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In today’s digital era, we face the significant challenge of developing tech-

nologies that are not only effective and resource-efficient, but also sustainable

and future-proof. However, we frequently encounter applications and architec-

tures that fail to meet the demands of sustainability and the needs of future

generations. This issue raises questions that go far beyond the mere technolog-

ical advancement of software, touching on ecological, social, individual, and

economical aspects.

This seminar paper aims to explore the key factors contributing to the lack

of sustainability in current technological solutions and introduces solution

approaches found in literature, from an architectural perspective. Additionally,

it provides an introduction to Green IT, explaining its focus points and present-

ing approaches to increasing sustainability in IT. Through this exploration, the

paper seeks to highlight the importance of sustainable practices in technology

development and offer practical strategies for achieving this goal from the

literature.
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2 Classification of Sustainable Software

1 Introduction

In our highly digitized society, the extensive use of software applications is integral to

our daily lives. As society grows, the demands on these applications increase, leading to

complex architectures that must remain available while being cost-efficient, continuously

maintained and developed [48].

An estimated 50%-70% of the costs associated with a software application over its lifecy-

cle are allocated to maintenance and development. The architecture of a system largely

determines these aspects, since aspects like maintainability, modifiability, resilience, and

others depend on it [48]. However, changing design preferences, Architectural Knowledge

(AK) Vaporization, and the application of tacit AK can lead to poor architectural decisions,

resulting in unmaintainable software and wasted resources [48]. In addition, developing

sustainable software architectures is challenging due to the lack of established metrics

and frameworks. While the number of metrics to estimate architecture sustainability is

increasing [49] it is hard to determine which metrics to use in different contexts [48]. This

complicates developers’ tasks, making it difficult to consider and measure all facets of

sustainable software, especially in complex applications where future impacts are not

immediately evident [37].

Data centers and server farms, necessary for the perpetual availability of systems,

combined with inefficient data structures and devices, have significant economic and

environmental impacts due to high energy consumption [33]. The rebound effect, where

improvements in software efficiency lead to higher usage and demand, further exacerbates

this issue [45]. Blueprints and frameworks for sustainable architectures or certain parts of

an architecture can benefit these issues, as later shown in Chapter 3 and 4.

This seminar paper will provide an overview of the aforementioned topics with the

following structure: Chapter 2 provides a classification of sustainable software. Chapter

3 introduces challenges in developing sustainable software and architecture. Chapter 4

presents conceptual solutions for the problems discussed in Chapter 3. Chapter 5 provides

an overview of Green IT, offering insights into what Green IT is, what challenges it

addresses, and approaches to these challenges. Chapter 6 concludes the work and gives an

outlook.

2 Classification of Sustainable Software

This chapter explains key terms frequently used in this work and explores different

perspectives on software sustainability.

2.1 Software Architecture

According to Venters et al. "software architectures are the foundation of any software

system and provide a mechanism for reasoning about core software quality requirements"

[48]. Therefore, it is important to have a common understanding of what software ar-

chitecture is. In this work, the term software architecture follows the description of the

IEEE/ISO/IEC 42010:2022 standard, where software architecture is defined as: "[. . . ] Fun-
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2.2 Software Sustainability

damental concepts or properties of an entity in its environment and governing principles

for the realization and evolution of this entity and its related life cycle processes" [21].

Now that we have a shared understanding of software architecture, the following section

will introduce and compare different perspectives on software sustainability.

2.2 Software Sustainability

Software Sustainability itself is a complex and broad concept, which makes it challenging

to find a definition that meets all needs. There are two terms often used in this context:

Software sustainability and sustainable software. Software sustainability is the concept that

encompasses the principles, practices and methodologies used to achieve and maintain

sustainable software. Sustainable software is software that adheres to these principles.

Therefore, definitions addressing sustainable software also define software sustainability

to a large degree, and will therefore also be taken into account [10]. To better understand

these terms, I summarized definitions for software sustainability and sustainable software

from the literature:

Definition 1: Koziolek et al. state that "[. . . ] Software systems are sustainable if they can

be cost-efficiently maintained and evolved over their entire lifecycle" [24].

The quality of the software architecture plays a crucial role in achieving this

[24].

Definition 2: Zdun et al. define Software sustainability as the decisions made during the

design process and their ability to remain valid in the future [52].

