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JOHNS HOPKINS

[ J
ENVIRONMENT, ENERGY, O u t I I n e
SUSTAINABILITY & HEALTH

INSTITUTE

1. What is the impact of model simplifications?
(a) Uncertainty, (b) Generator flexibility constraints,
(c) KVL?

2. Should we build the Champlain-Hudson line now?
Or wait 10 years (or more)?

3. How does including physical line options change the
optimal mix of transmission?

4. Do plans based on a few extreme (“stratified”) scenarios
perform as well as (or better than!) full stochastic
programming?

5. Would co-optimization lead to different transmission
plans for the 2011 EIPC project?




]OHNS HorkiNs Method: JHSMINE

ENVIRONMENT, ENERGY,

sustamnasiLiy eHEALTH - (Johns Hopkins Stochastic Multi-stage Integrated Network Expansion)

INSTITUTE

: . Stage 2024:
Stage 2014: f;gieoff:vl\ll.’s Stfge 20;14: Uncert.amty “Tomorrow’s
“Today’s Today’s (Multiple Choices”

Choices” Choices” Choices” Scenarios) o <

~
S SN
\\
: ®

Choose Yr 10 Choose Yr 20 Choose Yr 10 SoEnETos of

T , ; . Choose Yr 20
Investments in: Investments in investments in: e SFuels . .
* Transmission trans / gen e Transmission « Load growth Investments in
* Generation Operations ¢ Generation «  Technology trans / gen

Operations

e Policies

Deterministic Approach:
One model for each scenario JHSMINE: Solve all cases at once in one model .
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F‘w‘ JOHNS HOPKINS

SO BT, JHSMINE Structure: Mixed Integer LP

INSTITUTE

Optimize the objective:

Minimize (probability-weighted, present worth) of cost over
40 yrs

By choosing values of decision variables:

— Transmission investment (0-1)
e 10 yr “portal” (optional) lines (in addition to Common Case lines)
e 20vyrlines
— Gen investment & dispatch (co-optimized)
Respecting constraints:

— Kirchhoff’s laws (linear OPF)
* Load by hour

— Generator operating constraints
* \Variable renewable availability by hour

— RPS

— Siting restrictions
Accounting for uncertainties:
— load/renewable conditions (hourly variability)

— IN STOCHASTIC MODEL: long-run study cases
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Visual framework –crux of methodology (big picture), bold faced of objectives decision variables … animation with subbullets showing up


JOHNS HOPKINS Mathematical structure

ENVIRONMENT, ENERGY,

SUSTAINABILITY & HEALTH (van der Weijde & Hobbs, 2012; Munoz et al. 2014)

INSTITUTE

“Today’s Uncertainty “Tomorrow’s
Choices” -Choi&"
C T
——
-<
-
——
3
MIN C:1X1 T ZscenariosS I:)S CZXZ,S

Ay 1% +A),%5 <Bys}, VS



JOHNS HOPKINS

Two versions of JHSMINE-WECC

SUSTAINABILITY & HEALTH
INSTITUTE

21 TEPPC Zone “Pipes-&- 300 bus network: Both Linearized DC
Bubbles” OPF & “Pipes-&-Bubbles” versions
(Thanks Yujia Zhu & Dan Tylavsky!)

CCCCC

----- CCTALines g shpedyers

== |nitial Lines
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ENVIRONMENT, ENERGY,
SUSTAINABILITY & HEALTH
INSTITUTE

1(a) Do solutions change if we ignore:

e Uncertainty?
» Deterministic vs. stochastic YES
> Effect of # of scenarios NOT MUCH
> Effect of probability of scenarios LI/TTLE




r JOHNS HOPKINS Alternative Study Case/Scenario Sets:

ENVIRONMENT, ENERGY,

SUSTAINABILITY & HEALTH 5 d 20
INSTITUTE 1, 'y an

Deterministic Stochastic (5) Base Case

- Study Case 1: Econ Recovery
Q Base Case

Study Case 2: Clean Energy

\ Study Case 3: Short-term Consumer Costs

Study Case 4: Long-term Societal Costs

Stochastic (20) Base Case
2013 Study Cases (4)
Three groups of uncertain
parameters (24 parameters): /
— P-Carbon, P-Gas, Energy ' — Technical Advisory Cases (9)

growth

— RPS, Renewable capital cost \
— Peak growth, storage
“Gap” Scenarios (6)
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ENVIRONMENT, ENERGY,
SUSTAINABILITY & HEALTH
INSTITUTE

