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Interplay Relation: Foundation Models

JEe—.
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Power Operation
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Foundation
Models
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Le Xie, Qian Zhang, et al, “Crucial Role of Foundation Models in Enhancing the Interaction of Al and Power Systems”, IEEE Energy Sustainability Magazine, 2025, invited paper. =
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The Challenge of Power for AI/Computing Operation

8 Node Llama-70b Training, Power Draw vs Time

Intrinsic Physical Dynamic o0

during Al Training /Inference Node-level power demand

during Llama-70B training
across 8 nodes at Metal Cloud

6000
5000
. . ° ! 2 Time Elapsed (minutes) N N Source: Lawrence Berkeley National Laboratory
Neither is Fully
Understood
Winter Storm Heather LFL Response
= LFL Consumption (MW) Conservation Appeal mmmRRS Schedule (MW) mmmECRS Schedule (MW) =——System Lambda ($/MWh) s===Approximate Strike Price ($/MWh})
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1,300 L] .
.. .. E3P 2 Winter Storm Heather
Extrinsic Market Behavior in rtod g (January, 2024)
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Electricity Market o e i pT— wi
600 participating in bitcoin mining. .;;::r:: ':::::'::l:g 0
500 This was calculated based on an of the 15th. Response
400 519 ] Pro and bitcoin mining on the moming of the
;3g economics during the event. ey by B EEE
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100

Source: ERCOT
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The Challenge of Power for AI/Computing

Increasing Large Load
Interconnection Request

N

Transmission is also
Bottleneck

Increasing Generation
Interconnection Request

20000 Project Status

Source: ERCOT

Studies Approved
175000 1w Approved to Energize but Not Operational
= Observed Energized

222 023 224 w21 228

70 GW
60 GW
50 GW
40 GW
30 GW
20 GW
10 GW

0 GW
Gas Wind Solar

I Large Load Interconnection Queue as of September 2, 2025

189,328

« ERCOTis tracking 189GW of
large load compared to 56GW in
Sep 2024.

e 70% of this load are data centers.

2029 203

IGeneration Interconnection Requests Ssource: ERCOT

2,041 active generation
interconnection requests
totaling 428,183 MW as of
August 31, 2025.

Queue totals:

« Energy storage 179,838 MW
« Solar 160,192 MW

+  Wind 44,649 MW

+  Gas 39,403 MW

Battery Other*

20 g8
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Gridcare thinks more than 100
GW of data center capacity is
hiding in the grid

https://techcrunch.com/2025/05/27 /gridcare-think s-more-
than-100-gw-of-data-center-capacity-is-hiding-in-the-grid/

Tim De Chant — 5:00 AM PDT - May 27, 2025

OATI Launches Generative
Al Platform Pilot for Power

PJM, Google partner to speed
grid interconnection using Al

The initiative aims to integrate dozens of PJM interconnection-

related databases and tools into a unified model of PJM’s network,
helping to bring power supplies online faster.

https://www.utilitydive.com/news/pjm-google-

ishe il 10, 20 A X i
Published April 10, 2025 tapestry-grid-interconnection-ai/744982/

NEWS | 24 July 2025 https://www .nature.com/articles/d41586-025-02343-x

DeepMind and OpenAl models solve
maths problems at level of top
students

G r I d o pe rat I o n s WI t h CA I s o For the first time, large language models performed on a par with gold medallists in the

] July 16, 7 Paul Ciampoli  https://www.publicpower org/periodical/arti \/ ati-lau h s-ge
platform-pilot-power-grid-operations-with-caiso? utm_sourt htg

International Mathematical Olympiad.

pt el By Davide Castelvecchi

The challenges created by AI may be
addressed by the super intelligence

emerging from

foundation models



What is Generative Al/Foundation Model/Large Language Model

Al

ML

Classical Supervised & Unsupervised Learning

T}

Training Code

73

N7

Labeled Data

e

—
Model

Building

*How much is the probability of the
machine failure next week?”

“‘Does this product meet quality
standard or need inspection?”

“Is there unusual patterns or outliers in the
machine behavior or product quality?”

Gen Al Supervised, Semi-Supervised & Unsupervised Learning

B

Training Code

7

>
Labeled Data

S

-

Unlabeled
data

“Generate routine reports such as
production summaries”

“Generate a code that collect the
downtime data and build a pareto chart”

“Generate images for training manuals
or instructions”

General Capability!

