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I Integration of Nuclear and Other Energy Sources

The Framework for Modelling Energy Systems (FRAMES) is
a structured IAEA support to Member States in the
development of different Energy System Models (ESMs) in:

: : o : ENERGY SYSTEM

« Exploring, analysing, and quantitatively comparing energy INPUT/QUTPUT
capacity expansion and integration options, particularly those : ' A [\
with nuclear generation and variable/intermittent renewable Lo g = —

energy (VRE) sources % | s | BoERRE
« Providing a structured analytical support to decision makers,

including:

v' on the role of nuclear combined with other energy sources
in strategic energy planning of future energy systems,
towards energy security and other development and
sustainability goals, such as “net zero” emission targets.
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INFAMOUS “DUCK CURVE" BECOMING THE “CANYON CURVE”
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More Renewables: Duck Curve” >> “Canyon”

Hour

s Total Demand = Residual Demand == Solar + Wind Generation
REF: CAISO data presented in “Battery Operations in Electricity Markets: Strategic

REF: “California 1SO — Renewables Reporting” http://www.caiso.com




I Effect of Variable and Intermittent Generation

Megawatts
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=== Total Demand Residual Demand Solar + Wind Generation

REF: “California ISO — Renewables Reporting” http://www.caiso.com

" On Grid Management:

\challenging at higher VRE integration

Not much at low variable renewable energy (VRE)
generation penetration. However, will get more

~

)

On NPP: A new ROLE

more often with higher VRE)

rate that grid needs
How much the new (or existing) NPP

v" Technically be able to that? and
\_ ¥ Financially stay competitive

> May no longer be baseload unit. So, may need
to be able to decrease/increase electrical
output when demanded by the grid (likely to be

> Power maneuvers will be with a certain ramp

<
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I Effect of High Variable and Intermittent Generation

" On Grid Management: i
High potential for instability of grid as many generating |1 - 2020
units will be dropped to the minimum stable generation || ~ ;g;;
(MSG) or be shutdown with a need to start up in a very || — 50,3

\ short time after with a fast ramp rate

A
/On NPP: \-
» Power change will be with deeper power
decrease/increase and more often
» Power maneuvers may be with a very fast ramp
rate

Can/will the new (or existing) NPP
v’ Technically be able to that? and
\_ ¥ Financially stay competitive .




I IMPACT ON TRADITIONAL NPP OPERATION

High capital cost BUT low generation
cost makes operating NPPs as

ewable

baseload is the most economically
advantageous method
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I ENABLING TECHNICAL CAPABILITIES FOR FLEXIBLE NUCLEAR

> It is feasible to design a new NPP, or convert an
existing NPP, for flexible operation safely, reliably and
efficiently.

IAEA Nuclear Energy Series

> In general, flexible operation of NPP will add
incremental capital and O&M costs at the plant level
but will likely provide benefits at the portfolio and grid
levels and to the economy at large.

» The additional costs at plant level for flexible operation
may or may not be recoverable, depending on the
electricity market arrangements.

\Freqmncy Control
D Modes of Flexible

» Policy makers might look at mechanisms to incentivize
plant owners to operate flexibly when there are benefits
at the grid and economy wide levels.



FINANCIAL: NEED FOR SIMULATE THE WHOLE INTEGRATED SYSTEM

AND FOR QUANTIFYING:

v Adequate capacity (missing or
excess) for optimal system

v" Operation of the system with optimal | =

winter month

capacity expansion and integration, | i
including system flexibility —and | s
associated costs

v Competitiveness of energy sources alage MIC NIWSMR  mHTR . wcer  meoress

v Impact (or value) of key financial, | """~
technical, regulatory and policy
aspects




I INTENDED USE OF FRAMES

External Expert Consensus: |AEA and its Members
States need models and tools like those of FRAMES as
a support to strategic Nuclear Energy System (NES)
planning and sustainable capacity expansion decision-

By doing so, it provides a

making, particularly in the systems with high VRE quantitative
penetration investigation/analysis/
. assessment of different NES
- Going beyond the LCOE/LUEC measurement, scenarios to compare the
the FRAMES : competitiveness and

