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PIPELINES

Transmission

ăCoal, Gas, HydroĄă Coal,  Gas, Nuke, HydroĄăGas, GasĄ

ăGas,

WindĄ

ăWind,

Gas, 

SolarĄ

2012, 2015, 

wind investment 

is #1!

Motivating concepts
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cost of {G&T investment 

+production+O&M}

Trans investment

Wind & transmission

Χƛǘ ƎŜǘǎ ƳƻǊŜ ƛƴǘŜǊŜǎǘƛƴƎ ǿƘŜƴ ŎƻƴǎƛŘŜǊƛƴƎ ƴŀǘǳǊŀƭ Ǝŀǎ ƎŜƴŜǊŀǘƛƻƴΣ 
rooftop and utility solar PV, and pipelines.
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Co-optimization: the simultaneousidentification of 2 or more classes
of related infrastructuredecisionswithin 1 optimization problem.

Make investment & 
retirement decisions 

to MINIMIZE PRESENT
WORTH

+ Fixed O&M Costs
+ VarO&M Costs

Year 1 Year 2 Year N
Χ

SUBJECT TO:

Operational, planning, environmental constraints

G&T Investment costs

+ Environmental Costs

Uncertainty characterization

H G

G N

G

W

GW

+ Fuel Costs
+ Reserve costs

Investment constraints
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Generation Expansion Plan (GEP)Transmission expansion plan (TEP)

Co-optimized expansion planning decisions (CEP)

Expansion 
plan

Expansion 
plan

G-Timing

It is useful when decisions for two infrastructure classes are interdependent.



Mental picture
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Å Not predictive
Å Rather, exploratory!

Å Enables identification of most economic designs 
subject to imposed constraints & how designs 
perform over specified conditions.

Å Comparative interpretation is useful, e.g., 
compare cost of meeting a clean-energy goal 
with or without transmission investment.



aƻŘŜƭƛƴƎΧ
1. wŜŘǳŎŜŘ ƴŜǘǿƻǊƪ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ǳǎƛƴƎ 5/ ǇƻǿŜǊ ŦƭƻǿΣ ǿƛǘƘ άƴƻǊƳŀƭ ŎƻƴŘƛǘƛƻƴέ Ŧƭƻǿ ƭƛƳƛǘǎΦ b-1 analysis not done (yet).
2. The optimization is multi-period over the planning horizon, generally with 1 period per year.
3. The objective function is the net present worth of all operation and investment costs over the planning horizon.
4. End effects addressed via use of 40 additional years of final year operation cost.
5. Load is modeled for each of 4 seasons using 3-4 load blocks per season.
6. Similar operating conditions, in terms of load levels and wind/solar levels, are assumed to be identical.
7. Load growth modeled via peak and energy growth.
8. Wind/solar/hydro resource data is synchronized with load blocks.
9. Generation operation cost modeled with VOM, FOM, energy cost, reg/LF/cont reserve costs, ramp rates, & emissions.
10.A single dispatch of entire EI/WECC is used, augmented by hurdle rates between pricing regions (identifies best economics).
11.Reserve constraints modeled regionally, interconnection-wide, or nationally.
12.Reserve sharing requires deliverability constraints.
13.1 min, 10min, 30min reserve modeled as function of variability; variability a function of load & wind/solar penetration.
14.Contingency reserve modeled as largest contingency within the region in which reserve requirement is enforced.
15.CƻǊ ŜŀŎƘ ƭƻŀŘ ōƭƻŎƪ ϧ ǊŜƎƛƻƴΣ ǇƭŀƴƴƛƴƎ ǊŜǎŜǊǾŜ ƛƳǇƻǎŜŘ ŦƻǊ ǊŜƎƛƻƴΩǎ ƘƻǳǊƭȅ ϑǇŜŀƪ Ҍ ƻǘƘŜǊ ǊŜƎƛƻƴǎΩ ŘŜƭƛǾŜǊŀōƭŜ ŎŀǇŀŎƛǘȅϒΦ 
16.Retirements can occur in three ways: forced, end-of-life, or based on cost (unit FOM+VOM exceeds savings from using it).
17.Generation investments modeled as technology and location-specific investment cost per MW, with continuous variables.
18.Existing/candidate transmmodeled w/ impedances. Candidate transmmodeled disjunctively (integer variables).
19.Multiple DC & AC transmtechnologies with cost a function of technlgy, length, subs, terminals; only DC crosses seams.
20.AC transmcapacity a function of length between substations per St Clair curve; substations separated by < 200miles.
21.Line losses approximated as linear function of flows.

