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 EWFHT (Generation / Storage / Loads)

e KPI Modeling

e Resiliency

e Socio-cultural
* Economic

e Environmental

e Reliability / Safety / Security

e Technical

KP1 Modeling

Component 1

Component 2

Component 3

Component 4
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Environmental

Reliability =
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+ Public Acceptance
« Diversity of Supply

+ Capital Cost

* Replacement Cost
* Operational Cost
* Payback Period

+ Life Cycle

+ Greenhouse Gas Emissions
+ Pollotant Emissions

+ Noise

+ Waste

+ System average imterruption distribution index (SAIDI)
+ System average imterruption frequency index (SAIFI)
+ Average service availability index (ASAT)

* Expected energy not served (EENS)

* Customer average intermuption duration index (CAIDI)
+ Average energy not supplied (AENS)

* Power Balance

* Power Losses

* Total Harmonic Distortion

* Capacity Factor

+ Load Factor

* Microgrid Supply, Load, Reliability, Availability
* Electric Grid Dependence
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LOPA (Layer of Protection Analysis)

LOPA Definition: is to determine if there are sufficient layers of protection

against the consequences of an accident scenario (can the risk be tolerated?).

1P, 1P, 1P

PFD_. = vy
PFD_. — .
T=>x 7 » & v
PFD. — yl = W el e ==

SUuCCessS

INnitiatimng Event

Estimated

T,= 2 T w,
Frecquermn iy

SuUuCcCcCCess

f, = x

X oeawyr:

Arrowe represents |
severity and frequency of Frequency
the Impact Event it later 4—

IPLs are mnot successtul
Il--—!'_,&-..- -E-I‘it_n.-—-l-l

1P L — Independaent Protection Lawver
FPFLD - Probability o Faillure omn Daermancd

T — frecquaemncy, My

Impact Event
COCcoCcurs

Impact Event
FrecuennCy,
T, = 2 7w, ™ v T v,

Safte Outcome

SatTe COutcorm e

SatTe (COutcorm e



LORPA: Layers of Reslliency and IRLS IPLs
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Proposed Resilience Framework

The proposed framework evaluates the ability of
interconnected infrastructures to withstand
disturbances, maintain critical functionality, and
recover efficiently. The framework combines
resilience design, monitoring, control, alarm
management, and protection mechanisms to
improve overall system performance during
abnormal operating conditions.

Resilience Framewark
IRD} - Inherent Resillency

Design
|Storage, Redundancy,
Cogeneration)

ll'::,f;:ﬂ::ﬁiﬁ Disturbance Scenarios o RE?“T::_IY Contred

+ Ener « Demand Increase / (s s YI.‘ogic Control Performance Evaluation

.\ wmg‘:' . Decrease . Actions) Simulate System Response
+ Transportation = supply Disruptions RAM - Resiliency Alarm Before and After

» Waste + Equipment Failures Management Disturbances
 Social Systems = Extomal Evants {Warning and Critical

Alarms)

RIS - Resiliency Interlock
System
{Autoematic Protection and
Recovery)

Four Resilience Layers

Layers Function Role in Resilience

IRD (Inherent Built-in resilience through system Reduces the likelihood of performance

Resiliency design features such as energy degradation and provides the first line

Design) storage, redundancy, backup of defense against disturbances.
generation, and cogeneration.

RCS Uses sensors, monitoring systems, and | Maintains system operation during

(Resiliency control logic to continuously track disturbances by adjusting supply,

Control System)

system conditions and implement
corrective actions.

storage, and load conditions in real
time.

RAM
(Resiliency
Alarm
Management)

Provides resilience alarms,
performance warnings, and operator
notifications when critical limits are
approached.

Improves situational awareness and
supports timely decision-making before
system performance is significantly
affected.

