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1 Introduction

As the spectres of global warming and climate change loom over the horizon
of tomorrow, achieving sustainability and reducing the environmental impact of
the software development has become more relevant, and is rapidly transforming
the landscape of the IT-sector. When in the past optimization of the algorithms
was done purely to enhance performance, now it is sought for the minimization
of the carbon footprint. Green programming, or green software development,
as it is sometimes called, is a design philosophy that has arisen to answer these
issues, emphasizing the need to reduce the energy consumption, and thus the
carbon foot- and handprints, produced by the ICT -industry.

During the last decade, as both mobile devices and the internet of things,
and with them the use of internet has become widespread across the global
population, the energy demands of the ICT -devices have expanded to a point
where the 2017 study [10] estimated that back then 4% of all energy consumption
globally, and 2% of all carbon emissions were the result of ICT-devices. The
share of the global energy consumption of the ICT-devices is expected to rise
to at least to 21%, and perhaps even as high as 51% by the 2030. Other studies
estimate that the energy consumption of the ICT-sector would double every
three years, for at least the next two decades from now onwards. [29]

Several studies have shown that the composition of the deployed software
affects the energy consumption significantly, although the exact effect varies
between the differing hardware platforms. In server side it has been estimated
that the correct optimization and design of the software can cut down the energy
consumption by almost 40%[35], and on client side roughly 20%[27]. Other
studies have shown that there is a real demand for further education in these
matters [24], as the majority of software developers don’t have a clear idea of
what constitutes to the energy consumption of the software, or how to reduce
it.

1.1 What is green programming?

In practice green programming and software development means several things:

• Design of better and more efficient algorithms
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• Measurement of energy consumption during the development process and/or
during the application run-time

• Design of the software development process with the aim of achieving lower
carbon footprint

Design of better and less resource-intensive algorithms is at the heart of green
programming, as it is undoubtedly the most direct way of affecting the memory
usage, and thus the energy consumption of the application. The specifics of how
exactly to design better algorithms will be discussed later during this course.

Measuring the energy consumption of the application can take two forms;
it may happen either during the development process, in which case we are
talking about the so-called ”energy-aware developer”, or it can happen during
the run-time of the application, in which case we are talking about the so-called
”energy-aware application”. In the first case, the development team uses both
software- and hardware -based means of observing the energy consumption of
the application, using this information to guide the development process. In the
latter case, the application is designed so that it has several different ”energy-
consumption profiles”, and it can automatically adjust it’s own performance
to achieve lower energy consumption as desired.[1] The latter approach has
been adopted somewhat in the mobile application development, to minimize
the battery drain.

The last point in the list involves questions such as what platforms and
frameworks to use, what programming languages the application will be written
in, what cloud services to employ etc. In other words, what organizational-level
development choices must, or at least should, be made to achieve the wanted
level of energy consumption. Usually these kinds of decisions are not for the
rank-and-file -developers to worry about, and extend beyond the choices in IT-
technologies to be used to other practical concerns such as carbon-footprints of
the work commuting, environmental impact of having permanent offices and so
on. These aspects of the development process will be further discussed in the
subsection 1.6.

1.2 Carbon footprint: what is it and how is it measured?

Since the reduction of carbon footprint is central to the whole idea of green
software development, we shall take a look at how exactly the carbon footprint
is defined and how is it measured in practice. Commonly accepted definition
for the carbon footprint is:

A measure of the total amount of carbon dioxide (CO2) and methane (CH4)
emissions of a defined population, system or activity, considering all relevant
sources, sinks and storage within the spatial and temporal boundary of the pop-
ulation, system or activity of interest. Calculated as carbon dioxide equivalent
using the relevant 100-year global warming potential (GWP100).[19]
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Several methodologies of calculating the carbon footprint of products and
processes exist, for example the Life-Cycle Assessment (LCA) [13] and Green-
house Gas Protocol (GHG) [28]. The LCA is used mostly in evaluating singular
processes and products, while the GHG is mainly intended for the scope of coun-
tries and large corporations. While sometimes only the CO2 is considered in the
calculation of the carbon footprint, hence the name, it is more common to use
methods of calculating the carbon dioxide equivalency for other types of green-
house gases also and include these to the total carbon footprint. For example
the GHG is used in this fashion. However, influential climate authorities such as
IPCC (International Panel for Climate Change) use a method that counts only
the carbon dioxide emissions [33], justifying this approach by claiming that the
climate impacts of the other greenhouse gas emissions are harder to quantify.
This approach has resulted in some criticism from other climate scientists, as
omitting other greenhouse gases from the equation might make certain forms of
industry look more greener than they actually are.

In theory, the measurement of the carbon footprint by the LCA is conducted
in the following manner:

• Goal and scope: Declaration of the definite goal of the study, and exact
specification of the scope it is conducted in

• Life Cycle Inventory: Compiling an inventory of relevant energy and
material inputs and environmental releases

• Life Cycle Impact Assessment: Evaluating the potential environmen-
tal impacts associated with identified inputs and releases

• Life Cycle Interpretation: Interpreting the results to help you make a
more informed decision

As can be seen from the above list outlining the phases of the procedure,
conducting the LCA is very much akin to a scientific research project, rather
than using a ready-made tool to measure the effect, and it requires a certain
degree of specific scientific expertise from those who use the method. As should
be obvious from the steps outlined above, the practical application of this kind of
investigation can take many forms. Due to it’s nature and the sheer complexity
of the procedure the LCA has been criticized for being somewhat prone to the
bias of those who conduct the survey, as it has been observed that there can be
great variation in the results.[31]

Other widely used tool, or rather a set of tools, is the Greenhouse Gas
Protocol, which is globally used by the majority of important industrial actors.
GHG is a collection of standards and measuring instruments which are meant
to facilitate the tracking of greenhouse gas emissions, which are designed for
such a scale that they are mostly used by aforementioned industrial giants and
entire nations.1

1Greenhouse Gas Protocol

5

https://ghgprotocol.org/standards


1.3 Carbon footprint and environmental impact across
the life-cycle of the software

As the LCA is originally designed for assessing the environmental impact of the
physical products, its’ traditional implementations are not straight-out-of-the-
box -suitable for analysing the environmental impact of the software develop-
ment process or the software life-cycle. The main reason for this is that software
development does not include things like extraction, transportation or storage
of raw resources which are then refined to products, but is more akin to other
immaterial production processes such as writing or animation, where the final
product is ”constructed” from ”parts” that never existed in material form. Dick
et al. [9] addressed this issue in 2010, when they released a paper outlining a
method for adjusting the LCA for the needs of the software development. In
their model, the sustainability assessment of the life-cycle of the software is
broken down to following phases:

• Development: The environmental impact of the development process in
itself is considered in this phase.

• Distribution: In this phase the impacts from the distribution of the
software, nowadays mainly the maintenance of the online download -
repositories and services, size of the downloaded files and the resulting
network workload is taken in to account.

• Acquisition: The impact that the acquisition of the software by the cus-
tomers has on environment. This phase is somewhat obsolete nowadays,
as most software purchases are made online.

• Deployment: In this phase the impacts of deploying the software are
taken in to account. The main environmental questions are the hardware
requirements of the software, and certain logistical considerations in the
case of larger organizations.

• Usage: Impacts from the usage of the software, such as run-time network
load and memory usage are considered under this phase.

• Maintenance: Update frequency, update sizes and the upkeep of the
organization that is responsible for these and the customer service of the
software are the main considerations in this phase.

• Deactivation: Main considerations in this phase are the impacts of the
long-term backups and the conversion of data for future use.

• Disposal: Since very few contemporary software products use physical
mediums, manuals or packaging anymore, this phase is mostly obsolete.
If, however, the software would use some of the aforementioned physical
trappings, the impact of their disposal should be considered here.
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While the nature of information and communications technology has changed
somewhat from the 2010, with physical mediums for software distribution be-
coming almost obsolete and online acquisition of software becoming almost uni-
versal, this doesn’t change the fact that the model described above is still useful
framework through which to classify the various aspects of the environmental
impact of the software development.

1.4 Computer components from the perspective of energy
consumption

While this course is about software development, and specifically about pro-
gramming, since the energy consumption is something that ultimately happens
due to processes running in the hardware of the computer, we felt that it would
be useful to take a brief glimpse on the fundamental parts of the computer ar-
chitecture and what is their (usual) role in the aforementioned consumption. In
the figure 1 you can see a rough overview of the central components that any
modern computer has.

Figure 1: Overview of computer components.

The core of every computer system is the Central Processing Unit, or CPU.
It’s the muscle beneath the iron frame that crunches the numbers and does
the lifting, so to speak. For this reason it’s also usually, but not always, the
part of the computer where the majority of the energy consuming activities
happen. The power consumption of a processor consists of both static and
dynamic components. By static here is meant the constant standby-level of
power required to power the processor and keep it ready to execute tasks, and
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by dynamic the tasks that the processor executes.[7] Some estimates [36] put
the energy consumption of the processor at roughly 25% of the total used by
the computer.

