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Why Should You Care 
About EMIS? 
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In the United States, 
Independent System Operators 
(ISOs) and Regional 
Transmission Organizations 
(RTOs) operate competitive 
wholesale electricity markets. 

Today, these ISOs/RTOs 
collectively serve two-thirds of 
electricity consumers in the 
United States.

Source: ISO/RTO Council

https://isorto.org/#committee-section
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Electricity Markets Are Unlike Any Other Market

Source: Marginal Cost Pricing in a World without Perfect Competition

https://www.nrel.gov/docs/fy18osti/69076.pdf
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Core Challenge: Getting Prices Right

 Market prices and operational outcomes impact 
investment decisions, which in turn influence 
resource adequacy (RA). This interaction is 
especially challenging under future economic, 
market, and system uncertainty.

 Traditional capacity expansion models 
inherently guarantee cost recovery and miss 
nuances of real-world investment processes, 
such as imperfect information and investor risk 
attitudes.

Market 
Design

Investment/ 
Retirement

Resource 
Adequacy
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EMIS: A Fundamentally Different Modeling Approach
• Agent-based capacity expansion modeling with detailed representation of market 

design, as well as imperfect information and different risk attitudes, technology 
preferences, and financing parameters

• Capture interaction between market design, investment, and RA
• Integrated with NREL’s Probabilistic Resource Adequacy Suite (PRAS) and Sienna tools

Electricity Markets and 
Investment Suite (EMIS)

Capacity Expansion Model (CEM)
(Max. social welfare)

Heterogenous, Profit-
Seeking Investor Agent x, 

Scenario y

Generator Build/ 
Retirement Decisions

Market Prices, 
Accepted Bids,

Cleared Capacities

Market Bids

Wholesale Electricity Market Clearing

Energy and Ancillary Services 
Markets 

(Sienna PCM)

Capacity Market

Renewable Energy 
Certificates (REC) / Clean 

Energy Market

Resource Adequacy Model

Single-Stage Operations 
with Monte Carlo 
Outages (PRAS)

Single- or Multi-Stage 
Operations 

        (Sienna PCM)

Modified from https://doi.org/10.1016/j.apenergy.2021.117908 PCM = Production Cost Model (unit commitment and economic dispatch)

https://www.nrel.gov/analysis/pras.html
https://www.nrel.gov/analysis/sienna.html
https://github.com/NREL/EMISAgentSimulation.jl
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EMIS Can Answer Questions Relating to 
Market Design and RA Under Uncertainty

• What market structures are needed to incentivize for investment of 
the attributes needed to support RA?

• How robust are those market structures to extreme weather and/or 
climate change (with temperature-correlated outages)?

• How does uncertainty from other sources (load growth, policy, market 
design, fuel prices, etc.) impact investment decisions?



How Does EMIS Work?
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Agent-Level 
Price Prediction 
and Investment

• Each investor agent uses a capacity expansion model (CEM) for predicting long-term 
wholesale electricity market prices (dual variables) and resource utilization.

• Each investor’s CEM model considers their beliefs about the future (e.g., load 
growth, etc.) and is applied across multiple scenarios to capture uncertainty. 

• Investment and retirement decisions are made based on expected utility, which is 
calculated from the prices, predicted resource utilization, financing parameters, and 
risk profiles across the scenarios.
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EMIS Currently Includes Four Stylized Investor Agents

Name
Investment
Technology
 Preference

Capital Cost 
Multiplier 

(increasing capital 
cost)

Perceived
Riskiness (impacts 

discount rate)

Risk
Preference (parameter in 

expected utility)

New Entrant Wind, PV,
Battery

High
 (1.143)            

High
 (2.0%)

Very Risk Averse
(1.0e-5) 

IPP Gas CC,
Gas CT, RE-CT

Mid
 (1.105)             

Mid
 (1.0%)

Very Risk Averse
(1.0e-5) 

C&I IPP Wind, PV
Mid

 (1.105)             
Low

 (0.5%)
Risk Averse

 (1.0e-6)      

Large Utility
Gas CC, 

Gas CT, RE-CT, Wind, PV, 
Battery   

Low
 (1.085)             

None
 (0.0%)  

Risk Averse
 (1.0e-6)      

IPP: Independent Power Producer; C&I: Commercial and Industrial; PV: Photovoltaic;
CC: Combined Cycle turbine; CT: Combustion Turbine; RE-CT: Renewable Energy CT; WACC: Weighted Average Cost of Capital; p.a: per annum
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EMIS Tracks Multiple Project Phases for Investment 
and Retirement

Decision: 
pre-construction 

investment

Possible decision: profitability-based retirement/exit

*Not drawn to scale
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Wholesale 
Market 
Clearing

• Each market is cleared based on full set of agents’ submitted bids.