Optimal under just Base
Case (100% probability)

Example: Optimal “Portal” 10 yr
Transmission (21 Zone model)

Heuristically combine
deterministic results:

Stochastic Optimum
under 5 (and also 20)

Optimal in >3 of 5 2013 study cases (equal

Study Case models

chance of each scenario)

Stochastic .

& ! line not
chosen in
] I | any single

A 1 ., scenario

ST | T model!

‘*15'“-’3: / AN ‘“- ) /
N
Base Case " ; / Naive >=3 " / 5 Case Stochastic\:‘t” / ,;
Expected PW cost under 20% chance of each of 5 study cases: 9

S681.4B

S680.3B

S678.5B (optimal)
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Optimal under Base
Case

Compare Yr 10 Lines Under Alternative Scenario

Sets (300 bus case

Optimal under 5
Scenarios (20%
Probability Each)

Optimal under 20
Scenario Case (5%
Probability each)

.“\ i .- \ F: . . i ...\
s 3.,
. L m
m ' :ki. ‘Q\ 1 |‘l
. o N . L] am “ "y
J / ) a p / o .:
' W “ w 1\ o ‘0 , W
- ’:,--"’0 as?® _
\ ws® euy z Ty,
s — o, ;" .. [ -, o -ty
Yan »* ) -
.".“ ¢*® wuv,
:-' ¢ 0. ulEy
P s _e®
5 '-.-{' AR A M
Y3 s B 5 *q
[ 2 ) " '-: '. mn “ & L)
e, e q w, a r ",,l/
e Aol : ‘s - ' Ll
. m N
- ™ L
. s iV
Deterministic Base Case Five Case Stochastic 20 Case Stochastic Equal Probability «
Expected suboptimality cost penalty under 5% chance of each of 20 scenarios: 0

$14.2B

$1.8B

SOB Optimal
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ENVIRONMENT, ENERGY,
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Compare 15t Stage Lines Under Alternative

Differentiated Probabilities for 20

Scenarios

Probabilities of 20 Scenarios (300 bus network)

i
ot
.
o
.

20 Case Stochastic Adjusted ProbéEiIity'

w

Equal Probabilities

N s
) ¥ " . I ‘0,
20 Case Stochastic Equal Probabiliﬁi I ‘ .

i\ Y
: ;“
/ % '
- ’ 7
s “ L Y
] e
Y %
e a
| .
™ o L) ’ L ]
- - LR 4
L)
) -l
Py f
L
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JOHNS HOPKINS

ENVIRONMENT, ENERGY,
SUSTAINABILITY & HEALTH
INSTITUTE

1(b) Do solutions change if we ignore unit commitment

constraints on generator flexibility? [/n some cases

12



JOHNS HOPKINS What if we include Generating Unit

ENVIRONMENT, ENERGY,

SUSTAINABILITY & HEALTH Commitment constraints?

What is impact of more accurate production costing upon
15t and 2"d stage transmission?

Simple “load duration curve” method (assumes infinite flexibility)
versus
Unit commitment (UC) approximation (captures flexibility limits)

Simplified “relaxed” UC preserves computational efficiency
of linear program (kasina, wogrin, Hobbs, 2014)

— Approximates start-up costs, Pmin constraints

— Imposes ramp constraints

— 72 hours (3 days) x 5 scenarios x 2 stages x 21 zones

13



JOHNS HOPKINS Sample 24 hr energy profile from Colo.: Without UC

ENVIRONMENT, ENERGY,

oeerational constraints (2035, Econ Recovery Scenario)