RIS (Resiliency

Automatically activates protection

Prevents major system failures and

Interlock mechanisms, backup resources, and accelerates recovery when response
System) emergency response actions when times are too short for manual
critical conditions occur. intervention.
Respanss Time (RT)
RT=t: -ty
ts = Disturbance Start Time
Erluate Recovery Speed ‘  Restlence Coupling
Resilience Assessment u;?::i.l .IE:E:ET(: J Sensitivity dnalysis Overall System Resilience
Ri = Performance Factor Ki = Subsystemn KPI Vary Weight Factors Final Resilience Score
Rz = Response Time Factor = el g ’;l Eactor *  Identify Critical Subsystems o System Reliability
Combine Recovery Speed g Determing Greatest Impact Recovery Capability

Performance Gap (PG)
PG = |Pideal - Preached|
Pideal = Ideal Performance
Preached = Recovered
Performance
Evaluates Performance Loss

Energy, Water, Transport,
Environment and Social
KPls

and Performance Retention

on Crverall Resilience

Performance Evaluation



ouble bowtie (IRL)
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_ a
Nuclear Power Analysis S

* Nuclear Reactor Limitations:

 New designs (Generation I+ and IV) have load-following capabilities but were not originally designed for it.

* Each design has its own operational limitations for load-following. Toad Following

A T MW
cronym ype e (%pm)
e Evaluation Challenges: BWRX-300 BWR 300 0.50%
. ) NuScale PWR 710 (6x12) 0.67%

e Existing models and simulators help understand
) i . ) IMSR-400 MSR 194 5.00%
physical effects but are insufficient for real-life

ACR-1000 HWR 1200 0.40%

conditions.

Source: International Atomic Energy Agency. "Advanced Reactors Information System (ARIS)."

e Difficulty in evaluating systems considering grid

demand and flexibility for integrating renewable hybrid “ h—0
energy systems. f Secenda = e T
 Need for Comprehensive Evaluation: = =y e et
. ’ M ( ' t 3 =
* Assessing the performance of individual componentsis += i+ || = | Y :.: El\”wm
not enough- 3 ! ' 3 ' L SOLAR BACKUP
] )
[ .
. . . . ' - =i i PROCESS 77| [ cHEMICAL PRODUCTION
* Understanding cooperative interactions between 1] - 5 heatuses [ 2o oo
different energy sources and load demand is essential. -~ ~© Secondary

Heat Exchanger

Source: Terrestrial Energy. "Versatile." Terrestrial Energy



Proposed Approach 5’1

e e e —— —]

* Contribute to the development and evaluation of Nuclear-Renewable Hybrid 1. Nuclear Reactor

| |
' |
Energy Systems (N-RHES) with Load Following capabilities. | 2. Reactor Core Modeling
| Nuclear Control '
e Address the complexities of transitioning to a zero-carbon future by | /;" Modeling 3. Power Control Approach ;
1 7 '
integrating nuclear and renewable energy. A 1 I
PR . 4 4. Load Following Control '
* Employ a three-fold approach: et l I
et I Real-time |
e | Simulator I
,’ Nuclear Reactor in the Loop '
1. Development of Adaptive Control Model ¢ R
’ - T~ ————§—————mm—m—mm=====- -1
g | :
’ |
,/ ' Power Generation I
’ | Renewable Sources
/’ : (Nuclear) :
2. Integration with NRIL for Real-Time Validation ¢ | [
|
I A 4 \ 4 \ 4 [ ]
| A i
——’—’—? : v v |
3. Evaluate LF performance with NR-HES Simulator - ! :
I Energy Storage Energy Demand :
| Systems LOAD I
|
I |

—— Power Network Signal Line Coding Command



Development of Adaptive Control Model

Sh

* A nuclear power plant relies on the controlled fission of heavy nuclei to produce heat, which is then used to generate

steam. This steam drives turbines connected to generators, producing electricity. The interrelation of the following

physical phenomena ensures the efficient and safe production of nuclear power:

e Fission and Heat Generation

* Moderation and Control

* Heat Transfer and Steam Production

e Mechanical to Electrical Energy Conversion

* Cooling and Safety Systems

Control Rods

L

Reactor

Pressurizer

Pump

Turbine

Steam Valve

Electrical Energy

Steam
Generator

Condenser

Pump

PWR



Lab Setup

Measure DC Voltage

<- Lab Setup

Hardware Integration (Arduino)
Nuclear Reactor Modeling

User Input

Blue button: Set 50% Power Rate
Yellow button: Set 80% Power Rate
Red button: Set 100% Power Rate

OPAL-RT
Real Time Simulator

Oscilloscope
Display output power curve

» Set the Power Rate at 50%
Set the Power Rate at 80%
» Set the Power Rate at 100%