5305y




What is Agentic Al or Al Agent

> An Al agent is a software system that autonomously perceives its environment, makes decisions, and
takes actions to accomplish complex, multi-step tasks while continuously learning and improving itself.

> How to design Al Agent: Enabling LLMs to interact with the environment.

s Y * Solving real-world tasks typically involves a trial-
| g -
i = ! and-error process
: Memory : Action
x i f I — * Leveraging external tools and retrieving from
ol use\l\ l external knowledge expand LLM’s capabilities
|
I
- i .
-— ! * Key Elements in Agent Workflow
_ I .
Retrieval | LLM i Feedback Environment - LLM Models: Reasoning, Planning, Multimodality
| Reasoning & | -
| planning ! Memory and Storage
[N — g - External Tools and Knowledge
Agent - Feedback System and Human in the Loop

UC Berkeley CS 294/194-196 Large Language Model Agents_



Some Applications of Al Agent

> General
Designer Software Engineer Video Editor Voice Cloning
https://gamma.app/ https://devin.ai/ https://pippit.capcut.com/ https://elevenlabs.io/

GANMMA @Pippit  lIElevenLabs

» Domain-specific

Government Contracting Law Healthcare Scientific Experiment
https://www.sweetspot.so/  https://www.harvey.ai/ https://www.keragon.com/ https://www.dotmati m

© sweetspot
Al for Government Contracting.

<{® keragon Dotmatics
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Toward AGI: The Role of Agentic Intelligence

cpe e . July 2025
Toward Artificial General Intelligence (AGI May 2025
g ( ) Manus Al IMO Gold

(OpenAl, Google)

C}::EI el __-u'u__ ®
A s @ W .

Chatbots Reasoners Agents Innovators Organizations

—

Nov 2022 Sep 2024 Nov 2024  Jan 2025
ChatGPT  OpenAl o1 MCP  DeepSeek R1 Where Are We Now? Source: OpenAl & Bloomberg

Toward AGI in Power Sector

Mar 2024 July 2024 Dec 2024 _)
Exploring LLM FM for Power Fine-tuned LLM Where Are We Now: *Industry typically lags academics
Xie, Joule Hamann, Joule Hug, arXiv
Domain .. 5801 58
Chatbots Ad? Chatbots Reasoners Agents Innovators Organizations
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Agentic Al: Different from Previous Al Trends

Previous Al Adoption Challenge LLM-powered Agentic Al
« Academic: Generalization in a Complex Environment * Lower Data Needs: Modern LLMs require only light fine-tuning
Power systems are governed by dynamic, non-stationary factors, or RAG to adapt to power systems—no massive datasets or full
like weather, human behavior, topology changes, and contingencies, retraining needed.

that defy the independent and identically distributed (iid) data often

» Safer, Smarter Agents: Al agents can use trusted tools like
assumed in learning methods.

PSS’E or PowerWorld under human guidance, ensuring safer and

* Industry: Data, Security, and Cost

. . . i more reliable outcomes.
In the power industry, previous Al adoption faces challenges like

limited access to clean, shareable data, cybersecurity concerns, and * Human-in-the-Loop Productivity: Agentic Al acts as a co-

the need for explainable, standards-compliant models. Costs for pilot—automating routine tasks and boosting speed and

training from scratch also remain a barrier. accuracy while keeping engineers in control.

Driven by recent advancements in LLMs, Agentic Al addresses above challenges

indirectly but effectively

Qian Zhang, Le Xie. “PowerAgent: A Roadmap Towards Agentic Intelligence in Power Systems”, IEEE Power and Energy Magazine, 2025




A Roadmap Towards Agentic Intelligence in Power Systems

Layer

Technology Components

Domain Expertise Needed

Agentic Workflow
orchestrating tasks and human-
B machine collaboration

Orchestration, Human-in-the-

Organizational Insight
Deep understanding of
organization s structure, workflow
processes, and decision hierarchies

Cloud/Local Storage, Server

loop System, Cyber Security

of Agent-Tool Integration
ﬁ connecting LLMs to external
power domain tools

Tool and Software Expertise
Familiarity with power system engineering
software (e.g., PSS*E, PowerWorld,
PSCALD) and their functionalities

