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Countless open source libraries build the very foundation of modern information societies. Despite
their role as fundamental components within software ecosystems, they are hidden from users and
often overlooked. In this article, we show that a coordinated effort to improve their performance
could achieve significant energy savings. A way of finding targets for optimization is shown and
potential strategies to achieve the performance gains are laid out and backed up by two proofs of
concept. Finally, an outlook on how to establish this project long-term is given.

I. INTRODUCTION

With the ever-growing concern of environmental sus-
tainability, global energy conservation is crucial. The
Information Technology (IT) sector is responsible for as
much as 4% of total worldwide greenhouse gas emissions
and energy consumption [1, 2]. This value is increas-
ing by a 6% mean annual growth rate [3]. Computa-
tional hardware is continuously improving according to
Moore’s law, thus consuming less resources for the same
computational power. However, it has already been iden-
tified [4] that efforts on the software development-side are
necessary to further improve computational efficiency.
Software development occurs through two distinct ap-
proaches. When a program’s source code is openly ac-
cessible, allowing collaborative development and modifi-
cation by anyone willing to contribute, it is termed Open
Source. In contrast, Non-Open Source software employs
proprietary code, limiting access and modifications, typi-
cally tailored for industrial and commercial applications.
However, according to the 2024 Open Source Security
and Risk Analysis Report [5], 77% of the total codebase
in industry is originated from open-source code. Open
source code is often developed by individual developers
for no financial benefits. Fig. 1 illustrates a comic rep-
resentation of this situation. Understandably, these de-
velopers cannot always put the sufficient amount of work
into the source code to make it energy-efficient.

In this paper we propose an outlook on how to a) give
tools for Open Source and Non-Open Source developers
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FIG. 1. XKCD’s rendition of modern IT infrastructure [6]

to create energy-efficient software; b) provide informa-
tion and education to developers for developing efficient
code; ¢) determine which actual Open Source software
repositories are worthwhile targets for optimization.
Software developers are generally trained to write
faster algorithms without focusing on energy effi-
ciency [7]. An illustrative example is parallel processing,
which reduces execution time, but can end up consum-
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ing more energy compared to sequential processing of
individual threads [8, 9]. A study from Pang et al.[7]
shows that energy-efficient software development is gen-
erally not present in the training of programmers.

Smartphone app development gained in popularity in
recent years. Indeed in 2023 2.5M applications were avail-
able on Google Play Store alone [10]. Easy accessibility
to mobile app development leads to potentially poorly de-
veloped applications. It is very easy for new developers
to test their algorithms for functionality with available
testing tools, but methods for testing energy efficiency
are not readily available and Plug-and-Play.

Nowadays, with the evolution of Artificial Intelligence
(such as Chat-GPT, Microsoft Copilot and Jasper), op-
erations such as image recognition and generation, text
generation among others, have exponentially increased
the need for resources [11], especially during the training
of such algorithms. Indeed, the training and develop-
ment of a single machine learning model on a GPU clus-
ter can have an environmental impact equivalent to that
of 6 average cars in their whole lifetime with fuel con-
sumption, including the impact of their production [12].
Models need to be regularly trained to keep up with the
fast-evolving concurrence. Such neural networks rely on
Open Source libraries such as PyTorch, JAX, Triton and
TensorFlow. The slightest improvement in energy effi-
ciency can lead to significant energy savings due to the
very high rate of use of these libraries.

A. Related Initiatives

Over the last years, there have been multiple efforts
to improve open source software efficiency and reduce
energy consumption, as well as efforts to make the IT
sector more energy aware. Perhaps the most well-known
example is the Faster CPython project [13], initiated by
Microsoft developer Mark Shannon. Microsoft employed
a team of six developers, among whom is also Python
founder Guido van Rossum, to speed up Python over the
course of several releases. The release of Python 3.11 has
already shown an improvement of 10 — 60% in speed,
depending on the workload, with an average increase
of 25%, with respect to the previous version Python
3.10 [14]. This shows that employing a small number of
dedicated developers to improve open source code gives
promising results. The Faster CPython project immedi-
ately provides a new avenue for improvement: ensuring
that other open source software and libraries are com-
patible with the improved Python releases and run at
maximal speed and energy efficiency. This has already
been done with Fedora 41, which looks to use the -03
compiler optimization flag also used by CPython for its
Python package instead of the default -02, which is found
to increase performance by 4% .

