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Abstract—The evolving nature of electricity production, trans-
mission, and consumption necessitates an update to the IEEE’s
Reliability Test System (RTS), which was last modernized in 1996.
The update presented here introduces a generation mix more rep-
resentative of modern power systems, with the removal of several
nuclear and oil-generating units and the addition of natural gas,
wind, solar photovoltaics, concentrating solar power, and energy
storage. The update includes assigning the test system a geographic
location in the southwestern United States to enable the integra-
tion of spatio-temporally consistent wind, solar, and load data with
forecasts. Additional updates include common RTS transmission
modifications in published literature, definitions for reserve prod-
uct requirements, and market simulation descriptions to enable
benchmarking of multi-period power system scheduling problems.
The final section presents example results from a production cost
modeling simulation on the updated RTS system data.

Index Terms—Power system economics, power system planning,
power system reliability, power system modeling, power system
operations, reliability test system, production cost modeling, exact
reliability indices, benchmarking.

1. INTRODUCTION

EW questions are arising regarding power systems of the
N future as new sources of generation enter the market and
traditional fuel sources retire at a rapid rate. These changes bring
with them new challenges and opportunities to meet reliability
and security requirements at minimum cost. The IEEE has main-
tained a collection of test systems for several decades to assist
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the engineering community in understanding how new technolo-
gies and operational practices might impact power system cost
and performance. In this context we introduce a substantial up-
date to the IEEE Reliability Test System (RTS). In keeping with
the intent of prior work, we re-emphasize that the goal of the
IEEE RTS family is not to reflect or represent a specific, real
power system. Rather, these test systems should represent tech-
nologies and configurations that could be encountered in any
system. In this most recent update to the RTS, we aim to con-
tinue the tradition of providing a model that allows researchers
to explore a variety of current and future conditions that power
system operators might face.

As part of the United States Department of Energy’s Grid
Modernization Initiative we developed several critical updates
to the RTS. We modernize the sources of generation by adding
natural gas, wind, solar photovoltaics (PV), concentrating so-
lar power (CSP) and storage to the model. We also add geo-
graphic and temporal variability in the form of 5-minute load,
wind and solar data; each with a corresponding hourly time se-
ries representing day-ahead forecasts based on weather patterns
experienced in the Southwestern United States. By providing a
modernized generation fleet, along with geographically and tem-
porally consistent weather-driven time series data, we fill a gap
in the existing suite of test systems published by IEEE and others
and enable a variety of modeling and analysis explorations with
a dataset that is large enough to demonstrate the complexity of
power system operation and planning, yet small enough so that
novel techniques can be applied and results can be understood
[1]. We present results from a benchmark case and a suite of
analyses conducted with the modernized test system. Finally,
we detail our goals for online collaboration and continued test
system evolution, via a publicly available GitHub repository,
by enabling and encouraging other users to share their dataset
modifications with the broader community.

II. HISTORY OF THE RELIABILITY TEST SYSTEM

The first version of the IEEE Reliability Test System (RTS-
79) was developed and published in 1979 by the Application of
Probability Methods (APM) Subcommittee of the Power System
Engineering Committee [2]. RTS-79 was developed to satisfy
the need for a standardized model to test and compare results
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TABLE I
RTS-79 GENERATION MIX

Prime Mover Fuel Capacity-MW (%)
Steam Fossil-Oil 951 28

Steam Fossil-Coal 1,274 37

Steam Nuclear 800 24
Combustion Turbine Fossil-Oil 80 2
Hydro Hydro 300 9

- Total 3,405 100

from different power system reliability evaluation methodolo-
gies. The model was specifically designed to conduct analyses of
the impact of generation and transmission outages on the system.
Table I describes the RT'S-79 generation mix. A few noteworthy
limitations of the RTS-79 include the lack of load uncertainty
or load diversity across the buses. Additionally, the model relies
on representative weeks for peak seasonal conditions.

