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Abstract. Software Re-Engineering (SRE) and Sustainable Software Engineering
(SSE) are distinct yet interrelated paradigms in modern software development. SRE
focuses on restructuring and optimizing existing software systems to improve func-
tionality, maintainability, and adaptability, while SSE emphasizes incorporating
environmentally responsible practices throughout the software life cycle. This pa-
per presents a comparative analysis of these two approaches, highlighting their
foundational principles, methodologies, challenges, and benefits. It underscores the
necessity of embedding green and resource-efficient practices into re-engineering ac-
tivities to achieve both operational excellence and environmental sustainability. By
integrating SRE with SSE, organizations can enhance software quality, reduce eco-
logical impact, and ensure long-term viability within the evolving software ecosys-
tem. The study further advocates for energy-efficient design, user engagement, and
renewable energy integration in software infrastructure. The findings aim to guide
practitioners and researchers toward developing software systems that are not only
optimized for performance but also aligned with sustainability goals, thus bridging
the gap between technological advancement and environmental stewardship.
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1 INTRODUCTION AND BACKGROUND

Software re-engineering and sustainable software engineering are two interrelated but
different approaches to improving today’s software systems. Software re-engineering
mainly deals with the enhancement and change of the existing software in order
to improve the functional, maintainability and performance aspects. On the other
hand, sustainable software engineering practices are environmentally friendly prac-
tices in the entire process of software development, particularly the impacts of soft-
ware [I]. Both approaches are important in today’s software engineering practice,
although they are conceptually distinct with respect to the range of goals and tasks
they encompass. While software re-engineering focuses on enhancing the function-
ality, maintainability, and performance of existing software systems, sustainable
software engineering emphasizes the incorporation of environmentally responsible
practices throughout the software lifecycle, including development, deployment, op-
eration, and maintenance [2], 3], 4].

Software Re-Engineering (SRE) could be defined as the process of modifying,
improving, or transforming the existing software systems with the aim of improving
their quality, functionality and maintainability as well as performance. The main
purpose of this approach is to respond to new business demands, satisfy chang-
ing users’ expectations, use new technologies, and fight against software ageing.
While new application development aims at developing new application systems
from the ground up, software re-engineering focuses on enhancing the current sys-
tems. Some of the reasons that require this process include the rate of technology
change, the need to support new platforms or devices, the desire to develop in using
new techniques, and the objective of enhancing the maintainability and scalability
of software [1], 5, [6].

Typical Software Re-Engineering Process
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Figure 1. Typical software re-engineering process [7, [§]
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The holistic approach to software re-engineering typically consists of two major

phases: reverse engineering and forward engineering, as shown in Figure [T
The traditional representation of the re-engineering process is illustrated in Fig-

ure [2] [7, §].
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Figure 2. Classical representation of the re-engineering approach

In contrast, Sustainable Software Engineering (SSE) aims to integrate sustain-
ability and environmental considerations into the software development process.
This approach recognizes the significant environmental impact of software systems
and seeks to minimize energy consumption, resource usage, and carbon emissions
associated with software development, deployment, and usage. The overarching
goal is to design, develop, and maintain software systems in a manner that is en-
vironmentally, socially, and economically sustainable. Key aspects of sustainable
software engineering include optimizing energy efficiency, maximizing resource uti-
lization, minimizing waste, employing green technologies, and ensuring compliance
with environmental regulations and standards [9]. Figure [3|offers a representation of
green and sustainable software engineering, highlighting its dimensions and overall
efficacy [10, [T1].

Figure [ further outlines structured guidelines for sustainable software engi-
neering, detailing practices across the various phases of the software development
lifecycle, from requirements gathering to architecture, implementation, testing, and
maintenance. These guidelines encompass approximately 20 distinct approaches,
promoting sustainability without implying adherence to the waterfall model.

2 IMPORTANCE OF INTEGRATION

Sustainability of software systems can be defined as an optimization of software sys-
tems to be effective and efficient not only in delivering their intended services, but
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Figure 3. Associated representation of green and sustainable software engineering
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Figure 4. Structured guidelines of sustainable software engineering [12]
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also in their impact on the environment. This integration is based on the knowledge
of the software re-engineering and sustainable software engineering concepts and
their interdependence. There are several reasons why software re-engineering and
sustainable software engineering should be integrated. Over time, software systems
become larger and more complex, and there is a need to enhance and update these
systems with emphasis on the environmental aspect [I3| [14]. Software re-engineering
offers ways of enhancing existing software; sustainable software engineering makes
sure that these enhancements are environmentally sustainable [T], 15, 16]. The ap-
plication of sustainable practices in reengineering activities can help organizations
to minimize the effects of climate change in software development and maintenance.
This consists of minimizing energy use, efficient utilization of resources and the ap-
plication of green technologies. Furthermore, the integration of these two strategies
also guarantees the longevity of the software systems since it allows it to be con-
tinually modified to fit the ever-evolving technological, business, and environmental
requirements [17, [18].

3 OBJECTIVES AND SCOPE OF SOFTWARE RE-ENGINEERING
AND SUSTAINABLE SOFTWARE ENGINEERING

The objectives of software re-engineering and sustainable software engineering are
distinct yet interrelated, and understanding these goals is essential for developing
effective, sustainable software systems. These objectives vary depending on the
specific aims and contexts of a given project.

3.1 Objectives of Software Re-Engineering

1. The primary objective of software re-engineering is therefore to improve the
capabilities of the existing software systems. This includes areas of weakness,
new additions and a better user interface in order to suit changing business
needs and users. Another important objective is to enhance the sustainabil-
ity of the software systems by refactoring and restructuring the code. This
is achieved through enhancing the code readability, the extent of modulariza-
tion and the reduction of code complexity so that future changes can be easily
made [19] 20} 21].

2. Software re-engineering because of the fast advancement in technology seeks
to transform software systems to adopt the new platforms, frameworks, and
tools. This not only improves performance, compatibility and scalability but
also ensures that the systems are standardized to meet industry standards and
benchmarks. In addition, software re-engineering enables software systems to be
responsive to the changes in the environment, such as operating systems, hard-
ware platforms or regulations. This flexibility ensures that software is usable in
a world that is constantly changing technologically.
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3. In addition, another main goal of software re-engineering is to enhance sys-
tem performance by enhancing algorithms, data handling, and utilization of
resources. This results in more efficient systems and improves the general us-
ability [22, 23]. Table [I] provides a comprehensive overview of these objec-
tives.