While in the past the CPU was the only muscle the computers had, to an-
swer the specialized needs of the modern-day computing another heavy-lifting
component was evolved. Graphics Processing Unit, or the GPU, is akin to
CPU in such a way that it too crunches the numbers and does the lifting, but
unlike the CPU which is more-or-less a multi-purpose tool, GPU is a device
specifically intended for doing certain kinds of mathematical operations. As it’s
name implies, it was originally intended for the processing of rendering tasks
required for modern-day computer graphics, but in the past two decades other
applications for it’s special nature have been discovered, such as the process-
ing of block-chains. While the newest generation of cryptocurrency -mining
devices have moved onwards from the use of GPU’s to ASICs (Application Spe-
cific Integrated Circuit), for the past decade the attributes of GPU’s led to a
development of specialized cryptocurrency-mining architectures which were es-
sentially just stacks of GPU’s wired together to process the block-chains for the
production of cryptocurrencies such as Bitcoin and Ethereum. As a sidenote, it
has been estimated that the annual global Bitcoin -production alone consumes
energy slightly more than the entire country of Norway per year2. However,
certain studies on green software development have resulted in to recommen-
dations that software utilizing GPU should be used more, as while the GPU in
itself uses more energy than the CPU, it’s also much more energy-efficient.[23]

Third big energy consumer in the computer architecture is the memory,
which according to Vogelsang [36] uses up roughly 20% of the total energy
consumed by the machine. Memory comes in two types: The run-time, or
primary, memory known as RAM (Random Access Memory); and the secondary,
or storage memory, usually known as hard disk space. RAM, together with CPU,
is the only absolutely required part of any computer architecture; everything
else apart from these two components is more-or-less optional, depending on the
wanted usage of the computer. In stand-by mode, it has been estimated that the
RAM consumes roughly 1/5 of the power used by the CPU, but when performing
RAM -intensive operations this consumption can rise to be equivalent with
the consumption of the CPU.[21] Even somewhat modern and thus relevant
estimations about the hard-disk power consumption are sadly quite scarce, but
from the studies available it can be seen that the newer SSD -drives use roughly
50% of the energy in read-operations, and roughly 75% of the energy in write-
operations, relative to the older HDD -drives.[15] It should also be noted that
while idle, power consumption of the SSD -drive is very low.

The external devices of the computer, i.e. inputs, outputs and different
kinds of external storage devices and special purpose equipment usually don’t
contribute much to the energy consumption. In the past, the displays of the
computers used almost as much energy as the CPU, but with the advancements
in the LED- and LCD-technologies this has fallen drastically. There are some

2Annual energy consumption of Bitcoin
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special external devices which may use more energy than the common externals,
but such instruments are quite rarely used by the ordinary consumers.

1.5 What affects energy consumption?

Since the energy consumption, and it’s reduction, are the key issues in green
programming, we must take a look at what exactly constitutes to increase the
consumption. However, it turns out that this question is not exactly simple
one to answer, as it is quite hard to exactly pinpoint which processes are more
energy-intensive and which are not. In addition, the energy consumption of the
same software varies between the hardware platforms it is used on, which makes
the issue even more complicated.[14] Thirdly, there is evidence that the choice
in programming language affects the energy efficiency of the software that is
written. [5]

In essence, there are two ways to approach the issue: Either through princi-
ples, models and ”rules-of-thumb” based on observations made during research
on energy consumption, or by software solutions and hardware devices that can
pinpoint the energy consumption in specific parts of the target application.

1.5.1 Principles of energy consumption

While it is common conception that the engagement of the CPU, i.e. the process-
ing power required, correlates with the energy consumption of the application,
this is only partially correct, since not all processes are CPU -bound. Some
processes are IO -bound, others event -bound, and some are run on peripher-
als, i.e. GPU, in which case their engagement with the CPU is quite minimal,
and thus the CPU -requirements tell little about the energy consumption of
these applications. On processes that are CPU-intensive, there is in general a
strong correlation between the used processing power and the energy consumed
in doing so [14]. However, it has been proven that this is not always the case
either [7], and thus it should be kept in mind that the engagement -level of the
processor is not necessarily a reliable indicator for the energy consumption.

As another rule-of-thumb, certain researchers have argued that the amount
of system calls the application makes can be used as a relative indicator of the
energy consumption, as there exists a strong correlation between the amount of
system calls and the consumed energy. Thus, it can be inferred that if the newer
version of the software uses less system calls relative to it’s previous versions, it
will also use less energy.[26]

Lewis et al.[20] developed in 2008 a linear regression model, which relates
the processor power, bus activity and ambient temperature of the system, and
is capable of producing real-time predictions of the power consumption. The
model is too complex to be explained in detail in the scope of this course, but
it is presented here as an example of how to measure the power consumption
with the combination of mathematical methods and some understanding of the
relevant processor architecture.
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Residing somewhere between the insight born from research data and a soft-
ware meant to measure energy consumption is the GreenOracle, a machine
learning model developed by Chowdhury and Hindle[4], which can predict the
energy consumption of the software application in joules with roughly 90% ac-
curacy.

1.5.2 Measuring software and devices

Several different tools exist for the developers to use in measuring the energy
consumption during the development process, ranging from physical devices to
measurement applications. These will be discussed at greater length and detail
in the Section 4, so we will provide here only a very brief overview of the subject.

Physical devices that are used to measure the energy consumption are essen-
tially the same tools which are used for measuring the attributes and usage of
electricity in other technological disciplines. The most common and accessible of
these are AC -power meters that are nowadays quite easily obtainable from
home electronic appliance -stores, due to them being used together with the
smart-house devices. However, depending on the application and the wanted
level of measurement detail, this kind of meter might not be sufficient. If greater
detail or some specific functionality is needed, the potential measurement de-
vices range from bench power supplies to power measuring integrated
circuits. Depending on the specific device these solutions are often either quite
expensive, very specific in application and/or require profound understanding
of the theoretical aspects of the power measurement to be calibrated correctly.3

Thus, their suitability and feasibility for the needs of a specific software de-
velopment project must be evaluated more carefully than with more general
measurement instruments.

Software that is used for measuring the energy consumption comes in many
forms, from device-manufacturer provided applications to open-source projects.
The former are usually device- or manufacturer -specific, while the latter are
usually built around some functionality exposed by the device-manufacturers,
such as Intel RAPL (Running Average Power Limit), a feature in the post-
Sandy Bridge -microarchitecture Intel -processors which allows for the monitor-
ing of the power consumption happening in the processor through custom-built
applications.[17] Some power measuring applications are freely available online,
such as Green Algorithms4, a carbon footprint -calculator developed by Lanne-
longue et al. in 2021. [18]

1.6 Sustainability in development process

Minimizing the carbon footprint in green software development is not limited
only to the changes in the actual programming practices, but includes also
decisions and considerations that happen in the more managerial layer of the
development process. Decisions such as whether the developers should commute

3Information on measuring devices in Finnish
4Green Algorithms
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to work every day or work remotely, whether to meet the stakeholders face-to-
face or teleconference with them, whether to maintain a permanent office space
and so on are usually things which the rank-and-file -developers do not need to
worry about, but which still affects the energy consumption considerably, and
for this reason we will provide a brief overview on the current consensus on the
subject.

Kern et al.[16] estimated in their 2015 study that commuting to work every
day increases the carbon footprint of the development process by as much as
24%. In their calculation maintenance and heating of the office space for the du-
ration of any given project accounts for approximately 80% of the total carbon
footprint of the project. It should be noted that their estimations are generated
by the model they developed for calculating carbon footprint of the software
development process, and the example results obtained are based on modellings
made on micro-enterprises (less than 10 employees) operating in Germany, and
might thus not be representative of the larger global situation. However, these
results are indicative of what kind of effect remote work or switching to renew-
able energy, if adopted more widely, could have on carbon footprint.

Gupta et al. [12] conducted a slightly larger scale investigation on the carbon
footprint of the ICT -industry, using the aforementioned Greenhouse Gas Pro-
tocol. In their analysis the relative impact of the software industry operations
was negligible compared to the effect of hardware manufacturing, which was
deemed to be the most environmentally polluting side of the whole computing
business. This is mostly due to the emergence of green and renewable energy
options, which have led to many ICT -industry operations becoming essentially
carbon neutral.

Of course, it should be understood that the paradox of green energy is always
present here; if a given operation is powered completely by renewable energy, it
means that some other operation must be powered with non-renewable energy,
as there simply is not enough sources of renewable energy for everyone. Thus the
idea of fixing the carbon footprint -problem by switching to renewable energy is
efficient only when all energy production has become renewable, which is long
way in to the future. Until then, fixing the environmental impact by switching
to green energy, but not seeking to decrease the overall energy consumption, is
akin to moving money from pocket to pocket and claiming that it is profitable.
Of course, the production of renewable energy is constantly increasing5, but for
the immediate future it will not be the majority of global energy production,
and thus can’t be solely counted on to solve the issues of carbon footprints.

