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March 2014 PhD
in Computer 

Science

Energy Consumption of Software Systems
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Energy models for CPU, disk, network & memory

Estimate software processes’ energy

Approach to estimate energy in source code
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Software energy wasn’t being taken seriously

Very few people worked on green software

We didn’t know what impacts software energy
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March 2014 PhD
in Computer 

Science

Energy Consumption of Software Systems
(from hardware components to software source code)

2014-2015
Postdoctoral 
Researcher

2015-2016
Postdoctoral 
Researcher

2017-2018
R&D Engineer

Project Manager

2018-2025
Associate 
Professor

Since 2025
Full Professor

Features & Metrics Influencing Software Energy
(static and dynamic metrics & design patterns)

Energy Efficiency in Data Centers
(procurement, recommendations tool)

Product Manager @R&D Innova

★ Green IT & software engineering
★ Behavioral computer science
★ Empirical software engineering
★ Autonomic computing
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The “No Exit Dilemma”
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IoT Objects

Human Actors

Computers &
Smartphones

Data Centers
& Servers

> 125 billions in 2030

Our lives depend on software, our industry depends on software,

our whole society depends on software (Software Heritage Foundation)

Software

Software Ecosystems
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Greenhouse Gaz Emissions

2%
in 2007

14% 
in 2040

Assessing ICT global emissions footprint: Trends to 2040 & recommendations
Belkhir & Elmeligi. Journal of cleaner production, 2018
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7%
in 2020

13% 
in 2030

Electricity

Andrae. New perspectives on internet electricity use in 2030
Engineering and Applied Science Letter, 2020
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We depend on ICT &

software ecosystems

Rising energy, GHGE

& environmental impacts
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Optimizing ICT will only

“buy us time”
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The Challenges of 

Heterogeneity
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OS, VM, software versions, updates, configurations



Heterogeneity in Humans
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★ Project managers
★ Partners, sponsors
★ Developers, architects
★ Designers, UI/UX
★ Testers, analysts, Q&A
★ End users
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IoT Objects

Human Actors

Computers &
Smartphones

Data Centers
& Servers

> 125 billions in 2030

Software Ecosystems
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Holistic Vision
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Observe the energy consumption and the 
environmental impacts of software ecosystems

Everywhere

Anywhere

for Everyone
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Our landscape, 2025
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New Software
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Hardware
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• Advance knowledge in software energy efficiency 

throughout the life cycle of software & across a variety of 

software systems and devices

• Build solid and safe software to monitor and estimate the 

energy & power of hardware components & software code

• Understand the factors impacting energy consumption of 

software and devices

• Since 2020 (heritage dating back to 2010)
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Prof. Adel Noureddine 42

• Joular Core: a platform to measure power and energy across all systems and devices

• Joular Code – Java: a lightweight and efficient Java agent for monitoring the energy

consumption of methods and execution branches at the source code level

• PowerJoular: monitor power consumption of hardware and software

• JoularJX: a Java-based agent for power monitoring at the source code level

• CPU Power Benchmark: an automated benchmark to accurately generate a power

model for single-board computers

• Power Models Database: a database containing power models for various

computing components, and hardware devices
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• Joular Core is a platform to measure power and energy across all
systems, OSes and devices → Everywhere

• Universal energy measurement platform (everywhere)

• Works on: Linux, Windows, MacOS, Raspberry Pi,
Virtual Machines

• Supported Architectures: x86_64 (amd64), x86/i686, aarch64, arm,
armv7, GPUs (Nvidia, Apple, AMD)

• Monitors hardware, processes, & multi-process applications

• Low overhead, Rust-based, CLI, & GUI

• Open source: github.com/joular/joularcore

• noureddine.org/research/joular/joularcore

https://github.com/joular/joularcore
https://github.com/joular/joularcore
https://github.com/joular/joularcore
https://www.noureddine.org/research/joular/joularcore
https://www.noureddine.org/research/joular/joularcore
https://www.noureddine.org/research/joular/joularcore
https://www.noureddine.org/research/joular/joularcore
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Joular Code



Source Code Energy Monitoring
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• Monitors energy of source code: methods, functions, classes, 
packages… → Anywhere

• 2 main approaches in existing literature: code instrumentation & power 
sampling

• Our approach: power sampling
• Avoid burden on software developers (source code modification)

• Avoid impact on software performance (binary/bytecode instrumentation)



Joular Code for Java applications
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• A new Java agent based on the lessons learned from JoularJX

• From legacy of our first proposal back in 2011: Jalen

• Monitors power of every execution branch in realtime

• Works everywhere: Windows, macOS, Linux, Raspberry Pi

• Samples the JVM stack at high frequency (default: every 10 ms) and 
attributes energy every second