Definition 3: Becker et al. define that Software "Sustainability is at its heart a systemic

concept and has to be understood on a set of dimensions, including social,

individual, environmental, economic, and technical" [7].

Definition 4: Penzenstadler et al. state that the concept software sustainability can be seen

in two ways: "(1) the software code being sustainable, agnostic of purpose, or

(2) the software purpose being to support sustainability goals, i.e. improving

the sustainability of humankind on our planet. Ideally, both interpretations

coincide in a software system that contributes to more sustainable living"

[39].

Definition 5: Dick et al. state that "Sustainable Software is software whose direct and

indirect negative impacts on economy, society, human beings, and the envi-

ronment resulting from development, deployment, and usage of the software

is minimal and/or has a positive effect on sustainable development" [13].

There are many different definitions for software sustainability, each emphasizing differ-

ent key aspects. For example, Definition 2. from Zdun et al. emphasizes the sustainability

of design decisions made during the software design process, whereas Definitions 3 and 5

provide a holistic approach by dividing software sustainability into dimensions such as

economic, social, individual, and environmental. Definition 3 also includes the technical
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2 Classification of Sustainable Software

aspect, which is not considered in Definition 5. In contrast, Definition 1 focuses solely

on the economic aspect of cost efficiency. Definition 4 highlights the importance of the

context in which software sustainability can be viewed, indicating that software which

does not contribute to sustainability in every dimension introduced in Definitions 3. and

5. can still be considered sustainable.

This work adopts the approach of dividing sustainability into dimensions. The following

subsection summarizes what these dimensions are and presents different approaches to

defining sustainability in terms of dimensions.

2.3 Dimensions of Software Sustainability

As discussed in Section 2.2, some definitions of software sustainability use a set of sustain-

ability dimensions. The literature presents several dimensions for defining sustainability.

Below, I provide an overview and comparison of different approaches.

According to Robert Goodland, sustainability consists of four dimensions — Human

(also referred to as individual dimension in literature, e.g., [7, 38]), Social, Economic, and

Environmental — which he explains as follows [17]:

1. Economic sustainability aims at maintaining capital and adding value.

2. Environmental sustainability aims at maintaining renewable and non-renewable

resources as well as managing future impacts of human actions.

3. Individual (Human) sustainability aims at maintaining human capital which is

"health, education, skills, knowledge, leadership and access to services".

4. Social sustainability aims at maintaining social capital which is the "Cohesion of

community for mutual benefit, connectedness between groups of people, reciprocity,

tolerance, compassion, patience, forbearance, fellowship, love, commonly accepted

standards of honesty discipline and ethics" according to Robert Goodland.

The social, economic, and environmental dimensions date back to the Brundtland report

from 1987 [8]. It is important to note that Robert Goodland’s and the Brundtland report’s

approaches were proposed from a general perspective on sustainability and not specifically

for software sustainability. While the set of three dimensions from the Brundtland report

is the most broadly used in defining sustainability [10], Penzenstadler et al. emphasize that

the three-dimensional concept from the Brundtland report and even the four-dimensional

concept proposed by Robert Goodland does not consider the longevity and long-term

viability of technical systems, which is important for sustainable software. Therefore,

Penzenstadler et al. added the technical dimension to the four dimensions from Robert

Goodland and defined it as [38]:

5. Technical sustainability aims to make systems long-living, efficiently maintainable,

and evolvable in changing environments over time
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2.4 Quality Attributes of Sustainable Software

These sustainability dimensions are not distinct from each other. Condori-Fernandez

et al. demonstrated the interdependencies by evaluating the contribution of quality re-

quirements derived by experts to sustainability dimensions, revealing that some quality

requirements contribute to multiple dimensions [11]. That means dimensions must share

goals addressed by the respective quality requirements. Penzenstadler et al. also proposed

a sustainability model to map project requirements to said sustainability dimensions. This

model concretizes the abstract approach of sustainability dimensions and makes it more

tangible for developers [38] and helps understand possible trade-offs. By trade-offs, I

mean situations where a method improves sustainability in one dimension but harms

it in another. However, some approaches use just a subset of the five dimensions, add

dimensions, or evolve this approach.

