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Problem Formulation



Exascale Computing Project (ECP)

The Exascale Computing Project (ECP) was established to deliver
exascale-ready applications and solutions that address currently
intractable problems of strategic importance and national interest.

ECP Applications Target National Problems:

• National security, energy security (e.g. ExaWind)
• Scientific discovery, earth system, healthcare
• Economic security

• ExaSGD: Reliable and efficient planning of the power grid

https://www.exascaleproject.org
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Two-stage linear stochastic programming problem

min
x

c

T

x + E⇠ [L (x , ⇠)]

s. t. Ax  b

where L(x , ⇠) is the optimal value of the second-stage problem,

min
y

q

T

⇠ y

s. t. T⇠x +W⇠y  h⇠, y � 0

and
•

x - first stage decision vector (e.g. thermal dispatch)
•

y - second stage decision vector (e.g. wind dispatch, wind spilled,
load shed)

• ⇠ - uncertain data (e.g deviation in wind power from forecast).
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Cost functions

First stage:

• thermal generation costs plus expectation of second stage costs

min
x
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g2G
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+ E⇠ [L (x , ⇠)]

Second stage:

• Wind generation, spilling wind, and slack variable costs (i.e.
overload and loss-of-load) at buses i 2 I and wind plants w 2 W
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Constraints

First stage:

• constraints on output of thermal generators g 2 G
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• ramping constraints on thermal generators
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Second stage:

• slack variable (loss-of-load and overload) constraints on buses
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Constraints continued

• power balance constraints at every node i
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• line flow constraints
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• power flow physics, e.g. ACOPF and DCOPF (below)
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Solving the SAA: matrix structure

min
x,y1,...,yN

�
c

T
x

�
+
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NX

s=1

�
c

T
⇠
s

y

s

�

such that Ax = h

T⇠1x + W⇠1y1 = h1

T⇠2x + W⇠2y2 = h2

T⇠3x +
. . . =

...
T⇠

N

x + W⇠
N

y

N

= h

N

x � 0, y1 � 0, y2 � 0, . . . , y

N

� 0 .

There are specialized algorithms for solving these optimization problems:
• Schur complement approaches to solving updates in interior point

methods, e.g. PIPS1.
• Progressive hedging algorithm, (e.g. http://www.pyomo.org/)

1
https://github.com/Argonne-National-Laboratory/PIPS



Uncertainty

• In this problem formulation the uncertainty is included by taking
E⇠ [L (x , ⇠)], that we approximate by 1

N

P
N

s=1 L (x , ⇠s

)

• Since we are solving economic dispatch problem for 5-minute
periods, ⇠ represents power deviation from persistence.

• ⇠ = (⇠1, ⇠2, . . . , ⇠m), where ⇠
i

is power deviation at wind farm i .
• We use high-fidelity data to produce realistic wind scenarios that

respect physics and spatio-temporal relations.
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Data



WIND Toolkit2: domains

Figure: WRF simulation domains.
(from “Overview and Meteorological
Validation of the Wind Integration
National Dataset Toolkit”)

Wind Integration National
Dataset (WIND) Toolkit
• Data sets: 2-TB, 50-TB, 0.5

PB
• 2 km x 2 km grid with 20 m

vertical resolution.
• 5 min time resolution:

pressure, wind speed,
direction, humidity,
temperature, and density.

• Techno-Economic data set:
5 min time series at 120 000
wind sites.

2
https://www.nrel.gov/grid/wind-toolkit.html
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WIND Toolkit: power curves

Figure: Power curves used to convert modeled wind speed to power.

• Power curves were chosen according to the estimated long-term
wind conditions at each site.

• Each turbine is assumed to have a rated power of 2 MW (at 100 m)
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TAMU3 200 grid (Illinois)

Figure: TAMU 200 bus grid.

