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ABSTRACT

This study addresses the challenges faced by small and medium-sized enterprises 
(SMEs) when adopting circular economy (CE) practices, particularly when the SMEs are 
characterized by limited resources, lack of expertise, and constrained access to tailored 
digital tools. Within the Interreg Baltic Sea Region (BSR) CIRC-2-ZERO initiative, a digital 
twin demo platform (DTDP) is being developed to support SMEs in terms of data-driven 
circular product and value chain design. Given that the effectiveness of such platforms 
depends on systematic evaluation, this study proposes a collaborative key performance 
indicator (KPI) framework to enable systematic assessment and monitoring of the 
DTDP. The study applies a participatory and iterative methodology, employing the 
nominal group technique and multi-voting across three expert workshops involving 
twenty participants from academia, business support organizations, and the electronics 
and engineered wood products sectors. This stakeholder-driven approach ensures 
that the KPI framework reflects both operational realities and user needs. The study 
is structured into three phases—namely, KPI identification, refinement and validation, 
and development of data collection procedures. The resulting framework organizes the 
KPIs into three core dimensions—technical performance, usability, and value impact—
while distinguishing between indicators relevant to the DTDP’s piloting phase and 
those important for its long-term development. The framework also includes structured 
data collection procedures intended to support consistent and reliable monitoring. 
This study contributes to the growing body of research on performance assessment 
of digital platforms supporting CE transitions, offering a practical, stakeholder-driven 
tool for assessing DTDPs and supporting SMEs’ circular transformation. Moreover, the 
study promotes sustainable industrial practices and supports regional development in 
the BSR. 
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INTRODUCTION

Small and medium-sized enterprises (SMEs) are fundamental contributors 
to industrial sustainability, innovation capacity, and regional development. 
However, the adoption of circular economy (CE) practices remains a 
complex challenge for many SMEs due to their limited expertise, scarce 
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financial and human resources, and lack of appropriate data-driven tools to 
support decision-making (Zhu et al., 2025). Moreover, global environmental 
pressures, coupled with new regulations regarding sustainability and the CE, 
increase the need for digital solutions that can assist SMEs in this transition 
(Swarnakar et al., 2025). To address these gaps, the Interreg Baltic Sea Region 
(BSR) CIRC‑2‑ZERO initiative aims to develop and pilot a digital twin demo 
platform (DTDP) that enables simulation of circular product and value chain 
design.

A central outcome of the DTDP project will be the development of a digital 
environment that strengthens the capabilities of SMEs in the electronics 
and engineered wood products (EWPs) manufacturing sectors, supporting 
them in redesigning products to ensure their durability, repairability, and 
recyclability using simulation tools while also allowing them to map, analyze, 
and optimize their supply chains for circularity. Digital twins (DTs) have 
significant potential when it comes to industrial sustainability. However, 
their real impact is dependent on SMEs having the ability to systematically 
measure their performance, usability, and value contribution (Soori, Arezoo 
and Dastres, 2023). For this reason, developing a structured key performance 
indicator (KPI) framework is essential for assessing the DTDP during the 
pilot phase.

The present study aims to fill the identified research gap by outlining the 
conceptual and methodological foundations of a collaborative KPI framework 
designed to enable a systematic evaluation specifically tailored to the DTDP. 
To accomplish this, it presents the current stage of the project, which involves 
three workshops focused on defining, refining, and validating the KPIs, as 
well as on developing data collection procedures to facilitate monitoring of 
the KPIs. This paper details the design of the evaluation process, justifies the 
selection of the participatory methods, and highlights the key dimensions 
guiding the KPI identification and data collection to ensure an effective 
DTDP assessment.

From a methodological perspective, this study employs the nominal 
group technique (NGT) and multi-voting (Van de Ven and Delbecq, 1972), 
thereby adopting a participatory and iterative approach based on structured 
collaborative techniques to ensure consensus among participants. By 
outlining this methodology, the present paper contributes to the literature on 
DT evaluation, stakeholder-driven KPI development, and CE-oriented digital 
transformation. Moreover, it provides a transparent foundation for future 
workshops and subsequent integration of results into the DTDP’s monitoring 
and evaluation strategy.