A related initiative is the Codon project [15]. Codon is
a compiler and Domain Specific Language (DSL) frame-
work that has a Pythonic base and uses Python’s in-

tuitive interface but can match the performance of lan-
guages such as C and C++. In this way, it forms a bridge
between a large group of Python users while optimizing
and improving on runtime.

While the above examples have in common that they
focus on one or two particular examples of open source
software, initiatives that have a broader scope have also
been launched. The Free and Open Source Software
(FOSS) Energy Efficiency Project (FEEP) [16], sup-
ported by KDE Eco, aims to collect energy consumption
measurements of open source software, and to integrate
measuring energy consumption into the development of
open source software. They use criteria formulated by
the label “Blauer Engel” [17], a product of the German
ministery of Environment (Umweltbundesamt).

Lastly, the Green Software Foundation [18], an alliance
of Microsoft, GitHub, the Linux Foundation, Accenture
and more, hosts several projects that focus on green cod-
ing and minimizing energy consumption in the IT sector.
Green coding is a programming practice aiming to cre-
ate software systems that are as environmentally friendly
as possible. The efforts range from providing databases
with tools to make software more energy efficient, to de-
veloping software to measure energy consumption. They
also provide education for software practitioners.

These already existing initiatives and others that have
not been listed here show that there is engagement and
attention for making open source software greener. How-
ever, the total effort will require a lot more involvement
than what is currently the case. While the goals of the
Open Source Software Efficiency Project overlap with the
initiatives above, its scope aims to build a bridge between
already existing efforts and solutions, as well as to come
up with new ways to optimize open source software.

II. FINDING TARGETS TO IMPROVE

To efficiently allocate the resources of our project, we
propose a set of strategies to identify the sections of
a software project whose improvement would have the
greatest impact on global efficiency. We use the lan-
guage of complex networks, where different pieces of the
software system (functions, modules, packages, etc.) are
interpreted as nodes in a network and they are joined
by vertices representing their call structure and depen-
dencies. Fig. 2 shows an example of such a graph, where
nodes of the graph are the 360 most used python libraries
with some of them seeing several millions of downloads
daily [19]. The vertices represent dependencies of these
packages to other ones. Different centrality and cluster-
ing measures can then be used to find the most used or
most connected nodes, to maximize the impact of opti-
mizing a small amount of nodes. In the course of the
weekend, we managed to identify the 10 most central
Python packages according to various metrics (betwee-
ness, Page Rank, etc). Among which, 2 are not imple-
mented to work with the new, more efficient version of



Python. We suggest that these packages should be opti-
mized in order to maximize the efficiency gains compared
to efforts.

There are many instances in the stages of design, devel-
opment, operation and use of software where optimiza-
tion and improvements can be implemented according
to [20], which can be extrapolated to improve the open-
source software efficiency. The first way to improve the
software is in its early stages, in particular in the design;
changing the way different components interact with each
other can vary significantly in the use of energy. As men-
tioned throughout the paper, in open-source coding these
early stages are often overlooked and there is not a clear
way as to how to measure the energy efficiency in this
early stage. However, some improvement tactics could
be implemented in the early stages, one of the most effi-
cient is to identify and use design patterns, or recurrent
structures which are called several times throughout the
code as noted by [21] in the design of Android applica-
tions.

FIG. 2. Dependency network of the 360 most used Python
modules [22], i.e., sets of nodes more interconnected among
themselves than with the rest of the network.

One set of useful recommendations to which can be
implemented are in Bitkom’s manual [23] for resource-
efficient programming, among them are compatibility,
low hardware stress and the use of the right data struc-
ture which can be evaluated using the tool GreenC5 [24].

III. IMPROVEMENT STRATEGIES

We can break this section into high level strategies
that can guide the general long term progress and spe-
cific, actionable tactics that can be implemented im-
mediately even by individual developers.

A. High level strategies

There are many possible strategies to guide long term
progress including the following examples.

