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Decisions	
  about	
  investments	
  in	
  
electricity	
  genera.on	
  are	
  hard	
  

•  Are large & irreversible 

•  There are multiple alternatives to choose from 

•  Are long lived and have long lead times 

•  Have uncertain outcomes 
•  Profits	
  and	
  costs	
  depend	
  on	
  deep,	
  irreducible	
  uncertain.es	
  

•  Like	
  future	
  electricity	
  demand,	
  future	
  fuel	
  prices,	
  or	
  the	
  pace	
  of	
  technological	
  advancement	
  

•  Create path dependencies 
•  Decisions	
  today	
  determine	
  the	
  availability	
  of	
  future	
  choices	
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In	
  this	
  talk	
  I	
  will…	
  
•  Describe our efforts to support investment decisions 

made by 
–  PUCs	
  and	
  regulated	
  u.li.es	
  

•  Partnering	
  with	
  NARUC:	
  
–  training	
  and	
  tool	
  development	
  

•  Analyzing	
  investment	
  decisions	
  

–  Climate-­‐Environmental	
  Policy	
  Makers	
  
•  Represen.ng	
  the	
  investment	
  decision	
  under	
  uncertainty	
  
•  Using	
  this	
  representa.on	
  to	
  inform	
  the	
  design	
  of	
  policies	
  to	
  affect	
  

investment	
  decisions	
  
–  Design	
  of	
  Flexible	
  Technology	
  Policy	
  with	
  Alterna.ve	
  Compliance	
  Payments	
  

(ACP)	
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Suppor.ng	
  investment	
  decisions	
  
from	
  PUCs	
  (and	
  regulated	
  u.li.es	
  )	
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•  Common	
  prac.ce	
  has	
  been	
  to	
  use	
  Scenario	
  Analysis: 	
  	
  
SCENARIO ANALYSIS 

1.  Identify some plausible future scenarios 
2.  For each scenario, identify the best 

strategy 
3.  Choose a strategy: 

•  Some electric utilities (e.g Duke 
Energy) qualitatively compare the 
best strategies for each scenario 
and choose one 

•  Some other utilities (e.g. Southern 
Company) consider minimizing the 
maximum regret 

	
  

This	
  choice	
  is	
  made	
  
without	
  aUemp.ng	
  to	
  

assign	
  probabili.es	
  to	
  the	
  
scenarios	
  

Describing	
  sets	
  of	
  assump.ons	
  
regarding	
  all	
  the	
  factors	
  that	
  affect	
  
the	
  payoff	
  of	
  a	
  decision	
  alterna.ve	
  



Main	
  flaw	
  of	
  Scenario	
  Analysis	
  as	
  
tradi.onally	
  applied	
  in	
  electric	
  u.li.es	
  
Scenario analysis implies beliefs about probabilities but they are 

not made explicit 
–  choice of scenarios implies probability judgments 
–  choice of strategy also implies probability judgments 
–  use of regret scores (for minimax ) also implies probability judgments 

 
Decision makers have probabilities in the back of their mind 

–  Making them explicit may produce more productive discussions 
–  It will make the decision process more transparent  

•  Especially beneficial for decision makers deciding on 
behalf of the public !!!  
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We	
  have	
  provided	
  extensive	
  training	
  
to	
  PUC	
  commissioners	
  and	
  staff:	
  	
  1)	
  
delivering	
  the	
  message	
  that	
  
probabili.es	
  should	
  be	
  formulated	
  
because	
  they:	
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•  Are	
  required	
  for	
  decision	
  analysis	
  	
  
•  For	
  thorough	
  uncertainty	
  characteriza.on	
  
•  For	
  quan.ta.ve	
  comparison	
  of	
  decision	
  alterna.ves	
  
•  To	
  iden.fy	
  hedging	
  investments	
  

•  Encourage	
  discussion	
  on	
  likelihood	
  of	
  scenarios	
  
•  Enable	
  sensi.vity	
  analysis	
  

•  Are	
  already	
  in	
  the	
  back	
  of	
  the	
  mind	
  of	
  those	
  choosing	
  
strategies	
  !!	
  
•  It	
  is	
  a	
  good	
  idea	
  to	
  make	
  EXPLICIT	
  the	
  subjec.ve	
  beliefs	
  of	
  decision	
  

makers	
  



And	
  2)	
  advoca.ng	
  for	
  investment	
  
analysis	
  that:	
  

Is prospective and comprehensive 
–  Considers	
  current	
  and	
  poten.al	
  future	
  events	
  (e.g.	
  regula.ons,	
  technological	
  

breakthroughs,	
  price	
  shocks)	
  
–  Considers	
  “all”	
  possible	
  investment	
  alterna.ves	
  	
  

•  Retrofits,	
  new	
  plants,	
  combina.ons	
  of	
  plants	
  

–  Represents	
  managerial	
  flexibility:	
  	
