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Large amounts of wind generation have been added to the power system in recent years. However,

wind breaks many of the core assumptions in the process used to schedule energy and is particu-

larly difficult to forecast accurately. Rather than scheduling based on a single forecast, stochastic

Unit Commitment (UC) minimizes the expected cost over several wind scenarios for the next day.

Stochastic UC is often held up as a solution to help alleviate the high costs related to uncertain

renewables. Yet there is no widely accepted method for creating high quality stochastic scenarios.

In this dissertation, we examine two wind power scenario creation methods – moment matching

and analogs. Moment matching is a general technique where scenarios are synthesized to match a

set of statistics or moments. We propose a method for estimating these desired moments based on

historical wind data. The analogs method looks back in time to find similar forecasts and uses the

matching observations from those analogous dates directly as scenarios. This work proposes and

tests a simple analogs method based solely on aggregate wind power forecasts.

The performance of these methods is tested on a realistic model of the Electric Reliability Council

Of Texas (ERCOT) power system based on actual data from 2012. UC and dispatch simulations

showed modest stochastic savings for the relatively flexible ERCOT model at 25% wind energy

penetration. The scenario creation method and number of scenarios had a significant impact on

these stochastic savings. Contrary to our hypothesis and the increase in perfect forecast savings,

stochastic savings decreased as wind penetration increased to 30%. Stochastic savings are often

largely due to a few high cost events during peak load periods; stochastic UC costs may be higher

than deterministic UC for extended periods – generally when demand and marginal prices are low.

Together these results paint a more nuanced picture of stochastic UC and provide a roadmap for

future scenario creation research.
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Part I

INTRODUCTION

One of the greatest challenges humanity faces today is minimizing energy production’s environ-

mental cost while generating the increasing amounts of energy that society requires. Wind energy is

currently the low hanging fruit of renewable generation, representing the highest yield for the least

cost. Over the past decade wind energy has become a significant part of the generation mix and

today the sheer amount of wind energy coming online is forcing a re-imagination and re-invention of

the power system. A major challenge is the scheduling of energy for a system with significant wind.

Each day, operators at utilities and Independent System Operators (ISOs) schedule their generators

to match the next day’s predicted demand plus some margin for reliability, while trying to minimize

cost. This process is called a Unit Commitment (UC). When hydroelectric projects provide energy

to the power system there is an additional complex set of components to schedule. Day ahead wind

forecast errors for today’s power systems can be on the order of 1000 MW, and these errors will grow

as wind penetrations increase. This wind uncertainty results in annual costs on the order of millions

of dollars for a power system.

The Challenge of Uncertainty

Uncertainty is a relatively new problem in the power system, which was designed to operate with

controllable generation and predictable demand. The system is scheduled on a day to day basis

by the UC — a mathematical optimization problem where the objective is to meet the demand for

power at lowest cost. Power demand as well as generation availability, costs, and limits are assumed

to be known ahead of time. Cheaper generation is typically larger and slower to respond and often

requires several hours notice to start up or shut down. Smaller and faster but more expensive natural

gas “peakers” are used only when necessary. Hydro units can provide power at negligible operating

cost and plants with reservoirs have some ability to store energy in the form of water. However,

non-power constraints (e.g., fish, navigation, irrigation) often govern much of the hydro system’s

operation. Additionally hydropower systems are energy constrained – the amount of power that can

be generated over a period of time is limited by the amount of water in the reservoir, most of which

is allocated for the future.



2

Wind is currently represented in the UC using a single forecast. However, wind energy is difficult

to forecast 24 h out, resulting in the addition of a great deal of uncertainty to the scheduling process.

The day ahead point forecast error for wind in systems with significant penetrations can be on the

order of a large conventional generator (i.e., 1000 MW)1. Uncertainty at this scale calls for a level of

preparedness and analysis which is not matched by current practice. Deterministic wind forecasts

which ignore uncertainty are the industry standard for UC. Some operators struggling to deal with

the uncertainties in tomorrow’s schedule will run the UC several times with different projections

for load and wind, and then choose one commitment pattern that avoids likely problems [3]. This

process highlights the operational need for incorporating more information about uncertainty into

the scheduling process.

The result of our current deterministic approach to scheduling has been more expensive system

operations than expected. Hydro units and peakers are regularly used to make up for wind forecast

error and expensive emergency measures (e.g., deviations from reservoir targets and spill of water

and wind) are taken more frequently. Wind also introduces significant short-term variations in the

price of power and thus the value of water. The resulting non-optimal scheduling decisions are

very expensive for power systems, adding up to millions of dollars annually. The joint short-term

scheduling of hydro and wind is an unmet operational need in hydro systems like the Bonneville

Power Administration (BPA), which had a 18.8% wind energy penetration in 2012. This issue will

increase in severity as more wind is added to the system.

Potential Solutions

Power engineers have responded to these challenges by re-evaluating the assumptions on which the

system is operated today, specifically by examining how uncertainty is handled in the system. There

are several options currently under consideration [4] – continue to use reserve to offset uncertainty,

build energy storage on a large scale, use demand response to reduce costs, hedge losses with financial

instruments, dramatically improve forecasting, or schedule the system stochastically.

Reserve is the system’s current method for dealing with uncertainty by keeping significant extra

fast-moving generating power available on short notice (usually in the form of peakers or hydro units).

Many pragmatic system operators have simply “beefed up” their system’s reserve requirements in

the face of wind. These operators state that the system simply needs to carry additional reserves

proportional to the wind power being produced or the wind error expected (e.g., normal reserve

levels plus 25% of current wind power output). This solution generally keeps the system running in

1The ERCOT ISO has an average day ahead forecast error of about 10% of installed wind capacity [1]. ERCOT
wind capacity is 9838 MW as of early 2012 [2].
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all but the worst cases, but is extremely expensive. The trade off between reliability and expense

is a classic compromise made in power systems. However, in a system with a large amount of wind

generation, requiring additional reserves to match 25% of wind power is prohibitively expensive.

Energy storage would allow the power system to store wind energy and then later release that

energy to match periods of high demand. But, the capital costs of energy storage technologies remain

high, especially for storage with large power outputs and long time constants. Demand response is

a solution which envisions electricity consumers reacting to the real time price of power, shaping

the demand to the availability of low cost supply. This solution would require both large societal

changes and infrastructure. Financial instruments to hedge against of the cost of wind uncertainty

are currently used in the more structured energy markets in the United States. This allows market

participants to reduce their personal financial risk, but does not eliminate the overall cost. Bet-

ter forecasting is currently a scientific and business endeavor for organizations including European

Centre for Medium-Range Weather Forecasts (ECMWF), National Oceanic and Atmospheric Ad-

ministration (NOAA), AWS Truepower, and 3Tier. However weather forecasts will never be perfect,

especially at the day ahead time frame required for power systems scheduling. This leaves the option

of stochastically scheduling the system.

Many researchers argue that stochastic optimization is a better method for handling large

amounts of wind, i.e., one that results in cheaper and more reliable system operations. A stochastic

UC formulation takes into account many possible scenarios for wind power and finds the optimal

solution (e.g., lowest cost generator schedule) for all of those scenarios, weighted by their likelihood.

Furthermore, stochastic scheduling is primarily a software solution and does not have the capital

costs associated with storage or the operating costs of higher reserve. In 2009, Tuohy, Meibom,

Denny, et al. [5] tested stochastic UC on a wind integration study of the Irish system with 34%

wind energy penetration and reported reductions in cost between 0.25–0.9% of the deterministic UC

solution. For large power systems, like the BPA which has annual revenues of around $3 billion, a

1% savings would be considerable.

Challenges in Stochastic Scheduling

However, stochastic UC has yet to be used in a real control center [6]. There are three main challenges

– unknown magnitude of savings, lack of a method for creating scenarios, and computational speed.

Magnitude of Savings The power systems research literature on stochastic UC for wind often

is based on simple test systems and often fails to report stochastic savings relative to deterministic

UC costs. There is no literature quantifying how stochastic savings may differ between systems, or

http://www.awstruepower.com/
http://3tier.com
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how they may vary as the system’s wind penetration increases.

Scenario Creation Methods There is an acute lack of an accepted method for creating scenarios

in the weather forecasting, power systems, and operations research literatures. A scenario creation

method must be able accurately represent the continuous distribution of wind uncertainty in a

reasonable number of scenarios which are informative to the decision making process.

Computational Issues Long solution times, a well known characteristic of stochastic problems

stemming from the increase in the number of variables needed to represent multiple scenarios, are a

major concern. Utilities and ISOs require an optimal UC solution within a few hours, a requirement

which is currently met for deterministic UC thanks to advances in computing hardware and opti-

mization software. For a deterministic mixed integer programming (MIP) problem with V variables,

stochastic optimization means that the problem size will be multiplied by the number of scenar-

ios, becoming Ns · V . As problem size increases, MIP problems are generally characterized by a

non-linear increase in solution time. Stochastic optimization problems do not lend themselves to

parallelization, although there is active research in this area on a technique known as Progressive

Hedging (PH).

Underlying this concern about solution times is another inherent trade-off, this one from the

stochastic optimization domain: lower cost solutions via more scenarios must be weighed against

longer solution times. The research literature provides little guidance on the choice of Ns, often a

study will use only value.

Methods and Experiments

This work compares two methods for scenario creation – the analogs method and the moment

matching method. The stochastic scheduling costs of these methods are compared for a large scale

test system based on the Electric Reliability Council Of Texas (ERCOT) ISO.

The analogs method creates scenarios based directly on historical data. The basic concept is also

used in similar day forecasting, where a forecaster takes the current forecast data (e.g., temperature,

pressure, etc.) and finds similar forecasts, or analogs, from the past. Then the observed values

(e.g., wind power) from the most similar date are used as a prediction for the next day. When

creating scenarios with the analogs method, every date in the historical archive represents a possible

scenario. In this work only simple analogs based on aggregate power are tested, but an extension to

analogs of weather data is discussed. The analogs method is compared with the moment matching

method [7–9], which synthesizes scenarios to match a set of desired statistics.
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Experiments were conducted on a test system representing ERCOT using modeled parameters

and actual system data from 2012. Results are based on UC simulations running nine months in

length. Stochastic UC costs are compared to the cost of a deterministic UC with the public aggregate

forecast. Different numbers of scenarios are tested to examine the relationship between stochastic

savings and computational costs. Different wind energy penetrations were tested to evaluate the

performance.

Contributions

This dissertation contributes to our knowledge of the intersection between power systems operations,

renewables forecasting, and stochastic optimization. We propose the simple analogs method, a

scenario creation method based on historical aggregate power data. We also propose a method

for estimating the desired moments, a key component of the moment matching method. In our

experimental design, we lay out a framework for testing stochastic UC relative to both deterministic

and perfect forecasts. We evaluate stochastic UC performance on a large scale, realistic power system

model. Finally, we compare performance for two scenario creation methods, several values for the

number of scenarios Ns, and several wind penetrations.

A Reader’s Guide

The current state of the art for stochastic UC and scenario creation is reviewed in Part II. We detail

our methods for creating scenarios and solving stochastic unit commitments in Part III. A set of

experiments to test these methods are described in Chapter 6, with a detailed discussion2 of the

results in Chapter 7. A summary of the results, along with remaining research questions, is given

in Part V. The appendices provide details on the problem formulations and methods used to model

power systems.

2A digital copy of this dissertation, complete with color figures is available at http://adamgreenhall.com/

research/dissertation.pdf

http://adamgreenhall.com/research/dissertation.pdf
http://adamgreenhall.com/research/dissertation.pdf
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Part II

LITERATURE REVIEW

Stochastic unit commitment has been discussed in the power systems and operations research

literature since the mid 1990s. The first papers on the subject in 1996 [10, 11] were interested in load

forecast errors and the modeling of generator outages, a low-probability, binary random phenomenon

that is quite different from the continuous, time-varying stochastic models of wind. The first ma-

jor work on stochastic unit commitment with wind was the Wind Power Integration in Liberalized

Electricity Markets (WILMAR) project [12] in 2006. The first truly modern formulation with a

realistic power system was [5], which tested stochastic UC on a wind integration study of the Irish

system with 34% wind energy penetration. Recent work has studied the effects of wind penetration

levels [13], incorporated the CVaR risk metric [14], focused on curtailment [15], and attempted to

incorporate NWP models [16].

All of these works that include wind share a common structure. Wind is modeled as a stochastic

process and represented by a collection of discrete scenarios. Each each scenario is a potential

realization of the stochastic process through the entire time horizon (i.e., a time series) and has a

given probability. A stochastic unit commitment which incorporates some subset of these scenarios

is formulated as a discrete optimization problem and solved using an optimization solver.

The hydro scheduling literature has also been a significant source of large-scale stochastic opti-

mization research. In most of these problems, hydro inflows are modeled as stochastic processes and

decisions are made over longer time scales, with horizons from one week to a year. Hydro schedul-

ing problems have different decision making structures and thus often employ different solution

algorithms than those found in thermal stochastic UCs.

Scenario creation methods for these problems have varied widely. The most used method has

been a sampling or Monte Carlo technique [5, 13, 17] based on a forecast model which includes an

estimate of variance and assumes Gaussian forecast error. Other methods include drawing scenarios

directly from a NWP model [16] and moment matching [8, 9].

There have also been significant contributions from areas outside the power systems literature.

The statistics and atmospheric sciences communities have done significant work on modeling and
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forecasting wind. On the other end of the process, the operations research literature has been

developing models, algorithms, and solution tools for large stochastic optimization problems. The

next few sections detail the best practices in the literature to date.
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Chapter 1

STOCHASTIC ENERGY SCHEDULING

The core of the stochastic UC is driven by the functional requirements of the classic (i.e., deter-

ministic) UC problem. In the classical thermal UC problem a utility needs a schedule of optimal

generator statuses for the next operating period, e.g., 24 h. The UC result must be available well

in advance, e.g., at noon the day before, as some thermal units require several hours of notice to

change status and UC solution algorithms have significant run times. Most modern UC solution

algorithms use mixed integer programming (MIP) formulations; there are many well specified MIP

formulations of the deterministic UC problem available in the literature, including [18–20].

Hydroelectric systems add additional complexity to the problem, with additional constraints,

different time scales, and the uncertainties of a water system. While traditional thermal systems

required little scheduling beyond the day ahead and were relatively deterministic in nature, hydro

systems are generally scheduled on several timescales, the longest of which have horizons of a few

years. These long timescales require coverage of uncertainty, and much of the early stochastic power

systems literature was concerned with long term hydro scheduling with uncertain inflows. Short

term hydro scheduling is generally carried out on with horizons of a few days. §1.1.2 reviews the

short term hydro scheduling problem.

Stochastic UC has a long history in the power systems and operations research literatures. We

begin by examining the traditional deterministic UC, which is the core of any stochastic UC. §1.2

reviews the decision making structures which govern the formulation of stochastic problems. Dif-

ferent approaches to creating a stochastic objective function are covered in §1.3. Three stochastic

optimization solution techniques are covered in §1.4. The chapter concludes with a summary of

stochastic UC results seen in the literature and the power systems on which these results are based.

1.1 Deterministic UC

1.1.1 Deterministic Thermal UC

While early stochastic UC papers wrangled over the details of various solution methods, more recent

papers are in agreement in their use of a mixed integer formulation and a standard mixed integer

programming (MIP) solver. MIP algorithms and software advanced dramatically during the 1990s;
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solution times for large MIP problems using CPLEX fell by a factor of up to 350 between 1988–

1999 [21]. In 2006, Carrión and Arroyo [18] compared solution times and objective values for the

solution of the same UC problem using several methods, including Lagrange Relaxation (LR), MIP,

and several heuristic methods. In their study, the MIP method results in the lowest objective values

and fastest solution times. While the level of detail covered varies, formulations are converging

toward forms similar to those in [18–20].

The objective function for thermal UC is to minimize the sum of generator costs1, including

both the costs of starting up (Csu(g)[t]), the costs of shutting down (Csd(g)[t]), and the operating

costs of expending fuel (Cop(g)[t]).

min
∑
t

∑
g

Cop(g)[t] + Csu(g)[t] + Csd(g)[t] (1.1)

Operating costs are modeled as a polynomial function of power (Pg[t]) and are generally linearized

(a simple process due to the convex nature of many of these curves).

Cop(g)[t] ≈ a+ b · Pg[t] + c · P 2
g [t] + d · P 3

g [t] (1.2)

Operating reserves required for deterministic UC in a system with uncertain renewables has been

the subject of much literature and technical study. Several papers propose using stochastic security

constrained UC including an Expected Energy Not Served (EENS) constraint to avoid fixed reserve

requirements [17, 22, 23]. However, this approach is generally very computationally intensive for

large systems. Matos and Bessa [24] propose a probabilistic forecast based method for computing

reserve. Ortega-Vazquez and Kirschen [25] propose an iterative Monte Carlo based method for

optimizing operating and reserve costs of an uncertain system. In current operating practice, “reserve

requirements with moderate amounts of renewables (10-15% of energy) are comparable to those

already maintained by the power system for contingencies and load uncertainty [26]”.

The horizon effect is a concern for any optimization problem in which future operations continue

beyond the scope of the problem. In the case of UC, the commitment at the end of the operating

period must not result in an infeasible problem for the next operating period. This is generally

accounted for by extending the UC horizon beyond the operating period (e.g., a two day commitment

1In a market centered framework, this is equivalent to the maximization of profits, assuming generators bid their
incremental cost.
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horizon for a day-long operating period) and ignoring the commitment pattern beyond the operating

period.

Formulation efficiency for MIP UCs has been the subject of some recent debate. Early UC MIP

formulations [27, 28] used three variables to represent generator status, start up, and shutdown.

Carrión and Arroyo [18] point out that it is possible to reduce this to just a single variable representing

status, with more complicated constraints to represent startup and shutdown limits. With fewer

binary variables, the MIP solver is presented with an smaller problem, which should intuitively be

easier to solve. However, Ostrowski, Anjos, and Vannelli [19] and Morales-Espana, Latorre, and

Ramos [20] have recently and convincingly argued that a carefully crafted three variable formulation

can actually produce a “tighter” and “more compact” MIP formulation which is actually faster to

solve than the one status variable formulation.

1.1.2 Hydro scheduling

Hydrothermal systems are generally scheduled on three time frames [29–32]:

long-term several years horizon, considers aggregate hydro system and aggregate thermal system,

climate based stochastic modeling, solved using multi-stage SDDP

mid-term about one year horizon, weekly or monthly intervals, inflows can be deterministic or

stochastic. The results are an expected cost, shortage risk, and monthly release targets.

short-term one week horizon, hourly intervals, inflows are deterministic (an example hydro forecast

is shown in Figure 1.1), power system constraints and water delays are considered

In this section we will focus on the short-term problem, as wind and thermal plants interact with

the hydro system on this time scale. We will also describe the unique structure of the short-term

hydro scheduling problem: a networked structure and non-convex production curves.

In 1978, [33] presented an optimization model of the BPA hydro system. The day-ahead sched-

ule is solved using non-linear programming with soft constraints (penalty functions). The model is

deterministic and does not include transmission constraints or a thermal system. [34] propose a Ben-

ders’ decomposition method for the hydro-thermal problem. [35] present a hydro-thermal model of

the Swedish power system that includes zonal transmission constraints. The problem is decomposed

into the hydro problem (solved by a specialized gradient method) and the thermal problem (which

is reduced to an approximate aggregate cost function based on hydro production). [36] proposes a
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Figure 1.1: Mean daily flow forecast for the Columbia River at Grand Coulee, from NOAA. Note

that the confidence intervals are very small for the first several days of the forecast.

method for calculating reserve (primary, secondary, and tertiary) for hydro-thermal-wind systems

based on the predicted forecast error. However, normal wind error (see §2.2) is assumed and the

proposed method is simply used to calculate reserve requirements, rather than to schedule the sys-

tem. [37] formulate the hydrothermal problem using MIP and a mixed integer simplification of the

non-convex hydro production curves for plants with multiple units. [38] propose a joint optimization

strategy for wind and a hydro facility with storage. However, normal error is assumed and the focus

is on a single facility bidding into a larger market.

In general the hydro literature which does include wind has used very simple “normal error”

forecasting methods and/or focused on joint bidding of wind with storage. Stochastic scheduling of

hydro-thermal-wind systems remains untested.

Network Structure

Cascaded reservoir systems have a networked flow structure, as illustrated in Figure 1.2. The total

water available over the planning period is generally set by defined initial and final reservoir targets

(levels) and predicted natural inflows. The short term hydro scheduling process defines the volume

v[t], outflow o[t], and spill s[t] for each time period within the planning period.

http://www.nwrfc.noaa.gov/peak/peakflow_plot.php?id=GCDW1
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Figure 1.2: Reservoir models have a networked structure, from [34]

Production characterization

A hydro plant (indexed by i) has a non-linear power production curve that is dependent on the

outflow oi[t] and the head hi[t]:

Pi[t] = fi(hi[t], oi[t])

Thus, the modeling of hydro production usually involves simplification and linearization. Several

example curves are shown in Figure 1.3.

