4

e |\ano Malavolta

8 Transparency first: assessing (and reporting) the
, Software Carbon Intensity of large-scale Al g
S systems

B i Malavolta@vu.nl

\ /

/9 SOFTWARE AN
S SUSTAINABILIT
/ S2 RESEARCH GRO




“Dunkirk

N
Jurech

o
Netherland®



)

Certificaat
EuropeseWind

Rotterdam
4.4 (18) )

Computer networking service
Open 24 hours

Vattenfall verklaart dat de elektriciteit die
afneemt door duurzame

bronnen is opgewekt. Met de keuze voor

EuropeseWind draagt bij

aan een beter milieu. De Garanties Contractkenmerk: S
Volume: 16.013.299 kWh*
Startdatum: 01-01-2024
Einddatum: 3112-2024
Bron: Wind

van oorsprong worden namens de

Herkomst: Europa**

*Het weergegeven volume Is indicatiet Na afloop van de verbrukspenode kan het




L et’'s do some math

Total energy consumption VATTENFALL &
16,013,299 kWh — ~16 GWh

Average household consumption per capita | ‘ f
1.6MWh — 0.0016 GWh Certificaat

EuropeseW%nd

1 datacenter == ~10k people

Einddatum: 31112-2024
Bron: Wind
Herkomst: Europa**

do Eurcpese organsatie voor energiecertiicatio AR

§R§JERUEI§IER§IRTEI|1 AESQQRlDJAF; onsumption_of_electricity per_capita_in_the_ household_sector
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https://ict-research.nl/wordpress/wp-content/uploads/2021/01/IO_magazine_NR3-2020_web.pdf

Master track: Software Engineering and Green I'T

OVERVIEW COMPUTER SCIENCE: JOINT DEGREE WITH UVA

LANGUAGE OF INSTRUCTION English
DURATION 2 years

TUITION FEE Tuition fees
APPLICATION DEADLINE September intake

1 April for EU/EEA and non-EU/EEA students*

1 June for holders of a Dutch bachelor’s degree (with a Dutch or EU/EEA
nationality).

* EU/EEA students (exept for Dutch students) with an international degree who
do not need housing services through VU Amsterdam can still apply until 1
June.

Eebruary intake
1 November for non-EU/EEA students
1 December for EU/EEA students

START DATE 1 September and 1 February
STUDY TYPE Full-time
SPECIALIZATIONS

- Big Data Engineering

- Computer Systems Security

- Foundations of Computing and Concurrency
- Internet and Web Technology

- Parallel Computing Systems

- Software Engineering and Green IT b——
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The Green Lab

https://arxiv.ora/abs/2407.05689

AMASTER COURSE _
COMPUTER SCIENCE: SOFT
Students measurgreal . ENGINEERING & GREEN IT
software products &1
A PLATFORM

Our infrastructure for experimenting A COLLABORATION PLATEFORM
on software

e energy efficiency [}
e performance £
[
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Industry-driven experiments


https://arxiv.org/abs/2407.05689

Green Lab infrastructure
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https://arxiv.org/abs/2407.0568
ID HD RAM CPU (Intel Xeon) Operating System
MOX1 36Tb 196Gb Silver 4112@2.60GHz Debian 9
MOX2 36Tb 384Gb Silver 4208 @2.10GHz Debian 11
GL6 36Tb 384Gb Silver 4208 @2.10GHz Ubuntu 20.04
GL5 36Tb 384Gb Silver 4208 @2.10GHz Ubuntu 22.04
GL4 1Tb 16Gb E5335@2.00GHz Ubuntu 22.04
GL2 1Tb 32Gb E3-1231@3.40GHz Ubuntu 22.04
GL3 126Gb 8Gb E5345@2.33GHz Ubuntu 22.04



https://arxiv.org/abs/2407.05689

Software tools

(R Overview

O S2-group

This is the official GitHub account of the Software and Sustainability Group of the Vrije Universiteit Amsterdam.