The remainder of this paper is structured as follows. The next section 
describes the theoretical framework of the CE, DTs, and KPIs for the DTDP 
assessment. The third section details the methodology used, including the 
design of the workshops and the KPI definition process. Next, the fourth 
section outlines the expected results of the participatory analysis. Finally, the 
fifth section presents the main conclusions of the study.
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BACKGROUND AND THEORETICAL FOUNDATIONS

Digital Twins and Circular Economy Transformation

DTs are virtual representations of products, processes, or systems, and they 
have emerged as powerful enablers of digital transformation (Issa, Hamad 
and Abdel-Geliel, 2023; Tyagi and Tyagi, 2025). According to Souza et al. 
(2026), DTs facilitate the collection, consolidation, and provision of relevant 
information at critical moments in both the lifecycle and the value chain. In 
the context of the CE, DTs represent a powerful pathway to sustainable value 
creation due to offering detailed lifecycle data and facilitating the monitoring 
and implementation of CE strategies throughout the entire product lifecycle 
(Mügge et al., 2025).

For SMEs, DTs provide opportunities to transition to CE practices while 
maintaining both competitiveness and cost efficiency by optimizing resource 
flows, reducing waste, evaluating circular design options, and supporting 
data-driven strategies. Yet the adoption of such tools in SME contexts 
remains limited (de Larmelina, da Silva and Risso, 2025), largely because 
SMEs typically require solutions that are lightweight, user-friendly, and 
adaptable to varying degrees of technological maturity.

The DTDP addresses these needs on the part of SMEs by focusing on 
accessibility, simplified data integration, and scenario-based modeling tailored 
to SMEs’ CE decision-making. Nonetheless, evaluation of whether the DTDP 
meets user needs requires a robust, context-sensitive set of KPIs. This is very 
important, given that few prior studies have focused on the evaluation of 
such platforms from the user experience perspective, especially for users who 
lack technical expertise but need to interact with the system at an operational 
level (Barricelli and Fogli, 2024).

KPIs in Digital Twin Assessment

KPI development is essential because such indicators play several crucial 
roles in technology piloting processes. Indeed, KPIs enable the evaluation of 
simulation efficiency by assessing the accuracy of the predictions generated 
by DT platforms in comparison to real-world data. In addition, they are 
vital when it comes to monitoring system performance in real time, ensuring 
that simulations are quickly adjusted to optimize both physical and virtual 
processes (Pehlken et al., 2024).

The existing literature (e.g., Bluvstein et al., 2025; Doukari, Bacnak and 
Mahamedi, 2026; Santos et al., 2024; Soori, Arezoo and Dastres, 2023) 
highlights perceived usefulness, ease of use, and overall acceptance as critical 
aspects when defining KPIs for evaluating DT platforms, indicating that 
particular emphasis should be placed on their value and practical relevance. 
The key aspects commonly considered in such studies include (1) technical 
performance (e.g., system stability, speed, reliability, interoperability, 
scalability); (2) usability (e.g., user experience, interaction quality, 
engagement); and (3) value impact (i.e., benefits generated for users, including 
decision-making improvements, cost/time savings, and contributions to 
sustainability strategies).
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Most KPI frameworks (e.g., Bluvstein et al., 2025; Doukari et al., 2026) 
highlight the importance of participatory approaches in ensuring that 
indicators accurately reflect both stakeholder needs and operational realities. 
This is especially critical in relation to CE-oriented innovation, where the 
diversity of sectors and maturity levels can significantly shape the evaluation 
criteria. 

METHODOLOGICAL APPROACH

Participants

This study relied on the input of a panel of experts, recruited from partner 
universities and affiliated organizations involved in the DTDP project, 
including Business Support Organizations (BSOs). The selection considered 
their recognized expertise in areas aligned with the dimensions under analysis, 
ensuring that each dimension was informed by specialists with relevant 
knowledge and experience. The specialized literature (e.g., Bana e Costa 
and Silva, 2008; Eden and Ackermann, 2001, 2004) suggests that expert 
panels typically include a relatively small number of participants with diverse 
perspectives on the subject at hand. When forming the panel for this study, the 
following criteria were considered: (1) individuals with a significant amount 
of work experience (i.e., more than fifteen years of professional experience) 
in CE practices; (2) a balance in terms of backgrounds (i.e., academia and 
industry); (3) individuals from SMEs in the electronics and EWPs sectors, 
consistent with the Interreg BSR project’s focus on those two industries; 
(4) a gender balance; and (5) individuals’ availability to participate in three 
workshops. 

The workshops were conducted online via Microsoft Teams, supported by 
dedicated Miro boards and Google Drive integration, and took place in April 
2026. The workshops involved twenty participants from higher education 
and research institutions, business support organizations, and representatives 
of SMEs and large companies in the electronics and EWPs sectors. This 
composition ensured complementarity among the scientific, technical, and 
business perspectives.