  
•  Op.ons	
  to	
  delay	
  investment,	
  build	
  in	
  phases,	
  abandon	
  construc.on,	
  or	
  mothball	
  

	
  

Explicitly accounts for uncertainty judgments 
–  Considers	
  a	
  wide	
  range	
  of	
  future	
  scenarios	
  
–  Considers	
  the	
  chances	
  of	
  those	
  scenarios	
  

Allows iteration over uncertainty characterization 
–  To	
  iden.fy	
  robust	
  strategies	
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And	
  3)	
  Presen.ng	
  an	
  example	
  and	
  
making	
  available	
  a	
  tool	
  for	
  this	
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PowerOptInvest 
 
Stochastic optimization model that determines optimal investment and 
operating decisions over a 30+ year horizon given  user’s assumptions 
about: 
 

–  Regulatory	
  uncertainty	
  
–  Fuel	
  price	
  uncertainty	
  
–  Technology	
  uncertainty	
  (cost	
  &	
  performance)	
  

 

Optimal investment and operating decisions 
–  Minimize	
  cost/maximize	
  profit	
  =	
  f	
  (capital	
  costs+	
  O&M	
  cost+	
  emissions)	
  

 



Used to inform LG&E Mill Creek decision 
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PowerOptInvest	
  Modeling:	
  
-­‐CSAPR,	
  MATS,	
  CCR,	
  316b	
  (SO2	
  NAAQS)	
  
-­‐Fuel	
  Price,	
  Regulatory,	
  Climate	
  Policy	
  Uncertainty	
  

1.4	
  GW	
  coal-­‐fired	
  power	
  plant	
  	
  
In	
  2010	
  needed	
  to	
  decide	
  how	
  to	
  
comply	
  with	
  CSAPR,	
  MATS,	
  SO2	
  
NAAQS	
  



1 
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32 compliance options 
 
 

1 Supercritical coal 4,532                   17 13 + CCS 1,720                   

2 CCS retrofit on Super 1,720                   18 14 + CCS 1,720                   

3 Super w ith CCS 7,273                   19 15 + CCS 1,720                   

4 3 NGCC 2x1 F-Class CT 1,743                   20 16 + CCS 1,720                   

5

2 NGCC 2x1 F-Class CT 
+ 1 Advanced NGCC H 
class CT

1,600                   21

Existing+ CSAPR + 
MATS + Sub D + 316b I + 
CCS

2,991                   

6
4 Advanced NGCC H 
class CT

1,752                   22 10 + Sub C -                       

7

CCS retrofit on 4 
Advanced NGCC H 
class CT

1,526                   23
Existing + CSAPR + 
MATS + Sub C 1,268                   

8
4 Advanced NGCC H 
class CT w ith CCS

3,024                   24 10 + Sub C + 316b E 71                        

9 Existing Mill Creek -                       25 22 + 316b E 71                        

10
Existing + CSAPR + 
MATS

1,268                   26 23 + 316b E 71                        

11 10 + Sub D -                       27
Existing+ CSAPR + 
MATS + Sub C + 316b E

1,339                   

12
Existing + CSAPR + 
MATS + Sub D

1,268                   28 24 + CCS 1,720                   

13 10 + Sub D + 316b I 2                          29 25 + CCS 1,720                   

14 11 + 316b I 2                          30 26 + CCS 1,720                   

15 12 + 316b I 2                          31 27 + CCS 1,720                   

16
Existing+ CSAPR + 
MATS + Sub D + 316b I 1,270                   32

Existing+ CSAPR + 
MATS + Sub C + 316b E 
+ CCS

3,059                   

Capital	
  Costs	
  
($2010	
  M)

Investment	
  Options Investment	
  Options Capital	
  Costs	
  
($2010	
  M)
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12 scenarios considered 

1 Baseline Baseline no	
  price
2 Baseline Less	
  Stringent no	
  price
3 Baseline More	
  Stringent low	
  2020
4 Baseline Baseline low	
  2020

5 High Baseline no	
  price
6 High Less	
  Stringent no	
  price
7 High More	
  Stringent mid	
  2020
8 High Baseline mid	
  2020

9 Extra	
  High Baseline no	
  price
10 Extra	
  High Less	
  Stringent no	
  price
11 Extra	
  High More	
  Stringent high	
  2020
12 Extra	
  High Baseline high	
  2020

Scenario Natural	
  Gas	
  
Price

Regulation Carbon	
  Price
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All scenario had equal probability in first year… 
uncertainty would be reduced every year 

Example	
  Probabilities	
  Converging	
  Scenario	
  2:	
  Mid	
  NG,	
  Less	
  Strinent	
  EPA	
  Reg,	
  No	
  Carbon	
  Price
Scenario 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

