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▪ Introduction and motivation 

▪Life Cycle Assessment (LCA)-based carbon accounting

▪ IT and hardware carbon calculator

▪AI carbon calculator (training & inference)

▪Conclusions and future work

Outline
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▪ Carbon footprint quantifies greenhouse gas emissions (CO₂e) associated with a system across its 

lifecycle.

▪ Carbon cost translates emissions into financial impact

▪ For IT, hardware, and AI systems:

- Energy consumption and emissions scale rapidly with performance

- Carbon is becoming a decision variable, not just a reporting metric

▪ Large technology companies already calculate carbon footprint and cost:

- Google (hyperscale data center & AI operations):

▪ Uses lifecycle carbon accounting for data center infrastructure and hardware

▪ Tracks both: Operational emissions (electricity use, cooling, PUE) & Embodied emissions (manufacturing of servers and 

accelerators)

▪ Incorporates carbon intensity into: Data center siting decisions, workload placement and scheduling, and hardware 

efficiency and design trade-offs

Introduction
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▪ Carbon metrics influence cost decisions:

- Energy efficiency improvements reduce operating expense

- Shifting workloads to lower-carbon regions reduces both emissions and energy cost

- Internal carbon pricing is used to evaluate alternatives and guide investment

▪ Understanding and managing carbon emissions enables:

- Lower energy cost

- Reduced long-term financial risk

- Improve infrastructure and design decisions

Why Carbon Matters to Cost Engineers
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IT Services
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▪ Focused on operational efficiency in data centers

▪ Introduced a carbon calculator for IT operations

- Estimated Scope 1 — direct emissions and Scope 2 — purchased energy emissions 

▪ Limitation Identified:

- Scope 1/2/3 framework is: 

▪ Organization- and reporting-focused

▪ Less suitable for engineering trade studies

▪ Limited visibility into lifecycle carbon drivers

▪ Transitions from Scope-based reporting to Life Cycle Assessment (LCA):

- Production / Manufacturing (often called embodied emissions)

- Transportation

- Operation / Use phase

- End of life (recycling, disposal)

From ICEAA 2025 to This Work — Methodology Evolution
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▪ Covers operational emissions and transportation 
emissions

▪ Operational Emissions (Core):

- Electricity used by IT services during operation

- Operational emissions estimated using established 
methods (e.g., Green Algorithms [Lannelongue et al., 
2021])

▪ Transportation Emissions:

- Emissions from transporting IT hardware and 
equipment

- Captures impacts not visible in operation-only models

▪ Provide a more complete estimate of IT service 
carbon emissions

New IT Carbon Calculator 
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Hardware
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▪ Purpose - built tool to estimate carbon emissions and carbon cost associated with hardware systems

▪ Focuses on upstream lifecycle stages:

- Production (manufacturing) emissions

- Transportation emissions

Hardware Carbon Calculator — Overview
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▪ Represents carbon emissions from:

- Raw material extraction

- Component manufacturing

- System assembly

▪ Often referred to as embodied carbon

▪ Occurs once, upfront, before hardware is deployed

▪ Calculator estimates:

- Embodied carbon per hardware unit

- Allocated carbon for systems composed of multiple components

- Typical categories: Processor modules, oscillators, converters, antennas, sensors, chassis/housing.

- Map each to Bill of Materials (BoM) or archetypes (e.g., PCB assembly, power unit, structural component).

Production Emissions (Embodied Carbon)
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▪ Emission factors derived from ecoinvent, 

Climatiq, Yulex…etc

▪ Key factors: kg CO₂e per kg of aluminum, steel, 

plastics, copper, and composites. 

Production Emissions (Embodied Carbon)

Emission Factors
Material Emission Factor (kg 

CO₂e / kg material) -

Average global

Data Link

Aluminum 8.243 Climatiq-Aluminum

Electronics 25 Maxey Moverley

Copper 2.886 Climatiq-Copper

Steel 1.4 SustainableShips

Plastics 3.165 Climatiq-Plastics

Optics 

(Glass)

1.437 Climatiq-Glass

Composites 

(CFRP / 

aerospace 

grade)