Participatory and Iterative Design

Given the interdisciplinary nature of the DTDP and the diversity of 
stakeholders involved in the project, the KPI development followed a 
participatory and iterative methodology. This methodological approach 
was underpinned by facilitated, structured activities, employing the NGT 
and multi-voting (Van de Ven and Delbecq, 1972), as recommended for 
structured expert consensus-building (Eden and Ackermann, 2001). The 
NGT is a structured approach that facilitates identification of problems and 
generation of information, which can subsequently be prioritized via group 
discussion (Harvey and Holmes, 2012; Potter, Gordon and Hamer, 2004). 
As a method for building consensus, it seeks to achieve general agreement 
through balanced participation and mutual respect among participants 
(McMillan, King and Tully, 2016). Moreover, the NGT requires minimal 
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preparation by experts, is guided by the concept of transparency, and provides 
a cost-effective and time-efficient means of engagement (Potter, Gordon and 
Hamer, 2004).

According to Van de Ven and Delbecq (1972), the NGT involves four to 
six steps:

(1)	 Silent generation of ideas: Participants individually write down potential 
KPIs for each evaluation dimension on separate sticky notes, focusing on 
measurable indicators. 

(2)	 Sharing ideas: Using the round-robin process, each participant shares one 
KPI at a time until all the generated ideas are presented. This ensures that 
all voices are heard. 

(3)	 Group discussion: A brief discussion follows to clarify and ensure a 
common understanding of each KPI. The facilitator must ensure that 
all participants have equal opportunity to question or defend a decision 
while maintaining a balanced pace of discussion. Criticism should be 
avoided. 

(4)	 Elimination of redundancies: The group eliminates any redundant KPIs. 
(5)	 Multi-voting: A list is created encompassing all the KPIs considered by 

the experts. At this stage, each expert is tasked with ranking the KPIs 
they deem to be the most important. 

(6)	 Discussion of the vote: While many authors do not consider this step 
(Harvey and Holmes, 2021; McMillan, King and Tully, 2016; Potter, 
Gordon and Hamer, 2004), Van de Ven and Delbecq (1972) do. They 
suggest discussing the results, allowing everyone to question the initial 
voting outcomes. 

Upon completion of the NGT steps, the anticipated outcome is a refined 
set of results that leverage the invaluable tacit knowledge and expertise of the 
participating experts, thereby enhancing the quality and insightfulness of the 
results (Potter, Gordon and Hamer, 2004).

PRELIMINARY OUTCOMES

At this stage of the project implementation, the value of the research lies 
in the design of a rigorous and participatory evaluation process and the 
associated data collection procedures, alongside the introduction of the 
preliminary KPIs.

Phase 1: KPI Identification

The first workshop was dedicated to the exploration phase of the project, 
where participants identified and generated an initial list of KPIs for 
monitoring the DTDP, covering three evaluation dimensions—namely, 
technical performance, usability, and value impact. This session focused on 
idea generation, leveraging the experts’ contributions to identify relevant 
KPIs.
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To guide this process, the following trigger question was posed: How can 
the effectiveness and value of the DTDP be measured in terms of its technical 
performance, usability, and value impact?

All the NGT steps during this workshop were conducted using the Miro 
platform. Each participant used Miro to interact, share, and refine the KPIs 
in real time. The following steps outline how Miro was utilized throughout 
the workshop:

 	Participants individually generated potential KPIs for each of the three 
evaluation dimensions (i.e., technical performance, usability, and value 
impact). Each KPI was written on a separate sticky or virtual note. The 
Miro board was structured into three main sections for each evaluation 
dimension, and participants added their KPIs under the appropriate 
categories. This process was conducted as a silent activity, ensuring that 
all the participants could contribute without being influenced by others.

	Each participant took a turn sharing one KPI at a time. Participants were 
allowed to ask clarifying questions but did not discuss the KPIs in detail 
at this stage.

	After all the KPIs had been shared, the group worked together to 
identify and eliminate any redundant KPIs. To identify redundant KPIs, 
participants used a sticker (virtual sticky note) to mark the sticky notes 
they considered to be similar or duplicated. These stickers were used to 
mark the KPIs for later discussion, allowing the group to review and 
decide whether to combine, reformulate, or eliminate the potentially 
redundant KPIs. This step ensured that only the most relevant KPIs 
remained.

During the final review process, participants identified the need to divide 
the proposed KPIs into two distinct categories: (1) those applicable to the 
pilot phase and (2) those relevant to the DTDP’s longer-term development. 
Accordingly, the final stage of the process was devoted to classifying the KPIs 
into those two groups.

Table 1 presents the preliminary grouping of the KPIs across the three key 
dimensions, namely: (1) Technical Performance – 47 KPIs (2) Usability – 55; 
and (3) Value Impact – 34.

Table 1: KPI grouping by dimension: Preliminary overview.