1 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
2 0.083 0.185 0.287 0.389 0.491 0.593 0.694 0.796 0.898 1.000
3 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
4 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
5 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
6 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
7 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
8 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
9 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
10 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
11 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
12 0.083 0.074 0.065 0.056 0.046 0.037 0.028 0.019 0.009 0.000
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1 
Scenarios Year 1 2 3 4 5 6 7 8 9 10

1
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I

Sub	
  C
0 0

316b	
  E
0 0 0

2
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I

Sub	
  C
0 0

316b	
  E
0 0 0

3
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I 0

Sub	
  C
0

316b	
  E
0 0 0

4
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I

Sub	
  C
0 0

316b	
  E
0 0 0

5
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I

Sub	
  C
0 0

316b	
  E
0 0 0

6
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I

Sub	
  C
0 0

316b	
  E
0 0 0

7
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I

Sub	
  C
0 0

316b	
  E
0 0 0

8
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I

Sub	
  C
0 0

316b	
  E
0 0 0

9
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I

Sub	
  C
0 0

316b	
  E
0 0 0

10
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I 0

Sub	
  C
0

316b	
  E
0 0 0

11
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I 0

Sub	
  C
0

316b	
  E
0 0 0

12
0 0

MATS	
  &	
  Sub	
  D	
  
&	
  316b	
  I 0

Sub	
  C
0

316b	
  E
0 0 0

Year 2011 2015 2020

Least	
  Cost	
  Investments	
  12	
  Scenarios	
  with	
  Carbon	
  Price	
  in	
  Selected	
  Scenarios

Extra	
  High	
  NG,	
  
Less	
  Stringent	
  EPA	
  

Extra	
  High	
  NG,	
  
More	
  Str.	
  EPA,	
  
High	
  Carbon
Extra	
  High	
  NG,	
  
Base	
  EPA,	
  High	
  

Carbon

Mid	
  NG,	
  Baseline	
  
EPA,	
  Low	
  Carbon	
  

Cost	
  
High	
  NG,	
  Baseline	
  

EPA

High	
  NG,	
  Less	
  
Stringent	
  EPA	
  
High	
  NG,	
  More	
  

Stringent	
  EPA,	
  Mid	
  
Carbon	
  Cost

High	
  NG,	
  Baseline	
  
EPA,	
  Mid	
  Carbon	
  

Cost
Extra	
  High	
  NG,	
  
Baseline	
  EPA

Mid	
  NG,	
  Baseline	
  
EPA

Mid	
  NG,	
  Less	
  
Stringent	
  EPA	
  
Mid	
  NG,	
  More	
  

Stringent	
  EPA,	
  Low	
  
Carbon	
  Cost	
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$940	
  million	
  invested:	
  
New	
  WFGD	
  and	
  Fabric	
  filters	
  completed	
  

in	
  2014	
  
(98%	
  removal	
  of	
  SO2,	
  reduc.on	
  of	
  
mercury	
  and	
  PM	
  emissions	
  by	
  half	
  



In	
  this	
  talk	
  I	
  will…	
  
•  Describe our efforts to support investment decisions 

made by 

–  PUCs	
  and	
  regulated	
  u.li.es	
  
•  Partnering	
  with	
  NARUC:	
  

–  training	
  and	
  tool	
  development	
  

•  Analyzing	
  investment	
  decisions	
  

	
  
–  Climate-­‐Environmental	
  Policy	
  Makers	
  

•  Represen.ng	
  the	
  investment	
  decision	
  under	
  uncertainty	
  
•  Using	
  this	
  representa.on	
  to	
  inform	
  the	
  design	
  of	
  policies	
  to	
  affect	
  

investment	
  decisions	
  
–  Design	
  of	
  flexible	
  technology	
  policy	
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Analysis	
  informing	
  climate	
  policy	
  
shouldn’t	
  assume	
  investors	
  have	
  

perfect	
  foresight	
  
 
A realistic exploration of the outcomes of policies requires 

representing the investment decision process under 
uncertainty 
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Retrofit	
  
exis.ng	
  

Build	
  New	
  

Wait	
  –	
  buy	
  
allowances	
  

Decision	
  in	
  2016	
  

Fabric	
  Filter	
  

FGD	
  
FGD	
  +	
  Fabric	
  Filter	
  
SCR	
  
…	
  
…	
  
…	
  

Retrofit	
  

Build	
  New	
  

Wait	
  

CC	
  Retrofit	
  

Build	
  New	
  

Wait	
  

Coal	
  Supercri.cal	
  

Coal	
  Supercri.cal	
  +	
  CCS	
  
IGCC	
  
IGCC	
  +	
  CCS	
  
NGCC	
  
NGCC	
  +	
  CCS	
  

…..	
  