NETWORK

OPERATING (LOAD) BLOCKS

RESOURCES

TRANSMISSION
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1. wŜŘǳŎŜŘ ƴŜǘǿƻǊƪ ƛǎ ǊŜǇǊŜǎŜƴǘŜŘ ǳǎƛƴƎ 5/ ǇƻǿŜǊ ŦƭƻǿΣ ǿƛǘƘ άƴƻǊƳŀƭ ŎƻƴŘƛǘƛƻƴέ Ŧƭƻǿ ƭƛƳƛǘǎΦ b-1 analysis not done (yet).

Modeling - Network

~20,000 Buses 350 zones ~60,000 Buses66 zones

The problem is mixed integer linear program, modeled over 
20 yrs; computational tractability prohibits large networks. 
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5. Load is modeled for each of 4 seasons using 10-20 load blocks per season.
6. Similar operating conditions, in terms of load levels and wind/solar levels, are assumed to be identical.

Modeling ςoperating blocks
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) Based only on 
load levels. Better way:  

clustering of 
load, wind & 
solar levels.

Best way:  
clustering of 
line flows.
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12.1 min, 10min, 30min reserve modeled as function of variability; variability a function of load & wind/solar penetration.

Modeling ςresources

Reg-UpRsrvs >      k1[1min netload standard deviation]

Reg-DownRsrvs >      k2[1min netload standard deviation]

REGULATING 
RESERVES (1 MIN)

LOAD FOLLOWING 
(10-MIN)

LF-UpRsrvs >      k3[10min netload standard deviation]

LF-DownRsrvs >     k4[10min netload standard deviation]

Provided by controllable gen 
and/or demand; procured in the 
market (they cost money!).

Reflect netloadvariability; change 
with amount & geo-diversity of 
wind/solar. 

These constraints prevent under-investment in flexible resources.
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18.Existing/candidate transmmodeled w/ impedances. Candidate transmmodeled disjunctively (integer variables).

Modeling ςtransmission
¢ƘŜ άǇƛǇŜǎέ ƳƻŘŜƭ ŦƻǊ ŦŀǎǘΣ 

approximate evaluation
¢ƘŜ άŘƛǎƧǳƴŎǘƛǾŜέ ƳƻŘŜƭ ŦƻǊ 
slow accurate evaluation

Continuous variables.
A linear program (LP), 
and therefore very fast!

Integer variables.
A mixed integer linear 
program (MILP), and 
therefore very slow!
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18.Existing/candidate transmmodeled w/ impedances. Candidate transmmodeled disjunctively (integer variables).

Modeling ςtransmission
Nonlinear model

( ) 0=-- jiijijij BzP qqLine is in 
zij=1

Line is out 
zij=0

( ) 0=-- jiijij BP qq 0=ijP

Disjunctive: equivalent linear model
( ) )1(1000)1(1000 ijjiijijij zBPz -¢--¢-- qq

( ) 00 ¢--¢ jiijij BP qq ( )10001000 ¢--¢- jiijij BP qq

maxmax ijijijijij PzPPz ¢¢-

maxmax ijijij PPP ¢¢- 00 ¢¢- ijP

maxmax ijijijijij PzPPz ¢¢-

maxmax ijijij PPP ¢¢- 00 ¢¢ ijP

Line is in 
zij=1

Line is out 
zij=0
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Application - Iowa

The inner/smaller circle represents gen added in the particular year; the outer/larger circle represents total gen available in 

that year for the particular technology, In years when generation is not added, it shows it all as existing.

AbhinavVenkatraman, 
Year 2 MS Student

Ali Jahanbahni, 
Post-doctoral 

researcher

Chris Harding, 
Associate Professor

Geological & Atmospheric Sciences

MidAmerican Energy wants to reach 
85% wind by 2020, 100% thereafter.



G&T Expansion
Cost = $92.31 billion

G expansion only:
Cost = $112.03 billion

Min-cost 20-Yr exp plan w/growth in load/exp, increasing CO2 cost

18.1 GW wind
3.3 GW CT
10.0GW of CC
============
31.4GW built
5.8GW retired

21.8 GW wind
0.4 GW CT
8.7GW of CC
===========
30.9GW built
3 GW retired 16