Dimension Example KPIs

Technical Performance 
(47 KPIs)

§ Technical support response time 
§ Latency p95 response time 
§ Availability/uptime availability rate 
§ Error/failure rate 

Usability
(55 KPIs)

§ Time to complete scenario 
§ Time to output (from first input to report generated) 
§ User satisfaction rate (feedback) 
§ Ease of onboarding to the DTDP

Value Impact
(34 KPIs)

§ Decision time reduction 
§ �Compliance reporting time saved (hours saved per 

year and EUR equivalent) 
§ Cost savings from platform usage 
§ Process automation rate

Source: Authors’ own elaboration
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Phase 2: KPI Refinement and Validation

The second workshop focused on refining the list of KPIs identified during 
Workshop 1. The objective was to prioritize the KPIs and ensure that they 
were clearly defined, measurable, and actionable for implementation in the 
DTDP monitoring system.

Participants engaged in a multi-voting process to prioritize the KPIs based 
on their relevance, importance, and feasibility. From each dimension, the 
participants selected the three most important for both the piloting phase 
and the longer term development phase separately. These KPIs are outlined 
in Table 2.

Table 2: KPI grouping by dimension and phase: Preliminary overview. 

Dimension  Selected KPIs 

Technical Performance 

                             Piloting phase 
•	 Availability/uptime availability (%)
•	 Latency p95 response time  
•	 Code passing security scans (SAST/DAST) (%)
                         Longer-term development 
•	 Backups restore test success rate (%)
•	 Regulatory compliance rate (%)
•	 Average setup time for regular users vs. new users (time/time)

Usability 

                     Piloting phase 
•	 Time to complete scenario (time)
•	 User satisfaction rate (feedback)  
•	 Ease of onboarding to the platform 
                          Longer-term development 
•	 Output export rate (downloads/user)
•	 Projects per account 
•	 Feature usage frequency (number)

Value Impact 

                                  Piloting phase 
•	 Estimated cost savings from platform usage (€)
•	 Process efficiency improvement (%)
•	 Business decisions supported by the platform (number)
                         Longer-term development 
•	 Estimated primary raw material savings (%)
•	 Estimated Return on Investment (ROI) of the Platform (%)
•	 Adoption of circular solutions (%)

Source: Authors’ own elaboration 

Next, participants refined the KPIs that were prioritized during the voting 
process. This involved clarifying the definitions, ensuring that each KPI was 
measurable, and structuring the KPIs to ensure they were actionable. Finally, 
in a group plenary, the KPIs were collectively reviewed. Any final adjustments 
or clarifications were made, and the KPIs were consolidated for the next 
phase.
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Phase 3: Data Collection Procedures

During the third workshop, participants developed data collection 
procedures for the KPIs, ensuring that each procedure clearly specified the 
data source(s), the collection method(s), the frequency of data collection, the 
measurement process, and the responsible party. More specifically, for each 
KPI, they indicated the data source(s), such as Microsoft Forms or system 
logs, and described the tools or methods used to gather the data, whether 
via automated tools or manual input for survey responses. They also defined 
how often data would be collected during the DTDP piloting period and after 
its deployment (e.g., daily, monthly, after each platform update), and they 
outlined the steps involved in measuring the data (e.g., survey completion, 
system log tracking, task completion during user tests). Finally, participants 
identified the individuals responsible for collecting the data and verifying its 
accuracy.

CONCLUSION

This paper has presented the conceptual and methodological foundations 
for developing a collaborative KPI framework to evaluate the DTDP 
designed and built as part of the CIRC‑2‑ZERO initiative. It primarily 
focused on the rationale, design, and structure of the participatory process, 
although it also presented preliminary results concerning the defined KPIs. 
The proposed methodology is intended to ensure stakeholder alignment, 
contextual relevance, clear criteria for future measurement, and flexibility 
for adaptation during DTDP piloting. Due to the structured approach, the 
initial KPI framework was not imposed in a top‑down manner but instead 
emerged from collaborative reflection among experts familiar with both the 
technological and industrial aspects of the DTDP. The relevant steps included 
conducting Workshop 1 to co-create candidate KPIs and holding Workshop 
2 to validate and prioritize those KPIs, before integrating the finalized 
KPI framework into the DTDP pilot evaluation plan. In Workshop 3, the 
experts defined detailed data collection procedures for each KPI, including 
the data sources, collection methods, frequency, measurement steps, and 
responsible parties. This methodological approach was found to be effective, 
and the final outcomes of the three workshops will be documented in future 
publications. The methodological foundations outlined here will contribute 
to ongoing research on CE-oriented digital tools and participatory evaluation 
frameworks.
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