9000 -
8000 -

7000 -

6000 - Gas Reciprocating Engine

5000

MW

Gas CCGT
4000

3000
2000 Coal-PC
1000

Solar PV Wind

14



JOHNS HOPKINS Example gen profile (CO) with UC operational

ENVIRONMENT, ENERGY,

SUSTAINltBSI%II$6%HEALTH CO n St ra i nts

10000 -

9000 -

8000 -

7000 -

6000 Gas Reciprocating Engine

MW

5000

Gas CCGT
4000
3000
2000

1000

Solar PV

5000 -~

4000

Periods when ramp rate or P, constraints bind

3000

MW

2000

15

1000




JoHns Horkins  No change in 2025; 2035 Transmission change with UC

ENVIRONMENT, ENERGY,

sustamasi e constraints gEcon Recovery Scenario)

No UC With UC

A~ A
S AN Az
A — &
W L

Unique Builds P Unique Builds  + ™
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JOHNS HOPKINS

ENVIRONMENT, ENERGY,
SUSTAINABILITY & HEALTH
INSTITUTE

1(c) Do solutions change if we ignore KVL?

YES

17
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21 vs 300 bus network: Recommended

regional interconnections

Gen Additions
MW

e 0

@ 1-750

@ 751-2810
@ 20620- 4683
. 4634 - 9468
Trans Additions

MW
0- 300

— 301 - 800
= 301 - 1000
1001 - 2000

Gen Additions

Mw
s 0-949

@ 950-2075
@ 2076 -5924
@ 592518913
. 16914 - 45074

Trans Additions
~ ' ! MW

0

; — 504
o — 205 - 1082
— 1005 - 2662

Pzaas -5196

5 Study Case 21 Zone

5 Study Case 300 Bus

onm - 3000

18
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Compare 300 bus network:
“Pipes & bubbles” vs. KVL

__ _ f
-\‘~ y |
1 |
"-I o L
) ;

A

[
.
.

Pipes and Bubbles

© se%ofpen
investment

also mad

e in .

/
|
|
/
I
.

» ,.*”‘4/9% ofK \}l

| inP&B
KVL with Path Constraints - ' |

AN

| investment
| also made

19
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B Proposed route §

B of Champlain
Hudson Power

Bl Express

Source: Transmission Develapers Inc.
Tha WAl Shenndt lotirmsl

2. Champlain-Hudson Power ExpreSS'

Should we build the CHPE now? No
Or should we wait 10 yrs, and see what
happens to Indian Point, P, Pco,?  Yes

Biao Mao, Dan Shawhan,
William Schulze, Ray Zimmerman
Cornell University

Saamrat Kasina, Ben Hobbs
Johns Hopkins University 20
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W oo ey Real Options Analysis

INSTITUTE

Assumptions

Transmission is longest lived & most irreversible investment. We decide whether

to build it now, wait 10 years to build (depending on what is learned), or never
build

Gen investment & operations “follows” transmission. We anticipate how the CHP
line affects both

@ Gas & Carbon prices, and Indian Point Retirement decisions are uncertain

21
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The regional concerns were for example for MISO to avoid investing all wind in West or all cc to Indiana. Moreover, for an allocation of wind investments with no more than 35% for SPP and NE and other similar. Basically they got the results and then adjusted as they wanted transferring
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2035

o < — B e
_a 3.38206E+14 -_ 2.37848E14

2025 2200000000  3.38198E+14 -_  aamssreas
Chance Nodes: — e ae N H %wﬁig

L
l.P., P, Peoor ’ - — = I
g \ 3.38197E+14

I | \ 3.38197E+14 a 3.38205E+14 _

2278456414

\ .
Y \ 3361076414 B3B107E+14 Close _@< - .
7 N _ 3.378256+14
I \ 3.38189E+14

2015

1
1
|
|
\ ) e
\ K —
1 \ ) e
' \ IO ,
v u -2200000000  3.38385E+14 -
i o =
3.38349E+34 3.38263E+14 -
- O '{—“ 1+0 c 2.28354E+14

[cow

“nan

\ —m
g —®~<-
\ 3.36363E+14 — ATROEEH14
\ —“ 3.38374E+14
1 3.38363E+14  3.38363E+14 - — 3363376414
\ EEl— <<
3 2383536414 - i 3.373‘?&14
1
3 —
Open
\ =N
\ oo u
uuuuuuuuuuu 3.38487E+14 3.30178E+14
kY A
1\ 3,384856+14
\ 3.384/8E+14 3.27778E+14