50 Das et al. (2016), "LCA of carbon 

fiber composites

Titanium 17 California Metal

Rubber/Poly

mer hose

5.55 YULEX

Climatiq-Rubber

Dielectric/ce

ramic 

components

1.22 https://www.sciencedirect.com/scie

nce/article/abs/pii/S095522191200

0817

Other (avg) 3.0
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https://www.sciencedirect.com/science/article/abs/pii/S0301479723026816#:~:text=The%20energy%20consumption%20and%20GHG,of%20production%20will%20constantly%20arise.
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https://www.climatiq.io/data/explorer?search=Rubber+&data_version=%5E20
https://www.climatiq.io/data/explorer?search=Rubber+&data_version=%5E20
https://www.climatiq.io/data/explorer?search=Rubber+&data_version=%5E20
https://www.sciencedirect.com/science/article/abs/pii/S0955221912000817
https://www.sciencedirect.com/science/article/abs/pii/S0955221912000817
https://www.sciencedirect.com/science/article/abs/pii/S0955221912000817
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Production Emissions (Embodied Carbon)

▪ HW Calculator

- Inputs: Equipment type, weight, material breakdown.

- Engine: Multiply mass × emission factor.

- Outputs: Total embodied carbon per device.
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▪ Represents emissions from transporting hardware from:

- Manufacturing site

- Distribution centers

- Deployment location

▪ Transportation emissions are:

- Typically smaller than production emissions

- Still important for lifecycle completeness and transparency

Transportation Emissions
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▪ Weight of shipment (kg or tonne)

▪ Distance traveled (km or miles)

▪ Transport mode (air, truck, rail, ship)

▪ Emission factor (kgCO₂e/tonne-km)

▪ Typical Emission Factors

- Air freight: ~500–600 gCO₂e/tonne-km

- Truck (road freight): ~60–150 gCO₂e/tonne-km

- Rail freight: ~20–40 gCO₂e/tonne-km

- Sea freight: ~10–40 gCO₂e/tonne-km

Transportation Emissions

▪ Carbon Footprint (kgCO₂e) = Weight × 

Distance ×  Emission Factor

▪ Integration into Cost Models

- Emission Factor for Spare Shipping: 69.864 

gCO₂e/tonne-km (truck-based)

- Carbon Unit Price converts footprint into Carbon Cost

- Supports hardware lifecycle carbon and cost analysis

Define Key Variables Core Calculation Formula
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AI
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AI Carbon Calculator — Full Lifecycle Framework

Operational Emissions
Training and inference electricity use

Facility overhead (PUE)

Embodied Emissions
Manufacturing of GPUs, servers, and storage

Allocated by workload usage and hardware 

lifetime

Data Storage Emissions
Persistent datasets and model artifacts

Checkpoints, replication, and backup storage

Transportation Emissions
Allocated transportation of compute and 

storage hardware

End-of-Life Emissions
Recycling, disposal, and end-of-life treatment 

of hardware

Inference emissions can become 

dominant at large deployment scale 

because AI models run continuously 

during real-world use.
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▪ 𝑁𝑔: GPU count

▪ 𝑃𝑔,𝑎𝑣𝑔: average GPU power during workload 

▪ t: runtime (hours)

▪ PUE: power usage effectiveness of facility 

(Includes cooling, fans, pumps, power distribution 

losses)

▪ 𝑢: GPU utilization rate

▪ 𝐶𝐼𝑔𝑟𝑖𝑑: grid carbon intensity

Operational Emissions

Key Variables Core Calculation Formula

IT power for the workload

IT energy and facility energy

Operational emissions

𝑃𝐼𝑇 = 𝑁𝑔 × 𝑃𝑔,𝑎𝑣𝑔 × 𝑢

𝐸𝐼𝑇 = 𝑃𝐼𝑇 × 𝑡

𝐸𝑓𝑎𝑐 = 𝐸𝐼𝑇 × 𝑃𝑈𝐸

𝐶𝑂2𝑒𝑜𝑝 = 𝐸𝑓𝑎𝑐 × 𝐶𝐼𝑔𝑟𝑖𝑑
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▪ AI workloads operate at high power density (GPU clusters, sustained utilization)

▪ Nearly all IT electricity becomes heat

▪ Data center cooling is therefore a major contributor to facility energy

▪ Cooling is included through Power Usage Effectiveness (PUE):