MCP and API Integration,
Streaming /Batch Data
Integration, Error Recovery

. Foundation Models
QBE% power-specialized knowledge

and reasoning engine

RAG, Fine-tuned LLMs, Full Power Sector Understanding
) ] Knowing physical and economical basic
Domain-Specific FMs, of energy systems, regulatory, industry
Benchmarking standards, and legal frameworks

Enable Scalability

Power oeed Us
Age I"I'l'. Deployment

PowerWF + PowerMCP + PowerFM wos
Qian Zhang, Le Xie. “PowerAgent: A Roadmap Towards Agentic Intelligence in Power Systems”, IEEE Power and Energy Magazine, 2025
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PowerAgent Demo: Open-source Dataset for Fine-tuning FMs
/ Muttitask

Training Dataset

8888

Output: desired anawer

o k| fﬂﬂ—w T
,i:f ’l:l( g ﬁ “m‘ w E—

ﬁ ﬁ ..;h[ Transient |
Power Grid

; ---------------- -.i Float W
i e i Tokenization

Language Model

DD D D D D 0 0 00 D B I o, ot on

-
-

Liu, Xie, et. al. “Unlocking Multi-Task Electric Energy System Intelligence: Data Scaling Laws and Performance with Limited Fine-Tuning,” Working Paper (under review), 2025
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PowerAgent Demo: Next-generation Software Interface

In these tasks, you’ll see how PowerAgent adapts to your preferred software environment
and reporting format — whether you're using PowerWorld, Pandapower, or any other

L )
trusted too E PowerWorld Q pandapower PSS ® E

APYyPSA

DSS

Choose your trusted platform.
Choose your preferred output format.

Let PowerAgent handle the rest.

=/ case information Onelines  Tools
[eaiemoce] 2 — i | " e his 1" “.L Free plan - Upgrade
Mode | Foleme DefautDrawing..  Metwore  Aswreganon [T SRl By T
Mode. Quick Insert inaiv{ . x,mu zhu t‘m, = L .
g = - e Welcome, Qian
-yt Areatame 10D 10 Pen
MNominal kv 1380 138.0 - ,ﬂ"‘_ ":E:‘t‘?'
& -
Dipiay | Parameters | Transformer Contol | Seres Capactor | Faultnfo | Owner, Ares, Zone, S ‘ Hi PowerAgent. Please evaluate N -1 contingency of case X in PowerWorld
ol
®) Closed St ) 0.06 Umts 000
BranchDEWEETYDE ot hargi ) 0.00000 ﬁg ": + % LLM Models
~—pm s Shunt Conductance (G) 0.00000 UmtE 0.000
Length | 0.00/% skl {ya— ﬁ: :: S -
Clode | UmtH 0.000 Ask Learn N-1 Power Flow Dynamic Simulation
Convert Line to Transformer
Soft Tool Software as an Outcome ko

© 2025, Le Xie and Qian Zhang, All Rights Reserved Qian Zhang, Le Xie. “PowerAgent: A Roadmap Towards Agentic Intelligence in Power Systems”, IEEE Power and Energy Magazine, 2025




PowerAgent Demo: Agentic Workflow for Complex Tasks

» Example: Evaluate the potential impact for Data

Center interconnection on:
- Transmission line congestions
- Voltage violations
- N-1 Contingency, etc

* Provide suggestions to mitigate identified issues

* Human in the Loop is allowed

Without PowerAgent With PowerAgent
O Q
(! '
User Query User Query
o

el = I

Pt | 8 Analysis [T Completed?
Queston Selected

Scanerios User
racscan Simulation

formatig KQ\ | 7777 Human approval can be Report Format

Report H ! setatany critical step

The Workflow Overview

* Enable collaboration among domain-specific agents
to exchange feedback and determine the optimal
mitigation strategies

System and Large Load Models
(PowerWorld/PSSE/PSCAD files)

Agent 1.1 Agent 1.2 Agent 1.3 Agent 1.4 Agent 1.5

:
. Normal Contingency Transient SSO Reliabilit Evaluation ;
1| ac-opr (N-1/N-2) Stability Stability CHabIILy | meeee Agents .
' 1

— Agent32 .
Summary and Decision . Agent 3.1 9 .
Agent 2 . .
Makmg N Reactive Power Energy Storage
H Agent 3.3

Mitigation
Agents

Agent4 | Report Generation 1\

Example Agent-Orchestrated Process for Grid Impact Studies @




https://youtu.be/LxF8RqsNf04



https://youtu.be/LxF8RqsNf04
https://youtu.be/LxF8RqsNf04
https://youtu.be/LxF8RqsNf04