5Renewable energy production
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2 Green Programming Practices

2.1 Selecting the tools for green development

2.1.1 Programming languages

The choice of the programming language is surprisingly important from the
viewpoint of the green programming, as research has shown that different pro-
gramming languages vary quite significantly in their energy-efficiency. There
is, in general, a difference between the compiled and the interpreted languages,
with the compiled ones usually being less energy consuming and better perform-
ing than the interpreted ones. In line with this, languages such as Java, which
are interpreted and then compiled just-in-time are more efficient than purely
interpreted, as the JIT can salvage some of the performance that is lost in the
interpretation process.6

Couto et al. published in 2017 a study [5] where they compared 10 popu-
lar programming languages in various tasks, and established a ”Green ranking”
for them based on their results. In general their results indicated that faster
processing languages tend to consume less energy than slower ones, although
there are specific cases where the slower languages are more energy-efficient. To
give meaningful context to frame the question of how the energy-efficiency of
these ten languages was compared, we must explain the test sequence used by
the Couto et al. Their study was based on an earlier research framework called
Computer Language Benchmark Game (CLBG), which is a set of 13 compu-
tational problems, each of which is implemented in 27 different programming
languages. Each of the solutions in the CLBG are developed by verified profes-
sional experts in using these languages, and thus represent the state of the art on
how to best and most efficiently and elegantly solve these problems. From this
CLBG -set Couto et al. chose ten programming languages, which were C, C#,
Fortran, Go, Java, JRuby, Lua, OCaml, Perl, and Racket, and their implemen-
tations for ten different problems, and then developed an energy-measurement
application with C and Intel RAPL to determine how much energy each of the
solutions consumed.

In short, the C was by far the least energy-consuming language of those
surveyed, taking the first place in 7 out of 10 problems. In general both Perl
and JRuby were the most energy consuming ones. Java, OCaml, Go and Fortran
competed with the C for efficiency, but apart from three studied scenarios where
C did not prevail they were slightly less energy-efficient. In the majority of tests
the rest of the studied languages fell somewhere between the Fortran and Perl
in terms of energy-efficiency.

Since the language used in this course is JavaScript, and since it was not
evaluated in the research explained earlier, we must take a look at the studies
done on its’ energy efficiency. As this kind of research stretches back over a
decade and some of the older studies are done on hardware and software -
environments that are no longer in use, we have focused here on the newer

6Video: MIT - Matrix Multiplication
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research on energy consumption of JavaScript.
Van Hasselt et al. [34] conducted a comparative analysis on the differences

between the energy efficiency of the JavaScript versus WebAssembly compiled
from C, and came to conclusion that WebAssembly-C is by far less energy-
consuming than the JavaScript. Considering the results obtained earlier by
Couto et al [5], this is hardly surprising. Similar results were obtained by
Macedo et al.[8], who concluded that WebAssembly-C is roughly 30% more
energy-efficient than JavaScript. Both of these studies also noted that the choice
of what browser was used in executing the code affected energy consumption
greatly, with Google Chrome being the least energy-efficient browser in common
use.

However, the reason we are using JavaScript in this course and not We-
bAssembly is because ultimately WebAssembly is not something you could solely
use to create websites or mobile applications with. Nor is WebAssembly a lan-
guage in itself, but rather a standard by which several different languages such
as C, Rust and C++ can be compiled to run in browser.7 WebAssembly is
mostly good for doing ”heavy lifting” in the client side, if it is needed, but
whether you use it or not you still need to use JavaScript, CSS, HTML and all
the other usual technologies for web development, so sadly it does not provide a
green solution for the all of the issues of energy consumption as such. For some
specific situations it provides such a solution, and if applicable it should be used,
but for the foreseeable future JavaScript will still be the de facto standard in
web application development, and thus we must focus on how to use it in the
most energy efficient ways possible.

Thus, the choice of what programming language to use, when considering the
environmental impact, is almost always a compromise of some kind. In theory,
this compromise is dictated by the needs of the project one is engaging in, and
differs from the usual considerations of what language to choose only in that
the goals of green programming are kept in mind so that when the decisions
are made between two otherwise equally suitable languages, the one which is
less energy-consuming is chosen. However, as the examples and research data
in this chapter demonstrate, the choice is rarely so clear-cut.

2.1.2 Frameworks & content-management platforms

Modern software development is heavily dependent on the use of both frame-
works and content-management systems (CMS) to streamline the development
process and standardize the production quality. While the frameworks and CM-
Ses offer a plethora of ready-made tools and component libraries upon which to
build your software, they also come with the burden of lots of unused code and
infrastructure that just takes up space and consumes energy pointlessly.

The effect on the energy consumption from the use of software development
frameworks has not received lot of attention from the researchers, but from the
few studies conducted on this phenomenon we can make the conclusion that in

7What is WebAssembly?
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general using the frameworks and external libraries, is detrimental in the sense
of energy-efficiency. [3] From the perspective of green programming this result
is quite negative, as not using the frameworks at all is simply not an option for
the majority of the software development industry.

However, while frameworks and CMSes are useful, they are also often used
needlessly. If you’re going to make a small website with mostly static informa-
tion, using ReactJS or Drupal for the job might be a bit too much, and just the
time it takes to setup these kinds of environments for smaller tasks overshadows
the time you would spend doing the task in the first place. Thus the necessity
of using this or that framework or CMS should be evaluated on per-case -basis,

2.2 Unoptimized data handling

When we are talking about unoptimized data handling, we are essentially talking
about the file-size -creep and -bloat that has been happening in tandem with
the development of more efficient data storage and transfer technologies, and
how to minimize this kind of unnecessary resource consumption. The past three
decades have witnessed completely unprecedented increase in the technological
capability to both store and transmit data, and as a side-effect, this has led
to both the software file size growth and abundance of network traffic. While
sometimes this increase in resource usage is justified, in many other cases its’
purely the result of wasteful coding and management.

2.2.1 Unnecessary data transfers

• Why: Majority of the modern software transfers data either internally or
externally, and while this is often necessary part of the functioning of the
application, there is also lots of completely useless data transfer taking
place. Usually the types of transferred information fall in the following
two categories:

1. Data transfer between the parts of the application:

This is often defined by a protocol established between the parties of
the data transfer.

2. Data transfer happening between the server and the client:

Such as contents of the website, streamed videos and attachment files
transferred from client to server.

• How: Reducing this kind of data transfer capacity may be hard, as the
established protocol affects the energy consumption significantly, but one
avenue of reducing the consumption is by optimizing for example the
communication between the application and the database, so that when
the database is queried for information only necessary variables would be
fetched, and not all the contents of the table row, if they are not needed.

As a rule of thumb, unneeded data should never be transferred between
the parts of the application.
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2.2.2 Reducing data transfer quality

• Why: Large portion of the data transfer size comes from the content
data, such as images and videos. Reducing their quality even slightly can
have a large impact on the carbon footprint, while having no discernible
reduction in the user experience. Other way of approaching the reduction
of data quality is by adjusting the computational accuracy to level that is
needed for the application to reach its’ intended usage goal.

• How: Regardless of language or framework, this can be achieved through
making such design choices that define for example how large image files
are allowed to be inputted by the users, or what resolution is required from
the geolocation data. Languages and frameworks often also offer either
ready-made libraries which have the functionalities to for example control
the image size through code, or such can be written as needed.

• Example:In this example, we will create a Node.js application that serves
optimized images to the client.

2.2.3 Bundling

• Why: Considering the composition of the modern applications it should
be noted that a large majority of them consist mostly of external libraries,
out of which only several percents of the code is utilized, and the original
source code of the application contributes only several percent of the to-
tal code of the application. For this reason bundler -applications should
always be used when shipping the source code, so that the unused ”extra”
-code of the external libraries is cleaned up before distribution.8

• How: Bundling of the code is done with bundler applications, of which
there are several available. For the JavaScript the most common ones are
Browserify, Esbuild, Webpack, Parcel and Rollup.

• Example: For this example, we will use Webpack as our bundler. Web-
pack is a popular tool that can bundle, minify, and transpile your JavaScript
code, among other things.

2.2.4 Data compression before transmission

• Why: From the viewpoint of green programming, all compressible data
should always be compressed before it is transferred across the network, to
reduce the strain and thus energy consumption. However, not all data is
compressible, such as most images, videos, songs, any already compressed
data, or encrypted data. It should also be noted that inline-compression
may make the data transfer slower.

8Bundling

15

https://gitlab.utu.fi/green-programming/code-examples/-/blob/master/Ex12/Instructions.md?ref_type=heads
https://gitlab.utu.fi/green-programming/code-examples/-/blob/master/Ex1/Instructions.md?ref_type=heads
https://snipcart.com/blog/javascript-module-bundler


• How: Again, implementing the compression of data for transfer depends
on the used framework and language, but usually it is in-built as an op-
tional feature in to the code that facilitates the data transfer.

• Example: For this example, we will use Node.js with the Express frame-
work to create a simple server that compresses the data before sending it.
We will then use the compression middleware for Express, which provides
gzip compression.

