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This talk (mostly) focuses on operational emissions
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• Carbon Intensity – quality of used energy (gCO2/kWh)

• Highly variable across geographic locations

Sawsan El Zahr et al.. "Exploring the Benefits of Carbon-Aware Routing“, ACM CoNEXT 2023

• Highly variable over time

• Power proportionality
• Predictable 24-48hr in advance

• Right device in the right place

• In-network computing

• A compute continuum

Yuta Tokusashi el al., “The Case For In Network Computing On Demand”, Eurosys 2019  
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• Using carbon-related metrics in OSFP allows saving up to 7.5% in carbon emissions

• + Traffic engineering and turning off unused ports – up to 14.5% carbon reduction

Yuta Tokusashi el al., “The Case For In Network Computing On Demand”, Eurosys 2019  
Sawsan El Zahr et al.. "Exploring the Benefits of Carbon-Aware Routing“, ACM CoNEXT 2023 
Sawsan El-Zahret al. "Carbon-intelligent content scheduling in CDNs", ACM/IRTF ANRW, July 2025 

• No change to infrastructure, maintaining redundancy

• Using carbon intelligent algorithms for content pre-positioning allows up to 64% 
carbon reduction

• Using in-network acceleration allows up to 1000x energy savings per operation

• + Reduction in data transmission ⇒ Reduced emissions

Preliminary Results:
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• Accounting for static and embodied emissions 

• Data sharing across domains 

• Cached content

Noa Zilberman et al. "Toward Carbon-Aware Networking". HotCarbon'22, July 2022
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Accounting for static and embodied emissions

• Assume 32 x 100G Router, 1000W max power consumption, 80% static (idle)
• Power consumption with zero traffic is 800W

• Carbon intensity is 250gCO2e/kWh

• “Static” emissions are 200gCO2e/h

• A single 10Mbps flow runs through the router…
Who accounts for the static emissions?
• ISP

• The user running the single 10Mbps flow, all the emissions (200gCO2e/h x FCT)

• The user running the single 10Mbps flow, the emissions relative to router’s use 
(10Mbps / 3.2Tbs x 200gCO2e/h x FCT = 0.000625gCO2e/h x FCT)

• 320,000x difference!
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Accounting for static and embodied emissions

• Different ways to account for static emissions
• ISPs → Will motivate moving to more efficient network devices
• By number of users → Relatively easy to implement, but incentivises use during 

peak hours
• By user’s utilisation →Hard to implement, someone needs to account for 

unutilised part

Embodied carbon can be amortised, but a similar problem



Challenges of Carbon Aware Networks

10

Data Sharing Across Domains

AS A

AS B

AS E
AS C AS D

Tell me the 
carbon cost of 

routing through 
your network

I don’t 
want to 

I don’t 
know

There are 
multiple 
options



Challenges of Carbon Aware Networks

10

Data Sharing Across Domains

• ASes may not want to share the data: security, competitive information (reverse 
engineering),….

AS A

AS B

AS E
AS C AS D

Tell me the 
carbon cost of 

routing through 
your network

I don’t 
want to 

I don’t 
know

There are 
multiple 
options



Challenges of Carbon Aware Networks

10

Data Sharing Across Domains

• ASes may not want to share the data: security, competitive information (reverse 
engineering),….

• ASes may not know: no equipment support, complex accounting, …

AS A

AS B

AS E
AS C AS D

Tell me the 
carbon cost of 

routing through 
your network

I don’t 
want to 

I don’t 
know

There are 
multiple 
options



Challenges of Carbon Aware Networks

10

Data Sharing Across Domains

• ASes may not want to share the data: security, competitive information (reverse 
engineering),….

• ASes may not know: no equipment support, complex accounting, …
• There may be more than one answer: multiple routes through the network, traffic is 

dynamic, …

AS A

AS B

AS E
AS C AS D

Tell me the 
carbon cost of 

routing through 
your network

I don’t 
want to 

I don’t 
know

There are 
multiple 
options



Challenges of Carbon Aware Networks

10

Data Sharing Across Domains

• ASes may not want to share the data: security, competitive information (reverse 
engineering),….

• ASes may not know: no equipment support, complex accounting, …
• There may be more than one answer: multiple routes through the network, traffic is 

dynamic, …

AS A

AS B

AS E
AS C AS D

Tell me the 
carbon cost of 

routing through 
your network

I don’t 
want to 

I don’t 
know

There are 
multiple 
options

Multipath routing is challenging also within a single domain



Challenges of Carbon Aware Networks

10
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• ASes may not want to share the data: security, competitive information (reverse 
engineering),….

• ASes may not know: no equipment support, complex accounting, …
• There may be more than one answer: multiple routes through the network, traffic is 

dynamic, …

AS A

AS B

AS E
AS C AS D

Tell me the 
carbon cost of 

routing through 
your network

I don’t 
want to 

I don’t 
know

There are 
multiple 
options

Multipath routing is challenging also within a single domain

Data collection is relatively easy: INT, IOAM,…
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• Video streaming, online gaming, software updates…
• Most traffic during peak hours
• Often short distance (hops) from the user

• Previous work showed limited gains for carbon aware routing
• Moving further from the user to “greener” areas

• Can affect performance
• Increase load on the network → Higher network emissions

• Will get worse as inference moves to the edge

Challenges of Carbon Aware Networks

11

Cached Content & CDNs

Cache
Origin

Sawsan El Zahr et al.. "Exploring the Benefits of Carbon-Aware Routing“, ACM CoNEXT 2023
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• Developing and deploying proof of concept tools across the UK
• Wired & 5G testbeds

• Want to get started?
• First step: annotate your energy measurements with operational carbon emissions
• Can be done retroactively!
• Don’t be tempted to use average carbon intensity

• More challenges will arise over time
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