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Carbon-sensitive electric loads

Electricity generation produces carbon emissions!

3



Carbon-sensitive electric loads

Electricity generation produces time- and location varying carbon emissions!
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• What should I (i.e., the consumer) do if I want to contribute to a greener real-time grid?

Carbon footprint of electricity consumption

Power systems focused:
Let’s help the grid!
Demand response 
Market participation
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• What should I (i.e., the consumer) do if I want to contribute to a greener real-time grid?

Carbon footprint of electricity consumption

Power systems focused:
Let’s help the grid!
Demand response 
Market participation

Consumer focused:
By (more directly) 

aiming to use 
electricity when it is 

“low carbon”
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• What should I (i.e., the consumer) do if I want to contribute to a greener real-time grid?

Carbon footprint of electricity consumption

“Apple uses data that combines grid, emissions, and
weather information into one, easy-to-follow signal.”
https://shorturl.at/kvQRV

Samsung’s Smart Things “visualizes the sources of
electricity and the associated carbon dioxide emissions,
users can make more informed decisions about their
energy usage and reduce their carbon footprint.”
https://shorturl.at/ftGU7

Google shifts data center loads:
https://ieeexplore.ieee.org/document/9770383
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• What should I (i.e., the consumer) do if I want to contribute to a greener real-time grid?

Carbon footprint of electricity consumption

“Apple uses data that combines grid, emissions, and
weather information into one, easy-to-follow signal.”
https://shorturl.at/kvQRV

Samsung’s Smart Things “visualizes the sources of
electricity and the associated carbon dioxide emissions,
users can make more informed decisions about their
energy usage and reduce their carbon footprint.”
https://shorturl.at/ftGU7

Google shifts data center loads:
https://ieeexplore.ieee.org/document/9770383

National Grid “Green Light Signal” tells consumers when carbon intensity is low! https://www.nationalgrid.com/greenlightsignal
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Carbon-sensitive electric loads

• Electricity consumers (individuals, companies, 
organizations) are interested in reducing the 
carbon footprint of their electricity consumption

• Voluntarily (to help mitigate climate change)
• Carbon reporting (to track carbon emissions)
• To receive subsidies (e.g. clean hydrogen 

production tax credits)

• There are different ways to do so
• Contractual: Energy Attribute Certificates (EACs) 

and/or Power Purchase Agreements (PPAs)
• Physical: By tracking the real-time energy mix, 

and try to consumer when electricity is cleaner

9

Hyperscale computing 
companies want to 
publicly demonstrate 
their commitment to 
clean energy.

Individual consumers on 
flat electricity tariffs who 
want to contribute to a 
cleaner planet 



Carbon-sensitive electric loads

• Electricity consumers (individuals, companies, 
organizations) are interested in reducing the 
carbon footprint of their electricity consumption

• Voluntarily (to help mitigate climate change)
• Carbon reporting (to track carbon emissions)
• To receive subsidies (e.g. clean hydrogen 

production tax credits)

• There are different ways to do so
• Contractual: Energy Attribute Certificates (EACs) 

and/or Power Purchase Agreements (PPAs)
• Physical: By tracking the real-time energy mix, 

and try to consumer when electricity is cleaner

https://www.energy.gov/eere/fuelcells/financial-incentives-hydrogen-and-fuel-cell-projects
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What is the carbon footprint of electricity?



• Emissions from generation

What is the carbon footprint of electricity?

Well defined!  



• Emissions from generation
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Calculated from generation data  



• Emissions from generation

• Total grid emissions

• Emissions of individual consumers  ???

What is the carbon footprint of electricity?

Well defined!  

Calculated from generation data  



Carbon footprint of electricity consumption

• Market-based carbon accounting: Renewable 
Energy Certificates (RECs)/ Energy Attribute 
Certificates (EACs), or Power Purchase 
Agreements (PPAs)

• Location-based carbon accounting: Carbon 
emissions from generation in the grid where 
the consumer is located

• Many challenges, e.g., double counting of 
renewables…

• Currently undergoing an update!

15

Scope 2 Emissions Accounting



Carbon footprint of electricity consumption
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• Average carbon emissions 

• Benefits: 
• Easy to compute and widely available
• Can be used for location-based accounting 

under the Greenhouse Gas Protocol

• First step: Count emissions.

• Second step: Take action to reduce 
emissions. What happens then??

Does it send an effective signal for when to 
use electricity to be “green”?