2.2.5 Choosing the right protocol and message format

• Why: Protocols and message formats used in data transfer differ in energy
consumption, as some are more ”talkative”, in other words they use more
headers and other extra information to facilitate the data transfer. From
the viewpoint of green programming, protocols that achieve the same effect
with less energy consumption should be used, if it is feasible. It should
be understood that this is not always possible at all, although application
specific -protocols have been proposed.[22]

• How: The exacts of how the protocol is changed to another depend on
the used framework and language, but usually the protocol used in data
transfer is either set in a configuration file, or it is passed as a parameter of
the function or the object that facilitates the data transfer. See example
for details.

• Example: In this example, we will use HTTP/2 usage. It is known
that HTTP/1.1 opens a new connection for each request/response pair,
which can be inefficient. HTTP/2, on the other hand, allows for multiple
requests and responses to be multiplexed over a single connection, reducing
the overhead and latency associated with establishing connections.

2.2.6 Eliminating presentation data transfer

• Why: In theory this means that only the contents of the application or
website should be transferred from the database to the user with each
interaction, and that the user interface -elements should be managed in
the client -side.

• How: In practice this means using SPA (Single Page Application) -
implementations, which are not possible with all frameworks or content
management systems. Commonly used SPA -frameworks are for example
ReactJS, AngularJS, VueJS and EmberJS, which are more or less simi-
lar JavaScript -based systems designed for smooth front-end development.
The reason for this similarity is mainly due to fact that JavaScript is tech-
nically speaking the only viable way of creating SPA -frameworks, as of
date.

• Example: In this example we will use React, a popular JavaScript library
for building user interfaces, to demonstrate the usage of this practice.
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2.2.7 Transmitting only changed data

• Why: Only the data that has been changed, i.e. data that has gained a
different value than it had before, should be transmitted either way.

• How: In practice, the application must be aware of the changes happening
and not submit data that has not been changed. For example, if you have
a form which allows for the updating of the user information, and the user
changes only one value, while the other values remain as they were when
the form was loaded, then only that one variable which was changed should
be transmitted back to the database. There are ready-made libraries for
doing this, such as AG Grid’s React Data Grid9 for ReactJS.

• Example:For this example, we will create a simple form in Node.js and
vanilla JavaScript, which tracks user input changes and only sends the
modified data back to the server.

2.2.8 Identifying immutable data

• Why: Immutable data, in other words data that changes never or very
rarely, should be kept in some kind of cached form so it would be available
without transmitting it again every time the application or website is used.
However, in this kind of scenario there must be a functionality to recognize
when the data has to be reloaded.

• How: In abstract sense, this can be achieved by first conducting a review
on the data that is fetched from the database, then identifying those data
items that qualify as ”immutable” in the sense we are talking about and
then making a local copy of the identified immutable data item the first
time it is fetched from the database. Then in the subsequent displays of
the data this copy is called upon, instead of fetching the data again from
the database. Example below demonstrates how this kind of feature is
implemented in ReactJS.

• Example: In this example, we will create a JavaScript application us-
ing React for the frontend and Node.js with a MySQL database for the
backend.

2.2.9 Checking data before transmission

• Why: Extensive checking of the user-inputted information, before it is
transmitted over the network, is useful from the perspective of green pro-
gramming as it reduces the amount of error messages the system generates.

• How: Input -elements can be controlled to filter incorrect input types
quite easily. Usually this is done by directly adding certain attributes to
the input -tag, but this can also be implemented with JavaScript. See the
example for further information.

9AG Grid
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• Example: In this example, we will use a simple HTML form with JavaScript
for client-side validation.

2.2.10 Combining data for transmission

• Why: Simply for the reduction of network traffic, and thus energy con-
sumption, it would be useful to bundle several messages in to one trans-
mission, but only if the messages are reasonably combinable and if the
end-product is easier to package than the messages would be by them-
selves.

• How: The code of the application must be factored so that suitable mes-
sage transmissions are bundled in to one, if it is feasible. How this is
exactly done is dependent on the used framework and language. See ex-
ample for details:

• Example:In this example, we will use a web application where users can
update their profile information and newsletter preferences. Instead of
sending each piece of information in a separate request, we can combine
them into a single request.

2.2.11 Minimizing HTTP headers

• Why: Large portion of communication by the modern applications hap-
pens over the HTTP -protocol, and it’s quite common that the external li-
braries add custom HTTP-headers10 to the requests, regardless of whether
these are really needed or not. These should be reviewed and, if they are
found to be useless for the purpose of the communication, removed to
reduce the energy consumption.

• How: Google Chrome Developer Tools and similar browser -based ob-
servation applications can be used to view headers that are attached to
every request the application makes. Other way to observe the headers,
in the case of an application that is not accessed through the browser,
would be to use the usual debugging features and print out the headers
every time the application makes a call over the HTTP -protocol. There
is also a package available through npm named webhint, which includes
functionality to detect unneeded headers automatically.

• Example: In this example, we will create a simple Node.js server that
serves a static file with minimal HTTP headers and manually analyse our
server’s response headers and ensure they are optimized.

2.2.12 Reducing HTTP redirection

• Why: HTTP redirection is in itself a useful technique that allows for
redirecting the traffic to another address in situations where the original

10What is HTTP header?
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address is unavailable, for example because of maintenance break. How-
ever, redirection is also quite resource-intensive operation, and while it’s
usually evaluated from the viewpoint of increasing the traffic, it should
be understood that this increase in traffic always impacts the energy con-
sumption. Thus, all HTTP -redirections happening in your application or
website should be reviewed and if found unnecessary, deprecated.

• How: Exact details depend on the used language, and there are ready-
made libraries to do this. For example, the npm package webhint includes
a functionality to automatically detect and disallow HTTP -redirects.

• Example:In this example, we will show how to minimize redirection in a
Node.js application.

2.2.13 Minimizing server-to-server data transfer

• Why: Almost always the server that hosts the application or website
and the database which it uses are separate from each other. For the
purposes of green programming, minimizing the traffic between these two
is important, and can easily achieved by reviewing the database calls and
reducing them to essentials.

• How: Database calls made by the resource must evaluated, and formu-
lated so that only the necessary variables are fetched from the database.
For example, if you need the name and the address of the user, you don’t
fetch the whole table row containing the user information, but only those
variables which are needed.

• Example: In this example, We will create an optimized endpoint that
fetches only specific columns from a user table instead of the entire row.
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3 Green UI/UX Design

UI/UX -design is the aspect of the software development that deals with the
design and implementation of user interfaces, and how easy and intuitive they
are from the perspective of the end-users. In the past decade, we have seen
the proliferation of this part of the industry, as ICT -technology has become the
mainstay of the consumer electronics, which has required extensive streamlining
and improvement in the ways in which applications can be used by people who
for the most part don’t know how the technology actually works, and could not
use it without graphical interfaces and clickable icons. As the use of internet in
everyday life has increased to be commonplace, the contents of the websites and
applications are increasingly being presented both in clearer and more fancy
ways. While this is in itself good, there are consequences to this development
which should be kept in mind when designing things with the perspective of
green programming in mind.

The other side of this coin is that with every improvement to the usability
of software this has brought forth, it also increases the computational cost of
these applications. More you have animated elements and slick effects that
accompany each action, the more the computer uses processing power to conjure
these electrical mirages to your screen. While some of this increase is justified
in the name of bettering the user experience, quite often it’s just eye candy that
is meant to look nice, with no practical purpose whatsoever. On top of this, the
UI/UX -design has spawned several outright malicious practices, such as the
use of dark patterns, which are essentially ways to trick people to do something
they wouldn’t otherwise do, for example to give their consent to data collection.
At worst, extensive use of dark patterns can lead to increased usage times by
convolution of the controls the application offers, and thus to increased energy
consumption.

In this chapter we will offer some perspectives on how to design user inter-
faces and experiences with environmental impact in mind, so that these tech-
niques could be used better to achieve the aims of green software development.
The techniques present here are just your average run-of-the-mill UI/UX design
principles, but they are viewed through the design philosophy of how to use
them in a way that results in less energy consuming outcome.

3.1 Difference between Green UI/UX Design and green-
washing

When researching this topic online on your own, you may come across articles
and blog posts that talk about ”green” or ”sustainable” UI/UX design. Some-
times, they have good ideas, some of which have been used as inspiration for our
materials also, such as this article. Sometimes, they have ideas that purport to
be geared towards improving sustainability, while actually promoting practices
that are anything but. For example, this article talks a lot about these ideas, but
ultimately everything it teaches boils down to practices that will increase energy
consumption, not decrease it. While many things mentioned there are impor-
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tant, such as increasing inclusivity, diversity and eco-consciousness, the way to
do it is not by creating ”more ecologically minded animations”. The way to do
it is by decreasing the overall amount of animations, and other purely decora-
tive designs. These things will not become more sustainable by them depicting
”green ideas”. This is a blatant example of ”greenwashing”, in other words
of claiming to have sustainability in mind, but actually just creating diversions
that are aimed at fooling people to think that something has been done to lessen
the environmental impact.

3.2 Avoiding user errors

• Why: The less errors the users make in using the software, the less the
software has to respond to these errors and thus less energy is consumed.