Brannlund, Bubenko, Sjelvgren, et al. [35] proposes a production function which is a polynomial

function f̃ of flow through the turbine plus a correction term z for head variation:

Pi[t] = fi(hi[t], oi[t]) ≈ f̃i(oi[t]) + z(hi[t], oi[t])

However this equation is not compatible with most MIP formulations as the correction term involves

the product of two variables (a quadratic term which is generally not positive semi-definite). Many

MIP formulations [34, 39] have simply used a fixed head curve and assumed that the short term

effects of this correction are small.

Garcia-Gonzalez, Parrilla, Barquin, et al. [40] present an iterative method for finding the correct

head. In each iteration, a simplified MIP problem with fixed head is solved, and then the values for

head are updated based on the solution. The authors also give an excellent review of techniques for

production curve linearization.

Borghetti, D’Ambrosio, Lodi, et al. [41] propose modeling production as a PWL function involving

both the head and outflow terms, with a general formulation laid out in [42]. The basic idea of the

linearization over two input variables is shown in Figure 1.4.
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(a) simple linearized, from [43]

(b) for a plant with several tur-

bines, from [37] (c) with head variation, from [44]

Figure 1.3: Hydro power production curve are a function of head and outflow. Several models for

linearization exist.

Figure 1.4: Two variable piecewise linear approximation of production curve, from Borghetti,

D’Ambrosio, Lodi, et al. [41]. Piecewise linear segments of a flow Q to power P curve are defined for

several head H values. Interpolation is used to get power values for head values other than those

defined.
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1.2 Decision Making Structure

Adding stochastic wind to the deterministic UC problem usually is done with a simple two stage

stochastic formulation. The stochastic optimization literature refers to these stages as “here and

now” and “wait and see” decisions [45]. In the first stage, i.e., when the UC is run, a single com-

mitment decision is made for the set of generators over the schedule period. The exact amount of

wind power is uncertain, as represented by the different wind scenarios. The second stage will be

the whole operations period. During this operations period, the wind power, and thus the generator

powers and the total system cost, will be realized. The logic of this decision making structure,

where a single commitment pattern is required in the first stage, must be enforced explicitly in the

formulation by “non-anticipatory” constraints. For the UC problem, these constraints ensure that

the status variables are equal over all the scenarios.

1.2.1 Rolling Planning Scenario Trees

The “rolling planning” formulation proposed by the WILMAR tool [12] is a notable extension of

the two stage stochastic UC formulation. Rolling planning is an attempt to account for the fact

that wind prediction is not very accurate on a long time horizon. Additionally, new pieces of

wind information (i.e., wind power measurements and better forecasts than the original day ahead)

arrive on a continuous basis and can be incorporated into the decision making. The first intuition

is that UCs should be run more frequently, every 3 h in the WILMAR case, to incorporate the

new information (see the vertical axis of Figure 1.5). The second intuition is that uncertainty

increases with the forecast horizon and therefore more uncertain periods should be modeled with

more scenarios. The three stages of the “rolling planning” formulation and their corresponding

number of scenarios are specified in Table 1.1. Barth, Brand, Meibom, et al. [12] note that a

24 stage (i.e., a day long operating period with hourly intervals) formulation would be an ideal

representation (assuming the system was rescheduled every hour), but note that such a model quickly

becomes computationally intractable as the total number of scenarios increases exponentially with

the number of stages2.

2If a UC is modeled with 24 stages and 100 wind scenarios per stage, the result would be 10023 total scenarios.
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Figure 1.5: “Rolling planning” scenario tree structure proposed by the WILMAR project [12]

Stage Length Scenarios

First 3 h 1 (deterministic)

Second 3 h 5

Third to end of period 10

Table 1.1: The WILMAR “rolling planning” formulation [12] has three stages for each UC run.
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1.3 Stochastic Objective Functions

The classic stochastic optimization objective function is to minimize the expected cost over all

scenarios:

E [C(x)] =
∑
s

ρs · C(xs) (1.3)

where C(xs) is the scenario cost and ρs is the scenario probability.

1.3.1 CVaR

Another objective formulation minimizes a measure of risk, such as value at risk or Conditional

Value at Risk (CVaR) [4, 14, 46, 47]. This is equivalent to minimizing the expected cost under a

region of the output distribution tails in Figure 1.6.

Formulating a CVaR objective involves adding a risk-adjusting term to the expected value. The

variables involved are summarized in Table 1.2. The CVaR term has with two parameters: the

weighting term β and the risk confidence level α. The CVaR weighting term β can take on values

between [0, 1) and determines the degree of risk averseness, with β = 0 being risk-neutral. An

approximate way of thinking about the objective is to consider minimizing the expected cost over

only the (1− α) · 100% most expensive scenarios. The objective function becomes:

E [C(x)] + β

(
ζ − 1

1− α
∑
s

ρsηs

)
(1.4)

and there are additional constraints:

s.t. ηs ≥ 0 ∀s ∈ S (1.5)

s.t. ηs − C(xs) = ζ ∀s ∈ S (1.6)

where ηs (a per-scenario variable) can be thought of as an excess term which is constrained by the

per-scenario cost C(xs) and the single variable ζ, in order to produce an approximation of the area

under the tail of the distribution. Note that a large number of scenarios are required to accurately

evaluate the costs at the tail of the distribution.

1.3.2 Robust optimization

A third objective formulation is to minimize the maximum possible cost over all of the scenarios,

which is known as minimax or robust optimization. Robust optimization is the most risk-averse of

the stochastic optimization objectives and thus results in a higher expected value for the objective

function.
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Figure 1.6: Conditional Value at Risk (CVaR) is represented as an area under the tail of an output

distribution. In this case the problem is a maximization of profit, but the curve is equivalent for

minimization of cost.

Variable Description

α risk confidence level

β weighting term for degree of risk

C(xs) total cost of scenario s

ρs scenario probability

ηs scenario excess term

ζ tail area approximation term

Table 1.2: CVaR objective function formulation variables and descriptions
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1.4 Solution Methods

A majority of the more recent papers have solved the extensive form (EF) of the stochastic UC

problem. In an EF problem, each variables and constraint in the problem is replicated per scenario

and the entire problem is passed to the MIP solver as a whole. Other techniques exist for solving

large stochastic optimization problems iteratively, including Benders decomposition, Progressive

Hedging (PH), and Stochastic Dual Dynamic Programming (SDDP). These methods sample from

the set of scenarios to create subsets, solve the subsets (often in parallel), and then make adjustments

to the global problem based on the result. These methods are often used when optimization problems

are computationally infeasible due to their size. A summary of the methods used in the stochastic

UC with wind literature can be found in Table 1.3.

Cerisola, Baillo, Fernandez-Lopez, et al. [48] study the effectiveness of several algorithms applied

to the thermal UC problem. LR, MIP, and two forms of Benders decomposition are compared. The

Benders decomposition methods arrive at a similar solution in 25 minutes compared to the to a MIP

solver runtime of 2 h. Cerisola et al. note that the drawback is that these decomposition methods

are very difficult to implement.

1.4.1 Progressive Hedging (PH)

The PH algorithm was introduced by [49]. The algorithm decomposes a large stochastic problem

into scenarios, allowing these subproblems to be solved in parallel. Woodruff, Watson, and Hart [50]

claim that despite convergence not being guaranteed for mixed integer problems, PH has provided

good quality solutions to problems from many disciplines.

PH was used in its Lagrange relaxation form by [11], one of the first stochastic UC papers. The

algorithm has seen no subsequent use in the power systems UC literature. The PH algorithm has a

MIP implementation in the Python Stochastic Programming (PySP) [50] software package, although

tuning the parameters to a given problem is a non-trivial task.

1.4.2 Stochastic Dual Dynamic Programming (SDDP)

The SDDP algorithm originated with [51] and has been used widely by the hydro scheduling commu-

nity for multi-stage problems. The algorithm consists of a forward and backward solution procedure,

with the key advantage being a sampling of scenarios in the forward stage. The result is a solution

time that is proportional to the number of scenarios sampled instead of the full number of scenarios

(the full number of scenarios is exponential with number of stages). Thus, SDDP is used almost

exclusively in problems with many stages.
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1.5 Results

Performance metrics for stochastic optimization are lacking in power systems research. In most

papers a single (small) number of scenarios is arbitrarily chosen and the resulting expected value

of the objective function (e.g., total cost) is reported, sometimes with the time taken to solve the

problem. In the power systems literature, only [52] reported testing more than one number of

scenarios3. Few authors report the cost of the deterministic UC solution or the cost of the perfect

solution. This makes it difficult to assess the potential savings that stochastic UC might provide for

the system under consideration. A summary of the results reported in the stochastic UC with wind

literature can be found in Table 1.4.

3The authors compared 4, 10, and 16 scenario solutions. However, scenarios – for load in this paper – are picked
by assertion and cannot be said to represent the underlying process with any certainty.
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Table 1.3: Comparison of methods for stochastic unit commitment with wind

Work Wind Fore-

cast Method

Scenario Creation Solution Method

Takriti, Birge, and Long [11] for load, by asser-

tion

LR with PH

Castronuovo and Lopes [38] normal error

Monte Carlo (MC)

Ns = 150

Barth, Brand, Meibom, et al. [12] WILMARa MC Nr = 10 not reported

Wang, Shahidehpour, and Li [17] normal error MC Ns = 3000,

Nr = 10

MIP

Tuohy, Meibom, Denny, et al. [5] WILMARa MC MIP CPLEX

Al-Awami and El-Sharkawi [14] adjusted

normal error

own method Ns =

4000, Nr = 5

MIP CPLEX

Constantinescu, Zavala, Rocklin, et al. [16] NWP own method Ns =

100, Nr = 30

MIP CBC

Lowery and O’Malley [9] WILMARa moment matching,

up to Ns = 6

MIP CPLEX

a The WILMAR model uses ARMA(1, 1) models of wind speeds at individual sites. A power curve is applied to these

speeds and geographic correlation is adjusted for using a Gaussian covariance matrix. MC simulation is used to

create a large, ad hoc number of scenarios. Scenario reduction is done using the method of [53] and Nr = 10.
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Table 1.4: Comparison of results for work on stochastic unit commitment with wind

Work System Stochastic Savings∗

Takriti, Birge, and Long [11] Michigan system1 0.57%a

Castronuovo and Lopes [38] wind-hydro plant profit maximization not reportedb

Barth, Brand, Meibom, et al. [12] Nordpool model2 not reportedc

Wang, Shahidehpour, and Li [17] IEEE 118 bus test system3 not reportedd

Tuohy, Meibom, Denny, et al. [5] Irish 2020 System4 0.25–0.9%e

Al-Awami and El-Sharkawi [14] 5 unit coordinated bidding not reportedf

Constantinescu, Zavala, Rocklin, et al. [16] 10 unit system5 not reportedg

Lowery and O’Malley [9] Irish 2020 System4 not reportedh

∗ Stochastic savings are defined as the relative cost difference between the stochastic and deterministic UC solution costs,

expressed as a percentage. For example, if the deterministic cost is $100 and the stochastic cost is $90, then stochastic

savings would be 10%.

1 The Michigan system was modeled with data for about 100 thermal units and six pumped hydro units. Historical load

profiles from Detroit Edison were used to create scenarios.

2 The model of Nordpool includes Germany, Denmark, Sweden, Norway and Finland. Units are aggregated into similar

bundles, for a total of 350 aggregated units in the system. Wind is scaled for three cases to arrive at annual wind energy

penetrations of about 6%, 12%, and 16%.

3 The modified IEEE 118 bus system has 76 units and is available on the author’s website. Instantaneous peak wind

penetration is only 2.7%.

4 The Irish 2020 system is a wind integration study where the wind energy penetration is 34%. Thermal generation is

modeled as a fairly inflexible mix, composed of 45 units totaling 8300 MW.

5 The 10 unit thermal system is based on [18]. Wind speed data from Illinois was scaled to create a 20% wind penetration

test case.

a See [11, Table III].

b [38] calculate only the savings from a joint hydro-wind plant compared to an only wind plant. No deterministic solution is

mentioned.

c [12] evaluate the cost difference between a base case (6% wind energy penetration) and 12%, 16% cases. Deterministic

cost is not mentioned.

d [17] evaluate the cost difference between the system without any wind and with stochastically scheduled wind.

e [5] test several rolling commitment strategies. Stochastic savings were calculated as low as 0.25% with 1 h rolling, up to

0.9% with 3 h rolling. Perfect savings were about 1.85%.

f [14] compare uncoordinated thermal bidding (assuming no wind) and coordinated wind-thermal bidding.

g [16] report cost information in evaluating the NWP sampling procedure, but does not report a deterministic cost.

h [9] compare differences in stochastic solution costs for different moment selections. However, no comparisons are made to

deterministic cost or to the results of the previous work of [5] on the same system.

http://motor.ece.iit.edu/data/SCUC_118
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Chapter 2

WIND MODELING AND FORECASTING

An accurate model of the underlying process is a critical for many scientific fields and the study

of wind power production is no different. The modeling and forecast of wind has been the subject

of much study by researchers at Argonne National Laboratories [16, 54, 55], who conclude that

while “the main focus in the [wind power forecasting] industry so far has been on improving the

accuracy of point forecasts . . . [but] probabilistic forecasts will become increasingly important in

operational decisions” and that the “generation of representative wind power scenarios” will also be

of importance. Also of special concern to power system operators are the ramp rate and duration

of the ramp, as large decreases in wind power which happen very quickly can be especially difficult

for systems to handle [56, 57].

Today, North American ISOs generally use some form of Numerical Weather Prediction (NWP)

modeling to forecast wind power at longer lead times. Methods vary widely for forecasting at

shorter lead times. The following sections describe the three main branches of wind power modeling

found in the stochastic UC literature: persistence, Auto Regressive Moving Average (ARMA) based,

and NWP. An additional section reviews the technique of analogs forecasting based on historical

data. We will leave aside discussion of the large field of heuristic and machine learning methods

for very short horizon forecasting, following the conclusions of the ANEMOS project [57] that the

improvements these techniques provide are “usually deemed not enough to warrant the extra effort

in training [the neural networks].”
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Before discussing forecasting it is important to note that wind power is a difficult phenomenon

to model from a statistical perspective due to the following characteristics:

non-linearity of power curve A typical wind speed to power curve is shown in Figure 2.1. Non-

linearities in the mid-range and near the cut-out speed1 are sources of significant power forecast

error, even if wind speed is predicted with relative accuracy.

non-Gaussian Useful wind speeds are bounded between zero and cut-out speed. Over time, hourly

average wind speed more closely represents a Weibull distribution [58]. Statistical models which

traditionally assume a Gaussian distribution must apply a transformation. This applies to the

ARMA models described in §2.3.

alternating atmospheric regimes Wind speed is driven by the weather, which can be thought

of as having many different states - e.g., westerly wind vs. easterly wind, low pressure vs. high

pressure. These states are not generally accounted for in time series models, although they

can be explicitly modeled, as in [59, 60].

non-stationary Wind speed generally has strong diurnal and seasonal trends. When models that

assume stationarity are used (e.g., ARMA), de-trending must be applied.

temporally and spatially autocorrelated Neighboring wind turbines and even nearby wind farms

encounter wind and weather at predictable intervals. Models which assume independence be-

tween sites must be adjusted [59, 61, 62].

heteroscedastic Wind speed does not have a variance that is constant over its whole range. Higher

wind speeds generally have significantly higher variance [63].

2.1 Persistence

Persistence forecasting, e.g., predicting that wind power in the the next hour will be equal to the

current wind power, has been a common and surprisingly effective technique for short-term wind

forecasting. This method is clearly less suitable for forecasting at longer time horizons. See Figure 2.4

1The cut-out speed for a wind turbine is the maximum safe operating wind speed. When higher wind speeds are
encountered the blades are “feathered” to be perpendicular to the wind and the machine is shut down. This can be
a problematic phenomenon for the power system when many machines at a site all go from maximum power output
to zero in a short period.
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Figure 2.1: Typical wind speed to power conversion curve, from [64]. Note that the curve is non-

linear.

for an example of the forecast performance of the persistence method for different forecast lead times.

Persistence is generally included in academic discussions and industry software as a benchmark metric

that must be outperformed by the proposed method.

2.2 Normal Error

Another widely used simple forecast method in the power systems literature has been to assume that

a point forecast is available and that the forecast errors are normally distributed with zero mean

and a standard deviation that increases with the forecast horizon. This “normal error” method is

consistent with the power system’s existing theoretical treatment of load forecast error [36, 65], is

easy to understand, and has been used by several researchers [17, 22, 36, 38]. However, given publicly

available data it is also very easy to show that wind forecast error is not normally distributed [66–68].

The distribution of forecast errors for the BPA [69] and Eirgrid [70] balancing areas for the year 2010

are shown in Figure 2.2. Both forecast error distributions are clearly non-normal. [14] also pointed

out that because these “normal error” methods don’t take into account inter-temporal correlation,

it is easy to create scenarios where the change in power outputs (i.e., ramps) do not match reality.
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(a) BPA (b) Eirgrid

Figure 2.2: Q-Q plots of wind power forecast error show significant deviations from a Gaussian

model, even when power is aggregated over an entire ISO. Q-Q plots are a method for comparing a

distribution to normal; a perfectly normal distribution would fall along the diagonal line.

2.3 ARMA Based Wind Forecast

Wind speed can be modeled as a time-varying stochastic process. There is a rich statistical literature

for modeling techniques for these processes, but one common technique is the Auto Regressive (AR)

model [71]. An AR(p) model assumes that the future of the process Xt can be predicted solely based

on a weighted sum of the past p time steps, plus a small white noise error component (εt), see

Equation (2.1). The persistence forecast is in fact AR(1), the most basic class of AR models. A

common extension is an ARMA(p, q), model, which adds an weighted sum of the most recent q error

terms, see Equation (2.2).

Xt = µ+

p∑
n=1

an (Xt−n − µ) + εt (2.1)

Xt = µ+

p∑
n=1

an (Xt−n − µ) +

q∑
m=1

bm (εt−m) + εt (2.2)

One of the first papers on modeling wind power was Brown, Katz, and Murphy [58], sponsored by

the BPA in 1984. The Brown et al. model is statistically quite complete – wind speed is de-trended

and then transformed to take on a Gaussian distribution, forecast with an AR model, converted to

power using a power curve. This set of preprocessing steps is detailed in the next section, as it is

very similar to what is used in most ARMA based wind models.
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Figure 2.3: Wind power is forecast after undergoing several steps of statistical preprocessing. These

steps are also used in model creation.

2.3.1 Statistical Preprocessing

There are many preprocessing steps that must be considered before wind speed data is ready to be

modeled as an ARMA process. The overview of these processes for wind is shown in Figure 2.3.

The following is an overview – the detail and order of these processes may vary. First each wind

speed series is transformed to a more Gaussian distribution, often using a power or log (c = 0)

transformation:

ŵ(t) = (w(t))
c ∀t ∈ T (2.3)

Then the series is de-trended to remove the diurnal and seasonal means and normalized by each

variance. Given hourly means µh and variances σh for h ∈ [0, 23] and full-length periodic series

constructed from them:

µ(t) = [µh0, µh1, . . . , µh23, µh0, µh1, . . .]

σ(t) = [σh0, σh1, . . . , σh23, σh0, σh1, . . .]

the hourly de-trended (standardized) series becomes:

ŵs(t) = (ŵ(t)− µ(t)) /σ(t) (2.4)

The statistics for each period h are simple to estimate, given sufficient historical data. Seasonal

de-trending follows a similar pattern.

At this point the normalized, detrended wind speeds ŵs(t) can be fit to ARMA models using

one of many algorithms, as supplied in most statistical and signal processing packages. Subsequent
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ARMA forecasts for wind speed should then be converted to power using a power curve such as

Figure 2.1 or by one of the more detailed methods reviewed in [57].

2.3.2 Aggregate Modeling

Given several wind farms there are a few methods for aggregation. Several works use covariance

models for geographically separated farms [59, 64, 72]. It is common for large regions using NWP

models to predict a few representative farms and follow some upscaling procedure to get the aggregate

power output of a large area [57]. Sturt and Stbac [73] propose a time series method intended for

modeling aggregate wind power output over a large geographic area. A second order AR model is

used to model the short term variation in wind power, while a Gaussian process is used to model

the long term variation. However, the model is not tested in the UC context.

2.3.3 Model Order Selection

A key question in time series modeling is what model order to choose - which values of (p, q). [74]

provide a detailed review of the statistical tests available for deciding on model order and conclude

that ARMA(3, 2) is a statistically valid choice for modeling the wind speed at the Canadian site in

their study. The Bayesian Information Criterion (BIC) and the Akaike Information Criterion (AIC)

are the two most commonly used criterion for model order selection in the statistical literature.

2.3.4 ARMA in the UC Literature

Within the UC literature several researchers have used ARMA-based models of wind. The most

influential of these has been WILMAR [64], the purpose-built tool for probabilistic wind forecast

and scenario generation. This tool has been used as the foundation for several stochastic UCs,

including [5, 12, 13]. The tool chooses an ARMA model with order (1, 1) based on the work of

[75], for synthesizing wind speed forecast errors at a single location, perhaps on the basis of its

simplicity. Note that [74] had earlier proposed a method for statistically validating order choice, but

the WILMAR tool’s selection of model order is not discussed.