Calero et al. stick with the original three dimensions from the Brundtland report. They

argue that software sustainability is the same as sustainable software, and therefore the

three dimensions also apply to software sustainability [10]. Lago et al. stick with a four-

dimensional approach, consisting of the three dimensions based on the Brundtland report

and including the technical dimension [26]. Different literature proposes new dimensions,

e.g. Aljarallah et al. use five dimensions for software sustainability: environmental, social,

economic, technical, and political. They argue that, especially in developing countries,

societal guidelines and regulations are needed, justifying a political dimension in software

sustainability [4]. A similar direction is found in the work of Al Hinai et al., who propose

the inclusion of cultural and religious dimensions. They argue that these aspects are less

addressed in the dimensions of the Brundtland report [2].

Various perspectives exist on the dimensions relevant to software sustainability, as

seen above. This work adopts the dimensions outlined by Penzenstadler et al., which is

widely referenced in the literature (e.g. by the Karlskrona Manifesto [7]). However, the

primary focus of this work is on the environmental, economical, and technical dimensions

of sustainable software. In addition to understanding software sustainability, it is crucial

to explore which attributes characterize sustainable software.

2.4 Quality Attributes of Sustainable Software

Similar to the definition of software sustainability, there are various perspectives on what

characteristics sustainable software must have. Calero et al. consider sustainability as

non-functional requirement. Non-functional requirements reflect the quality requirements

for a software product. Consequently, the quality attributes from the ISO/IEC 25010 [46]

Quality model are also connected to sustainable goals [9]. The ISO/IEC 25010 comprises

nine quality attributes, each with various sub-characteristics, as illustrated in figure 1 with

sustainability as the symbolic tenth quality attribute:
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3 Challenges in Designing Sustainable Software

Figure 1: Software Quality attributes. Adapted from: ISO/IEC 25010 Quality standard [46];

Calero et al. [9]

However, literature does not clearly define or agree on which sub-characteristics fall

under the sustainability quality attribute.

There are other approaches to defining what characterizes sustainable software. E.g.,

Naumann et al., propose a framework with distinct characteristics necessary for sustainable

software products called the GREENSOFT model [36], but since the ISO/IEC 25010 standard

is an established software Quality standard, this work adheres to it and the argumentation

of Calero et al. [9].

3 Challenges in Designing Sustainable Software

This chapter will introduce several challenges in developing sustainable software and

software architecture, affecting certain quality attributes and sustainability dimensions.

3.1 Technical Debt and Sustainability Debt

In software architecture, technical debt arises from design decisions affecting coupling

and cohesion. Coupling is "the measure of the strength of association established by a

connection from one module to another" [47]. Cohesion is "the degree of connectivity

among the elements of a module" [47]. This leads to code smells, architectural brittleness,

and increased maintenance costs [48]. Therefore, it affects sustainability in the technical

and economical dimension according to the definition from Section 2.3, since it increases

cost and decreases the lifetime of the system.

3.2 Tacit Architectural Knowledge and Knowledge Vaporization

Another hurdle in designing sustainable systems and architecture is the usage of tacit

Architectural knowledge [48]. An example of tacit architectural knowledge is design

decisions made based on the experience of the current staff, which remain undocumented.

Such knowledge is easily vaporized as soon as the staff leaves. A general explanation for

tacit knowledge would be "[. . . ] knowledge that a human is not able to express explicitly,

but is guiding the behavior of the human, e.g., how to ride a bike [6]. This challenge

affects the social and individual dimension because it leads to a loss of Human and social
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3.3 Energy Efficiency

Capital by witholding knowledge. Additionally, problems solved in the past are possibly

tackled again, leading to the waste of capital and therby affecting the economic dimension

according to its definition 2.3.

3.3 Energy Efficiency

The ICT (Information and communications technology) sector’s electricity consumption

exceeds 10% of global electricity generation, necessitating energy-efficient software to

mitigate climate impacts [31, 30, 41, 37]. According to Noman et al. and the definition of

the environmental dimension, energy efficiency of systems belongs to the environmental

dimension of software sustainability [37].

3.4 Sustainable Design Decisions

Ensuring architectural decisions remain effective over time is crucial for software architec-

tures because it must endure evolution throughout the lifecycle of the system. Challenges

include the high effort of comprehensive decision documentation, traceability to other

artifacts, and the need for precise justifications [48, 52]. This challenge addresses the

technical and social dimension, according to the definition in Section 2.3, since it affects

longevity, maintainability and standards among developers.