The RTS-79 received a modest update in 1986 (RTS-86) [3].
In this update particular attention was paid to improving infor-
mation relating to the generation fleet. Some key features added
in this update include: unit derates (partial outages), load fore-
cast uncertainty and unit scheduled maintenance. In addition to
improvements related to reliability indices such as loss of load
probability (LOLP), loss of load expectation (LOLE) and loss
of energy expectation (LOEE), the model was doubled in size
to enable users to explore multi-area interconnection effects.
The RTS-86 joined two identical RTS-79 models with a single
230 kV tie line with a rating of 300 MW. For benchmarking pur-
poses, the RT'S-86 also presents exact system reliability indices.

The most recent update to the RTS came in 1996 (RTS-96) [4].
This update provided a substantial increase in model complexity
and size; the RTS-96 consists of three joined RTS-79 models.
At the time, industry was experiencing a dramatic increase in in-
terregional transactions and improvements in computing power.
Thus, larger multi-area models could be tractably analyzed. The
most substantial addition to the RTS-96 was the inclusion of
operating costs and constraints related to the generating units,
specifically: unit start-up heat input, net plant incremental heat
rates, unit cycling restrictions, ramping rates, and unit emissions
data. This update also added new transmission technologies to
the model: a phase shifter, a two terminal DC transmission line
and five inter-area AC ties. Among the RTS-96, the 89-bus PE-
GASE case, and the IEEE 57, 118, and 300 bus test systems,
which all present networks of similar size, only the RTS-96
specifies generator costs, generator technical parameters, and
transmission flow limits, making the published RTS-96 dataset
uniquely suitable for method development and analysis that con-
siders the economics of power systems operations and planning

(31, [6].

III. RTS-GMLC

The IEEE RTS is intended to serve as a platform for analyz-
ing power system operations strategies and issues, including unit
commitment (UC), economic dispatch (ED), load flow and as-
sociated economic and reliability impacts. To that end, the RTS
should enable researchers to consider relationships between a
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TABLE II
HEDMAN et al. BUS LOAD CHANGES

Bus  RTS-96 Load-MW  RTS-GMLC Load-MW
13 265 745
14 194 80
15 317 132
19 181 75
20 128 53

variety of resources under a plausible set of system conditions.
Additionally, the system should be sufficiently complex to ap-
proximate the scale of challenges that might be expected in a
modern power system. The RTS generation mix has remained
constant since 1979. In each subsequent release of the model,
the original model was replicated, with the generation fleet and
mix static.

Power systems in many parts of the world are changing rapidly
with the proliferation of energy markets, environmental policies,
and evolving technology and fuel costs. In the United States, nat-
ural gas combined cycle, wind, and solar generators are displac-
ing coal and oil fueled generation. At the same time, the need
to understand reliability is expanding. While power system en-
gineers have typically looked at system response under contin-
gency conditions, there is increased interest in understanding the
flexibility challenges of modern power systems associated with
UC and ED of an increasingly variable and uncertain generation
fleet. To reflect the above changes to power systems composi-
tion, we implemented a variety of updates to the RTS, resulting
in the RTS-Grid Modernization Laboratory Consortium (RTS-
GMLC) model. The RTS-GMLC features several key changes
from the RT'S-96, which ultimately enable year-long simulations
of hourly and 5-minute operations with a modern generation
fleet.

The following subsections outline the process used to mod-
ify the RTS-96 model. First, we adopted changes documented
in the literature to increase the occurrence of congestion in ED
problems (Hedman et al. updates) [7]. Then, we updated the gen-
eration fleet to reflect some of the evolutionary trends recently
witnessed in real-world power systems (GMLC updates).

A. Hedman et al. Updates

In its published form, the RTS-96 has no binding transmis-
sion constraints in the context of UC/ED analysis. To enhance
the realism and complexity of UC/ED analysis of the RTS, Hed-
man et al. make a series of modifications that add transmission
congestion based on changes proposed by McCalley et al. and
Motto et al. [7]-[9]. Specifically, we removed the transmission
lines connecting buses 11 and 13 in each region' and reduced the
capacity of the lines connecting buses 14 and 16 in each region
to 350 MW. We modified the load in each region at buses 13,
14, 15, 19, and 20 according to the data described in Table II.

