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This thesis presents a structured literature review of evaluation methods and frameworks in 

Sustainable Software Engineering (SSE). Following the PRISMA methodology and 

guidelines established by Kitchenham and Charters (2007), the review synthesises peer-

reviewed literature published primarily between 2011 and 2025 across four major academic 

databases: IEEE Xplore, ACM Digital Library, Scopus, and Google Scholar. Three research 

questions are addressed: how sustainability is conceptualised across the SSE literature, what 

evaluation methods and frameworks exist for assessing SSE practices, and what limitations 

and gaps characterise current approaches. 

The review finds that sustainability in SSE has evolved from a predominantly environmental 

and product-focused framing towards multi-dimensional frameworks encompassing 

technical, economic, social, individual, and process dimensions. Four categories of 

evaluation method are identified: energy-focused measurement, architectural evaluation 

approaches, integrated multi-dimensional frameworks, and process-level assessment 

methods. The LAGSSE framework (Zada et al., 2025) represents the most comprehensive 

integrated approach, while the stratified and multisystemic model of McGuire et al. (2023) 

offers the most theoretically advanced conceptualisation. 

Six primary gaps are identified in current SSE evaluation: lack of empirical validation 

through real-world deployment studies; fragmentation of evaluation across dimensions; 

insufficient tool support at the application development level; terminological inconsistency; 

limited evaluation of process-level sustainability; and the absence of longitudinal studies. 

The thesis concludes that while the conceptual foundations of SSE evaluation are well 

established, the practical infrastructure for validated, integrated, and tool-supported 

assessment remains underdeveloped relative to the ambition of the field. 
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1  Introduction 

This chapter introduces the context, motivation, and structure of the thesis. It first situates 

Sustainable Software Engineering (SSE) within the broader societal transition toward 

sustainability, where digitalisation, cloud services, data-intensive systems, artificial 

intelligence, and connected devices increasingly shape how organisations pursue 

environmental, social, and economic goals. The chapter then narrows the discussion to 

software engineering and explains why evaluation methods are needed for assessing whether 

software systems and development processes actually contribute to sustainability. It also 

presents the research objective, research questions, scope, delimitations, and overall 

structure of the thesis. 

1.1  Digitalisation, Sustainability, and Motivation 

Sustainability is no longer limited to environmental management or industrial production. 

Across many sectors, organisations use digital transformation, software, cloud computing, 

automation, Internet of Things solutions, data analytics, and artificial intelligence to improve 

resource efficiency, redesign business models, and support sustainable decision-making. 

Examples can be found in sustainable supply-chain integration, warehouse management, 

smart waste management, water monitoring, electric-vehicle maintenance, and digital 

university-industry collaboration (Oubrahim et al., 2023; Minashkina and Happonen, 2023; 

Sosunova et al., 2024; Kovaleva et al., 2026; Happonen et al., 2020, 2022, 2024, 2025). This 

wider context is important because sustainable software engineering is not an isolated 

technical niche: it is one part of a larger societal effort to make digitalisation support long-

term sustainability rather than merely increase computational demand. 

At the same time, the transition of traditional industries into digital business models means 

that software is increasingly embedded in products, services, infrastructure, and knowledge-

intensive value creation. When physical assets are complemented by digital platforms and 

software-enabled services, the sustainability effects of software engineering become directly 

connected to organisational sustainability goals. Software can help protect scarce resources, 

support environmental monitoring, optimise logistics, and enable more circular forms of 

value creation, but these benefits depend on whether software is designed, evaluated, and 

maintained with sustainability in mind (Kortelainen et al., 2019; Santti et al., 2020; Du et al., 

2024). 
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Sustainable Software Engineering (SSE) has emerged as an interdisciplinary field aimed at 

creating software systems that are not only functional and reliable but also energy-conscious, 

socially responsible, and economically viable over their entire lifetime. McGuire et al. (2023) 

define SSE as creating software in a way that meets present needs without undermining the 

collective capacity to meet future needs. This definition, rooted in the broader concept of 

sustainable development, positions sustainability not as a single property but as a multi-

dimensional characteristic of software systems. 

Despite growing academic interest, the field of SSE remains fragmented. Penzenstadler and 

Femmer (2013) identify five key dimensions of sustainability relevant to software 

engineering: environmental, individual, social, economic, and technical. These dimensions 

can be understood in relation to broader sustainability debates, including the three-pillar 

model of environmental, social, and economic sustainability, later discussions of cultural or 

security-related pillars, and the United Nations Sustainable Development Goals. Such 

frameworks are useful analytical classifications because they help researchers and 

practitioners check whether important sustainability concerns are being overlooked; 

however, they are not laws of nature. Their value lies in guiding systematic reflection and 

evaluation. 

A particularly underexplored area concerns the evaluation of sustainable software 

engineering practices — that is, the methods, metrics, and frameworks used to measure and 

assess whether software systems and their development processes achieve sustainability 

goals. Energy efficiency at the application level, for instance, has only recently received 

sustained research attention, with Pinto and Castor (2017) identifying a significant lack of 

both knowledge and tooling to support developers in writing, maintaining, and evolving 

energy-efficient software. This challenge is compounded when sustainability is treated 

holistically across technical, environmental, social, economic, and process dimensions 

simultaneously. 

1.2  Research Objective and Research Questions 

The objective of this thesis is to conduct a structured literature review of evaluation methods 

and frameworks used in Sustainable Software Engineering, with particular emphasis on how 

architectural and technical sustainability is defined, measured, and assessed. The review 

aims to synthesise existing knowledge, compare methodological approaches, and identify 

gaps in current evaluation practices. 
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This thesis addresses the following research questions: 

RQ1: How is sustainability defined and conceptualised across the SSE literature, and which 

dimensions receive the most empirical attention? 