Location-based carbon accounting

=
total carbon emissions

total electricity use
 

Average emissions over past 72 hours from Electricity Maps, 
https://app.electricitymaps.com/map/72h 
(accessed on Jan 8 at 2pm)

https://app.electricitymaps.com/map/72h


• Average carbon emissions 

• Benefits: 
• Easy to compute and widely available
• Can be used for location-based accounting 

under the Greenhouse Gas Protocol

First step: Count emissions.

Second step: Take action to reduce emissions. 
What happens then??

Is average carbon emissions an effective signal 
for helping loads become more “green”?

Location-based carbon accounting

Average emissions over past 72 hours from Electricity Maps, 
https://app.electricitymaps.com/map/72h 
(accessed on Jan 8 at 2pm)

=
total carbon emissions

total electricity use
 

https://app.electricitymaps.com/map/72h


Carbon-aware load shifting

Example: Hyperscale data centers

• Massive investments in new, 
power-hungry data centers

• Tech companies have made 
commitments to use green 
energy

• Interest in adapting power use 
to reduce emissions

https://sustainability.google/progress/energy/



Carbon-aware load shifting

DC1

DC2

DC3

Locational Marginal Price
Locational Marginal Carbon Emissions
Maximum Computing Capacity

Shifting Capacity
Shifting Cost

Electric grid
with generation and 

transmission constraints

Network of data centers
with computing and 

communication constraints

Example: Hyperscale data centers

• Network of data centers can shift energy use 
by shifting computing workloads!

• Temporal load shifting
(start/stop/resume jobs)

• Geographical load shifting
(load balancing across locations)

• Limitations such as latency, data availability, 
hardware requirements, etc

Algorithms for workload scheduling and load 
balancing already exist. What happens if we make 
them carbon-aware?



Carbon-aware load shifting

DC1

DC2

DC3

Locational Marginal Price
Locational Marginal Carbon Emissions
Maximum Computing Capacity

Shifting Capacity
Shifting Cost

Electric grid
with generation and 

transmission constraints

Network of data centers
with computing and 

communication constraints

System operator clears 24h 
day-ahead electricity market

Day ahead

Compute carbon emission data

Data centers optimize load 
shifts to reduce emissions
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Carbon-aware load shifting

Solve DC OPF to 
minimize hourly cost

Power flow
and generation 
constraints

Minimize cost

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Data centers optimize load 
shifts to reduce emissions

Day ahead
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Carbon-aware load shifting

Compute average 
carbon emissions

Power flow
and generation 
constraints

Minimize cost

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Solve DC OPF to 
minimize hourly cost

Average carbon emissions =
total carbon emissions

total electricity use
 

Day ahead

Data centers optimize load 
shifts to reduce emissions
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Carbon-aware load shifting

Minimize data center 
emissions by shifting 
load in time and space

Data center 
shifting
constraints

Minimize emissions

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data Compute average 
carbon emissions

Power flow
and generation 
constraints

Minimize cost

Solve DC OPF to 
minimize hourly cost

Average carbon emissions =
total carbon emissions

total electricity use
 

Day ahead

Data centers optimize load 
shifts to reduce emissions
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Carbon-aware load shifting

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Day ahead

New data center load 
profiles become input 
to the intraday market

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Intra-day market

Data centers optimize load 
shifts to reduce emissions
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Carbon-aware load shifting

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Day ahead

New data center load 
profiles become input 
to the intraday market

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Intra-day market

This set-up allows us to assess 
(1) the estimated reduction in emissions assigned to the data center, 
(2) the actual reduction in assigned emissions, and 
(3) the change in overall system emissions 

Note: We assume that only data center load profiles change!

Data centers optimize load 
shifts to reduce emissions
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Carbon-aware load shifting
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Carbon-aware load shifting
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Carbon-aware load shifting

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Day ahead

New data center load 
profiles become input 
to the intraday market

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Intra-day market

This set-up allows us to assess 
(1) the estimated reduction in emissions assigned to the data center, 
(2) the actual reduction in assigned emissions, and 
(3) the change in overall system emissions 

Note: We assume that only data center load profiles change!

Data centers optimize load 
shifts to reduce emissions



• Use RTS-GMLC test system, with one year 
of hourly load data

• Assume 4 data centers with 250 MW 
average consumption, equal to 
approximately 20% data center load

• Allow data centers to do spatial and 
temporal load shifting by choosing where 
and when to process computing workloads

• This allows for an increase/decrease of 
consumption up to 50MW at each location

First: Count emissions.