IThe RTS has three regions, distinguished by the hundreds digit in the node
number. For example, when bus 13 is mentioned, it refers to nodes 113, 213 and
313.
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Fig. 1. The network layout of the RTS-GMLC, annotated with the relative
size and location of RTS-GMLC generation capacity.

B. GMLC Updates

Many of the challenges faced in modern power systems opera-
tions are driven by the proliferation of variable energy resources,
namely wind and solar generators. These resources rely upon
location and time dependent weather patterns for energy pro-
duction. To represent wind and solar generators in the RTS, we
generated relative node locations based upon the RTS-96 trans-
mission line distances and then projected the network on an
arbitrary geographic location in the southwestern United States.
The RTS layout, shown in Fig. 1, covers a geographical region of
roughly 250 x 250 miles and was projected onto an area extend-
ing roughly from Los Angeles to Las Vegas to obtain a reference
for load, wind, solar, and hydrologic time series data population.
This location was chosen because it included adequate available
energy for each technology. While projecting the RTS model
onto the southwestern United States enables the use of geospa-
tially and temporally coincident weather-driven data, it would be
inappropriate to use the projected RT'S model to provide insights
into the real-world power system in this location.

To reflect the diversity of electricity demand patterns, bal-
ancing authorities that operate in or near the geographic RTS
projection were chosen to represent each of the three RTS re-
gions. The balancing authority load profiles were drawn from
the dataset used in the Western Wind and Solar Integration Study
Phase 2 (WWSIS-2), which is based on the WECC TEPPC 2020
Common Case [10], [11]. The three load profiles were then nor-
malized to the peak regional load in the RTS (2850 MW). The
RTS-GMLC model provides two load time series for each re-
gion: a rolling 24-hour ahead forecast at hourly resolution and
an “actual” load profile at 5-minute resolution. Nodal load time
series data were derived from the static peak load distribution in
the RTS power flow case.

Generation profiles for wind, utility PV, rooftop PV, and hy-
dro were also selected from the WWSIS-2 dataset [10]. In order
to match the geographic extent of the network, wind and PV re-
source geospatial data layers were combined with transmission
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Fig. 2. Transmission, wind, and solar geospatial data layers used to add tem-
poral and geographic diversity to the RTS-GMLC model.
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Fig. 3. Changes in regional generation capacity mix between the RTS-96 and
RTS-GMLC.

data as shown in Fig. 2. Since the WWSIS-2 dataset contains
significantly more local capacity than is appropriate to include in
the RTS, specific wind and PV generators were selected at ran-
dom from the set of WWSIS-2 generators to achieve the regional
capacity mix (see Fig. 3). Wind and utility-scale PV generators
were connected to the nearest generation bus in the geo-located
RTS. Rooftop PV generators were connected to the nearest load
bus. PV profiles were generated using the System Advisor Model
(SAM) with 2006 meteorology [12]. Wind data was derived
from the WWSIS-2 dataset.> The RTS-GMLC model includes
both hourly and 5-minute resolution wind and solar profiles.

2 All generation profiles were adjusted in the WWSIS-2 project to be time
synchronized to the year 2020.
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The hourly profiles represent rolling 24-hour ahead forecasted
energy production for each generator, while the 5-minute pro-
files represent each generator’s “actual” energy production. The
details of the forecasting method are described in [10].

CSP has generator characteristics that are driven by solar irra-
diance and a variety of more traditional steam generator operat-
ing constraints. CSP can be bundled with thermal energy storage
(TES) to provide a variety of grid services including balancing
and time shifting of demand. The RTS-GMLC adopts the repre-
sentation of CSP-TES developed in [13] and detailed in [14]. The
representation utilizes SAM to calculate solar availability and
then dispatches the steam turbine portion of the plant given the
constraints of solar energy and operating characteristics of the
turbine itself. The modeled CSP-TES plant uses a solar field to
power block ratio (solar multiple) of 1.6 and has six hours of
thermal storage when operating at max capacity.