RQ2: What evaluation methods and frameworks exist for assessing sustainable software 

engineering practices, particularly at the architectural and technical level? 

RQ3: What are the key limitations and gaps in current SSE evaluation approaches, and what 

directions does the literature suggest for future research? 

1.3  Scope and Delimitations 

This thesis focuses on peer-reviewed literature published primarily between 2011 and 2025, 

covering the period following the emergence of SSE as a recognised sub-discipline. The 

review draws on sources from major software engineering venues including IEEE Xplore, 

ACM Digital Library, and Scopus. The scope encompasses evaluation methods across all 

five sustainability dimensions identified by Penzenstadler and Femmer (2013), though 

particular attention is paid to technical and architectural sustainability, as these dimensions 

most directly concern software design decisions. 

The review does not cover hardware-level energy optimisation, broader ICT policy analysis, 

or empirical case studies that do not involve explicit evaluation of software sustainability. 

User studies and social impact assessments are included only where they directly relate to 

SSE evaluation frameworks. 

1.4  Structure of the Thesis 

The remainder of this thesis is organised as follows. Chapter 2 presents the research 

methodology, describing the systematic literature review process, search strategy, and 

inclusion and exclusion criteria. Chapter 3 provides background on the key concepts and 

theoretical foundations of SSE, including its definitional evolution and dimensional 

frameworks. Chapter 4 presents the findings of the literature review, analysing existing 

evaluation methods and frameworks across the SSE dimensions. Chapter 5 discusses the 

findings in relation to the research questions, identifies gaps, and outlines directions for 

future research. Chapter 6 concludes the thesis with a summary of contributions. 

2  Research Methodology 
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This chapter describes the research approach adopted in this thesis. The study is conducted 

as a structured literature review, following established guidelines for systematic evidence 

synthesis in software engineering research. The methodology covers the review protocol, 

search strategy, database selection, screening process, and data extraction procedures. 

2.1  Research Approach 

This thesis employs a Structured Literature Review (SLR) methodology, drawing on the 

PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) 

framework as a procedural guide. The SLR approach is appropriate for this study because 

the primary objective is to synthesise and critically analyse existing knowledge on evaluation 

methods in Sustainable Software Engineering, rather than to conduct primary empirical 

research. The protocol follows the guidelines established by Kitchenham and Charters 

(2007), which remain the standard reference for SLR methodology in software engineering 

research. 

A structured literature review differs from an informal or narrative review in that it follows 

a pre-defined, replicable protocol for identifying, selecting, and analysing relevant sources. 

This systematic approach reduces selection bias and increases the transparency and 

reproducibility of the review process. The choice of SLR methodology is consistent with 

established practice in software engineering research, where systematic reviews are 

recognised as a primary method for summarising evidence (dos Santos et al., 2024). 

The review is guided by the three research questions defined in Chapter 1: the 

conceptualisation of sustainability in SSE (RQ1), the evaluation methods and frameworks 

available (RQ2), and the gaps and future directions in current approaches (RQ3). These 

questions shape each stage of the review process, from database selection to data extraction 

and synthesis. 

2.2  Search Strategy and Databases 

The literature search was conducted across four major academic databases selected for their 

comprehensive coverage of peer-reviewed software engineering and computer science 

research: 

● IEEE Xplore — primary venue for software engineering and computing conferences 

and journals 
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● ACM Digital Library — comprehensive coverage of computing research including 

software engineering 

● Scopus — multidisciplinary index covering a wide range of peer-reviewed sources 

● Google Scholar — used for supplementary snowball searching and to identify grey 

literature and preprints 

The search was performed using combinations of keywords organised into three conceptual 

groups, as shown in Table 1. Boolean operators were used to combine terms across groups, 

with OR applied within groups and AND applied between groups. 

 

Table 1. Search keyword groups used in the literature review. 

Concept Group Primary Terms Alternative / Related Terms 

Sustainable Software 

Engineering 
"sustainable software engineering", 

"SSE", "green software engineering" 
"software sustainability", "eco-friendly 

software", "green IT software" 

Evaluation / 

Assessment 
"evaluation", "assessment", 

"measurement", "metrics" 
"framework", "method", "indicator", 

"benchmark" 

Sustainability 

Dimensions 
"energy efficiency", "technical 

sustainability", "architectural 

sustainability" 

"maintainability", "technical debt", 

"carbon footprint", "environmental 

impact" 

 

The primary search string applied across databases was structured as follows: 

("sustainable software engineering" OR "green software engineering" OR "software 

sustainability") AND ("evaluation" OR "assessment" OR "metrics" OR "framework") AND 

("energy efficiency" OR "architectural sustainability" OR "technical debt" OR 

"maintainability") 

To capture recent developments in the field, the search was initially filtered to publications 

from 2010 onwards, with additional attention to publications from 2024 onward because the 

rapid adoption of generative AI and AI-enabled development tools has changed both the 

potential benefits and the sustainability risks of software engineering. Recent studies on 

energy concerns in software engineering, sustainable software analysis frameworks, 

architectural flexibility for energy-efficient development, and Green DevOps were therefore 

considered important for updating the evidence base. Earlier foundational works identified 

through citation snowballing — such as Naumann et al. (2011) and Penzenstadler and 
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Femmer (2013) — were included regardless of publication date when they remained 

theoretically central. 

2.3  Inclusion and Exclusion Criteria 

To ensure that only relevant, high-quality sources were included in the review, a set of 

explicit inclusion and exclusion criteria was applied during the screening process. These 

criteria are summarised in Table 2. 

 

Table 2. Inclusion and exclusion criteria for the literature review. 