3.2 Objectives of Sustainable Software Engineering

Sustainable software engineering seeks to align software engineering practices with
broader environmental and sustainability goals. The main objective is to minimize
the ecological footprint of software systems throughout their entire lifecycle, from
development to deployment and maintenance [28, 29]. The specific objectives and
explanations are outlined in Table [

Another well-defined aim of sustainable software engineering is to work to-
wards making the principles of sustainability a part of the software development
life cycle. This involves evaluation for energy and resource saving, effective and
efficient usage of resources, minimizations of wastage, use of natural resources,
amongst other aspects, and compliance with environmentally friendly policies. Fur-
ther, actions should be taken to raise the consciousness of people about the is-
sue and to advocate the principles of sustainable software engineering among the
members of the software engineering community. In this case, awareness will be
created among developers on the impact of software on the environment and en-
sure that next time they develop software, they also consider the impact on the
environment. Sustainable software engineering also deals with the advocacy of
the emergence of new and environmentally sustainable solutions when it comes to
software products and technologies. This involves looking for better ways, meth-
ods, and techniques, means that will go a long way in reducing the effect of soft-
ware systems on the environment. In addition, sustainable software engineering is
meant to deliver economic and social values to organizations, for example, minimiz-
ing costs, improving productivity, efficiency, and energy conservation [31, 32, 33,
3.

Several studies have demonstrated that software modernization and re-engineer-
ing activities can contribute to improved energy efficiency and reduced resource
consumption. Refactoring legacy code, optimizing architectural components, im-
proving resource allocation mechanisms, and adopting energy-aware development
practices have been reported to lower operational energy demands while simulta-
neously improving software maintainability and performance. Sustainable software
engineering therefore, complements re-engineering efforts by ensuring that software
evolution not only addresses technical debt and functionality requirements but also
minimizes environmental impact throughout the software lifecycle [9, [13] [T6].

The goals of software re-engineering and sustainable software engineering are to
increase the functionality of software, its maintainability, flexibility for the future
needs, and to promote innovation. Sustainable software engineering is a process
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Objective Description

Enhancement Enhance the software’s functionality, performance, and features to
align with evolving company needs and user demands.

Maintainability Revise the code to improve comprehensibility, adaptability, and
maintainability, hence decreasing technical debt and enhancing the
development process.

Migration Transition the software from one platform, language, or technology
to another while preserving its functionality and data.

Compatibility Adapt the software to work effectively with new operating systems,
libraries, and hardware, ensuring continued usability.

Reverse Analyze existing software to understand its structure, behavior,

Engineering and design decisions, often used when documentation is lacking or
outdated.

Documentation Create or update documentation to accurately reflect the software’s

architecture, design, and functionality, aiding future development
and support.

Cost Reduction

Streamline and optimize the codebase to reduce resource consump-
tion, improve efficiency, and cut down operational costs.

Bug Resolution

Identify and fix defects, vulnerabilities, and errors in the software
to enhance its reliability and security.

Legacy Modernize a legacy software system by replacing outdated compo-

System nents, integrating new technologies, and aligning it with current

Transformation business needs.

Performance Analyze and optimize the software’s performance, making it more

Improvement responsive, scalable, and efficient.

User Refine the software’s interface and usability to provide a better

Experience overall experience for end-users.

Enhancement

Code Reuse Identify opportunities to reuse existing code components in other
projects, saving development time and resources.

Compliance Ensure the software adheres to industry standards, regulations,

and legal requirements, especially in regulated domains.

Risk Reduction

Mitigate risks associated with security vulnerabilities, system fail-
ures, and other potential issues through code improvement.

Business Process
Alignment

Modify the software to better align with changes in the organiza-
tion’s business processes and workflows.

Table 1. Objectives of software re-engineering [16], 24}, 25], 26}, 27]
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Objective Description

Energy Develop software that minimizes energy consumption and re-

Efficiency source usage, promoting environmentally friendly practices.

Longevity Design software with a focus on longevity, ensuring it remains

Design relevant and functional over an extended period, reducing the
need for frequent replacements.

Low Minimize the carbon footprint and environmental impact of soft-

Environmental ware development and operation.

Impact

Modularity Create modular and reusable code components to reduce dupli-

and cation of effort and promote efficient resource utilization.

Reusability

Minimal Optimize software to use minimal system resources, such as mem-

Resource ory and processing power, to reduce waste and energy consump-

Usage tion.

Lifecycle Manage the entire software lifecycle, including design, develop-

Management ment, testing, deployment, maintenance, and retirement, with

sustainability in mind.

Eco-Friendly

Adopt eco-friendly development practices, such as remote collab-

Practices oration, digital documentation, and virtualized testing environ-
ments.

Adaptability Develop software that can easily adapt to changes in technology,

to business requirements, and environmental factors.

Change

Reduced Build software that reduces electronic waste by prolonging the

E-Waste lifespan of hardware and promoting efficient resource usage.

Renewable Explore opportunities to integrate with renewable energy sources

Energy or optimize energy usage based on the availability of clean energy.

Integration

Optimized Make efficient use of cloud resources to minimize energy con-

Cloud sumption and waste in data centers.

Usage

Sustainable Apply software design patterns that promote sustainability, such

Design as the use of microservices, containerization, and serverless ar-

Patterns chitecture.

Collaborative Foster collaboration among developers, designers, and stakehold-

Development ers to ensure a holistic and sustainable approach to software de-
velopment.

Green Strive for recognized certifications or standards that attest to the

Certification software’s sustainability, such as energy-efficient software labels.

Monitoring Continuously monitor software performance and resource usage,

and optimizing for efficiency and sustainability over time.

Optimization

Table 2. Objectives of sustainable software engineering [I8, 130, [31]
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of minimizing the environmental effects of software and encouraging sustainable
approach throughout the software development process.

Recent literature indicates a growing emphasis on sustainability within software
engineering over the last decade. Researchers have increasingly focused on energy-
efficient computing, green software development, resource optimization, lifecycle
sustainability, and environmentally responsible software practices. This growing
attention reflects both industrial and academic recognition of the need to reduce the
environmental footprint of software systems while maintaining functionality, quality,
and long-term maintainability [3, 9, 13, [16].

The domain of Software Re-Engineering and Sustainable Software Engineering
is extensive and includes multiple facets of enhancing, sustaining, and guaranteeing
the long-term sustainability of software systems. The main domains of both areas
are below.