The economic competitiveness and technical capabilities of
energy storage are evolving to impact how load is balanced in
modern power systems. Energy storage can change demand pat-
terns and provide a full suite of energy and ancillary services. The
RTS-GMLC update incorporates the energy storage resource ca-
pabilities described in Denholm et al. [15]. The storage device
included in the RTS-GMLC dataset is a battery storage device
with a maximum charge and discharge rate of 50 MW, a round-
trip efficiency of 85%, and a usable energy storage capacity of
up to 150 MWh. In other words, the fully charged battery can
operate at maximum discharge rate for a three hour duration,
denoting an energy-to-power ratio of three. It solely performs
energy arbitrage (i.e., does not provide reserves) and has un-
bounded ramp rates and no other operational constraints. How-
ever, its representation can be easily altered to allow users to
model other forms of energy storage and allow it to provide
additional services.

The fossil generating fleet of the RTS-96 and prior models was
upgraded to reflect an evolving, modern generation mix. Some
of the coal and oil fueled generation in the RTS-96 were replaced
with 55 MW natural gas fired combustion turbines (GasCT) and
350 MW natural gas fired combined cycle (GasCC) generators.
Generator operating and emissions data for the natural gas fired
generators and missing data for other generators were adopted
from generation type specific capacity weighted averages of the
following WWSIS-2 generation fleet parameters: relative mini-
mum generation levels, relative ramp rates, forced and planned
outage rates, and repair and maintenance times [10]. Startup
parameters (start time, start heat, and minimum up/down time)
were based on turbine manufacturer data [16]-[19]. The changes
to the overall generation mix for each region are shown in Fig. 3
and are summarized for conventional plants (excluding wind
and solar) in Table III. In Table III, ‘Group’ corresponds to the
naming system used in the RTS-96 [4] and ‘Cap-MW’ indicates
the installed capacity of each unit.

To reflect the uniqueness and diversity of individual genera-
tion plants, we provide heat-rate parameters for each plant. Four
point heat rate curves are derived from the Environmental Pro-
tection Agency Clean Air Markets database [20]. Individual heat
rate curves are assigned to RTS generators by random selection
from the U.S. plant population, filtered by plant type and size.
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TABLE III
RTS-GMLC CONVENTIONAL GENERATING UNIT CHANGES

Region BusID  Group Cap-MW Type Units  Add/Rm
1 107 U100 80 Oil/ST 3 Remove
1 113 U197 95.1 Oil/ST 3 Remove
1 115 Ul2 12 Qil/ST 3 Remove
1 118 U400 400 Nuclear 1 Remove
1 123 U155 155 Coal/ST 1 Remove
2 201 u76 76 Coal/ST 1 Remove
2 207 U100 80 Oil/ST 3 Remove
2 213 U197 95.1 Oil/ST 3 Remove
2 215 U155 155 Coal/ST 1 Remove
2 215 Ul12 12 Oil/ST 5 Remove
2 221 U400 400 Nuclear 1 Remove
3 301 u76 76 Coal/ST 2 Remove
3 302 u76 76 Coal/ST 2 Remove
3 307 U100 80 Qil/ST 3 Remove
3 313 U197 95.1 Oil/ST 3 Remove
3 315 U155 155 Coal/ST 1 Remove
3 318 U400 400 Nuclear 1 Remove
3 321 U400 400 Nuclear 1 Remove
3 322 Us0 50 Hydro 2 Remove
3 323 U155 155 Coal/ST 2 Remove
3 323 U350 350 Coal/ST 1 Remove
1 107 U350 35 GasCC 1 Add
1 113 us5 55 GasCT 4 Add
1 118 U350 350 GasCC 1 Add
1 123 Us5 55 GasCT 3 Add
2 201 Us0 50 Hydro 1 Add
2 207 uss 55 GasCT 2 Add
2 213 Us5 55 GasCT 2 Add
2 213 U350 350 GasCC 1 Add
2 215 Us0 50 Hydro 3 Add
2 215 us5 55 GasCT 2 Add
2 218 U350 350 GasCC 1 Add
2 221 U350 350 GasCC 1 Add
2 223 us5 55 GasCT 3 Add
3 301 uss 55 GasCT 2 Add
3 302 Us5 55 GasCT 2 Add
3 307 uss 55 GasCT 2 Add
3 313 U350 350 GasCC 1 Add
3 315 Us5 55 GasCT 3 Add
3 318 U350 350 GasCC 1 Add
3 321 U350 350 GasCC 1 Add
3 322 Us5 55 GasCT 2 Add
3 323 U350 350 GasCC 2 Add

Fig. 4 shows the diversity of the RTS-GMLC heat-rates relative
to the RTS-96 data. In addition to providing a generation fleet
with unique and realistic heat rate and operating cost parameters,
heat-rate diversity can help generate optimization problems with
unique optimal solutions and help improve optimization solver
performance by avoiding symmetry.