\ - _ 3.39194E+14
\ 2384856414 A B!lllu ]
by )’ 3.38485E+14 2.38495E+14 3.37795E+14
1
\\ ’,’ \‘ 3.38485E+14 3.38485E+14 3.39176E+14
-
P
1 - \
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- \ =T Social net benefits of path

"
Decision Node:

Build CHP Decision Node: (decisions/scenarios)

Build, dispatch Gen from E4ST
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ENVIRONMENT, ENERGY,
SUSTAINABILITY & HEALTH

INSTITUTE

If line costs SOB:

Socially Optimal 2"d Stage (2035) CHP Decisions,

Conditioned on 2025 Uncertain Outcomes
(Tentative results, not for citation)

Chance Node
Qutcomes in 2025

Indian Point and Gas Price OQutcomes

IP Open

IP Closed

LP

Carbon 02
Price

Outcomes |H P

If line costs $1.5B:

LP

gas

HP

gas

Chance Node
Outcomes in 2025

Indian Point and Gas Price Qutcomes

IP Open

IP Closed

Carbon |l Peo2
Price M P,
Outcomes |H P2

If line costs $3B:

LP HP

gas

gas

LP

HP

gas gas

Chance Node
Outcomes in 2025

Indian Point and Gas Price Outcomes

IP Open

IP Closed

Carbon |t P
Price M P
Outcomes |H Peo2

LP HP

gas

gas

LP

HP

gas gas

Optimal Policy for $1.5B line

> Wait for now

» Then build for 2035 :
* |F gas prices go up, OR

* |IF {IP open & CO2 price high}

23
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B JOHNS HOPKINS . . . : :
w&gggggﬁ;-;gﬁﬁh 3. Options In Transmission Line Design

INSTITUTE

Does including physical options change the

optimal mix of transmission lines? YES

Pearl Donohoo-Vallett 24
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T=0 T=5 T=10 T=15 T=20

Transmission

Includes “Flexible Expand” option of 2-circuit towers
but only install conductors for single circuit
* Gives option of cheap 2" circuit addition later

Optimized using 5-stage optimization (MILP)
e ~1M variables for California

25



S JOHNS HOPKINS . .
W Rueeenso:  Preliminary Results (Not to be cited)

SUSTAINABILITY & HEALTH
INSTITUTE

T=0 Decisions

i \

26



OHNS HOPKINS . .
ki 4. Clever Selection of Scenarios

SUSTAINABILITY & HEALTH
INSTITUTE

Do plans based on a few extreme (“stratified”)
scenarios perform as well as full stochastic

programming? Almost
Or even better (in terms of min-max regret)? Yes

Sang Woo Park and Pearl Donohoo



& JOHNS HOPKINS Actual Performance (against 20 Scenarios)

ENVIRONMENT, ENERGY,

srsinn e of First Stage Transmission & Generation Plans

,, 1300
E
N 1250 T
i) |
= i} i} i}
©
o 1200 —— —
S Three stratified
I scenarios
=
@ (e.g., “HHH”,
g 1100 ”MMM”’ llLLLII)
2 do consistently
o \
| \
% 1050 well! \
(O} ‘\
"5 \
\
Q 4
Q1000 J Y
’ O ©
e 1 N
950
900

Base 2 3 5 7 9 14 20 strat
Number of Scenarios Considered )8



OHNS HOPKINS Stratified (3 Scenario) Plans Do Better than

ENVIRONMENT, ENERGY,

e Stochastic (20 Scenario) in “Min Max Regret”

le9

180} ® strat
e rand_
e rand_
o rand_
e rand
o rand

160l ® rand |
e full

H O N U wN

140+

. o Stratified:
Stochastic MIHIM, LML, HLH

_ (20) thlmury 0.15% more expensive
A\ R
“ Base, HHH, LLL
100} . (D/ 0.27% more expensive
. Base, HLH, LHL

G)/ 0.60% more expensive

120

Worst Regret (Across Scenarios)

80}

970 975 980 985 990 995

Expected Cost Against 20 Scenarios

le9

Next: More cases to establish robustness of (& reasons for)
stratified solution performance ”
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Would co-optimization lead to different
transmission plans & costs for the 2011 EIPC
project (under the high carbon future)?