LEDs to indicate which power rate is set

Modelling: H. B. Robinson Steam Electric Plant (1000kW PWR})
Power Variation 50% to 100%

Hardware Integration

Integration with NRIL for Real-Time Validation

Nominal Power Rate
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Design and Simulation of a Nuclear-Renewable Micro
Hybrid Energy System for Electric Vehicle Charging
Stations
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Optimal Ratio of Nuclear-
Renewable Energy Systems



System Schematic

e Base Case

Gas/Coal-fired power plants
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Base Case: Cost of Generating Electricity
Gas and Coal Fired Power Plant

e Reference:
e Projected Costs of Generation Electricity
e 2020 Edition
 International Energy Agency (IEA) and Nuclear Energy Agency (NEA)

Natural Gas Coal Plant
Cost of Energy vs CO2 Emissions Cost of Energy vs CO2 Emissions
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Input

Renewable Resources , ®
* Location: Remote Community
 Northern Ontario, Canada
: m:‘"ﬂﬂ Monted
e Database: g o
e NASA Prediction of Worldwide Energy Resource (POWER) STATES prol M & o
e Solar Resource: 3.2 kWh/m2/day  Wind Resource: 4.73 m/s
e M Radiation - 1 4]
] *z::
§4 07 E 4 -
g %é f 3
%3 05 % g
::-2;2 - 04 8 :-51 2 -
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Input
Energy Profile

e Generic energy profile for a remote community

2000

Average Consumption 14,000 kWh/day

Average Power 583.33 kW - S
Power Peak 1,586.4 kW t
Load Factor 0.37 -

kw




Case Study - Results
Electrical Analysis — Ratio Nuclear vs Renewable

e Simulation: HOMER Pro
» System configuration that provided lowest Cost of Electricity: Levelized COE $0.5148

ENERGY SOURCE SHARE : - v by "
POWER INSTALLED nergy eneration yr A

ool mWind = Nuclear Solar Energy 233,793 3.94
Wind Energy 403,680 6.8
Nuclear Energy 5,257,640 88.5
Generator — Fuel Cell 44,025 0.74
Monthly E&’%m
B Wind Turbine 600 - @
:::::r::w s Sﬁ
BFC 400 -
g 300 4
Solar Energy 167 12 e
Wind Energy 200 15 B

lan Feb Mar Apr May Jun Jul Aug Sep Oct MNov Dec
Nuclear Energy 1000 73



Case Study - Results
Energy Storage — Hydrogen Tank

Tank Level
24+ 58,000 kg
18- 56,000 kg
X 54,000 kg
B2

52,000 kg

Hydrogen Storage Capacity 100,000 kg

50,000 kg

o<, : . - \ - 48,000 kg
Energy Storage Capacity 3,334 MWh ) * O o e =
Autonomy 5,714 hr
E_‘.Eﬂm: 1L E e
E . e
% == ===
45ﬂm I I I I 1 ] I I | I

lan Feb Mar Apr May Jun Jul Aug Sep Oct Mov Dec



Case Study - Results

Economic Analysis
e Proposed System: Ui
NPC — Net Present Cost $40,175,660
Levelized Cost of Energy $0.5148
Operating Cost $2,239,157.00

* Base Case:
Case Study:
Natural Gas Levelized Cost of Energy: $0.5148

Cost of Energy vs CO2 Emissions

120 0.45

100

= 035 =
o A T 0.30 %
|_| I_I \ 0.25 2

— 420 & CO2 Emission:

LCOE [USD/MWH]
g

40 015 &
. ‘ ‘ ‘ H H ‘ 010 & Natural Gas - Canada: 0.36 tCO2/MWh
0.05 w
0 0.00 ] . .
F S E S L & P Considering energy consumption:
35 I (o o
L €& 5,110 MWh/year
T LCOR (USD/MWR) = Carbon (tCO2/MWh) Total emission using Natural Gas:

1,840 tonnes of CO2 per year



Nuclear-Renewable Hybrid Energy Systems
Simulator (NR-HESS)

1 OntarioTech A
Smart Energy Systems LabAUA

Microgrid Marine
Applications

SMRIL / Microgrid

NRIiL Applications
NR-HESS

Fast Charging

Hydrogen

Matlab / Production

HOMER
e Renewable Energy and Energy Storage Systems
e Nuclear Power Technologies
e Nuclear-Renewable Hybrid Energy Systems
e Demand Side Management
e Micro Hybrid Energy Systems
e Techno-Economic Analysis
e Group Discussions and Individual Work



SIMULATOR INPUT

* Energy Demand

* Daily Profile Projection:

* Projection Base: Library of daily

demand profiles.

e Daily Demand (Per-Unit): Hourly values
set by the user, representing the energy
demand at different times of the day.
The "per-unit" concept normalizes
demand to a base value, allowing for
easier comparison and analysis of
different profiles.

