1%'#+$ )#:(;;#*+%'2(*$ 2*$ '"#$ #:(*(;2:
9()'2(*$ (4$ '"#$ ,-./$ G1(8%1$ K12;%'#$ K"%*5#$ /#7#%):"$ ,1%*$ (*$ 1%)5#W7:%1#
:(;9&'%'2(*%1$;(+#12*5$'($%*%1AX#$)(8&7'$7')%'#52#7$4()$GEG$;2'25%'2(*$%*+$:12;%'#
:"%*5#$%+%9'%'2(*$2*$K%124()*2%C

H. 50$'?,02"*F"9-(%$%)4*UA%&2'%(*1%A"$/=

H"3'@'3'#)*$##D#D>$K(*'2*&#$+#6#1(9;#*'$(4$:%128)%'#+$'#:"*(1(5A$%+(9'2(*$:&)6#7C

5.3 Long-term Objectives
!"#$ 1(*5W'#);$(8S#:'26#$ 7"(&1+$ '($#*7&)#$ '"%'$K%124()*2%$"%7$ '"()(&5"1A$%*+$ %::&)%'#1A
%77#77#+$'"#$GEG$)#+&:'2(*$(99()'&*2'2#7$%*+$:(7'7$%77(:2%'#+$02'"$%$02+#$)%*5#$(4$>'%'#H
*%'2(*%1H$ %*+$ 2*'#)*%'2(*%1$9(12:A$(9'2(*7C$ $=7$ 79#:242:$GEG$9(12:2#7$%)#$+#6#1(9#+$%*+
2;91#;#*'#+H$ ,-./.=$ 7"(&1+$ :(*+&:'$ 7'&+2#7$ '"%'$ :(;921#$ %*+$ &7#$ +%'%$ 4)(;$ '"27
#T9#)2#*:#$'($'#7'H$6%12+%'#H$%*+$)#627#$2'7$GEG$;2'25%'2(*$;(+#17C

6. Leveraging R&D Investments
6.1 Methods of Leveraging
D&:"$(4$'"#$0()3$2+#*'242#+$2*$'"27$)(%+;%9$0(&1+$8#$:(11%8()%'26#$02'"$('"#)$#*'2'2#7Z
,-./.=$0(&1+$#2'"#)$:(W4&*+$9)(S#:'7$8A$('"#)$#*'2'2#7H$()$&7#$(&'72+#$4&*+7$'($7&99()'
,-./.=$#44()'7C$>9#:242:%11AH$,-./.=$7"(&1+$:(*72+#)$'"#$4(11(02*5<

•  K(W4&*+2*5$#T27'2*5$()$91%**#+$0()3$'($8#$:%))2#+$(&'$8A<
− '"#$ K%124()*2%$ ,&812:$ U'212'2#7$ K(;;2772(*$ NK,UKQH$ K%124()*2%$ #1#:')2:$ %*+$ 5%7

&'212'2#7H$.,=H$%*+$IM.$N8&21+2*57$%*+$2*+&7')AQZ
− =/@H$ 4#+#)%1$ I#9%)';#*'$ (4$ !)%*79()'%'2(*H$ %*+$ '"#$ I#9%)';#*'$ (4$ B%'&)%1

/#7(&):#7$K%*%+%$N')%*79()'%'2(*QZ
− '"#$4#+#)%1$I#9%)';#*'$(4$.*#)5A$%*+$.,/-$N5#*#)%'2(*QZ
− K-FD@$N1%*+42117QZ$%*+
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− .,=H$'"#$B#0$t#%1%*+$D2*27')A$(4$=5)2:&1'&)#$%*+$R()#7')AH$'"#$/#7#%):"$@)%*:"
(4$=5)2:&1'&)#$%*+$=5)2WR((+$K%*%+%H$%*+$'"#$K(&*:21$4()$=5)2:&1'&)%1$>:2#*:#$%*+
!#:"*(1(5A$N1%*+42117H$82(5%7H$BbMH$%*+$"25"$GF,$5%7#7QC

M'"#)$:(W4&*+2*5$(99()'&*2'2#7$;%A$8#$%6%21%81#$02'"$%$02+#$6%)2#'A$(4$:(&*')2#7$%*+
2*'#)*%'2(*%1$%5#*:2#7C

•  >(12:2'$ 4&*+7$ 4)(;$('"#)$ )#7#%):"$()5%*2X%'2(*7$ '($ 8&21+$&9(*$ '"#2)$ #44()'7H$ ()$ '($ :(W
+#725*$*#0$9)(S#:'7$%'$'"#$.*#)5A$K(;;2772(*C