Q Type (/] to search

A Teams 2 A People 21 @& Settings

& csvunl W @s2_group [imalavolta@vu.nl

] Repositories 101 [ Projects 1 @ Packages
Software and Sustainability Group - VU Amsterdam
Ax21followers @ Vrije Universitei The ..
Pinned

(3 android-runner ' Public
Forked from KungPaoChicken/android-runner

Python for executing based
experiments on native and web apps running on Android devices

@Python 729 % 96

3 experiment-runner ' Public

Tool for the automatic orchestration of experiments targeting software
systems

®Python w6 %6

3 android-apps-benchmark = public
Forked from Luuk99/BachelorProject

Android apps and apps generator for benchmarking runtime properties
on Android devices

@kotin Y2 %1

] Repositories

Q Find a repository...

experiment-runner  Public

Customize pins

[ robot-runner ' Public template

Tool for Automatically Executing Experiments on Robotics Software
@Python  T¥25 ¥4

3 Lacuna ' public
Forked from Kishanjay/Lacunav2

JavaScript optimization by removing deadcode using various static and
dynamic analysis methods based on an underlying callgraph

JavaScript Y1 %1

[ template-replication-package  Public template

This repository contains the bare-bone structure of a paper/thesis
replication package. This text should be replaced by a paragraph

describing the repository content, e.g., "This repository contain...

w1 ¥4

Type ~ Language ~

Tool for the automatic orchestration of experiments targeting software systems

re BT ¥e O1 Ilo

@ Python

Updated 24 minutes ago

https://github.com/S2-group

® View as: Public ~
You are viewing the README and pinned
repositories as a public user.

You can create a README file visible to anyone.

Get started with tasks that most successful
organizations complete.

Discussions

Set up discussions to engage with your
community!

Turn on discussions

31000
23 =200%
090

Invite someone

View all

Top languages

@®Python ®R @ HTML
@ Jupyter Notebook @ Java
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Experiment Runner

A framework to automatically
execute measurement-based
experiments

https://github.com/S2-group/experiment-runner
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Anatomy of an experimental run

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.

-
- Which tasks does the product perform?
*| - Which functions are used often? iterations?
- Which functions induce a high energy consumption?
v :
. > Idle Log start | ] . . .| Log stop Export and
1 rlk —» e » Action 1 » Action2 —>» ... —>» Actionn > — clean up
- Scenario = actions between Not part of the measurement
start and stop times et - Clean RAM and caches L
- Synchronized via time - Delete scenario-created folders and files
stamps - Reset software (settings, etc.)
- Export statistics
SOFTWARE AND
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http://www.ivanomalavolta.com/files/papers/FGCS_2024.pdf
http://www.ivanomalavolta.com/files/papers/FGCS_2024.pdf

Runners as a learning platform

lvano 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

Discover and fix bugs
Keep tools always up-to-date
Learn the basics of OSS development

-
\
5
e o 0 o

Al
030"
Final projects
Students use the *-Runners as grey-box tools
for their own research

o  Conduct larger complex experiments

o Go deeper on energy measurement
aspects

Green Lab
tools

Green Lab course
Students use the *-Runners
as black-box tools for their
own experime{\ts

1
\

i3

Scientific assistants ...
Tools maintenance/benchmarking
|mprove the *-Runners # Students subpopulation
Integrate new plugins — Usage/development of tool
Benchmark energy profilers ---~ Community relationship

Create documentation

Legend

o

O O O
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https://arxiv.org/abs/2407.05689
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Basic concepts: Reducing carbon emissions

Reducing
Emissions

S ~

//-\/// == ¢ Abatement/
<‘\§/‘ Offsets @ Elimination
O N (Not emitting carbon)

TR S | \_ Y,

-~ Compensation / -~ Neutralisation /
w Avoidance $ Removal
(Paying someone OO i/

(Taking carbon out
= not to emit carbon) of the atmosphere)

Green
{qj} Software

Foundation

()cmmﬁve

greensoftware.org commons
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Basic concepts: Strategies for greener software

Green Software Principles

[

Green
E$] Software

Foundation

greensoftware.org

|

=
(=
(==o =]
Energy Efficiency Hardware Efficiency
Consume the least amount Use the least amount of
of electricity possible embodied carbon possible

Carbon Awareness

Do more when the electricity is
clean and less when it's dirty

@creative
commons
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Basic concepts: Carbon intensity

S 120 350

greensoftware.org gCO2/kWh gCO2/kWh

DEMAND REMAINS
THE SAME

winD dJLl? WIND STOPS
............ BLOWING

E B SHINNG

SOFTWARE AND TIME
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Basic concepts: Carbon intensity