3.3 Scope of Software Re-Engineering

The scope of software re-engineering encompasses various facets, including [26, B5]:

e Reverse Engineering is the analysis of pre-existing software systems to com-
prehend their structure, behavior, and functionality, with the goal of producing
precise and current documentation.

e Code Restructuring involves making modifications to the existing codebase to
enhance its readability, maintainability, and efficiency while keeping its exterior
behavior unchanged.

e Migration and Porting refer to the process of transferring a software system
from one platform, language, or architecture to another without compromising
its functioning.

e Integration refers to the process of merging various software components or
systems into a coherent and unified solution.

e Performance Enhancement: Enhancing the performance of a software sys-
tem by optimizing reaction times, minimizing resource usage, and boosting scal-
ability.

e Legacy System Modernization refers to the process of upgrading or convert-
ing outdated software systems in order to align them with modern technology,
standards, and user requirements.

e Functionality Enhancement refers to the process of incorporating more fea-
tures and functionalities into an existing software system in order to cater to
the changing requirements of users.

e Documentation Enhancement: Generating thorough and current documen-
tation for pre-existing software systems to facilitate maintenance and future
advancement.
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Risk Mitigation involves the identification and resolution of security vulner-
abilities, coding faults, and architectural weaknesses that have the potential to
cause harm to the product and its users.

3.4 Scope of Sustainable Software Engineering

The scope of sustainable software engineering includes [34} 36}, 37, B38]:

Green Software Development: Designing software with a focus on reducing
energy consumption and minimizing environmental impact.

Lifecycle Management: Ensuring the software development process accounts
for environmental impacts throughout the entire lifecycle, from design to dis-
posal.

Resource Efficiency: Using software development techniques and practices
that optimize the use of computing resources such as memory, processing power,
and storage.

Reuse and Recycling: Encouraging the reuse of code and components to
reduce redundant development efforts and waste.

Green Software Metrics: Developing metrics and criteria to assess the envi-
ronmental impact of software systems and applications.

Renewable Energy Integration: Exploring ways to integrate software with
renewable energy systems to promote sustainability.

Environmental Compliance: Ensuring that software systems adhere to en-
vironmental regulations and standards.

User Awareness and Education: Educating users about sustainable software
usage and encouraging environmentally responsible practices.

Continuous Improvement: Establishing processes for ongoing evaluation and
improvement of software sustainability practices.

Figure B} a bar chart, compares different software re-engineering techniques

(such as Agile, Waterfall, and Lean) against sustainability metrics such as energy
consumption, resource usage, and operational costs. It also provides a comparative
overview of commonly adopted software development and re-engineering approaches
from a sustainability perspective. The comparison emphasizes the importance of se-
lecting development methodologies that balance software quality, maintainability,
resource utilization, and long-term sustainability objectives.

4 REASONS FOR SOFTWARE RE-ENGINEERING

This section discusses the reasons behind software re-engineering, including the ne-
cessity to improve the existing software systems. The rationales for software re-
engineering can be succinctly summarized as follows:
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Comparison of Sustainability Practices Across Re-engineering Approaches
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Figure 5. Comparison of sustainability practices across various software re-engineering
approaches

Technological Obsolescence can be described as the time when one can no
longer run the software systems on new platform, on new frameworks or on new
hardware, this is so because there exists a very high technological evolution rate
in the market. Re-engineering is a process which makes it easier for the software
to be fitted in the current technology standards.

Evolution of Business Requirements: In the long run, the needs of the
organizations change as well and it is possible that the software systems, which
are being utilized in the organizations, may also need to be changed. We have
seen from our description of re-engineering that it entails the chance to alter
or modify the software to meet the needs of the organization and individuals
within the organization today.

Software Re-Engineering is a process that seeks to enhance the existing sys-
tems to accommodate new features or new capability to the system. It enables
the expansion of the software’s functionalities in a bid to help satisfy the in-
creasing requirements of the users and the market.

Enhancing Maintainability: The change and growth of the software systems
becomes integrating to control, maintain, and even make modifications where
necessary since most of the developed systems are poorly coded, complex and
documented. Re-engineering solves these issues by simplifying the structure of
codes, increasing modularity and readability of the codes and therefore making
it easier to maintain and improve the software.

Optimization is the act of making software perform optimally by redesigning
the algorithms employed in the software to make it perform data processing
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more efficiently or even in the utilization of resources. As such, the program
avails improvements in its performance through response time, scalability, and
overall proficiency.

e Legacy System Modernization: When creating systems based on outmoded
technologies, certain problems may arise, such as growth, compatibility or main-
tenance. The act of migrating existing legacy systems to better platforms, ar-
chitectures or technologies is referred to as re-engineering, and it entails the fact
that the given system will run in the future [36].

e Cost-Effectiveness: It is often the case that re-engineering is more cost-
effective than designing an all-new system. The organizations can leverage
their existing software assets such as code, documentation and knowledge to
reduce the time and cost of developing a new system. Table [3 shows the cost-
benefit analysis of sustainable software engineering. The possible savings after
five years, to show that even though the first costs may be considerably higher,
the advantages of sustainable activities are tremendous. The adoption of sus-
tainable software engineering practices may generate long-term organizational
benefits that extend beyond immediate technical improvements. These bene-
fits include reductions in operational energy consumption, lower maintenance
costs, improved software longevity, and enhanced environmental sustainability.
Furthermore, organizations adopting sustainable software practices can improve
regulatory compliance and strengthen their reputation in terms of environmental
responsibility [0, 13, [16].

e Regulatory Compliance means the ability to modify the software systems
in an organization in order to satisfy changes in the rules or compliance stan-
dards. This is because re-engineering enables the harmonization of software with
current legal or operational risks, reducing the related risks.

Benefit Area | Expected Impact

Energy Reduced operational energy usage through effi-
Consumption cient software design

Infrastructure | Lower hardware and cloud resource require-
Cost ments

Maintenance Improved maintainability and reduced technical
Cost debt

Software Extended useful life of software systems
Longevity

Environmental | Reduced carbon footprint and resource con-
Impact sumption

Organizational | Improved sustainability profile and regulatory
Reputation compliance

Table 3. Potential long-term benefits of sustainable software engineering
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The main driver of software re-engineering pertains to improvising or enhancing
currently existing software systems to cope with technological, business, and regu-
latory transformations. It provides a fairly cheap and practical approach towards
improving software characteristics, reliability, and adaptability.

