Multi-Settlement Simulation of
Reserve Procurement using
Stochastic Optimal Power Flow

Taiyou Yong, Member, IEEE, C. Russ Philbrick, Senior Member, IEEE,
Robert Entriken, Senior Member, IEEE, and Aidan Tuohy, Senior Member, IEEE,

Abstract-- This paper presents a dynamic reserve
determination method that can be applied to operations in order
to facilitate renewable integration. The method is applied to a
realistic system model and incorporates a multiple settlement
process that includes a day-ahead unit commitment cycle, an
hour-ahead cycle, and a real-time S-minute cycle. By inserting
dynamic reserve determination in the hour-ahead cycle, the
reserve requirements were dynamically procured to mitigate
forecast errors in the renewable generation. The study
demonstrates the use of a dynamic reserve procurement step that
is practical for deployment in existing business processes and
presents an example of new operating policies that can be used to
integrate renewable integration at lower cost while maintaining
system reliability.

Index Terms—Wind farms, Power generation dispatch, Power
system analysis computing, Power system economics.

1. INTRODUCTION

HIS paper describes a detailed simulation of dynamic

reserve procurement in the commitment and dispatch of
Day-Ahead, Hour-Ahead, and Real-Time operations. This
simulation model is used as a platform for evaluating reserve-
procurement policies and, in particular, the feasibility and
impact of stochastic optimal power flow (STOPF) used to
define dynamic-reserve requirements. The simulation model
is applied to an approximate model of the power system of
Southern California Edison and its participation in the power
markets run by the California Independent System Operator
(CAISO). The two significant contributions of recent work
described in this paper are to demonstrate:
e The ability to simulate and deploy dynamic reserve-

procurement policies based on STOPF and
e The potential benefits that dynamic reserve-procurement

policies offer to System Operators and consumers.

The operation of the power grid can be described as a
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decision process that develops over multiple decision cycles.
Indeed, the concept of decision cycles is a key attribute of real
operations that must be captured in planning studies to
accurately model impacts of changing policies, whether these
are in a market setting or simply executed as internal
processes.

The audience for this paper is system operators, planners,
and market designers who are exploring new policies to
accommodate variable generation being added to their systems
and are quantifing their impacts. As background and
motivation, we provide an introductory section that describes
trends, a test system, and tools and models used to create the
simulation model. Following the background section, we
provide a high-level description of the methodology and,
through experimentation, illustrate the capabilities and
benefits of STOPF.

The objective of this study is to demonstrate how
probabilistic forecasts can be incorporated in current
operational processes using a realistic system model and
operations process. By inserting the reserve determination
step as an off-line calculation, the experiments illustrate a
practical implementation strategy and provide a preliminary
assessment of the improved flexibility that can be provided to
system operators during periods of particular system stress.

Background

The background section describes key industry trends
influencing system operations, the California Independent
System Operator (CA-ISO) 33% Study, which forms the test
case for comparison of alternative reserve procurement
processes; and the resource scheduling problem, which is
being simulated with the Power System Optimizer (PSO)
model.

A. Industry Trends

1) High Levels of Wind Generation

Few industries are scaling up faster than wind power,
which, in terms of installed capacity in the U.S., has been
increasing at a rate of more than 25% per year. New wind
turbines are bigger, wind farms are larger, and the
manufacturing base is more diverse and more robust, both
domestically and globally. The extraordinary growth in wind
power is being driven by policy, regulation, and economics in
the U.S., Europe, and elsewhere in the world.



The impact of U.S. federal policy is most clearly seen in
the impact of the production tax credit (PTC), which is worth
about $20/MWh. At the state level, renewable portfolio
standards (RPS) have a significant impact on creating a
market for wind power. As of June 2011, U.S. wind capacity
stands at 42 GW [1].

The European Wind Power Association projects between
230-265 GW of wind will be installed in Europe by 2020, of
which 40-55 GW will be offshore [2]. By 2030, this total
could climb to 400 GW, raising wind power contributions to
the same level as more conventional contributors to the
European generation portfolio. Wind is forecast to represent
between 14-17% of European electricity by 2020, and
between 26-34% in 2030. Germany alone is anticipating 50
GW of wind by 2020, which would represent more than 50%
of its peak load.