An ARMA(1, 1) scenario creation method method simulates a series of forecast errors Et for a

single site:

Et = a0Et−1 + b0εt−1 + εt

where a0 and b0 are the ARMA weighting parameters and εt is a zero mean Gaussian random process

with standard deviation σε. The error series for t ∈ [0, T ] can be constructed this way by assuming

that the initial error is zero, Et = 0. The scenario values are equal to the sum of the forecast and
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Figure 2.4: Forecast errors compared for several methods over several forecast horizons, from the

ANEMOS project [57]. Both forecasts labeled HWP use NWP. The NewRef model is a weighted

mix between a persistence model and the mean.

the error. The WILMAR tool then accounts for the spatial covariance of the wind speeds using

a Gaussian model of covariance. A basic power conversion curve is used to translate a vector of

wind speeds into an aggregate power output. However, as noted by researchers at Pacific Northwest

National Laboratory (PNNL) [68] the WILMAR forecasting methodology “does not consider the

cross-correlation of wind forecasts [between sites] for different time frames.”

2.4 Numerical Weather Prediction

The challenges of forecasting wind more than several hours in the future have been taken on by

increasingly complex Numerical Weather Prediction (NWP) models. NWP is a method that takes

mathematical models of the atmosphere and uses computational simulation to generate forecasts.

Commonly used models include Global Forecast System (GFS), Weather Research and Forecasting

(WRF), and ECMWF [76–78].

Figure 2.4 compares the performance of NWP and statistical models for various horizons. NWP

forecasting is significantly more accurate for longer term predictions (i.e., horizons more than 3 h–6 h)

than statistical models [57].

Additionally, most of the large ISOs in the US today forecast wind based on an ensemble of NWP

models [1]. The forecasts from these ensemble models are often adjusted using statistical methods
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(known as Model Output Statistics (MOS)) and blended with short term statistical forecasts. For

a thorough review of work in NWP, see the reports from Argonne National Labs and the European

ANEMOS project [54, 57].

2.5 Probabilistic and Scenario Forecasting

The forecasting method used depends on the model and on whether the intent is to generate point

forecasts, probabilistic (interval) forecasts (Figure 2.5a), or scenarios (Figure 2.5b). The statistical

work to date has largely focused on improving the accuracy of point forecasts. Some work has been

done on probabilistic wind forecasts by Pinson [60, 79, 80] and on evaluation of these forecasts by

[59]. Pinson and Madsen [72] propose a method to draw scenarios directly from these probabilistic

forecasts and assert that this method takes into account the inter-temporal dependencies. However,

their underlying statistical model is somewhat unclear, a Gaussian covariance structure is assumed,

and the efficacy of their model was not tested in a UC context.

At the time of forecasting it is often beneficial to incorporate information on the current weather

conditions. Both [59] and [60] propose choosing models which are fit to conditions similar to the

current ones, e.g., a day with west-blowing wind should use the corresponding model for wind

direction.

2.6 Analogs in Forecasting

Analog forecasting mines the past for similar events in order to predict the future. To search for

similar events, forecast data (temperature, pressure, etc.) for the current day is compared to a

historical archive of forecasts. Once a similar historical forecast, or analog, is found, the observed

values (e.g., observed wind power) from that date are used to improve the current forecast.

Analogs have been used in the forecasting community to create point forecasts [81–83], to correct

raw NWP forecasts [84], and to create probabilistic forecasts [85]. Analogs have also been used with

some success in the prediction of precipitation [81–83], stream flow [86], and wind speeds [84]. This

section reviews some of the theory and practice typical in this literature.

2.6.1 Analog Techniques

There are three basic categories of analog techniques. Messner and Mayr [85] use a simple weather

test system to compare the results of several probabilistic forecast methods. They compare per-

formance to direct NWP model output and logistic regression. Several analog methods are tested

including:
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(a) Intervals for wind power output are forecast with the most likely regions

shaded darker, from Pinson, Chevallier, and Kariniotakis [79]

(b) Discrete scenarios for wind power output are drawn from the underlying

random process, from Pinson and Madsen [72]

Figure 2.5: Wind uncertainty can be represented as confidence intervals around a forecast or as

discrete scenarios.
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• Analogs of deterministic forecasts (ADF) is the most basic analogs method. The Na

smallest distances are selected and then assumed to be equally likely. A probability distribution

is formed using ensemble relative frequencies over the Na analog members.

• Kernel estimation methods involve weighting analogs by the closeness of their analogy (dis-

tance to the current forecast). Messner and Mayr [85] use a simple Gaussian kernel, with

different standard deviation parameterizations.

• Analog dressing is used to improve an ensemble forecast. Na analogs are found for each

ensemble member (based on that member’s historical archive), potentially multiplying the size

of the ensemble by Na (if no dates are duplicated over ensemble members).

2.6.2 Distance metrics

There are two categories of distance metrics are in common use for analog selection:

RMS

The Root Mean Squared (RMS) distance is the standard distance metric in the analogs literature.

The distances between two forecast data vectors (~x,~y) is calculated as:

DRMS(x, y) =
∑
i

√
(xi − yi)2

In [81], this metric is extended using feature scaling.

Rank distance

Hamill and Whitaker [82] proposed the rank distance as an alternative metric to RMS. They found

that the using an RMS distance metric resulted in analog forecasts which are too close to the

climatological mean, as there are more analogs to be found near the long-term average. To avoid

this bias, the rank of the the current forecast data is compared against the rank of the entire archive

(XH):

biasrank(x) =
∑
i

rank(xi)− rank(XH,i)

They conclude that using a rank corrected distance improved the analog method’s forecast skill

for short forecast leads. Messner and Mayr [85] confirm that rank correction outperforms RMS

distance.
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2.6.3 Performance

Hamill and Whitaker [82] found that analogs methods produce deterministic forecasts with similar

forecast skill to logistic regression techniques. The advantage of analogs is that they are much faster

to compute than logistic regression. When compared to the effects of improving NWP models, [82]

equate the improvements in skill made by analogs to “many years of sustained model development

by a large staff of scientists.”

Messner and Mayr [85] compare the results of several probabilistic forecast methods on a simple

weather test system and make several conclusions of interest. They find that analogs outperform tra-

ditional forecasting methods for forecast lead times more than 1 h , but do less well for a 1 h forecast

lead time. Analog methods perform less well than traditional forecasting techniques at predicting

very rare events. Finally, larger training sets improve short lead performance of analog methods but

have little effect on long lead forecasting.

2.6.4 Wind forecasting

Delle Monache, Nipen, Liu, et al. [84] test the ability of post-processing methods to reduce raw NWP

model errors. Analog methods are compared and combined with Kalman filtering methods. The

tests are carried out on 10 m wind speeds for many Colorado locations using a Weather Research and

Forecasting (WRF) modeling system with training periods between 2 and 12 months. The found

that analogs perform better (in overall and spatial distribution of mean squared error, as well in as

bias) than Kalman filtering or a combination of Kalman filtering and analogs. They also found that

skill score improves markedly as the training period is increased from 4 to 8 months and then begins

to level out.

2.6.5 Summary

The analogs method has been shown promise as a computationally easy way to improve the forecast-

ing of many different weather phenomena. The past is mined for similar events and these analogs

then become an ensemble forecast which can be averaged to get a deterministic forecast. Both RMS

and rank are used to compare the distance between two forecasts. For good performance, the length

of the historical archive should be relatively long. To date, analogs have been a forecast improvement

method in the literature; analogs remain untested in the stochastic unit commitment literature.
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Chapter 3

SCENARIO CREATION

Modeling random processes for stochastic optimization problems can be done in several ways. The

most common is a recourse model which uses a discretization of the random process to quantify the

potential future costs. Alternately, the random processes are represented as distributions and chance

constraints are formulated to stipulate the probability of avoiding infeasibility [87]. Due to problem

size and the corresponding speed of solution techniques, stochastic optimization for energy problems

is handled by recourse models with discrete scenarios. A scenario is a potential realization of the

stochastic process through the entire time horizon (i.e., a time series) and has a given probability.

An example of a number of wind scenarios is shown in Figure 2.5b. In the stochastic optimization

process scenarios are organized into trees; structures for scenario trees are discussed in §1.2. This

section discusses several methods for scenario creation1 and objective function formulation.

Accurately representing continuous random processes using discrete scenarios is a key problem

in stochastic optimization. [88] give an excellent overview of methods which is summarized in this

section, along with the methods used in the Unit Commitment and hydro scheduling literatures. A

few techniques for the evaluation of scenario creation methods are reviewed.

Conditional sampling This method, which includes Monte Carlo (MC) sampling, is by far the

most common. Extensions include variance reduction techniques (e.g., Latin Hypercube Sam-

pling and Random Quasi Monte Carlo) and covariance corrections.

Moment matching Høyland and Wallace [7] propose a method to generate scenarios that match

selected statistical properties (i.e., moments) of the reference distribution. This is achieved

through a non-linear optimization which minimizes the difference between scenario and distri-

bution moments.

Scenario reduction Reduction is often combined with MC sampling and attempts to reduce the

size of a scenario tree while maintaining stochastic information.

1In the literature the process of forming a finite set of discrete scenarios is generally referred to as scenario
generation. In this work this process is referred to as scenario creation to avoid semantic confusion.
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Internal sampling This method samples the distribution within the solution procedure by using

Benders decomposition methods [89, 90].

Within the UC literature there have been many methods used to create scenarios. In some early

work scenarios are based directly on previous years observations, as in [11], or are simply declared,

as in [52]. However, the dominant method for scenario tree construction has been a MC sampling

method combined with scenario reduction. More recently, a few researchers have tried a statistically

based approach called moment matching. Little attention has been paid to the effect of the number

of scenarios used on the solution cost.

3.1 Monte Carlo Sampling Method

Monte Carlo (MC) simulation based on a normal error model has been a common scenario creation

technique in the UC literature [5, 13, 17]. The intuition behind MC sampling is simple: given a

large number of samples2, a Gaussian distribution can be adequately represented as a set of discrete

values. Gaussian distributions have often been used in power systems literature, either as basic per-

time models of wind forecast error [17, 22, 36, 38] or as part of an ARMA forecast error model [5,

12, 13]. Given a Gaussian model, MC sampling randomly draws Ns samples from the distribution

for each time. These samples are joined together to become scenarios.

Al-Awami and El-Sharkawi [14] attempt to incorporate information about the statistical prop-

erties of change in wind power through a “shuffling” forecast procedure, assuming that statistics on

change in wind power are known and normal. However, this method underestimates the likelihood of

large down ramps in wind when the wind is blowing highest because the mean down ramp magnitude

is reduced by the inclusion of lower wind events.

Homem-de-Mello, Matos, and Finardi [91] propose two alternate variance reduction techniques

(Latin Hypercube Sampling and Random Quasi Monte Carlo) and suggests that they may produce

better scenarios than MC. A long term hydro planning experiment is presented, but the results are

inconclusive.

3.1.1 Scenario Reduction

Scenario reduction algorithms are often used to shrink the scenario set to a size, Nr, which a MIP

solver can handle in a reasonable amount of time. Scenario reduction algorithms like those of [53]

result in an optimal or near-optimal reduction given the number of final scenarios, but there is

2In the power systems literature, the number of scenarios needed to ensure accurate representation of a Gaussian
is simply assumed to be very large; e.g., in [17] the number of 3000 was chosen by fiat.
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information lost. In the data-dependent case described in [53], a 50% reduction in the number of

scenarios resulted in a 10% reduction in scenario tree representation accuracy and a 98% scenario

reduction corresponded to a 50% accuracy reduction.

A convincing rationale for the choice of the reduced number of scenarios, Nr, has yet to be

presented in the power systems literature, either by statistical means or empirical comparison. Most

studies, including those using the WILMAR model [5, 12, 13] as well as [14, 16], simply state the

small number (Nr between 5-30) of scenarios used along with the result.

3.2 Moment Matching Method

Recently, Lowery and O’Malley [9] modified the WILMAR Scenario Tree Tool to incorporate mo-

ment matching. To create wind error scenarios, moments representing the per-time mean, standard

deviation, skew, and kurtosis over all scenarios are used. Additionally, the autocorrelation between

stages3 was included to produce smooth scenarios across the stages. A small number of scenarios

(less than 6 scenarios for all stages) was used, with a similar experimental setup to Tuohy, Meibom,

Denny, et al. [5]. Lowery and O’Malley [9] conclude that the consideration of higher order moments

(skew and kurtosis) does result in a lower solution cost and that the moment estimation accuracy can

have a significant impact on cost. However, [9] makes no quantitative comparison with the results

of [5].

Moment matching has also been used to create scenarios for natural gas prices and electricity

demand for generation expansion planning [8]. In [8] both demand and prices are modeled as cor-

related Geometric Brownian Motion processes, with moments of mean, variance, and skew for each

variable and a correlation between variables. The main focus of [8] is a scenario reduction method

which solves individual scenario optimization problems and then groups scenarios by their first stage

variable values.

In [92], bid curves are modeled stochastically using the first four central moments are used to

model electricity spot prices, regulation market spot prices, and demand, along with the correlation

between variables. Statistics for regulation prices were found to be highly conditional on the spot

price, thus the desired moments were constructed conditionally. Between one hundred and six

hundred scenarios were generated.

Mello, Lu, and Makarov [68] propose a technique similar to moment matching but based on an

ARMA process model. The objective function is a weighted sum of the absolute differences of the

model statistics and the generated scenario statistics, including the mean, standard deviation, cross

3 In both [5] and [9] the WILMAR Scenario Tree Tool is a four stage decision model with each progressive stage
covering a greater timespan and having a greater number of scenarios. See [9, Table IV] for details.
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correlation (for multiple time series), and auto correlation. This scenario creation procedure was

used to generate 150 scenarios, with correlated day ahead, hour ahead, and real-time forecasts, but

was not tested in the UC context.

3.3 NWP based scenarios

Constantinescu, Zavala, Rocklin, et al. [16] implement a method that draws scenarios directly from

the ensemble members of many NWP models (the study used a 30-member WRF ensemble) and

feeds these to a UC. This method holds promise for the future of utility or ISO forecasting, but

requires access to large, location specific meteorological datasets. Also, due to the complexity of the

NWP models, the work in [16] was computationally limited in the number of scenarios that could

be generated. About 500 CPUs would be required in order to generate NWP forecasts on an hourly

basis. The effect of this limitation on the UC solution is not discussed.

3.4 Hydro scenarios

In the long-term hydro scheduling literature, stochastic scenarios are used to represent inflows.

Scenarios for this problem are structured in multistage scenario trees with a specified number of

branches per stage. Often very little is said about how these scenario trees are created, as is the case

in [51, 93, 94]. AR models have been used to generate inflow scenarios, as in [95]. Stochastic Dual

Dynamic Programming (SDDP) is often used to solve these problems. As this algorithm samples

the scenario tree in the forward step, Monte Carlo based methods are common.
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Part III

METHODS

A major consideration in any stochastic UC — and the major focus of this work — is the quality

and quantity of the scenarios. This section details two statistically based methods for scenario

creation — the moment matching method and the analogs method. Both of these methods allow

a scheduler to take a deterministic forecast for wind power and leverage historical data to create

many scenarios. The moment matching method synthesizes scenarios to match a set of moments

or statistics. This work proposes a method for conditionally estimating the desired moments based

on historical data making these moments conditional on the current forecast. The analogs method

searches the past for forecasts similar to the current forecast and uses the observations from those

analogous dates directly as scenarios. This work proposes a simple analogs method based only on

the aggregate power forecast. Along with these methods, four scenario error criteria are proposed

to help explain the performance of stochastic UC.

We also describe the decision making structure and MIP implementation of stochastic UC for

power systems with significant penetrations of wind. A framework is given for the evaluation of

stochastic UC results relative to the costs of deterministic UC.
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Chapter 4

SCENARIO CREATION

4.1 Moment Matching

This section presents a wind scenario producing implementation of the moment matching method of

Høyland and Wallace [7]. The basic idea of moment matching is that scenarios can be synthesized

to match a set of desired statistics. In this implementation, the objective is based on moments

representing the mean, standard deviation, skew, and kurtosis. An additional term representing the

mean of the first difference is added to reflect the importance of the wind ramping. We propose

that desired moments can be estimated conditionally on the forecast, based on a twenty quantile

binning of the forecast values in the training set. The distance between each desired moment and

the scenarios’ moment is calculated using the RMS metric. Feature scaling is used to weight the

importance of the moments evenly.

4.1.1 Scenario Creation Problem Formulation

The goal of the moment matching method is to produce Ns scenarios that have moments Mi which

are similar to the desired moments M̂i. The variables in the optimization problem are the scenario

values xs[t] (one value for each scenario s and time t) and probabilities ρs.

Objective

min
∑
t

∑
i

wi ·D(Mi[t], M̂i[t]) (4.1)

The RMS distance metric was used as the moment deviation function D(). The weighted (by wi)

set of moments for this implementation includes:

• M1: first order moment (the mean)

• M2: second order moment (representing the variance)

• M3: third order moment (representing the skew)

• M4: fourth order moment (representing the kurtosis)
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• M5: mean of the first difference

The per-time scenario mean M1 is calculated as the sum of the product of the scenario value xs[t]

and the scenario probability ρs:

M1[t] =
∑
s

xs[t] · ρs (4.2)

The second, third, and fourth order moments can be calculated as the sum of the difference between

the scenario value and the first order moment M1[t] to the ith power, where i is the order of the

moment:

Mi[t] =
∑
s

ρs · (xs[t]−M1[t])
i

(4.3)

However, within the optimization this was found to be computationally difficult due to the recursion

created by the M1[t] term. In the optimization implementation, the moments are estimated using

the forecast value M̂1[t] instead of the variable M1[t]:

Mi[t] ≈
∑
s

ρs ·
(
xs[t]− M̂1[t]

)i
(4.4)

The mean of the first difference is defined as:

M5[t] =
∑
s

(xs[t+ 1]− xs[t]) · ρs (4.5)

Weighting the moments’ contribution to the objective function is a sensitive process in the mo-

ment matching algorithm. This implementation uses feature scaling (a method of standardizing the

ranges of different variables) to set the weights such that:

wi = ei · 1/
∑
t

|Mi[t]| (4.6)

As the estimation of each of the higher order moments is dependent on having an accurate mean,

the mean weighting factor is set to e1 = 10 to emphasize its importance. The first difference mean

weight is deemphasized by a factor of e5 = 0.1, to reflect the wide variation seen in estimating this

moment1. All other moments are evenly emphasized with ei = 1.

Required Constraints

The probability must be constrained to be between a low limit (to prevent the creation of scenarios

with trivially small probabilities) and one:

s.t.
1

Ns
/100 ≤ ρs ≤ 1 ∀s ∈ S (4.7)

1The observed first difference mean relative to the forecast first difference is shown in Table 4.4. The forecast
generally overestimates the magnitude of the ramp. Due to this lack of certainty, this moment is weighted to be
less influential than others.
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The sum of the probabilities must equal one:

s.t.
∑
s

ρs = 1 (4.8)

Additional Constraints

Some constraints were added to the problem to improve the quality of the scenarios. The optimization

results without these constraints often resulted in wind power scenario values which fluctuated

between extremely low and extremely high values from one time interval to the next. To prevent this

unrealistic behavior, additional constraints were added to limit scenario values and first differences.

If the problem is not feasible with these additional constraints, they are removed and the problem

is resolved with only the required constraints.

The limiting constraints ensure that a scenario does not deviate from the deterministic forecast

by more than a pre-determined amount:

s.t. L[t] ≤ xs[t] ≤ L[t] ∀t ∈ T ∀s ∈ S (4.9)

The limits L[t] and L[t] are estimated by taking the min/max observed value for the appropri-

ate forecast bin. For example, if the forecast f [t] is 8500 MW, the bin might contain forecasts

between 8400–9000 MW. The smallest/largest historical observed values for that bin might be

L[t] = 6000MW and L[t] = 8800MW (this example bin is near capacity, so over-forecasting is

more severe than under-forecasting). All scenario values for this time will fall within this range.

The first difference limiting constraints ensure that each scenario has a reasonable first difference:

s.t. δL[t] ≤ xs[t+ 1]− xs[t] ≤ δL[t] ∀t ∈ T ∀s ∈ S (4.10)

The difference limits δL[t], δL[t] are estimated as the min/max of the first difference of the observed

values for the appropriate forecast bin.

4.1.2 Scenario Reduction

The moment matching process as specified in the last section tends to produce scenarios which

are very similar to each other. To avoid sending duplicate scenarios (which provide no additional

information to the solution algorithm) to the solver, scenarios are evaluated on a similarity criteria

and are combined if similar. For a discussion on the effects of the duplicate scenarios produced by

moment matching, see §7.2.2.
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Similarity criteria

Two scenarios i and j for a given day are labeled as being “similar” if:

1. They have a high correlation: C[i, j] ≥ 0.999.

2. Their total absolute difference is small:
∑
t|xi[t]− xj [t]| < ε. In this work ε is set to 10 MWh

over the course of the day.