First, if there is a choice of programming language to
be used for a project, a first step would be to encourage
the use of compiled languages like C++ or Rust (instead
of interpreted languages like Python) for faster execu-
tion and lower run-time overhead [25] (see figure 3 for an
actual distribution). This is in the case that the flexibil-
ity and convenience of a high-level language is not nec-
essary. The second is educating people on energy-aware
practices. In the same way that people are educating oth-
ers about the harmful effects of bias in AI, one can also
integrate energy aware coding practices into program-
ming courses, and software development projects [26].
A perfect example of this is the previously mentioned
Green Software Foundation. Another strategy to use is
to offer incentives such as grants, awards, or recognition
for projects that demonstrate significant improvements
in efficiency. Examples of this are the Google Summer
of Code (GSoC) Sustainable Computing Track and the
Institute of Electrical and Electronics Engineers (IEEE)
Green ICT Initiative.
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FIG. 3. Distribution of programming languages used in sus-
tainability software [27]

B. Actionable tactics

Implementing green coding implies the adoption of
good coding practices. For instance, using or enabling
newer language versions or simply rewriting code in an-
other language. These languages can be tested through
various benchmarks such as binary-trees, fannkuch-
redux, and fasta. In 2021, according to the Computer
Language Benchmarks Game (CLBG), on average, C was
the most efficient language in terms of energy consump-
tion and execution time for compiled languages, while
Fortran consumed on average 2.52 times more energy



and took 3.40 times longer to execute than C. Another
interesting example is choosing the best loop statement
between for, do-while, and while, which reduces CPU
resources when running the same code lines multiple
times[28].

To effectively incorporate green coding, developers can
adopt several practices that can potentially enhance the
efficiency of their code and contribute to reducing its en-
vironmental impact. Here are some of the steps that have
been highlighted by the scientific literature:

Early decisions and benchmarking Considering
energy efficiency early on helps avoid potential lock-
ins down the line. The choice of both hardware
and software and of the appropriate monitoring tools
(such as websitecarbon[29] or ecograder[30] for websites,
powerapi[31] or scaphandre[32] for software, or directly
on premise with a power meter) can help gauge the cur-
rent energy footprint and set benchmarks for improve-
ment.

Integrating monitoring and optimization tools
Performance benchmarking tools (e.g., bencher[33]) can
be introduced, along with static code analysis tools (e.g.,
sonar[34], codiga[35]), to ensure that code quality does
not degrade over time, leading to efficiency losses.

Platform as a service (PaaS) In some cases using
PaaS can improve scalability and performance manage-
ment, potentially lowering energy use[36, 37].

Algorithmic and data optimizations, hardcod-
ing energy conservation Optimizations on the soft-
ware side and on the data on which the software relies
can lead to energy savings, as partly already specified in
the high-level strategies. While some of these are heav-
ily language- and data-specific, some adjustments could
be made to adjust applications’ behavior based on us-
age, such as reducing functionality or switching off non-
critical features to conserve energy when possible [38, 39].

IV. PROOFS OF CONCEPT

During the Sciathon, two small proofs of concept were
attempted.

A. Measuring Power Consumption

The ultimate outcome of performance improvement ef-
forts is always a reduced power consumption. This is
rather hard to measure as a single optimized process can
not be completely isolated from other tasks an operating
system is handling. Nevertheless, these measurements
are crucial and during the Sciathon a small proof of con-
cept was undertaken. The goal was to identify a compu-
tational task that is both widely used and easily bench-
markable in order to be able to achieve reliable numbers.

We chose to measure the power consumption of the se-
rialization of Java objects to the BSON (Binary JSON)
format as it represents a common task in programming.
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FIG. 4. Comparison of execution time and energy used per
operation by the Hornox and Jackson implementations.

Two serialization libraries were benchmarked and their
power usage was measured using Scaphandre [32] and a
small Python evaluation script. The two libraries were
Jackson [40], a widely used library with a lots of func-
tionalities and Hornox [41], a purposefully simple library
for serialization that focuses on speed rather than fea-
ture richness. By executing the provided benchmark of
Hornox, a simple task of serializing a Java object was
executed 1 million times, thereby enabling us to actually
measure the energy consumption of an individual exe-
cution. The numbers are subject to multiple external
variables (hardware, OS, Java version etc), but they are
comparable within the configuration used (Lenovo T14s
Gen3, Fedora 39, OpenJDK 17).

