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Abstract

Digital technologies are important enablers of sustainable transformation. However,
project-level tools that assess whether digitalization leads to measurable sustainability
outcomes and credible carbon-footprint impacts remain scarce. This study introduces
GreenPath, a project-level maturity model that conceptualizes digital sustainability as
impact readiness. The model was developed using established maturity model design
principles and a design science research approach, with the assessment structure designed
to support subsequent quantitative validation. A literature review indicates that existing
maturity models either emphasize digital capacity or sustainability ambition but fail to
evaluate whether projects can produce decision-relevant footprint results. GreenPath
addresses this gap through five dimensions: degree of digitalization, sustainability
integration, impact orientation, organizational anchoring, and methodological foundation.
Green certificate (GC)-based electricity accounting in life cycle assessment serves as an
illustrative case highlighting frequent gaps between technological advancement and
footprint credibility. Applications in the water, construction, and agricultural sectors
illustrate that GreenPath distinguishes technologically advanced projects from those
prepared to quantify impacts and support mitigation decisions. For Carbon Footprints
research and practice, GreenPath provides a structured way to assess project readiness for
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credible footprint accounting. This includes the use of GC-based electricity claims, thereby supporting transparent
decision-making and evidence-based alignment of digital innovation with sustainability goals.

INTRODUCTION

The transformation into a sustainable economy is a key challenge facing business, science, and politics.
GreenTech projects are relevant drivers of technological, ecological, and economic innovation, particularly in
resource-efficient production, renewable energy supply, and circular value creation" . Simultaneously,
digital technologies are playing an increasingly important role in making processes more efficient,
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data-driven, and networked!

However, digitalization is not inherently sustainable. Digital technologies and infrastructures themselves
generate environmental burdens through energy, water, material use, and e-waste, and efficiency gains can
be partly or fully offset by rebound effects; therefore, a higher degree of digitalization should only be
interpreted as a maturity gain when these burdens are made visible and are actively governed within the
project logic!*®. Higher levels of digitalization do not automatically imply improved environmental
performance. Accordingly, GreenPath does not interpret digital intensity per se as a maturity gain. Where
projects rely on sensors, edge devices, communication networks, cloud platforms, data centres, or AI models,
the direct footprint of this digital layer should also be made visible, including operational electricity demand,
cooling-related water use where relevant, embodied emissions from hardware production and replacement,
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and end-of-life burdens!

In practice, it can be observed that although sustainability and digitalization are addressed equally as strategic
fields of action, they are rarely thought of and implemented in a systematically integrated manner. Several
scientific approaches have been proposed to facilitate this integration, including assessment frameworks,
readiness indices, and structured evaluation tools. Among these, maturity models have emerged as
particularly useful instruments for structuring complex transformation processes and identifying
development paths. Existing maturity models in the context of digital sustainability are either too generic or
limited to technological maturity. A methodological framework for evaluating and further developing digital

13,14]

sustainability in GreenTech projects is not yet available!

In parallel, the quantification and reduction of carbon and resource footprints have become central
objectives in urban systems, infrastructure projects, and industrial value chains. Urban water management,
the built environment, and construction activities are particularly relevant due to their high energy demand,
material intensity, and indirect greenhouse gas (GHG) emissions. Digital technologies such as data
platforms, sensor networks, and Al-based analytics increasingly support life-cycle-based carbon accounting,
resource-efficiency monitoring, and low-carbon decision-making. However, while footprint methodologies
such as life cycle assessment (LCA) are well established, project-level instruments that connect digital
maturity with carbon-relevant impact orientation remain scarce'*"".

For the scope of Carbon Footprints, “footprints” are understood more broadly as GHG and air-pollutant
emissions (e.g., CO,, CH,, N,O0, NO_, SO,, particulate matter), and as decision-relevant signals for
low-carbon transitions across urban, industrial, and ecosystem-related systems. This increases the
importance of transparent system boundaries, documented data quality, and methodological compatibility
with recognized organizational and value-chain GHG accounting practices, product carbon footprint
standards, and air-pollutant inventory guidance'**.
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In addition, electricity-related footprint credibility increasingly depends on how “renewable electricity”
claims are represented in LCA and corporate GHG reporting through green certificates (GCs) such as
guarantees of origin (GOs) and renewable energy certificates (RECs). Recent Carbon Footprints work
highlights persistent methodological challenges, especially double counting, geographic/temporal
mismatches, and residual-mix effects and proposes a multi-stage standardization framework for GC
integration in LCA"".

Against this backdrop, this study aims to provide a practical tool for the structured classification, evaluation,
and further development of digital sustainability in GreenTech projects using the GreenPath maturity model.
The model was designed in line with the procedure for developing maturity models recognized in scientific
practice””’ and is based on a systematic literature analysis as well as methodological elements of
impact-oriented project management*,

GreenPath is intended to support project managers, researchers, and decision-makers in the strategic
evaluation of GreenTech projects. It helps identify development needs and supports evidence-based
decision-making In this way, it contributes to operationalizing digital sustainability and helps bridge the
methodological gap between technological innovation and sustainable impact. In this study, sustainable
impact is not treated as an automatic consequence of digitalization, but as a conditional project capability:
the capability to make intended and unintended environmental effects visible, to govern trade-offs, and to
assess whether digital interventions plausibly contribute to net reductions rather than merely improving
measurement. In this revision, “sustainable impact” is explicitly interpreted as the project capability to
credibly quantify and reduce carbon and pollutant footprints and to communicate mitigation pathways
beyond a single-case narrative. Accordingly, GreenPath should be read as a framework for assessing project
readiness, accounting credibility, and outcome-awareness, rather than as a direct measure of demonstrated
environmental performance. This includes the capability to implement standardized, traceable GC
integration for electricity in LCA/Scope 2 reporting where relevant, and to document assumptions so that
double counting risks are minimized®**!,

Against this background, the following research question is derived:

What gap does GreenPath address in comparison with existing maturity models, and how does it support the
operationalization of digital sustainability at the project level?