Inclusion Criteria Exclusion Criteria 

Peer-reviewed journal articles, conference papers, or 

book chapters 
Non-peer-reviewed sources, opinion pieces, blog posts 

Published in English Publications in languages other than English 

Directly addresses evaluation, assessment, or 

measurement of sustainability in software engineering 
Hardware-only energy optimisation without software-

level discussion 

Covers at least one of the five SSE dimensions Studies focused exclusively on hardware infrastructure 

or network-level sustainability 

Proposes, applies, or evaluates a framework, method, 

or set of metrics 
Purely theoretical or philosophical discussions without 

methodological contribution 

Published from 2010 onwards (or pre-2010 

foundational works via snowballing) 
Duplicate publications or earlier versions superseded 

by a later version 

 

2.4  Screening Process 

The screening process followed three stages, consistent with the PRISMA framework: 

Stage 1 — Title and keyword screening: All records returned by the database searches were 

screened by title and keywords. Records were excluded at this stage if they were clearly 

outside the scope of SSE or did not address any form of sustainability evaluation. 

Stage 2 — Abstract screening: Remaining records were screened at the abstract level against 

the inclusion and exclusion criteria. Records were retained if the abstract indicated that the 

study addressed evaluation, assessment, or measurement of sustainability in a software 

engineering context. 

Stage 3 — Full-text review: Full texts of all records passing abstract screening were retrieved 

and reviewed in detail. Final inclusion decisions were made based on the relevance of the 
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study’s contribution to the research questions, the methodological rigour of the work, and 

the quality of the source publication. 

Forward and backward citation snowballing was applied to the final included set to identify 

additional relevant sources not captured by the database searches, following the procedure 

described by Wohlin et al. (2012). This process involved examining the reference lists of 

included papers and searching for works that cite them. 

2.5  Data Extraction and Synthesis 

For each included source, data was extracted according to a structured template covering the 

following fields: 

• Bibliographic information (authors, year, title, venue) 

• SSE dimensions addressed (environmental, technical, economic, social, individual) 

• Type of evaluation method or framework proposed or studied 

• Evaluation approach (scenario-based, metric-based, hybrid, qualitative, empirical) 

• Key findings and contributions 

• Limitations identified by the authors 

• Relationship to other included works 

The extracted data was synthesised thematically, with findings organised around the three 

research questions. For RQ1, sources were analysed for their definitions and 

conceptualisations of sustainability and SSE. For RQ2, evaluation methods and frameworks 

were categorised and compared across dimensions, approaches, and levels of empirical 

validation. For RQ3, reported limitations and suggested future directions were aggregated to 

identify recurring themes and research gaps. 

2.6  Limitations of the Methodology 

Several limitations of the adopted methodology should be acknowledged. First, although the 

search strategy was designed to be comprehensive, it is possible that relevant works were 

missed due to variations in terminology across the SSE literature. The field lacks a 

universally agreed vocabulary, and terms such as “green software”, “eco-friendly software”, 

and “sustainable computing” may index distinct bodies of work in different databases. 
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Second, the review was conducted by a single researcher, which introduces the possibility 

of selection bias in screening and extraction decisions. In an ideal setting, a second 

independent screener would be employed, and inter-rater agreement would be measured. 

This limitation is common in student thesis research and is mitigated to some extent by the 

use of explicit, pre-defined criteria. 

Third, the scope of the review is limited to English-language publications. Relevant work 

published in other languages, including Finnish, German, and Chinese, may not be captured. 

Given the international nature of the software engineering research community, this 

limitation is considered minor but should be noted. 

3  Background and Related Literature 

This chapter establishes the conceptual foundations necessary for the literature review. It 

traces the evolution of sustainability as a concept in software engineering, presents the key 

dimensional frameworks that structure the field, and introduces the major theoretical 

contributions that inform current SSE research and practice. 

3.1  The Concept of Sustainability in Software Engineering 

The concept of sustainability originates in the broader discourse on sustainable development, 

most influentially defined by the United Nations Brundtland Commission in 1987 as 

development that meets the needs of the present without compromising the ability of future 

generations to meet their own needs. This principle has since been operationalised across a 

wide range of domains, including engineering, economics, and environmental science. 

In the context of software engineering, sustainability has been defined by McGuire et al. 

(2023) as creating software in a way that meets present needs without undermining the 

collective capacity to meet future needs. This definition deliberately mirrors the Brundtland 

framing, positioning SSE as a discipline concerned not only with the immediate performance 

and functionality of software systems but also with their long-term consequences for 

technical infrastructure, human wellbeing, and the natural environment. 

The application of sustainability principles to software engineering has developed gradually 

since the early 2000s, accelerating significantly from around 2010 onwards as concerns 

about the energy consumption of data centres, the environmental impact of digital 

infrastructure, and the social implications of software-intensive systems gained prominence. 
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The field has since grown into a recognised sub-discipline, with dedicated workshops, 

special issues, and research programmes at major software engineering venues including the 

International Conference on Software Engineering (ICSE) and the Foundations of Software 

Engineering (FSE) symposium. 

Despite this growth, McGuire et al. (2023) observe that the SSE literature remains 

surprisingly non-empirical. In their scoping review of 961 potentially relevant articles, they 

found that 109 were non-empirical, the most common empirical method was systematic 

review itself, and no randomised controlled experiments were found. Most papers focus on 

ecological sustainability and the sustainability of software products rather than processes. 

This observation underscores the need for a clearer understanding of how sustainability is 

conceptualised and evaluated across the literature. 

3.2  Dimensions of Sustainable Software Engineering 

A foundational contribution to SSE conceptualisation is the five-dimensional framework 

proposed by Penzenstadler and Femmer (2013), which decomposes sustainability into five 

distinct but interrelated dimensions applicable to software systems and their development 

processes. This framework has been widely adopted and extended in subsequent SSE 

research and serves as an organising structure for this review. Lago et al. (2015) further argue 

that sustainability should be treated as a first-class software quality property, comparable in 

status to reliability and performance, reinforcing the central role of the dimensional 

framework in evaluating SSE. 