Evangelia Spyrou & Jonathan Ho .



QP JoriNs HOPKINS Eastern Interconnection project

ENVIRONMENT, ENERGY,

SUSTAINABILITY & HEALTH (joint with R. Johnson [Energy Exemplar], J. McCalley [ISU])

INSTITUTE

¢ Strategic transmission planning for the Eastern
Interconnection:
* Planning horizon: 2011-2030
* High carbon tax scenario:
§27/t (2015) = S140/t (2030)

e Declining load
< Eastern Interconnectioh:

e 24-node transportation network

e 47 interfaces
s Mixed-Integer LP:

* Lumpy investments

* Linear dispatch meeting a 20-block load
T duration curve

R. Johnson, A. Baechert, S. Koppolu, E. Spyrou, J. Ho, B.F. Hobbs, J. McCalley, A. Figueroa, and S. Lemos-Cano,
Co-optimization of Transmission and Other Resources Study, Final Report, Prepared by Energy Exemplar, LLC,

The Johns Hopkins University, and lowa State University, Submitted to the Eastern Interconnection States Planning
Council and National Association of Regulatory Utility Commissioners, Washington, DC, January 26, 2015, 31
www.naruc.org/Grants/Documents/NARUC-EISPC%20Co-Optimization%20Final.pdf
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Simultaneous

JOHNS HOPKINS Compare 3 Approaches
to Coordinating Gen and Trans
Traditional Iterative
Planning Cooptimization

Generation Planning

Cooptimization =
Proactive Planning

Scenario

Generation
Siting/Mix

Optimize Generation

Generation
Scenario

Transmission Planning

Optimize Trans

Optimize Generation &
Transmission Investment
Together

Transmission
Expansion

Transmission
Plan

Optimize Generation

Generation
Scenario

Optimize Trans

Transmission
Expansion

+ Ftc.

Transmission Plan
& Consistent
Generation
Siting/Mix

Simulates “proactive
planning” (Sauma & Oren)

32
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OIS ORI Eastern Interconnection results

SUSTAINABILITY & HEALTH
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S 3,040 R |
8 Gen-First with Existing E.I. Grid
— 3,020
2 E.l. Phase | CO2+
CZD 3,000 “Hardened Transmission Case”
= & 2,980 o) o
S c N 2% Savings (~ New Trans Investment)
- = 2 960 Trans-Optimization
é ’ With Gen-First Mix Iterative Cooptimization
e 2,940 ——+——+——+——+——+—+— Simultaneous Cooptimization
(D]
*i 2,920
ok o 1 2 3 4 5 6 7 8
Iterations
/ ¢ Anticipative/Proactive planning saves: \

e ~56 Sbn compared to EIPC approach
e ~13 Sbn compared to iterative approach
¢ Savings achieved by investment in more & higher quality wind:
e Avoided fuel and carbon tax costs
K e Butincreased capital costs /
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Eastern Interconnection results

1A.02.02 CO2+ Co-Opt
Cumulative Expansion (GW)

>0-1.3
14-25
26-5
51-10
10.1-20

Cumulative Expansion {GW)

— ) - 1.3
- 14-25
TG-S

s 1 - 10
@101 -20

1A.02.01 CO2+ Gen w Hard Tx

EIPC heuristics
mainly identified
expansions of direct
links, while co-
optimization
identified indirect
links

34
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JOHNS HOPKINS .
(EXYIRONMENT, ENEKGY, Conclusions

INSTITUTE

»Stochastic plans are different & likely better

Distinct lines not picked by deterministic models
S3B-514B is value of better near-term decisions in
WECC — even under scenarios not considered!

“Robust planning” (pick lines that look good under
most deterministic runs) falls short

»Stochastic planning is practical

Get most of benefits by including just a few scenarios

» Other approximations as important as
assuming certainty
* Failing to co-optimize
e Network aggregation (21 vs 300)
> Next:
e Economic cost of simplifications

e Detailed regional study for BPA
e Complete CHP analysis & line option analyses
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