‘4 ELECTRICITY MAPS

= Netherlands ()
Oct 11, 2024, 11:00 AM GMT+2

ogfq;‘kgm ‘ 67%
@ ®

Carbon Intensity

6

Low-carbon

Consumption

Electricity consumption
oW

Installed capacity (GW)
0GW 5GW

biomass | |
geothermal |
B hydro ?
& solar

2 wind =]
nuclear | |

| o[RS

Hourly data for:

Hourly Daily

| | |
11:00 AM 5:00 PM 11:00 PM
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10GW 15GW 20 GW

Oct 11,2024, 11:00 AM GMT+2

Monthly

FAQ Methodology We're hiring!  Open Source  Blog
' ’ - Producti

on  Consumption @

Country = Zone @

‘E’ <

‘ 63%
®

Renewable

Emissions

= Syria
Oct 11, 2024, 11:00 AM GMT+2

No data available

Yearly ‘@. ?% ?%

«
.~

0

Carbon Intensity

Low-carbon Renewable '

| 1
5:00 AM *LIVE -9

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



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

Basic concepts: embodied emissions

CO,_emission per ICT end user device -

kg CO, / year

280 253

240

200 |

160 — 132

120 — 95

so _J

40 . 25 . 28

o0 - i | — [ — — |

Desktop Laptop Tablet Smartphone Printer FTP TV
computer computer computer

Carbon amortization + utilization

| Green
$) Software

~ Foundation
greens

oftware.org @g5aNGhs
coz 4 YEARS
the lifespan
necessary to create of the server

4000 KG

100:0 KG 100:0 KG 100:0 KG 100:0 KG
Ot St i £
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Carbon emitted through
Cg]cl%%réfgrclt;%dogilr(\l;vh the hardware that the
’ software is running on

SCI = ((E* ) + M) perR

: A Functional Unit; this is how
nergty Consurl?\ﬁ/?\/h y software scales, for example
sortware In per user or per device

@creative
commons

Green
{;#E}SONWNQ

Foundatlon

greensoftware org



Reporting in research

Large Language Models for Greener Software: Can Llama3.1 Generate Energy Efficient Code?  Green Lab 2024/2025, September-October, 2024, Amsterdam, The Netherlands

A CO2 EMISSION CALCULATION e I (Emissions factors): Represents the carbon emissions per
In order to calculate the CO;-emissions of this experiment, the kWh of energy consumption for the Netherlands.

power consumption of the Raspberry Pi and the Laptop must first e (M (Embodied emissions data): Refers to the emissions pro-
be determined and also the average COz-emissions in grams per duced during the manufacture and transportation of hard-
kWh in the country where the experiment is being carried out. The ware (e.g., servers, laptops, and mobile devices) used to run
power consumption of the Lenovo - ThinkPad T14s Gen 2 is 6.3 the ﬁoﬁwue. IGNORED for this calculation because not
Watt!? in idle mode. For the Raspberry Pi it is 1.9 Watt!® in idle applicable.)

mode. Finally the average emission per kWh for the Netherlands is * (R (Reference or li{espan): Represents the reference amount,
268.48 g per kWh'® in the year 2023. Now the CO,-emissions are such as the useful lifespan or total usage period of the hard-
calculated according to the SCI guide 7. The formula for calculating ware. It normalizes the embodied emissions over the time
the Software Carbon Intensity (SCI) is given by: ll:leri)od. IGNORED for this calculation because not applica-

e.
SCI = (ExI)+ % (3) The result is calculated automatically by the R script co2 _calculation.R!®

using the run_table.csv data and the formula Equation 3 where
the variables M and R are ignored because they are not applicable
for this experiment. The result for this experiment is a Software

e SCI: Software Carbon Intensity, which quantifies the carbon
emissions associated with the use of software over a given

time period. Carbon Intensity (SCI) of 245.27 g CO2e.
¢ E (Energy consumption): Measured in kilowatt hours (kWh),
it represents the total energy consumption. This includes: “https:/static.lenovo.com/ww/docs/regulatory/eco-declaration/eco- thinkpad-t14s-
- Total energy consumption of the experiment converted to gen-2-amd.pdf
kWh Bhttps://www.pidramble com/wiki/benchmarks/power- consumption
. . . 'S https://www.statista.com/statistics/1290441/carbon- intensity- power-sector-
- Laptop idle energy usage times the total runtime of the netherlands/
experiment in kWh. Thttps://sci- guide greensoftware foundation/
— Raspberry Pi idle energy usage times the total runtime of ¥ https://github.com/royderegt/experiment- runner/blob/master/r-scripts/co2 _
calculation.R

the experiment in kWh.