The five dimensions are defined as follows: 

Environmental sustainability refers to the minimisation of the ecological footprint of 

software development and operation. This encompasses energy-efficient coding practices, 

reduced computational resource usage, eco-conscious deployment strategies, carbon manage 

emissions associated with software systems throughout their lifecycle. 

Technical sustainability addresses the robustness, modifiability, and longevity of software 

systems. Its central objective is to enable the long-term use of systems and their adequate 

evolution in response to changing requirements and surrounding conditions. 

Economic sustainability integrates business value with resource efficiency, aiming to ensure 

that the stakeholders’ long-term investments in software systems are protected from 

economic risk. Economic sustainability intersects with technical sustainability through 
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concepts such as technical debt, where short-term development decisions accumulate as 

long-term financial and maintenance costs. 

Social sustainability ensures that software systems are developed and operated in ways that 

are ethical, inclusive, and beneficial to society. It encompasses stakeholder satisfaction, team 

wellbeing, accessibility, digital equity, and the social consequences of software deployment. 

Individual sustainability refers to the maintenance of human capital among those involved 

in software development and use. It concerns the health, education, skills, and job 

satisfaction of software developers and end users. 

These five dimensions are not mutually exclusive. Penzenstadler and Femmer (2013) 

explicitly note that improvements in one dimension frequently produce benefits or trade-offs 

in others. Zada et al. (2025) similarly observe that sustainability dimensions are mutually 

reinforcing in their LAGSSE framework, which maps six dimensions — technical, 

environmental, economic, social, process, and infrastructure — onto Lean, Agile, and Green 

software development practices. 

Different sustainability frameworks classify the field in different ways. The classical three-

pillar model of environmental, social, and economic sustainability (Purvis et al., 2019; 

Sabatini, 2019) has been extended in various directions: some scholars add cultural 

dimensions (Bervar and Bertoncelj, 2016), while others incorporate governance, security, or 

process concerns (Tremblay et al., 2020). In SSE, the five-dimensional model is especially 

useful because it connects these general sustainability concerns to concrete software 

engineering decisions. It is important to emphasise that these dimensions are human-

invented analytical frameworks, not laws of nature. They represent one way of structuring a 

complex field, and their value lies in guiding systematic reflection and evaluation rather than 

prescribing a definitive or universal classification of sustainability concerns. 

Table 3. The five dimensions of sustainable software engineering (Penzenstadler and 

Femmer, 2013). 

Dimension Core Question Key Concerns in SSE 

Environmental How does software affect the 

natural environment? 
Energy efficiency, carbon emissions, eco-design, 

green deployment 

Technical How can software adapt 

adequately to future change? 
Maintainability, evolvability, technical debt, 

architectural quality 
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Economic How can long-term investments 

be protected from risk? 
Cost efficiency, resource optimisation, value 

delivery over time 

Social Which effects does software 

have on society? 
Accessibility, digital equity, stakeholder 

engagement, social impact 

Individual How can developers remain 

satisfied over a long period? 
Developer wellbeing, skill development, job 

satisfaction 

 

3.3  Key Theoretical Frameworks in SSE 

Several theoretical frameworks have shaped the development of SSE as a field. This section 

introduces the most influential contributions relevant to the evaluation focus of this review. 

The GREENSOFT Model, proposed by Naumann et al. (2011), was among the first 

systematic frameworks for green and sustainable software engineering. GREENSOFT 

addresses sustainability across the software lifecycle, emphasising green requirements, 

energy-aware coding practices, and efficient deployment. While influential in establishing 

SSE as a distinct research area, subsequent work has noted that GREENSOFT does not 

provide guidance on integrating with agile or lean software development practices, limiting 

its practical applicability in contemporary industrial contexts (Zada et al., 2025). 

Calero and Piattini (2015) provide a comprehensive treatment of green software engineering, 

situating energy efficiency within the broader landscape of sustainable software practice and 

establishing foundational terminology that subsequent frameworks have built upon. 

The Karlskrona Manifesto, published by Becker et al. (2015) at the International Conference 

on Software Engineering, established a set of foundational principles for sustainability 

design in software engineering. The manifesto explicitly addressed all five sustainability 

dimensions and called on the software engineering community to treat sustainability as a 

first-class design concern rather than an afterthought. 

The SE4S (Software Engineering for Sustainability) ecosystem, developed by Venters et al. 

(2018), provided a lifecycle-wide perspective on software sustainability viewed from a 

software architecture standpoint. SE4S maps sustainability concerns onto established 

software architecture concepts, demonstrating how architectural decisions at design time 

propagate into long-term sustainability outcomes. 

The LAGSSE Framework, introduced by Zada et al. (2025), represents a more recent and 

integrative approach. LAGSSE unifies Lean, Agile, and Green principles into a single 
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lifecycle-oriented methodology, operationalising sustainability across six dimensions 

through a layered architecture grounded in the OntoSuSD ontology. Expert ratings exceeded 

4.5 out of 5.0 across all evaluation criteria, with sustainability integration receiving the 

highest rating (4.71). 

3.4  Energy Efficiency as an Evaluation Dimension 

Among the five SSE dimensions, energy efficiency has received the most sustained 

empirical research attention at the software level, making it an important reference point for 

understanding how SSE evaluation has developed in practice. 

Pinto and Castor (2017) provide a comprehensive review of software engineering 

approaches to energy efficiency, identifying two primary barriers to progress: a lack of 

knowledge among developers about how to measure, profile, and optimise energy 

consumption, and a lack of tools that operate at the abstractions familiar to application 

software developers. Their survey of 62 mobile open-source software developers found that 

70% considered energy consumption a potential issue in their applications, yet only eight 

had used any form of software energy consumption tool. 