Provides additional
[generation, storage, energy
carrying] capacity expansion
(and non-electric coupling) in

sustainability of integrated
system elements

Captures the traditional }
unit commitment (UC)
optimization needs and
features, particularly in the

an Energy System, based on
overall system cost
£\ _measurement

presence of variable and
i\ intermittentenergy sources }



Main Components of the Framework

FRAMEWORK FOR MODELLING ENERGY SYSTEMS (FRAMES)
\

s N

REFERENCE DATABASE

Current and prejected

financlal, technlcaland operational
specifications % Structured input and assumption data entry

for existingand future technologies for designing specific energy system model A syntax that is very close tothe algebraic
notation for optimization

FRAMES TOOL FRAMES MODEL

Based on a MILP problem description of

Data processing and attunement of all ]
the optimization

sources
AMPL to formulate the problem

Setting up scenarios with Integrated
considerations of financial, technical, and Reference energy system representation
regulatory conditions and energy strategies
and policies

Temporal detail to reflect the variability and
intermittency of renewable energy sources
and system flexibility

With an objective of minimizingtotal
system levelized cost /

¢ Solving for minimized total system levelized cost

+* Preparing standard reports to quantitatively
compare:

» Optimal capacity expansion pathways

» Optimal design and operation of the system

» Competitiveness of energy sources

» Impact of key financial, technical, regulatory
and policy impacts




= The

g FRAMES MODEL

analytical  approach,
mathematical formulation,
algorithm of an energy system
and its elements, with an
objective (minimum system
cost) to be reached within

defined constraints and
boundaries
‘Reference  energy  system

representation”

NUCLEAR ENERGY SYSTEM

The Specific ESM
and
The Scenario in it

FRAMES TOOL

Quantitatively compare:

v Adequate capacity (missing or

v

excess) for optimal
capacity expansion

Operation of the system with
optimal capacity expansion and
integration, including system
flexibility and associated costs

Competitiveness of energy
sources

Impact/value of key financial,
technical, regulatory and policyj

system

\ aspects




Specific System Flexibility Information by FRAMES
to tune Long-Term Energy Planning Models/Tools

v Effective Variable Costs
v'Costs of Flexibility Needs

o Startup/Shutdown Costs
o Cost of Unserved Reserves

* On/Off Status (startup/shutdown)
 Ramping (frequency and load control)
» Effective energy/H, generation

* VRE Curtailment o Cost of Unserved Energy
 Use of reserves o Cost of DSM
« DSM-shed load o Curtailment Costs

v Effective Capacity Factors

Total System Levelized Cost of Energy (TSLCOE)



I Importance of System Cost in Comparing and Decision Making

Technology Mean
(Lazard, Apr. 2023) (USD/MWh)

(USD/MWh)

FRAMES (X) Idel’ (Germany) Idel’ (Texas)

Coal 68 —166 78
Natural Gas CC 39 —101
Natural Gas CT 115 —221

Nuclear 141 -221
Solar 24 —96
On-shore Wind 24 —75

* H,CT
** Flexible nuclear (Load Follow & frequency control)

TREF: Idel R., “Levelized Full System Costs of Electricity”, Energy, Volume 259, 2022, https://www.sciencedirect.com/science/article/pii/S0360544222018035



Quantification of key financial, technical, regulatory and policy impacts

Total system cost [S/y] Installed capacity (Electricity) — Limiting CO, Emission

H Other

B SMRs + CCS

B SMRs

B High temp.
electrolyzers

B Electrolyzers

W Batteries

B Wind off-shore

B Wind on-shore
Solar PV

H Other thermal units

M LWR (large & small
Policy support to all  Policy support limited  No policy support reactors)

low-carbon to VRE Policy support to all low-carbon  Policy support limited to VRE No policy support
technologies technologies




I Non-Electrical Use: Impact/Value of Nuclear Generation in Hydrogen Network

Total system cost [S/y] - 507.8 TWh H2 demand

Billions

m Other

m SMRs + CCS
m SMRs
m High temp. electrolyzers
m Electrolyzers
W Batteries
m Wind off-shore
m Wind on-shore
Solar PV
. l m Other thermal units
_——

m HTR

m LWR (large & small reactors)

Low NUCno Low NUC(H1) No limits (H2) Thermal H2 Thermal H2
CCS (HO) NUC (H3) NUC no CCS
(H3b)




IAEA Activities on FRAMES

2020 2021 2022 2023 2024 2025

Need for Model Collaborative Project

(Flexible NPPs,
Nuclear + VREs)
Development of Rev. o V&V of Rev. a

Development of
Rev. B

Development
of Rev. 1.0
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