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Average household consumption per capita
1.6MWh → 0.0016 GWh 

1 datacenter == ~10k people

Let’s do some math

Total energy consumption
16,013,299 kWh → ~16 GWh

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_and_heat_statistics#C
onsumption_of_electricity_per_capita_in_the_household_sector 

https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_and_heat_statistics#Consumption_of_electricity_per_capita_in_the_household_sector
https://ec.europa.eu/eurostat/statistics-explained/index.php?title=Electricity_and_heat_statistics#Consumption_of_electricity_per_capita_in_the_household_sector
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I/O Magazine, Issue 3, Dec. 2020

The S2 group @VU Amstedam

https://ict-research.nl/wordpress/wp-content/uploads/2021/01/IO_magazine_NR3-2020_web.pdf
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Master track: Software Engineering and Green IT
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The Green Lab

Students measure real 
software products

Our infrastructure for experimenting 
on software
● energy efficiency
● performance
● ...

Industry-driven experiments

A MASTER COURSE

A PLATFORM

A COLLABORATION PLATFORM

https://arxiv.org/abs/2407.05689 

https://arxiv.org/abs/2407.05689
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https://arxiv.org/abs/2407.05689 

Green Lab infrastructure

https://arxiv.org/abs/2407.05689
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Software tools

https://github.com/S2-group
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Experiment Runner

https://github.com/S2-group/experiment-runner

A framework to automatically 
execute measurement-based 
experiments
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Guldner et al. Development and evaluation of a reference measurement model for assessing the resource and energy efficiency of software products 
and components-Green Software Measurement Model (GSMM). Future Generation Computer Systems, 155, pp. 402-418, 2024.

Anatomy of an experimental run

http://www.ivanomalavolta.com/files/papers/FGCS_2024.pdf
http://www.ivanomalavolta.com/files/papers/FGCS_2024.pdf
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Runners as a learning platform

Ivano Malavolta, Vincenzo Stoico, Patricia Lago. Ten Years of Teaching Empirical Software Engineering in the context of Energy-efficient Software, 
2024. https://arxiv.org/abs/2407.05689 

https://arxiv.org/abs/2407.05689
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Basic concepts: Reducing carbon emissions
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Basic concepts: Strategies for greener software
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Basic concepts: Carbon intensity
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Basic concepts: Carbon intensity

https://app.electricitymaps.com/zone/NL
https://www.electricitymaps.com/methodology 

https://app.electricitymaps.com/zone/NL
https://www.electricitymaps.com/methodology
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Basic concepts: embodied emissions

Carbon amortization + utilization
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The Software Carbon Intensity formula
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Reporting in research 
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Running example

Goal: to calculate the SCI of a software application called 
“MovieRecommender” running on a Google Cloud VM

    

Scaling factor: #API requests
Average monthly requests: 20k
Region: US-East*
VM config: e2-standard-4

https://cloud.google.com/compute/docs/regions-zones
https://cloud.google.com/compute/docs/general-purpose-machines
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Software boundary

Software boundary = all supporting infrastructure and systems that 
significantly contribute to the software’s operation

Examples: 
• compute resources
• storage
• networking equipment
• memory
• monitoring
• idle machines
• logging
• scanning
• build and deploy pipelines
• testing
• …

If evaluating a complex 
system, compute the SCI of 
one component at a time, 
then aggregate

Boundary: 
• all services of the application
• the infrastructure for running them (vCPUs and server only)
We are leaving out: memory, disk , racks, cooling water resources,  
CI/CD pipelines, etc.

MovieRecommender
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Functional unit (R)

Functional unit defines how your software scales

The goal of the SCI is to quantify how much carbon is emitted per one unit of R

Examples:
• #API call/request
• Benchmarks executed
• #users
• Minute/time unit
• Devices
• Physical site
• Data volume
• Batch/Scheduled Jobs
• Database transactions

It must be consistent across all the components in the software boundary

Functional unit: one API callMovieRecommender
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Energy (E)

E is the energy consumed by a software system for a functional unit of work R

Unit of measure: kWh

Four main strategies to compute E:

1. Tool-based [MEASURED]

2. API-based techniques [CALCULATED]

3. Performance engineering techniques [CALCULATED]

4. Public datasets [CALCULATED]
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E -- Tool based

In tool-based approaches you integrate your software with tools that are 
directly measuring the energy consumed  for each functional unit R.

Examples of useful tools:
• PyJoular
• energibridge
• Scaphandre
• any RAPL wrapper

but check your SCI boundary!
• etc.

Extensive list here

This is what we primarily do 
in the Green Lab  course

https://github.com/Green-Software-%20%20Foundation/awesome-green-software
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E -- API-based techniques

You  integrate your software with APIs that provide at runtime energy values 
for VM instances, based on CPU usage, instance type, location and duration of 
usage, etc.

Examples of available APIs:
• Climatiq
• CloudCarbonFootprint

Available APIs typically report Energy Carbon Intensity (E * I), not only E! 
The SCI specification calls it Operational emissions O.

https://www.climatiq.io/docs
https://www.cloudcarbonfootprint.org/docs/methodology
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Example of Climatiq request and response

https://www.climatiq.io/docs/api-reference/computing#v
m-instance 

for memory for CPU

https://www.climatiq.io/docs/api-reference/computing#vm-instance
https://www.climatiq.io/docs/api-reference/computing#vm-instance
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E -- Performance engineering techniques

These techniques are generally about:
1) identifying which hardware components to consider in each machine (at 

least, CPU, GPU, memory)
2) collecting data from tech specs/datasets about the average power 

consumption P
i
 of each component i and summing up all of them into P

3) the application of the usual E = P * t formula, where t is the total time 
window considered in the SCI calculation 