Decision	
  in	
  2017	
  

NEW	
  Coal	
  Plants	
  	
  
Must	
  have	
  CCS	
  

EXISTING	
  Plants	
  must	
  retrofit	
  or	
  be	
  replaced	
  

No	
  op.on	
  to	
  invest	
  in	
  coal	
  
+	
  low	
  NG	
  prices	
  	
  

=	
  	
  Replacement	
  with	
  NG	
  
plants	
  

Not	
  hard	
  to	
  
think	
  of	
  
scenarios	
  

where	
  this	
  is	
  
subop.mal	
  

Is	
  it	
  possible	
  to	
  revive	
  these	
  op.ons	
  
and	
  achieve	
  beUer	
  environmental	
  and	
  

economic	
  outcomes	
  ?	
  



Reviving	
  the	
  op.ons	
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Advantage	
  of	
  having	
  todays’	
  rules:	
  
	
  

•  Most	
  old	
  coal	
  plants	
  will	
  be	
  
replaced	
  

•  No	
  new	
  plants	
  will	
  be	
  
conven.onal	
  coal	
  plants	
  

	
  

Disadvantage	
  

• Since	
  CCS	
  is	
  not	
  compe..ve	
  yet:	
  
•  No	
  investment	
  in	
  coal-­‐

plants	
  
•  No	
  learning	
  in	
  CCS	
  

• All	
  the	
  market	
  for	
  new	
  genera.on	
  
is	
  taken	
  by	
  conven.onal	
  NGCC	
  

• No	
  .me	
  or	
  incen.ves	
  for	
  
advancing	
  beUer	
  disrup.ve	
  
technologies	
  

Keep	
  advantages	
  and	
  
eliminate	
  

disadvantages	
  ???	
  

Flexible	
  
standard	
  	
  



Flexible	
  CO2	
  Emissions	
  Standard	
  for	
  
extant	
  plants:	
  ACP	
  

Owners pay an Alternative Compliance Payment  (ACP) for 
each plant that fails to meet the maximum CO2 emission rate 
standard 

 
Policy defines: 
1. The ACP in $/ton 
2. The deadline:  the time when investment or closure decision has to be made 

 
Is it legally feasible? 

–  ACP	
  at	
  the	
  state	
  level	
  is	
  not	
  likely	
  to	
  face	
  federal	
  law	
  obstacles	
  
•  ACP	
  for	
  RPS	
  in	
  MassachuseUs,	
  New	
  Jersey,	
  Illinois	
  	
  

–  ACP	
  at	
  the	
  federal	
  level	
  would	
  require	
  legisla.ve	
  authoriza.on	
  but	
  
precedents	
  exist	
  under	
  US	
  CAA	
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Retrofit	
  
exis.ng	
  

Build	
  New	
  

Wait	
  –	
  buy	
  
allowances	
  

Decision	
  in	
  2016	
  

Fabric	
  Filter	
  

FGD	
  
FGD	
  +	
  Fabric	
  Filter	
  
SCR	
  
…	
  
…	
  
…	
  

Retrofit	
  

Build	
  New	
  

Wait	
  

CC	
  Retrofit	
  

Build	
  New	
  

Wait	
  

Coal	
  Supercri.cal	
  

Coal	
  Supercri.cal	
  +	
  CCS	
  
IGCC	
  
IGCC	
  +	
  CCS	
  
NGCC	
  
NGCC	
  +	
  CCS	
  

…..	
  

Decision	
  in	
  2017	
  What	
  is	
  the	
  
value	
  of	
  

keeping	
  alive	
  
the	
  op.on	
  to	
  

wait	
  ?	
  

A	
  flexible	
  policy	
  with	
  ACP	
  for	
  new	
  plants	
  can	
  result	
  in	
  
lower	
  expected	
  emissions,	
  and	
  lower	
  costs:	
  	
  Pa<no-­‐

Echeverri,	
  Burtraw	
  &	
  Palmer	
  (JRE	
  2013)	
  

3	
  Condi.ons:	
  
1.  New,	
  CCS	
  ready	
  plants	
  have	
  lower	
  

emissions	
  than	
  the	
  old	
  plants	
  being	
  
replaced	
  

2.  CCS	
  costs	
  are	
  decreasing	
  
3.  CCS	
  retrofit	
  on	
  CCS-­‐ready	
  plants	
  should	
  

not	
  be	
  much	
  higher	
  than	
  new	
  installa.ons	
  



The	
  value	
  of	
  allowing	
  some	
  plants	
  to	
  wait	
  

Is it possible that in the near future (3-5 
years) there will be… 
 
1.  better retrofit technologies? 
2.  better replacement plants? 
3.  more information about coal/gas 

prices to facilitate the choice of 
fuel? 

4.  Good arguments to limit natural-gas 
use? 
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then	
  	
  
	
  
A	
  policy	
  that	
  allows	
  
some	
  plants	
  to	
  wait	
  in	
  
their	
  decision	
  of	
  
retrofitng	
  or	
  replacing	
  
may	
  be	
  superior	
  than	
  
an	
  inflexible	
  
technology	
  policy	
  

If	
  the	
  answer	
  to	
  any	
  of	
  
these	
  is	
  yes	
  

What	
  are	
  the	
  condi.ons	
  under	
  which	
  a	
  flex	
  policy	
  with	
  ACP	
  
would	
  be	
  superior	
  (lower	
  emissions)?	
  	