Scenario aggregation

Two similar scenarios i and j are aggregated into a combined scenario c by summing their proba-

bilities:

ρc = ρi + ρj

and averaging their values (weighted by probability):

xc[t] = (xi[t] · ρi + xj [t] · ρj) /ρc

Implementation

The non-linear problem formulation defined above was implemented in Python using the Pyomo

package. Desired moments for a single day (changing hourly based on the forecast bin) were loaded

into the optimization model and the solver IPOPT was used to solve the day’s problem.

4.1.3 Desired Moment Estimation

A key input to the moment matching process is the desired moments, M̂i[t]. These are the statistics

which the scenarios are synthesized around. The moment matching method is a general theory —

the process of determining which moments to use and how to estimate their values is application

dependent.

In this work, we propose a method for estimating the desired moments conditional upon the fore-

cast. When creating moments for wind power production, the historical forecasts and observations

can be used. Low and high wind periods have significantly different statistics. The strategy used to

account for these differences is to make the desired moments conditional on the capacity normalized2

forecast values.

2All calculations are done in per-unit terms to account for any wind capacity additions that occur during the time
period covering the training data.
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The historical data set is grouped by normalized forecast quantile3. Then for each forecast

quantile (and the corresponding set of training set times, Tb), the conditional statistics mi,b are

calculated based on the observed wind o[t]. The bin mean is calculated as:

m1,b =
1

Nb
·
∑
t∈Tb

o[t] (4.11)

The second through fourth order moments are calculated as:

mi,b =
1

Nb
·
∑
t∈Tb

(o[t]−m1,b)
i

(4.12)

and the first difference mean is calculated as:

m5,b =
1

Nb
·
∑
t∈Tb

(o[t]− o[t− 1]) (4.13)

Choosing desired moments for testing data

First the testing data is binned using the same bin limits as the training data. Then higher order

moment values for a given time M̂i[t] in the testing set can be calculated by looking up the bin for

the current forecast f [t] — selecting b where f [t] < fb ≤ f b and using the bin moment as the desired

moment value:

M̂i[t] = mi,b ∀i ∈ [2, 4] (4.14)

The first moment is simply the actual forecast (rather than the bin mean):

M̂1[t] = f [t] (4.15)

The first difference moment is calculated based on the first difference bin — selecting b where

∆f [t] < ∆fb ≤ ∆f b — and then setting:

M̂5[t] = m5,b (4.16)

Table 4.2 gives an example of these binned desired moments and limits which are binned by the

forecast. Table 4.4 shows the first difference moment m5,b and limits which are based on the first

difference of the forecast.

3Histograms have bins of constant width, while quantiles have bins with constant count. Quantiles were chosen for
this application, as wind is most often in a low capacity factor regime and data for the upper histogram bins would
be estimated on a low number of samples.
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Figure 4.1: Five scenarios for ERCOT wind on August 1, 2012 were created using the moment

matching method. The forecast and observed wind are also shown for comparison. The moment

matching scenarios cover a wider range of possibilities than the forecast.

Figure 4.1 shows an example day of scenarios created for August 1, 2012 using the moment

matching method.
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f
b

f b bin count m1,b m2,b m3,b m4,b L[t] L[t]

0.0000 0.0501 162 4.12 · 10−2 1.02 · 10−3 5.00 · 10−5 1.00 · 10−5 0.1618 4.5700 · 10−3

0.0501 0.0760 161 6.40 · 10−2 1.45 · 10−3 1.40 · 10−4 3.00 · 10−5 0.2988 0.0129

0.0760 0.0987 161 9.65 · 10−2 2.02 · 10−3 1.00 · 10−4 3.00 · 10−5 0.3326 0.0240

0.0987 0.1213 161 1.22 · 10−1 3.98 · 10−3 3.80 · 10−4 1.10 · 10−4 0.4289 0.0233

0.1213 0.1454 161 1.46 · 10−1 5.88 · 10−3 6.40 · 10−4 2.00 · 10−4 0.4631 0.0336

0.1454 0.1702 161 1.78 · 10−1 9.14 · 10−3 8.90 · 10−4 3.00 · 10−4 0.4706 0.0324

0.1702 0.1957 161 2.05 · 10−1 1.03 · 10−2 7.80 · 10−4 3.40 · 10−4 0.5189 0.0282

0.1957 0.2229 161 2.08 · 10−1 1.09 · 10−2 8.10 · 10−4 3.70 · 10−4 0.4900 0.0342

0.2229 0.2482 161 2.39 · 10−1 1.37 · 10−2 1.35 · 10−3 6.00 · 10−4 0.5672 0.0539

0.2482 0.2719 161 2.54 · 10−1 1.48 · 10−2 1.74 · 10−3 7.40 · 10−4 0.5757 0.0663

0.2719 0.3036 161 2.80 · 10−1 1.25 · 10−2 1.05 · 10−3 5.00 · 10−4 0.6112 0.0953

0.3036 0.3376 161 3.26 · 10−1 1.40 · 10−2 6.80 · 10−4 5.10 · 10−4 0.6177 0.1161

0.3376 0.3635 161 3.73 · 10−1 1.80 · 10−2 3.40 · 10−4 7.50 · 10−4 0.6803 0.1073

0.3635 0.4012 161 3.69 · 10−1 1.33 · 10−2 2.50 · 10−4 4.80 · 10−4 0.6553 0.0991

0.4012 0.4459 161 4.28 · 10−1 1.56 · 10−2 −5.00 · 10−4 5.70 · 10−4 0.6755 0.1179

0.4459 0.4886 161 5.06 · 10−1 9.72 · 10−3 −1.40 · 10−4 3.30 · 10−4 0.8325 0.2306

0.4886 0.5360 161 5.22 · 10−1 9.20 · 10−3 −6.40 · 10−4 3.10 · 10−4 0.7425 0.2329

0.5360 0.6035 161 5.76 · 10−1 9.71 · 10−3 −1.11 · 10−3 4.30 · 10−4 0.7641 0.2457

0.6035 0.6821 161 6.05 · 10−1 7.26 · 10−3 −7.50 · 10−4 2.70 · 10−4 0.7782 0.2753

0.6821 1.0000 162 6.30 · 10−1 4.44 · 10−3 −6.90 · 10−4 2.70 · 10−4 0.7283 0.2264

Table 4.2: Quantile-conditional moment values and limits for ERCOT 2011–2012, per-unit normal-

ized. The values f
b

and f b are the min/max forecast values for the quantile. Bin count is the number

of training samples (hours) the moment is estimated on. The statistics mi,b are based the per-unit

observed wind. L[t], L[t] limit the range of scenario values.
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∆f
b

∆f b m5,b δL[t] δL[t]

−1.00000 −0.06439 −0.04536 −0.43822 0.07881

−0.06439 −0.04646 −0.02660 −0.21289 0.36520

−0.04646 −0.03583 −0.02677 −0.15790 0.04776

−0.03583 −0.02894 −0.01850 −0.17283 0.14917

−0.02894 −0.02264 −0.01788 −0.11795 0.06333

−0.02264 −0.01720 −0.01095 −0.10608 0.10551

−0.01720 −0.01323 −6.51000 · 10−3 −0.10101 0.07318

−0.01323 −8.94000 · 10−3 −8.35000 · 10−3 −0.11265 0.11377

−8.94000 · 10−3 −5.16000 · 10−3 −8.80000 · 10−4 −0.09603 0.15996

−5.16000 · 10−3 −1.60000 · 10−3 −1.70000 · 10−3 −0.10685 0.12583

−1.60000 · 10−3 1.59000 · 10−3 −3.90000 · 10−4 −0.08062 0.09683

1.59000 · 10−3 4.79000 · 10−3 3.69000 · 10−3 −0.07474 0.09428

4.79000 · 10−3 9.27000 · 10−3 6.34000 · 10−3 −0.09146 0.16877

9.27000 · 10−3 0.01451 8.75000 · 10−3 −0.07938 0.16187

0.01451 0.01945 3.14000 · 10−3 −0.11027 0.07512

0.01945 0.02681 0.01412 −0.13567 0.17266

0.02681 0.03708 0.02039 −0.10483 0.16827

0.03708 0.05162 0.02210 −0.15152 0.18509

0.05162 0.07607 0.03187 −0.07442 0.21086

0.07607 1.00000 0.05568 −0.11201 0.25884

Table 4.4: Quantile-conditional first difference moments and limits for ERCOT 2011–2012, per-unit

normalized. The moment m5,b is the mean of the first difference. δL[t], δL[t] limit the range of the

first difference of the scenarios.
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4.2 Analogs

Analog forecasting mines the past for similar events in order to predict the future. To search for

similar events, forecast data (temperature, pressure, etc.) for the current day is compared to a

historical archive of forecasts. Once a similar historical forecast, or analog, is found, the observed

values (e.g., observed wind power) from that date are used to improve the current forecast.

To create scenarios using the analogs method, the observations from each date in the historical

archive are treated as a possible scenario. The closer an analog’s forecast data is to the current

forecast, the more likely the scenario is. An outline of the analogs algorithm can be found in

Algorithm 1. First the current forecast is compared with all historical forecasts, resulting in a set

of analog distances. These distances are sorted and used to create a estimate of the probability of

each analog. The observed values from the dates corresponding to the lowest Ns distances become

scenarios. These steps are examined in more detail in the following sections.

4.2.1 Forecast data

In general forecast data consists of set of predictions for many weather variables (often on the order

of 50 variables, including 100 m wind speed, pressure, temperature, etc.) at several geographical

points. However, in this work we test the performance of simple analogs, using only the aggregate

power forecast data. While we expect that some of the benefits of using richer weather data will be

lost when using simple analogs, this approach is conceptually simpler and requires significantly less

data. Simple analogs allow scenario creation with only a historical record of forecasts and observed

wind.

The analogs formulation laid out in this section can be generalized to multivariate weather

data. The multivariate forecast matrix is simply reshaped to become a vector. It may become

computationally expensive to compute the analog distances over a large archive with large numbers

of variables. A dimensionality reduction technique (e.g., principal components analysis) may be

required to make the problem tractable.

While not tested in this work, using weather data as the analog set predictor does allow for a

simple, theoretically sound modeling of many wind farms. When creating scenarios for many wind

farms using statistical methods, a wind speed correlation correction strategy [61, 62] can be used to

create a single set of scenarios. With the analogs method, an aggregate wind scenario can be created

by simply summing the observed wind farm power timeseries for the analog date.
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Algorithm 1: An Analogs Method for Scenario Creation

Data: current forecast vector ~f∗

Data: historical archive over t ∈ T of :

observation vectors ~o[t]

and forecast vectors ~f [t]

Input: number of scenarios Ns

Result: a set of scenarios over s ∈ [0, Ns), including

scenario values ~x[s]

and probabilities ρ[s]

initialize distances, ~x[s], ρ[s]

# compute distances between the current forecast

# and each forecast in the archive

for t ∈ T :

distances[t]← D(~f∗, ~f [t])

distanceValuesSorted ← sort(distances)

# convert distances to probabilities (see §4.2.4)

allProbabilities ← KDEprob(distanceValuesSorted)

for s ∈ [0, Ns) :

# lookup the time corresponding to the s smallest forecast distance value

t ← distances.positionOf(distanceValuesSorted[s])

# set the scenario values to the observed values at t

~x[s]← ~o[t]

ρ[s]← allProbabilities[s]
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4.2.2 Analog distance

To find analogous days, the forecast for each day t in the historical archive ~ft is compared to the

current forecast ~f∗:

D[t] = D(~f∗, ~ft) (4.17)

Consistent with much of the forecasting literature on analogs, we use a squared difference (L2 norm)

as the comparison metric:

D(~a,~b) =
∑
i

(ai − bi)2
(4.18)

Instead of computing distances per day it is possible to compare forecasts at each hour in the

historical archive. This approach is advantageous as it allows for closer matches from a “larger”

archive. The hourly distances for an example “current” date are shown as a timeseries in Figure 4.2.

4.2.3 Selection

Usually, the entire archive contains too many analogs for each analog to become a scenario. Also,

analogs with large distances are very unlikely to be representative of the likely weather conditions

for the date in consideration. To select a size Ns subset of the available analogs as scenarios, this

implementation simply selects the dates for the Ns smallest distances, with the constraint that the

selected distances must be at least 24 h apart. This constraint avoids the selection of many similar

distance analogs, e.g., two analogs which are one hour shifted. The sorted order distances for an

example date are shown in Figure 4.3. Scenarios values are set to the observed values ~ot for each of

the times t belonging to the smallest Ns analog distances.

If forecasting was near perfect, the smallest distance analogs would be very similar. However, in

practice the observed values for the lowest distance analog dates are generally fairly different due to

forecasting error. See Figure 4.5, which shows the five lowest distance analogs for ERCOT on Aug.

1, 2012. The distribution of analog scenario spreads (max. minus min. values) for the ERCOT test

case is shown in Figure 7.6. This histogram has a peak at about 15% of wind capacity. If forecasting

error is low and more coverage of low likelihood events is desired it is possible to aggregate or sample

analogs to form the scenario set. An investigation of these scenario selection methods is left for

future research.
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Figure 4.2: Analog distances between the forecast for 2012-08-01 and the forecast starting each

hour in the historical archive (about a year worth of data prior to that August 2012). Distance is

calculated as the sum of squares difference between the wind power forecasts in per-unit terms.

4.2.4 Assigning probability

Probabilities are assigned to the analogs based on their distances using Gaussian Kernel Density

Estimation (KDE). A Gaussian mixture model is used to model the probability distribution of the

distances over the entire historical archive4. Each analog is then assigned a probability equal to the

mixture model’s PDF value at the analog’s distance. See Figure 4.4 for an example of the distance

to probability transformation.

4.2.5 Caveats

There is an implicit assumption that the forecasting method does not change significantly over the

entire historical period or that historical re-forecasts are made upon adopting a new method. In the

experiment that follows we use public aggregate forecast data, and have no information to support

or reject a constant forecast method hypothesis. An additional caveat is the potential effect that

the length of the historical archive has on the quality of analog scenarios: short archives may not

include rare events.

4Analog distances are bounded on [0,∞), while Gaussian models expect a two sided distribution. Ideally a one-
sided kernel (i.e., a Weibull distribution) would be used, but non-Gaussian KDEs are not common. To correct for
the one-sidedness of the distances distribution, KDE is performed on a vector of the original distance values (di)
and their additive inverses (−di).

'http://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.gaussian_kde.html'
'http://docs.scipy.org/doc/scipy/reference/generated/scipy.stats.gaussian_kde.html'
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Figure 4.3: Sorted analog distances for 2012-08-01 are shown on a log scale. There are about 50

low-distance analogs, followed by a slow increase in distance value, followed by a few large distance

analogs.
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Figure 4.4: A normalized histogram of analog distances for 2012-08-01 is shown. A Gaussian KDE

is used to model the distribution of the distances and is shown as line. Each analog in the historical

archive is assigned a probability equal to the PDF value at the analog’s distance.
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Figure 4.5: Five scenarios for ERCOT wind on August 1, 2012 were created using the analogs

method. The forecast and observed wind are also shown for comparison. The analogs scenarios do

cover a slightly wider range of possibilities than the forecast, but do not always anticipate the full

range of the observed values for this date.

The recent, rapid installation of the wind power may also complicate the use of the analogs

method for some systems. If the geographical distribution of the wind installations has not changed

significantly over the historical archive, one solution (used here) is to handle all historical data

in capacity normalized terms and then scale analogs to current capacity. Alternately, the historical

power values for new wind farms could be simulated, using historical site-specific wind speed forecasts

and a power curve. This observed power estimation process would better account for the changing

geographic distribution of wind farms.
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4.3 Scenario Metrics

The quality of a set of scenarios is determined by the observed system cost for the commitment

which the scenarios produce. However, it is useful to be able to explain these cost results in terms

of the scenario values relative to the observed values, with metrics akin to the forecast error for a

deterministic UC. Stochastic UC is time-consuming and as researchers we would like to be able to

interpret the results it produces. In this work four timeseries metrics are used to discuss scenario

quality: scenario mean error, spread, and under/over prediction.

Mean error is defined as the difference between the per-time mean of the scenario values and the

observed values o[t]:

ẽ[t] = x̄[t]− o[t] (4.19)

where the scenario mean is the sum of the product of probability ρs and scenario value xs[t]:

x̄[t] =
∑
s

ρs · xs[t]

Scenario mean error is closely related to deterministic forecast error: e[t] = x[t]− o[t]. In general

we would expect a good scenario set to have a mean error less than or equal to forecast error. In

practice this may be difficult to achieve with only a few scenarios.

Spread is defined as the difference between the scenario maximum and the scenario minimum:

s̃[t] = x̄[t]− x[t] (4.20)

Deterministic forecasts have zero spread. Good scenarios should have low spreads for more

common cases and higher spreads for less certain cases.

Under and Over Prediction are defined as the amount that all scenarios in the set are less

than or greater than the observed wind. Under/over prediction can be thought of as how poorly the

scenarios anticipate the extreme values. Over-forecast prediction equals the amount the minimum

scenario overshoots the observed wind by:

p̃u[t] =

min(xs[t])− o[t], if o[t] < min(xs[t])

0, else

(4.21)

Under-forecast spread equals the amount the maximum spread undershoots the observed wind by:

p̃o[t] =

max(xs[t])− o[t], if o[t] > min(xs[t])

0, else

(4.22)
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4.4 Summary

This chapter details the methods used in this work to create wind scenarios based on historical

aggregate power data. Both the moment matching method and the simple analogs method are

described. Scenario metrics akin to deterministic forecast error are also discussed.

The moment matching method for scenario creation presented here is similar to that of [9],

but has a few key differences. The major improvement is the method for estimating the desired

moments conditional on the current forecast. There are also limits placed on the scenario values,

first differences, and probabilities to aid in the creation of more realistic scenarios.

The simple analogs method proposed in this work searches the historical archive for similar

aggregate power forecasts for wind §4.2 also describes a method for creating scenarios using a set of

analogs and their distances.

Similar to the concept of deterministic forecast error, this work proposes that scenarios can be

described by four metrics: mean error, spread, and under/over prediction. These give us a framework

for discussing stochastic UC costs in terms of the quality of scenarios.



54

Chapter 5

STOCHASTIC SCHEDULING

The core of any stochastic UC is the deterministic formulation. The deterministic thermal UC

formulation used in this work is based on the MIP formulation of [18] and is described in detail

in §B.1. A MIP formulation of the short term hydro scheduling problem is described in detail in

Appendix §E.

The stochastic formulation can be thought of as a replication of the deterministic problem’s

variables and constraints for each scenario, with a few modifications. These major differences are

discussed in the following sections. The stochastic problems in this work are formulated in the

extensive form, as described in detail in §B.5. This allows the problems to be solved by commercial

MIP solvers, although in practice the number of scenarios which can be used are currently limited.

The chapter closes with the discussion of a method for evaluating stochastic UC results.

5.1 Decision Making Structure

The stochastic UC problems in this work are formulated using two stages. Multiple stage formula-

tions [5, 9] have certain advantages at longer time horizons; periods further from the present can be

covered by more scenarios with decreased time resolution. However, the two stage formulation is a

more natural fit to the existing power systems decision making model; units are committed in the

day-ahead decision and unit power is decided in the real-time dispatch.

In a two-stage stochastic optimization formulation each variable must be either “here and now”

(first stage) or “wait and see”. First stage variables must be decided at the outset, i.e., prior to

the realization of the stochastic process, while second stage variables can vary depending on what

happens.

For the thermal UC problem, unit statuses must be chosen in the day-ahead, without knowing

the wind power, and in general cannot be changed. Power is adjusted in the realtime dispatch

depending on the wind. To implement the logical requirement of “here and now” decisions, stochastic

problems add “non-anticipatory” constraints to fix each first stage variable across all stages. The

non-anticipatory constraint formulation for the thermal UC problem is described in Equation (B.35).
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5.1.1 The horizon effect and non-anticipatory constraints

Power system operations also require avoiding the horizon effect; the start of the next operating

period must be reachable given the solution for the current period. This is generally accomplished by

running a UC for more hours than its result will be used for – in this implementation for 36 h. Beyond

that horizon a new commitment will be in effect. Thus for times beyond the commitment horizon

(e.g., hours 24–36), the normal non-anticipatory constraints on the generator statuses (i.e., the first

stage decision variables) are not enforced. The commitment patterns may vary by scenario after the

horizon, but all must be feasible.

5.2 Evaluation

Stochastic UCs must be evaluated against the benchmark of deterministic UC. In this work results

are reported as stochastic savings in percentage terms, and defined as:

100 · (Cdeterministic − Cstochastic) /Cdeterministic

As a lower bound on the solution, the perfect information case can also be considered — over

the long term stochastic solutions can do no better than committing units while knowing the true

value of the wind power for the next day. The cost of a deterministic or stochastic solution minus

the perfect solution cost also serves as a measure of the potential for stochastic savings or the cost

of uncertainty :

Cstochastic − Cperfect

5.2.1 Margins of Error

MIP solutions have a small margin of error due to the MIP gap, a solver stopping tolerance which

is set at a small percentage of the objective function. Unless otherwise reported, this work uses a

MIP gap of 0.01%. Solutions which differ by less percentage than this cannot be compared with

certainty.