A particular focus of this study is the extent to which GreenPath can strengthen standardized
carbon-footprint accounting, especially through GC-consistent electricity modeling in LCA and Scope 2
reporting.

The remainder of this paper is structured as follows: Section “LITERATURE REVIEW” presents the
theoretical framework and the results of the literature analysis. Section “METHODOLOGY” describes the
methodology used. Section “RESULTS: THE GREENPATH MODEL” introduces the GreenPath Model.
Section “DISCUSSION” discusses its potential, limitations, and possible applications. Section
“CONCLUSION” summarizes the key findings and provides an outlook for further research.

This study presents a conceptual maturity model developed using a design science research approach. The
model is not empirically validated at this stage but provides a structured foundation for future quantitative
testing and application.
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LITERATURE REVIEW

Maturity models as a structuring tool

Maturity models serve to structure, evaluate, and develop complex systems. They enable the determination
of an initial state, derivation of a target vision, and identification of suitable development paths'**).
Particularly in dynamic domains, such as digitalization or sustainable transformation, they are suitable for
reducing complex change processes to a common understanding of concepts and structures®’.

Fields of application and typology

Maturity models are used in a wide variety of contexts, from process assessment (e.g., Capability Maturity
Model Integration (CMMI), Business Process Maturity Model (BPMM)) to innovation and technology
management (e.g., Technology Readiness Level (TRL), Innovation Readiness Level (IRL)) to
industry-specific applications, such as in the healthcare and smart grid sectors*.

They differ in terms of structure (dimensional depth), scale level (ordinal vs. metric), area of application
(organization, process, project), and objective (diagnosis, control, benchmarking), among others. Classic
models, such as CMMI, are strongly process-oriented, while newer models increasingly integrate strategic
and transformative aspects.

Limitations of existing maturity models in the context of digital sustainability

In recent years, numerous maturity models have emerged that address different aspects of digitalization,
process management, and sustainability. The following section provides an overview of the most relevant
models: the Smart Grid Maturity Model (SGMM), various Green Information Technology Maturity Models
(IT MM), the Sustainable Manufacturing Maturity Model (SMMM), the Erfolgreich, durchgingig, effizient
und nachhaltig (EDEN) model, the generic CMMI, and two more recent approaches such as the Digital
Sustainability Maturity Model (DSMM) by Criado-Perez et al.®” and the Green IT Maturity Framework by
Salles et al.™.

The SGMM was developed by the Software Engineering Institute (SEI) in collaboration with energy suppliers
and is used for the strategic positioning of companies in the smart grid context". In addition to technology
and process aspects, it integrates a domain covering social and environmental issues. The model is strongly
organization- and infrastructure-oriented and has been validated in numerous benchmarking studies.

Green IT maturity models aim to assess the sustainability of IT infrastructures and related practices. A
current example is the framework developed by Salles et al.*"), which defines six dimensions: organizational,
technological, economic, ecological, social, and marketing. The focus of digitalization is on the use of IT,
whereas sustainability is comprehensively integrated.

The Sustainable Manufacturing Maturity Model addresses ecological, economic, and social sustainability in
the manufacturing industry”. Digitalization plays a subordinate role. The EDEN model was developed by
the Business Process Management (BPM) Club, Germany, and focuses on process management maturity*.
Sustainability is primarily understood in terms of long-term efficiency rather than ecological impact.

CMMI is one of the most established maturity models for software and system development™/. It is highly
project-oriented but does not consider sustainability aspects.

DSMM is a recent research approach that explicitly combines digital transformation and sustainability (“twin
transformation”) in a maturity model®’. The model is strategically oriented, but its empirical validation is
still pending. The Green I'T Maturity Framework by Salles et al.®" is a systematically developed variant based
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Figure 1. Comparison of existing maturity models in terms of digital focus, sustainability, project relevance and validation.

Table 1. Comparison of existing maturity models

Project

Validation
relevance

Model Digital focus Sustainability integration

) Medium (own domain on . . N
SGMM Strong (smart grid, energy IT) environment & society) Low Widely applied, SEI validation

Green IT MM Medium (IT use, infrastructure)  High (ecological, social, economic) Medium Conceptual, initial case studies

SMMM Low High (ecological, social, economic

sustainability) Low Pilot applications, NIST

Practical applications in the

EDEN Medium (process IT) Low (sustainability = efficiency) Very low BPM Club

CMMI High (software/system None High Global standard validation
development)

DSMM Very high Very high (twin transformation) Low Conceptual, early phase

Green IT Medium (IT services) High (triple bottom line) Medium Literature basis, initial use

framework cases

SGMM: Smart grid maturity model; SMMM: sustainable manufacturing maturity model; IT: information technology; MM: maturity models; CMMI:
capability maturity model integration; DSMM: digital sustainability maturity model; NIST: national institute of standards and technology; EDEN:
erfolgreich, durchgéngig, effizient und nachhaltig.

on a literature review that comprehensively integrates sustainability into IT governance.

Table 1 provides a comparative overview of existing maturity models, highlighting their digital focus, degree
of sustainability integration, project relevance, and validation status. This comparison is also graphically
illustrated in Figure 1.