3.5 Guidelines, Frameworks and Metrics for Sustainability

Balancing immediate impacts with long-term viability requires frameworks and guidelines

integrating sustainability into software design [37]. Aside from that, evaluating the

sustainability of software architecture and uncover issues early in the design process is

crucial. Though, existing established metrics for architecture sustainability remain limited

[35]. Research in this field is strongly context-dependent, making it difficult to identify a

well fitting set of metrics for the sustainability dimensions and to understand how these

dimensions connect among themselves [49].

3.6 Electronic Waste from Mobile Devices

Mobile devices have limited computational resources and battery life [3]. Computationally

intensive tasks often necessitate frequent recharging, which degrades batteries and other

components, leading to the need for replacements. Our society’s tendency to dispose used

or slightly damaged devices instead of repairing them exacerbates hazardous electronic

waste even further [12, 33]. This waste impacts the environmental dimension of software

sustainability, as defined in Section 2.3.

I adress the above presented problem areas by presenting different solution approaches

from research in Chapter 4.
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4 Conceptual Solutions for Sustainable Software Development

4 Conceptual Solutions for Sustainable Software Development

This chapter provides a number of interesting conceptual solutions to tackle problems or

partial problems of software sustainability. They provide blueprints for certain aspects

of software architecture, tools software architects can use during the design process

and software architectures that can be used by developers to increase the sustainability

of the project. The approaches are mapped to challenges from Chapter 3 and increase

sustainability by tackling these challenges. Since this work focuses mainly on the technical,

environmental, and economic dimensions, the proposed concepts will focus on these

dimensions.

4.1 The GREENC5 Architecture

Concerning the energy consumption of the ICT sector addressed in Section 3.3, selecting the

optimal data structure significantly impacts energy consumption and system performance.

This is because every data structure is designed for different tasks and workloads [23,

18, 30]. For example, some data structures are fast at extracting data, while others are at

inserting data. For the implementation of an algorithm that has to insert data frequently, a

data structure that supports fast insertion is better suited.

Michanan et al. [30] explored the impacts on energy consumption of data structures

in the C5 collection. This is a C# dynamic data structure library which is used for .NET

development. Based on the C5 collection, Michanan et al. developed the GreenC5 architec-

ture, an adaptive dynamic data structure architecture that intelligently changes the data

structure implementation depending on the current workload. GreenC5 consists of two

main components [30]:

1. CRUD(Create, Retrieve, Update and Delete)-based Wrapper of C5 Collection:
Dynamically changes the data structure implementation at runtime.

2. The "Green" Component: Comprising four subcomponents:

• Event Listener and X-Value Translator: Observes "[. . . ] activities, opera-
tion execution and states of the CRUD-based C5 Collection component, and

translating them into meaningful feature values for the Classifier".

• Classifier: An Artificial Neural Network trained to classify C5 data structures

by energy efficiency for a sequence of operations.

• Predictor: Uses classifier output to predict the next appropriate data structure

for upcoming tasks.

• Decision Maker: Decides when to switch to a new data structure based on

predictions.

The key distinction from the original C5 collection lies in its internal mechanisms, which

imbue it with intelligence, adaptability, and energy awareness [30]. Michanan et al.

describe the GreenC5 workflow as follows [30]: First, an energy model is created once to

train the classifier. Secondly, the Green component monitors each instance of the adaptive

data structure in real-time. When necessary, it notifies the’wrapper to switch to a more
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4.2 Cyber-foraging

suitable implementation. The implementation to which it will be switched is determined

by the predictor based on the Classifier’s output.

In conclusion, this approach assists .NET developers in constructing energy-efficient

systems by providing an energy-efficient dynamic data structure architecture and library,

thereby contributing to sustainability. Michanan et al. suggest that their work should

serve as a foundation for integrating similar approaches into other dynamic data structure

libraries [30].

Another approach to the challenges from section 3.3 and additionally section 3.6 is

Cyberforaging for Surrogate Provisioning.

4.2 Cyber-foraging

Cyber-foraging is used in mobile applications and extends mobile devices capabilities by

leveraging external resources such as cloud or local servers, so-called surrogates. There

are two main approaches to cyber-foraging: computation offloading and data staging.

Computation offloading is the practice of offloading computationally expensive tasks to

external mediums. Data staging is the practice of temporarily staging transmitted data on

external mediums. Both aim at enhancing battery life and computational power [3]. A

significant challenge in cyber-foraging is the volatile nature of operating environments.