▪ Interpretation

- If PUE = 1.5, then 50% additional energy beyond IT load is included

- Lower PUE → Lower cooling-related emissions

- Hyperscale facilities (~1.1 PUE) vs. industry average (~1.5–1.6)

can change AI operational carbon by 30%+

Why Cooling Matters for AI
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▪ They mainly come from:

- Operational electricity to run GPUs/CPUs + memory + networking, plus facility overhead (PUE)

- Allocated embodied carbon of the serving hardware

- Supporting storage (model weights, feature stores, logs) and sometimes network transfer

Inference Emissions
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▪ 𝑁𝑖𝑛𝑓: number of inference

▪ 𝐸𝑟𝑒𝑞: energy per inference (kWh)

▪ 𝑢𝑖𝑛𝑓: GPU utilization rate

▪ 𝑡𝑖𝑛𝑓: duration of Inference (sec)

▪ PUE: power usage effectiveness of facility 

(dimensionless)

▪ 𝐶𝐼𝑔𝑟𝑖𝑑: grid carbon intensity

Inference Emissions

▪ 𝐶𝑂2𝑒𝑖𝑛𝑓 = 𝑁𝑖𝑛𝑓 × 𝐸𝑟𝑒𝑞 × 𝑢𝑖𝑛𝑓 × 𝑡𝑖𝑛𝑓 × 𝑃𝑈𝐸 × 

𝐶𝐼𝑔𝑟𝑖𝑑

Key Variables Core Calculation Formula
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▪ EC: embodied carbon of a hardware item (tCO2e)

▪ L: expected lifetime of the item

▪ α: AI Workload Share (0 to 1)

Allocated Embodied Emissions

Allocation factor 𝐴𝐴𝐼 =
𝑡

𝐿
× α

Allocated embodied emissions 𝐶𝑂2𝑒𝑒𝑚𝑏 = 𝐴𝐴𝐼 × 𝐸𝐶

Key Variables Core Calculation Formula
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▪ D: stored data volume (TB)

▪ 𝑃𝑇𝑃: storage power per TB (kW/TB)

▪ 𝑇: storage duration (hours)

▪ 𝑃𝑈𝐸𝑠𝑡: storage facility PUE 

Data Storage Emissions

Storage energy  𝐸𝑠𝑡,𝐼𝑇 = 𝐷 × 𝑃𝑇𝑃 × 𝑇

                                       𝐸𝑠𝑡,𝑓𝑎𝑐 = 𝐸𝑠𝑡,𝐼𝑇 × 𝑃𝑈𝐸𝑠𝑡

Storage emissions

Key Variables Core Calculation Formula

𝐶𝑂2𝑒𝑠𝑡 = 𝐸𝑠𝑡,𝑓𝑎𝑐 × 𝐶𝐼𝑔𝑟𝑖𝑑,𝑠𝑡
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▪ 𝑊𝑖: shipment weight (tonnes) 

▪ 𝐷𝑖: monthly commute length (km) 

▪ 𝐸𝐹𝑚𝑜𝑑𝑒,𝑖: freight factor (kgCO2e/tonne-km) 

▪ 𝐴𝐴𝐼: allocation factor 

▪ This is consistent with the transport structure 

already used in the IT and hardware calculators.

Allocated Transportation Emissions

For shipment legs

𝑇𝑡𝑜𝑡𝑎𝑙 = ෍

𝑖

( ൯𝑊𝑖 × 𝐷𝑖 × 𝐸𝐹𝑚𝑜𝑑𝑒,𝑖

Allocated transportation emissions

𝐶𝑂2𝑒𝑡𝑟𝑎𝑛𝑠,𝑎𝑙𝑙𝑜𝑐 = 𝑇𝑡𝑜𝑡𝑎𝑙 × 𝐴𝐴𝐼

Key Variables Core Calculation Formula
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▪ 𝐸𝐶𝑡𝑜𝑡𝑎𝑙: embodied carbon of the hardware

▪ 𝑓𝐸𝑂𝐿: EOL factor, fraction used to estimate end-of-

life emissions

▪ 𝐴𝐴𝐼: allocation factor

Allocated EOL Emissions

Use an EOL factor as a fraction of embodied carbon

𝐸𝑂𝐿𝑡𝑜𝑡𝑎𝑙 = 𝐸𝐶𝑡𝑜𝑡𝑎𝑙 × 𝑓𝐸𝑂𝐿

Allocated EOL emissions

𝐶𝑂2𝑒𝐸𝑂𝐿,𝑎𝑙𝑙𝑜𝑐 = 𝐸𝑂𝐿𝑡𝑜𝑡𝑎𝑙 × 𝐴𝐴𝐼

Key Variables Core Calculation Formula
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▪ Carbon intensity 

▪ Unit price

▪ Jurisdictions

▪ Carbon credit: Number of credits purchased where 1 credit equates to 1 metric ton of carbon emissions 

offset.