• How: Reducing the probability of human error in using a given software is
not straightforward undertaking, and it requires a certain degree of design-
in-advance. One way to achieve this is through minimizing the interaction
the user has, in other words narrowing the scope of what the user can input
and interact with, and thus decreasing the probability that the user does
something that shouldn’t have been done. Other way of approaching the
issue is through the so-called co-design principle, where the end-users-to-
be, i.e. representatives of the customer and other stakeholders participate
in the design process of the application, as they often have a different
perspective than the developers and designers in to how the application
needs to be used.

3.3 Avoiding the use of dark patterns

• Why: Dark patterns are UI/UX -design choices which are meant to dis-
tract, mislead and outright fool the user of the application or website to
make decisions which they wouldn’t otherwise do, and which usually are
somehow detrimental to them. Usually, but not only, dark patterns are
used in the design of the cookie consent banners to trick the user to give
consent to data collection facilitated with some kind of data analytical
tool, such as Google Analytics.

Abstaining from using the dark patterns in UI/UX -design is very impor-
tant from the perspective of the green programming. Not only are dark
patterns immoral and sometimes outright illegal, they contribute to in-
crease the energy consumption of the application in several ways. First
off, their deployment directly contributes to elevated use of website analyt-
ical tools, through misleading the users to give consent to data collection
and thus activating the analytical tools used by the website. Secondly,
they indirectly contribute to the energy consumption by adding elements
that are ultimately unneeded and by complicating the user interface in
attempt to hide functionalities or deter the user from doing something,
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which needlessly increases the number of clicks and time spent with the
website or application.

• How: Developers are strongly advised to study various sources docu-
menting the most common dark patterns, such as the ”Report of the work
undertaken”11 by the European Data Protection Boards’ Cookie Banner
Taskforce, which details some of the most common dark patterns. De-
velopers should familiarize themselves with these design choices to better
avoid them, as it has been observed that dark patterns do not emerge
solely out of questionable intentions of the designers, but also occur nat-
urally as a side-effect of human psychology.

3.4 Eliminating unnecessary elements

• Why: While designing green UI/UX, minimalism is in general a good
guideline to follow. The less elements there are to render, the less energy
is expended. Part of this striving for less elements is the reduction of
purely aesthetic decorations which have recently become commonplace,
such as the excessive use of on-mouse-hover effects, animations and es-
pecially background-effects such as video. It’s true that our modern-day
data transfer technology allows for the use of such cosmetic elements more
than what was possible just a moment ago, but it should be kept in mind
that such embellishments have a price paid in energy consumption as well.

• How: When designing and implementing the graphical outlook of the
application or website, special consideration should be put in to what
kinds of effects are essential for the improvement of the user experience,
and which are not. Sometimes, for example, the on-mouse-hover -effects
are really important for improved usability, to convey some kind of vital
information for the user, but mostly they are deployed simply for no reason
at all. Such pointless decorative use should be avoided.

3.5 Streamlining functionality

• Why: The shorter the path to the destination, less energy is expended
in travelling to it. In the same way, less clicks and page renders it takes
for the user to arrive at the content he seeks, the better, at least from the
viewpoint of green programming. In practice this can take many forms,
but often means the design of the UI/UX in such a way that excessive
nested menus and link bars would not be needed.

• How: All applications and websites have features that fall in two cate-
gories; those which are used most of the time, and those which are used
only rarely. Accordingly, those in the first category should be given prior-
ity treatment in such a way that accessing them is made easier. Common

11Cookie Banner Taskforce: Report of the work undertaken
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way to do this is for example by using ”lift-ups”, through which the cen-
tral functionalities are displayed in the landing page of the application,
so that the user never needs to go searching for them from menus or link
bars.
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4 Measurements of power consumption

4.1 Measurement devices

4.1.1 AC -meters

The most common and easily available device for power consumption measure-
ment is the AC -meter, which can be nowadays procured from any normal
electronics appliance store. It is also very easy to use; the meter is just con-
nected between the power supply and the device of which energy consumption
is to be measured. As its’ name implies, AC -meter can be used to measure
the power consumption of any device that is powered with alternating current,
which makes it very flexible for several different measuring projects.

While the scale at which the AC -meters operate is relatively wide, de-
vices with very high power consumption may be beyond its’ ability to measure.
It’s also relatively inaccurate compared to other measuring devices, which may
present difficulties if used to measure software power consumption.

4.1.2 Bench power supplies

Bench power supplies are, as their name implies, power supplies used normally
in laboratories and other special environments, which come with an integrated
power measurement ability. Bench power supplies are extremely accurate but
very limited in scope, being able to read only specific direct currents. Due to this
specialized nature they are very expensive, and thus best reserved for situations
where their high accuracy is required.

4.1.3 Meters connected to the DC -power supply

These types of devices are, together with AC- and USB -connected meters quite
common and easily available. This kind of meter is connected to the direct
current power supply, from which it channels the power to the device which
consumption it is meant to observe, again quite similarly to how AC -meters
function.

4.1.4 USB -connected meters

Like the AC- and DC -meters, this type of measuring device is also connected
between the device of which energy consumption it is meant to measure and the
power supply. Specifically this kind of meter is connected to the USB -power
supply port of the device, and from it detects the amount of consumed energy.

4.1.5 Integrated power measuring circuits

Integrated power measuring circuits are literally electric circuits capable of mea-
suring the power that passes through them. Their deployment and calibration is
thus much more technical operation than with the other measuring devices men-
tioned here, and requires certain degree of expertise in the theoretical aspects

24



of power measurement. Pre-calibrated measuring circuits are also available, but
this makes them only slightly easier to use than completely bare-bones circuits.
In exchange for complexity in usage these components are relatively cheap, and
can be integrated in to other devices to provide power measurement capability.
As it’s just a component, not a whole device, to process its’ readings the power
measuring circuit must be accompanied by either computer or micro-controller.

4.2 Measurement software

Using software to measure the energy consumption of the application is possible,
but it’s never as accurate as the best hardware solutions. It’s however much
easier to implement, especially for software-savvy developers who might lack
electronics expertise, as setting up the energy measuring software is a trivial task
for anyone with even a modest development experience, and because it does not
require acquisition of any external resources - even the measuring applications
are usually free. There are many different applications for measuring energy
consumption, and the ones’ presented here are just examples of this kind of
technology.

The reasons for why there are no universal software based measuring tools
for energy consumption boil down to the fact that to measure the energy con-
sumption it’s basically mandatory to have access to the hardware of the device -
in other words, this requires the use of device or manufacturer specific interfaces
such as Intel PCM (for Intel devices) which can communicate with the hardware
components of the device. Thus, it’s practically impossible to create one ap-
plication that would function on all different types of devices. Theoretically, it
could be possible to create a software that first detects the used device proper-
ties, and which would have interfaces defined for all of the possible devices, from
which correct methods would be picked for use based on the device type, but
thus far no-one seems to have taken up such a task. Some of the applications
presented in this chapter are somewhat like this, for example they function on
both Intel and AMD -processors.

Other aspect of the difficulty to create one-size-fits-all multitool for energy
measurement comes down to differences in operating systems. While it’s of
course possible to create same application for different operating systems, and
this is quite common these days, these are essentially slightly different versions
of the same application from each other due to the differences inherent in the
way operating systems and applications interact. It’s technically possible to
create an application that functions on all the common operating systems, but
this is not very practical. In the case of energy measurement applications it
might be quite impossible as they need to access process data that requires
interaction with the operating system.
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4.2.1 Intel PCM

Intel Performance Counter Monitor12 is an API that allows the developer to
create power-monitoring applications easily.[6] It’s usable on Intel® Core™,
Xeon®, Atom™ and Xeon Phi™ processors and on Linux, Windows, Mac OS
X, FreeBSD, DragonFlyBSD and ChromeOS operating systems.

4.2.2 Syspower

Syspower13 is a simple energy measurement tool for Mac. [6]

4.2.3 Website Carbon Calculator

Website Carbon Collector is a free-to-use, online tool which can be used for
rough estimation of the website carbon footprint. It’s very simple to use: you
just input the wanted URL in to the calculator, and it gives you certain metrics
of how much carbon is produced by the website in question, as well as some
statistical information on how this compares to other websites globally. It also
gives explanations of how the measurements are done. WCC API is free to
use for non-commercial purposes, and can be provided free even for commercial
uses, if the need to do so is reasonably argued for.