Finally, the RTS-GMLC includes three operational reserve
product definitions, summarized in Table IV, for co-optimized
energy and reserve scheduling. Flexibility and regulation re-
serves are defined in both upward and downward directions,
while spinning reserves are only defined in the upward direc-
tion. Each reserve product is characterized by the timeframe in
which any capacity satisfying the requirement must be able to re-
spond. Reserve requirements are provided as time series for each
reserve product. The spinning reserve requirements are defined
as 3% of the regional load profiles. The flexibility and regula-
tion reserves are calculated using the methodology described in
Ibanez et al. [21].
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Fig. 4.  Average hourly heat-rates by plant output levels for each unit type in

the RTS-96 and RTS-GMLC. Shaded regions represent the range of individual
heat-rate values for each unit group.

TABLE IV
RTS-GMLC RESERVE PRODUCTS

Reserve Product Spingyy Flexpn  Regup  Regpn

Timeframe (minutes) 10 20 20 5 5

FlexUp

C. Online Publication

The RTS-GMLC is publicly available online via GitHub:
https://github.com/GridMod/RTS-GMLC [22].

IV. APPLICATION

A key application of the updated RTS model is in production
cost modeling. Production cost models (PCMs) are a class of
models used to simulate electric power system operations and
have become increasingly important as system planners and op-
erators face more decisions regarding how to manage large sys-
tems under increasing amounts of uncertainty. PCMs can inform
planner, operator, and policy maker decisions by simulating de-
tailed system operations under a variety of posited conditions.
Modern PCMs simulate electricity markets by formulating vari-
ations of UC and ED for generator and load scheduling [23].
Many of the updates described in Section III are focused on
improving the realism of PCM analyses conducted using RTS
models. The details of a PCM and the associated UC, ED, and
power flow formulations vary widely depending on the package
and options. Therefore, the following subsection presents an ex-
ample formulation that includes many of the features commonly
represented in PCMs.

In addition to the PCM application, the RTS-GMLC dataset is
compatible with several other traditional power system analysis
tools and includes formatted files for use in PSS/E and MAT-
POWER. PSS/E and MATPOWER allow for a suite of power
system simulations including power flow, optimal power flow,
transient stability, voltage stability, and contingency analysis
[24], [25]. Furthermore, the RTS-GMLC dataset intentionally
includes more generation capacity than is required to simulate
reliable power system operations. The overbuilt nature of the
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RTS-GMLC allows users to explore the impacts of different
generation and transmission configurations.

A. Example PCM Formulation

: » t,sd
min. E E Ly + ¢y suy, + ¢y sdj, (1)
k

t
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Nag=Y UVt @
k 7
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t,MIN ¢ t,MAX .
fili < [fij <1 v oti,5  (10)
u,su,sd € {0,1} (11)