Other Inputs
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▪ Highest-impact drivers

Sensitivity / What Matters Most

What to improve first

• Lower grid carbon intensity

• Improve PUE and cooling 

efficiency

• Increase utilization through 

batching

• Use realistic workload-share 

and lifetime assumptions

Inference scale / runtime

Grid carbon intensity (CI)

PUE / cooling efficiency

Utilization / batching

AI workload share + lifetime

Embodied, transport & EOL 

assumptions
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How a Cost Engineer Would Use This Framework

Define the decision
• Functional unit and reporting 

period 

• Alternatives to compare 

• Cost / performance constraints 

Calculate carbon
• IT services 

• Hardware 

• AI workload 

Apply carbon price
• Apply carbon fee or scenario 

price 

• Report tCO2e and carbon cost 

Compare options
• Direct cost 

• Carbon cost 

• Performance / schedule / risk 

• Select preferred option 

Populate lifecycle inputs
• Production / embodied 

• Transportation 

• Operation / inference / storage 

• End-of-life 
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▪ Developed a suite of carbon calculators to estimate carbon emissions and carbon cost across IT services, 

hardware systems, and AI workloads

▪ Designed to support engineering and cost estimation decision-making, not just carbon reporting

Key Takeaways & Future Work

Calculator Prod Trans Op EOL

IT Services (optional) ✓ ✓ (future)

Hardware 

(systems, 

components, 

COTS)

✓ ✓ (optional) (future)

AI (training + 

inference)
✓ ✓ ✓ ✓
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Thank you for listening 
Any questions are welcome
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Data Resources

Carbon Intensity Carbon Unit Price

• Data is also released yearly by the EPA for every 

region in the US.

Presented at the ICEAA 2026 Professional Development & Training Workshop - www.iceaaonline.com/nfk2026
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▪ Life Cycle Assessment (LCA)

- Analytical method for evaluating environmental impacts across a system’s entire lifecycle

- Organized by lifecycle stages:

▪ Manufacturing/Production(embodied)

▪ Transportation

▪ Operation

▪ End-of-Life

- Designed for:

▪ Engineering analysis

▪ Design and sourcing trade studies

▪ Lifecycle cost and carbon optimization

LCA vs. GHG Protocol (Scope 1, 2, 3)
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▪ GHG Protocol: Reporting framework for categorizing emissions by organizational responsibility

▪ Organized by who controls or owns the emissions:

- Scope 1: Direct emissions: These are emissions produced directly by sources that an organization owns or controls.

- Scope 2: Purchased energy: These are indirect emissions from purchased electricity, steam, heating, or cooling.

- Scope 3: Value-chain emission: These are all other indirect emissions across the value chain

▪ Designed for:

- Corporate reporting

- Compliance and disclosure

▪ This work uses LCA as the primary analytical framework and can map results to Scope 1, 2, 3 if needed 

for reporting.

LCA vs. GHG Protocol (Scope 1, 2, 3)
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▪ Most widely measured and 

reported metric for efficiency

Represents the facility wide 

efficiency of energy use with 1 

being perfectly efficient

Key Performance Metrics

Power Usage Effectiveness 

(PUE)

▪ Measured in grams of CO2 

equivalent produced per kWh

▪ CI of coal ~ 322, Renewables 

are 0

Can only be reduced by 

increasing reliance on 

renewables for on-site energy 

and minimizing reliance on utility 

companies for dirtily produced 

energy.

Carbon Intensity of Energy

▪ % of maximum load on IT 

equipment

Modern computing equipment 

energy use does not scale 

linearly with increasing utilization 

meaning that a lightly loaded 

server uses a disproportionate 

amount of energy.

▪ Can be reduced with smart 

scheduling practices and 

server consolidation

Equipment Utilization
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