When comparing stochastic UC cost savings relative to the deterministic UC cost, the MIP gap

creates margins of error in both directions. The deterministic solution cost may be lower by as much

as the MIP gap, resulting in a lower stochastic savings. Alternately, the stochastic solution cost may

be lower by as much as the MIP gap, resulting in a higher stochastic savings.
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Part IV

EXPERIMENTAL RESULTS

What is the magnitude of savings that can be expected from implementing stochastic UC? Does

stochastic UC become more worthwhile at high wind penetrations? Or, put another way, do savings

increase as the amount of wind on the system increases?

Does the method used to create scenarios or the number of scenarios used influence stochastic

savings? Does the same number of scenarios (and thus the same approximate computational cost)

produce the same result across methods? Does a method’s effectiveness increase dramatically with

the more scenarios or are the improvements small?

This section examines these questions setting up a series of experiments based on stochastic UC

and dispatch simulations of the ERCOT model system. The modeling methodology used to create

the ERCOT test system is discussed in §6.1–6.2. The design of the rolling commitment and dispatch

simulations is discussed in §6.3. In chapter 7, the results of the experiments are presented. Stochastic

costs are measured against the cost of using a deterministic forecast. We close the chapter on results

with an examination of computational times.
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Chapter 6

EXPERIMENTAL DESIGN

A series of experiments were run to examine the computational costs and potential savings from

stochastic scheduling using two different scenario creation methods. The experiments were carried

out on a model of the ERCOT ISO. For some experiments wind forecasts and observations are scaled

to simulate a system with a high wind penetration, in the range of 25–30% of energy produced by

wind annually. To capture the longer term performance of stochastic scheduling, experiments are

run for nine months1, using real system load and wind data from 2012.

The focus of the experiments is on the effects of wind uncertainty. By using a historical period for

simulation, we can examine how both deterministic wind forecast errors and stochastic scenario errors

affect the costs of system operation. However, we do not attempt to estimate the true potential for

stochastic UC cost savings in ERCOT. Nor do we attempt to implement an ISO-scale, production-

ready stochastic UC implementation. The transmission system is neglected in the experiments; all

generators and loads are assumed to be perfectly connected. There are no load forecast errors or

generator outages in the experiments. For a discussion of these simplifications and their potential

effects on the results, see §7.6.

As an introduction to the power system being modeled, Figure 6.1 shows a map of the generation

in the ERCOT system based on the eGrid 2009 dataset, with plants sized by capacity. An overview

of the total capacities for the ERCOT test system is shown in Table 6.1. The sections that follow

describe the modeling of wind and thermal generation in ERCOT. The final section describes the

commitment and dispatch processes used in the experiments.

6.1 Wind Modeling

Wind is modeled as an aggregate power source across an entire system, based on publicly available

historical observations and forecasts. Forecasts were bias corrected based on historical training

data, but otherwise assumed to be of good quality. Historical wind data for ERCOT was provided

by 3Tier. Data was divided into training and testing sets, as described in Table 6.3. The distribution

of observed wind for the testing set is shown in Figure 6.2.

1Data availability for the wind forecasts limited the scope of the experiments to nine months. A full year or more
of simulations would better capture the full extent of seasonal effects.
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Table 6.1: ERCOT generator capacities and energy penetrations.

kind capacity [MW] energy penetration [%]

thermal 68,406 -

coal 20,414 -

natural gas 42,854 -

nuclear 5,138 -

wind 9,805 8.6

CHP 5,095 8.9

Figure 6.1: This map of ERCOT represents generating plants as dots which are sized by their

nameplate capacities and colored by their fuel type. Many of the numerous wind farms in West

Texas have a capacity of around 100 MW. The biggest plant is a 4000 MW coal plant just southwest

of Houston. An interactive version is available at adamgreenhall.com/research/texas-map.

http://adamgreenhall.com/research/texas-map
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Set Start End

Training 2011-08-20 2011-12-31

Testing 2012-01-01 2012-09-30

Table 6.3: Training and testing sets for ERCOT wind data
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Figure 6.2: Capacity normalized wind distribution for the ERCOT testing set

6.1.1 Wind Energy Penetration Scaling

The ERCOT wind energy penetration for the testing period in 2012, at 8.6%, is comparatively low

when set alongside most stochastic UC studies or even other control areas. The wind integration

study on the Irish system [5, 9] had a wind energy penetration of about 34%. BPA in 2012 had a

wind energy penetration of 18.8%2.

For some of the following experiments, wind is scaled to create a higher wind energy penetration

system. Scaling was done by multiplying both the wind forecast timeseries and the observed wind

timeseries by the same factor: desired wind energy penetration divided by the 2012 wind energy

penetration of 8.6%.

This simple scaling method produces forecast errors which have means and standard deviations

reasonably consistent with those found in the 2008 ERCOT wind integration study [96, Table 4.1].

Simple scaling does result in larger minimum and maximum forecast errors than those in [96]. The

different geographic distribution of future wind sites used in [96] produce a slight smoothing effect

2The BPA control area exports more energy than it uses internally. Wind energy penetration is only 8.6% (the
same as ERCOT in 2012) if calculated based on internal demand plus interchange, rather than just internal demand.



60

on wind output and in turn reduce the forecast error extrema.

6.1.2 Scenario creation

Scenarios were constructed using both the moment matching method (§4.1) and analogs method

(§4.2). Both methods use the capacity normalized forecasts and observations from the training data

set (to create desired moments and find analogs, respectively). The number of scenarios Ns was

varied, from as low as three scenarios up to thirty.

6.1.3 Caveats

For simplicity and data availability issues, these experiments use only aggregate wind power. Ideally

the stochastic UC would take into account the constraints of the transmission system, especially in

geographically large systems like ERCOT. The analogs scenario creation method could also benefit

from the richer multi-variate weather forecast data (see §4.2.1) rather than the simple aggregate

power analogs method used here.

There is also an implicit assumption in the analogs method that the forecasting method does not

change significantly over the entire historical period or that historical re-forecasts are made upon

adopting a new method. In the experiment that follows we use public aggregate forecast data from

a major ISO, where forecasting methods are likely to be updated with some frequency.

An additional caveat is the potential effect that the length of the historical archive has on the

quality of analog scenarios: short archives may not include rare events. The ERCOT dataset in

these experiments has a particularly short training archive, less than one year. This short archive is

likely to negatively affect analogs performance, particularly for the early spring and summer months,

which have no similar season in the training dataset. This effect is somewhat alleviated by using an

increasingly large archive, i.e., when selecting analogs for the date 2012-04-01, the historical archive

consists of all prior dates – both the training set and the portion of the testing set up to 2012-03-31.

Finally, we note that the observed wind values in the dataset likely include some instances of wind

shedding or curtailment. Curtailment events in the dataset reduce the accuracy of both scenario

creation methods and mask wind events that were difficult for the power system to handle. This

problem also affects forecasting algorithm training. If site-level wind speed observations are available,

the real power output without curtailment can be modeled with reasonable accuracy. However, in

this case data was not available to recreate a wind power dataset with the effects of curtailment

removed.
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6.2 Thermal System Modeling

Generator parameters are modeled from two data sets from the Environmental Protection Agency

(EPA) — the eGrid dataset of generator information [97] and the Clean Air Markets dataset of

observed heat and power timeseries [98]. This modeling is described in detail in Appendix C and

also as an online demonstration, complete with a small amount of real data.

There are a few parameters, e.g., nuclear unit heat rates, which could not be estimated from

data and had to be taken from the literature, see §C.3. Fuel costs are based on Energy Information

Agency (EIA) average prices for 2012, see Table C.3.

Fast start units are defined as units which can be utilized in a realtime dispatch without being

committed. A unit is labeled as fast starting if it is a gas turbine, or a combined cycle plant capable

of ramping at least 50% of its capacity in one hour.

6.2.1 ERCOT system thermal model

The ERCOT power system model consists of 162 thermal generation units and a single aggregated

Combined Heat and Power (CHP) unit which is treated as an uncontrollable fixed schedule. A

summary of the thermal unit capacities is shown in Table 6.1. The overall system is fairly flexible

due to a large proportion of natural gas units. The ERCOT model system has a capacity weighted

flexibility index[99] of F = 0.489. There are 42 gas turbines and combined cycle units which are

classified as fast-start units in the ERCOT model, a total fast-start capacity of about 8140 MW.

Hydro units are few in number and in aggregate make up less than 500 MW in capacity in ERCOT3.

Thus, in the model hydropower production is not modeled.

6.3 Power System Simulation

Power system scheduling simulation over the time period of many months is done by a rolling UC.

That is, the solution for one day becomes the initial conditions for the next. The final cost of a

commitment is evaluated after an additional step: real time dispatch. The goal of these modeling

steps is to approximate the long term results of the day ahead and real time business and engineering

processes used by system operators.

3All of the hydropower facilities in ERCOT are operated by municipal or public utilities. Many of these hydropower
facilitates are operated by the Lower Colorado River Authority (LCRA). The LCRA is a public utility which operates
under a water management plan that allows it to generate electricity only as it releases water for downstream use,
as part of its flood-management operations, or for grid emergencies.

http://adamgreenhall.com/research/power-data
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Figure 6.3: ERCOT separates contributions to its non-spinning reserve requirement into wind and

load forecast error components. Non-spinning reserve in ERCOT is used to handle forecast uncer-

tainty and to replenish spinning reserve. Data was taken from [101, Table 9].

6.3.1 Unit Commitment Simulation

The basic UC formulation and system parameters are described in §6.2 and in more detail in Ap-

pendix C. Commitments are based on 24 h periods, each of which is solved with a 36 h commitment,

to avoid horizon effects. The stochastic UC formulation is described in §B.5.

Reserves

To focus on the effects of wind, there are no reserve requirements in the experiment. In operational

practice, ERCOT handles day-ahead and hourly forecast error by setting a non-spinning reserve

requirement based on the 95th percentile of historical load and wind forecast errors [24, 100, 101].

Non-spinning reserve must be able to within respond within 30 min. However, non-spinning reserve

in the 2011 ERCOT system was in large part driven by load forecast error, as shown in Figure 6.3.

Additionally the dispatch of non-spinning reserve to cover forecast errors happens on a timescale be-

tween day-ahead and real-time, with updated forecasts and decision making by the system operator.

Reserves are not used in these simulations to handle wind uncertainty at the day ahead timescale

to make the differences between deterministic and stochastic UC clear. In future work we hope to

more completely represent the different time scales and decision making processes used to handle

uncertainty.
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Computational Parameters

The MIP solver stopping tolerance, called the MIP gap, was set to 0.01% of the linear programming

(LP) optimal solution. Unless otherwise noted in the description of the experiment, solver time was

limited to 1 h per day-long UC problem. This time limit was found to be long enough to allow most

solutions to converge below the MIP gap, while allowing for reasonable experimental run times with

large numbers of scenarios. If the solver failed to find a MIP solution that met the MIP gap criteria

within this time limit, then the lowest cost feasible solution found by that time was recorded along

with the resulting gap.

6.3.2 Dispatch Simulation

To estimate the actual system cost of implementing the day-ahead UC solution, a simulation of the

real-time market (i.e., economic dispatch) was run for each day. The real-time dispatch problem is a

bit different than the day-ahead UC problem. Wind generation is set to the observed value in place

of the predicted. Generator statuses are fixed to the UC commitment solution pattern for all but

the most flexible class of fast-start units. The dispatch problem is 24 h in length, as opposed to the

36 h commitment. The solution cost for this dispatch problem is the final system cost.

In the basic dispatch problem, all demand must be met at any cost. For the few days where

the basic dispatch problem is infeasible due to wind high forecast error, the problem is rerun with

the cost of unmet demand set to $10,000 per MWh. This high cost representation in the objective

function ensures that as little demand is shed as possible. To avoid a few occurrences having a

disproportionate effect on the solution, the cost of unmet demand is not included in the solution

costs. Instead, the counts and amounts of unmet demand events are reported alongside the generator

costs in the results. This approach follows [5] and allows analysis of the results under many valuations

of unmet demand.

Wind was modeled as having zero operational costs. Wind shedding is allowed, at no cost to the

system unless otherwise noted. Wind shedding costs are examined in an independent experiment

described in §7.4.

6.3.3 Implementation

Analog scenario creation and ERCOT generator modeling were implemented in Python, using the

Pandas data analysis library. The moment matching scenarios were created using a non-linear

optimization, solved using Coopr and the IPOPT solver.

http://pandas.pydata.org/
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The rolling commitment and dispatch problem is implemented using Minpower [102], a power sys-

tems optimization toolkit developed in the course of this work and described further in Appendix B.

The core UC formulation in Minpower is thoroughly tested, a process described in §B.4. For these

experiments Minpower uses the MIP solver CPLEX version 12.4. Each rolling UC experiment was

run on a single node of the University of Washington’s Hyak cluster. One Hyak node is approxi-

mately as powerful as a desktop computer, with 16 GB of memory and eight 2 GHz dual-processor

cores. Using Hyak allows multiple time-intensive experiments to be run in parallel.

6.4 Summary

This chapter describes the design of a series of stochastic UC experiments on a data-driven model of

the ERCOT power system. Thermal generation in ERCOT is modeled based on publicly available

data from the EPA. Wind power in ERCOT is modeled based on aggregate wind data from 2012.

Having both forecasts and observations makes it possible to evaluate the dispatch cost of commitment

decisions made based on real forecast errors. All experiments are based on nine months of rolling UC

simulations, where the results of one day become the initial conditions for the next. The experiments

are implemented using Minpower, an open-source power systems optimization toolkit created by the

author.

http://adamgreenhall.github.io/minpower
http://escience.washington.edu/content/hyak-0
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Chapter 7

RESULTS

This chapter begins by examining the potential for wind forecast uncertainty savings on the

ERCOT test system by comparing deterministic and perfect forecast UC costs. We then examine

stochastic savings for the 25% and 30% wind penetration cases. The effectiveness of the moment

matching and analogs methods are discussed in §7.2. Scenario error metrics are used to interpret

the results in §7.3. The effects of pricing wind shedding are examined in §7.4. The chapter closes

with a discussion of how computational times increase with the number of scenarios.

7.1 Magnitude of Savings

7.1.1 Potential Savings from Perfect Forecasting

Table 7.1 shows the UC cost of a perfect forecast relative to the UC cost of a deterministic forecast

for different wind energy penetrations. Each cost difference is the result of two independent UC

runs on the ERCOT 2012 test system. The deterministic forecast UC represents current practice.

The perfect forecast provides a theoretical lower bound on the cost of UC under uncertainty. It is

clear that at current wind penetration, the ERCOT test system would need a near perfect forecast

to see any UC cost reductions. For higher wind penetrations, the cost of wind uncertainty — and

potential savings — increase to moderate levels, about a 1% savings for the 30% penetration case.

The relatively low savings potential can be partially attributed to the high flexibility of the ERCOT

thermal generation mixture.

7.1.2 Stochastic Savings

Figure 7.1 presents stochastic savings for different scenario creation methods for the ERCOT test

system with wind energy penetrations of 25% and 30%. Table 7.3 summarizes these results in tabular

form. For the ERCOT model stochastic savings are small in percentage, but significant in dollars – in

the 25% penetration case, a 0.2% savings represents about $6M dollars over the nine month testing

period. Stochastic savings of 0.2% are close to the lower end of the reported savings of 0.25–0.9% for

the Irish wind integration system [5]1. However, the level of perfect savings was higher in the Irish

1See Table 1.4 for additional information on the results of previous stochastic UC studies.
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Table 7.1: UC cost difference between perfect and deterministic forecasts for ERCOT model.

wind

scaling

wind energy

penetration [%]

perfect

cost [$B]

deterministic

cost [$B]

cost

diff. [%]

demand not

met [MWh]

1.0 8.6 4.57 4.57 0.05 0

1.8 15.0 4.20 4.21 0.26 0

2.9 25.0 3.68 3.71 0.85 0

3.5 30.0 3.46 3.50 1.09 2,090

4.7 40.0 3.12 3.18 1.75 8,523

system, 1.85% compared to 0.85% for ERCOT. This suggests that the moment matching method

is capturing a larger portion of the available savings than the WILMAR scenario creation method

used in [5].

However, stochastic cost savings decrease dramatically when wind energy penetration is increased

from 25% to 30% for both moment matching and analogs methods. This is surprising, given the

increase in perfect cost savings with increased penetration in Table 7.1. Looked at another way, a

0.2% stochastic savings out of the 0.85% perfect savings is a decent result for the 25% penetration

case, capturing nearly a full quarter of the possible savings. But a 0.06% stochastic savings out of

a more than 1% perfect savings is not a very good result for the 30% case.

The amount of demand not met does play a small role in the lower stochastic savings for the 30%

penetration case. The deterministic UC fails to meet about 2 GW of demand, while the moment

matching method and ten analog cases meet all the demand. Table 7.5 shows the stochastic savings

for the Ns = 10 scenario moment matching case with varying costs for unmet demand. If we assume

that ERCOT would be able to engage demand response or emergency generation for cheaper than

$1000 per MWh, the stochastic savings for the 30% case remain smaller than for the 25% case.

To explain this unexpected result, Figure 7.2 shows the cumulative cost savings of stochastic

solutions for a range of wind energy penetrations between 25–30%. This figure shows that the

stochastic solutions can be significantly more expensive than the deterministic solutions through the

winter and spring months, when demand is low. For the lower penetration cases, a few events in

the peak demand summer season result in significant cost savings and an overall savings for the test

period. However, in higher penetration cases many of these high savings events do not occur. For

the analogs method, savings in the 25% case become increased costs in the 30% case.
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Figure 7.1: UC cost differences between deterministic and stochastic UC solution costs are compared.

Stochastic savings is defined as the percentage difference between the total testing period stochastic

and deterministic costs: 100 · (Cdeterministic − Cstochastic) /Cdeterministic. Error bars are based on the

total MIP gap of the UC solutions. All solutions are for the ERCOT test system with wind energy

penetrations of 25% and 30%.

Table 7.3: Summary of stochastic results for the ERCOT 25% and 30% wind penetration test cases.

The stochastic savings are also shown in Figure 7.1.

WEP method Ns cost [$B]
uncertainty

cost [$M]

stochastic

savings [%]

demand not

met [MW]

realized

WEP [%]

25 analogs 5 3.704 26.7 0.13 671 24.6

10 3.704 26.1 0.15 0 24.6

MM 5 3.703 25.2 0.17 0 24.6

10 3.702 24.0 0.20 0 24.6

30 analogs 5 3.507 44.6 −0.19 2,654 28.7

10 3.500 38.4 −0.01 0 28.7

MM 5 3.499 37.0 0.03 0 28.8

10 3.498 36.0 0.06 0 28.8
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Figure 7.2: The cumulative stochastic savings using Ns = 5 scenarios is shown in millions of dollars,

for several wind energy penetrations. For the analogs method, the net savings is only positive for

the two lowest penetration cases.

As we will show in §7.3, stochastic UC saves the most compared to deterministic UC during

periods of high demand and high forecast error. The basic explanation for lower stochastic savings

at higher penetrations is that as wind penetration increases the lower net demand results in fewer

opportunities for stochastic savings.

The seasonality of the savings in Figure 7.2 suggests that it may be possible to increase savings

by selectively switching between the use of deterministic and stochastic UC, based on the predicted

demand or marginal prices for the day. Deterministic UC would be used if demand is predicted to

be low, while stochastic UC would be used only if high predicted demand indicated a potential for

cost savings. Better quantification of this strategy is left for future research.
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Table 7.5: Varying the cost of unmet demand met alters the stochastic savings for the 30% wind

penetration simulation. The results shown are for the Ns = 10 scenario moment matching case.

cost of unmet

demand [$/MWh]
stochastic savings [%]

0 0.06

100 0.07

1,000 0.12

10,000 0.65
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7.2 Scenario Creation Method Effectiveness

Stochastic savings differ significantly depending on the number of scenarios Ns. Figure 7.3 illustrates

this effect over time for the ERCOT model 30% penetration case. It is clear that the number of

scenarios can make a significant difference in the net savings. Also, individual events vary signifi-

cantly in cost for different numbers of analogs. In contrast, different moment matching scenario sets

produce much more similar costs, varying in the 30% case essentially only for one event near the end

of July. This indicates that additional scenarios tend to be more similar to the existing set for the

moment matching method than for the analogs method.

7.2.1 Analog Limitations

The simple analogs method is less effective at reducing costs than the moment matching method

with a comparable number of scenarios. The Ns = 5 analogs method is even more costly than a

deterministic UC for the 30% penetration case, suggesting that the choice of Ns is important and

energy penetration dependent. In general these lackluster results show that simple analogs with a

short historical archive are not a very effective scenario creation technique. A more ideal analogs

method would have both a longer archive and a number of weather variables over which to search.