Second: Shift load to minimize emissions.

Data center load shifting

RTS-GMLC system. Buses marked in yellow, lines in grey, 
generators in green/brown/black depending 

on their level of emissions. 
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of hourly load data
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average consumption, equal to 
approximately 20% data center load
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temporal load shifting by choosing where 
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First: Count emissions.

• Data centers are assigned 3.008 million 
Tons of CO2 emissions over the course of 
a year (~19% of system emissions)

Second: Shift load to minimize emissions.

• Data centers use pre-shift average carbon 
data to adapt load in real-time. Expected 
reduction in carbon emissions is 6.12%

• Shifting changes the generation mix and 
the average carbon emissions!

• With post-shift average carbon data, the 
data center emission reductions are 3.72%

Data center load shifting
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Data center emissions
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First: Count emissions.

• Data centers are assigned 3.008 million 
Tons of CO2 emissions over the course of 
a year (~19% of system emissions)

Second: Shift load to minimize emissions.

• Data centers use pre-shift average carbon 
data to adapt load in real-time. Expected 
reduction in carbon emissions is 6.12%

• Shifting changes the generation mix and 
the average carbon emissions!

• With post-shift average carbon data, the 
data center emission reductions are 3.72%

Data center load shifting

Looks pretty good!?
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Data center load shifting

But…
Total system emissions increase by +0.33% !!

Data centers become cleaner, while all other loads become dirtier 
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Data center load shifting

Conclusion: Even if data centers 
believe they contribute to lower 
emissions (and are assigned fewer), 
their actions actually increase 
emissions.

Why? Average carbon emissions 
does not tell us how a change in 
load will change emissions!

Problematic if this is the metric 
consumers are optimizing for!!



Locational marginal 
carbon emissions

Describes the emission impact from a change in load (i.e. how 
the marginal generator moves). 

A Better Alternative?

=
Change in carbon emissions

Change in electricity use at given location



Locational marginal 
carbon emissions

Describes the emission impact from a change in load (i.e. how 
the marginal generator moves). 

“Similar” to locational marginal prices (LMPs)!

Whereas LMPs are related to the cost minimization objective, 
locational marginal emissions are calculated by a more 
involved sensitivity analysis of OPF solutions

A Better Alternative?

=
Change in carbon emissions

Change in electricity use at given location

1. Identify binding constraints at 
a basic optimal solution, 
which allows us to derive 
linear system of equations 
that describes how a change 
in load parameter Δ𝑃𝑑  
changes the optimal 
generation dispatch 
 Δ𝑃𝑔

∗ = 𝐵 Δ𝑃𝑑  

2. Use emission factors to 
calculate the change in 
emissions 
 Δ𝐸 = 𝑒CO2 Δ𝑃𝑔

∗ 

Full explanation and derivation in 
Lindberg, Lesieutre and Roald, HICSS 
2021 https://arxiv.org/pdf/2010.03379



Locational marginal 
carbon emissions

Describes the emission impact from a change in load (i.e. how 
the marginal generator moves). 

“Similar” to locational marginal prices (LMPs)!

Whereas LMPs are related to the cost minimization objective, 
locational marginal emissions are calculated by a more 
involved sensitivity analysis of OPF solutions

What happens if we use this metric for load shifting?

A Better Alternative?

=
Change in carbon emissions

Change in electricity use at given location

1. Identify binding constraints at 
a basic optimal solution, 
which allows us to derive 
linear system of equations 
that describes how a change 
in load parameter Δ𝑃𝑑  
changes the optimal 
generation dispatch 
 Δ𝑃𝑔

∗ = 𝐵 Δ𝑃𝑑  

2. Use emission factors to 
calculate the change in 
emissions 
 Δ𝐸 = 𝑒CO2 Δ𝑃𝑔

∗ 

Full explanation and derivation in 
Lindberg, Lesieutre and Roald, HICSS 
2021 https://arxiv.org/pdf/2010.03379
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Carbon-aware load shifting

Minimize data center 
emissions by shifting 
load in time and space

Data center 
shifting
constraints

Minimize emissions

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data Compute locational 
marginal emissions

Power flow
and generation 
constraints

Minimize cost

Solve DC OPF to 
minimize hourly cost

=
Change in carbon emissions

Change in electricity use at given location

Day ahead

Data centers optimize load 
shifts to reduce emissions

Different value
for each node!