The connections to external resources can be unstable, unavailable or inappropriate for

certain tasks. Surrogate provisioning addresses this issue. Surrogate provisioning involves

the deployment and management of surrogates that handle the offloaded tasks or data

throughout different architectural tactics [3]. The two main tactics are [3]:

• Static provisioning: Surrogates are predefined (pre-provisioning).

• Dynamic provisioning: Surrogates are selected and assigned at runtime based on

current conditions.

Moghaddam et al. evaluate these surrogate provisioning tactics to show their impact on

resilience and energy-efficiency. Dynamic provisioning adapts better to diverse condi-

tions, dynamically switching surrogates in case of errors. Static provisioning offers faster

response times and quick reactions to environmental changes, making it more resilient

[3]. Moghaddam et al.’s research also demonstrates that cyber-foraging architectures, in

general, are more energy-efficient compared to alternative architectures, regardless of the

surrogate provisioning approach used [3].

To conclude, Cyber-foraging architectures contribute to sustainability in mobile applica-

tions by improving the quality attributes resilience, efficiency, and flexibility. Additionally,

it reduces e-waste and device degradation for mobile devices.

During the development of sustainable architectures and software, it is important to

make sustainable decisions over the whole development process, which can endure over

time. It is equally important to document those decisions to avoid tacit architectural

knowledge and knowledge Vaporization, as explained in sections 3.4 and 3.2.
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4 Conceptual Solutions for Sustainable Software Development

4.3 Sustainable Architectural Design Decisions

To address the challenges from Section 3.2 and 3.4, Zdun et al. introduce five criteria for

assessing decision sustainability [52]:

1. Strategic: Consider the impacts of decisions during the decision-making process.

2. Measurable and Manageable: Limit decision granularity and use numeric criteria

to measure outcomes.

3. Achievable and Realistic: Pragmatically justify how solutions address problems.

4. Rooted in Requirements: Consider domain experience, company context, project

requirements, and team capabilities.

5. Timeless: Rely on enduring experience and knowledge.

Zdun et al. also introduce solutions for each aspect mentioned in Section 3.2 and 3.4,

including the (WH)Y approach, the SOAD (Service-Oriented Architecture Design) decision

model, the ADvISE (Architecture Decision Value-driven Identification, Selection, and

Execution) framework, and Rational Guidelines which I briefly explain below:

1. (WH)Y Approach: Provides a format for minimalistic documentation statements,

addressing documentation effort [52].

2. SOAD Decision Model: A framework for analyzing and designing service-oriented

architectures [53].

3. ADvISE Framework: Uses questionnaires to streamline documentation of recurring

decisions, reducing effort [52].

4. Rational Guidelines: Guidelines for precise decision rationales, avoiding vague

statements, and specifying decision drivers based on actual project requirements

[52].

This approach benefits software sustainability by ensuring that decisions made during

architectural design and development stay valid over time [52]. Additionally, Zdun et

al. propose an architectural guidance model for SOAs (Service Oriented Architectures),

successfully applied in various projects.

Aside from the importance of sustainable architectural design decisions, it is important

to analyze the sustainability of the project to derive sustainable guidelines and uncover

issues early, as mentioned in Section 3.5.

4.4 Sustainability Analysis Framework

To address the challenge introduced in Section 3.5, Noman et al. developed the Software

Sustainability Analysis Framework (SSAF) to evaluate software sustainability across the

development process. While the SSAF does not specifically target software architecture;
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4.4 Sustainability Analysis Framework

it is applicable during both the development and design stage, therefore applicable by

software architects. Noman et al. focus on the social, individual, environmental, and

technical dimensions but state that the SSAF is also usable with all five dimensions of

software sustainability [37].

The SSAF comprises four steps [37]:

• Step 1: sustainability analysis

– Input: Software system

– Process: Assess the system using an initial list of parameters of concern (PoCs)

to identify potential negative impacts regarding sustainability dimensions early.

– Output: Applicable PoCs (i.e. POCs which are applicable to the input system)

for each sustainability dimension.

• Step 2: impact analysis

– Input: applicable POCs from step 1

– Process: identify the impacts of unaddressed PoCs the system has on sustain-

ability.

– Output: Impact on sustainability of the system

• Step 3: goal derivation

– Input: Impacts on sustainability from step 2

– Process: Derive goals to mitigate these impacts.

– Output: Sustainability goals.

• Step 4: feature extraction

– Input: sustainability goals

– Process: Determine features to achieve these goals.

– Output: Software features.

