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Computing incurs a growing environmental footprint

900 Million tons of CO2

• On par with the aviation industry’s footprint
• 2.1 - 3.9% of worldwide emissions

Mobile Communication Data center

Computing’s emissions are rising given its growing demand!
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“Embodied”

Hardware 
manufacturing

Emissions from 
fabs building chips

Energy 
consumption

Focus of systems, software, and 
hardware designers

“Operational”

Crucial to look at emissions across HW life cycle

Manufacturing Product Transport Hardware Use End-of-life
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Hardware manufacturing is a dominating source of carbon

Gupta et. al. Chasing Carbon: The Elusive CO2 Footprint of Computing(HPCA 2021)
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Hardware manufacturing is a dominating source of carbon

Gupta et. al. Chasing Carbon: The Elusive CO2 Footprint of Computing(HPCA 2021)

Integrated 
Circuits (33%)

Manufacturing 
(74%)

Hardware use

Transport

Apple’s 2019 carbon emissions
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Challenge: How do we design sustainable systems by considering the footprint across lifecycles
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Architectural Carbon Model
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Performance/power/energy and 
lifetime of hardware

Energy efficiency and
environment (carbon intensity)

Overhead of hardware 
manufacturing

Model Hardware/software input
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Embodied carbon of application processors (SoC’s)

𝐸𝑚𝑏'(! = 𝐴𝑟𝑒𝑎 ×
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Embodied carbon of application processors (SoC’s)

𝐸𝑚𝑏'(! = 𝐴𝑟𝑒𝑎 ×
𝐶𝐼0.1 ×𝐹𝑎𝑏%2%&/, + 𝐹𝑎𝑏34%+53.6$ + 𝐹𝑎𝑏+.-%&5.6$

𝑌𝑖𝑒𝑙𝑑

Hardware design

Energy 
source (grid)

Device and fab characterization
(industry fabs, device data)
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Embodied carbon of application processors (SoC’s)
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Embodied carbon of application processors (SoC’s)

𝐸𝑚𝑏'(! = 𝐴𝑟𝑒𝑎 × 𝑪𝑷𝑨

TSMC 2025 goal
(25% renewable)

Fab with coal 
(0% renewable)

Fab with solar (100% renewable)

Data sources:
• [IMEC] DTCO including Sustainability: Power-Performance-Area-Cost-Environmental 

score (PPACE) Analysis for Logic Technologies. Bardon et. al (IEDM 2020)
• [TSMC] TSMC Sustainability Reports 2018-2020
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Additional details found in the paper…

𝐸𝑚𝑏!"#$ = 𝐷𝑅𝐴𝑀%&'&%()* ×𝐶𝑃𝑆!"#$
𝐸𝑚𝑏++! = 𝑆𝑆𝐷%&'&%()* × 𝐶𝑃𝑆++!

Memory and storage

Data sources: SK Hynix, Apple

ACT parameters

DRAM

SSD
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Overview of ACT model

Comparing ACT to other methodologies

Sustainability aware-design case studies

This work: Architectural Carbon Modeling Tools (ACT) 

Challenge: How do we design sustainable systems by considering the footprint across lifecycles

Developed an extensible, carbon model based on industry data for 
modern hardware architectures.
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Overview of ACT model

Comparing ACT to other methodologies

Sustainability aware-design case studies

This work: Architectural Carbon Modeling Tools (ACT) 

Challenge: How do we design sustainable systems by considering the footprint across lifecycles

Developed an extensible, carbon model based on industry data for 
modern hardware architectures.

ACT provides first order carbon estimates of modern systems 
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Architectural 
Carbon Model

Commodity (mobile CPU)
Specialized (mobile GPU, DSP)

Carbon per inference

Reuse: General purpose versus custom mobile HW
AI inference case study (MobileNet) assuming 3 year hardware lifetime, and same utilization in all cases
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Architectural 
Carbon Model

Commodity (mobile CPU)
Specialized (mobile GPU, DSP)

Carbon per inference

Without renewables 
during operation

3x reduction

CPU 
optimal

Embodied CO2 
Operational CO2

DSP 
optimal

Reuse: General purpose versus custom mobile HW

With renewables 
during operation

AI inference case study (MobileNet) assuming 3 year hardware lifetime, and same utilization in all cases
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Reduce

ReuseRecycle

Design leaner footprint 
software and hardware.