Hindle (2012) introduces the concept of green mining, applying repository mining 

techniques to correlate software commits with measured power consumption changes, 

providing an empirical basis for understanding how software evolution affects energy 

consumption over time. 

From an SSE evaluation perspective, the energy dimension illustrates a broader challenge: 

the gap between high-level sustainability goals and the concrete, measurable indicators 

needed to assess whether those goals are being achieved. This gap is central to the research 

questions addressed in this thesis. 

3.5  The Stratified and Multisystemic Nature of SSE 

A significant theoretical contribution of recent SSE research is the recognition that 

sustainability in software engineering is not a single, uniform property but one that operates 

differently at different levels of abstraction and emerges from interactions among multiple 

systems. 

McGuire et al. (2023) propose that sustainability is stratified — meaning it has different 

meanings at different levels of abstraction — and multisystemic — meaning it emerges from 
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interactions among multiple social, technical, and sociotechnical systems. Based on a meta-

synthesis of 36 qualitative studies, they argue that existing SSE models require substantial 

theoretical refinement. 

Together, the theoretical contributions reviewed in this chapter establish that SSE is a multi-

dimensional, multi-level field in which evaluation is both methodologically challenging and 

practically urgent. The following chapter presents the findings of the structured literature 

review, examining how existing evaluation methods and frameworks address these 

challenges across the five sustainability dimensions. 

4  Findings 

This chapter presents the findings of the structured literature review, organised around the 

three research questions defined in Chapter 1. Section 4.1 addresses RQ1 by examining how 

sustainability is defined and conceptualised across the reviewed literature. Section 4.2 

addresses RQ2 by cataloguing and comparing the evaluation methods and frameworks 

identified. Section 4.3 addresses RQ3 by synthesising the limitations and research gaps 

reported across the reviewed sources. 

4.1  How Sustainability is Defined and Conceptualised in SSE (RQ1) 

The reviewed literature reveals a field in which the definition of sustainability has evolved 

from a primarily environmental concern towards a broader, multi-dimensional conception 

that encompasses technical, economic, social, and individual dimensions alongside 

ecological considerations. 

The earliest systematic treatment of sustainability in software engineering focused 

predominantly on energy consumption and the environmental footprint of software systems. 

The GREENSOFT model established by Naumann et al. (2011) framed sustainability 

primarily in terms of green requirements, energy-aware coding, and efficient deployment, 

reflecting the predominant concern of the period with data centre energy consumption and 

the environmental consequences of large-scale computing infrastructure. 

A broader conceptualisation emerged through the work of Penzenstadler and Femmer (2013), 

who proposed a five-dimensional framework decomposing sustainability into environmental, 

individual, social, economic, and technical dimensions. The explicit inclusion of individual 
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and social dimensions also positioned SSE as a discipline with responsibilities towards 

developers and society, not only towards the natural environment. 

The stratified and multisystemic model proposed by McGuire et al. (2023) represents the 

most theoretically sophisticated conceptualisation identified in the review. Based on a meta-

synthesis of 36 qualitative studies drawn from 961 screened articles, McGuire et al. argue 

that sustainability is stratified and multisystemic, challenging the pillar-based 

conceptualisations that dominate the existing literature. 

Zada et al. (2025) take a more integrative and operationally oriented approach in their 

LAGSSE framework, which defines sustainability through six interconnected dimensions — 

technical, environmental, economic, social, process, and infrastructure — and maps these 

explicitly onto Lean, Agile, and Green software development practices. 

A recurring theme across the reviewed literature is the tension between comprehensive, 

multi-dimensional definitions of sustainability and the practical need for definitions that are 

specific enough to guide measurement and evaluation. 

 

Table 4. Summary of sustainability conceptualisations across key reviewed sources. 

Source Year Dimensions Addressed Conceptual Approach 

Naumann et al. 2011 Environmental (primary), 

Technical 
Reference model for green software; 

lifecycle-oriented 

Penzenstadler 

& Femmer 
2013 Environmental, Individual, 

Social, Economic, Technical 
Generic reference model; five-

dimensional decomposition 

Becker et al. 

(Karlskrona) 
2015 All five dimensions; systemic 

view 
Manifesto of principles; sustainability as 

design concern 

Venters et al. 2018 Technical, Environmental, 

Economic 
Software architecture viewpoint; 

lifecycle mapping 

McGuire et al. 2023 All five dimensions; 

multisystemic 
Stratified and multisystemic theory; 

scoping review 

Zada et al. 

(LAGSSE) 
2025 Technical, Environmental, 

Economic, Social, Process, 

Infrastructure 

Integrated framework; Lean-Agile-Green 

operationalisation 

 

4.2  Evaluation Methods and Frameworks in SSE (RQ2) 

The reviewed literature identifies a diverse range of evaluation methods and frameworks 

addressing sustainability in software engineering. These can be organised into four broad 
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categories: energy-focused measurement methods, architectural evaluation approaches, 

integrated multi-dimensional frameworks, and process-level assessment methods. 

4.2.1  Energy-Focused Measurement Methods 

Energy consumption measurement at the software level represents the most empirically 

developed area of SSE evaluation. Pinto and Castor (2017) provide a systematic review of 

software engineering approaches to energy efficiency, categorising measurement methods 

into hardware-based tools, software-based profiling approaches, and static analysis 

techniques. 

Procaccianti et al. (2015) empirically validate two best practices for energy-efficient 

software development, demonstrating measurable consumption reductions through 

structured coding guidelines. Their work provides concrete evidence that specific 

development decisions — such as avoiding polling patterns and using event-driven 

architectures — yield quantifiable energy savings. 

Hardware-based measurement tools, such as the Running Average Power Limit (RAPL) 

module available on Intel processors, enable direct measurement of power dissipation across 

system components. Software-based approaches offer greater accessibility but introduce 

measurement overhead and reduced precision. 