The results show that existing models are either heavily tailored to specific contexts (e.g., smart grids,
manufacturing, IT) or integrate comprehensive sustainability aspects but lack explicit project relevance.
Other models, such as CMMI, are project-specific but do not consider sustainability. Only the DSMM
addresses digitalization and sustainability equally, but it is still in an early stage of development.
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Therefore, there is a lack of a practice-oriented model that integrates digitalization, sustainability, impact
measurement, organizational anchoring, and methodological foundations and that can be applied at the level
of specific projects. GreenPath was developed to address this gap. At the same time, the literature also
suggests that digitalization and sustainability should not be treated as automatically mutually reinforcing.
Digital systems may improve traceability, monitoring, and optimization, while simultaneously generating
additional electricity demand, hardware-related burdens, and rebound effects that offset expected gains. This
ambivalence implies that higher digital maturity cannot be equated with higher sustainability performance
per se. Instead, a mature project should be understood as one that is able to identify, quantify, and govern
these tensions explicitly. This distinction is analytically important because projects may be highly developed
in governance and methodological design while still producing uncertain, negligible, or even adverse net
environmental outcomes.

In addition to these established frameworks, recent research has expanded the maturity model landscape
towards circular economy and sector-specific applications. Sgambaro et al.”* propose a maturity model for
circular economy implementation in healthcare, while Saari et al.”” introduce a circular economy matrix
guiding manufacturing industries. Farfan Chilicaus et al.” provide a systematic review of water-related
circular economy strategies, and Kreutzer ef al.”” synthesize existing circular economy maturity models in a
comprehensive review. These contributions underline the growing importance of sustainability-focused
maturity models but also highlight persistent limitations regarding project-level applicability and empirical
validation.

Furthermore, alongside classic maturity models, established maturity scales such as Technology Readiness
Levels (TRL)""' and Innovation Readiness Levels (IRL)"?! are also relevant. Both approaches enable a
structured classification of technological and innovation-related development stages. However, they are
heavily technology-centric and do not consider sustainability or project-specific organizational contexts.
Compared to such generic scales, GreenPath specifically addresses the integration of digitalization and
sustainability in projects and expands existing approaches from an impact-oriented methodological
perspective.

Carbon- and pollutant-footprint accounting as a “bridge” for project-level maturity

For Carbon Footprints, a recurring limitation of digital sustainability maturity models is that they often
assess technology adoption without testing whether the project can (i) quantify GHG and air-pollutant
footprints credibly, and (ii) connect results to mitigation decisions. In practice, credible footprint work
requires explicit boundary setting (life-cycle stages, organizational and value-chain boundaries), consistent
activity data, transparent emission-factor choices, and documentation of uncertainty. These requirements are
reflected in widely used standards and guidance for GHG and pollutant inventories and for product carbon
footprints''®2°). GreenPath addresses this gap by clarifying how the dimensions impact orientation and
methodological foundation are interpreted and operationalized, while retaining the original five-dimensional
structure to ensure usability across sectors.

In particular, electricity accounting has become a frequent source of credibility problems when projects use
GCs (e.g., GOs/REC:s) to claim renewable electricity. Inconsistent use of market-based and location-based
approaches, missing residual-mix logic, and weak temporal or geographic matching can lead to double
counting or misleading reductions in product and corporate footprints*!. Recent evidence also shows that
annual certificate matching can conceal substantial seasonal and intraday mismatches between renewable
supply and consumption; stricter temporal matching (e.g., monthly/quarterly and ultimately hourly) can
improve transparency but introduces additional data and governance requirements'".
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Figure 2. Procedural model for developing maturity models (own illustration based on 22).

METHODOLOGY

Design approach and objectives

This study follows a conceptual design science approach aimed at developing a theoretically grounded
maturity model rather than empirically validating it at this stage. The GreenPath maturity model is
developed in line with the recognized process model for developing maturity models'®”. The aim is to
develop a consistent, comprehensible, and practical tool that is both theory-based and compatible with
real-world projects. The methodology follows the design science approach!*>*.

Procedural model for developing maturity models

As illustrated in Figure 2, the methodological approach is based on the process model for developing
maturity models®?, which is structured into several iterative phases:

1. Problem definition and goal setting

2. Definition of structure and dimensions

3. Formulation of maturity levels

4. Development and operationalization of items

5. Empirical validation (e.g., Rasch analysis, typically conducted in later stages)

6. Practical transfer and application strategy

Each phase was implemented according to defined quality criteria. The dimensions were derived in a
theory-driven manner, whereas the items were formulated with practical applicability in mind.
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This approach ensures both a solid conceptual foundation and iterative development supported by validation
loops.

Derivation of the model structure

The five assessment dimensions were selected based on a systematic literature analysis in conjunction with
use cases from GreenTech projects. Existing concepts of digital maturity, sustainability, impact
measurement, and organizational transformation were analyzed and compared with project logic. The aim
was to define a robust and transferable set of dimensions that can be applied across different domains.

Operationalization and evaluation

At least three diagnostic items were developed for each of the five dimensions. The items were formulated to
be both content-specific and linguistically unambiguous. The assessment is conducted ordinally using a
four-point scale ranging from “not fulfilled” to “fully fulfilled”.

The Rasch algorithm is intended to be used in future research for standardized scaling and comparability.
This enables the calculation of latent maturity levels and increases the objectivity of the assignment to
individual maturity stages. In future applications, the evaluation may be software-supported, for example
using eRm in R or Winsteps.

Validation and pre-testing

Before practical application, a qualitative pre-test was conducted with three project managers. The objective
was to assess the comprehensibility, selectivity, and applicability of the items. Based on the feedback,
linguistic clarifications were made, and the individual items were refined. Quantitative validation was
planned for a later version of the manuscript.

Integration of impact-oriented evaluation approaches

Impact-oriented assessment approaches were considered to substantiate the content of the “impact
orientation” dimension and the methodological depth of the model. In particular, the concepts of LCA and
life cycle costing (LCC) offer valuable insights for systematically capturing ecological and economic impacts
throughout the entire life cycle of a project. These approaches enable not only the assessment of short-term
efficiency but also the analysis of long-term cause-and-effect relationships.