• The set of market products and/or operational structures is customizable:
− Forward capacity market
− Operating reserves (e.g., reg up, reg down, flex up, flex down, primary, 

synchronous) with various scarcity pricing structures (e.g., single value, operating 
reserve demand curve [ORDC], etc.) and eligibility rules

− Renewable/clean energy markets
− Multi-day markets
− Other
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Recent Market Design Updates Have Strengthened 
the Linkage with RA

ORDCs are one example:
• Sequential Monte Carlo (SMC): RA-informed approach that calculates generator 

and storage resource unavailability profiles accounting for chronology factors
• Convolution: Original method that does not account for chronology

Convolution tends to under-
value the potential of 
storage in reducing 
probabilities of reserve 
shortfall, resulting in higher 
scarcity probabilities and 
ORDC prices.
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RA Check and 
Feedback

• RA is assessed at each investment interval and can also be feed back into the market 
design(s)

• So far, we have focused on RA-adjusted capacity markets and ORDCs

• Many different RA model configurations are possible

See past Powered By webinars for more on 
PRAS (September 2024) and Sienna (June 2024)!

www.nrel.gov/grid/powered-by-webinar-series.html 

http://www.nrel.gov/grid/powered-by-webinar-series.html


EMIS Use Cases



Currently Applied to Two Stylized, Realistic Test 
Systems

RTS-GMLC
• 3 zones based loosely on portions of 

the SW U.S. (CA, NV, AZ)
• Initial system peak load ~8 GW

https://github.com/GridMod/RTS-GMLC 

ERCOT-like test system
• 8 zones 
• Initial system peak load ~76 GW

https://dx.doi.org/10.2139/ssrn.4896921 

https://github.com/GridMod/RTS-GMLC
https://dx.doi.org/10.2139/ssrn.4896921
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Published EMIS Analyses

• Impacts of investor heterogeneity, 
uncertainty, risk aversion, etc.

• Different wholesale market structures 
and products:

– Energy-only
– Capacity market
– Clean Energy Certificates
– Operating Reserve Demand 

Curves (ORDCs)
– Inertia/FFR
– Eligibility rules for operating 

reserves and capacity markets 
(e.g., Minimum Offer Pricing Rule 
[MOPR])

– RA-informed ORDCs and capacity 
market demand curves

– Multi-day markets
https://www.sciencedirect.com/scien
ce/article/pii/S0306261921012198

https://www.sciencedirect.com/scie
nce/article/pii/S0306261923003161 

https://doi.org/10.1016/j.ape
nergy.2024.122774 

https://publications.an
l.gov/anlpubs/2024/08
/190452.pdf 

https://www.sciencedirect.com/science/article/pii/S0306261921012198
https://www.sciencedirect.com/science/article/pii/S0306261921012198
https://www.sciencedirect.com/science/article/pii/S0306261923003161
https://www.sciencedirect.com/science/article/pii/S0306261923003161
https://doi.org/10.1016/j.apenergy.2024.122774
https://doi.org/10.1016/j.apenergy.2024.122774
https://publications.anl.gov/anlpubs/2024/08/190452.pdf
https://publications.anl.gov/anlpubs/2024/08/190452.pdf
https://publications.anl.gov/anlpubs/2024/08/190452.pdf
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Explore Impacts of Investor Heterogeneity

https://www.sciencedirect.com/science/article/pii/S0306261921012198

Compared to homogenous agents, heterogeneous agents 
build different quantities of new capacity (1) at the 
aggregate technology level, and (2) between agents, with 
the Large Utility taking the majority share due to 
favorable financing terms.

https://www.sciencedirect.com/science/article/pii/S0306261921012198
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Explore Different Products: 
Stylized Inertia/Fast Frequency Response

https://www.sciencedirect.com/science/article/pii/S0306261923003161 

At high clean energy targets, adding an inertia-like product can 
favor technologies that support both the inertia requirement 
and clean energy target but also result in potentially 
redundant resource utilization.

CET = clean energy target (Low = 45% by 2035, High = 100% by 2035)

https://www.sciencedirect.com/science/article/pii/S0306261923003161
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Evaluate Investor-Level Profit

https://www.sciencedirect.com/science/article/pii/S0306261923003161 

Without a capacity market (i.e., energy-only market):
• Firms that invest in thermal units (IPP and Large Utility) 

experience reductions in profitability 
• New Entrant and C&I IPP (who only build clean energy) 

experience slight improvements in profitability, as they can 
more than recover lost capacity market revenues through 
higher clean energy market and energy market revenues

CET = clean energy target (Low = 45% by 2035, Mid = 75% by 2035, High = 100% by 2035)

https://www.sciencedirect.com/science/article/pii/S0306261923003161
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Explore Impact of Eligibility Rules: 
Operating Reserves

https://www.sciencedirect.com/science/article/pii/S0306261923003161 

Market rules that restrict participation of clean energy 
resources for providing operating reserves can result in 
significant price (and revenue) differences.