Software re-engineering as well as sustainable software engineering is very im-
portant in order to meet new demands, to increase software quality, to increase
software maintainability, and for making sustainable software. Together, they cover
a very important area in light of the effects of technology on organizations and the
world that call for increased sustainability.

5 PROCESS AND METHODOLOGIES OF SOFTWARE
RE-ENGINEERING

The process of software re-engineering entails a sequence of actions and approaches
aimed at modifying and enhancing pre-existing software systems [38]. The fol-
lowing is a concise overview of the process and approaches involved in software
re-engineering.

e Evaluation and Strategizing: The process commences by evaluating the cur-
rent software system, discerning its merits, drawbacks, and opportunities for en-
hancement. An in-depth understanding of the design, functionality, and needs
of the system is established. The evaluation serves as the basis for develop-
ing a re-engineering plan, which includes clear objectives, scope, resources, and
timetable for the re-engineering Endeavor [39].

e Reverse Engineering: This stage entails examining the current software sys-
tem to get knowledge about its structure, behaviour, and interdependencies.
Methods such as code analysis, documentation examination, and system explo-
ration are used to comprehend the system’s components, linkages, and function-
ality [39].

e Restructuring and Refactoring Process in this structure and codebase of
the software system are altered to enhance its maintainability, scalability, and
modularity. This may entail restructuring the code, revamping modules, or re-
arranging components to boost legibility, diminish intricacy, and promote com-
prehension of the system.

e Forward Engineering involves implementing and integrating modifications or
new components into an existing system after it has been restructured. This
phase include the addition of new features, the enhancement of functional-
ity, the optimization of performance, and the integration of newer technolo-
gies. The implementation adheres to industry best practices and coding stan-
dards [40].

e Testing and Validation: Thorough testing and validation processes are car-
ried out to guarantee that the re-engineered software fulfils the desired func-
tionality and quality standards. Various forms of testing, including unit test-
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ing, integration testing, and system testing, are conducted to detect and ad-
dress any problems or regressions that may arise during the re-engineering pro-
cess [40].

e Documentation and Knowledge Management: Re-engineering involves
updating or creating documentation to accurately reflect the changes made.
This involves the act of updating and improving the documentation of a sys-
tem, user guides, and technical requirements. The knowledge acquired in the
re-engineered system is stored to improve future maintenance and understand-
ing.

e Deployment and Maintenance: The re-engineered software is then sub-
jected to testing and validation after which it is deployed in the production
system. The assurance of constant maintenance and support tasks ensures that
re-engineered software runs smoothly without any hitches. In the process of
software re-engineering, different strategies and techniques can be applied. The
techniques of re-engineering include model-driven re-engineering, component-
based re-engineering, data-driven re-engineering, and architecture driven re-
engineering. The choice of methodology depends on factors like characteristics
of the software system, the specifications of the project and the tools available
for use. Software re-engineering is a systematic approach to changing and im-
proving the software systems which are already in use. Some of the activities
it entails are assessment, reverse engineering, restructuring, testing, documen-
tation, and maintenance. The goal of the process is to enhance the usability,
serviceability, efficiency and compliance of the software system with new needs
and advancements.

6 CHALLENGES AND LIMITATIONS

The software re-engineering, like any intricate procedure, presents its own array of
obstacles and constraints. Below are few prevalent obstacles and constraints linked
to software re-engineering [41], 42, 43, 44]:

e Insufficient or Obsolete Documentation: A major obstacle is the absence
of thorough or precise documentation for the current software system. Insuffi-
cient or obsolete documentation might impede comprehension of the system’s
structure, capabilities, and interdependencies, hence complicating the process of
re-engineering.

e Complexity of Legacy Systems: Legacy systems sometimes possess intricate
architectures, interwoven connections, and obsolete technology, rendering them
arduous to comprehend and alter. Deciphering the intricacies and updating such
systems can be a laborious and demanding task.

e Resource and Budget Constraints refer to the limitations in terms of avail-
able resources, such as trained developers, time, and budget, that are necessary
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for re-engineering activities. The re-engineering process may be affected by lim-
ited resources or budgetary constraints, which might result in compromises or
incomplete improvements.

e Stakeholder Resistance, which may come from end-users, management, or
development teams, can provide obstacles to software re-engineering. Stake-
holders may exhibit resistance towards alterations to the current system or ex-
press apprehensions over the potential effects on business operations, resulting
in obstacles and challenges while undertaking re-engineering initiatives.

e Compatibility Challenges may arise while integrating the re-engineered soft-
ware system with existing systems or third-party components. Compatibility
concerns might occur due to disparities in software versions, data formats, or
dependencies, necessitating extra effort to guarantee seamless integration.

Software re-engineering has the potential to cause substantial changes to the
current system, which can have an impact on the continuity of business operations.
Operational and user experience can be affected by downtime, disruptions, or com-
patibility issues that may arise during the transition phase. Therefore, it is crucial
to have meticulous planning and execution techniques in place.

e Potential for the Introduction of New Problems: If the re-engineering
process is not conducted with caution, it can potentially introduce new issues
or defects. Changes made during the process of restructuring, refactoring, or
integration can unintentionally cause setbacks or new mistakes, necessitating
comprehensive testing and validation to guarantee the stability and dependabil-
ity of the re-engineered software.

e Lack of Domain Expertise: In certain situations, the original developers or
domain experts who possess crucial knowledge about the current software system
may be unavailable or inaccessible. This can present difficulties in comprehend-
ing the complexities of the system and making well-informed choices during the
process of re-engineering.

e Cultural Resistance and Change Management are typically necessary
when implementing re-engineering initiatives, as they include adopting new
technologies, processes, or practices. Addressing opposition to change and ef-
fectively managing the shift within the organization can provide a considerable
challenge.

Although there are hurdles and restrictions, software re-engineering can pro-
vide significant advantages in terms of enhanced functionality, maintainability, and
performance. Through meticulous attention to these obstacles and the effective
management of related uncertainties, organizations may adeptly navigate the pro-
cess of re-engineering and fully harness the capabilities of their current software
systems.
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7 SIMILARITIES BETWEEN SOFTWARE RE-ENGINEERING
AND SUSTAINABLE SOFTWARE ENGINEERING

Software Re-Engineering and Sustainable Software Engineering are distinct method-
ologies for managing and enhancing software systems, while they do exhibit certain
similarities. The following are the main commonalities between these two con-
cepts [2, 0, 2T, 45, 46):

Both Software Re-Engineering and Sustainable Software Engineering prioritize
long-term considerations. Their objective is to develop software that can dy-
namically adjust and develop over time to fulfil evolving demands and condi-
tions.

