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Agenda

Al computing X power systems

01 02

Metrics Scheduling
Measure Al electricity Shift Al workloads to cleaner
emissions. times and locations.

Core story: sustainable Al needs efficient models and grid-aware operation.
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Research Questions
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What must be answered to coordinate AI computing with power systems?

Main question
How can Al computing and power systems be coordinated to reduce emissions and

improve reliability?

Measure AI carbon footprint Choose the right carbon metric
How should emissions from Al electricity use be Which signal gives useful guidance for
measured clearly and fairly? scheduling without misleading accounting?

e Keep coordination trustworthy
How can coordination remain fair, private,

transparent, and hard to manipulate?

Takeaway: The core challenge is not only making Al efficient, but making Al electricity use grid-aware.
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What it means

@ Data centers have flexible computing jobs.

@ Some jobs can start, stop, resume, or move.

@ The data centerfollows a carbon signal to
choose cleaner hours or locations.

[/ The same idea can also apply to EV charging
and other flexible loads.

Carbon-aware load shifting: the basic idea

DTU Wind
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Simple words: run the job later, earlier, or somewhere else when electricity is cleaner.

DTU Wind



DTU Wind

=
—]
—

= Difference between accounting and load shifting
Carbon accounting Load shifting
... How many emissions should be ion: What happens if this consumer
Question: assigned to this consumer? Questlon: moves electricity use?
Good accounting wants totals to match Good shifting wants real total grid
real grid emissions. emissions to fall.

A metric can be good for reporting but bad for changing behavior.
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Carbon footprint of electricity consumption

Why calculating the carbon footprint of electricity consumption is difficult

Generation emissions: known Total grid emissions: calculable Individual consumer footprint: hard to allocate
Each power plant has measurable Aggregate emissions from all generation Electricity mixes and flows vary in time and space.

and net imports/exports can be summed.

emissions intensity. Many possible allocations; no single “right” answer.

Wind Farm Data Center

Bus 1 S— at Bus 3

20 g CO,e/kWh

Solar Farm Industrial Load
ﬂ Bus 2 _ at Bus 3

30 g CO,e/kWh

G X 2
Thermal (Gas) Plant Residential Load
Bus 4 R atBus 4
450 g CO,c/kWh
EV Charging
at Bus 4

Hydro Plant
Bus 5 >
10 g CO,e/kWh

Battery Storage
f | Bus 6
0 g CO,e/kWh

(charging dependent)

@
A
" "

Commercial Building
at Bus 6

[ Transmission constraints and grid physics make emissions allocation non-obvious. J
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+== Common metrics
>
Metric Definition Strength Limitation
) . . .. Simple, widely available, total Ignores location and grid
Average carbon intensity ;I}.;’éal emissionsyAtoaliclcetidiy assigned emissions match constraints, not good for shifting

total real emissions decisions
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Common metrics
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Metric Definition

Average carbon intensity Total emissions / total electricity
use

Traces generator emissions to
loads using proportional-sharing
assumptions

Flow-traced / locational
average

Strength

Simple, widely available, total
assigned emissions match
total real emissions

More location-aware, total
assigned emissions match
total real emissions

DTU Wind

Limitation

Ignores location and grid
constraints, not good for shifting
decisions

Not always best for shifting
decisions
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Common metrics
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Metric Definition

Average carbon intensity Total emissions / total electricity
use

Flow-traced / locational Traces generator emissions to
average loads using proportional-sharing

assumptions

Locati0|_1a| ma_rginal Change in emissions from a small
carbon intensity load change at one location

Strength

Simple, widely available, total
assigned emissions match
total real emissions

More location-aware, total
assigned emissions match
total real emissions

Good for short-term load
shifting

DTU Wind

Limitation

Ignores location and grid
constraints, not good for shifting
decisions

Not good for shifting decisions

Can be volatile, for small shifts,
total assigned emissions do not
match total real emissions
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Common metrics
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Metric Definition

Average carbon intensity Total emissions / total electricity
use

Flow-traced / locational Traces generator emissions to
average loads using proportional-sharing

assumptions

Locati0|_1a| ma_rginal Change in emissions from a small
carbon intensity load change at one location
Adjusted locational Marginal signal corrected so totals
marginal match system emissions

Strength

Simple, widely available, total
assigned emissions match
total real emissions

More location-aware, total
assigned emissions match
total real emissions

Good for short-term load
shifting

Good for short-term load
shifting, total assigned
emissions match total real
emissions

DTU Wind

Limitation

Ignores location and grid
constraints, not good for shifting
decisions

Not good for shifting decisions

Can be volatile, for small shifts,
total assigned emissions do not
match total real emissions

Still volatile; for small shifts
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LMCE-Shifted

Common metrics
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Takeaway: following a lower average-carbon period does & :Z
not always reduce real emissions. 5 o
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Gorka, Rhodes, and Roald, “ElectricityEmissions.jl: A Framework for the Comparison of O 000800 600 400 200 © 200 400 600
Carbon Intensity Signals,” arXiv:2411.06560, 2024. Changs: (n Emissions (1'CO2)
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== Common metrics | |
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Comparison of Carbon Intensity Signals,” arXiv:2411.06560, 2024.
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No single metric is perfect for both accounting and load shifting!
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General limitations of carbon-aware load shifting

i

Too much load moves into the same “clean” hours, but there may not

1 Overshifting
be enough extra clean energy.

5 Cancellation Different consumers follow different metrics and their shifts cancel each

other out.
= Marginal Short-term shifting often changes only the marginal generator, not the
generator only whole generation mix.

4 Data + uncertainty Carbon signals depend on forecasts and incomplete grid data.

Good carbon-aware design needs coordination, not just everyone chasing the lowest
number.
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= Scheduling: Iterative mechanism
i Operator 1
Publishes Signals

Time- and location-specific
carbon guidance is broadcast

based on current grid conditions
\ >

Forecasts Updated c Loads Adjust

wmm?’ Data centers defer non-urgent
jobs, advance work, or
migrate workloads

Operator aggregates responses
and recalculates the signal

@ R
Key Benefit i ki
Sy HENSI! Schedules Returned
Prevents “crowding” (everyone rushin
to the same green ?nt(ervarl))/throu h ’ ConsumersSenlupddteg
; 9 ; .g load schedules back to
continuous, staggered recalibration. the operator
o o . J
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Scheduling: Integrated mechanism

Learn Behavior » Embed in » Generate
(Offline) Optimization Outcomes

Operator analyzes historical Learned response functions System produces consistent
data to build a response model are built directly into a single targets, carbon-indexed tariffs,
of how large loads react to grid optimization solver. and day-ahead schedules.
signals.
4 )
Key Benefit

“Shapes the field.” Internalizes realistic load-
shifting behavior upfront, reducing the need for

back-and-forth execution adjustments.
. J
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Final takeaway

Carbon-aware Al is not just about using less electricity.

It is about using electricity at the right time, in the right place, with the
right carbon signal.

The target is not lower reported emissions for data centers.
The target is lower total grid emissions with reliability and fairness.
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Thank you!

farpour@dtu.dk
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