Equations (1)—(11) provide a simplified example PCM formu-
lation, which optimizes electricity generation to meet demand
at minimized production cost. The objective function in (1) con-
siders operating (c}), startup (cZ"S“), and shutdown (cZ’Sd) costs
associated with each generation unit (k) in each time period ().
Equation (2) represents the system load balance constraint where
the sum of generation must equal the sum of load on all nodes (z)
in each time period. Equations (3)—(5) model generator technical
limitations. Equation (3) constrains committed generator out-
puts to within minimum (G™ ') and maximum (G 4X) out-
put levels, (4) restricts the temporal shifts in generation to within
ramping capabilities (A/“P, M °*™), and (5) connects the gener-
ator unit commitment status () with startup (su) and shutdown
(sd) transitions. Energy production constraints are represented in
(6), where generator energy output is constrained to a maximum
(E™MAX) defined over some time period (h). Nodal power bal-
ance is defined in (7), where f represents the MW flow along
each line (connecting nodes ¢ and j). Kirchhoff’s voltage law
is represented by the linearized power flow formulation in (8),
(9), where B; ; represents the susceptance of the transmission
element connecting nodes ¢ and j and 6 represents bus voltage
angles. Line flow limits are expressed by (10) and can represent
thermal, stability, or other power transfer limits. Equation (11)
specifies that unit commitment, startup, and shutdown variables
must take on discrete (binary) values. The example formulation
presented by (1)—(11) neglects the details required to appropri-
ately represent storage devices [26], concentrating solar power
facilities [27], and DC transmission infrastructure [28], and does
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Fig. 5. Illustration of an example day-ahead and real-time market simulation.

not include representations of several modeling details, such as
forced outages, generator up/down time constraints, fuel con-
straints, emissions constraints, and reserve/security constraints.
This basic formulation can be amended to represent such devices
and issues.

In addition to the core problem posed in (1)—(11), the exam-
ple PCM formulation requires a chronological framework over
which to optimize system operations. PCMs often consider a
year-long simulation horizon in order to capture long-term in-
tertemporal constraints and seasonal variability. A one-year sim-
ulation typically consists of 365 alternating day-ahead (UC) and
real-time (ED) market optimizations (steps). Steps are solved in
conjunction with a simulation engine which provides load, re-
newables, and contingency data. Fig. 5 applies the mathematical
formulation in (1)—(11) to a simple day-ahead and real-time op-
timization cycle framework. The day-ahead simulation consists
of a single UC optimization step that determines 24 hours of sys-
tem operations subject to forecasted load and renewables. Subse-
quently the real-time simulation consists of 288 5-minute steps,
which reoptimize the same 24 hours of system operations sub-
ject to actual load and renewables (redispatch). Because many
baseload generators are inflexible at short timescales, the real-
time simulation treats day-ahead baseload UC profiles as fixed
constraints. However, peaking generators such as gas CTs may
change commitment status in the real-time simulation.

A key challenge in implementing the example Fig. 5 frame-
work is the preservation of inter-temporal constraints (e.g.,
ramp rates and minimum up and down times) between opti-
mization steps via initial conditions. Here, each real-time step
uses the previous real-time system state as its initial condition.
Day-ahead steps mimic real-world market clearing practices by
taking initial conditions from the previous day’s midafternoon
real-time solution (solved forward to midnight using adjusted
forecast data). A further challenge is that ignorance of future
conditions can cause suboptimal decision-making at the ends
of optimization steps. The example framework avoids so-called
end-of-horizon effects by requiring the day-ahead and real-time
simulations to solve 48 hours and 15 minutes respectively at
a time, keeping only the first 24 hours and 5 minutes of each
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TABLE V
RTS-GMLC DEFAULT SIMULATION PARAMETERS

Simulation Parameter DAY-AHEAD REAL-TIME
Periods/Step 24 1
Period Resolution 60 minutes 5 minutes
Date From 1/1/20 1/1/20
Date To 12/31/20 12/31/20
Look Ahead Periods/Step 24 2
Look Ahead Period Resolution 60 minutes 5 minutes
Flexup, Flexpn, Reguyp.
Reserve Products Regup, Regpn, Regpn,
Spinyp Spinyyp

solution (core simulation) and discarding the remainder (look
ahead). The RTS-GMLC includes default parameters for a day-
ahead and real-time market simulation, which are summarized in
Table V.