Enhancing current systems: Both methods entail collaborating with pre-
existing software systems. Software re-engineering is the process of enhancing
an existing software system to improve its maintainability, performance, or func-
tionality. Sustainable Software Engineering prioritizes the development of new
software with a focus on long-term sustainability right from the start.

Minimizing technical debt: In all scenarios, the main objective is to minimize
technical debt, which pertains to the buildup of suboptimal or inadequately de-
signed code over a period of time. Resolving technical debt enhances the overall
quality and maintainability of the project.

Environmentally conscious practices: Sustainable Software Engineering
draws influence from environmental sustainability, with the goal of reducing the
software’s detrimental effects on the environment. This may entail optimizing
code to enhance energy efficiency or minimizing resource consumption. While
Software Re-Engineering may not have a direct focus on environmental issues,
enhancing the software’s efficiency and performance might indirectly support
sustainability.

Both techniques can derive advantages from Agile ideas and practices, including
iterative development, continuous integration, and cooperation between devel-
opers and stakeholders. Agile approaches foster flexibility and adaptation, which
are crucial for achieving long-term software success.

User-centric approach: Both Sustainable Software Engineering and Software
Re-Engineering prioritize the demands of the end-users. Developers can ensure
the longevity and worth of software by comprehending customer requirements
and comments.

Both approaches entail utilizing contemporary technologies and optimal method-
ologies to construct or revamp software. This guarantees that the software re-
mains current and can fully utilize the most recent innovations.

Both Software Re-Engineering and Sustainable Software Engineering acknowl-
edge the significance of risk management. Effectively managing risks is cru-
cial for ensuring long-term success, whether it involves handling old systems
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during re-engineering or anticipating potential future changes during construc-
tion.

Although Software Re-Engineering and Sustainable Software Engineering have
parallels, it is crucial to recognize that they have separate goals and methodologies.
Software Re-Engineering is the process of enhancing and optimising existing soft-
ware, whereas Sustainable Software Engineering involves developing new software
with an emphasis on long-term sustainability. Although the methodologies differ,
both contribute to the development of software that is durable and adaptable to
changing requirements.

8 DIFFERENCES BETWEEN SOFTWARE RE-ENGINEERING
AND SUSTAINABLE SOFTWARE ENGINEERING

Software Re-Engineering and Sustainable Software Engineering are two separate
methodologies for the management and enhancement of software systems. The
following are the primary distinctions between these two concepts [I8), 36, [37, 45, 47]:

¢ Emphasize the comparison between current and newly developed soft-
ware: Software re-engineering is a method that aims to enhance the quality,
maintainability, performance, or functionality of existing software systems by
improvement or reworking. It entails the task of dealing with outdated systems
and resolving any constraints or problems they may have. On the other hand,
Sustainable Software Engineering prioritizes the development of new software
with sustainability as a core consideration from the beginning. The objective
is to produce software that possesses intrinsic maintainability, adaptability, and
environmental friendliness from the outset of the development process.

e Chronology of factors must be considered: Software re-engineering be-
comes essential where there are existing systems that have accumulated tech-
nical render or do not conform to present need. There have been past efforts
aimed at improving the present software as part of this process. Sustainable
Software Engineering: It is incorporated at the initial stages of the development
life cycle of software products. It is a developmental strategy that involves the
creation of software that could easily adapt to the new changes and additions
that are on the way.

e Purposes and aims: Software re-engineering is therefore the process of trans-
forming a software system to its improved versions while maintaining its func-
tionality. The focus is on the issues that need to be addressed, such as outdated
equipment, weak architecture, or low performance. Sustainable Software Engi-
neering defines the goal to arising software system that does not fall into obso-
lescence within a short duration. The aim is to minimize the software impact on
the environment, promote effective utilization of resources and respond to the
user needs.
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e Description of activities: This process of software structural modification
is under the expansive class of re-engineering operations that include, but are
not limited to code refactoring, restructuring, and technology upgrade, among
others. Such efforts are made in a bid to improve the maintainability of the
software, as a result, extend its lifespan. It embraces environmental concerns,
energy intensity, and green practices that go into the development of software
that respects notions of environmental sustainability.

e Legacy vs. greenfield projects: In the software re-engineering process, one
has to change and enhance the systems that are already implemented and, pos-
sibly, outdated; they often have their own code and, sometimes, a database.
Sustainable software engineering mainly applies to new project situations where
developers can make informed decisions on the sustainable aspects of engineer-
ing.

e Software re-engineering is primarily a way of enhancing efficiency and the
improved efficiency sometimes may have the ripple effect of reducing the en-
vironmental impact of the software. Sustainable Software Engineering: The
environment is a principal aspect of sustainability when practicing software en-
gineering. This includes practices like specifying efficient algorithms for en-
ergy use, utilization of resources and enforcing environmentally conscious prac-
tices.

e Software Re-Engineering is the process of enhancing existing software sys-
tems, typically legacy systems, whereas Sustainable Software Engineering is con-
cerned with developing new software with sustainability as a primary consider-
ation from the beginning. Both techniques have unique goals and tactics, but
their ultimate objective is to develop software that can adjust and maintain its
value over an extended period.