Within GreenPath, LCA is not treated as a standalone accounting tool but as a methodological anchor that
enables visibility of project-related environmental impacts, including energy use and carbon-relevant effects
across the life cycle>*.

This methodological anchor should, where relevant, also be applied to the digital intervention itself rather
than only to the monitored target system. In practice, this means screening or quantifying the operational
and embodied impacts of the digital layer, such as sensors, gateways, networks, cloud/data-centre services,
and Al training or inference, so that digital optimization benefits are not overstated by excluding the
footprint of the enabling infrastructure''”.

This is supplemented by elements of impact matrices and logic models from international development
cooperation, such as Theory of Change and Impact Mapping, which are increasingly used in innovation and
project management contexts. The integration of such concepts strengthens GreenPath’s compatibility with
higher-level control instruments, for example in the context of ESG reporting, impact controlling, or funding
logic.
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To ensure compatibility with carbon- and pollutant-footprint practice, the methodological foundation
dimension is additionally anchored in recognized standards and guidance for organizational and value-chain
GHG accounting, product carbon footprinting, and air-pollutant inventory compilation"*2°!. This
strengthens comparability and supports decision-oriented mitigation planning. In the context of carbon
footprints, GreenPath can be interpreted as a “readiness-to-impact” instrument: it assesses whether projects
possess the digital, organizational, and methodological prerequisites to quantify carbon and pollutant
footprints credibly and to translate results into mitigation decisions across life-cycle stages and value chains.
For electricity-related footprints, this includes readiness to implement GC-consistent accounting choices
transparently (e.g., market-based claims with residual mixes, stated matching rules) so that reported
reductions are reproducible and comparable. Importantly, high maturity scores in GreenPath indicate
stronger governance quality, methodological robustness, and accounting credibility; they do not, by
themselves, demonstrate positive net environmental impact. A project may therefore be mature in readiness
terms while the environmental effect of digitalization remains uncertain, contested, or even negative if the
project does not explicitly assess the footprint of the digital layer itself, possible burden shifting, and rebound
effects.

To align with standardized GC integration in LCA, GreenPath’s methodological foundation further
incorporates (as assessable practices) the project’s ability to: (i) document certificate type and quality criteria,
(ii) apply residual-mix logic when market-based instruments are used, (iii) ensure geographic and temporal
matching rules are explicit, and (iv) retain auditable data lineage from certificate procurement to footprint
results"®!],

RESULTS: THE GREENPATH MODEL

Objectives and basic structure of the model

The GreenPath maturity model was developed to enable the systematic assessment and further development
of digital sustainability in GreenTech projects. The aim is to provide project managers, funding bodies, and
decision-makers with a tool that analyses the starting point of a project and derives targeted development
paths. The model captures technological, strategic, and impact-related aspects of GreenTech projects.

The basic structure follows a stage-based understanding of maturity with five development stages and five
assessment dimensions. Each dimension is operationalized by several diagnostic items that translate
qualitative assessments into a structured evaluation. In the context of Carbon Footprints, GreenPath can be
interpreted as a “readiness-to-impact” instrument: it assesses whether projects possess the digital,
organizational, and methodological prerequisites to quantify carbon and pollutant footprints credibly and to
translate results into mitigation decisions across life-cycle stages and value chains'**. For electricity-related
footprints, this includes readiness to implement GC-consistent accounting choices transparently (e.g.,
market-based claims with residual mixes, stated matching rules) so that reported reductions are reproducible
and comparablel?*,

Assessment dimensions

The structure of the GreenPath model is based on five key assessment dimensions, identified through a
systematic literature review and validated against project-specific requirements. The aim is to capture digital
sustainability in GreenTech projects in a holistic, practical, and transferable way. The five dimensions are as
follows:

1. Degree of digitalization
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Assesses the technological maturity of the project, particularly regarding the use of digital technologies such
as sensor technology, artificial intelligence, data platforms, automation, and integration into digital
ecosystems. Higher levels of digitalization do not automatically imply improved environmental performance.
An increase in digitalization is therefore only considered a maturity gain if its environmental impacts are
transparently assessed and actively managed.

2. Sustainability integration

Measures the extent to which sustainability aspects are embedded in the project in terms of structure,
content, and processes, from goal setting to implementation (e.g., resource strategies, environmental
indicators, sustainability objectives).

3. Impact orientation

Assesses the strategic focus on environmental and social impact and the capability to systematically record
and communicate this impact (e.g., SDG reference, impact chains, LCA/LCC integration, impact
assessment). This explicitly includes whether electricity-related impacts and reductions are linked to
defensible GC treatment. In GreenPath, impact orientation also includes whether the project explicitly
examines potential rebound effects, burden shifting, and the environmental burden of the digital
intervention itself. These aspects are not treated as peripheral caveats, but as necessary conditions for
interpreting footprint improvements as environmentally meaningful. Research shows that digital
optimizations can lead to increased consumption or activity, which may diminish or negate sustainability
benefits"®. This distinction is important, as improved measurement and reporting do not necessarily imply
actual reductions in environmental impact. Therefore, higher impact maturity requires evidence that the
project has at least assessed whether the benefits of digital optimization are offset, diluted, or contradicted by
induced additional burdens.

4. Organizational anchoring

Examines the extent to which the project is institutionally embedded, for example through governance
structures, stakeholder participation, or long-term organizational safeguards.

5. Methodological foundation

Assesses the use of appropriate methods for planning, control, and evaluation, ranging from scenario
techniques and life cycle analyses to digital dashboards and maturity-based approaches. This dimension also
includes the use of recognized footprint standards/guidance and documentation practices (boundary setting,
emission-factor selection, data lineage, uncertainty notes) needed for comparable organizational,
value-chain, and product-level GHG/pollutant accounting"*’.