4.2.4 Windows Energy Estimation Engine (E3)

Windows Energy Estimation Engine is in-built tool in Windows operating sys-
tem that allows for measuring the power consumption of applications.14

4.2.5 Powerstat

Powerstat is a Linux -only application developed by Colin King15, based on
Intel RAPL -interface, and is thus usable only on Intel -processors. It is used
from the command line and provides the user with average estimations of power
consumption in Watts, which must be taken in to account when measuring
energy consumption in Joules. Either the user must run the calculations by hand
or develop additional software which imports the results from the Powerstat and
then calculates the energy consumption. [6]

4.2.6 PowerTOP

PowerTOP1617 is another open-source tool for measuring power consumption
in Linux environment, usable both on AMD and Intel processors. PowerTOP
is not only a power measuring tool, as it has functionalities to adjust the power

12Intel PCM
13Syspower git repository
14E3
15Powerstat
16PowerTOP
17PowerTOP git repository
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consumption profile on the fly, and other advanced properties. Like the Power-
stat it outputs the consumption in average Watts during a certain timeframe,
from which the exact energy consumption must be further calculated. [6]

4.2.7 Perf

Perf18 is another open-source tool for Linux/Intel -setup, based again on Intel
RAPL. It is used from the command line and represents the output already com-
puted to Joules’, and it is capable of doing component -specific measurements,
i.e. it can focus only on the RAM or CPU etc. [6]

4.2.8 Nvidia SMI

Nvidia SMI19 is, unsurprisingly, a measurement tool developed by Nvidia cor-
poration to be used with Nvidia GPU’s. It is based on Nvidia Management
Library, which similarly to Intel RAPL offers interface through which to moni-
tor the workings and power consumption of the GPU. [6]

4.3 Measurement practices and procedures

4.3.1 Measuring the energy consumption with software

Regardless of which of the aforementioned applications you choose to use for
measuring energy consumption, implementing the measurements to the devel-
opment process is slightly more complex undertaking than just running the
software and reading the results. Presented here is a method for running use-
case scenario for two different versions of your software, and then comparing
the results[6]:

• Test scenario: Prepare a reproducible use-case scenario in which to test
the execution of your application. Ideally this is done by using automated
unit tests.

• Execution & measurement: The scenario is executed while measuring
the energy consumption on the background.

• Identify problems in your code: Based on the results the code is
reviewed and improved in areas that seem to require further optimization.
The points where the code requires optimization are not always obvious,
and especially with further iterations this work becomes slower and slower,
as the ”excess to be trimmed away” becomes smaller and less visible.

• Second test & measurement: Test scenario is executed again, and the
results are compared with the first execution. This cycle of executing the
test scenarios and comparing their results against previous tests is con-
tinued until wanted threshold of energy consumption is reached, or until

18Perf
19Nvidia SMI
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further optimization of the code does not affect the energy consumption
anymore.

4.3.2 Measuring the energy consumption with hardware tools

Figure 2: Simple measuring set-up for hardware meters

Presented in the Figure 2 is the simple measurement setup, which comprises of
the following parts:

• Power Supply Unit (PSU): Power supply unit and attached meter. As
can be seen from the left arm of the diagram, the meter is connected to
the PC via USB -port.

• System Under Testing(SUT): The system that is being measured.
It should be noted that in the architecture presented we are assuming
that the measured software is run in external Raspberry PI (Raspberry
PI(Rpi):). If you are setting up the measurements for a software sun on
the PC, you can just ignore this side of the diagram entirely.

• Folder: A network drive which is connected to both the PC and the SUT.

• PC: The computer that collects the accumulated measurement data and
coordinates the measurement device. It should be noted that the software
whose energy consumption is being measured may also reside in the PC.
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• Visualization, R: The visualization of the measurement data, imple-
mented in R language.

From this architectural layout can be seen the basic principles of using the
physical measurement devices of the type that is connected to the power supply
unit (AC, DC and USB -meters). Basically what is needed is only the measuring
device, the computer that runs the software which is to be measured, and scripts
for handling the measurement data and visualizing it in to human-readable form,
which are trivial to develop. The process of using this setup to assess the energy
consumption is essentially the same as the one described in the section 4.3.1.
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5 Code Optimization

When talking about code optimization, it’s central to understand that only
small part of the actual optimization is what we traditionally think of when we
form a mental image about optimization. It could be said that this ”real opti-
mization”, i.e. fine-tuning the algorithms to actually be better performing, and
thus less energy-consuming, is less than 10% of the actual optimization. The
rest of the optimization could be called ”non-pessimization”20. That is, the
principle of not writing code that is obviously heavier to perform than it should
be. This might sound like stating the obvious, but in practice and reality, large
portion of all code that is written could have been done better in the first place.
While there are best practices and other guidelines on how something should
be done, in the end of the day timetables, ”good enough” -mentality and the
effectiveness of the hardware that forgives excess resource usage means that as
long as something is reliable and works at least relatively well performance-wise,
it is good enough for production. This kind of ”pessimization” process means
that the benefits of the real optimization done on top of such development are,
at best, very thin and that is why the ”non-pessimization” of the development
process is the first step towards actual optimization. It’s also very important
to understand that there is lots of ”fake optimization” happening all the time,
mostly because developers have erroneous ideas about what is useful and what
is wasteful, what affects the performance and what does not, but also because
the nature of ICT -business makes people reluctant to admit that they would
not understand some technical aspect.

DISCLAIMER: Things that will be discussed later in this chapter, such as
loop parallelism and interchange are things which most modern compilers per-
form automatically to optimize the bad code written by the programmer. That,
however, doesn’t mean that they couldn’t or shouldn’t be done by the program-
mer also, and for this reason we will present the basics of these techniques for
your edification.

IMPORTANT: Always remember that to really know whether the optimiza-
tion you’ve done actually improves the energy-efficiency of the application the
results must be measured, techniques for which are provided in the chapter 4.

5.1 Non-pessimization

The very point of ”non-pessimization” is to not write bad code. Simple, isn’t
it? In practice, this is not as simple as it sounds, but it’s not rocket science
either. The main theme throughout this course has been the fact that with the
improvement of the computing power, memory and data transmission, code size
has bloated as the modern hardware is so forgiving of writing a code that is
far from optimized. That is, it’s very pessimized. At the heart of the ”non-

20Video: Philosophies of Optimization
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pessimization”, then, would be the trimming away of the completely needless
excess code, much in the way that has already been partially discussed in the
Section 2.2.1 and the avoidance of doing pointless things in the code.

Lots of this kind of optimization has already been discussed earlier in the
course material, especially in the chapter 2. There we provided several examples
of what kind of very basic optimization procedures should always be done to
cut down the excess energy consumption. In this chapter, we will focus more
on the mentality and attitudes that breeds those situations where the bad code
comes to be, and what should be done differently to avoid this.

There are several common excuses for not paying too much attention to the
performance quality of the code, which probably everyone who has programmed
for even a small amount of time has heard21:

1. No need - Because modern hardware can accommodate atrociously bad
code, optimization is eschewed.

2. Too small impact - The benefits of optimization are seen as too small
versus the effort needed.

3. Not worth the effort - Basically the same rationalization as above, but
more focused on the economical bottom line.

4. Niche - Optimization is seen to be useful only in very small fraction
of situations or in some specific aspect of software development, such as
gaming industry.

5. Hotspot - Optimization is seen to be required in special ”hotspots” of the
code, and thus it’s mentally relegated to the ”optimization specialists” so
that the regular developer wouldn’t have to think about it.

As we can see here, the first point in the list is already familiar from the
previous chapters of this course material. The fact that modern computers can
accommodate totally unoptimized code and everything is still running relatively
fine, at least usually, is de facto biggest reason for the current situation. The
second and third points are a bit more specific, but also related to the issue of
the hardware situation as without very effective machines, no-one would think
like this. Without the capacity to run very unoptimal implementations, lack of
optimization would be directly felt in the bottom-line, and would be encouraged
and even enforced by the managerial layer.

Ultimately they all boil down to dodging the issue of optimization by invok-
ing reasons which, in the light of the optimization efforts undertaken by some of
the largest software companies in the last few years, can only be seen as patently
false.

21Video: Performance Excuses Debunked
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5.2 Algorithm Design & Analysis

Design of better algorithms is one of the key factors in achieving better perfor-
mance, and energy-efficiency, of the application. However, study of algorithms
is a whole discipline of it’s own, and one that we can’t explain in depth in the
scope of this course. Thus we will present the very basics of algorithm design
and analysis here, and encourage the aspiring student to seek further education
in these matters from the basic algorithm design course available here.

5.2.1 Asymptotic Complexity

Central to the understanding of the properties of the algorithm is asymptotic
complexity, which is used to express the time and space limitations(or complex-
ities) of the algorithm. It does not depict the real-world scenario of how the
algorithm behaves on a specific machine X, but it gives a very useful idealistic
representation of the fundamental properties of the algorithm. In this way, it’s
possible to see the relation between the running time and the input size of the
algorithm, in the case of time complexity, and thus compare different algorithms
with each other to determine which of them performs best. Space complexity,
while being measured with the essentially same notation as the time complex-
ity, is used to express the relationship between the input size and the memory
required, but its’ calculation will be left out of this exposition for now.

Big O

Ordo notation, commonly known as big O, is the mathematical way to present
the asymptotic upper bound of the algorithm. There are several other asymp-
totic notations as well, but the big Ordo is the most commonly used, and thus
most important to understand.

Describing the Ordo notation in detail would involve some amount of mathe-
matics, which we will omit here, and go straight to simplest possible explanation
of how it can be determined from the computer code:

• Break the algorithm into individual operations

For example, this function has four individual operations:

function subtract(a, b) {

let c = a - b;

return c;

};
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– looking up the value of a

– looking up the value of b

– calculating a - b and assigning it to c

– returning c

• Calculate the O of each operation

In the example above, O of each operation is 1, simply because all of
them are performed only once, and is expressed as O(1). This sounds
deceptively simple, because in essence it is, as when the operations become
more complex, it affects their O value. For example, a simple FOR loop
is O(n), as it is performed n number of times. Likewise, two nested loops
have the O value of n2, or O(n2).