9 POTENTIAL SYNERGIES AND INTEGRATION
OPPORTUNITIES

The combination of Software Re-Engineering and Sustainable Software Engineering
can result in several synergies and opportunities that improve the overall quality
and sustainability of software systems. Below are few possible domains for integra-
tion [47] AR, 49, 50, B1]:

e Legacy system modernization: Software Re-Engineering is one of the ways
for achieving modernization of a legacy system. This approach proves useful
in the process of modifying and refining out-of-date systems by changing their
technical debt and making them more maintainable. Here it is proposed that by
applying Sustainable Software Engineering principles like energy efficiency and
reduced resource utilization, we can have the modernized green system.

e The greenfield sustainable development simply refers to the integration of
the principles of sustainable software engineering in green field software develop-
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ment projects at inception. However, there might be situations, in which some
of the components or basic modules could indeed get benefit from re-engineering
rather than to start the process of development anew. Thus, the use of such
strategies can be viewed as an opportunity to create a stable background and
at the same time transform and develop existing structures.

e Code reworking, often used in software re-engineering is the energy-efficient
code reworking for the purpose of improving the quality and maintainability of
the code. There are SSE concepts which, when applied by the developers, allow
them to design and control the code in such a way that the consumption of
resources is minimized, and the code’s energy consumption is optimized.

e Involvement of relevant parties and measurement of sustainability in-
dicators: Implementing Sustainable Software Engineering techniques may en-
tail including stakeholders in the software development process to comprehend
their sustainability expectations and goals. This facilitates the creation of soft-
ware that is in line with sustainability objectives. In addition, the establishment
and quantification of sustainability indicators during the re-engineering proce-
dure can facilitate the monitoring of advancements and the identification of
potential areas for enhancement.

Therefore, when combining Software Re-Engineering with Sustainable Software
Engineering, organizations may come up with software systems that solve the prob-
lem of technical debt and add value while serving as role models for the environment.
Such approaches show the importance of focusing on both short-term and long-term
consequences so as to design software applications that are effective and have low
impact on the environment.

10 CHALLENGES AND OPPORTUNITIES

Table [] outlines the challenges and opportunities associated with Software Re-
Engineering and Sustainable Software Engineering [15], 48|, 52} 53| 54, b5, Tables
and [6] show the opportunities in software re-engineering and challenges in sustain-
able software engineering, respectively. Table [7] tells about the opportunities in
sustainable software engineering.

By acknowledging and resolving these obstacles and capitalizing on the possibil-
ities, organizations can develop software that not only fulfils their functional needs
but also conforms to sustainability objectives, so benefiting the environment and
promoting long-term expansion and achievement.

11 COMBINED BENEFITS AND IMPACTS

Benefits and impacts of combining Software Re-Engineering and Sustainable Soft-
ware Engineering:
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Legacy Code

Challenge Explaination

Legacy System Dealing with complex legacy systems can be challenging due to

Complexity outdated technologies, poor documentation, and accumulated
technical debt.

Understanding Gaining a thorough understanding of the existing codebase, es-

pecially in the absence of comprehensive documentation, can be
time consuming and difficult.

Balancing
Maintenance
and Modernization

Striking a balance between maintaining existing functionality
and modernizing the system to meet current requirements can
be a delicate task.

Risk Making changes to legacy systems can introduce unforeseen
of Unintended bugs or compatibility issues that may have significant impli-
Consequences cations for the application.

Resistance Team members or stakeholders may resist changes to the ex-
to Change isting system, fearing disruptions or the unfamiliarity of new

technologies.

Time Software Re-Engineering projects may require significant time,
and Resource effort, and resources, leading to potential budgetary and
Constraints scheduling challenges.

Table 4. Challenges along with their explaination in software re-engineering

Opportunity Explaination

Performance Re-engineering presents an opportunity to enhance system per-

Improvement formance through code optimization, algorithm improvements,
and better resource management.

Enhanced Legacy systems often lack modern security measures. Re-

Security engineering allows the integration of robust security practices

to protect against potential threats.

Adopting New

Re-engineering facilitates the adoption of newer, more efficient

with Current
Business Needs

Technologies technologies, improving the system’s capabilities and supporting
future growth.

Modularization Breaking down monolithic systems into modular components

and enhances maintainability and reusability, leading to easier fu-

Componentization ture enhancements.

Improved By addressing technical debt and improving code quality, main-

Maintainability tainability is enhanced, reducing the time and effort needed for
future updates and fixes.

Alignment Re-engineering enables alignment of the software with the or-

ganization’s current business objectives and changing market
demands.

Table 5. Opportunities in software re-engineering
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Challenge

Explaination

Lack
of Awareness
and Education

The concept of sustainable software engineering may be rela-
tively new to some developers, leading to a lack of awareness
and understanding of its importance.

and Adaptation

Balancing Integrating sustainability measures without compromising es-

Sustainability sential functionality requires careful planning and decision-

and Functionality making.

Measuring Defining appropriate metrics and methods to measure the en-

and Quantifying vironmental impact of software can be challenging, making it

Sustainability difficult to assess improvements.

Interdisciplinary Sustainable software engineering requires collaboration between

Collaboration software developers and sustainability experts, which may intro-
duce communication challenges.

Continuous Sustainability is an ongoing process that requires continuous

Monitoring monitoring and adaptation to changing environmental factors

and technology advancements.

Perceived Cost

There might be concerns that implementing sustainability prac-

Increase tices could increase development costs, especially if they are not
well understood.
Table 6. Challenges in sustainable software engineering
Opportunity Explaination
Positive Sustainable software engineering offers the opportunity to de-
Environmental velop software that positively contributes to reducing carbon
Impact footprints and environmental impact.
Competitive Organizations can gain a competitive edge by showcasing their
Advantage commitment to sustainability, attracting environmentally con-
scious customers and stakeholders.
Innovation Embracing sustainability can lead to new market opportunities,
and Market as more businesses and consumers seek eco-friendly products
Opportunities and services.
Collaboration Sustainable software engineering encourages interdisciplinary

for Sustainability

collaboration, fostering relationships with sustainability experts
and organizations.

Enhanced User
Perception

Users often prefer eco-friendly products, and software designed
with sustainability in mind can enhance user perception and
satisfaction.

Future-Proofing
and Adaptability

Sustainable software engineering emphasizes adaptability and
future-proofing, ensuring the software can accommodate
changes in environmental regulations.

Table 7.