With such significant levels of wind integration, new
balancing techniques and better forecasting are needed for
System Operators to maintain power system security. Even
with significant improvements in recent years, forecasting of
wind generation remains inaccurate. Furthermore, even with
perfect forecasting, wind resources are highly variable and
often blow hardest during off-peak hours and seasons. Due to
its sometimes limited availability during times of peak
demand, wind power may provide limited capacity to support
resource-adequacy requirements. The impact of wind power’s
uncertainty and variability motivate the introduction of new
policies for determining reserve requirements with the goal of
identifying methods that can make better use of system
flexibility to maintain system reliability and improve
economic performance.

2) New Supply- and Demand-Side Technologies

A wide array of new supply-side and demand-side
technologies will be integrated into the grid in the coming
decade as part of efficiency and smart-grid initiatives. As
their use grows, their impact will complicate both load and
generation forecasting by introducing higher levels of
variability in supply, new kinds of uncertainty in demand, and
non-traditional participants in grid operations.

Demand-Response: The introduction of demand
response, designed primarily to shave peak demand,, has
accelerated in many regions of the country. FERC’s 2011 DR
and AMI Survey [3] indicated that advanced metering
penetration reached 13.4% of total meters in 2010, up from
less than 8.7% in 2009. The survey estimates the peak load
reduction from demand response to be over 31 GW in 2010,
representing approximately 7.0 percent of the 2010 peak
ISO/RTO electricity demand.

Solar Thermal Energy: Large arrays of solar thermal
technology in the California, Nevada, and Arizona deserts
may impact the power system at the transmission voltage
levels; however, new transmission lines are needed to move
the estimated 13 GW of solar energy to California markets.

Solar Photovoltaic (PV): PV will continue to serve local
area needs at distribution voltages, reducing daily demand
moderately during the solar peak (generally a few hours
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before load peak). The PV market could reach 10GW
penetration in the US by 2020 [4].

Plug-in Electric Vehicles: The vehicle-to-grid concept
(V2Q) includes two-way grid interchange of power, allowing
plug-in electric vehicles (PEV) to receive and send power to
the grid. The installation of charging stations has already
begun in a number of urban and suburban arcas of the
country.

Energy Storage: Energy storage technologies enable the
decoupling of the instantaneous supply of energy from the
variable nature of demand and variable supplies; this enhances
the integration of variable renewable resources into the grid
and the provision of ancillary services.

3) Evolving Reliability Standards

There is a possibility that reliability organizations will
introduce a risk-based transmission planning process. If so,
system and operations planners should expect to draw heavily
upon the “availability databases,” like those built and
populated by the North American Electricity Corporation
(NERC). Significant events involving generation,
transmission, and demand response are reported to NERC and
introduced into one of three databases: GADS for generation,
TADS for transmission, and DADS for demand response.
GADS is the longest running database, TADS is about three
years old, and DADS is still in the formative stage. In time,
these databases will become powerful instruments for
understanding the statistical distribution of equipment
availability.

With better knowledge of overall reliability and behavior
of these system resources, probabilistic techniques, such as the
ones described in this report, will become more practical to
implement and more valuable to planners, operators, and
consumers.

B. California 1SO 33% Study

Data used in developing the test system for this project was
drawn from the California ISO 33% Study [5]. California has
an ambitious goal to supply 33% of electricity demand
through renewable resources by 2020 [6]. To meet state
policy requirements while maintaining system reliability, the
California ISO performed studies on the operational impacts
of renewable integration including the requirements for
additional ramping support and load-following capability, the
market impact of over-generation events, increased cycling of
generating units, etc.

The California ISO worked with many entities to develop
analytical methods for studying the operational and market
impacts associated with the integration of renewable
generating resources, primarily wind and solar. The studies
[7] include statistical modeling of operational requirements,
production simulation of unit commitment and economic
dispatch, the impact of forecast uncertainty, empirical analysis
of historical generator capabilities, market and dispatch
schedules, sensitivity analysis of forecast uncertainty and
impacts on the requirements for generating capacity and
operating reserves etc.



The California studies attempted to capture the real-time
operation process and the support provided by market
processes having different time frames within the 2020 study
year, including:

e Day-ahead energy and ancillary-services market,

e Day-ahead resource-adequacy (i.e., reliability) procurement
of ancillary services,

e Hour-ahead “Pre-dispatch” and short-term commitment
process that commits fast-start units and schedules the
interchanges one to four hours ahead of real time
operations,

e Ten-minute ahead “real-time” dispatch that dispatches units
every five minutes to meet load ramping and deviation of
generation.