• Generates CSV output files per run

• Gets CPU power from Joular Core backend

• LGPL 3 license, https://github.com/joular/joularcode-java 

https://github.com/joular/joularcode-java
https://github.com/joular/joularcode-java
https://github.com/joular/joularcode-java
https://github.com/joular/joularcode-java
https://github.com/joular/joularcode-java
https://github.com/joular/joularcode-java
https://github.com/joular/joularcode-java
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• A lighter, yet effective, alternative is power sampling from data 
collected from the application, OS and context

• Most accurate in virtual machine-based languages, such as Java

• Java Virtual Machine (JVM) provides profiling features that allows to 
collect additional metrics software behavior

• No source code or binary modification of the application

• Approach adopted in: Jalen (2012), JoularJX (2021), and Joular Code 
Java (2026)
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Joular Code Java
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• Monitor power consumption and
energy of each method and execution
branch at runtime

• Works on all platforms, operating
systems and architectures (same as 
Joular Core)

• Tracks the power consumption of 
every branch of the call tree through 
time

→ We can compute power per execution 
branch, method, class/package, …
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• First implementation for Java as we have the experience from Jalen 
and JoularJX

Next: optimize for JVM-based languages (Scala, Kotlin)

• Technically, Joular Code – Java works for these languages

• But many abstractions, methods, etc. → monitoring need to make 
sense for the developer/tester

Roadmap:

• VM-based languages: .NET, SmallTalk

• Interpreter languages: Python, JavaScript

• Native languages: C, Rust, C++



Limits of Monitoring
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100% of electric power
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CPU
32%

Peripheral slots
20%PSU

15%

Memory
14%

Motherboard
10%

Disks
5%

Fan
4%

100% of electric power 1/3 for the CPU

Y. Cho and Y. M. Ko, Power- and QoS-Aware Job Assignment With Dynamic 
Speed Scaling for Cloud Data Center Computing" in IEEE Access, 2022
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RAPL on

Sandy Bridge

RAPL

since Haswell

Modeling approach
Integrated voltage 
regulators (FIVRs)

~4% error
compared to plug power

~1.8% error
compared to plug power

D. Hackenberg, R. Schöne, T. Ilsche, D. Molka, J. Schuchart and R. Geyer, "An Energy Efficiency Feature Survey of the Intel 
Haswell Processor," 2015 IEEE International Parallel and Distributed Processing Symposium Workshop, Hyderabad, India, 2015

Kashif Nizam Khan, Mikael Hirki, Tapio Niemi, Jukka K. Nurminen, and Zhonghong Ou. 2018. RAPL in Action: Experiences in Using 
RAPL for Power Measurements. ACM Transactions on Modeling and Performance Evaluation of Computing Systems, June 2018



Energy consumption of design patterns
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Optimising Energy Consumption of Design Patterns. Adel Noureddine, and Ajitha Rajan. In New Ideas and Emerging 
Results (NIER) of the 37th International Conference on Software Engineering (ICSE'15). Florence, Italy, May 2015.
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Investigating the Impact of Software Design Patterns on Energy Consumption. Adel Noureddine, and Olivier Le Goaër. 
In the 22nd IEEE International Conference on Software Architecture (ICSA 2025). Odense, Denmark, April 2025.

Energy-neutral
across operating 
systems, programming 
languages, compilers,  
software stacks, and 
devices

Statistically representative 
& high confidence



Energy of design patterns
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• Gang of four design patterns

• Comprehensive empirical study

• Design patterns are energy neutral 
across various platforms, OS and 
languages

• Influence of design patterns < 5% overall

• Negligible and imperceptible compared to
the energy of the entire software

• Hardware architectures & software stacks
have little impact on design patterns
energy

Investigating the Impact of Software Design Patterns on Energy Consumption. Adel Noureddine, and Olivier Le Goaër. In the 22nd IEEE 
International Conference on Software Architecture (ICSA 2025). Odense, Denmark, April 2025.
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A Preliminary Study of the Impact of Software Engineering on GreenIT. Adel Noureddine, Aurélien Bourdon, Romain Rouvoy, and Lionel Seinturier. 
In the First International Workshop on Green and Sustainable Software (GREENS'12)/ICSE'12,), Zurich, Switzerland, June 2012.
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A Preliminary Study of the Impact of Software Engineering on GreenIT. Adel Noureddine, Aurélien Bourdon, Romain Rouvoy, and Lionel Seinturier. 
In the First International Workshop on Green and Sustainable Software (GREENS'12)/ICSE'12,), Zurich, Switzerland, June 2012.
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A Preliminary Study of the Impact of Software Engineering on GreenIT. Adel Noureddine, Aurélien Bourdon, Romain Rouvoy, and Lionel Seinturier. 
In the First International Workshop on Green and Sustainable Software (GREENS'12)/ICSE'12,), Zurich, Switzerland, June 2012.