  

Pa.no-­‐Echeverri,	
  
UCLA	
  Law	
  Review	
  –	
  

July	
  2014	
  



Can	
  a	
  Flexible	
  Technology	
  Standard	
  
Policy	
  with	
  ACP	
  be	
  beUer	
  ?	
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R:	
  frac.on	
  of	
  emissions	
  remaining	
  aKer	
  control	
  is	
  used	
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•  Lets	
  assume	
  there	
  is	
  ac.ve	
  RD&D	
  on	
  a	
  technology	
  that	
  will	
  have	
  zero	
  emissions	
  
•  There	
  is	
  a	
  probability	
  π	
  that	
  it	
  will	
  be	
  commercial	
  in	
  3	
  years	
  

•  What	
  should	
  be π	
  so	
  that	
  ACP	
  policy	
  is	
  beUer?	
  	
  (lets	
  assume	
  life.me	
  of	
  30yrs)	
  
•  Simplest	
  calcula.on:	
  	
  

Expected	
  emissions	
  under	
  FlexibleACP	
  	
  Emissions	
  of	
  conven.onal	
  

ACP	
  is	
  beLer	
  if:	
  
Emissions	
  of	
  “Best”	
  control	
  are	
  

low	
  enough	
  
	
  	
  

And	
  
	
  

If	
  π is	
  high	
  enough	
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R:	
  Frac.on	
  of	
  remaining	
  emissions	
  aKer	
  control	
  is	
  used	
  

Threshold	
  probability	
  
T=30,	
  v=3	
  

What	
  are	
  the	
  poten.al	
  reduc.ons	
  for	
  
conven.onal	
  retrofits	
  of	
  coal	
  plants?	
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SO2:	
  
WFGD	
  

NOx:	
  
SCR	
  

Elemental	
  
mercury:	
  FF

+CI	
  

CO2:	
  
Amine	
  

CO2:	
  NGCC	
  
Replacement	
  



Can	
  a	
  Flexible	
  Technology	
  Standard	
  
Policy	
  with	
  ACP	
  be	
  beUer	
  ?	
  

 
ACP can be better if: 

–  The	
  probability	
  of	
  breakthrough	
  technology	
  within	
  the	
  ACP	
  deadline	
  
meets	
  the	
  condi.on	
  1	
  

and	
  
–  The	
  expected	
  LCOE	
  of	
  breakthrough	
  technology	
  is	
  lower	
  or	
  has	
  lower	
  risk	
  

(uses	
  a	
  fuel	
  with	
  lower	
  price	
  vola.lity)	
  	
  

and	
  
–  The	
  ACP	
  payment	
  is	
  low	
  enough	
  so	
  that	
  expected	
  LCOE	
  of	
  paying	
  ACP	
  is	
  

lower	
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A	
  beUer	
  policy	
  is	
  one	
  that	
  results	
  in	
  lower	
  expected	
  costs	
  of	
  compliance	
  



Are	
  there	
  any	
  examples	
  of	
  possible	
  
future	
  technology	
  that	
  would	
  jus.fy	
  a	
  

policy	
  with	
  ACP?	
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NET-­‐Power:	
  Example	
  of	
  possible	
  
“path-­‐breaking”	
  technology	
  

Levelized	
  Cost	
  of	
  Electricity	
  Note:	
  
•  LCOE	
  calculated	
  using	
  EPRI	
  methodology	
  
•  Assumes	
  $6.50/MMBtu	
  natural	
  gas	
  and	
  $2.00/MMBtu	
  coal	
  
•  Cost	
  ranges	
  represent	
  data	
  from	
  several	
  sources:	
  EIA	
  (2013);	
  Parsons	
  Brinkerhoff	
  (2013);	
  	
  NETL	
  (2012);	
  Black	
  &	
  Veatch	
  (2012)	
  

In	
  climates	
  with	
  higher	
  
al<tudes	
  and	
  higher	
  
temperatures,	
  economic	
  
performance	
  of	
  tradi.onal	
  
cycles	
  deteriorate	
  sharply	
  
compared	
  to	
  Allam	
  Cycle	
  

And..	
  