Noman et al. demonstrated the SSAF by deriving sustainability guidelines for the online

shopping portal Daraz and Microsoft PowerPoint, providing practical examples of its

application [37].

The approach coming closest to the term "Blueprints" are sustainable or sustainability-

enforcing or supporting reference architectures that provide a solution to the challenges

from sections 3.2, 3.5 and 3.1.
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5 Green IT

4.5 Sustainable Reference Architectures

Reference architectures serve as foundational software blueprints, encapsulating best

practices and knowledge for designing systems within specific domains. They standardize

development, facilitate reuse and support system evolution through a clear framework

and terminology [50, 34, 15]. The sustainability and robustness of these architectures

are vital for addressing broader sustainability dimensions. For example, AUTOSAR [5]

in the automotive sector exemplifies how architectural compliance can ensure technical

sustainability, even within a changing environment (shift towards electric vehicles) [51,

49]. The necessity for reference architectures extends to other domains, such as agricul-

ture [16] and manufacturing [32]. These reference architectures provide reusable design

decisions that help ensure the longevity and adaptability of software systems. By adhering

to established design principles and regularly updating documentation to incorporate new

requirements, reference architectures support the creation of flexible, resilient software

systems that can evolve over time without significant structural changes, thereby con-

tributing to their sustainability [48]. Venters et al. explain that continuous updates are key

for the sustainability of reference architectures. Notably, reference architectures supported

by strategic consortia, such as AUTOSAR, showcase longevity and adaptability through

extensive documentation and regular updates [49].

This chapter explored various conceptual solutions for enhancing software sustain-

ability through architectural approaches, tools and frameworks, focusing on technical,

environmental, and economic dimensions. Solutions proposed included the energy-aware

GreenC5 architecture for dynamic data structures, cyber-foraging for efficient resource

utilization, sustainable architectural decision frameworks, and the SSAF for comprehen-

sive sustainability assessments. Reference architectures further provide blueprints that

enforce sustainability principles across diverse domains, ensuring long-term adaptability

and resilience in software systems.

5 Green IT

Information Technology (IT) significantly impacts the environment at every stage of

a device’s lifecycle due to high energy consumption, CO2 emissions, and toxic waste,

necessitating a shift towards sustainable practices. Green IT addresses these concerns [33].

5.1 What is Green IT?

Green IT, also called Green Computing, aims to minimize IT’s environmental impact while

optimizing resource usage. This involves reducing energy use and emissions, managing

electronic waste, encouraging recycling and designing eco-friendly technologies. Green

IT also aims to align organizational goals with environmental sustainability [33, 29, 44].
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5.2 Focus Points of Green IT

According to Murugesan in 2008, Green IT addresses the environmental and economic

dimensions, aiming to reduce disposal costs, recycling expenses, ownership costs, and

electricity costs. Key areas of Green IT include [33]:

• "design for environmental sustainability

• energy-efficient computing

• power management

• data center design, layout, and location

• server virtualization

• regulatory compliance

• green metrics

• assessment tools and methodology

• environment-related risk mitigation

• use of renewable energy sources

• ecolabeling of IT products"

In more recent works, such as the ones from Soomro et al. from 2012 [44], Saha et al. from

2018 [40] or Dhaini et al. from 2021 [12] those points were adopted to a large part showing

that the focus of Green IT research has stayed similar in many regards. However, there

are some differences that have emerged over time.

Recent studies emphasize the sustainability of mobile devices and cloud computing

due to the increasing number of smartphone users. Compared to 2012, where about 46%

of U.S. adults owned a smartphone [43] the number in 2018 had already risen up to 81%

according to the Pew Research Center [25]. Therefore, the effect mobile devices have on the

environment (e.g., hazardous electronic waste from batteries) [12] is raising more concerns.

The high number of smartphone owners also directs the focus of research towards cloud

computing for mobile devices (like Cyber-foraging from Section 4.2), which is used to

offload heavy tasks from mobile devices onto the cloud to reduce power consumption [12].

Along with this is increasing data center size and the amount of data traffic between users

and data Centers, leading to a higher resource usage [12]. Aside from that, there is also

increased effort made towards raising awareness about green practices in computer usage

in the education sector. Although one could argue that these points are already included in

Murugesan’s focus points, I think it is important to mention them separately to highlight

their increasing importance over time.
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5 Green IT

5.3 Approaches in Green IT

In the following section, I will briefly present approaches regarding a number of focus

points addressing challenges mentioned in Chapter 4 of Green IT introduced in section

5.2.