In addition, after “real-time” dispatch, Automatic
Generation Control (AGC) regulates fast-responding units to
balance the system and maintain system frequency.

In this study, we use data provided by the California
studies, but limit our simulation to the day-ahead energy and
ancillary-services market, the hour-ahead pre-dispatch
process, and the real-time dispatch, which is used to quantify
impacts of earlier decisions.

C. Resource Scheduling Problem

Electrical systems include a range of different generating
resources, including fossil-fuel units, hydro-power units,
nuclear units, and renewable-resource units such as solar and
wind.  Different units can have significantly different
operational characteristics, even among similar resource types.
These operational characteristics include startup time and cost,
minimum run time, cycling costs, ramp capability, and so on.
Also, some generating units such as solar-power and wind-
power units have output that is highly variable and may have
limited control facilities.

To address these characteristics while also ensuring reliable
and efficient operations, system operators issue instructions
with sufficient lead time to commit long-start units, to move
slow-ramp units early to meet the projected load changes, and
to procure sufficient reserves for the real time imbalance and
contingencies. In real-time operations dispatchers adjust fast-
moving units to balance load and respond to conditions not
anticipated earlier in the process. The day-ahead, pre-
dispatch, and real-time decision cycles repeat daily, hourly,
and every 5 to 10 minutes to match continually supply and
demand.

Due to the computational challenges of the resource
scheduling problem, traditional approaches have greatly
simplified the operational impacts of planning and scheduling
decisions. With the integration of new types of resources with
non-traditional operational characteristics, traditional planning
approaches present an inaccurate picture of impacts and costs
associated with these resources and the changing operating
policies that may be required to support their integration. In
this study, new methods and tools have been deployed to
overcome these traditional limitations, while also
demonstrating the ability of these methods to support

operational decision making and the feasibility of deploying
these methods and tools with minimal disruption to current
control-room business practices.

D. Objective

The main objective of this study is to demonstrate how
Dynamic Reserve Determination could be implemented in
practice. This demonstration utilizes a realistic system model
that accurately captures the operational processes described
previously. By inserting the reserve determination step as an
off-line calculation, based on the current system state and
perceived uncertainties, the following experiments show
beneficial enhancements to system flexibility afforded to
operators during periods of particular system stress. This is
evidence of the value of using stochastic information to
determine dynamic (hourly) reserve requirements, versus the
more traditional reserve requirements.

II. MULTI-SETTLEMENT PROCESS MODEL

Realistic simulation of the resource scheduling problem is
achieved using PSO support of multi-cycle, rolling-horizon
models that capture the impact that imperfect foresight has on
unit-commitment and energy-scheduling decisions. Fig. 1
illustrates the time frame of the multi-cycle model. Typically,
each decision horizon considers three periods of time, the
initial time, the target time, and the future time. Within the
initial time, the initial conditions of generating resources that
are necessary for scheduling continuity are set for the study
horizon. The target time, and the future time are the time
periods in which schedules and commitments are solved.
Decisions in the future time period will be revisited in the
following horizon, but are needed by the current horizon to
correctly model the impact of long, inter-temporal constraints
and costs (e.g., minimum run time and startup cost)..
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Fig. 1. Time Frame of Multi-Cycle Model
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To model real system operations, the PSO model is
configured with three cycles. The DA cycle covers 48 hours
in which every hour in the first 24 is a decision period, every
2 hours in the second 24 hours is a decision period.
Therefore, there is a total of 36 periods in the DA cycle. The
pre-dispatch cycle covers a 4-hour horizon, i.e. 16 periods of
15-minute decision periods. The real time dispatch cycle
covers a 1-hour horizon, in which there is a total of twelve 5-
minute decision periods.



III. DYNAMIC RESERVE DETERMINATION MODEL

Achieving high penetration of renewable technologies with
their variable generation characteristics will require changes in
the ways that electric power systems are planned and operated
to maintain reliable and economical service. As part of the
effort, in the past years, EPRI has performed research on
applying the stochastic optimal power flow (STOPF) method
to energy scheduling and reserve determination and proposed
a dynamic reserve determination method that identifies the
system operating reserve requirements based on the needs of
redispatch to meet system uncertainties, such as equipment
outage, demand variation, and variable generation [9].