Repurpose systems 
already produce. 

Recover discarded 
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Reduce: Designing leaner hardware systems
Architectural 
Carbon ModelNvidia DL Accelerator (NVDLA)

Performance/energy vs.
Carbon
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Reduce: Designing leaner hardware systems

Energy
opt.

Performance 
opt.

30 FPS 
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Architectural 
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Performance/energy vs.
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Reduce: Designing leaner hardware systems
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Reduce: Designing leaner hardware systems

28nm 16nm

CO2 opt.
Energy

opt.

Performance 
opt.

30 FPS 
target

Architectural 
Carbon ModelNvidia DL Accelerator (NVDLA)

Performance/energy vs.
Carbon

2mm2

area

30% carbon 
increase

(Jevon’s paradox)
3x carbon 
decrease!
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Overview of ACT model

Comparing ACT to other methodologies

Sustainability aware-design case studies

This work: Architectural Carbon Modeling Tools (ACT) 

Challenge: How do we design sustainable systems by considering the footprint across lifecycles

Developed an extensible, carbon model based on industry data for 
modern hardware architectures.

Can eliminate carbon footprint by up 3x (Reduce) and 2x (Reuse) 
and 2x (Recycle)  

ACT provides first order carbon estimates of modern systems 
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Develop the model

This work: ACT
Case studies
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Develop the model

This work: ACT
Case studies

More details in the paper!

• Modeling parameters and industry sources for data
• Carbon-aware metrics for early DSE (e.g., EDP, CDP, CEP)
• Detailed comparison against industry LCA’s
• Reuse case study: impact of reconfigurable accelerators (FPGA’s)
• Recycle case study: Enabling second life & SSD provisioning
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Develop the model

Thank you! 
Case studies Open-source!

More details in the paper!

• Modeling parameters and industry sources for data
• Carbon-aware metrics for early DSE (e.g., EDP, CDP, CEP)
• Detailed comparison against industry LCA’s
• Reuse case study: impact of reconfigurable accelerators (FPGA’s)
• Recycle case study: Enabling second life & SSD provisioning

This work: ACT
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Computing incurs a growing environmental footprint

700 Million tons of CO2

• Half the aviation industry’s footprint
• 2.1 - 3.9% of worldwide emissions

Doubling over the next decade!

59% of world online

Future improvements 
challenging (e.g., slowing 
Moore’s Law, PUE)

Emerging applications 
demanding higher 
compute

Mobile Communication Data center
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Overview of ACT

Arch. Carbon Model

Carbon–aware HW         
design metrics
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SW design &
performance

HW design &
power

Fab Environmental

Overview of ACT

Arch. Carbon Model

Carbon–aware HW         
design metrics
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SW design &
performance

HW design &
power

Fab Environmental

Operational CO2

Embodied CO2
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Arch. Carbon Model

Carbon–aware HW         
design metrics

SW design &
performance

HW design &
power

Fab Environmental

Operational CO2

Embodied CO2

CO2 -aware 
HW optimization

Overview of ACT
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DRAM carbon per storage model

Data sources: SK Hynix
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SSD carbon per storage model

Data sources: SK Hynix, Apple



60

More comparisons (ACT vs. LCA’s) in the paper… 

ACT vs. Dell R740 
server LCA

ACT vs. Fairphone 3 
mobile device LCA
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More comparisons (ACT vs. LCA’s) in the paper… 

Takeaways
(1) ACT provides first-order approximate of LCA’s that use old technology nodes (45nm NAND, 32nm CPU)

(2) ACT enables architects to study new technology nodes

IC component ACT vs. Dell R740 
server LCA

ACT vs. Fairphone 3 
mobile device LCA

Compute (processors, SoC’s) Within 2.2x Within 1.18x
Memory Within 1.62x

Within 2.1x
Storage Within 1.05-2.2x
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Recycle: Extending hardware lifetime 
Architectural 
Carbon Model

Mobile SoC’s
Geekbench characterization

Operational vs.
Embodied carbon
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Recycle: Extending hardware lifetime 
Architectural 
Carbon Model

Mobile SoC’s
Geekbench characterization

Operational vs.
Embodied carbon

Embodied 
reduction

Operational 
degradation

Embodied  CO2 Operational  CO2

Enabling 2nd life 
requires enhancing 

HW reliability 

See paper for case 
study on storage 
reliability using 

SSD overprovisioning