Running example

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

Scaling factor: #AP| requests
Average monthly requests: 20k
Region: US-East”

VM config: e2-standard-4

E2 standard E2 high-mem E2 high-cpu E2 shared-core

E2 standard machine types have 4 GB of system memory per vCPU.

Max total

. Memory Max number of . Local Maximum egress
Machine t CPU PD
achine types vEEDs (GB) Persistent Disk (PDs)* (TiBs)lze SSD bandwidth (Gbps)*
e2-standard-2 2 8 128 257 No 4
| e2-standard-a 4 16 128 257 No 8 |
e2-standard-8 8 . 5. 128 257 No 16
e2-standard-16 16 64 128 257 No 16

e2-standard-32 32 128 128 257 No 16

69 SOFTWARE AND
SUSTAINABILITY T Persistent Disk and Hyperdisk usage is charged separately from machine pricing.
S2

RESEARCH GROUP t ; ; : ;
VRIJE UNIVERSITEIT AMSTERDAM Maximum egress bandwidth cannot exceed the number given. Actual See Network bandwidth.


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

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

If evaluating a complex
system, compute the SCI of

one component at a time,
then aggregate

build and deploy pipelines

testing

MovieRecommender

WARE AND
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Boundary:

« allservices of the application

« theinfrastructure for running them (vCPUs and server only)
We are leaving out: memory, disk , racks, cooling water resources,
Cl/CD pipelines, etc.




Functional unit (R)

Functional unit defines how your software scales

The goal of the SCl is to guantify how much carbon is emitted per one unit of R

Examples:
o #API call/request
« Benchmarks executed

e ffusers
o  Minute/time unit
e Devices MovieRecommender| Functional unit: one API call

» Physical site
e Datavolume

» Batch/Scheduled Jobs
o Database transactions

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

SOFTWARE AND
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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. APIl-based techniques [CALCULATED]

3. Performance engineering techniques [CALCULATED]
4

Public datasets [CALCULATED]

SOFTWARE AND
SUSTAINABILITY
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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:
* PylJoular

* energibridge
« Scaphandre This is what we primarily do

In the Green Lab course

« any RAPL wrapper
but check your SC| boundary!
e ctc.

Extensive list here

SOFTWARE AND
SUSTAINABILITY
S2 RESEARCH GROUP
VRIJE UNIVERSITEIT AMSTERDAM


https://github.com/Green-Software-%20%20Foundation/awesome-green-software

E -- APl-based techniques

You integrate your software with APls that provide at runtime energy values

for VM instances, based on CPU usage, instance type, location and duration of
usage, etc.

Examples of available APls:
« Climatig
* CloudCarbonFootprint

Available APls typically report Energy Carbon Intensity (E * I), not only E!

The SCl specification calls it Operational emissions O.

SOFTWARE AND
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https://www.climatiq.io/docs
https://www.cloudcarbonfootprint.org/docs/methodology

Example of Climatig request and response

curl ——request POST \
——url https://api.climatiq.io/compute/v1l/azure/instance \

——header "Authorization: Bearer $CLIMATIQ_API_KEY" \ f?tt . .
s://www.climat;

: .‘;‘”“ m-instance

npQn
h8 ’

Hpn

1

"cpu_estimate": {
"co2e": 0.1065,
“coZe unit': “kog“,
"co2e_calculation_method": "ar5",
"co2e_calculation_origin": "source'

: "emission_factor": {
""co2e_calculation_method": " . on :
name": "Electric

""co2e_calculation_origin": "source" i
e o 9 = ! "activity_id":
emission_factor": { wign
"name": "Electricity supplied from grid" i
“"activity_id": "e tricity-supply_grid-source_supplier " R
e n L Sl S = source": "BEIS
id": "efac3e9c-89c4 c0-9af6-d2bb428302d8", " T (i o
U cesshtypatil tnublic? source_dataset": "Gree gas
t P "year": 2024,
source': "BEIS",
"source_dataset":
"year": 2024,
"region": "GB",
"category": "Electricity }
"source_lca_activity": "electricity_generation" !
“data qualitv fla SX. ) et ‘ L "constituent_gases": {
-4 y_Ttags™: "co2e_total": 0.1065,