The dynamic reserve determination method is a co-
optimization problem of energy scheduling and reserve
procurement. It represents an optimal dispatch under
uncertainty, which can be applied to assess system operating
reserve requirements with large penetrations of variable
generation. The same philosophy can be applied in the energy
scheduling process. Integrating the STOPF-based reserve
determination with the unit commitment process can lead
large potential cost reductions in energy scheduling and
improvements of system reliability when the system dispatch
is also integrating large-scale intermittent generation.

In this study, the simulation tool solves a stochastic
dispatch model with multiple scenarios. All scenarios are
solved simultaneously, with some variables identified as stage
1 decisions that do not vary by scenario, and some variables
identified as stage 2 decisions that are scenario dependent.

This study adopts such a stochastic model to analyze the
impact of intermittent renewable generation. For
demonstration purposes, only the uncertainty of renewable
generation is included as a source of imbalance. Other
sources like load forecast errors and generator outages are left
for future study. When applying the STOPF method, energy
dispatch is identified as the sum of a first-stage variable and a
second-stage “re-dispatch” variable. Reserve levels are
designated as stage 1 variables and are used as upper bound
constraints on the re-dispatch variables. Thus, the
dispatchability of generators is limited to the amount of
variable reserves in each solution interval. The resource
constraints can be formulated as follows. For each resource,
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where ¢ is the index of periods of time, s is the index of
scenarios. Pg.(?) is the consistent dispatch schedule across all
scenarios, P.qsp(t, s) is the redispatch for each scenario. In
practice, R;pp(t) and are R;py(t) are the optimally-procured
dynamic load following down and up capacities. In our later
experiments, only LFU is optimized.

The total load following up/down over all generators is the
system requirement for load following up/down in the time
period.

IV. TEST SYSTEM DATA

The primary objective of the following simulation study is
to demonstrate the dynamic reserve determination in realistic
system operations. The data in the simulation is a portion
corresponding to the SCE service territory, as defined by
CAISO in their 33% renewable integration study. The
characteristic data of generating resources are almost the same
as that in the PLEXOS [10] model published as part of the
renewable integration study. One difference is that there is no
transmission modeled here; while in the CAISO study, only
transmission between major regions is modeled. EPRI
expects to include transmission constraints in future work.
Since the main purpose in the current study is to examine
scheduling and dispatch of resources in systems with high
amounts of variable generation, the lack of transmission is not
as significant as it otherwise might be for other purposes.

Hydropower and interchange are modeled as fixed
schedules in the SCE model based on results of the CAISO
study. Total renewable generation (both wind power and
solar power) is modeled as dispatchable, but with maximum
output based on the CAISO study. The CAISO study includes
a set of wind, solar, and load data with 1-minute resolution
based on the 2006 actual results and a projection of future
demand, wind and solar power.

For demonstration purposes, this study focuses on the
period between July 1 and July 15, 2020, a period of stress
due to high summer demand. Fig. 2 shows the SCE load, net
import, hydropower, and renewable generation schedules for
the study period. These SCE-only wind and solar data are not
available explicitly in the CAISO data. Instead, they are
estimated from the California data using the ratio of SCE load
to the total CAISO load. While these values may not reflect
truly the level of wind and solar in the SCE system, they are
sufficient for this study. In reality, the localized SCE wind
and PV data may be slightly more variable than the combined
values over the CAISO territory.
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Fig. 2. SCE load, import, hydro and renewable schedules between July 1 and
July 15,2020

Fig. 3. shows the SCE load following up and down and
regulation up and down requirements over the study period.
Since, SCE-only reserve data are not available, it is also
prorated from the total CAISO reserve requirements using the
ratio of SCE load over the CAISO system load.
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Fig. 3. SCE Load Following Up/Down, Regulation Up/Down Requirements

V. RESULTS OF DYNAMIC PROCUREMENT

Because the focus is on hour-ahead dynamic-reserve
procurement, the DA cycle is used to define unit-commitment
results (other than for fast-start units) without considering
uncertainty. The results of this cycle are applied as prior
decisions for the hour-ahead cycle and are consistent in all
experiments. The reserve requirements of regulation up/down
and load following up/down have the same values as in the
static reserve procurements.