-­‐near	
  zero	
  
emissions	
  

(including	
  CO2	
  and	
  
NOx)	
  

-­‐No	
  water	
  use	
  
-­‐High	
  opera.onal	
  

flexibility	
  

Slide	
  from	
  8	
  Rivers	
  Capital	
  &	
  NET	
  Power	
  –	
  Used	
  with	
  permission	
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Every	
  component	
  is	
  commercially	
  
available	
  today,	
  except	
  for	
  Toshiba	
  

combustor/turbine	
  

1	
  Fuel	
  Combus.on	
  
2	
  CO2	
  Turbine	
  
3	
  Heat	
  Rejec.on	
  
4	
  Water	
  Separa.on	
  
5	
  Compression	
  and	
  Pumping	
  

7	
  Heat	
  Recupera.on	
  

6	
  Addi.onal	
  Heat	
  Input	
  

5	
  

1	
  

2	
  

3	
  

4	
  

7	
  

6	
  

5	
  

!  58.9%	
  (LHV)	
  net	
  efficiency,	
  with	
  capture	
  of	
  >97%	
  of	
  carbon	
  	
  

! Oxy-­‐fuel,	
  closed-­‐loop,	
  CO2	
  	
  working	
  fluid	
  

!  200-­‐400	
  bar;	
  6-­‐12	
  pressure	
  ra.o	
  
!  CO2	
  and	
  water	
  are	
  the	
  only	
  byproducts	
  

!  All	
  components,	
  other	
  than	
  combustor	
  and	
  turbine,	
  currently	
  
available	
  	
  

!  740H	
  now	
  in	
  commercial	
  use	
  at	
  two	
  facili.es	
  

!  Combustor	
  and	
  turbine	
  under	
  development	
  by	
  Toshiba	
  



NET-­‐Power:	
  Example	
  of	
  possible	
  
“path-­‐breaking”	
  technology	
  

NET-­‐POWER	
  GAS:	
  
Clean:	
  
•  Near-­‐100%	
  capture	
  of	
  all	
  carbon	
  emissions	
  (>97%)	
  
•  No	
  other	
  air	
  emissions,	
  including	
  NOx	
  
•  Water	
  usage	
  can	
  be	
  eliminated	
  	
  with	
  a	
  minimal	
  impact	
  (2-­‐3%)	
  on	
  efficiency	
  

Economic:	
  
•  Produces	
  electricity	
  at	
  a	
  cost	
  equal	
  to,	
  or	
  less	
  than	
  NGCC	
  
•  No	
  addi.onal	
  cost	
  for	
  CO2	
  capture	
  
•  CO2	
  supply	
  cheaper	
  than	
  currently	
  used	
  for	
  EOR	
  

•  57	
  commercial	
  NET	
  Power	
  Allam	
  Cycle	
  plants	
  could	
  replace	
  the	
  en.re	
  combined	
  CO2	
  supply	
  of	
  the	
  3	
  largest	
  US	
  EOR	
  operators	
  (Oxy,	
  Kinder,	
  
Denbury)	
  at	
  lower	
  cost	
  

Flexible	
  (and	
  hence	
  great	
  to	
  integrate	
  renewables)	
  
•  Lower	
  shut-­‐down	
  costs	
  	
  

•  Large	
  parasi.c	
  load	
  enables	
  full	
  electrical	
  turndown	
  (0%	
  electric	
  output	
  to	
  grid),	
  burning	
  fuel	
  to	
  operate	
  plant	
  equipment	
  while	
  expor.ng	
  CO2	
  to	
  
pipeline	
  

•  Ramp-­‐rate	
  expected	
  to	
  be	
  2-­‐5%	
  per	
  minute	
  from	
  warm/hot	
  start	
  
•  BeUer	
  than	
  NGCC	
  plants	
  in	
  warm	
  ambient	
  or	
  high	
  al.tude	
  condi.ons	
  

NET-­‐POWER	
  COAL:	
  
Same	
  by	
  adding	
  first	
  a	
  Coal	
  Gasifica.on	
  unit	
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Example	
  of	
  possible	
  “path-­‐breaking”	
  
technology	
  

Net Power, GHGT-11 Allam et al. Energy Procedia 2012 
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$0.00	
  	
  

$20.00	
  	
  

$40.00	
  	
  

$60.00	
  	
  

$80.00	
  	
  

$100.00	
  	
  

$120.00	
  	
  

$140.00	
  	
  

$160.00	
  	
  

	
  $1.00	
  	
   	
  $3.00	
  	
   	
  $5.00	
  	
   	
  $7.00	
  	
   	
  $9.00	
  	
   	
  $11.00	
  	
   	
  $13.00	
  	
   	
  $15.00	
  	
  

LC
O
E	
  
($
/M

W
h)
	
  

	
  

-­‐  NG	
  Price	
  ($/MMBtu)	
  
-­‐  Assume	
  coal	
  price	
  =$2/MMBtu	
  -­‐	
  NG2CR	
  between	
  0.8	
  -­‐	
  4.8	
  

-­‐  IECM	
  data	
  for	
  conven.onal	
  tech	
  

LCOE	
  when	
  both	
  plants	
  have	
  CCS	
  

NGCC+CCS	
  amine	
  

Supercri.cal	
  (WFGD,	
  SCR,	
  FF,	
  CI)	
  +	
  CCS	
  Amine	
  

NetPowerGas	
  

NetPowerCoal	
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1.  Replace	
  	
  one	
  with	
  a	
  SC	
  coal	
  plant	
  with	
  CCS	
  (90%	
  capture)	
  	