Opportunities in sustainable software engineering
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e Improved Software Performance: Through software re-engineering method-
ologies, it is possible to enhance legacy systems and eliminate problems that lead
to slow processing. The use of sustainable software engineering principles leads
to the creation of a system that is energy efficient and thus reduces energy con-
sumption and energy wastage. This in turn results in improved performance of
the software in question.

e Program Duration can be extended by reengineering the program which is
a process of redesigning the program which has been in existence. Sustainable
software engineering practices consider the environmental aspects, which in turn
makes the software more relevant in the future when there will be new needs
and regulations.

e As for the two techniques, it is possible to note that they may lead to cost
savings. Software re-engineering can reduce the maintenance cost and increase
the productivity, whereas sustainable software engineering reduces the resource
utilization, thereby reducing the energy and infrastructure cost.

e Enhanced User Satisfaction: Software re-engineering improves the user ex-
perience through the improvement of the system stability, problem solving, and
addition of new features. The organization’s commitment to environmental sus-
tainability in software engineering practices in the user applications is a sure
way of enhancing the user loyalty and trust.

e Enhanced Maintainability: Software re-engineering makes the code easier
to understand and maintain through the simplification of the code. SSD is
the practice that encourages the reuse of the code and the efficient use of the
resources because the future upgrades and maintenance will be easier.

e Green Software Engineering Practices can reduce energy consumption,
green house gas emissions and waste, thus making software development more
environmentally friendly.

e In this way, the application of sustainable software engineering practices proves
that an organization is environmentally conscious and compliant with environ-
mental requirements and social expectations.

e Future Proofing is the process of software re-engineering and application of
sustainable software engineering to increase the ability of software systems to
accommodate future changes and evolution. This makes it possible for the soft-
ware to stay useful for a longer duration in the market as compared to others.

e Innovation Facilitation involves the process of updating and restructuring
the systems in order to lay down a solid foundation for the introduction of new
technologies and innovations. Sustainable software engineering is the process
of developing software sustainably and being environmentally friendly in the
development of software.

e Engineering Advantage: This paper established that organizations that im-
plement software re-engineering and sustainable software engineering practices
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are able to offer better software products and services that are more reliable,
efficient and eco-friendly.

In general, the combination of software re-engineering with sustainable soft-
ware engineering practices result in significant benefits for enterprises, consumers,
and the environment. It increases the effectiveness of the program, extends the
time for which it will remain relevant, reduces costs, improves the satisfaction
of users, and also demonstrates social and environmental relevance. Thus, seek-
ing better and more efficient software solutions, organizations can thrive in the
world that is becoming increasingly technological while reducing their negative im-
pact on the environment and contributing to the development of a less harmful
future.

11.1 Best Practices in Software Re-Engineering

Software re-engineering is an important process that involves the process of refac-
toring, redesigning or enhancing of the existing software systems to meet new re-
quirements, conform to the current standards and improve the overall maintain-
ability and reliability. The following paper aims at identifying that the success of
a software re-engineering project depends on the use of proper techniques that en-
sure the achievement of a structured and systematic approach to the project. In
this document, we give a comprehensive and step-by-step guide on how to per-
form software re-engineering using the most efficient techniques. These techniques
are conveniently presented in Table [§ in order to enhance easy and rapid refer-
ence.

When followed to the latter, the objectives of software re-engineering project can
be met, and various risks and costs of maintenance and sustenance can be avoided.
The following practices, when implemented in a systematic approach, may result to
positive software re-engineering results.

11.2 Best Practices in Sustainable Software Engineering

Sustainable Software Engineering (SSE) is a discipline focused on developing soft-
ware systems that meet current user needs while considering their long-term en-
vironmental and societal impact. Green software aims to minimize environmental
impact, efficiently utilize resources, and reduce the overall cost of ownership. To
achieve these objectives, it is essential to follow established guidelines that support
the development and management of sustainable software solutions. Table [ sum-
marizes the best practices presented in this paper related to Sustainable Software
Engineering [56, 57, 58].

Different sustainable software engineering practices contribute to environmental
sustainability through distinct mechanisms. Code optimization reduces unneces-
sary computational effort and energy consumption, while data-center and server
optimization improve infrastructure efficiency. Similarly, reducing hardware depen-
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Best Practice Description

Understand Begin by thoroughly understanding the existing system. This includes studying

the Legacy the codebase, architecture, and documentation to identify the system’s strengths,

System weaknesses, and current functionalities.

Define Clearly define the goals and objectives of the re-engineering project. Whether it is

Clear enhancing functionality, improving performance, or migrating to a new platform,

Objectives having well-defined objectives is crucial.

Involve Engage stakeholders, including end-users, business analysts, and development

Stakeholders teams, to understand their needs and expectations. Regular communication and
feedback loops are essential.

Comprehensive Maintain detailed and up-to-date documentation throughout the re-engineering

Documentation process. This includes architectural diagrams, data models, user manuals, and
code comments.

Version Implement robust version control using tools like Git. This ensures that code

Control changes are tracked, and rollbacks are possible in case of issues.

Use of Modern Utilize contemporary development tools, frameworks, and languages to align the

Technologies re-engineered system with current industry standards and best practices.

Testing Thoroughly test the re-engineered system to identify and fix issues. This includes

and Quality unit testing, integration testing, and user acceptance testing. Implement quality

Assurance assurance processes.

Tterative Adopt an iterative development process. This allows for incremental changes,

Approach ensuring that the system remains functional at all stages and reducing project
risks.

Refactoring Embrace code refactoring to improve the codebase’s maintainability and readabil-
ity. Eliminate redundancy, improve code structure, and apply coding standards.

Security Prioritize security by identifying and addressing vulnerabilities in the legacy sys-

Considerations tem. Implement modern security protocols and practices.

User Training Provide training to end-users and support teams on the re-engineered system.

and Support Ensure that users are comfortable with the changes and can maximize the system’s
benefits.

Performance Optimize system performance through load testing, profiling, and identifying bot-

Optimization tlenecks. Implement performance enhancements as needed.

Data Migration Plan for the seamless migration of data from the old system to the re-engineered
one. Verify data integrity and consistency.

User Accep- | Engage users in acceptance testing to ensure that the re-engineered system meets

tance Testing their requirements and expectations. Make adjustments based on user feedback.

Monitoring and Implement continuous monitoring and maintenance processes to keep the re-

Maintenance engineered system running smoothly. Address issues promptly and proactively.

Post- After deployment, conduct a post-implementation review to evaluate the re-

Deployment engineering project’s success and gather lessons learned for future projects.

Evaluation

Table 8. Best practices in Software Re-Engineering

dence minimizes electronic waste and resource consumption. The combined appli-
cation of these practices can contribute to reducing the environmental footprint
of software systems while maintaining acceptable levels of performance and reli-
ability [9, 13, B, B6L B7]. Sustainable Software Engineering practices and their
environmental contributions are articulated in Table D0

However, following the best practices laid down in the development of software,
teams can design a perfect software that will fit the needs of users, without surpassing
the environmental effects, overuse of resources and continuous expenses in the future.
Sustainable Software Engineering helps to solve the environmental issues of the
present, and these practices are the key to a less wasteful and cheaper software

production.
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Best Practice

Description

Requirements Start by prioritizing sustainability requirements alongside func-

Prioritization tional requirements. Ensure sustainability goals like reduced
energy consumption are integrated into development.