The energy consumed by an individual serialization op-
eration is in the range of micro Joules on the test setup.
Figure 4 illustrates how using a faster implementation
(Hornox) compared to standard libraries (Jackson) can
reduce the power consumption in the range of 50%.

B. Gains in Python performance

Given the recent efforts to optimize the CPython in-
terpreter for greater performance, developers can with
relatively little effort improve the performance of their
Python libraries by making them compatible with the
latest versions of the language. The latest stable release
of Python, version 3.12, was released in October 2023. As
of April 2024, nearly half (173) of the 360 most accessed
packages on the PyPI repository are still not verified as
being compatible with Python 3.12 [22]. As a practical
demonstration of the performance gains that can be ex-
pected by updating packages for Python 3.12, we have
carried out performance benchmarks of 87 Python li-
braries using the pyperformance suite [42], spanning a
wide range of use cases from web tools to scientific pack-
ages, running on three recent versions of the Python in-
terpreter (3.9, 3.11, and 3.12) with identical hardware.
Running the same code on different versions of Python,
we see a significant improvement in performance going
from Python 3.9 to 3.11 and 3.12. Compared to the lat-
ter, Python 3.9 takes, on average, 37% longer to com-
plete the same tasks (Figure 5). From 3.11 to 3.12, the



improvement is still significant at 6% on average. How-
ever, in certain areas, like in input/output that are par-
ticularly important for network and database tasks, the
recent gains in performance are significantly larger with
Python 3.12 being 2.04 times faster than 3.9 on average
and 1.45 times faster than Python 3.11. With Python
being a ubiquitous language in a plethora of areas, from
internet backends to high-performance scientific comput-
ing, significant optimization gains can be achieved with
relatively little effort simply by optimizing code for recent
versions of the CPython interpreter.

cpython 3.9 -
CPython 3.12 -

0.0 0.2 0.4 0.6 0.8 10
Relative time to perform benchmarks (shorter is better)

FIG. 5. Relative performance of CPython interpreters run-
ning the pyperformance benchmark suite shown as the geo-
metric mean of time to complete the benchmark tasks.

V. WHAT’S NEXT?

The exploration of possible open source software to
be targeted along with finding related efforts, possible
improvement strategies and best practices is only the
first step in the Open Source Software Efficiency Project.
Measuring the power consumption in the example of the
Hornox BSON and in the case study has shown potential,
but for this project to be a success in the long run, fund-
ing possibilities and human resources will be necessary.

For financing, several possibilities exist for gathering
donations and sponsorships, such as GitHub Sponsors
[43], Open Collective [44], but also corporate sponsors.
Another option is crowdfunding, as with Kickstarter [45],
Indiegogo [46] or GoFundMe [47]. Finally, once the gen-
eral idea of making open source software more energy
efficient is broken down into more concrete individual ef-

forts, grants and awards are available. Unfortunately,
only a few funds support FOSS [48]. Out of those, most
focus on new features (UKRI’s Infrastructure Fund, UK
[49], Horizon, Europe [50], Pathways to Enable Open-
Source Ecosystems (POSE), US [51]). In recent years,
new funding agencies popped up supporting sustainabil-
ity in FOSS. Although here sustainability refers mostly
to the improvement and maintenance of the software, one
could argue that energy efficiency follows the same ide-
als and is eligible to apply. Relevant funds include the
Sovereign Tech Fund [52], Apache Software Foundation
[53], FOSS Sustainability Fund (Open Tech Fund) [54],
NumFOCUS [55] and netidee [56].

Besides the financial aspect, it is crucial to have a
community actually improving the FOSS code. Pub-
lic outreach in the form of published articles, e.g. at
Phoronix, Heise, HackerNews, QuantaMagazine both in-
form a wider audience of people about the need and im-
pact of energy optimisation in code and it can attract fur-
ther volunteers to join. Once we have a project team to-
gether, co-operations and partnerships with other groups
following similar aims but with different approaches, like
Open Source in Environmental Sustainability [27], could
help both to gain further visibility and profit from each
other’s expertise. Projects might even be combined.

The long-term aim is to build a diverse team which
can offer consulting and training to both commercial and
open source software developers to make their code more
energy-efficient. After having the experience of several
projects being executed and the tools to measure the
difference, this is a way to make many more developers
aware of how to write their software in an energy-efficient
way, ideally from the beginning on.
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