5.3.1 Energy Consumption and Efficiency in Data Centers

A significant concern in Green IT is the energy consumption and efficiency 3.3, especially

of data centers. In 2022, data centers accounted for 4% of the total electricity demand in

the U.S. [1]. Examples of strategies to reduce resource utilization in the literature are:

• Hu et al. proposed the Dynamic Time Scale based Server Provisioning (DTSP)

method, which optimizes resource utilization by adjusting the number of active

servers according to the workload [20].

• The Energy Aware VM Available Time (EAVMAT) algorithm by Loganathan et al.

minimizes energy consumption by optimizing ressource usage through job schedul-

ing [28].

According to Friis et al., current research in this area focuses on advanced cooling systems,

server virtualization, Data Center Infrastructure Management (DCIM) tools, edge comput-

ing, AI-driven data center management, and quantum computing [14]. Edge computing

shifts computational processes closer to data sources, reducing latency and optimizing

energy consumption [42]. AI frameworks, such as the one proposed by Lin et al., manage

power consumption in data centers while maintaining performance [27].

Moreover, it is important to align organizational goals with green goals. This can be

done through eco labeling and waste management approaches.

5.3.2 Eco-Labeling and Waste Management

Electronic waste is a rising issue in our society as Eco-labeling means to introduce policies

favoring sustainable design, allowing compliant companies to receive an eco-label, thereby

encouraging Green IT practices among organizations. Existing eco-labels can be found

in the Eco label index [22]. Some companies are addressing e-waste independently. For

instance, HP has initiated programs to manage e-waste by offering convenient return

options and collecting products for resale and recycling [19].

5.3.3 Green Software and the GREENSOFT Model

The GREENSOFT reference model by Naumann et al. offers a more holistic approach to

green software, covering the entire software lifecycle with sustainability metrics, criteria

and guidelines for sustainable design and development [36].

By integrating these approaches, Green IT seeks to mitigate the environmental impact

of IT operations and leverage technology to support broader sustainability goals, fostering

a more sustainable and eco-friendly future.
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6 Conclusion

This seminar paper provides an overview of sustainability in software architecture, ex-

amining its environmental, technical, social, economic, and individual dimensions. In

this context, the connection between the ISO/IEC25010 quality standard and software

sustainability has been introduced to gain knowledge about what characterizes sustainable

software. Moreover, it addresses current challenges such as technical debt, loss of archi-

tectural knowledge, scarcity of sustainable frameworks, and the need for energy-efficient

software, presenting their impacts on sustainability. It presented conceptual solutions

from an architecture viewpoint, such as an energy-efficient architecture for dynamic

data structure libraries, a framework for analyzing software sustainability, and improved

decision-making approaches (as summarized in chapter 4) to tackle the aforementioned

challenges. The solutions presented were assigned to the sustainability dimensions ex-

plained in Chapter 2 through the challenges they address. Emphasizing Green IT, the

paper explains the focal points of Green IT as a greater concept and discusses strategies

for reducing energy consumption and minimizing the negative environmental impact

of IT. The necessity of integrating sustainable practices into software development and

organizational structures is underscored, advocating for systems that are sustainable in

the long term across multiple dimensions. This should ultimately lead to more sustainable

applications that consume fewer resources and remain usable for longer.

However, ambiguities remain. As mentioned in Section 2.4, it is not quite clear what

attributes characterize sustainable software. Additionally, it was not clear from the liter-

ature which sub-characteristics define the "SUSTAINABILITY" Quality attribute related

to the ISO/IEC25010 quality standard, indicating the need for an update of this standard

to fully characterize sustainable software. It is also not quite clear how to handle inter-

dependencies between the software sustainability dimensions, as well as the subsequent

trade-offs when providing solutions to challenges in a sustainability context. Additonally,

the rebound effect is an issue when proposing approaches to increase efficiency like the

GreenC5 architecture or Cyber-foraging.

Further research is needed to address these gaps. Given our rapidly evolving society,

new challenges will frequently emerge and existing challenges will gain importance. For

researchers, obtaining a comprehensive understanding is crucial to identify and address

emerging issues effectively, thereby enhancing system sustainability.

I declare that I have developed and written the enclosed thesis completely by myself, and

have not used sources or means without declaration in the text.

Karlsruhe, 18.07.2024
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