• Add up the O of each operation together

In our example, this yields O(4).

• Remove the constants & find the highest order term

By removing the constants is meant that the result is reduced to it’s
highest order terms. In this case it means that O(4) becomes O(1). For
the sake of time complexity, the constant values of the function don’t
matter - O(13) and O(300) both boil down to O(1).

• Result

In this example, our result is O(1), which means that the algorithm per-
forms in constant time.

Common Time Complexities

Following is a list of different time complexities from the simplest to the
most complex with typical examples.

• Constant O(1)
Example: See the example used in this chapter. In general, all basic math-
ematical operations of 64-bit integers perform in constant time, unless the
used numbers are astronomically high.

• Logarithmic O(logn)
Example: Binary Search22

22Binary Search

33

https://en.wikipedia.org/wiki/Binary_search_algorithm


• Linear O(n)
Example: FOR loop

• Loglinear O(nlogn)
Example: Quicksort23, Heapsort24, Merge Sort25

• Squared O(n2)
Example: Nested FOR loop

• Cubic (and larger) O(n3), O(n4), O(n5) etc...
Example: Thrice (or more) -nested FOR loop

• Exponential O(nn), O(2n) etc...
Example: Recursive implementation of the Tower of Hanoi problem26

In most of the cases (there are exceptions), if your algorithm is larger than
cubic in complexity, you’re doing something very wrong. As a rule of the thumb,
closer you get to loglinear, or even smaller complexity, the better.

5.2.2 Comparing the algorithms

Comparing two different algorithms, in other words determining the value of
input n where other of them starts to exceed the other in time complexity, is
relatively simple:

1. Calculate the O values of the function:
For example, this function

function example_one(input a, input b) {

int x = 0;

int y = 0;

for(int i = 0 ; i < a; i++) {

x = x + a + b;

}

for(int j = 0; j < b; j++) {

y = y - a - b;

}

print(x)

print(y)

};

23Quicksort
24Heapsort
25Merge Sort
26Tower of Hanoi
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would be 2n + 6, because: 2 x loops of input length n with one operation
each = 2n and 6 basic operations = 6

This function, on the other hand:

function example_two(input c) {

int z = 0;

for(int i = 0 ; i < c; i++) {

for(int j = 0; j < c; j++) {

z = z + i * j;

}

}

print(z);

};

is n2 + 3, because: one nested loop of one operation = n2 and 3 basic
operations = 3

2. Comparing the functions:
From this alone we can already see that the 2n + 6 is of linear time
complexity, as it’s highest order term is n, while n2 +3 is of quadratic
time complexity, as it’s highest order term is n2. Thus, we can know
that n2+3 is always in principle more complex than the 2n + 6. However,
with really small values of n, it might be that n2 + 3 has a slower growth
rate than 2n + 6. To know these values we form a expression and solve it:

2n + 6 = n2 + 3

−n2 + 2n+ 3 = 0

n =
−2±

√
22−(4·−1·3)
−2

n = −2±
√
16

−2

n = −1 or n = 3

Because n can’t have negative value in real world (input can’t be negative),
we discard the n = -1. From this we can see that if the input is equal or
smaller than 3, the n2 + 3 indeed has a slower growth rate. In practice
this is irrelevant.
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5.3 Dependencies in code

Before we go in to the exciting landscape of optimizing loops, we have to take a
brief peek at the dependencies that exist in code and loops, for understanding
these things has certain importance for the practical application of the tech-
niques that will be discussed later.

Figure 3: Forms of code dependencies

As we can see from the above figure27[32, 11], there exists four types of de-
pendencies in code: True(Flow), Anti, Output and Input Dependencies. Below
are presented examples of these different dependencies:

• True Dependency

int x, y;

x = 1;

y = x + 100;

If an operation writes to a variable that is later read by another, they have
True Dependency.

• Anti Dependency

int x, y = 30;

x = y - 50;

y = -2;

If an operation reads from a variable later written to by another operation,
they have Anti Dependency.

• Output Dependency

27Loop-level parallelism
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int a, b = 40;

a = b - 38;

a = 2;

If two operations write to same variable, they have the Output Depen-
dency.

• Input Dependency

int a, b, c = 2;

a = c - 1;

b = c + 1;

If two operations read from same variable, they have Input Dependency.

5.3.1 Dependencies of loops

Dependencies in loops are of two forms, loop-carried dependence and loop-
independent dependence. The difference between the two is that in the loop-
independent dependence, each iteration has dependence only with the variables
within the iteration, i.e. it has inter-iteration dependence. This kind of loop
can be run in parallel without worrying about synchronization.

In the loop-carried dependence, on the other hand, there is some kind of
dependence between the statements that exist in different iterations of the loop.
In other words, the statements of the loop are dependent of the output of the
statements of the previous iteration of the same loop.

5.4 Loop interchange

When working with nested loops, it should be understood that the loop order
can often be changed without affecting the correctness of the algorithm. This
process is known as loop interchange which, while it might feel a little counter-
intuitive, may actually have a very significant effect on the performance, and
thus the energy consumption, of the application. The mechanism of what hap-
pens here, and how is this performance enhancement possible in the first place
would require explaining the compiler theory at length, but it suffices to say that
the reason lies in the order in which data is stored in the memory, and that using
loop interchange avoids executing cache misses which are costly performance-
wise.

For example, the following:

for (x = 0; x <= 100; x++)

for (y = 0; y <= 50; y++)

a[x,y] = x * y

37



can be written as:

for (y = 0; y <= 50; y++)

for (x = 0; x <= 100; x++)

a[x,y] = x * y

Important thing to remember when considering the loop interchange is that
while doing so, the loop dependencies must be kept intact. That is to say, when
interchanging the inner loop with the outer (or the middle loop layers in the case
of multiple nested loops), care must be taken to account for dependencies in the
code, and especially in the loop structure, so as to not cause any bugs. It should
also be noted that while the loop interchange can improve the performance, it
can also decrease it if done incorrectly. In practice the results must always be
measured after performing the loop interchange to know if the energy efficiency
actually was increased.

5.5 Parallel loops

Applying multi-threading to loop execution can significantly decrease the exe-
cution time and potentially increase the energy-efficiency of the application. In
the case of simple loops, implementing this parallel processing can be embar-
rassingly simple, as it’s trivial to assign separate thread for every iteration, but
with more complex algorithms there must be taken extra steps to ensure that
sequential nature is not broken. There are many different ways of applying the
loop parallelism in practice, of which two will be explained with examples below.
Other techniques also exist, but due to them being several degrees more com-
plex and this course being from beginner-to-intermediate degree in difficulty, we
have chosen these two to illustrate this kind of optimization.

5.5.1 Loop parallelism methodologies

• DISTRIBUTED Loop

Let’s consider the following:

for (int i = 1; i < n; ++i) {

x[i] = x[i-1] + y[i];

z[i] += r[i];

}

Since the operations don’t have loop-independent dependency, meaning
that they are not dependent on each other, we can split the original loop
as such:

for (int i = 1; i < n; ++i) {

x[i] = x[i-1] + y[i];
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}

for (int i = 1; i < n; ++i) {

z[i] += r[i];

}

Then, these two loops can be run in parallel, a practical example of which
is provided below.

Example: In this example, a simple java code example will demonstrate
the usage of DISTRIBUTED loop.

• DOALL Parallelism

This form of parallelism is possible in situations where the statements
within the loop don’t have a loop-carried dependency, as in they are not
dependent on the earlier iterations of the loop. In this case all iterations
can be assigned to their own threads, and run in parallel. Consider the
following code:

for (int i = 0; i < n; ++i) {

x[i] = y[i] + z[i];

}

Array x is not read by any iteration, and arrays y and z are not written
to by the iterations. Thus no iteration of the loop has dependency on
any other iteration of the loop. In this kind of situation it’s possible to
implement DOALL Parallelism, in which all of the iterations are assigned
their own thread and run in parallel.

Example: In this example, a simple java code example will demonstrate
the usage of DOALL Parallelism.

5.6 Loops or list methods?

Many programming languages offer ready-made tools to iterate over the contents
of arrays and similar structures, which essentially can be used to do what is
also done with loops. The question arises, whether these methods are better,
performance-wise, to just using traditional loops? As with all things in this
course, the answer is not exactly clear or conclusive. The end result varies
heavily based on the language that is used and even the specific method in
some cases.

For example, in Python, the list comprehension and filter function are much
more efficient than for loops.28 On the other hand, in the case of JavaScript, it
seems that loops perform slightly better in this regard.29 Reasons for this boil
down to how well these methods have been optimized in the first place.

28For Loop vs. List Comprehension
29Array method or a loop?
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5.7 Using AI in code optimization

In recent years, LLM30 -type AI’s have become publicly available, and due to
their properties have been adopted widely for various tasks. One area where
GPT-4 and similar technologies are quite good at is writing blocks of code, and
also in optimizing existing code. This has led to development of specific software
development tools based on this technology, such as Github Copilot31.