The difference in performance of the analogs method between the winter and spring months is

also indicative of an archive that is too short. In Figure 7.3, all analogs results are significantly

more expensive than deterministic for this period, while moment matching results are about equal.

A spring season (where high winds are typical) is not present in the analogs historical archive; this

limitation partially explains the high costs during this period.

One way to test the effect of these shortcomings is to use perfect analogs – where the observed

values for the current day are used to search for similar observed values from the past. Contrast

this to the simple analogs method of using the forecast to search for like historical forecasts and

then taking the observed values from those dates as scenarios. The perfect analogs method requires

perfect foresight, but is useful as a measure of sufficient archive length. If the archive is sufficiently

long, there should be several very low distance past analogs for any possible observation. In such

a case the perfect analogs method would produce scenarios which all closely matched the observed

value and its performance will match perfect forecasting. However, if the archive is not sufficiently

long the analogs will be less close, scenario spread will increase, and savings not meet the perfect

forecast case.

The results for this experiment are tabulated in Table 7.7. As predicted for such a short historical

archive, the perfect analogs method falls short of matching the performance of a perfect forecast,
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Figure 7.3: The cumulative stochastic savings differs significantly for different numbers of scenarios.

Results shown are for the ERCOT model with a wind energy penetration of 30%.
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Table 7.7: Stochastic savings for the perfect analogs method are compared to simple analogs and

the perfect forecast for the ERCOT test cases at 25% and 30% wind energy penetration. For the

analogs methods Ns = 5 scenarios are used. Perfect analogs capture most but not all of the potential

savings.

savings [%]

method 25% 30%

analogs 0.13 −0.19

perfect analogs 0.65 0.74

perfect 0.85 1.09

while significantly outperforming the simple analogs method. The perfect analogs method captures

about 77% and 68% of the potential savings for the 25% and 30% penetration cases respectively. A

longer historical archive would raise perfect analogs savings to nearly 100% of the potential savings

and would likely raise simple analogs performance as well.
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7.2.2 Moment Matching Limitations

Wind scenario creation using a moment matching method was observed to have the somewhat severe

limitation of creating many duplicate scenarios. As only uniquely valued scenarios provide valuable

information to the stochastic UC, these duplicate scenarios were aggregated. The result is an effective

limit on the number of useful scenarios the method can create.

An experiment was run to test the effect of increasing Ns on the number of unique scenarios

produced. The test was run on three randomly selected days, each from a different season. The

number of scenarios was increased from Ns = 2 to Ns = 42; the moment matching algorithm was

run once per number of scenarios per day. The number of unique scenarios, as well as the objective

function and its components (the moment differences D(Mi − M̂i)) for this experiment are shown

in Figure 7.4.

One might expect that with more scenarios a tighter fit to the higher order moments could be

obtained, resulting in a lower objective function value. However, the plot shows that the objective

function quickly reaches a plateau at about Ns = 5. The objective then is near constant, indicating

that more scenarios do not create a better fit to the moments. The result of this is that some of

the additional scenarios are duplicates, as shown in the top figure. The number of unique scenarios

does not grow smoothly and varies by date, but it is clear that the average date will have less than

Ns unique scenarios. In fact, when moment matching was run for the test case with Ns = 30, the

average was just under 11 unique scenarios. A full table of unique scenario statistics is in Table 7.9.

The original proposal of moment matching discusses this phenomenon [7, see Section 4.1], la-

beling it as “underspecification” of the problem, and recommending adding additional constraints

(i.e., additional moments). Another possible explanation comes from the mean and standard devi-

ation’s quick convergence to their final values, and their dominance of the objective function. This

suggests that a heavier weighting of the higher order moments might improve the solution behavior.

However, when the heavier weighting for the higher order moments was attempted the solutions

produced were not stable (i.e., either infeasible or feasible with highly unlikely scenario values).

This instability is most likely due to the decreased relative weight of the mean, which the higher

order moment calculations are dependent on. Better solution behavior may be possible, but only

with significant effort in searching for the optimal selection of moments and tuning of the weights.

The selection of additional, statistically meaningful, optimally weighted moments is left as future

research.

In future stochastic UC implementations, improvements in computational power and solution

methods will likely result in the ability to use large numbers of scenarios to further reduce costs.
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In this environment, the moment matching method’s limit of only ten to fifteen unique scenarios

puts it at a disadvantage when compared with methods which can produce tens, hundreds, or even

thousands of scenarios.
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Figure 7.4: The moment matching method was used to produce scenarios for three days, with

increasing number of scenarios. The upper plot shows the number of unique scenarios produced for

each day. The bottom plot shows the objective function value (left axis) and the objective component

(scaled moment deviation) values, averaged over the three days.
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Table 7.9: The number of unique scenarios created by the moment matching method for a given

day is generally less than the number of scenarios specified, Ns. Statistics on the number of unique

scenarios for the ERCOT test case are given below.

Ns mean std. dev. min. max.

3 2.5 8.9 · 10−1 1 3

5 4.2 1.6 1 5

10 8.3 1.9 1 10

20 9.6 3.9 1 20

30 10.7 5.6 3 29



77

7.3 Scenario Metrics

Scenario metrics, introduced in §4.3, are a similar concept to deterministic forecast error; both

provide a way of explaining UC results. Distributions of the metric values for the ERCOT test case

are comapred for the two scenario creation methods. Then we examine how metrics change with

increasing Ns. Finally stochastic UC results are interpreted with their corresponding metrics.

7.3.1 Scenario Metric Distributions

Scenario mean error distributions are shown in Figure 7.5 for the ERCOT test case. The

distribution of deterministic forecast error is shown for comparison and has a histogram that is more

tightly clustered around zero than either the analogs or moment matching methods with Ns = 5.

There are only small differences in the distributions of scenario mean error for moment matching

and analogs.

Scenario spread is shown in Figure 7.6. The moment matching method produces a scenario

spread distribution that is very different from that of the analogs method. The spread distribution

of the analogs method roughly resembles the wind power distribution of the entire test case shown

in Figure 6.2, but a bias toward lower magnitudes. This serves as a small validation of the analogs

procedure – if two analog forecasts are good, the observed values for those analogs should be very

close. For larger archives, scenario spread from taking the top Ns analogs should be smaller. For the

moment matching method there is a distinct peak around 40% of capacity, which is likely the result

of the algorithm trying to match the variance moment. The other peak at zero represents times

when all scenarios have the same value. One hypothesis is that during these times other moments

(e.g., the first difference) temporarily exerts greater influence on the objective than the variance

moment.

Under and over prediction distributions are shown in Figure 7.7. Both scenario creation meth-

ods have a number of large under prediction values where the entire scenario set is at least 60%

of capacity under the observed wind. Analogs have more instances of small magnitude under/over

predictions.

7.3.2 Scenario Metrics with Ns

One consideration for scenario scenario creation methods is how much their performance improves

with an increasing the number of scenarios. A summary of how the four metrics change with Ns
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Figure 7.5: Hourly per unit scenario mean error for the ERCOT test case is shown as a set of

histograms. Scenario mean error is similar to the deterministic forecast error, which is shown for

comparison. For the analog and moment matching methods, error is based on Ns = 5 scenarios.
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Figure 7.6: The distribution of hourly scenario spread is shown for Ns = 5. The values at zero for

the moment matching method represent times when all scenarios have the same value.



79

0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0
0

100

200

300

400

500

600

co
u

n
t 

[h
o
u

rs
]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

analogs

0.8 0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0
under prediction [p.u.]

0

100

200

300

400

500

600

co
u

n
t 

[h
o
u

rs
]

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
over prediction [p.u.]

moment matching

Figure 7.7: Under and over prediction distributions are shown for Ns = 5 scenarios. Both methods

produce a number of cases where all scenarios are about 60% under the observed wind.

is shown in Figure 7.8. The moment matching method displays asymptotic behavior, reaching a

final value around Ns = 10 scenarios. This behavior suggests that using more scenarios produced

by the moment matching method as implemented will not reduce costs any further. An explanation

for this behavior is discussed in §7.2.2. The analogs method improves metrics rapidly at first, and

continues to improve most metrics more slowly for Ns > 10. The exception is the increase in mean

error for Ns = 30, which suggests that analogs ranked greater than about thirty are too distant to

be representative of the forecast for an archive of this size. This number of scenarios would likely be

larger with a larger archive. An investigation of the limitations of the analogs method is discussed

in §7.2.1.

7.3.3 Scenario Metrics Explain Performance

To see how scenario metrics can explain UC performance it is necessary to compare the metrics

and the system cost. Demand is the major driver of costs, along with the costs of the units on the

system – the cost effects of forecast and scenario errors are generally small compared to the effect

of demand. As a starting point, Figure 7.9 shows the hourly costs of a perfect forecast UC solution

relative to the demand. The shape of the system’s aggregate cost curve is roughly visible, spanning

from about $ 5–24 per MWh2.

2These are average costs over the set of committed units – the marginal prices are in most cases much higher. The
apparent cost floor at about $200k in the figure is due to the fixed costs of the base load units.
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Figure 7.8: The absolute sum of scenario metrics (in MWh) is computed for different numbers of

scenarios over the ERCOT test case at 2012 wind penetration levels. The scenario mean error

and over/under prediction metrics decrease as more scenarios are added, while the scenario spread

increases.
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Adding wind uncertainty error increases the scatter around the perfect forecast cost curve. To see

this effect, Figure 7.10 shows the difference in costs between the deterministic and perfect forecast

UCs, or the cost of uncertainty, plotted against demand. Wind forecast error is denoted by color.

Figure 7.12b shows an aggregated view of this plot, made by grouping the total uncertainty costs

by demand and then by scenario mean error.

Moderate forecast errors of about ±1GW contribute little to uncertainty costs. A number of

higher cost are incurred during periods of moderately large under forecasts (less than −4GWand

shown in light blue) and low to moderate loads – PD ≤ 40GW. This is likely due to the most

expensive units being limited by a minimum power constraint. In order to respond to the higher

than expected wind, the system must ramp down less expensive, but sufficiently flexible units before

the higher cost limited units.

In the low demand periods there are also a few outliers where the deterministic cost is about

$200k cheaper than in the perfect case. These hours are often followed by a near $200k positive

outlier in the next hour (e.g., the optimization algorithm defers a unit startup for 1 h). A rolling

mean of the cost difference over two hours greatly reduces the magnitude and number of negative

outliers.

Periods of large over forecast error do not generally result in higher costs for periods of low demand

(PD ≤ 30GW). But for the peak demand hours (PD ≥ 40GW), even moderate over forecasting

generally results in significantly higher costs as high marginal cost peakers must be ramped up to

cover the forecast error. Interestingly, there are no cases of large wind forecast errors during the

peak hours where demand is above 60 GW in the test case. This is due to the seasonal properties of

ERCOT demand and wind; demand peaks on summer afternoons when wind is generally low and

forecast errors are small.

The same comparison is made for scenario mean error in Figure 7.11. Note that the leftmost

chart is the same as Figure 7.10, but with a different color scale to account for the larger range of

scenario mean errors. Similar to the deterministic forecast, analogs have scattering of high demand,

high cost, high mean error hours. Moment matching lacks these cases, partially explaining its net

savings for the 30% penetration ERCOT test case.

Scenario Metrics and Energy Penetration

Figure 7.12 breaks down the costs of uncertainty by demand and by scenario mean error. Low,

medium and high demand groups are formed by cutting the hourly load into three quantiles, each

with an equal number of hours. Similarly scenario mean errors are cut into three quantiles to form
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Figure 7.9: The total hourly cost of a perfect forecast UC is compared to system demand for the

ERCOT 30% wind penetration test case. The shape of the aggregate system cost curve is roughly

visible.
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Figure 7.10: The hourly UC cost difference between a deterministic forecast and perfect forecast is

shown against system demand for for the ERCOT 30% wind penetration test case. Forecast errors

are denoted by color – large under forecasts are colored blue, while large over forecasts are colored

red.
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Figure 7.11: The hourly UC cost difference between a deterministic or stochastic case and the

perfect forecast is shown against system demand for for the ERCOT 30% wind penetration test

case. Scenario mean errors and deterministic forecast error are placed on the same scale and are

denoted by color. The stochastic runs used Ns = 5 scenarios.

groups of where the mean error either under forecasts, has only a small error, or over forecasts. The

resulting uncertainty cost breakdown is shown for both for both 25% and 30% penetration levels.

The largest uncertainty cost increases from 25–30% penetration levels are for the lowest (under

forecast) mean error segment. For the analogs method the low and medium demand segments

increase much more than the deterministic method, while the increase for the moment matching

method is similar. For the largest demand segment, both stochastic methods have smaller uncertainty

cost increases than the deterministic case.

Periods of high mean error and high demand result in sharply increased costs, as additional

supply in the real time market is very high cost. Stochastic savings are highest in these periods.

Large negative mean errors during periods of low to medium demand also produce high uncertainty

costs. These costs come in part from ramping down base load units which are higher cost but are

are not limited by their minimum power constraints to accommodate the unexpectedly high wind.

However, these low-demand negative error periods are often just as expensive for stochastic UC as

for deterministic UC. Stochastic savings are largely the result of high demand, high forecast error

periods. When wind penetration is increased the net demand decreases, slightly shifting downward

each point on the system cost curve and diminishing the best cases for stochastic savings. The net

result is that stochastic UC is able to capture less of the potential savings for the 30% penetration

case than for the 25% case.
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Figure 7.12: The cost of uncertainty is divided into quantiles of demand and scenario mean error.

Quantiles are evenly sized by by count rather than by bin width. Results shown are using the

deterministic forecast UC and stochastic UC with Ns = 5, for the ERCOT model 25% and 30%

wind penetration cases. In general negative mean errors (shown in blue) produce disproportionately

large costs during periods low and medium demand. Small magnitude mean errors (shown in yellow)

result in small costs. Large positive mean errors (shown in red) produce large costs in high demand

periods, particularly for the deterministic method.
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7.4 Effect of Wind Shedding Cost

One assumption in the experiments above is that the ISO can shed wind at zero cost. But depending

on the regulation structure of the region, shed wind may have a cost. In the US the Production

Tax Credit (PTC) often makes up a good portion of a wind producer’s revenue stream. However,

to be credited the $23 per MWh PTC, that MWh must be used by the power system; shed power

is not eligible for the PTC. Thus wind producers have fiscal incentive to avoid shedding and this

pressure is often passed on to system operators. The most favorable policy to wind producers would

be for the system operator to pay the PTC for any shed MWh. The costs of this policy are shown

in Table 7.13 and compared to the zero cost case in Table 7.11.

As expected for an increase in the cost of shedding, less wind is shed but total system costs

are higher, by about 0.7% for the deterministic case. With perfect foresight, this cost increase

could be halved to 0.35%. Thus, the cost of uncertainty or potential savings increases to 1.21%.

Stochastic savings also increase, up to 0.29% for the moment matching method. Also interesting

is the reduction in demand not met for the analogs method from 672 MWh to zero. In this case

the more flexible commitment pattern required to avoid shedding wind also avoids this instance of

insufficient generation. In general it can be expected that pricing wind shedding will increase system

uncertainty costs and thus increase stochastic savings.

7.5 Computational Time

Long solution times are often cited as a drawback of stochastic optimization in general and stochastic

UC in particular. The box and whiskers plot in Figure 7.13 shows statistics for daily stochastic UC

solution times over the 2012 test set for deterministic UC and stochastic UC with five, ten, and

twenty scenario cases. For these experiments the MIP gap was set to 0.05% to reduce the solution

times of the Ns = 20 tests. As a measure of solution quality, MIP gap statistics are shown in

Table 7.15 for the days where the solver failed to reach the MIP gap within the 1 h time limit.

As Figure 7.13 shows, the difference in the median amount of time it takes for the solver to find

a near optimal solution is significant. Medians range from 9 s for one scenario (deterministic UC),

up to 507 s for ten scenarios, up to nearly the 1 h time limit for twenty scenarios.

From Table 7.15, we can see that while the deterministic case never exceeds the 1 h time limit,

as the number of scenarios is increased the time limit is exceeded more often. The twenty scenario

case exceeds the limit for nearly half of the 273 days in the test set. For these days which exceeded

the time limit, the quality of the best solutions found, as measured by the MIP gap, is generally

good for 5 and 10 scenarios, but degrades significantly for the 20 scenario case.
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Table 7.11: Results with wind shedding priced at $0 per MWh for the ERCOT 25% penetration test

case, using Ns = 5 scenarios for the stochastic methods.

method stochastic savings [%] total cost [$] wind shed [MWh] demand not met [MWh]

deterministic 0.00 3.7091 · 109 1,105,930 0

analogs 0.13 3.7043 · 109 1,119,082 672

moment matching 0.17 3.7028 · 109 1,009,223 0

perfect 0.85 3.6776 · 109 791,590 0

Table 7.13: Results with wind shedding priced at $23 per MWh and an otherwise identical experi-

mental setup to the results in Table 7.11.

method stochastic savings [%] total cost [$] wind shed [MWh]

deterministic 0.00 3.7357 · 109 820,057

analogs 0.19 3.7285 · 109 856,900

moment matching 0.29 3.7249 · 109 668,370

perfect 1.21 3.6905 · 109 475,273
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Figure 7.13: UC solution times are compared for different numbers of scenarios with a wind energy

penetration of 30%. The one scenario set represents the deterministic forecast UC, while the five,

ten, and twenty scenario sets are stochastic UC using analogs. The dashed whiskers represent the

minimum and maximum solution times over the 2012 test set. Each box delimits the 25thand 75th

percentiles, with the median solution time for the set shown in blue.

7.6 Potential Effects of Power System Modeling Assumptions

As discussed in Chapter 6, this model of the operations of the ERCOT system simplifies several

components which are likely to affect the cost of operations. The experiments and results described

in this chapter focus solely on the effects of day-ahead wind forecast uncertainty. These results

should not be taken as a perfect estimation of total stochastic savings for the actual operations of

the ERCOT ISO. In particular there are four factors which may alter solution costs: wind penetra-

tion scaling, load forecast errors, a constrained transmission system, and generation/transmission

outages.

Wind scaling to increase system wind penetration is done in this work using a simple model, as

discussed in §6.1.1. In particular this model results in larger forecast error extrema than a model

which includes new wind installations which are more geographically distributed [96]. The exact effect

this assumption has on costs depends on the particulars of the system and wind installations. On

first pass, smaller magnitude forecast error extrema would likely reduce stochastic savings. However,

for the ERCOT system we have seen that most stochastic savings come from over-forecast errors
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Table 7.15: MIP gap statistics for solutions exceeding solver time limit.

Ns # days mean [%] std. dev. [%] max. [%]

1 0

5 1 0.12 0.12

10 32 0.18 0.12 0.56

20 131 1.93 9.16 69.33

during high demand periods. Wind speeds and thus forecast errors are generally lower during the

high-demand summer period in ERCOT — this period has a disproportionately low number of over-

forecast error extrema. Thus, for ERCOT the effects of larger error extrema on stochastic savings

may be less than expected.

Load forecast error was the focus of much of the early work in stochastic UC. This remains

an important area today given the scale of modern ISOs (e.g., ERCOT’s peak hourly load in 2012

was 66 507 MW) and the widening scope of the electrical grid (e.g., electric vehicles and behind-

the-meter renewable generation). Currently ERCOT allocates more reserves to handle load forecast

error than wind forecast error (see Figure 6.3). This suggests that additional stochastic savings could

be realized by modeling load forecast error stochastically.

Load forecast errors have traditionally been modeled as normal error processes [36, 65]. If load

error is assumed to be independent of wind error, this would mean that the number of scenarios

would become Ns,load ·Ns,wind. This increase in problem size would present a computational challenge

to the current implementation. Alternately, the analogs method makes it possible to create scenarios

for both load and wind. Given temperature observations from the analog dates, load forecast error

could be modeled as a function of temperature forecast error. This joint scenario modeling would

reduce the number of scenarios required, thus reducing solution times.

Transmission constraints play a significant role in the cost of energy in some power systems.

A constrained transmission system increases the locational marginal price (LMP) for the areas

affected. From an optimization perspective, transmission constraints create additional discontinuities
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in the UC problem. Transmission constraints may require more expensive generation to compensate

for forecast errors, raising the uncertainty costs and potentially increasing stochastic savings. In

ERCOT, transmission constraints are most likely to become a factor in the peak-demand summer

period, when stochastic savings are already high. However, the effects of transmission constraints on

stochastic savings are likely to be highly system dependent. Incorporating the transmission system

into the UC problem increases the problem size, potentially creating a significant computational

challenge.

Generator and transmission outages are currently handled by spinning reserve requirements

based on the N − 1 criteria. Wind and load forecast error are, in theory, handled separately by

non-spinning reserve. Using spinning reserve to compensate for forecast errors would reduce the

system’s ability to handle an outage; mixing the two mechanisms for handling uncertainty should

be discouraged unless other measures are put in place.