6.1
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Before shifting Expected after Actual after

Data center emissions 
with locational marginal emissions

First: Count emissions.

• Data centers are assigned 6.692 million 
Tons of CO2 emissions over the course of 
a year (~20% of system emissions)

Second: Shift load to minimize emissions.

• Data centers use pre-shift locational 
marginal emissions data to adapt load in 
real-time. Expected reduction in carbon 
emissions is 4.19%

• Shifting changes the generation mix and 
the locational marginal emissions!

• With post-shift average carbon data, the 
data center emission reductions are -0.90%

Data center load shifting

Emissions
before shifting

Expected
emissions

after shifting

Assigned
emissions

after shifting

-4.19%

-0.90%

Emission reductions are lower than before, and our prediction overly optimistic…



Data center load shifting

0

5
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40

Before shifting After shifting

Whole system emissions 
with locational marginal emissions

Assigned based on locational marginal emissions

Actual system emissions

-0.98%

-1.00%

How about total system emissions?

First observation:

If we use locational marginal emissions to 
assign emissions to load, the total emissions 
assigned ≠ total emissions from generation!

We can assign too many or too few, 
depending on how polluting the marginal 
generator is!

Why? Locational marginal emissions does not 
provide any information about emissions 
from non-marginal generators!

(In contrast, LMPs are always based on the 
most expensive generator to serve a node)



Data center load shifting
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Whole system emissions 
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Assigned based on locational marginal emissions

Actual system emissions

-0.98%

-1.00%

How about total system emissions?

First observation:

If we use locational marginal emissions to 
assign emissions to load, the total emissions 
assigned ≠ total emissions from generation!

Second observation:

When data center emissions decrease, the 
system emissions also decrease. 

In this case, data center load shifting also 
reduces the carbon emissions of non-data 
center loads!



Daily load shifting results

Previous results were aggregated 
across the full year.

For individual days, load shifting 
based on both average and 
marginal carbon emissions can 
lead to increases or reductions in 
emissions.

… but locational marginal 
emissions has fewer days with 
emission increases and more days 
with large emission reductions!

Shifting with 
locational 
marginal 

emissions

Shifting with 
average 
carbon 

emissions

Reduced 
emissions

Increased 
emissions



• Verified data only available in very specific 
regions (to my knowledge only in PJM)

• Locational marginal emissions are highly 
unstable, which makes them hard to 
predict and act on

• It is hard to justify using locational 
marginal emissions for accounting, since 
total emissions assigned to load can be 
wildly different from the total emissions 
from generation.

Let’s use locational marginal emissions?

Marginal and average carbon emissions for Chicago 
(based on PJM and ElectricityMaps data)



• Locational Average Carbon Emissions
o Traces carbon from source to sink, using the 

proportional sharing principle at each node. 
o Ensures that the assignment of carbon 

emissions is consistent with physical power 
flow and that total emissions assigned to 
loads = total emissions from generation

• Adjusted Locational Marginal Emissions
o Adjusts locational marginal emissions by a 

shifting factor (constant across all loads), such 
that the total emissions assigned to loads = 
total emissions from generation

o Similar differences in carbon intensity as 
LMCE in a given timestep

o Similar to ACE when there is no congestion

We need new metrics!?

Chen, Yize, Deepjyoti Deka, and Yuanyuan Shi. "Contributions of Individual 
Generators to Nodal Carbon Emissions." Proceedings of the 15th ACM 

International Conference on Future and Sustainable Energy Systems. 2024.

Xin Chen, Hungpo Chao, Wenbo Shi, and Na Li. "Towards carbon‐free electricity: A 

flow‐based framework for power grid carbon accounting and 
decarbonization." Energy Conversion and Economics (2023).

Xin Chen, Andy Sun, Wenbo Shi and Na Li, "Carbon-aware optimal power 

flow." IEEE Transactions on Power Systems. 2024.

Joe Gorka, Noah Rhodes and Line Roald. ”ElectricityEmissions.jl: A Framework for 

the Comparison of Carbon Intensity Signals“, under review. Preprint: 

https://arxiv.org/abs/2411.06560



• Locational Average Carbon Emissions
o Traces carbon from source to sink, using the 

proportional sharing principle at each node. 
o Ensures that the assignment of carbon 

emissions is consistent with physical power 
flow and that total emissions assigned to 
loads = total emissions from generation

• Adjusted Locational Marginal Emissions
o Adjusts locational marginal emissions by a 

shifting factor (constant across all loads), such 
that the total emissions assigned to loads = 
total emissions from generation

o Similar differences in carbon intensity as 
LMCE in a given timestep

o Similar to ACE when there is no congestion

We need new metrics!?