Check More PowerAgent Demos and Join Us

[m] 2 [m]
https://power-agent.github.io/ Power
OFA Agent

Datacenter Siting Assistant

Datacenter Siting Assistant: Solvtra is a tool leverages RAG  PowerMCcP pubic [ S
PowerMCP is an open-source collection of MCP servers for power system software like

by lncorporatlng datacenter—spe ClﬁC data? lnChldlng 1OC3.1 PowerWorld and OpenDSS. These tools enable LLMs to directly interact with power
re gul ation S, enviro nme ntal re po I'tS, and infrastru ctu re system applications, facilitating intelligent coordination, simulation, and control in the

energy domain.

detalls' ® Python - B[AMIT License - % 17 - $¢ 68 - (D1 - [% 2 - Updated last week
~1 In put i i - % PowerFM Public
lam lDl:'JF{II'Iﬂ, for a datacenter location with the fullmmﬂ I"unl rements: PowerFM is an open-source repository for foundation models in the power and energy
Test Madeal - Location: Texas ) domain. It both maintains original projects and collects community-contributed open-
GPT-d6 - Land budget: Maximum $800,000 per acre source projects, featuring fine-tuned and domain-trained models for tasks like load
\_ - Electricity cost: Maximum $0.05 par kWh Y. forecasting, fault detection, grid simulation, and agent control.
= - &[5 MIT License + ¥ 0 - ¥%27 « (D0 - {0 - Updated yesterday
/,_[ Output without RAG* Output with RAG** ]—\
Hare's 8 strategic recommendation for a Taxas Fere ans tha beat datacenter locatians in Taxas that mest your criteria: PowerWF - Public Ma
duuu.n.::r oeatan et matehas Focuiraments: Dwtacantor A I'D-Ilhi.l':;l.l.om [,32.;0555- 06 B0, Land PowerWorkflow is an open-source collection of agentic workflows for power system
Centrad Toxms = Temple / Wisco Area, Why 2 fits Price: $300-500K facre, Electricity Cost: $0.05-0.0870Wh, _— - . o
your citeria: Central Taxas ity atéors . the data e veith patsned ¢ technalogy, Map applications. These workflows enable intelligent automation and coordination of power
commarciabindustrial Land well under $600,000 WURL: Datacanter A MAP system operations, facilitating efficient management and control in the energy domain.
par acra, cftan in the $1008-5300K range Dwtacantor B (Dallas, TX), Location: (31.7831, -96.8067), Land s , s . . s
Altarnatien (if you seok ultra-low powar costs): Price: $300-500K / ncre, Eleciricliy Cont: $0.05-0.08/AWh, ® Python BIB MIT License ¥o Y24 o 0 - 110 - Updated onJul 18
‘West Texas (o.g., noar Abilono or Sweotwater): Motes: Major Texas inferconnaction hub, Map URL: Datacenter B MAP
—t . . QianZhang, Le Xie. “PowerAgent: A Roadmap Towards Agentic Intelligence in Power Systems”,
without deep rasearch gpecific information is replaced hara IEEE Powerand Energy Magazine, 2025
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Challenges for AI Agent Deployment

» Reasoning and planning

LLM agents tend to make mistakes when performing complex tasks end-to-end
» Embodiment and learning from environment feedback

Continuous learning, self-improvement

Multimodal understanding, grounding and world models
» Safety and privacy

LLMs are susceptible to adversarial attacks, can emit harmful messages and leak private data
» Human-agent interaction, ethics

How to effectively control the LLM agent behavior, and design the interaction mode between
humans and LLM agents




Power and Al Initiative Core Team
at Harvard SEAS

Faculty Director
Le Xie

Gordon McKay Professor of Electrical
Engineering, Harvard SEAS

e Research

Faculty Co-Director

Minlan Yu

« Talent Development

Gordon McKay Professor of Computer
Science, Harvard SEAS

e Seminar and Events

e Industry Partnerships
« And More

Industry Partnerships Manager
Ellie Carlough

Director of Industry Partnerships,
Harvard SEAS

20 g8




08 50 53

WHERE
SCIENCE
AND
ENGINEERING
CONVERGE

Thanks!

Le Xie, xie@seas.harvard.edu
Qian Zhang, gianzhang@g.harvard.edu
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