Design for Develop software focusing on efficient resource utilization and

Efficiency performance by optimizing algorithms and reducing computa-

tional overhead.

Energy-Aware

Incorporate energy-awareness into design using tools and met-

Development rics to measure and reduce energy consumption.
Resource Minimize memory, CPU, and storage usage using efficient data
Minimization structures and algorithms.

Modular and
Scalable Design

Use modular, scalable design to reduce rework and support easy
adaptation to changing requirements.

Use of Sustainable
Technologies

Adopt eco-friendly technologies such as energy-efficient servers
and low-impact cloud services.

Code Optimization

Optimize code to reduce execution time and redundancy while
improving maintainability.

Eco-Friendly

Host applications on renewable-energy-powered data centers to

Hosting reduce carbon footprint.

Continuous Moni- | Continuously monitor resource usage and energy consumption
toring to identify inefficiencies.

Energy-Efficient Select algorithms based on energy efficiency in addition to com-
Algorithms putational complexity.

User Education

Educate users on sustainable usage practices and energy-
efficient configurations.

Sustainability Define and track metrics such as energy consumption and car-
Metrics bon footprint for evaluation.

Documentation Maintain documentation and train developers on sustainable
and Training software engineering practices.

Environmental Ensure compliance with environmental regulations and sustain-
Compliance ability standards.

Lifecycle Plan software lifecycle responsibly, including end-of-life disposal
Management of systems and data.

Community Engage with sustainability communities and contribute to open-
Engagement source green software initiatives.

Table 9. Best practices in Sustainable Software Engineering
11.3 Recommendations for Integrated Approaches

Recommendations for Integrated Approaches in Software Re-Engineering and Sus-
tainable Software Engineering are discussed in Table [l By adopting these rec-
ommendations, organizations can ensure that their software remains efficient, cost-
effective, and environmentally responsible throughout its lifecycle. These practices
promote a holistic and responsible approach to software development, aligning tech-
nology with sustainability goals.
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Sustainable Practice Environmental Contribution

Code Efficiency Reduces computational workload and energy
consumption

Data Center Optimization Improves energy utilization and reduces opera-
tional emissions

Server Optimization Enhances resource utilization and decreases
power requirements

Hardware Reduction Minimizes electronic waste and material con-
sumption

Resource-Aware Programming | Improves memory and processor efficiency
Renewable Energy Integration | Reduces dependence on fossil-fuel-based energy
sources

Table 10. Sustainable Software Engineering practices and their environmental contribu-
tions

These recommendations provide a structured approach to integrating sustain-
ability into software re-engineering, ensuring that software remains efficient, cost-
effective, and environmentally responsible throughout its lifecycle.

12 CONCLUSION AND FUTURE DIRECTIONS

Nowadays, in a quickly developing environment of software development, it is in-
dispensable to combine SRE with SSE. This integration makes certain that the
enhancements in the software satisfy the demands of the users and at the same
time are environmentally sound. The effectiveness of using both approaches is that
it helps to have long-term solutions in terms of protecting the environment from
the effects of the software systems and ensuring maximization of resource utiliza-
tion. Preferential features include user engagement, energy-efficient designing and
the maximum use of renewable energy in the coding of such strategies. This way,
synergy is created, and various organizations can develop proper software systems
that would be optimized for efficiency and flexibility regarding further advances in
IT and surrounding conditions. This comparative analysis also emphasizes that
achieving software efficiency and software sustainability are complementary goals
for software engineering to consider, given the role that such practices must play in
today’s software development.

Subsequent research should aim towards constructing advanced quantitative in-
dexes and approaches to estimate the extent of software’s effect on the environ-
ment, strengthening the collaboration between computer science software design-
ers and sustainability professionals, as well as defining new innovative economic
opportunities in line with sustainability. Thus, dynamism in environmental fac-
tors and technology requires the continuity of monitoring and exerting change to
achieve sustainability in software engineering. Studying on how renewable en-
ergy systems can be incorporated into software as infrastructure and data centers
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Recommendation

Description

Prioritize Sustain-
ability Objectives

Make sustainability objectives a core focus from project incep-
tion, aligning them with re-engineering goals.

Lifecycle Conduct a comprehensive lifecycle assessment to evaluate en-
Assessment vironmental impact throughout the software lifecycle.
Continuous Implement continuous monitoring of performance and sustain-
Monitoring ability metrics, including energy consumption.
Energy-Efficient Design architectures that optimize resource usage, hardware
Architecture utilization, and energy efficiency.

Modular and
Scalable Design

Develop modular systems to support future updates and reduce
resource-intensive rework.

Sustainable Coding
Practices

Apply coding standards that improve efficiency, maintainabil-
ity, and resource optimization.

User Education
and Engagement

Educate stakeholders on sustainable usage and encourage re-
sponsible software practices.

Green Hosting

Host systems on renewable-energy-powered data centers to re-
duce environmental impact.

Sustainability Maintain documentation of sustainability practices and provide
Documentation training for awareness and adoption.

User Feedback Integrate feedback loops to align system evolution with sustain-
Integration ability and functional requirements.

Resource Continuously optimize system resources to reduce energy con-
Optimization sumption and computational load.

Compliance Ensure adherence to environmental regulations, standards, and
with Standards sustainability certifications.

Collaboration Engage with sustainability communities and contribute to
with Sustainability open-source green initiatives.

Community

Efficient Data Optimize data storage, transfer, and processing to reduce re-
Management source usage.

Integration of
Renewable Energy

Explore integration of renewable energy sources into software
infrastructure and deployment environments.

Table 11. Recommendations for integrated approaches

should also be pursued to expand on the carbon footprint issue of software sys-

tems.

Further, creating new methods and techniques to create automated measures
for the identification and improvement of sustainable selves at different phases of
the software development cycle may yield new, valuable contributions to this area
of research. Momentum with the sustainability community and compliance with
standard ecological policies are also pointed to as strategically important areas to
boost the direction of sustainable software engineering. It is also important to look
for new business models that can be less harmful to the environment, and at the
same time can be mostly profitable as well, since this may also provide an insight into
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how more businesses of the same industry can cooperate and adapt to sustainable
business models.
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