GreenPath does not reward digitalization merely for its own sake. Instead, digital maturity should be
achieved only when the environmental burdens of the digital layer, such as energy use, hardware impacts,
and potential rebound effects, are transparently assessed and actively managed. Projects should not be rated
highly based solely on added digital technologies if they fail to demonstrate that their expected sustainability
benefits outweigh these additional burdens”*'?!. A higher score therefore reflects stronger capacity to account
for, govern, and document environmental implications, rather than stronger environmental performance.
Where digital burdens, rebound effects, or burden shifting are not explicitly assessed, GreenPath should be
understood as indicating assessment maturity rather than demonstrated sustainability performance.



Flore et al. Carbon Footprints 2026, 5, 26

Page 11 of 22

Table 2. Visualization of the dimensions in a 5 x 5 maturity matrix diagram

Level 2: Level 3: Level 4:
. . Level 1: . Level 5:
Dimension . Addressed to Structurally Strategically .
Not considered . Transformative effect

some extent integrated anchored

Degreg of' No digital elements Individual digital Systenjatm digital Fully integrated Digital core of the project

digitalization tools collection systems

Integration of No sustainability General mention Specific goals Measures

sustainability

goals

of sustainability

formulated

implemented

Sustainability-driven logic

Standardized Comprehensive footprint-based
. . No impact Implicit impact Simple indicators methods (eg. LCA; |mpacf[ Fha|n including
Impact orientation measurement expectations documented recognized electricity GC treatment
P GHG/pollutant (matching rules, residual mix) &

inventory) mitigation communication

Organizational Not organizationally Implemented on Internal coordination Embedded in Institutionally and
: . . structure and ;

anchoring anchored an ad hoc basis established comprehensively anchored

strategy

Model- and data-based control

Methodploglcal No methods used Individual Use of Systematic use of including data—quahty,Aboundary
foundation elements present  standards/tools methods governance, and certificate

traceability governance

GC: Green certificate; LCA: life cycle assessment; GHG: greenhouse gas.

In future applications, AI-supported processes may further enhance the dimensions of impact orientation
and methodological foundation. These include automated evaluation of sustainability indicators, natural
language processing (NLP) of unstructured reports, and Al-based scenario analyses. At advanced maturity
levels, such instruments mark the transition from manual data evaluation to systematic, AI-supported
sustainability reporting. For carbon and pollutant footprints, such enhancements should remain
MRV-aware, meaning that they should preserve traceability, auditability, and boundary transparency in
order to maintain comparability.

These five dimensions form the basis of the systematic maturity assessment. They were selected to be
applicable to both technology- and impact-oriented GreenTech projects and across different project formats.

At higher maturity levels, advanced approaches become increasingly relevant. Ferreira et al.*” illustrate how
responsible AT maturity models can guide the ethical integration of artificial intelligence, while
Elhady et al."*” propose an AI-driven ESG maturity index linking sustainability reporting with digital data

infrastructures.

Table 2 illustrates the overall GreenPath model structure, combining five dimensions with five maturity
stages to form a matrix framework.

Maturity levels
Each dimension is assessed along five maturity levels:

« Not considered
« Addressed to some extent
« Structurally integrated

» Strategically anchored
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» Transformative effect

The wording of the maturity stages is intentionally scalable to ensure applicability to both technological and
organizational-strategic contexts. However, progression across maturity levels should not be read as a linear
proxy for net sustainability improvement. Advancement to higher levels primarily indicates increased
capability to produce transparent, decision-relevant, and methodologically credible footprint assessments.
Claims of advanced sustainability maturity additionally require that three outcome-related checks are
addressed: (1) the footprint of the digital infrastructure itself, (2) plausible rebound or burden-shifting
effects, and (3) empirical or otherwise well-substantiated indications that the project contributes to net
reductions rather than merely improved accounting. Where these checks are absent, the maturity level
should be interpreted cautiously as readiness or accounting maturity rather than verified environmental
performance.

Questionnaire structure and evaluation system

For practical application, a standardized questionnaire comprising three to five items per dimension was
developed. Responses are recorded on a four-point scale ranging from “not fulfilled” to “fully fulfilled”. The
item structure considers both subjective assessments and documentable indicators.

The evaluation concept is designed to be based on a Rasch algorithm, which can convert item responses into
a standardized maturity profile. This approach provides a methodological basis for visual classification and
for deriving action-oriented recommendations, to be implemented in future empirical applications.

As an interpretive coding rule, projects that do not explicitly assess rebound effects, burden shifting, and the
footprint of the digital layer may still score positively on digitalization or methodological foundation, but
they should not be interpreted as demonstrating advanced sustainability performance. Examples of
diagnostic items include:

- Degree of digitalization: Are digital technologies used specifically for data collection? Are the direct
environmental impacts of the digital layer itself (e.g., sensors, gateways, cloud/data-centre services, Al
workloads, and hardware replacement cycles) screened or quantified and considered in project decisions?

« Sustainability integration: Are ecological targets documented in the project assignment?

 Impact orientation: LCA used to assess environmental impact? Are GHG footprints quantified using
clearly defined system boundaries, and are the results used to prioritize mitigation measures?

« Organizational anchoring: Are sustainability roles or responsibilities clearly defined within the project
team?