  
(CC	
  M$	
  1758)	
  

2.	
  Replace	
  2	
  plants	
  with	
  	
  NGCC	
  	
  
(CC	
  M$	
  824)	
  

3.	
  Pay	
  ACP	
  and	
  wait	
  

The	
  value	
  of	
  wai.ng	
  to	
  invest	
  	
  

path-­‐breaking	
  tech	
  is	
  successful	
  

path-­‐breaking	
  tech	
  is	
  not	
  yet	
  successful	
  

π

1 π−Three	
  500MW	
  
coal	
  plants:	
  	
  

How	
  to	
  reduce	
  
emissions	
  by	
  

30%?	
  

Can	
  choose	
  1,	
  2	
  or	
  
3	
  depending	
  on	
  
deadline	
  of	
  ACP	
  

policy	
  

The	
  benefit	
  of	
  wai.ng	
  
increases	
  with	
  higher	
  π

The	
  benefit	
  of	
  wai.ng	
  
decreases	
  with	
  ACP	
  value

Uncertainty	
  on	
  the	
  rela.ve	
  cost	
  of	
  
coal	
  vs	
  gas-­‐fired	
  electricity	
  also	
  
increases	
  the	
  value	
  of	
  wai.ng

We	
  assume	
  
deadline	
  of	
  ACP	
  is	
  

3	
  years	
  (v=3)	
  



Effect	
  of	
  ACP	
  value	
  
If fees are very high:  

–  All	
  investment	
  will	
  happen	
  in	
  the	
  first	
  period	
  	
  
•  even	
  if	
  it	
  is	
  very	
  likely	
  that	
  a	
  new	
  breakthrough	
  technology	
  will	
  be	
  
developed	
  in	
  the	
  future	
  

If fees are very low:  
–  All	
  investment	
  will	
  happen	
  at	
  the	
  end	
  of	
  the	
  3	
  years	
  	
  
–  even	
  if	
  a	
  breakthrough	
  in	
  technology	
  is	
  unlikely…	
  its	
  worth	
  paying	
  a	
  

small	
  fee	
  to	
  keep	
  the	
  op.on	
  to	
  benefit	
  from	
  a	
  remote	
  possibility	
  and	
  
know	
  more	
  about	
  fuel	
  prices	
  

	
  
How	
  to	
  set	
  an	
  ACP	
  that	
  is	
  just	
  right?	
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Es.ma.ng	
  the	
  value	
  of	
  wai.ng	
  

1.	
  Replace	
  	
  one	
  with	
  CCS	
  (90%)	
  

2.	
  Replace	
  2	
  plants	
  with	
  	
  NGCC	
  

3.	
  Wait	
  
NETPower	
  is	
  ready	
  

NETPower	
  not	
  ready	
  

π

1 π−

High	
  
Ref	
  	
  
Low	
  	
  

High	
  
Ref	
  
Low	
  

High	
  

Ref	
  

Low	
  

High	
  
Ref	
  
Low	
  High	
  
Ref	
  
Low	
  
High	
  
Ref	
  
Low	
  

1.	
  Replace	
  one	
  with	
  CCS	
  (90%)	
  

2.	
  Replace	
  2	
  plants	
  with	
  	
  NGCC	
  

3.	
  Wait	
  

NETPower	
  is	
  ready	
  

NETPower	
  not	
  ready	
  

π

1 π−

Fuel	
  Prices	
  

1.	
  Replace	
  one	
  with	
  CCS	
  (90%)	
  

2.	
  Replace	
  2	
  plants	
  with	
  	
  NGCC	
  

3.	
  Wait	
  

NETPower	
  is	
  ready	
  

NETPower	
  not	
  ready	
  

π

1 π−

1.	
  Replace	
  	
  one	
  with	
  CCS	
  (90%)	
  

2.	
  Replace	
  2	
  plants	
  with	
  	
  NGCC	
  

3.	
  Wait	
  

NETPower	
  is	
  ready	
  

NETPower	
  not	
  ready	
  

π

1 π− High	
  
Ref	
  
Low	
  

High	
  
Ref	
  
Low	
  

High	
  
Ref	
  
Low	
  

High	
  
Ref	
  
Low	
  

High	
  
Ref	
  
Low	
  

High	
  
Ref	
  
Low	
  

	
  NETPower	
  Coal	
  
NETPower	
  Gas	
  

NETPower	
  Coal	
  Yr	
  2016	
  

Yr	
  2017	
  

•  Discrete	
  version	
  uses	
  three	
  fuel	
  price	
  
trajectories	
  based	
  on	
  AEO2015	
  	
  