Horne (2025) extends energy evaluation to the domain of security software, demonstrating 

through empirical measurement of antivirus software that security-related background 

processes impose measurable and persistent energy costs on host systems. 

Despite methodological progress, Pinto and Castor (2017) identify persistent limitations in 

energy-focused SSE evaluation. Tool support remains fragmented, with no integrated 

development environment (IDE) providing comprehensive energy profiling at the level of 

abstraction familiar to application developers. 

4.2.2  Architectural Evaluation Approaches 

Technical sustainability — particularly the maintainability and evolvability of software 

architecture — has been addressed through a range of evaluation approaches derived from 

the software architecture community and adapted for the SSE context. 

Scenario-based architectural evaluation methods, most prominently the Architecture 

Tradeoff Analysis Method (ATAM) and the Architecture-Level Modifiability Analysis 

(ALMA), provide structured frameworks for assessing architectural quality attributes 
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including modifiability, scalability, and evolvability. While these methods were not 

developed specifically for sustainability assessment, they address dimensions directly 

relevant to technical sustainability. 

The SE4S framework developed by Venters et al. (2018) represents the most direct 

application of architectural thinking to SSE evaluation. SE4S maps sustainability concerns 

onto established software architecture concepts, demonstrating how design-time 

architectural decisions propagate into long-term sustainability outcomes across 

environmental, technical, and economic dimensions. 

Technical debt, defined as the accumulated cost of short-term software development 

decisions that reduce long-term maintainability, provides a further evaluation lens for 

technical sustainability. Ampatzoglou et al. (2015) demonstrate that technical debt carries 

measurable financial consequences, with accumulated architectural decisions directly 

translating into increased maintenance costs. Research on technical debt measurement has 

produced a range of metric-based approaches for quantifying architectural quality 

degradation over time, including coupling metrics, code smell density measures, and 

dependency structure analysis. 

Zada et al. (2025) incorporate technical sustainability evaluation within the LAGSSE 

framework through the D2 dimension, which maps technical sustainability concerns to Agile 

practices such as continuous integration, automated testing, and refactoring. The 

framework’s simulation-based validation projected a reduction in defect density from 4.5 to 

3.0 bugs per thousand lines of code under LAGSSE practices compared to a baseline Agile 

model. 

4.2.3  Integrated Multi-Dimensional Frameworks 

A third category of SSE evaluation approaches seeks to address multiple sustainability 

dimensions simultaneously through integrated frameworks that provide coherent evaluation 

strategies across the full scope of SSE concerns. 

The GREENSOFT model (Naumann et al., 2011) was among the first frameworks to provide 

lifecycle-wide sustainability evaluation guidance, though its coverage is weighted towards 

environmental and technical dimensions. 

Condori-Fernandez and Lago (2018) establish an explicit link between software quality 

requirements and sustainability outcomes, arguing that quality attributes such as 



21 

maintainability and reliability are preconditions for long-term sustainability. Their 

characterisation of quality requirements as sustainability enablers provides a bridge between 

established software quality evaluation methods and SSE assessment. 

The LAGSSE framework (Zada et al., 2025) is the most comprehensive integrated 

framework identified in the review. Its Sustainability Performance Score (SPS) equation 

provides a composite quantitative indicator: 

SPS = (Wt · T + We · E + Ws · S + Wc · C + Wq · Q) / (Wt + We + Ws + Wc + Wq) 

Under the default expert-derived weights, the SPS for a LAGSSE-compliant project was 

calculated as 83.7%, compared to 61.2% for a baseline Agile model. While these figures are 

based on simulation rather than real-world deployment, the SPS equation provides a 

replicable and adaptable composite evaluation instrument. 

The Penzenstadler and Femmer (2013) generic sustainability model, while not an evaluation 

framework per se, provides a structured reference model that enables systematic derivation 

of measurable indicators for each sustainability dimension. 

 

Table 5. Comparison of integrated SSE evaluation frameworks. 

Framework Year Dimensions Empirically 

Validated 
Agile 

Compatible 
Composite 

Score 

GREENSOFT 2011 Environmental, Technical No Limited No 

SE4S 2018 Technical, Environmental, 

Economic 
Partial Partial No 

Penzenstadler & 

Femmer Model 
2013 All five Case studies Yes No 

LAGSSE 2025 Six (incl. Process, 

Infrastructure) 
Yes (Delphi + 

Simulation) 
Full Yes (SPS) 

 

4.2.4  Process-Level Assessment Methods 

A fourth category of evaluation approaches focuses on the sustainability of software 

development processes rather than software products. 

Silveira et al. (2023) demonstrate a process-level approach through their integration of SSE 

principles with the Design Science Research (DSR) methodology, using the SDG 

Assessment Tool to evaluate the sustainability impact of design decisions at the requirements 
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engineering phase. Their application to a mobile health application for obesity monitoring 

identifies positive and indirect impacts across multiple UN SDGs. 

Within the LAGSSE framework, process sustainability (D1) is addressed through the 

mapping of Lean waste-elimination principles and Agile iterative delivery practices onto 

sustainability objectives. The framework’s lifecycle representation provides a process-level 

evaluation structure that links sustainability assessment to each phase of the software 

development lifecycle. 

4.3  Limitations and Gaps in Current SSE Evaluation (RQ3) 

The reviewed literature consistently identifies a set of recurring limitations and research gaps 

in current SSE evaluation approaches. This section synthesises these findings, organising 

them into four primary themes. 

The recent AI boom intensifies several of these gaps. AI-enabled coding assistants, data-

intensive software services, and machine-learning-based features may improve developer 

productivity and enable new sustainability applications, but they also increase computational 

demand and make energy, carbon, maintainability, and governance concerns more difficult 

to evaluate. Recent work on energy concerns in software engineering, green and sustainable 

AI, and Green DevOps therefore reinforces the need for evaluation methods that are current 

enough to address AI-native software development practices (Verdecchia et al., 2024; 

Raman et al., 2024; Ailane et al., 2025). 