• Wind capacity 760 MW (19.42%).
• 6 wind farms, 50 wind sites (NREL Wind Toolkit).
3
https://electricgrids.engr.tamu.edu/electric-grid-test-cases/
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TAMU 200 grid

• Wind capacity 760 MW (19.42%).
• 6 wind farms, 50 wind sites (NREL Wind Toolkit).
• 437 real turbines (USWTDB4).
4
https://eerscmap.usgs.gov/uswtdb/
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TAMU 2000 grid (Texas)

Figure:

• 2000 buses
• Wind capacity 12574 MW

(12.56%).
• 87 wind farms, 859 wind

sites (NREL Wind Toolkit).
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TAMU 2000 grid

Figure: TAMU 2000 grid

• 2000 buses
• Wind capacity 12574 MW

(12.56%).
• 87 wind farms, 859 wind

sites (NREL Wind Toolkit).
• 7312 real turbines

(USWTDB).

NATIONAL RENEWABLE ENERGY LABORATORY 17



TAMU 2000 grid

• 2000 buses
• Wind capacity 12574

MW (12.56%).
• 87 wind farms, 859

wind sites (NREL
Wind Toolkit).

• 7312 real turbines
(USWTDB).
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Techno-Economic data set

• 7 years (2007-2013) of power output data at 5-min resolution.
• One year we leave as “actuals” for experiments; 6 years are used to

generate scenarios ⇠.
• For each wind farm on the grid we aggregate WIND Toolkit wind

sites up to farm’s capacity.
• Additionally, we split our data set based on total wind power in the

network: low, medium, high.
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TAMU 200 grid

Figure: TAMU 200 bus grid.

• Power (760 MW) conditioning splits data into 3 sets:

1 low < 11MW

2 11MW < medium < 717MW

3 high > 717MW
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Distribution of deviations: TAMU 200

Figure: Power conditioned distributions of deviations

.

NATIONAL RENEWABLE ENERGY LABORATORY 21



Examples of scenario tables for TAMU 200 grid

Table: Low power

Table: Medium power
NATIONAL RENEWABLE ENERGY LABORATORY 22



Distribution of deviations: TAMU 200

Figure: Low power deviations

.
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Distribution of deviations: TAMU 2000

Figure: Medium power deviations

.
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Importance Sampling



Basic idea

Importance sampling, is based on the following idea:

E
p

[L (⇠)] =

Z
L (⇠) p (⇠) d⇠ =

Z
L (⇠)

p (⇠)

q (⇠)
q(⇠)d⇠ = E

q

[L (⇠)R (⇠)] ,

where R (⇠) = p (⇠) /q (⇠), p (⇠) is called nominal and q (⇠) is called
importance distribution.
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Basic idea

Low fidelity approach: surrogate model for L (x , ⇠) using loss-of-load and
costs of spilling wind

L̃ (⇠) =

(
c

� P
w

⇠
w

P
w

⇠
w

> 0
c

+
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w

⇠
w

P
w

⇠
w

 0

where c

� is cost of spilling wind, and c

+ is the cost of loss-of-load.
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Nominal and importance distribution

Figure: Histograms of deviations (TAMU 200 grid, medium power)

.
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Example scenarios: nominal

Figure: TAMU 200 medium power scenarios

Figure: TAMU 200 scenrios drawn from nominal distribution
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Example scenarios: importance

Figure: TAMU 200 medium power table

Figure: TAMU 200 scenrios drawn from importance distribution
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Experimental Results



One week economic dispatch for TAMU 200 grid
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One week economic dispatch for TAMU 200 grid
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One week economic dispatch for TAMU 200 grid

Figure: 20 samples

Figure: 40 samples

.
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Future work

• High fidelity surrogate model for L (x , ⇠).
• Extend to multi-period scenarios.
• More realistic physics, e.g. ACOPF.
• Extending toolset to data sets other than WIND toolkit.
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Thank you. Questions?

• Exascale Project https://www.exascaleproject.org/project/exasgd-
optimizing-stochastic-grid-dynamics-at-exascale/

• WIND Toolkit https://www.nrel.gov/grid/wind-toolkit.html
• TAMU Sythetic Grids

https://electricgrids.engr.tamu.edu/electric-grid-test-cases/
• USWTDB https://eerscmap.usgs.gov/uswtdb/
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