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Green Computer Architecture
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Recap

• Computation requires a lot of power


• When we need more performance than we can achieve in a single platform, 
computation scales out

Power = Energy / Time
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Recap

• Data centers require a lot of energy


• Energy efficiency from innovation alone is 
insufficient
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Gupta, et al. Chasing Carbon, HPCA 2021

Anderson, et al. Treehouse, SIGENERGY 2023
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The Energy to Computation Pipeline
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Energy 
Source

Conversion 
to Electricity

Electricity 
Demands Computation

From Energy to 
Carbon
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What are the primary carbon bottlenecks 
in energy to computation pipeline?
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From Energy to 
Carbon

Chat with your neighbors!
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Formalization of “Carbon Emissions”

• Greenhouse Gas Protocol defines an accounting standard followed by many 
companies to report carbon emissions
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From Energy to 
Carbon

Direct Emissions

Scope 1

Indirect Emissions

Scope 2

Upstream and 
Downstream Emissions

Scope 3

* Fuel Combustion 
* Cooling 
* Transportation 
* Chemical Emissions

* Purchased Energy Consumed 
* Emissions from Converting 

Energy to Electricity

* Hardware Purchasing 
* Device Lifetimes 
* Transportation
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Formalization of “Carbon Emissions”
From Energy to 

Carbon

How long producing energy 
until the initial energy to 

produce plant is regenerated

Gupta, et al. Chasing Carbon, HPCA 2021
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Takeaways

• Direct relation between computing energy and carbon emissions


• Emissions can be further characterized based on when they are produced


• Renewables reduce the overall carbon footprint of computation


• Producing renewable energy is not “free”
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From Energy to 
Carbon
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Characterizing Computational Carbon
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Operational and 
Embodied Carbon

COperational Embodied

Carbon cost at runtime Carbon cost of 
manufacturing devices
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Come up with an argument for why 
embodied or operational carbon is a 

bigger overhead!
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From Energy to 
Carbon

Chat with your neighbors!
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Operational Carbon

• Carbon Footprint = 


Operational Carbon Footprint + (Embodied Carbon / System Lifetime)


• Operational Carbon Footprint = Carbon Intensity * Energy Source
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Operational and 
Embodied Carbon
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Conventional Thinking…

• Optimize for operational carbon


• Embodied carbon cost is amortized over a device’s lifetime


• Longer lifetime means the “effective” embodied cost is lower


• Server life time is 3-5 years
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Operational and 
Embodied Carbon
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Gupta, et al. Chasing Carbon, HPCA 2021
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In practice…
Operational and 

Embodied Carbon

Gupta, et al. ACT, ISCA 2022
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Li, et al. Toward Sustainable HPC. SC 2023

Why Embodied Carbon?
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Operational and 
Embodied Carbon

More GPUs improves performance to 
a point, but more hardware requires 

more embodied carbon
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The Embodied Cost
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Operational and 
Embodied Carbon

• Carbon emissions are a function of integrated circuitry


• For CPU and GPU (kg CO2 per cm2)


• 0.1-0.4 kCO2/cm2


• For memory and storage (kg CO2 per GB):


• DRAM: 0-.6 kCO2/GB, SSD: 0-.3 kCO2/GB, HDD: 0-.12 kCO2/GB
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Takeaways

• Embodied carbon can often exceed operational carbon costs


• Larger components require more carbon
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Operational and 
Embodied Carbon
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Operational Carbon in Data Centers

• Improved device efficiency


• Using renewable energy sources


• Intermittent reliability


• Geographic implications


• Batteries


• Inter-Data Center Scheduling
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Profiling Carbon in 
Data Centers

Acun, et al. Carbon Explorer. ASPLOS 2023
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Heterogeneous Components

• Components wear at different rates


• Compute lifetime 3-5 years


• Memory lifetime 5-7 years


• Reintegrate memory devices with newer 
compute components


• See also, “Junkyard Computing”
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Profiling Carbon in 
Data Centers

Wang, et al. Designing Cloud Servers for 
Lower Carbon. ISCA 2024
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What other considerations go 
into green computing?
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Other Environmental 
Considerations

Chat with your neighbors!
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Why just carbon?

• Forever chemicals


• Water cooling of data centers


• Electronic waste
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Other Environmental 
Considerations



Computer Architecture, Spring 2025 April 18, 2025

https://sustainability.atmeta.com/wp-
content/uploads/2020/12/FB_Sustainability-

Data-Disclosure-2019.pdf
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Other Environmental 
Considerations

https://sustainability.atmeta.com/wp-content/uploads/2020/12/FB_Sustainability-Data-Disclosure-2019.pdf
https://sustainability.atmeta.com/wp-content/uploads/2020/12/FB_Sustainability-Data-Disclosure-2019.pdf
https://sustainability.atmeta.com/wp-content/uploads/2020/12/FB_Sustainability-Data-Disclosure-2019.pdf
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Further Reading!

• Chasing Carbon: The Elusive Environmental Footprint of Computing


• ACT: Designing Sustainable Computer Systems with an Architectural Carbon 
Modeling Tools


• Treehouse: A Case for Carbon-Aware Datacenter Software


• Carbon Explorer: A Holistic Framework for Designing Carbon Aware Datacenters


• Toward Sustainable HPC: Carbon Footprint Estimation and Environmental 
Implications of HPC Systems


• Designing Cloud Servers for Lower Carbon
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https://ieeexplore.ieee.org/document/9407142/
https://dl.acm.org/doi/pdf/10.1145/3470496.3527408
https://dl.acm.org/doi/pdf/10.1145/3470496.3527408
https://dl.acm.org/doi/pdf/10.1145/3630614.3630626
https://dl.acm.org/doi/10.1145/3575693.3575754
https://dl.acm.org/doi/10.1145/3581784.3607035
https://dl.acm.org/doi/10.1145/3581784.3607035
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=10609689