 Methodological foundation: Are Al-enabled processes (e.g., sustainability reporting tools) used to support
assessment? Are recognized footprint standards/guidance applied and are data quality/uncertainty
documented to support footprint-based decision-making? Are electricity certificates (e.g., GOs/RECs)
treated according to a documented, standardized approach (certificate type/quality, allocation, residual-mix
handling, and stated temporal/geographic matching), so that double counting risks are addressed? Are
transparent assumptions documented for the digital layer (e.g., electricity source, cooling context, hardware
lifetime, replacement rates, and end-of-life handling) so that the footprint of the digital infrastructure can be
interpreted alongside project benefits?
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Example projects and application

The three illustrative cases were selected to demonstrate GreenPath across different footprint-relevant
contexts: (i) construction, where embodied and life-cycle emissions are central; (ii) water-related building
management, where carbon impacts are often indirect and electricity-mediated (e.g., pumping/treatment);
and (iii) agriculture as a transfer scenario to demonstrate applicability beyond industrial and infrastructure
domains. However, these three cases do not represent three symmetrical case analyses. Rather, the
construction project serves as the primary illustrative case and is assessed in full detail, whereas the
water-related example is included as a supporting application and the agricultural example as a transfer
scenario to demonstrate contextual applicability and transferability. Accordingly, only the primary case was
subjected to a formal GreenPath rating at the full level of analytical granularity. Its function is to show how
GreenPath can identify strengths in governance, digital integration, and accounting design while
simultaneously revealing unresolved questions concerning net environmental outcome, rebound risks, and
the burden of the digital layer itself. This design is appropriate for theory-oriented model development, but it
also means that the discriminating power of the model across contrasting cases remains to be demonstrated
in future comparative applications.

Primary illustrative case: construction project (material tracking platform)

The following application serves as an illustrative example to demonstrate how GreenPath can be used to
structure project-level readiness for credible carbon-footprint assessment. It does not represent a
comprehensive empirical validation but is intended to show the practical logic and differentiating capability
of the model in a footprint-relevant context. The primary illustrative application focuses on a
construction-related GreenTech project, as this context is particularly relevant for carbon-footprint
assessment across life-cycle stages. A medium-sized construction company is developing a digital platform to
track building materials throughout the building life cycle, with the aim of recovering secondary raw
materials such as metals, wood, and insulation materials and managing digital material passports. The
platform uses AI-supported image recognition, QR codes on construction sites, and a linked dashboard for
documentation and analysis.

This case was selected because construction projects frequently require footprint assessment across multiple
life-cycle stages (e.g., materials, use, and end-of-life), making them suitable for demonstrating how
GreenPath links digitalization to footprint credibility and decision support. As the primary illustrative case,
this application was assessed using a full five-dimensional GreenPath rating and is therefore presented in
greater analytical depth than the other two examples discussed below.

GreenPath rating of the construction project:

« Degree of digitalization: 4 (IoT, Al and data platform in use)

« Sustainability integration: 4 (deconstruction concepts and secondary use centrally anchored)

« Impact orientation: 3 (initial LCA data integrated, but no complete impact chain)

+ Organizational anchoring: 3 (integrated into corporate strategy, with limited external anchoring)

» Methodological foundation: 4 (use of material flow analyses, standardized indicators, and impact logics)

The resulting maturity profile indicates a strategically well-developed solution with further potential for
enhanced impact measurement and stakeholder scaling.
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Figure 3. Maturity profile of the primary illustrative construction case.

The rating shows high maturity in digitalization, sustainability integration, and methodological foundation,
while impact orientation and organizational anchoring remain at medium maturity. This differentiates a
technologically and methodologically advanced project from a fully impact-scaled project with a complete,
operationalized impact chain.

The impact chain can be further specified by explicitly documenting the footprint boundaries and by
formalizing how footprint results inform mitigation-oriented design and operational choices. Where the
platform supports embodied-carbon reporting that includes purchased electricity (e.g., for
processing/recycling), GC integration rules should be explicitly stated to prevent double counting in product
declarations and LCA models.

Figure 3 presents the maturity profile of a sample project and illustrates how the five dimensions can be

assessed and visualized in practice. The water-related example and the agricultural transfer scenario are

discussed comparatively in the text to illustrate contextual applicability and transferability, but they were not
developed as fully rated comparative cases at the same level of analytical granularity.

Supporting example: water-related project (Al-supported building management)

As a supporting example, a water-related project involving Al-supported building management systems was
assessed using GreenPath. The project showed medium maturity in digitalization and sustainability
integration, but lower maturity in impact orientation and organizational anchoring. This brief assessment

illustrates that GreenPath can also be applied in infrastructure-related contexts where carbon impacts are
case-study analysis.

indirect (e.g., through electricity demand for water treatment and pumping), without requiring a full
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This case was included to demonstrate applicability in an infrastructure-related setting where carbon impacts
are often indirect and mediated through operational electricity use, rather than dominated by direct process
emissions. The assessment indicates that digital and sustainability elements are present, but that the project is
less mature in translating monitoring/optimization into a clearly specified impact logic and in embedding
responsibilities and stakeholder involvement beyond the immediate project context. This case demonstrates
that GreenPath can be used as a lightweight screening instrument to identify whether a project’s digital
capabilities are complemented by sufficient impact logic and organizational anchoring to support credible
footprint interpretation and mitigation-oriented decisions, even when a full case-study analysis is not
feasible. Unlike the primary construction case, however, this example is not presented as a fully elaborated
comparative case analysis with a complete formalized rating profile across all five dimensions. Its purpose is
illustrative and supportive rather than directly comparative.

Transfer scenario: agricultural sector (fictional example)

To further illustrate transferability of the GreenPath model, a fictional scenario from the agricultural sector is
briefly outlined. Like many other sectors, agriculture faces increasing demands related to climate protection,
resource efficiency, and digital traceability!*”**. The scenario considers a medium-sized farm introducing
digital technologies such as IoT soil sensors, networked weather stations, and farm management software to
optimize water and nutrient use. The example indicates that GreenPath can also be applied beyond industrial
and infrastructure-related contexts, without requiring sector-specific indicators or cross-level detail.