Stochastic UC has been used in the literature to model generator outages as a random phe-

nomenon, instead of using a spinning reserve requirement [10, 11]. However, modeling outages in-

troduces a huge number of scenarios. Currently a decomposition algorithm is necessary to solve the

stochastic outages problem for any reasonably large system. Barring a unified method for handling

power system uncertainty, it seems likely that stochastic UCs using MIP formulations will continue

to deal with outages using a reserve criteria.
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Part V

CONCLUSIONS

This research examines two wind scenario creation methods, moment matching and simple

analogs. Both methods allow a scheduler to take a deterministic forecast for wind power and leverage

historical data to create many scenarios. The moment matching method does this by synthesizing

scenarios to match a set of statistics. The analogs method looks back in time to find similar forecasts

and uses the observations from those analogous dates directly as scenarios.

These scenario creation methods are tested on a model of the ERCOT ISO based on historical

data from 2012. Stochastic unit commitment, using the two methods and different numbers of

scenarios, is compared to deterministic forecast UC and also to a perfect forecast. Wind is scaled to

estimate the future effectiveness of stochastic UC on high wind penetration systems.

Findings

The costs of uncertainty in the ERCOT test system are relatively small due to the proportion of

flexible natural gas units on the system. Even at 30% wind penetration, 3.5 times the current

amount, a perfect forecast saved only about 1% or $34 million over the nine month test period.

Stochastic UC is able to capture a modest portion of these savings at 25% penetration.

However, stochastic savings may decline as wind penetration increases. Despite an increase in

potential savings, stochastic savings declined significantly for all methods on the ERCOT test system

as wind penetration moved from 25% to 30%. This unexpected result is due in part to the reduction

in net demand, which diminishes the cases with the highest potential for stochastic savings – high

demand periods with large over-forecast errors.

The number of scenarios is an important parameter and can strongly affect savings. A “good”

value for Ns is likely to be system and wind penetration dependent.

Similarly, the method of scenario creation strongly affected savings. The moment matching

method resulted in higher savings than the analogs method for this dataset. This result may not

hold if more historical data is available, weather data is used to create analogs, or more scenarios

are used and the moment matching method continues to produce duplicate scenarios.

Stochastic UC may cost more than deterministic UC for extended periods – generally when
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demand and marginal prices are low. Net savings are often largely the result of a few high cost

events during peak load periods.

A large proportion of the total uncertainty costs also comes from under forecasts during low to

medium demand periods. During these periods many baseload units may be unable to ramp down

due to minimum power constraints, resulting in high costs from under forecasts. However, stochastic

UC does not perform better than deterministic UC for these cases.

Computational times for stochastic UC are higher than for deterministic UC, but are still reason-

able with 2012-era desktop computing hardware and software. For the ERCOT model with about

160 units (but without transmission or security constraints) MIP solver run times of under one hour

were easily attainable for up to Ns = 10.

Contributions

This research advances our knowledge of the intersection between power systems operations, renew-

ables forecasting, and stochastic optimization. Specifically this work:

1. proposes the simple analogs method for scenario creation;

2. proposes a method for estimating the desired moments, a key component of the moment

matching method;

3. lays out a framework for testing stochastic UC relative to both deterministic and perfect

forecasts; and

4. evaluates stochastic UC performance on a large scale, realistic power system model with two

scenario creation methods, several values of Ns, and several wind penetrations.

The experiments in this work involved the implementation of several pieces of software. In

particular two of these components were designed to be open source and are available for use and

improvement by future researchers:

1. a methodology for modeling US power systems based on publicly available historical data; and

2. Minpower, a thoroughly-tested toolkit for power systems optimization.

http://adamgreenhall.com/research/power-data
http://adamgreenhall.github.io/minpower
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Future Research

Scenario creation and stochastic UC remains an open area for research. Many of the methods

presented in this dissertation could be improved upon to produce better scenarios and to attain

stochastic UC solutions with lower costs in less time. This section outlines areas for future work

that may lead to such improvements.

Improvements in the moment matching method may be possible with better tuned moment

weights (wi), additional moments, or a penalization of similar scenarios. A moment matching method

which produced more unique scenarios would enable lower cost solutions for an increased number of

scenarios Ns.

Analogs scenario creation has even more potential for improvement. Weather data could be used

to match analogs instead of simple aggregate power data. This would likely result in analogs which

are much closer to the observed value. The analogs distance metric could be tuned to wind ramping

as well as energy differences. The distance metric might also deemphasize differences at longer time

horizons. A better method for selecting scenarios from the set of all historical analogs could improve

inclusion of rare events. Research to determine the necessary historical archive length would enable

higher quality analog scenarios.

Both scenario creation methods have the potential to be applied to other sources of uncertainty in

the power system. Hydro inflows in particular might benefit from a synthesis of long-term forecasting

models and the analogs method.

The seasonality of the stochastic UC results suggest that in some power systems a hybrid

deterministic-stochastic model may yield higher savings than either method alone. A switching

strategy could be based on the predicted demand or marginal prices for the day. Deterministic UC

would be used if demand is predicted to be low, while stochastic UC would be used only if high

predicted demand indicated a potential for cost savings.

The formulation of the stochastic UC can affect the run-time and limit the number of scenarios,

potentially decreasing the savings from using stochastic UC. Work done to improve UC formula-

tions [19, 20] could be applied to stochastic UC. A rolling method UC method [5] could be tuned to

the particular system to better capture the stochastic time frame and lower costs. A CVaR based

objective function [14, 46] could be used to improve the risk balance between rare and frequent

events and potentially decrease overall stochastic solution costs.

Finally, savings due to stochastic UC are likely to vary from system to system and with wind

energy penetration. The number of scenarios used may play a large role in the commitment costs.

Evaluations of the potential for stochastic savings should be made for other systems, especially those

with unique flexibility requirements.
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Appendix A

LIST OF ACRONYMS

ISO Independent System Operator

BPA Bonneville Power Administration

USACE United States Army Corps of Engineers

EPA Environmental Protection Agency

EIA Energy Information Agency

FCRPS Federal Columbia River Power System

ERCOT Electric Reliability Council Of Texas

PNNL Pacific Northwest National Laboratory

PTC Production Tax Credit

CAISO California ISO

UC Unit Commitment

ED economic dispatch

OPF optimal power flow

LP linear programming

RMS Root Mean Squared

NG natural gas
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CHP Combined Heat and Power

LR Lagrange Relaxation

LP linear programming

MIP mixed integer programming

SDDP Stochastic Dual Dynamic Programming

NWP Numerical Weather Prediction

CVaR Conditional Value at Risk

WILMAR Wind Power Integration in Liberalized Electricity Markets

PySP Python Stochastic Programming

PH Progressive Hedging

SOS Special Ordered Sets

EF extensive form

ARMA Auto Regressive Moving Average

AR Auto Regressive

MC Monte Carlo

KDE Kernel Density Estimation

LMP locational marginal price

BIC Bayesian Information Criterion

AIC Akaike Information Criterion
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MOS Model Output Statistics

GFS Global Forecast System

WRF Weather Research and Forecasting

ECMWF European Centre for Medium-Range Weather Forecasts

NOAA National Oceanic and Atmospheric Administration

PWL Piecewise Linear

OASIS Open Access Same-Time Information System

EENS Expected Energy Not Served

LCRA Lower Colorado River Authority
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Appendix B

UC FORMULATION AND IMPLEMENTATION

Minpower is an open source power systems optimization toolkit designed by the author [102, 103].

The toolkit is designed to make working with the classical problems of economic dispatch (ED),

optimal power flow (OPF), and UC simple and intuitive. Minpower is also built for flexibility

and is well positioned to be a platform for research on stochastic resources. Powerful generic

optimization solvers (e.g., CPLEX) can be used by Minpower, allowing for reasonable solution

times on even large-scale problems. The Minpower code is open source and is set up for col-

laborative authorship and maintenance. Tutorials and thorough documentation are available at

http://adamgreenhall.github.io/minpower/. For an overview, see [102].

Minpower uses Coopr, an optimization package which can use any major solver (e.g., CPLEX,

Gurobi, GLPK) [104]. Coopr provides both an optimization modeling language, called Pyomo, and a

stochastic modeling and solver engine, called PySP [50, 105]. Thus, Minpower can handle stochastic

problems as well as deterministic ones.

B.1 Day-Ahead Deterministic UC Formulation

Minpower uses a formulation based on the deterministic UC formulation of Carrión and Arroyo [18].

This mixed integer formulation is simple due to its use of only a single binary variable1 per generator

per time period2 – the status ug[t]. The basic configuration of the optimization model formulation

is described in this section. For the sake of clarity, variations on this basic formulation required for

infeasible cases (i.e., load and wind shedding) are described separately following this section.

1Only one binary variable is used if the cost curve is convex. If the curve is non-convex, the linearization method
in §B.1.2 must be used, resulting in additional binary variables.

2The single status variable formulation of [18] may not be the fastest-solving UC formulation. Recent work suggests
that a three variable formulation may be more efficient.
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Table B.1: Indices for UC formulation

index set description

g G generators

t T times

Table B.2: Parameters for UC formulation

parameter description units

p
g

min. power MW

pg max. power (capacity) MW

rg min. ramp rate MW/hr

rg max. ramp rate MW/hr

mg min. down time hours

mg min. up time hours

csu(g) start up cost $

csd(g) shut down cost $

PD[t] system load at time t MW

R[t] reserve required at time t MW

Pg[ti] initial power MW

ug[ti] initial status MW

ηg hours in status at initial time hours

ηg hours that generator must remain on at start of commitment hours

η
g

hours that generator must remain off at start of commitment hours

Cwc cost of wind curtailment $/MW

Pw[t] wind power available MW
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Table B.3: Variables for UC formulation

variable description units

ug[t] unit status (on/off)

Pg[t] power output MW

P g[t] power output capacity MW

Cop(g)[t] operating cost $

Csu(g)[t] start up cost $

Csd(g)[t] shut down cost $

Pwu[t] wind power used MW

The objective of the UC problem is to minimize the total generation cost:

min
∑
t

∑
g

Cop(g)[t] + Csu(g)[t] + Csd(g)[t] (B.1)

while meeting the load:

s.t. PD[t] = Pw[t] +
∑
g

Pg[t] ∀t ∈ T (B.2)

and the spinning reserve requirement:

s.t. PD[t] +R[t] =
∑
g

P g[t] ∀t ∈ T (B.3)

B.1.1 Generator Limits

Additionally each generator has several constraints on its own operation. Where not denoted by an

explicit set, these constraints apply for each time for each generator; for clarity we leave out the

∀t ∈ T ∀g ∈ G notation. Also for clarity, constraints around the initial and final time periods are

not shown here, but are fully described in §B.1.4.

The power must be within machine limits:

s.t. ug[t] · pg ≤ Pg[t] ≤ ug[t] · pg (B.4)

and within the generator’s ramping limits:

s.t. ug[t] · rg ≤ Pg[t]− Pg[t− 1] ≤ ug[t− 1] · rg (B.5)
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Startup/shutdown ramping limits

Some units have minimum power limits which exceed their maximum/minimum ramp rates. For

these units special startup/shutdown ramping limits rsg and rsg can be specified.

s.t. rg[t] ≤ Pg[t]− Pg[t− 1] ≤ rg[t] (B.6)

where:

rg[t] = rg · ug[t] + rsg · (ug[t]− ug[t− 1]) (B.7)

rg[t] = rg · ug[t− 1] + rsg · (ug[t− 1]− ug[t]) (B.8)

Defaults are used if values for rsg and rsg are not specified and the unit’s minimum power limit

exceeds its maximum/minimum ramp rates. The defaults are set such that the unit is able to startup

and shutdown:

rsg = −P g (B.9)

rsg = P g (B.10)

Minimum up/down times

There are also inter-temporal constraints on when a generator is able to change its status, including

a constraint set that limits the generator to be on for at least mg hours:

s.t. m̂g (ug[t]− ug[t− 1]) ≤
∑t+m̂g−1
τ=t ug[τ ]

∀g ∈ G ∀t ∈
[
ηg + 1, . . . , T −mg + 1

] (B.11)

and a constraint set that limits the generator to be off for at least mg hours:

s.t. mg (ug[t− 1]− ug[t]) ≤
∑t+mg−1

τ=t 1− ug[τ ]

∀g ∈ G ∀t ∈
[
η
g

+ 1, . . . , T −mg + 1
] (B.12)

Available capacity

The generator’s power output capacity P g[t] is useful for calculating reserve3. Capacity is bounded

by several constraints. By definition, the output capacity is bounded by the maximum output:

s.t. 0 <= P g[t] ≤ ug[t] · pg ∀t ∈ T ∀g ∈ G (B.13)

3If reserve is not required in the formulation, the capacity variable and the associated constraints can be dropped
from the formulation.
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and is also bounded by the ramp up limits:

s.t. P g[t] ≤ P [t− 1] + rgug[t− 1] (B.14)

and by the ramp down limits:

s.t. P g[t] ≥ P [t− 1]− rgug[t− 1] (B.15)

B.1.2 Curve linearization

Curve linearization is handled in two different ways. If the curve is convex, then constraint lines are

added to enforce the cost being over each line. This approach does not add additional variables to

the formulation, making it more efficient than the non-convex formulation. For non-convex curves,

the curve is characterized by line segments and a binary and real valued variable must be added

to the formulation. These type of constraints are known as Special Ordered Sets (SOS) constraints

and may increase solution time considerably. Both convex and non-convex curve formulations are

implemented in Minpower using Pyomo’s Piecewise class, which is based on the formulations of

[106].

Convex curve modeling

To linearize a convex curve C = f(x) for a number of segments L, first take L−1 evenly spaced points

on the curve, [x1, x2, . . . , xl−1] and their corresponding outputs [y1, y2, . . . , yl−1]. Then calculate the

line parameters – slope ml and intercept bl for each segment. Finally, add a constraint for each

segment in the form:

s.t. C ≥ ml · x+ bl (B.16)

Non-convex curve modeling

The linearization of a non-convex curve C = f(x) for a number of segments L (and B = L − 1

breakpoints) is a more complicated process. First a binary variable zl is added to the problem for

each segment and a real valued variable for each breakpoint fb. The variable fb represents how far

along a particular segment line the value lies as a fraction of the segment’s two endpoints and is

bounded on the interval [0, 1]. Thus the cost is represented as the sum of the product of fraction

variables and their breakpoint outputs:

C(x) =
∑
b

fb · yb
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A constraint is added to ensure that there is only one active segment:

s.t.
∑
l

zl = 1

and that the fractions add up to one:

s.t.
∑
l

fb = 1

and that the fractions are non-zero only on the active segment:

s.t. fb ≤ zb + zb−1 ∀b ∈ [1, . . . , B]

s.t. fb=0 ≤ zl=0

s.t. fb=B ≤ zl=L

and that the input variable x (e.g., a generator’s power) is equal to the sum of the product of

breakpoint inputs and fractions:

s.t. x =
∑
b

fb · xb

Constant cost terms

Constant cost terms may be added to generator curves, after being multiplied by the status variable.

The total operating cost for a generator at a given time is then the sum of the constant term ag and

the output of the curve model function Cg:

Cop(g)[t] = ug[t] · ag + Cg(Pg[t]) (B.17)

B.1.3 Startup and shutdown costs

To implement startup and shutdown cost, two constraint sets are added:

s.t. Csu(g)[t] ≥ Csu(g) · (ug[t]− ug[t− 1]) (B.18)

s.t. Csd(g)[t] ≥ Csd(g) · (ug[t− 1]− ug[t]) (B.19)

B.1.4 Initial and final constraints

For clarity the constraints around the initial and final time periods are not shown above, but are

fully described here.
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For minimum up time the generator cannot turn off until the initial up time period ηg has passed:

s.t.

ηg∑
τ=1

1− ug[τ ] = 0 ∀g ∈ G (B.20)

Similarly, until the initial down time period η
g

has passed, the generator cannot turn on:

s.t.

η
g∑

τ=1

ug[τ ] = 0 ∀g ∈ G (B.21)

In the final time periods:

s.t. 0 ≤
∑T
τ=t ug[τ ]− (ug[t]− ug[t− 1])

∀g ∈ G ∀t ∈
[
T − ηg + 2, . . . , T

] (B.22)

s.t. 0 ≤
∑T
τ=t (1− ug[τ ])− (ug[t− 1]− ug[t])

∀g ∈ G ∀t ∈
[
T − η

g
+ 2, . . . , T

] (B.23)

B.1.5 Non-controllable generation

Non-controllable generation, including wind, is handled in the current model by simply creating a

fixed schedule of power for each non-controllable generator. The total generation is then a summation

of the power variables for controllable generators and the fixed parameters for non-controllable

generation.

For stochastic problems, non-controllable stochastic generators have one schedule (i.e., set of

power parameters) per scenario. Non-controllable but non-stochastic (i.e., CHP) units still have

only one schedule.

B.1.6 Wind Curtailment

Wind curtailment can be allowed in the Minpower formulation of UC using the economic_wind_shed

configuration option. Minpower can also assign a cost to wind curtailment, Cwc. By default

wind can be curtailed at no cost to the system (Cwc = 0), but this can be changed by using the

cost_wind_shedding option, e.g., to $26 MWh (the value of the Production Tax Credit (PTC)).

If wind shedding is allowed, the formulation is altered by adding a set of variables to represent

wind power used Pwu[t], which is constrained to be less than the scheduled wind Pw[t]:

s.t. Pwu[t] ≤ Pw[t] ∀t ∈ T (B.24)
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A curtailment cost term is added to the objective function, which becomes:

min
∑
t

∑
g

Cop(g)[t] + Csu(g)[t] + Csd(g)[t] + Cwc · (Pw[t]− Pwu[t]) (B.25)

and the power balance equation becomes:

s.t. PD[t] = Pwu[t] +
∑
g

Pg[t] ∀t ∈ T (B.26)

B.2 The Real-Time Dispatch Problem Formulation

The real-time problem involves the observed wind power, rather than the forecast wind used in the

day ahead. The generators have already been committed, all that remains is to calculate the optimal

economic dispatch for each hour in the commitment horizon (the times beyond the horizon are

discarded and left to be calculated by the next day’s commitment and dispatch). This is implemented

by fixing the values of all of the generator status variables and changing the value of the wind power

parameters to match the observed values. This creates an LP problem, which is generally quickly

solved and is the basis for the observed cost of the solution.

B.3 Handling Infeasible Cases

When a UC is infeasible there is a hierarchy of less strict problems that are tried. First, if the

infeasible problem is a real-time dispatch and there are “fast-start” units (i.e., peakers, which can

be called upon with little notice) which have not been committed in the day-ahead, the problem

is resolved with the fast-starters allowed to start up and meet the load (i.e., the fast-start status

variables are left unfixed). If this resolve fails or if the infeasible problem is a day-ahead problem,

the problem is re-formulated to allow the shedding of load and non-controllable generation. For

shed-able load, a “demand fulfilled” variable PDf is added along with a corresponding constraint:

s.t. 0 ≤ PDf [t] ≤ PD[t] ∀t ∈ T (B.27)

the power balance constraint is modified:

s.t. PDf [t] =
∑
g

Pg[t] ∀t ∈ T (B.28)

and a cost of load shedding (Cls) term is added to the objective function:

min
∑
t

∑
g

Cop(g)[t] + Csu(g)[t] + Csd(g)[t] + Cls · (PD[t]− PDf [t]) (B.29)
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Generally, load shedding is assigned a very high cost (e.g., Cls=$10 000 MWh). The result is that

in general, load is shed only if there is no other option.

B.4 Testing

Minpower is extensively tested. Almost all constraints and objective components are programmati-

cally tested by a UC (or ED, where appropriate) problem test case. All tests are automatically run for

each Minpower release using the continuous integration testing platform Travis CI. The results of the

tests are available at: http://travis-ci.org/adamgreenhall/minpower. Additional documenta-

tion of the testing code is available at: http://minpowertoolkit.com/api/minpower.tests.html.

The following tables summarize the tests in place related to the UC problem formulation:

B.4.1 Constraints

Description Equation Test case

min power (B.4) power minimum

max power (B.4) power maximum

min ramp limit (B.5) ramp down

max ramp limit (B.5) ramp up

min shutdown ramp limit (B.7) hot shut down

max startup ramp limit (B.8) cold ramp up

default shutdown ramp limit (B.9) pmin startup limit

default startup ramp limit (B.10) pmin shutdown limit

min up time (B.11) min up time

min down time (B.12) min down time

start up cost (B.18) start up cost

shut down cost (B.19) shut down cost

reserve limited by power max (B.13) reserve fixed amount

power balance with load shedding (B.28) load shedding

initial min ramp limit ramp down initial

initial max ramp limit ramp up initial

initial min up time (B.20) initial min up time

initial min down time (B.21) initial min down time

final min up time (B.22) final min up time

final min down time (B.23) final min down time

http://travis-ci.org/adamgreenhall/minpower
http://minpowertoolkit.com/api/minpower.tests.html
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#power_minimum
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#power_maximum
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#ramp_down
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#ramp_up
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#hot_shut_down
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#cold_ramp_up
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#pmin_startup_limit
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#pmin_shutdown_limit
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#min_up_time
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#min_down_time
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#start_up_cost
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#shut_down_cost
http://minpowertoolkit.com/_modules/minpower/tests/test_uc.html#reserve_fixed_amount
http://minpowertoolkit.com/_modules/minpower/tests/test_uc.html#load_shedding
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#ramp_down_initial
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#ramp_up_initial
http://minpowertoolkit.com/_modules/minpower/tests/tests_generators.html#initial_min_up_time
http://minpowertoolkit.com/_modules/minpower/tests/tests_generators.html#initial_min_down_time
http://minpowertoolkit.com/_modules/minpower/tests/tests_generators.html#final_min_up_time
http://minpowertoolkit.com/_modules/minpower/tests/tests_generators.html#final_min_down_time
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B.4.2 Objective Components

Description Term Equation Test case

Constant cost term a (B.17) fixed costs when off

Convex cost curve Cop(g)[t] B.1.2 cubic convex

Concave cost curve Cop(g)[t] B.1.2 cubic non convex

Startup cost Csu(g)[t] (B.18) start up cost

Shutdown cost Csd(g)[t] (B.19) shut down cost

B.5 Day-Ahead Stochastic UC Formulation

The stochastic formulation can be thought of as a replication of the deterministic problem’s variables

and constraints for each scenario. We use a two stage formation of the stochastic UC problem.