Points of attention:
• Which hardware components to consider

It depends on your SCI boundaries
• The sources you use for collecting the P

i
  values

Example: Intel Xeon Platinum 8270 datasheet
• How to include utilization in your P (e.g., average CPU utilization)

Example: see DEF formula

https://ark.intel.com/content/www/us/en/ark/products/192482/intel-xeon-platinum-8270-processor-35-75m-cache-2-70-ghz.html
https://arxiv.org/pdf/2306.10049
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E -- Public datasets

You use public sources and references for energy estimates for computing resources 

Examples of available datasets:
• Boavizta Cloud dataset
• Boavizta servers dataset
• Climatiq open data explorer
• Spec.org average Watts for CPUs

As an alternative, Cloud Jewels coefficients (created by the Sustainable Task Force at 
Etsy):
• 2.10 Wh per vCPUh [Server]
• 0.89 Wh per TBh for HDD storage [Storage]
• 1.52 Wh per TBh for SSD storage [Storage]

Cloud Jewels coefficients are (very rough) fixed estimates, which can be used as final 
resort. See here for the details about the used method.

https://datavizta.boavizta.org/cloudimpact
https://datavizta.boavizta.org/serversimpact
https://www.climatiq.io/data
https://www.spec.org/power_ssj2008/results/power_ssj2008.html
https://www.etsy.com/codeascraft/cloud-jewels-estimating-kwh-in-the-cloud/
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Example of calculation via a public dataset

Energy Carbon intensity (E * I) = (0.0013*24*30)*1000 = 
936 gC02e

MovieRecommender

https://www.climatiq.io/data/explorer 

https://www.climatiq.io/data/explorer?category=Cloud+Computing+-+CPU&search=gcp+us+east&data_version=%5E18
https://www.climatiq.io/data/explorer
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Energy carbon intensity (I)
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https://github.com/Green-Software-Foundation/carbon-aware-sdk
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Energy carbon intensity (I)

or better: 
Location-Based Marginal Carbon Intensity

Carbon intensity = the measure of the greenhouse gas emissions associated 
with producing electricity

It is expressed in gCO₂eq/kWh - grams of carbon dioxide equivalents emitted 
per kilowatt hour of consumed  electricity

No single method to calculate this, it depends primarily on the region where 
energy is consumed
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Energy carbon intensity (I)

Two main strategies to follow to compute it:

• API-based techniques: your software uses real-time APIs and act based on 
the levels of carbon intensity
- This is the preferred method
- Examples:   https://codecarbon.io

       https://app.electricitymaps.com                
https://github.com/Green-Software-Foundation/carbon-aware-sdk

• Lookup open datasets: you use historical databases
- Example:  https://ourworldindata.org/grapher/carbon-intensity-electricity 

https://codecarbon.io/
https://github.com/Green-Software-Foundation/carbon-aware-sdk
https://ourworldindata.org/grapher/carbon-intensity-electricity
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36

Embodied emissions (M)

Carbon amortization
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Embodied emissions (M)

M = the fraction of the total embodied emissions of the device is allocated to 
the software in grams of carbon (gCO2eq)

M = TE * TS * RS
where:

TE = Total Embodied Emissions = the sum of Life Cycle Assessment (LCA) 
                emissions for all hardware components

TS = Time-share = the share of the total life span of the hardware reserved 
 for use by the software

RS = Resource-share =  the share of the total available resources of the 
             hardware reserved for use by the software
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Embodied emissions (M)

M = TE * TS * RS

M = TE *    (TiR/EL) *  (RR/ToR)
where:

TiR = Time Reserved =  the length of time the hardware is reserved for use               

 by the software in hours/days/months/years

EL = Expected Lifespan = the anticipated time that the equipment will be 
                      installed in hours/days/months/years

RR = Resources Reserved = the amount of resources reserved for use by the 
   software

ToR = Total Resources = the total amount of resources available

Also for M, do NOT include market-based measures.
The goal here is to REDUCE emissions!

Time Resources
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Final SCI – Example

Here we compute the final  value of SCI for the 
system under analysis

Time horizon = 1 month

R = 20,000 API requests

O = (E * I) = 936 gC0₂e

SCI =  (936 + 3,203.9) gC0₂e per month 

         =  (936 + 3,203.9) / 20000 = 0.206995 gC0₂e per API call

M = TE * (TiR/EL) * (RR/ToR)

TE = 1,230.3 kgCO₂e  = 1,230,300 gCO₂e 

TiR = 1 month

EL = 4 years = 48 months

RR = 4 vCPUs

ToR = 32 vCPUs

M = 1,230,300  * (1/48) * 4/32) = 3,203.90625 gCO₂e
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Wrap-up
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References

• Fibonacci implementations: 
https://realpython.com/fibonacci-sequence-python/#using-iteration-and-a-python-function 

• Basics about green software

https://learn.greensoftware.foundation 

• Software Carbon Intensity Specification

https://www.iso.org/standard/86612.html 

• SCI official guide 

https://sci-guide.greensoftware.foundation

• SCI case studies (for inspiration) 

https://sci-guide.greensoftware.foundation/CaseStudies

• Example of usage of SCI in a scientific study:

- YouTube video: https://www.youtube.com/watch?v=BOHKSK8GFYg 

- Study: https://hotcarbon.org/assets/2024/pdf/hotcarbon24-final109.pdf

https://realpython.com/fibonacci-sequence-python/#using-iteration-and-a-python-function
https://learn.greensoftware.foundation/
https://www.iso.org/standard/86612.html
https://sci-guide.greensoftware.foundation/
https://sci-guide.greensoftware.foundation/CaseStudies
https://www.youtube.com/watch?v=BOHKSK8GFYg
https://hotcarbon.org/assets/2024/pdf/hotcarbon24-final109.pdf