From the perspective of green software development, such tools are a two-
edged sword. They do allow for hastening the development work significantly,
and they also allow for, especially for junior developers, the optimization of
code with ease. At the same time, these kind of systems use relatively high
amount of electricity, which increases the carbon footprint significantly. Thus
it’s not exactly clear whether using them for code optimization, even when this
optimized code in itself would be less energy-consuming, is ultimately beneficial.
On one hand, we could infer that if the developed software to be optimized by
these tools is ”big enough”, in other words it will be used for long time and
by enough people, this offsets the carbon footprint of the usage of AI in the
long run. On the other hand, if such tools are used for every small project
by millions of developers around the world, the end result may be negative in
terms of environmental impact. As this development is quite recent there is
thus far very little, if any, research done on to this situation, so we must work
with assumptions based on our previous knowledge of the energy consumption
of these systems and software development in general.

6 Green Cloud Services

In the past two decades, cloud computing has steadily grown in prominence and
has by now become one of the main aspects of the modern ICT -industry. From
the perspective of green programming this is a positive thing; cloud comput-
ing, in general, is much more resource- and energy -efficient way of organizing
the computational infrastructure and resources than the preceding paradigm of
personal computers and localized infrastructure, as was shown in the study by
Park et al. [25]. However, in itself the ”traditional” cloud computing is still
very energy-intensive practice, and while the environmental impact as a whole
might have lessened somewhat by the widespread adoption of this paradigm,
data centers used in the cloud computing still account for roughly 1% of the
global annual carbon footprint.32

To make the cloud computing more green, several different techniques have
been devised. Foremost among these is the construction of the sustainable
data centers, which are built from the beginning to be as energy-efficient as
possible. Such facilities are constructed with low-emission building materials,
employ renewable energy sources as much as is possible, are designed so that

30Large Languate Model
31Github Copilot
32Data Center Energy Consumption
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the energy consumption in their operation and maintenance is minimized and
where special consideration is put into the thermal management, as the cooling
down of the servers is one of the largest contributors to the carbon footprint of
these kinds of installations. [30] However, this kind of approach to reducing the
carbon footprint is possible only through the construction of new data centers,
or through slow and costly upgrading of older data centers. and for this reason
other techniques of lessening the environmental impact are also needed.

Apart from and beyond the construction of new data centers following the
green principles, there are many other ways of improving the energy-efficiency
of cloud services. Server power consumption can be minimized with better
management, algorithms can be deployed with the aim of managing the use of
virtual machines more efficiently and balancing the workload between servers
more evenly, and even older centers can switch to using renewable energy.

6.1 How to compare services?

From the viewpoint of the developer, or the leader of the development team, the
previous section doesn’t answer the most important question, namely ”How to
choose the greenest option?”. How to even compare different service providers
to determine which one of them is the ”most green”? Truth be told, there isn’t
exactly any scientific consensus on the topic, but according to the Jonathan
Koomey33, whom can be considered something of a scientific expert on this
issue, quoted by the Wired34, there are three factors that should be taken in to
account:

• Efficiency of a data center’s infrastructure (lights, cooling, and so on)

• Efficiency of its servers

• Source of its electricity

Google, Microsoft Azure and Amazon Web Services (AWS) are the veritable
titans of cloud computing, together accounting for two thirds of all cloud ser-
vices, with AWS alone being larger than its two largest competitors together.
Of these three, Google is greenest by far and AWS the least. Not only has
Google invested three times more than Amazon on renewable energy produc-
tion, but it also is several levels more transparent about its energy consumption
and the means of decreasing it. Microsoft Azure follows close on the heels of
Google, losing the race for greenest cloud provider only because its portfolio of
renewable energy is considerably smaller. Then again, Google is the ”smallest”
of these companies when it comes to production output of the cloud services.

It should also be noted that while all of these corporations claim or at least
attain to achieve carbon neutrality, none of them actually achieves this goal as
of yet, without the buying of renewable energy certificates (REC), which are

33Jonathan Koomey
34Amazon, Google, Microsoft: Here’s Who Has the Greenest Cloud

41

https://en.wikipedia.org/wiki/Jonathan_Koomey
https://www.wired.com/story/amazon-google-microsoft-green-clouds-and-hyperscale-data-centers/


criticized for distorting the understanding of how environmentally friendly dif-
ferent actors are.[2] With the RECs factored in to the emissions, both Microsoft
and Google are 100% carbon neutral, and Amazon 50%, but without accounting
the RECs these numbers fall considerably. There is no clear data on how much
this affects the carbon neutrality of Google, but it’s known that Microsoft data
centers are only 60% carbon neutral without RECs, and AWS considerably less
than that.

Tech giants have approached the goal of going green with their cloud ser-
vices in slightly different ways. Google has developed extensive AI -powered
monitoring systems that constantly survey the weather conditions and other
environmental variables around the data centers and dynamically adjust ther-
mal controls based on this information. Microsoft, on the other hand, has a
quite unique internal carbon tax system, with which they encourage their de-
partments to find greener solutions using economic incentives. While all of
these corporations have adopted the practice of building data centers to colder
climates, Microsoft has also started to experiment with building data centers
underwater, to better utilize the environmental cooling factor. AWS is the most
secretive of the three, and is known for not answering questions about how they
utilize newest innovation to solve the dilemma of reducing the carbon footprint.

6.2 Tools to measure the carbon footprint of the cloud
service

All of the large cloud providers have released several different tools for their
customers to aid in real-time monitoring of the carbon footprint of the used
services. In addition to this, several third-party carbon footprint -tracking tools
for cloud services exist, such as the free open source solution Cloud Carbon
Footprint35.

AWS has the Customer Carbon Footprint Tool36, which allows the users of
the AWS cloud services to track and forecast their carbon footprints. Google has
a similar tool called Carbon Footprint37, and it also offers another tool which
allows the users to compare the carbon footprints of available cloud services,
and pick the one which has the least enviromental impact38. Google also has an
AI-powered Unattended Project Recommender, which automatically recognizes
unused and abandoned code in the servers the customer is using, and prompts for
its’ removal. Microsoft offers several different tools for their customers towards
these ends, one being the Emissions Impact Dashboard39, which is similar to
the tool AWS has.

Third-party systems that are meant for measuring the environmental impact
of the cloud computing are either free and open source or developed by smaller
ICT -companies which themselves usually don’t offer cloud services. The afore-

35Cloud Carbon Footprint
36AWS: Customer Carbon Footprint Tool
37Google: Carbon Footprint
38Helping you pick the greenest region for your Google Cloud resources
39Emissions Impact Dashboard
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mentioned open source Cloud Carbon Footprint, for example, is compatible with
all of the three large operators, and provides the user with various graphical and
numeric ways to observe the carbon footprint.

6.3 Green cloud optimization

Extensive use of virtual machines and the consolidation of physical servers it
allows is one of the key strategies of achieving energy-efficient cloud computing.
On the other hand, it’s often claimed that distributing the computation across
multiple physical units, i.e. implementing load-balancing algorithms, decreases
the overall energy consumption, but the truth is not so straightforward. De-
pending on the overhead, this may actually increase the energy consumption.
However, load-balancing does increase the lifespan of the physical servers as it
reduces the strain they endure, and in such a way contributes towards the green
cloud optimization.

In principle there are two kinds of applications running in the cloud services;
those that are constantly active, and those that are activated only when they
are called by the client. If your application is of the first type, it should be
factored so that all the operations which should anyway be done at some point
of the run are done immediately after the launch. This means initiating the
database connections, setting the configurations etc. If it’s of the second type,
only the absolutely necessary operations should be performed, and everything
else be initiated only when it’s necessary to do so.

Data deduplication40, i.e. the elimination of the multiple copies of the data,
and systematic compression of all stored data should be practiced to make the
cloud greener. Other way to optimize the energy consumption of the data
storage is to use tiered storage, in such a way that frequently accessed data is
stored in high-performance drives, while rarely used data is located in storage-
tiers that consumes less energy.

6.4 Avoiding Cloud Overflow

One aspect of cloud usage that ties to both the optimization of the cloud itself,
but also the broader topic of optimization in general, is avoiding the ”cloud
overflow”41. And by avoiding, we mean avoiding it at all costs. In a nutshell,
badly optimized algorithms and bad algorithm design in general, combined with
careless configuration of the cloud platform, can in the cloud environment lead
to a situation where the cloud infrastructure spawns endless amount of virtual
servers to accommodate for the increase in computational demand. When the
software is running on one computer, careless use of recursion can lead to stack
overflow. When the same recursion runs in the cloud, only the sky is limit to
the problems this can cause. While the effect on the user of the cloud is mainly
that the expenses will go skyrocketing in extremely short time-frame, it will
also increase the environmental impact of the cloud usage completely needlessly.

40Data Deduplication
41Video: Cloud Overflow
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Many cloud providers don’t provide automatic kill switches to prevent this kind
of disaster from happening, either.
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