Energy of programming languages

Prof. Adel Noureddine 84

Rui Pereira, Marco Couto, Francisco Ribeiro, Rui Rua, Jácome Cunha, João Paulo Fernandes, and João Saraiva. 2017. Energy efficiency across programming languages: how do energy, time, and memory 
relate? In Proceedings of the 10th ACM SIGPLAN International Conference on Software Language Engineering (SLE 2017). Association for Computing Machinery, New York, NY, USA, 256–267.
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Biases in platforms, configurations, …
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Ray casting algorithm: each version has different print output on the terminal, 
different OS/kernel, compiler & language versions
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Don’t forget end users!
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Awarness & Motivation
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• Infrastructure optimizations: data centers, servers, cooling, etc.

• Hardware optimizations: energy-efficient CPU architectures, low-
power modes, efficient chip design, etc.

• Software deployment and scheduling: workload consolidation, 
energy-aware task scheduling, etc.

• Coding optimization (Green Coding): energy-aware programming, 
efficient algorithm design, green patterns, etc.



Green IT optimizations

Prof. Adel Noureddine 92

• Infrastructure optimizations: data centers, servers, cooling, etc.

• Hardware optimizations: energy-efficient CPU architectures, low-
power modes, efficient chip design, etc.

• Software deployment and scheduling: workload consolidation, 
energy-aware task scheduling, etc.

• Coding optimization (Green Coding): energy-aware programming, 
efficient algorithm design, green patterns, etc.



User behavior shapes software energy
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Context High-impact choice Impact Low-impact alternative

Browser 
(Chrome)

36 open tabs, active 
background scripts

13–28% 
faster 
battery drain

Throttle background 
scripts

Communication 
(Teams)

Audio + video (camera 
on)

up to 285% Audio-only (camera off)

Productivity 
(Word)

Full IDE for a plain-text 
note

up to 97% Lightweight editor

Streaming 
(YouTube)

720p →2160p (4K) up to 214% Lower playback quality

Adaptive Software Energy Feedback for Long-Term User Engagement. Thomas Zaragoza, Adel Noureddine, and Ernesto Exposito. In the 18th 
Symposium on Search-Based Software Engineering (SSBSE 2026). Montreal, Canada, July 2026.
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Context High-impact choice Impact Low-impact alternative

Browser 
(Chrome)

36 open tabs, active 
background scripts

13–28% 
faster 
battery drain

Throttle background 
scripts

Communication 
(Teams)

Audio + video (camera 
on)

up to 285% Audio-only (camera off)

Productivity 
(Word)

Full IDE for a plain-text 
note

up to 97% Lightweight editor

Streaming 
(YouTube)

720p →2160p (4K) up to 214% Lower playback quality

Adaptive Software Energy Feedback for Long-Term User Engagement. Thomas Zaragoza, Adel Noureddine, and Ernesto Exposito. In the 18th 
Symposium on Search-Based Software Engineering (SSBSE 2026). Montreal, Canada, July 2026.

Same hardware, same task: user choices 
alone determine energy outcome
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The Impact of Green Feedback on Users’ Software Usage. Adel Noureddine, Martín Diéguez 
Lodeiro, Noelle Bru, and Richard Chbeir. In IEEE Transactions on Sustainable Computing 
journal (T-SUSC). Volume 8, number 2, pages 280-292. April-June 2023.

Understanding and Influencing End-User Behavior in Software Energy Consumption. Thomas Zaragoza, 
Thibault Soulance, Adel Noureddine, and Ernesto Exposito. In the 29th International Conference on 
Evaluation and Assessment in Software Engineering (EASE 2025). Istanbul, Turkey, June 2025.



Personalized feedback…
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• Narrative: ex. historical self-comparison

• Frequency: weekly digest

• Representation: visual chart

• Metric: carbon-equivalent

• Visualization: bar chart

• Features: social comparison

Adaptive Software Energy Feedback for Long-Term User Engagement. Thomas Zaragoza, Adel Noureddine, and Ernesto Exposito. In the 18th 
Symposium on Search-Based Software Engineering (SSBSE 2026). Montreal, Canada, July 2026.
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Adaptive Approach for Software Energy Reduction from Behavioral Modeling
to Personalized Feedback. Thomas Zaragoza. PhD thesis, May 2026.

• Socio-demographic

• Software usage patterns

• Environnemental sensitivity

… to specific user profiles



… to specific user profiles
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Adaptive Approach for Software Energy Reduction from Behavioral Modeling to Personalized Feedback. Thomas Zaragoza. PhD thesis, May 2026.



Personalized green feedback
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Adaptive Approach for Software Energy Reduction from Behavioral Modeling to Personalized Feedback. Thomas Zaragoza. PhD thesis, May 2026.
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Monitor software energy (& environmental impacts):

Everywhere

Anywhere

for Everyone
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