"total_co2e": 0.7436,

"total_co2e_unit": "k

"memory_estimate": {
“co2e!'t 9.1382,
"co2e_unit": "kg",

‘arsS™,

"efac3e9c-89c4-4ac

"access_type": "public

' +

o ’ “region™: “GB",
Greenhouse gas reporting: conversion -

Ycategory': “Electricity',
"source_lca_activity": "electricity_generation",
"data_quality_flags": []

}!
¥ _ . ""co2e_other": v
constituent_gases": { "co2": 0.1054,

"2252—2352}u5 s "ch4": 0.00001651,
"co2": 0.1368, , n20": 0.000002366
“ch4": 0.00002143, ‘

"n20": 0.000003071 28 Ll o

"activity_value": 0.5143,
"activity_unit": "kWh"

}I

"activity data": { 3
"activity value": 0.6675, .
"activity_unit": "kWh"



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

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. of each component i and summing up all of them into P
3) theapplication 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. values
Example: Intel Xeon Platinum 82 /0 datasheet
« How toinclude utilization in your P (e.g., average CPU utilization)

Example: see DEE formula
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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

E -- Public datasets

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

Examples of available datasets:

o Boavizta Cloud dataset

» Boaviztaservers dataset

« (Climatig open data explorer

* Spec.orgaverage VWatts 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.
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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/

Example of calculation via a public dataset

MovieRecommender | Energy Carbon intensity (E ™ I) = (0.0013%24*30)*1000 =

936 gC02e
https.//www.climatig.io/data/explorer
« GCP (us-east-4)CPU = © CCF 2021 Virginia, US NumberOver
LCA Activity: use_phase Time

0.0013 kgC0,e/CPU-hour

Emission intensity for usage of a single CPU in kg CO2e per hour for the Google Cloud Platform data centers in the given location using the
assumptions and grid emissions factors available in the source as of date accessed. It is assumed that vCPU utilization is 50%. The source
does not clarify if the kgCO2e value is calculated using either IPCC Fourth Assessment Report (AR4) or IPCC Fifth Assessment Report (AR5)
methodologies.

ACTIVITY ID cpu-provider_gcp-region_us_east_4 [j
ID 523aa3b8-81d2-468b-bcf2-846148d86266 )
SOURCE CCF

YEAR 2021

YEAR RELEASED 2021

REGION Virginia, US (US-VA)

SECTOR Information and Communication

CATEGORY Cloud Computing - CPU

UNIT TYPE(S) Number Over Time

EMISSION FACTORS COze 0.001331 kg/CPU-hour

(@ Data Quality

CO,e CALCULATION METHOD Method applied: AR4
Methods supported: AR4

Origin: Source


https://www.climatiq.io/data/explorer?category=Cloud+Computing+-+CPU&search=gcp+us+east&data_version=%5E18
https://www.climatiq.io/data/explorer

Energy carbon intensity (l)

R

sCl = ((E* 1) + M) per

<< Green Software —

Application that emits less carbon.

( ' N

| | |
Carbon Efficient Carbon Aware
Changes the software / architecture Changes the behaviour of application
of an application so it is responsible so it is responsible for emitting less
for emiting less carbon. carbon. E.g. charge laptop when

| there are lots of renewables.

{ 1

Energy Efficient Hardware Efficient

Using less energy to do the same job. Using less hardware to do the same job.

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

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

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
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Embodied emissions (M)
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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)

Time Resources
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
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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)=936gC0e

M=TE " (TiR/EL) * (RR/ToR)
TE=1,230.3kgCO2e =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 gCO.e

SCI

(936 + 3,203.9) gC0-€e per month
= (936 + 3,203.9) / 20000 = 0.206995 gCO0-¢ per API call

SOFTWARE AND

SUSTAINABILITY

S2 RESEARCH GROUP
VRIJE UNIVERSITEIT AMSTERDAM




Wrap-up
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References

e Fibonacciimplementations:
https://realpython.com/fibonacci-sequence-python/#using-iteration-and-a-python-function
e Basics about green software

https://learn.greensoftware.foundation

e Software Carbon Intensity Specification
https.//www.iso.org/standard/86612.html

e SCl official guide
https://sci-guide.greensoftware.foundation

e SCl case studies (for inspiration)
https://sci-guide.greensoftware.foundation/CaseStudies

e Example of usage of SCl in a scientific study:
- YouTube video: https://www.youtube.com/watch?v=BOHKSK8GFYg
- Study: https://hotcarbon.org/assets/2024/pdf/hotcarbon24-final109.pdf
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