Lack of empirical validation is the most frequently cited limitation across the reviewed 

frameworks. McGuire et al. (2023) observe that the SSE literature is dominated by non-

empirical work. Most evaluation frameworks, including the influential GREENSOFT model 

and SE4S ecosystem, remain largely conceptual, with limited empirical evidence of their 

effectiveness in real-world software development contexts. 

Fragmentation of evaluation dimensions represents a second significant gap. Despite the 

multi-dimensional conceptualisations of sustainability reviewed in Section 4.1, most 

evaluation methods in practice address only one or two dimensions, typically environmental 

and technical. The SPS equation of LAGSSE is a notable exception. 

Lack of tool support for software-level evaluation is a third persistent gap, particularly in the 

area of energy efficiency. Pinto and Castor (2017) document that software developers lack 
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appropriate measurement and profiling tools that operate at familiar programming 

abstractions. 

Terminological inconsistency and definitional ambiguity constitute a fourth challenge for 

SSE evaluation. As McGuire et al. (2023) demonstrate, the SSE field lacks a universally 

agreed vocabulary, with terms such as green software, eco-friendly software, sustainable 

computing, and software sustainability used inconsistently across sources. 

 

Table 6. Key gaps in SSE evaluation identified in the reviewed literature. 

Gap Dimensions Most 

Affected 
Key Sources 

Lack of empirical validation of 

evaluation frameworks 
All dimensions McGuire et al. (2023); Zada et al. (2025) 

Fragmentation across dimensions; 

composite evaluation rare 
Social, Individual, 

Process 
Penzenstadler & Femmer (2013); McGuire et al. 

(2023) 

Insufficient tool support for 

software-level evaluation 
Environmental 

(energy), Technical 
Pinto & Castor (2017); Horne (2025) 

Terminological inconsistency 

across the SSE literature 
All dimensions McGuire et al. (2023) 

Limited evaluation of process-

level sustainability 
Process, Individual Silveira et al. (2023); Zada et al. (2025) 

Absence of longitudinal, real-

world deployment studies 
All dimensions Zada et al. (2025); McGuire et al. (2023) 

 

5  Discussion 

This chapter interprets the findings presented in Chapter 4 in relation to the three research 

questions, situates them within the broader SSE literature, and derives practical and 

theoretical implications. 

5.1  The Evolving Conceptualisation of Sustainability in SSE 

The findings reveal a field in which the conceptualisation of sustainability has matured 

considerably over the period covered by this review, moving from a predominantly 

environmental and product-focused framing towards a multi-dimensional, process-aware, 

and theoretically sophisticated understanding. The transition from environmental-centric to 

multi-dimensional conceptualisations, traced from the GREENSOFT model through the 
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Penzenstadler and Femmer framework to the stratified model of McGuire et al. (2023), 

represents genuine theoretical progress. 

The stratified and multisystemic model of McGuire et al. (2023) makes a particularly 

important contribution by challenging the additive, view of sustainability that dominates 

existing frameworks. If sustainability genuinely operates differently at different levels of 

abstraction and emerges from complex system interactions, then evaluation frameworks built 

on the assumption that each sustainability dimension can be assessed independently may 

systematically misrepresent the actual sustainability profile of a software system. 

The LAGSSE framework of Zada et al. (2025) partially addresses this concern through its 

integrated architecture and composite Sustainability Performance Score. However, the SPS 

equation assumes that sustainability dimensions contribute independently to the composite 

score, which may not reflect the interdependencies identified by McGuire et al. (2023). 

Future evaluation frameworks would benefit from explicitly modelling dimension 

interactions rather than treating dimensional scores as additive. 

5.2  Adequacy of Current Evaluation Methods and Frameworks 

The evaluation methods and frameworks reviewed in Chapter 4 represent a substantial body 

of work, but several significant adequacy concerns emerge from a critical assessment of their 

coverage, validation, and practical applicability. 

In terms of coverage, energy-focused measurement methods are the most developed 

category of SSE evaluation. Architectural evaluation methods such as ATAM provide 

structured frameworks for assessing technical sustainability concerns, but were not designed 

with sustainability as a primary objective. Integrated multi-dimensional frameworks, most 

notably LAGSSE, offer the broadest coverage but remain in early stages of empirical 

validation. 

In terms of validation, the most significant concern is the near-universal reliance on 

theoretical modelling, expert opinion, or simulation rather than real-world deployment 

evidence. The LAGSSE Delphi study, which involved 75 international experts, represents a 

meaningful advance in expert validation. However, as Zada et al. (2025) acknowledge, the 

simulation-based performance projections are based on synthetic scenarios rather than actual 

software projects. 
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In terms of practical applicability, a recurring concern across the reviewed frameworks is 

the difficulty of implementing evaluation guidance within contemporary agile and DevOps 

development practices. The process-level evaluation approach demonstrated by Silveira et 

al. (2023) — embedding sustainability assessment within the requirements engineering 

phase using the SDG Assessment Tool — offers a promising model for early-lifecycle 

integration that warrants further development and validation. 

5.3  Research Gaps and Future Directions 

The findings of this review point to several concrete directions for future SSE evaluation 

research, addressing the gaps identified in Section 4.3. 

The most urgent priority is the development and validation of SSE evaluation methods 

through real-world longitudinal studies. As McGuire et al. (2023) observe, the absence of 

empirical evaluations of specific sustainability interventions leaves the SSE field unable to 

make evidence-based claims about which evaluation approaches are effective. 

A second priority is the development of composite evaluation instruments that explicitly 

model dimensional interactions rather than treating sustainability dimensions as independent. 