B. PCM Simulation Implementation

The RTS-GMLC can be analyzed using any standard com-
mercial or open source PCM platform, and at the time of pub-
lication has been implemented in the PLEXOS [29], PSO [30],
PowerWorld [31], Prescient [32], and Backbone [33] PCM soft-
ware packages. We provide sample results from the Prescient,
Backbone, and PLEXOS implementations below, each of which
rely on expansions of the formulation of the problem posed in
(1)—(11) above. PLEXOS is acommercially available and widely
used energy systems optimization software developed by Energy
Exemplar. Backbone is an open source model developed by VIT
Technical Research Center of Finland and University College
Dublin. Backbone can perform both investment and operational
optimization with flexible time resolution and stochastic repre-
sentation [34]. Backbone is written in GAMS and provides mod-
eling flexibility to enable detailed modelling of specific systems
as well large-scale system simulations. Besides electricity, new
energy sectors, energy vectors, other processes, and material
flows can be added through input data. Prescient is developed
by Sandia National Laboratories specifically to allow for ex-
perimentation with advanced power grid operations models and
strategies, and provides transparent implementations of those
strategies. Prescient is an open source modeling package writ-
ten in Python, with UC and ED optimization components written
in the Pyomo open source optimization modeling language [35].
In addition to standard PCM simulation capabilities, Prescient
includes state-of-the-art UC models, advanced methods for con-
structing probabilistic scenarios, and stochastic UC models and
solvers.

Fig. 6 shows the hourly energy production results for a
July week using Backbone, PLEXOS, and Prescient. The
energy production results from each tool are summarizied by
generation category over the sample July week in Table VI. The
controlled experimental comparison excludes reserves, CSP
generation, the DC transmission line, and the storage device,
and demonstrates the suitability of the dataset for inclusion
in a variety of PCM platforms. The PLEXOS and Backbone
simulations are executed with identical parameters in a similar
simulation framework, and the results are equivelant to within
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Fig. 6. Hourly energy production from a day-ahead market simulation for a
July week using Backbone (top), PLEXOS (middle), and Prescient (bottom).

TABLE VI
RTS-GMLC ENERGY PRODUCTION (MWh) RESULTS BY GENERATION
CATEGORY FOR A JULY 10-15 DAY-AHEAD SIMULATION

Category Backbone PLEXOS  Prescient
Curtailment 4.72 3.80 1.32
Solar 110.60 111.58 110.86
Wind 80.71 80.93 84.82
Oil CT 0.38 0.23 0.60
Oil ST 0.00 0.00 0.00
Gas CT 0.00 0.89 0.36
Gas CC 176.69 174.40 163.47
Hydro 94.00 94.00 94.00
Coal 245.89 246.24 254.12
Nuclear 57.88 57.89 57.94
Total 766.16 766.16 766.16

the 0.1% optimality tolerances. Prescient is designed to more
explicitly reflect market clearing processes and executes with
representations of the day-ahead market clearing and realized
system operations in a nested framework. While the example
results are simulated without any forecast error, the discrepan-
cies in simulation framework generate slightly different results
since the model includes a real-time re-optimization subject to a
shorter optimization horizon (4 hr) that facilitates commitment
and dispatch deviations after the day-ahead market clearing.
Furthermore, because the optimization problem formulation
and simulation process used by PLEXOS is proprietary, it is
impossible to exactly diagnose the exact differences between the
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Fig. 8. Sample annual energy production from a day-ahead market simulation
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PLEXOS and the other tools. Fig. 7 shows energy production re-
sults at 5-minute resolution from a real-time market simulation
using PLEXOS. Finally, Fig. 8 shows annual energy by resource
for a year-long PLEXOS day-ahead simulation. Notably, the
RTS-GMLC optimization results (PLEXOS) exhibit conges-
tion (one or more binding transmission flow limits) 18.6% of
the year (1,632 hours), whereas optimal PCM solutions of the
published RTS-96 data are never congested. In addition, the
optimal scheduling of the RTS-GMLC fleet results in an annual
renewable (Wind, Solar, Hydro) energy penetration of 25.1%,
with 22.2% of the available wind and solar energy curtailed.