6.2 Opportunities
K(W79(*7()7"29$(99()'&*2'2#7$%)#$123#1A$02'"$=/@H$K-FD@H$IM.H$B/.?H$%*+$.,=C$.%:"
(4$ '"#7#$ ()5%*2X%'2(*7$ 27$ 2*'#)#7'#+$ 2*$ %++)#772*5$ :12;%'#$ :"%*5#$ ;2'25%'2(*$ ()$ :1(7#1A
)#1%'#+$277&#7C$!"#$4(11(02*5$79#:242:$:(11%8()%'26#$(99()'&*2'2#7$"%6#$8##*$2+#*'242#+<

•  ,-./$ :(&1+$ :(W4&*+H$ ()$;()#$ 123#1AH$ 8&21+$ &9(*30$ )#7#%):"$ :(*+&:'#+$ 8A$ '"#$K,UKH
K%124()*2%$&'212'2#7H$%*+$*(*W,-./$K.K$%2;#+$%'$#7'2;%'2*5$#*#)5AW#442:2#*:A$9('#*'2%1
2*$'"#$7'%'#7$)#72+#*'2%1$%*+$:(;;#):2%1$7#:'()7C

•  ,-./$ :(&1+$ :(W4&*+$ %++2'2(*%1$ 2*+&7')2%1$ 7#:'()$ 7&991A$ :&)6#$ 7'&+2#7$ 02'"$ .,=$ '(
+#6#1(9$8('"$*%'2(*%1$%*+$K%124()*2%W79#:242:$)#7&1'7C

•  ,-./$ :(&1+$ :(W4&*+$ #44()'7$ '($ :(;921#$ %6%21%81#$ 2*4();%'2(*$ (*$ '"#$ :(7'7$ %*+$GEG
#;2772(*7$:"%)%:'#)27'2:7$(4$K%124()*2%$5#*#)%'2*5$91%*'7$2*'($%$72*51#H$#%721A$%::#77281#
)#7(&):#H$ %*+$ '($ 4()#:%7'$ :"%*5#7$ 2*$ 5#*#)%'2(*$ :(7'7$ 02'"$ ('"#)$ *%'2(*%1$ %*+
2*'#)*%'2(*%1$()5%*2X%'2(*7$7##32*5$'"#$7%;#$2*4();%'2(*C

•  ,-./$:(&1+$:(11%8()%'#$()$:(W4&*+$0()3$02'"$K-FD@j%7$0#11$%7$('"#)$)#1#6%*'$7'%'#
%5#*:2#7$ %*+$ .,=j(*$ +#6#1(92*5$ 8%72:$ KEe$ ;%)52*%1$ %8%'#;#*'$ :&)6#7$ 4()$ '"#
1%*+4211$ 9(9&1%'2(*$ 2*$ K%124()*2%H$ 8('"$ 2*$ '#);7$ (4$ :(()+2*%'2(*$ %*+$ 9('#*'2%1$ :(W
4&*+2*5C

•  ,-./$:(&1+$:(11%8()%'#$()$:(W4&*+$0()3$02'"$'"#$K%124()*2%$I#9%)';#*'$(4$R((+$%*+
=5)2:&1'&)#j%7$ 0#11$ %7$ ('"#)$ )#1#6%*'$ 7'%'#$ %5#*:2#7H$ %*+$ .,=j'($ +#6#1(9$ 8%72:
K%124()*2%W79#:242:$KEeW)#+&:'2(*$7&991A$:&)6#7$4)(;$;%*&)#$;%*%5#;#*'C

                                                     
30 Much of the research funded by California’s public benefits charge has a fairly rapid turnaround time between
project specification and completion (typically 6 months to 2 years).  As a result, direct co-funding may be
complicated by differences in timing and objectives.  Nonetheless, tremendous opportunities exist for PIEREA to
build upon and leverage the data and results developed in these studies for the purpose of advancing the state of
supply curve-related research.
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7. Areas Not Addressed by This Roadmap
!"27$)(%+;%9$+(#7$*('$79#:242:%11A$%++)#77$;#'"%*#$4)(;$#*'#);2:$4#);#*'%'2(*H$*%'&)%1
5%7$ 9)(+&:'2(*$ ()$ :(%1$;2*2*5Z$ *()$ *2')(&7$ (T2+#$ 4)(;$ 2*+&7')2%1$ 9)(:#77#7$ %*+$0%7'#C
!"#7#$%)#%7$%)#$*('$%++)#77#+$8#:%&7#$:&))#*'$ 2*4();%'2(*$ 7&55#7'7$ '"%'$ '"#A$%)#$ 7;%11
:(*')28&'()7$ '($ K%124()*2%L7$ GEG$ #;2772(*7C$ $ B('#$ '"%'$ :%)8(*$ 7#Y&#7')%'2(*$ 27$ 8#2*5
%++)#77#+$2*$%$:(;9%*2(*$,-./.=$)(%+;%9C

8. References
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>%:)%;#*'(C$V%*&%)AC
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Appendix A
Current Status of Programs
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