VRE = variable renewable energy; CET = clean energy target (High = 100% by 2035)

https://www.sciencedirect.com/science/article/pii/S0306261923003161
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Compare Market Designs Across Different Clean 
Energy Targets

https://doi.org/10.1016/j.apenergy.2024.122774 

Achieving very high 
clean energy generation 
targets depends on the 
cost-competitiveness of 
clean energy 
technologies that can 
support balancing 
needs across multiple 
timescales.

CET = clean energy target (Mid = 75% by 2035, High = 100% by 2035); RE CT = renewable combustion turbine 
(CT), which is proxy for generic flexible CT generator that is fueled by a range of potential renewable fuels

https://doi.org/10.1016/j.apenergy.2024.122774
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Compare Different RA Mechanisms: 
RA Impacts

https://doi.org/10.1016/j.apenergy.2024.122774 

Absence of any RA mechanism (capacity 
market or ORDC) results in system build-
outs with lower reliability levels

Capacity 
markets 
and ORDC 
can both 
achieve RA 
targetRA-informed cap. mkt.

No ORDC or cap. mkt.

Convol. ORDC, no cap. mkt.
Static cap. mkt., no ORDC

NEUE = normalized expected unserved energy

https://doi.org/10.1016/j.apenergy.2024.122774
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Compare Different RA Mechanisms: 
Operational Impacts

https://publications.anl.gov/anlpubs/2024/08/190452.pdf 

Compared to a capacity market alone, an ORDC alone may 
more effectively incentivize capacity availability by 
efficiently committing resources in the day-ahead market 
to be available in real-time operations.

Availability is based on the real-time capacity from day-ahead commitment outcomes of all generation resources excluding 
hydropower, wind, solar, and battery, and it includes hours when locational marginal prices are more than $1,000/MWh

https://publications.anl.gov/anlpubs/2024/08/190452.pdf


NREL    |    26

Evaluate the Impact of Different Weather Years on 
RA and Market Design

https://publications.anl.gov/anlpubs/2024/08/190452.pdf 

RA differences are greater between weather 
years than between market mechanisms.

NEUE = normalized expected unserved energy

https://publications.anl.gov/anlpubs/2024/08/190452.pdf
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Current Work: Multi-Day Market

Multi-day (MD) Simulation (3-day out)

Commitment of 
long start-up units, 
Storage targets etc.

Day-ahead 
commitment

…Day-ahead (DA) 
Simulation

Real-time (RT)
Simulation

… Real-time (RT)
Simulation

Day-ahead (DA) 
Simulation

Real-time (RT)
Simulation

… Real-time (RT)
Simulation

Settle MD dispatches at 
MD prices

…

Settle differences between MD 
and DA dispatches at DA prices

Settle differences between DA 
and RT dispatches at RT prices

Initial Conditions

Initial Conditions

Stay tuned for future results!



How To Access EMIS
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EMIS Is Open Source!

Only the application to the modified 
RTS-GMLC dataset (and not ERCOT) is 
currently available. We recommend 
starting with the “sa_analysis” branch, 
which corresponds to the Anwar et al. 
(2024) publication. We hope to make 
more data/versions available in the 
future.

Read more on the EMIS website:

https://www.nrel.gov/grid/emis.html 

https://github.com/NREL/EMISAgentSimulation.jl 
 

https://doi.org/10.1016/j.apenergy.2024.122774
https://doi.org/10.1016/j.apenergy.2024.122774
https://www.nrel.gov/grid/emis.html


www.nrel.gov

Questions?
NREL/PR-6A40-92750

bethany.frew@nrel.gov

This work was authored in part by the National Renewable Energy Laboratory, for the U.S. Department of Energy (DOE) under 
Contract No. DE-AC36-08GO28308. The views expressed within do not necessarily represent the views of the DOE or the U.S. 
Government. Neither the United States government nor any agency thereof, nor any of their employees, makes any warranty, 
express or implied, or assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not infringe privately owned rights. 
Reference herein to any specific commercial product, process, or service by trade name, trademark, manufacturer, or otherwise 
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the United States government or any 
agency thereof. The views expressed in the presentation do not necessarily represent the views of the DOE or the U.S. 
Government or any agency thereof. 
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