C. System Reliability Indices

Reference reliability indices for the system are provided based
on two nonsequential assessment methods. First, classical capac-
ity outage probability table analysis [36] was performed for each
time period to generate hourly loss-of-load probability (LOLP)
and expected unserved energy (EUE) values. Second, Monte
Carlo sampling [37] with a “pipe-and-bubble” transport model
was applied with 100,000 samples in each timestep to capture
the possible composite reliability impacts of transfer limits and
outage probabilities on interregional lines. For both approaches,
annual aggregate statistics are reported in Table VII and full
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TABLE VII
RTS-GMLC REFERENCE ANNUAL RELIABILITY STATISTICS

Monte Carlo (three-region):

Metric COPT estimate + standard error
LOLE3 (h/year) 0.00189808 0.0017 + 0.0001
EUE (MWh/year) 0.233809 0.24 + 0.03
NEUE (ppm) 0.00620911 0.0064 + 0.0008

hourly results are included in the RTS-GMLC GitHub reposi-
tory [22].3

The composite reliability results obtained from Monte Carlo
sampling are statistically indistinguishable from the exact gen-
eration reliability results from the capacity outage probability
table (COPT), indicating that interregional transmission consid-
erations contribute very little, if at all, to shortfall risk. In both
cases the reliability metrics are very low, indicating that the ad-
dition of variable generation to the RTS-96 without reducing
the aggregate capacity of conventional generation results in a
system that is significantly overbuilt. This allows for adjusting
the availability of certain generation resources to study different
development patterns as desired while maintaining acceptable
reliability levels.

The RTS-86 paper gives “exact” reliability indices for a two
area version of the RTS-79 system [3]. Preston and Barrows
adopt the methods used to generate the RTS-86 paper indices
and calculate the “exact” reliability indices for the RTS-GMLC
in [38] for two example load levels. While the RTS-86 paper
used a full binary tree to evaluate all the generator outage prob-
ability states without rounding assumptions for every hour in a
test year, the programmatic implementation in [38], RTS3, de-
velops an “exact” COPT, also without rounding assumptions, to
find the hourly LOLPs for the 2020 test year. The COPT is not
size-limited; however, the generators must be independent and
integer-valued to give “exact” LOLPs for the non-integer load
served every hour. Since wind and solar are weather dependent,
they are treated as load reducers in the RTS3 study files. The
RTS3 data, program and output reports are available on GitHub
(see Section III-C) for others to benchmark their models against.

V. CONCLUSION

We implemented a variety of updates to the RTS generation
and load, resulting in the RTS-GMLC. This new test system
includes modern generating resources with unique heat rate
assignments derived from real-world data, and a geographically
coherent 5-minute time series dataset for wind, solar, and
load. The update also includes power forecasts for load, wind,
utility-scale PV, rooftop PV and CSP resources at hourly
resolution. The resulting RTS-GMLC dataset presents unique
opportunities to examine issues related to reliabile operation and
planning of power systems while considering the availabilty of
forecasted and actual time series for wind and solar generation
and real power demand. The example applications presented

3When calculated over all hours of a year (as is done here), LOLE is sometimes
also referred to as LOLH (loss-of-load hours) to distinguish it from calculations
considering only peak daily net load hours.
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in Section IV demonstrate the dataset usability, and show
that the RTS-GMLC system has excess generation capacity.
Thus, the RTS-GMLC provides users with numerous options
to include subsets of the generation fleet to examine alternate
fleet configurations, to explore opportunities to increase re-
newable usage, or to explore a variety of other issues through
system modification or augmentation. While the majority of the
RTS-GMLC updates have been made to improve quality and
applicability of the dataset to modern power systems operations
and planning studies, we have preserved the extent of the RTS-
96 dataset in order to enable studies of system reliability and
stability.

The updated model is published on GitHub to facilitate dis-
semination and encourage collaboration. Individuals interested
in using the RTS-GMLC to explore modern power systems
are encouraged to collaborate and contribute modifications. As
the evolution of the RTS continues, future versions of the test
system will be tagged and released through technical publica-
tions. In addition to the updated data presented here, the repos-
itory includes formatted datasets for several common modeling
tools, including: PLEXOS, MATPOWER, PSO, PowerWorld,
PSS/E, Prescient, and Backbone [24], [25], [29]-[33]. Every
attempt has been made to create a dataset that reflects many
of the challenges posed by modern power systems, however
the effort is certainly incomplete. Obvious candidates for future
data augmentation include: capacity cost and resource avail-
ability information, different variable generation mixes, im-
proved generator dynamic models, improved representations
of storage resources, and time and price responsive demand
information.
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