Generator statuses ug,s[t] are first stage variables; they must be chosen in the day-ahead, without

knowing the wind power, and in general cannot be changed. Generator power Pg,s[t] is adjusted in

the realtime dispatch depending on the wind. The addition of non-anticipatory constraints enforce

the decision making structure.

Duplication of Variables and Constraints

To set up the stochastic UC problem, we start with the deterministic formulation and duplicate

all variables — generator power Pg,s[t], status ug,s[t], and cost curve linearization variables where

necessary — and all constraints for each scenario. This process is handled automatically in Minpower

which uses PySP to create the extensive form problem. As an example of constraint replication, the

power balance equation (B.2), is replaced by its per-scenario form4:

s.t. PD[t] = Pw,s[t] +
∑
g

Pg,s[t] ∀t ∈ T ∀s ∈ S (B.30)

This replacement and replication is repeated with scenario-specific variables for each constraint,

(B.2) to (B.23).

Expected Cost Objective Function

This work uses an expected cost formulation of the objective function:

minE [C] =
∑
s

ρs · Cs = C1 +
∑
s

ρs · C2,s (B.31)

4assuming that wind is the only stochastically modeled variable in the system

http://minpowertoolkit.com/_modules/minpower/tests/test_bidding.html#fixed_costs_when_off
http://minpowertoolkit.com/_modules/minpower/tests/test_bidding.html#cubic_convex
http://minpowertoolkit.com/_modules/minpower/tests/test_bidding.html#cubic_non_convex
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#start_up_cost
http://minpowertoolkit.com/_modules/minpower/tests/test_generators.html#shut_down_cost
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where ρs is the scenario probability, Cs is the scenario cost. C1 is the cost of the first stage variables,

which do not differ between scenarios. First stage costs for the UC problem come from starting up

or shutting down generation:

C1 =
∑
t

∑
g

Csu(g)[t] + Csd(g)[t] (B.32)

C2,s is the per-scenario second stage costs. In the unit commitment these are generator operating

or fuel costs:

C2,s =
∑
t

∑
g

Cop(g,s)[t] (B.33)

where a generator’s operating cost depends on the scenario power Pg,s[t]. For a quadratic represen-

tation of the cost curve, a generator’s scenario cost for an hour would look like:

Cop(g,s)[t] = a+ b · Pg,s[t] + c · P 2
g,s[t] (B.34)

Non-anticipatory constraints

Non-anticipatory constraints are added to enforce the decision making structure. For the thermal

UC problem, statuses ug,s[t] are the only first stage variables. Thus for each time in the commitment

horizon Tna (i.e., Tna = 24 h, see §5.1.1 for additional discussion), a constraint is added to keep each

status variable from anticipating any particular scenario. In PySP, the non-anticipatory constraint

formulation uses a “root” variable, ug[t], which is constrained to be equal the first stage variable for

each scenario:

ug[t] = ug,s[t] ∀s ∈ S ∀t ∈ Tna (B.35)
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Appendix C

THERMAL GENERATION MODELING

A significant amount of work was put into modeling the parameters of actual power systems.

The primary advantage of modeling real systems is a more realistic estimate of solution times and

costs. Additionally real data tends to force the resolution of problems that toy problems do not

expose. A key component of modeling electric power systems is generator parameters. However

these parameters are very difficult to find in the United States due to generator owner concerns

(justified or not) about how their competitors would use data on their plants.

This chapter explains the process behind the modeling of the generator data, using two datasets

from the EPA [97, 98]. Static data on generators (e.g., fuel type) comes from the EPA’s eGrid 2010

dataset [97].

Hourly time-series data (specifically power output, heat input, and fraction of the hour in op-

eration) for emissions-producing thermal units is available from the EPA’s Clean Air Markets pro-

gram [98]. This timeseries data can be processed to infer parameters — heat rates, power limits,

ramping limits, and up/down time limits1. A demonstration of this process (including example code)

is available at http://adamgreenhall.com/research/power-data.

C.1 Non-controllable generation

Wind farms and CHP plants are aggregated and taken as non-controllable units. Hourly observed

wind and load data are available upon request from ERCOT. BPA provides historical load and

aggregate wind data (both observed and forecast) at 15 min increments on its website. The historical

ERCOT public forecast data was provided by special arrangement with 3Tier. Hourly aggregate CHP

data was calculated from the Clean Air Markets hourly dataset.

1Plants were consistent between datasets, but unit names and numbers of units per plant sometimes varied between
the EPA’s two datasets, often in combined cycle plants. When mismatches were irreconcilable, data was aggregated
into a single-unit combined plant.

http://adamgreenhall.com/research/power-data
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C.2 Modeled Parameters

C.2.1 Power limits

Minimum and maximum power limits are estimated on the subset of the time-series data where the

unit is operational for the full hour. Outliers are discarded by binning the data and discarding low

frequency bins. Combined plant maximums are set to the sum of the units’ maximum powers and

minimums are assumed to be the minimum of the units’ minimum powers.

C.2.2 Ramp rate limits

Minimum and maximum (i.e., max. down and max. up) ramp rates are determined by calculating the

difference in power output for sequential hours where the unit is on for both entire hours. Outliers

are discarded as described above. If the unit was never on for two hours, it is assumed that the unit

is not significantly ramp limited. Combined plant ramp maximums are calculated based on the sum

of the units’ powers.

C.2.3 Up and down time limits

A histogram of number of contiguous hours on and number of contiguous hours off was created.

Up/down limits were set to the minimum hours up/down which occurred more than once. Minimum

contiguous periods longer than 48 h were discarded. Combined plant time limits are determined

based on a “on” criteria where any unit in the plant is on. This method is currently unable to

distinguish between emergency shutdowns/startups or outages and regular operations. The result is

an underestimation of real minimum limits for some plants.

C.2.4 Heat rate curves

Heat rates curves were approximated by fitting a curve to binned historical values of heat input and

power output. Hours where the unit was on for only part of the hour were discarded, to reduce

noise. For each unit a histogram is formed, binning the heat input values into 20 bins. The mean of

corresponding power output values for the bin is recorded. The bin means of power and heat are used

to fit a series of polynomials – linear, quadratic, and cubic. The monotonically increasing polynomial

with the best fit is chosen to represent the unit. If no polynomial is monotonically increasing, the

linear polynomial is chosen. Combined plant heat rates are based on the sum of the units’ heats and

sum of units’ powers.
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C.3 Estimated Parameters

Nuclear units (which are not subject to Clean Air Market reporting requirements) are modeled

according to parameters taken from [108], shown in Table C.2. Start up costs are based on data

from [109] and are shown in Table C.1.

Startup Costs

Table C.1: Start up costs used in simulation of the ERCOT system. Based on [109]

Fuel Turbine Startup Cost ($)

Coal 3581

NG steam 3581

NG combined cycle 3581

NG gas turbine 7811

Nuclear 100000

Nuclear Generation Parameters

Table C.2: Parameters used to model the nuclear generation of ERCOT. Based on [108]

Parameter Value

power minimum 70% capacity

ramp rate limits ±10% capacity

down time minimum 18 h

up time minimum 120 h

startup cost $100000

heat rate 10.4P [MMbtu/MW]

uranium price $0.65/MMbtu
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Fuel Costs

Cost curves for thermal generators are created by multiplying the appropriate fuel cost by the heat

rate curve. A simple constant approximation for 2012 fuel prices from the Department of Energy’s

Energy Information Agency is made as follows:

Table C.3: Constant fuel price assumptions used in thermal generation cost model, in $/MMbtu

Fuel Price

uranium 0.65

coal 2.40

natural gas 3.45
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Appendix D

HYDRO SYSTEM MODELING

Power generation in the Pacific Northwest is heavily dominated by hydro. Most of the energy

produced comes from the cascade of dams that make up the Federal Columbia River Power System

(FCRPS). Hydroelectric systems are even more complex to model and to schedule than thermal

power systems – flows of water, rainfall and snowmelt, and often fish passage concerns all dictate

hydropower system operations. This appendix describes the modeling of the BPA system, focusing on

the core of the FCRPS - ten primary BPA controlled projects which are most relevant to the short-

term scheduling problem. A mixed integer programming (MIP) formulation of the deterministic

short term hydro scheduling problem is given in Appendix §E.

D.1 Objectives

BPA operates the FCRPS with many objectives, including various non-economic objectives. In this

complex system it is often not possible to meet all of the constraints and the objective may include

“soft constraint” terms, i.e., penalizations of constraint violations. In general hydro systems can

have many possible objectives for short-term scheduling, including:

• economic dispatch (i.e., maximize the value of water)

• minimize spill

• minimize spot market purchases (or maximize sales)

• minimize hour-to-hour variation in production

• minimize the amount of constraint violation

• minimize the number of times constraints are violated

• maximize flexibility (e.g., maximize the distance between operations and constraint bounds)
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Table D.1: The ten main federally owned projects of the FCRPS.

Name Capacity [MW]

Grand Coulee 6,735

Cheif Joseph 2,607

Lower Granite 930

Little Goose 930

Lower Monumental 930

Ice Harbor 690

McNary 1,120

John Day 2,480

The Dalles 2,060

Bonneville 1,211

However, many of these objectives are difficult to formulate precisely or are heavily situation

dependent (e.g., how much should deviations in spill be penalized relative to deviations in outflow

ramp rate?). For the purposes of this experiment, the objective function is dramatically simplified

to an economic dispatch - profits are maximized given the demands and constraints on the system.

D.2 Constraints

BPA operates with a large number of complex, frequently changing constraints which are negotiated

to satisfy many stakeholders. This work uses a subset of this constraint set, capturing the major

hydrological constraints on the system during the test periods.

The first-order constraints on the system are physical project limits – maximum and minimum

limits on power, elevation, outflow, and outflow ramp rate (i.e., rate of change). Some projects

also have limits on elevation and tailwater ramp rates. There is also a set of constraints that

enforces the cascaded hydraulic structure of the projects. Then there are constraints that vary with

time (e.g., seasonal or hour-based constraints). These include limits on spill and potentially more

restrictive limits on some of the first-order project constraints.

Basic project constraint data was provided by BPA, along with the curve characterizations for
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the outflow-tailwater, elevation-volume, and production. The historical behavior of the river system

was modeled based on the publicly available United States Army Corps of Engineers (USACE)

dataset. This dataset provides project-level hourly timeseries, including forebay elevation, tailwater

elevation, volume, power generated, outflow, spill, and inflow.

D.3 Power Exports and Prices

BPA sells a large proportion of the power it generates – about 54% in 2012 – outsides its narrowly

defined control area. Many of these sales are governed by long term contracts, for which records are

not readily available to the public. Some energy is also sold in the day ahead, through the Open

Access Same-Time Information System (OASIS). Dow Jones tracks and records the quantity and

price of these day ahead sales at various points throughout the United States. The primary price

index for the Northwest is the Mid-Columbia or “Mid-C” price.

This work uses a simplifying Mid-Columbia price assumption to model the relationship between

the BPA control area and the rest of the Western Interconnect. It is assumed that the BPA system

is perfectly connected internally1, with a single energy-limited connection to the rest of the Western

interconnect. Any power which is scheduled to be sold in the day ahead schedule is priced at the

Dow Jones Mid Columbia price. Export limits are based on BPA’s publicly available historical

transmission limits dataset.

D.3.1 Mid Columbia Price Model

Exports prices are modeled by the Mid Columbia price index. The actual index is a commercial

product sold by Down Jones Inc. and is not available to non-subscribers. However, a summary of

the index consisting of the high and low prices for each day is available through the EIA and from

the energy market information company ICE. We assume for this model that the hourly price varied

between the high and low price in proportion to the combined demands of the BPA and California

ISO (CAISO) systems.Figure D.1 shows the Mid-Columbia price as modeled for 2012, along with

the net demand for power for CAISO and BPA.

D.4 Test Cases

Two week-long scheduling cases curated by BPA and representing the dates in Table D.3 were used

to test the scheduling algorithm. The cases represent both winter and summer regimes. A full year

1BPA is a relatively well connected system internally, so much so that engineers sometimes refer to the “Federal
bus”.

http://www.nwd-wc.usace.army.mil/perl/dataquery.pl
http://www.nwd-wc.usace.army.mil/perl/dataquery.pl
http://transmission.bpa.gov/Business/Operations/intertie/
http://www.eia.gov/electricity/wholesale/
https://www.theice.com/marketdata/reports/ReportCenter.shtml#report/54
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Figure D.1: The Mid Columbia day ahead price index is shown as modeled. Context for this price

is given by the system demands for CAISO and BPA on the right axis.

Table D.3: Scheduling test cases for the BPA model based on historical data.

time period inflows export prices

case 1 Nov 29 to Dec 13, 2010 low low

case 2 Aug 2-16, 2010 high high

case based on 2012 was also prepared using the USACE dataset. In this case, inflow schedules as

well as daily minimum and maximum reservoir targets were created based on the historical record

of operations.

D.5 Model Performance

The short-term hydro scheduling problem proved to be very computationally challenging. In the

MIP formulation, the reservoir curve models and production curve models for the hydro projects

all increase the number of binary variables, which generally makes MIP problems more difficult to

solve. The hydro problem is also characterized by a “flat optimum”, i.e., many solutions perform

very similarly due to the problem’s networked structure. Extensive tuning of the curve formulation
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Figure D.2: In deterministic scheduling experiments, the rate of MIP convergence for the BPA model

was much slower than convergence of the ERCOT model (note the different scales).

was carried out to minimize the number of binary variables, which resulted in significant convergence

speed ups. However even after tuning, the problem remained very difficult for the solver. Figure D.2

compares the convergence of the ERCOT model (see §6.2) to the BPA model described above.

A day-long ERCOT model UC problem converges with in a few seconds, while the BPA model

scheduling problem slowly converges to a MIP gap of about 20% – far above the normal stopping

criteria (generally in the range of 0.01–1%). The model as formulated is not likely to be able to

produce meaningful results with reasonable computational times.

The MIP formulation and the economic objective function are the two most likely causes for

these long computational times suggest. Alternative objective functions may make the optimum less

flat by penalizing certain solutions. It may be necessary to use an altogether different optimization

algorithm, e.g., Lagrange Relaxation, heuristic methods, or non-linear mixed integer programming.

The disadvantage of many of these methods compared to using a standard MIP solver tends to be

a complex problem-dependent implementation. Alternately, it may be possible to seed the MIP

problem with a good feasible solution using one of these algorithms, thus speeding up the branch

and bound search. The BPA’s short-term hydropower scheduling problem is highly complex and an

successful implementation of the solution requires further work.
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Appendix E

SHORT-TERM HYDRO SCHEDULING FORMULATION

This section details a deterministic optimization model for a multi-reservoir hydroelectric system.

The first component of this model is the network model §E.1 that governs the flows between reservoirs

and their volumes. The second component of the model is the hydro production curves. The final

section discusses how this model can be integrated with the thermal UC optimization model.

The cascaded hydro system described by this model is based on the Federal Columbia River Power

System (FCRPS) as described by the BPA. The resulting short-term hydro-thermal scheduling

problem was implemented in Minpower-Hydro.

Table E.1: Indices for short term hydro scheduling formulation

index set description

i I hydro reservoirs

t T times

Figure E.1: Overview of hydroplant components. From Wood and Wollenberg [107].

https://github.com/adamgreenhall/minpower/tree/hydro-elevation-formulation
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Table E.2: Variables for short term hydro scheduling formulation. Variables below the line are

derived variables.

variable description units

ei[t] forebay elevation ft

oi[t] outflow cfs

si[t] spill cfs

onet,i[t] net outflow cfs

ni[t] net inflow cfs

Pi[t] power production MWh

vi[t] reservoir volume ft3

ti[t] tailwater elevation ft

hi[t] head ft

Table E.3: Parameters for short term hydro scheduling formulation. Parameters below the line

represent final conditions.

parameter description units

ri[t] net incremental upstream inflows cfs

ei[t], ei[t] min, max. elevation ft

vi[t], vi[t] min, max. volume ft3

oi[t], oi[t] min, max. outflow cfs

si[t], si[t] min, max. spill cfs

P i[t], P i[t] min, max. power MW

δei[t], δei[t] min, max. rate of change in elevation ft/h

δoi[t], δoi[t] min, max. rate of change in outflow cfs/h

δP i[t], δP i[t] min, max. rate of change in power MWh/h

vfinal(i), vfinal(i) min, max. final volume ft3

efinal(i), efinal(i) min, max. final elevation ft
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E.1 Network model

Following [34], the change in reservoir volume is defined as the net inflow minus the net outflow.

s.t. vi[t+ 1]− vi[t] = ni[t]− (oi[t] + si[t]) (E.1)

The net inflow is defined as the incremental inflow plus the sum of the delayed (by τij hours) outflows

of any immediately upstream reservoirs (j):

ni[t] = ri[t] +
∑
j

(oj [t− τij ] + sj [t− τij ]) (E.2)

Head is defined as the forebay elevation minus the tailwater elevation. Tail water elevation is

approximated as a PWL function of net outflow.

hi[t] = ei[t]− TWi(oi[t] + si[t]) (E.3)

Forebay elevation is defined as a PWL function of reservoir volume:

ei[t] = VEi(vi[t])

Each reservoir variable can have a set of time varying constraints:

s.t. ei[t] ≤ ei[t] ≤ ei[t]

s.t. oi[t] ≤ oi[t] ≤ oi[t]

s.t. si[t] ≤ si[t] ≤ si[t]

s.t. P i[t] ≤ Pi[t] ≤ P i[t]

s.t. vi[t] ≤ vi[t] ≤ vi[t]

Forebay elevations, outflows, and power outputs can have limits on the rate of change:

s.t. δei[t] ≤ ei[t]− ei[t− 1] ≤ δei[t]

s.t. δoi[t] ≤ oi[t]− oi[t− 1] ≤ δoi[t]

s.t. δP i[t] ≤ Pi[t]− Pi[t− 1] ≤ δP i[t]

Additionally, the reservoirs are constrained by reservoir targets at the final time T . This can be

expressed in terms of volume:

s.t. vfinal(i) ≤ vi[T ] ≤ vfinal(i)

or in terms of elevation:

s.t. efinal(i) ≤ ei[T ] ≤ efinal(i)
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E.2 PWL models

The relationship between outflows and tailwater elevation TWi() and the relationship between fore-

bay elevation and volume VEi() can both be modeled as piecewise linear functions. This is easily

done by one of the methods outlined in §B.1.2.

Power production for a hydro project depends on both head and outflow. This work follows the

two variable PWL formulation of [41, 42]. The basic idea of the linearization over two input variables

is shown in Figure 1.4.

In this formulation’s MIP implementation, two sets of binary variables are added to denote

membership in the segments of flow and one set is added for the segments of head. Two sets of per

segment continuous variables are added to denote position within the segment. Several constraints

are added to enforce the segment logic and the linearized power value [42, see Section 2.3].

E.3 Hydro-thermal model integration

Hydro units have such small incremental operating costs that in practice they are not considered

in the calculation of total system cost. The hydro variables and constraints are simply added to

those of the thermal optimization problem. The coupling between the two problems occurs in the

power balance and reserve constraints, where hydro generation must be included in the summation

of generation power.

E.3.1 Decision Making Stages and Horizons

Mid. to long term hydro scheduling is generally done with multiple decision stages, but the short

term, multi-reservoir problem can be simplified to a two stage framework. Due to the time it takes

water to flow between reservoirs, net outflows are “here and now” decisions or first stage variables.

In the realtime dispatch or second stage, each project can use the arriving water how it chooses,

within its constraints. A summary of first and second stage variables is given in Table E.4.

Hydro scheduling problems handle the horizon effect by using reservoir targets. These targets

are created by the longer term scheduling process to ensure that the reservoirs retain enough water

to meet future predicted demands.
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Problem First Stage Second Stage

Thermal status, ug[t] power, Pg[t]

Hydro net outflow, onet,i[t] power, Pi[t]

outflow, oi[t]

spill, si[t]

Table E.4: First and second stage variables for thermal UC and short term hydro scheduling
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