* Key Features:

e This section is essential as it influences
how energy sources will operate
throughout the day.

e Similar to the yearly projection, users
can save up to 10 different daily
profiles.

Muclear-Renewable Hybrid Energy System Simulator

g"E'ﬁéiﬁir"ﬁé'r'riéﬁ'd”g| Location | System Schematic |

Projection Base: ] Defmad 2 j
Energy Demand [GWh]: 199 Energy Demand
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s - Daily Energy Profile
00:00 | ;870406 1XE00 | 1 pa1052 ¥ Energy
150
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Application in the NRHESS

e Schematic:

Load Following Profile:

120%
Nuclear Power Plant
., _ 100%
S~ 1 Electric Network .
_-=p [ 1 sl 3 Renewable _’.l‘_ 80%
@ - — Sources
an
e« 60%
H2 Storage — 2z GF:ne(: r(:;gr  —
40%
| }
= Electrolyzer — |[m——f— Load 20%
4 0%

Hydrogen Network

Load Profile - Durham Region
Season Values

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23

0 Summer 55% 55% 55% 55% 55% 60% 60% 65% 65% 70% 70% 65% 65% 65% 60% 65% 65% 70% 70% 75% 70% 70% 65% 60%

[ Spring
@ Fall
O Winter

55% 55% 55% 55% 55% 60% 70% 75% 75% 80% 85% 85% 90% 95% S5% 100 100 100 100 100 95% S0% 85% 75%

60% 55% 55% 55% 55% 60% 65% 70% 70% 70% 70% 70% 70% 70% 70% 70% 70% 70% 75% 70% 70% 65% 60% 55%

70% 65% 65% 65% 65% 70% 75% 80% 80% 80% 80% 80% 75% /5% 80% 80% 85% 90% 90% 90% 85% 85% 80% 75%
HOUR OF DAY



Application in the NRHESS

Outcomes:

PWR Model:

MSR Model:

MIX SHARE

MIX SHARE

100%

80

ES

80

ES

40

S

20

3

0%

100%

80

=

60

=

40

=

20

=

0%

Montly Electric Production Share
Scenario 1: PWR LF-F

Feb M

ar Apr May Jun Jul Aug Sep Oct

@SolarPV OWind ENuclear

Montly Electric Production Share
Scenario 2: MSR LF-F

Nov Dec

Jan

Feb Mar Apr May Jun Jul Aug Sep Oct

@SolarPV O Wind B Nuclear

Nov Dec

Component kWh/year Share
Solar PV 1,082,112,350.37 7.998%
Wind Turbine 1,623,168,525.55 11.997%
Nuclear 10,824,316,488.68 80.005%
Total 13,529,597,364.60 100%
Surplus 7,462,513,344.60 23%
COE $ 0.152
Component kWh/year Share
Solar PV 913,906,707.44 6.816%
Wind Turbine 1,464,181,520.71 10.920%
Nuclear 11,030,167,456.05 82.264%
Total 13,408,255,684.20 100%
Surplus 7,341,171,664.20 21%
COE $ 0.134
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RE-LLaMA, Domain-Specific Large Language Models for
Renewable Energy Planning

Collect 1450 papers related to renewable and hydrogen energy

Data preparation and preprocessing
Data Preparation: Created a comprehensive
dataset of 1450 renewable energy papers

that underwent rigorous cleaning e oy By
Model Adaptation: Leveraged LLaMA 3.1 8B y

as the foundation and employed domain- Fine-tuning process
adaptive pretraining with autoregressive

next-token prediction to enhance the model's

renewable energy domain expertise.

Evaluation protocols:

Load the Tokenizer

= Zero-shot learning

+ Few-shotlearning
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