•  Different	
  assump.ons	
  about	
  vola.lity	
  
•  	
  Heat-­‐rate	
  improvement	
  

•  Heat	
  rate	
  as	
  promised	
  (20%coal,	
  5.6%gas)	
  
•  20%	
  higher	
  or	
  lower	
  

•  Valuing	
  the	
  CO2	
  captured	
  by	
  NETPower	
  
plants	
  at	
  different	
  prices	
  (if	
  it	
  can	
  be	
  sold	
  for	
  
EOR	
  	
  -­‐There	
  is	
  demand	
  for	
  57	
  plants)	
  

We	
  solve	
  mul.ple	
  versions	
  of	
  this	
  
decision	
  tree	
  and	
  compare	
  with	
  the	
  
NPV	
  of	
  a	
  “now	
  or	
  never	
  decision”	
  

1.	
  Replace	
  with	
  CCS	
  

2.	
  Replace	
  2	
  w	
  	
  NGCC	
  

3.	
  Wait	
  
π

1 π−

Yr	
  2018	
  

High	
  
Ref	
  
Low	
  

0	
  

5	
  

10	
  

15	
  

20	
  

2015	
   2020	
   2025	
   2030	
   2035	
   2040	
   2045	
  

AEO	
  2015	
  Fuel	
  Price	
  
Projec.ons	
  ($/MMBTU)	
  



Value	
  of	
  the	
  op.on	
  to	
  wait	
  depends	
  
on	
  a.  Characteriza.on	
  of	
  fuel	
  price	
  uncertainty	
  

a.  How	
  divergent	
  are	
  different	
  possible	
  price	
  paths	
  
b.  How	
  much	
  we	
  will	
  know	
  about	
  the	
  likelihood	
  of	
  each	
  possibility	
  in	
  2018	
  

b.  Characteriza.on	
  of	
  technological	
  uncertainty	
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If	
  in	
  year	
  2018	
  we	
  know	
  for	
  sure	
  if	
  in	
  ref,	
  
low	
  or	
  high	
  fuel	
  price	
  world	
  	
  (each	
  of	
  this	
  
could	
  happen	
  with	
  equal	
  likelihood)	
  

Valuing	
  the	
  CO2	
  capture	
  in	
  excess	
  of	
  the	
  
standard	
  when	
  NETPower	
  is	
  used	
  at	
  
$20/ton	
  

If	
  E[.me	
  to	
  
success]	
  =	
  10yrs	
  

If	
  E[.me	
  to	
  
success]	
  =	
  4yrs	
  

$2.45	
   $3.45	
   $4.45	
   $5.45	
   $6.45	
   $7.45	
   $8.45	
  

Probability	
  of	
  success	
  

Future	
  Fuel	
  Price	
  Vola.lity	
  

CO2	
  Price	
  

Op.on	
  Value	
  ($/MWh)	
  
Extra	
  CO2	
  captured	
  has	
  no	
  value	
  

If	
  all	
  fuel	
  price	
  paths	
  are	
  
like	
  ref	
  in	
  2018	
  

If	
  50	
  plants	
  pay	
  this	
  there	
  
is	
  enough	
  for	
  1	
  new	
  CCS	
  



Concluding	
  remarks	
  on	
  ACP	
  
Flexible technology policy with ACP for both new and existing paths can be 

designed to exceed the economic and environmental protection outcomes 
of inflexible traditional technology policy 

 
For this policy to work there needs to be a commitment to begin retrofit or 

replacement installations at existing plants by the deadline of the ACP 
(e.g. 3 years) (and a credible treat to enforce this commitment.  Waiting 
should not be used to challenge regulations in court) 

 
More analysis is needed to estimate the power system’s benefits of this policy 

accounting for contributions to resource adequacy and operational 
reliability 
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Summary	
  
Considera.on	
  of	
  the	
  investment	
  decision	
  process	
  and	
  the	
  many	
  

uncertain.es	
  involved	
  allows	
  iden.fying	
  beUer	
  policies	
  but:	
  
	
  	
  
•  More	
  work	
  is	
  needed	
  to	
  improve	
  public	
  decision	
  making	
  on	
  

large	
  capital	
  investment	
  decisions	
  in	
  the	
  electricity	
  sector	
  

•  More	
  work	
  is	
  needed	
  to	
  represent	
  the	
  investment	
  decision	
  
problem	
  (under	
  uncertainty)	
  in	
  models	
  and	
  tools	
  to	
  design	
  
and	
  analyze	
  policies	
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Thank you! 
 

dalia.patino@duke.edu 
 



Plan	
  for	
  the	
  day	
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hUps://www.dropbox.com/sh/9skgog59wdd3m4x/AAAQzsPhamXaRmGOIOhyz7Dpa?dl=0	
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Compiled	
  by	
  A.	
  Patrick	
  Kentucky	
  Energy	
  and	
  Environment	
  Cabinet	
  
	
  