The uncertainty of renewable generation is included in the
pre-dispatch cycle. Similar to current practice, there is a
decision point in the hour-ahead to procure additional reserves
for real-time operation, and this is used by the dynamic
reserve procurement process to identify the need for additional
reserves, or the ability to relax reserve requirements. For the
sake of simplicity, only load-following up in the pre-dispatch
cycle is set to be dynamically procured, the regulation
up/down and load-following down are still procured using the
same requirements as in the static reserve model and can be
provided by wind and solar curtailments.

In the real time dispatch cycle, renewable generation
capacity is based on the CAISO data, and units committed in
the DA and pre-dispatch cycles are redispatched to meet any
imbalance. Load following up is released in RT to be
available for energy dispatch.

Fig.4 shows that the quantity of Load Following Up
procured by the dynamic method is much less, on average.
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Fig. 4. Load Following Up Procurements for Static and Dynamic Reserve
Procurement Simulations

This comparison also shows lower operating costs. A
subject of further analysis is to compare the static and

dynamic methods based on both cost and reliability changes.
Another subject of future study is to include more of the
factors that determine the static requirement.

VI. VALIDATION OF DYNAMIC RESERVE PROCUREMENTS

In this section, the dynamic reserve procurement method is
validated in the real-time cycle by utilizing the dynamic
method of determining the amount of load following up,
instead of the static value.

Table I shows a comparison of the total production costs
between two runs. One is the run with the set of static load
following up requirements; the other is the run with the set of
requirements equal to the dynamic reserve procurement in the
stochastic model.  The run with the dynamic reserve
procurement incurs less cost. There is a 9% savings to
consumers.

TABLE I. TOTAL PRODUCTION COST FOR STATIC AND DYNAMIC RESERVE
PROCUREMENT SIMULATIONS

Static Dynamic Delta Cost % Change

126,014,101 114,703,621 -11,310,479 -9.0%

Fig. 5 shows a comparison of the energy prices in the pre-
dispatch cycle for static and dynamic load following up
requirements. There was no deficiency and the overall energy
prices were close, but there were fewer spikes in the run with
dynamic reserve procurement.
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Fig. 5. Comparison of Pre-dispatch Energy Prices for Runs with the Static
and Dynamic Load Following up Requirements

Fig. 6 shows the real time energy prices for these two runs.
No deficiency occurs the real time cycle. Therefore, system
reliability was maintained by the dynamic reserve
procurement for the study period and the circumstances
represented over the random scenarios and nominal outcome.
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Fig. 6. RT Energy Prices for Static and Dynamic Load Following up
Requirement Simulations

The prices seen in this figure appear to be more variable
using dynamic procurement as a result of being dispatched
more efficiently and, thus, with less excess capacity and cost.

According to the dynamic procurement, it appears that the
static reserve requirements may be too conservative in the pre-
dispatch cycle, but additional realism, like a transmission
model and non-prorated inputs, would be needed to validate
this.

VII. SUMMARY OF RESULTS

The experiments successfully demonstrate the application
of dynamic reserve procurement in a realistic process of real
operations. A few observations can be drawn from the
experimental results.

e The reserve procurement determined by the STOPF method
can be inserted into the current market pre-dispatch
process to potentially better manage reserves.

o The static requirements of the 33% Study may over-procure
reserves under some system conditions, leading to higher
production costs or capacity requirements.

While this work is very preliminary, the experiments still
lead to the following conclusions:

The dynamic reserve determination method can be
successfully integrated into the simulation of a realistic unit
commitment and energy scheduling process. The level of
reserve is determined by the need to redispatch for the system
variability and uncertainty, such as from load forecast errors,
intermittent renewable generation, etc.

The exercise demonstrated how to apply dynamic reserve
procurement in realistic operations, using a multi-cycle model
that simulates current dispatch and operations for energy
scheduling and reserve procurements.

Without changing existing business rules and practices,
inserting the dynamic reserve procurement step into the pre-
dispatch can provide benefits via assessing the sufficiency of
existing reserve procurement practice and identifying a
reasonable level of reserves.

Because of its realism, the stochastic model could be useful
for studying the potential for renewable resource integration in
system planning and operations.
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