This transfer scenario was selected to demonstrate that GreenPath can be applied in a distributed,
data-heterogeneous context, where digital solutions and sustainability goals are relevant but project
structures and data availability may differ from industrial settings. As a transfer scenario, the example
demonstrates the feasibility of mapping the situation onto the five GreenPath dimensions without requiring
sector-specific indicators or extensive cross-level detail. This scenario shows that GreenPath can structure
early-stage readiness discussions in sectors where projects are smaller, more distributed, and less
standardized, supporting identification of what needs to be established (e.g., boundary documentation,
impact logic, and organizational routines) before credible footprint assessment and mitigation decision
support are possible.

Impact perspective and further development

GreenPath is embedded in an impact-oriented management framework, guiding projects from goal
definition through the implementation of measures, maturity development, and scaling of impacts. The
model not only supports evaluation but also facilitates strategic project development along clear impact
pathways.

Future development of GreenPath will focus on deeper integration of Al-based sustainability reporting
systems. Such systems can automatically collect project data, generate sustainability reports, and simulate
alternative impact scenarios. This enhances transparency, comparability, and alignment with regulatory
requirements such as the EU Taxonomy and the Corporate Sustainability Reporting Directive (CSRD).

For Carbon Footprints, this development should explicitly include measurement, reporting, and
verification-relevant features to strengthen credibility and comparability of carbon and pollutant footprints
across projects and sectors. For electricity-related footprints, this also implies machine-readable certificate
traceability (issuance IDs, cancellation evidence, timestamps), and rule-based checks for temporal matching
and residual-mix consistency™*'.
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DISCUSSION

The application of GreenPath to illustrative GreenTech projects shows that the model can evaluate complex
project structures in a differentiated way and make development potential visible. The
water-consumption-reduction project exhibited moderate maturity, particularly in the areas of digitalization
and sustainability integration. However, further development was needed in organizational anchoring and
impact orientation. Higher levels of digitalization do not automatically imply improved environmental
performance. Digitalization may even increase environmental burdens if rebound effects or infrastructure
impacts are not properly managed.

The second example from the construction industry—a digital platform for tracking building
materials—showed higher maturity levels across almost all dimensions. The analysis revealed that
methodological foundations and digital integration were already strategically anchored. At the same time, the
evaluation identified improvement potential in impact orientation, particularly regarding the systematic
application of LCA and strategic impact communication. While GreenPath supports the credibility and
transparency of footprint accounting, it does not in itself guarantee actual environmental improvement.

Opverall, the discussion of results indicates that GreenPath is suitable both as a diagnostic tool during project
initiation and as a framework for the structured further development of ongoing projects. It can serve as a
basis for benchmarking, funding decisions, and strategic reviews. The combined focus on digitalization,
sustainability, and impact directly addresses current requirements from politics, business, and science. At the
same time, the revised analysis suggests that GreenPath is more precisely understood as a framework for
assessing whether organizations can produce credible, reflexive, and decision-useful environmental footprint
evaluations in digitally enabled contexts. This distinction matters because methodological sophistication may
coexist with uncertain environmental benefits. Projects can be technologically advanced and
methodologically rigorous, yet still produce ambiguous or adverse net outcomes if digital expansion,
rebound effects, or burden shifting are not examined. GreenPath therefore supports a stronger interpretation
of footprint credibility and governance quality, but it does not by itself verify that digitalization has generated
net reductions. Demonstrating that a stronger claim requires outcome evidence beyond readiness,
measurement quality, and transparent accounting.

At the same time, challenges remain. The assessment requires a certain level of data availability and
methodological maturity among project stakeholders. While the potential use of the Rasch model may
enhance scalability and comparability, it also places higher demands on data collection and evaluation
processes.

A key contribution for Carbon Footprints research is that GreenPath differentiates “digitalization for
efficiency” from “digitalization for footprint credibility and mitigation”. Projects can be technologically
advanced yet immature in boundary transparency, data-quality governance, and decision coupling from
footprint results to mitigation measures. This supports contributions with relevance beyond individual case
narratives by emphasizing comparability and mitigation pathways across sectors. The model therefore
distinguishes more clearly between accounting credibility and environmental outcome: the former can be
assessed within the maturity framework itself, whereas the latter requires either observed results or
sufficiently substantiated evidence that the assessed project yields net environmental improvements after
considering digital burdens and rebound risks.

While GreenPath emphasizes the credibility of footprint accounting, further work is needed to operationalize
the link between accounting credibility and verified environmental outcomes. Projects can achieve high
methodological rigor but still lead to increased emissions or resource use due to digital expansion or rebound
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effects'**!. Future revisions should clarify this distinction, integrating impact outcomes alongside accounting
credibility, to ensure that digital sustainability improvements lead to tangible environmental benefits.

A further contribution of GreenPath is that it makes “certificate-consistent electricity accounting readiness”
assessable at the project level: projects can be advanced in sensors/Al and still be immature in certificate
traceability, documented matching assumptions, and consistent market-based vs. location-based logic, gaps
that are central drivers of double counting and credibility issues in GC-based renewable electricity
claims"*****). Furthermore, if projects aspire to granular (e.g., monthly or hourly) matching, maturity must
reflect the availability of time-resolved activity data, certificate timestamps, and governance to interpret
mismatches transparently™'.

Transferability and application potential

The two project examples illustrate how GreenPath can be applied in different contexts. Beyond these cases,
the model is transferable to other sectors and project types, including energy supply, smart farming, circular
production, and sustainable mobility. A prerequisite is the existence of a minimum level of digital
infrastructure, impact potential, and methodological approach.

Under these conditions, GreenPath can be used as a strategic reflection tool, a funding requirement, or as
part of ESG-focused project portfolios.

Critical reflection and limitations

Despite its intended practical relevance and modular design, the current version of the GreenPath model has
several limitations. The assessment relies primarily on self-evaluation, which introduces the risk of
subjectivity and bias. Although the Rasch model can mitigate scaling issues, its application requires valid
input data and a basic level of statistical understanding.