On average, no change in emissions!

Shifting with 
locational 

average 
emissions

Shifting with 
adjusted 
marginal 

emissions
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Similar results with other setups

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Real-time market, time t

Data centers optimize load 
shifts to reduce emissions

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Real-time market, time t+1

Data centers optimize load 
shifts to reduce emissions

…

Julia Lindberg, Bernard C. Lesieutre, and Line A. Roald. "Using 
Geographic Load Shifting to Reduce Carbon Emissions.” 
Electric Power Systems Research, 2022
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Similar results with other setups

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Real-time market, time t

Data centers optimize load 
shifts to reduce emissions

System operator clears 24h 
day-ahead electricity market

Compute carbon emission data

Real-time market, time t+1

Data centers optimize load 
shifts to reduce emissions

Julia Lindberg, Bernard C. Lesieutre, and Line A. Roald. "Using 
Geographic Load Shifting to Reduce Carbon Emissions.” 
Electric Power Systems Research, 2022

• Locational marginal 
emissions is the most 
effective signal for 
shifting

• Important to keep 
individual shifts small 
and build up over time 
to avoid “over-shifting”

• Use regularization / 
quadratic shifting 
costs



• Carbon-sensitive loads change when (or how much) they use electricity

• This means that they impact the dispatch of the marginal generator

• But they cannot change the order in which generators are dispatched, which is based on cost!

Fundamental limitations of load shifting



• Carbon-sensitive loads change when (or how much) they use electricity

• This means that they impact the dispatch of the marginal generator

• But they cannot change the order in which generators are dispatched, which is based on cost!

Fundamental limitations of load shifting

“The right approach”: Add a tax or penalty on 
generator emissions
Makes low carbon generators more cost competitive.

Politically challenging:
• Requires agreement on a single carbon price.
• Makes electricity more expensive (and therefore 

also reduces demand)

A different approach? Two-dimensional 
consumer bids
• Allow consumers to submit 

bids for electricity consumption and  
consumer-defined carbon cost 

• Change market design to maximize social 
welfare under consideration of the consumer-
side carbon cost

Jiang, Wenqian, and Line Roald. "Greening the Grid: 

Electricity Market Clearing with Consumer-Based 

Carbon Cost." arXiv preprint 

arXiv:2501.09853 (2025).



Key idea: Build carbon allocation into market design

Maximize social welfare, with 
carbon-dependent consumer utility! 

Power flow 
constraints

Carbon
allocation

Carbon Flow
Power Flow

Carbon Flow Model Carbon Cost Model

Carbon Flow
Power Flow

Carbon Flow Model Carbon Cost Model



Key idea: Build carbon allocation and consumer 
carbon preferences into market design

Maximize social welfare, with 
carbon-dependent consumer utility! 

Power flow 
constraints

Carbon
allocation

Carbon Flow
Power Flow

Carbon Flow Model Carbon Cost Model

Carbon Flow
Power Flow

Carbon Flow Model Carbon Cost Model



Key idea: Build carbon allocation and consumer 
carbon preferences into market design



• Initial results indicate that this scheme is able to reduce emissions at a 
relatively modest increase in generation cost.

• A lot more analysis is needed – ongoing ☺

Key idea: Build carbon allocation and consumer 
carbon preferences into market design



• Carbon-sensitive loads may become an increasingly important 
group of loads in the future

• We need a system for carbon accounting of electricity that is 
fair, transparent and aligned with the real-time physical 
operation of the electric grid. It must reward actions that truly 
reduce total carbon emissions (not only shifts them to other 
consumers!)

• Carbon-based load shifting has limitations, and it is important 
to explore how to more effectively account for consumer’s 
carbon-sensitivity and carbon reduction preferences 

Summary



Use our package!

https://github.com/WISPO-
POP/ElectricityEmissions.jl

Want to do your own emissions accounting study?

https://github.com/WISPO-POP/ElectricityEmissions.jl
https://github.com/WISPO-POP/ElectricityEmissions.jl


Thank you!
Line A. Roald

roald@wisc.edu
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