Approaches from systems thinking, complexity science, and multi-criteria decision analysis 

may offer useful methodological resources for this endeavour. 

Third, the tooling gap identified by Pinto and Castor (2017) requires sustained investment. 

The development of IDE-integrated sustainability evaluation tools that operate at familiar 

programming abstractions would substantially lower the barrier to SSE evaluation in 

everyday development practice. 

Fourth, the SSE community would benefit from the development of a shared evaluation 

vocabulary and taxonomy. The terminological inconsistency documented by McGuire et al. 

(2023) creates barriers to systematic knowledge accumulation and cross-study comparison. 

Finally, the social and individual sustainability dimensions require substantially greater 

evaluation attention. The development of measurable indicators for social and individual 

sustainability would enable more rigorous and comparable evaluation across these 

underserved dimensions. 

5.4  Limitations of this Review 
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Several limitations of this thesis should be acknowledged in interpreting its findings. First, 

as discussed in Chapter 2, the review was conducted by a single researcher without a second 

independent screener, introducing the possibility of selection bias in the inclusion and 

extraction process. 

Second, the review draws on a relatively small corpus of primary sources. While the sources 

reviewed represent a range of methodological approaches and theoretical perspectives, the 

inclusion of additional sources — particularly those cited in Chapters 3 and 4 — would 

strengthen the evidence base for the findings and recommendations presented here. 

Third, the review is limited to English-language publications, potentially excluding relevant 

work from non-English-speaking research communities. 

Fourth, the rapidly evolving nature of the SSE field means that some findings may become 

dated relatively quickly. The inclusion of sources up to 2025 provides reasonable currency, 

but new frameworks, tools, and empirical studies are continuously emerging. 

6  Conclusion 

This thesis has conducted a structured literature review of evaluation methods and 

frameworks in Sustainable Software Engineering, addressing three research questions 

concerning the conceptualisation of sustainability in SSE, the evaluation methods available 

across its dimensions, and the gaps and future directions in current evaluation practice. 

6.1  Summary of Findings 

In response to RQ1, the review finds that sustainability in SSE has been conceptualised along 

a progression from predominantly environmental and product-focused definitions towards 

multi-dimensional, process-aware, and theoretically sophisticated frameworks. The five-

dimensional model of Penzenstadler and Femmer (2013) remains the most widely adopted 

organising framework, extended by Zada et al. (2025) to include process and infrastructure 

sustainability. The stratified and multisystemic model of McGuire et al. (2023) represents 

the most theoretically advanced conceptualisation. 

In response to RQ2, the review identifies four categories of SSE evaluation method: energy-

focused measurement methods, architectural evaluation approaches, integrated multi-

dimensional frameworks, and process-level assessment methods. Energy measurement is the 

most empirically developed category, with established hardware and software-based tools, 
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but significant tooling gaps persist at the application development level (Pinto and Castor, 

2017). Integrated frameworks — most comprehensively represented by LAGSSE (Zada et 

al., 2025) — offer the broadest coverage but remain in early stages of real-world validation. 

In response to RQ3, the review identifies six primary gaps in current SSE evaluation: the 

lack of empirical validation through real-world deployment studies; fragmentation of 

evaluation across dimensions; insufficient tool support at the application development level; 

terminological inconsistency across the literature; limited evaluation of process-level 

sustainability; and the absence of longitudinal studies. 

6.2  Contributions of this Thesis 

This thesis makes three contributions to the SSE evaluation literature. First, it provides a 

structured synthesis of evaluation methods and frameworks across all five SSE sustainability 

dimensions, enabling a comparative assessment of their coverage, validation status, and 

practical applicability. Second, it identifies and articulates the six primary gaps in current 

SSE evaluation in a consolidated form, providing a clear agenda for future research. Third, 

it situates recent developments — particularly the LAGSSE framework and the stratified 

model of McGuire et al. — within the broader trajectory of SSE evaluation research. 

6.3  Recommendations for Practice 

For software development practitioners, the findings of this review suggest several 

actionable recommendations. Teams seeking to improve the environmental sustainability of 

their software should prioritise energy measurement as an early step, using available 

hardware-based tools such as RAPL or software profiling tools appropriate to their platform. 

For technical sustainability, the integration of continuous refactoring practices, automated 

testing, and architectural quality metrics into development workflows provides measurable 

indicators of long-term maintainability. For organisations seeking a comprehensive 

sustainability evaluation approach, the LAGSSE framework and its Sustainability 

Performance Score provide a structured starting point. 

For researchers, the most pressing recommendation is to prioritise real-world deployment 

studies of SSE evaluation methods. Collaborative research with industry partners is needed 

to generate the longitudinal, ecologically valid evidence that the field currently lacks. 

6.4  Concluding Remarks 
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Sustainable Software Engineering has established itself as a legitimate and increasingly 

important sub-discipline of software engineering, driven by growing recognition of the 

environmental, social, and technical consequences of software-intensive systems at scale. 

The wider movement toward digitalisation for sustainability shows that software can support 

resource efficiency, monitoring, circular business models, and social value creation across 

many domains. However, the recent acceleration of AI-enabled software development also 

makes evaluation more urgent, because productivity gains and new digital services may be 

accompanied by higher energy consumption, more complex supply chains, and new forms 

of technical and social risk (Verdecchia et al., 2024; Raman et al., 2024; Ailane et al., 2025). 

This review finds that while the conceptual foundations of SSE evaluation are well 

established, the practical infrastructure of validated methods, integrated tools, agreed 

terminology, and composite assessment instruments remains underdeveloped relative to the 

ambition of the field’s sustainability goals. Addressing the gaps identified in this thesis will 

be essential to realising the transformative potential of Sustainable Software Engineering in 

the years ahead. 
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