Furthermore, the number of items was deliberately kept compact to ensure usability, which may result in a
loss of informational depth. The model has so far been piloted qualitatively; comprehensive quantitative
validation is still pending. Its applicability to smaller organizations or highly regulated sectors has not yet
been conclusively assessed. Finally, the effectiveness of the instrument depends strongly on user competence
and institutional embedding—an aspect that requires further investigation through implementation studies.

These findings align with broader trends in the maturity model literature. Recent frameworks increasingly
address topics such as the circular economy?****?|, water sustainability"**, and Al-enabled sustainability
reporting!>**). At the same time, they confirm that robust project-level validation and cross-sector
comparability remain unresolved challenges.

A limitation of GreenPath is that, as a maturity instrument, it does not itself prescribe the full technical
ruleset for GC integration in LCA. Instead, it assesses whether a project is capable of implementing such
rulesets in a traceable, auditable, and decision-relevant way (e.g., documented allocation logic, matching
rules, residual-mix consistency, and evidence against double counting)"**"..

A further limitation of GreenPath, in its current form, is that it remains stronger as a maturity model for
footprint credibility, governance quality, and project readiness than as a full sustainability outcome model.
Although the revised framework now treats rebound effects, burden shifting, and the digital layer’s own
footprint as necessary interpretive conditions, these elements are not yet translated into a fully
outcome-based scoring regime. As a result, a project can achieve relatively high maturity while its net
environmental performance remains empirically underdetermined. Future work should therefore test how
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maturity assessment can be linked more systematically to verified environmental outcomes across
contrasting cases.

Cross-sector applicability and limitations

The example scenario from agriculture illustrates that GreenPath is not limited to traditional industrial or
infrastructure sectors but also holds potential in agricultural contexts. This underscores the cross-sector
applicability of the model, which can provide guidance across GreenTech domains ranging from energy and
water to production and agriculture. In this way, GreenPath contributes to the discussion on the “twin
transformation”, understood as the simultaneous advancement of digitalization and sustainability"***”.

Nevertheless, critical reflection is required. First, data availability remains a limiting factor. Without reliable
metrics for sustainability impacts, there is a risk that higher maturity levels may be formally achieved while
actual effects remain unclear. Second, industrial heterogeneity presents a challenge. While digital
technologies can often be operationalized clearly in agriculture or manufacturing, service industries and
public organizations may require different standards and evaluation logics. Third, empirical validation of the
model has not yet been conducted. While initial application scenarios illustrate the conceptual connectivity
of GreenPath, systematic case studies and quantitative evaluations—such as those based on the Rasch
algorithm—are required to ensure robustness.

This identifies a central avenue for future research: the continuous validation and further development of
GreenPath in real-world projects across different industries. Only through such efforts can the model remain
both theoretically consistent and practically applicable.

In footprint-method terms, GreenPath does not replace technical carbon or pollutant accounting (e.g., full
LCA or emission inventory compilation). Instead, it structures whether projects have the prerequisites for
credible accounting and for using results in mitigation decisions. Analogously, it does not replace
GC-integration standards but assesses whether a project can implement them consistently and
transparently®'l.

CONCLUSION

GreenPath represents one of the first maturity models to integrate digitalization, sustainability, impact
orientation, organizational anchoring, and methodological foundations within a single framework. It
therefore offers a practical and scientifically grounded approach for the systematic evaluation and targeted
development of projects. By combining five assessment dimensions with five maturity levels, GreenPath
enables both the diagnosis of current states and the derivation of concrete development paths.

The illustrative applications demonstrate that GreenPath can be applied across various GreenTech domains,
including water management, construction, and agriculture. In doing so, the model contributes to the
operationalization of the twin transformation and provides organizations with a structured tool for
integrating digitalization and sustainability. At the same time, the model explicitly acknowledges that
digitalization does not inherently lead to sustainability gains, but requires the transparent assessment and
active management of its environmental impacts.

At the same time, limitations must be acknowledged. Challenges related to data availability, cross-industry
heterogeneity, and the current lack of comprehensive empirical validation remain. Future research should
therefore focus on the systematic application of the model in real-world projects, supported by quantitative
evaluations, for example using Rasch-based approaches, to further enhance robustness and practical
relevance.
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Furthermore, the GreenPath concept offers potential for the development of migration paths, as already
established in other maturity models. Such paths could support organizations in planning and implementing
concrete steps for the further development of their projects. In the long term, this opens the possibility of
establishing GreenPath not only as an assessment instrument but also as a strategic guide for sustainable
digitalization processes.

Opverall, the revisions strengthen alignment with Carbon Footprints by explicitly framing project maturity in
terms of GHG and air-pollutant footprint quantification, methodological comparability, and mitigation
pathway decision support across urban, industrial, and ecosystem-relevant applications. Specifically, the
revision strengthens project-level maturity assessment for GC-consistent electricity accounting by
emphasizing traceability, matching rules, residual-mix logic, and the avoidance of double counting. This
improves the credibility and reproducibility of electricity-related footprint claims in LCA and corporate
GHG reporting. At the same time, the present study makes a more delimited contribution than a full
sustainability outcome model. GreenPath is best understood as a maturity framework for evaluating the
credibility, governance quality, and critical reflexivity of digitally enabled footprint projects, while
introducing explicit safeguards related to digital burden, rebound effects, and burden shifting. The model
therefore distinguishes between the credibility of footprint accounting and actual environmental
performance, which may diverge in practice. GreenPath is not intended to replace LCA, carbon-footprint
methodologies, or GC integration standards. Rather, it complements these approaches by assessing whether
projects have the digital, organizational, and methodological readiness required to apply them consistently
and credibly and to translate results into mitigation-oriented decisions. Future research should strengthen
this contribution through comparative case applications and by developing more explicit procedures for
linking maturity assessments to verified net environmental outcomes.
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