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Abstract: Sustainability is becoming increasingly critical for industries developing products and technologies for the 

energy sector. However, current Design for Sustainability approaches such as ecodesign and LCA often constrain the 

innovation potential in early product development, focusing on incremental improvements (e.g. material changes) rather 

than radical architectural changes (like modularity). For this reason, the present study proposes a comprehensive 

approach to sustainability, integrated into the consolidated product platform design methodology. This approach 

integrates LCA-based analyses with circular strategies to identify sustainable redesign opportunities within product 

architectures. Next, multiple Design Structure Matrices derived from Enhanced-Functions Means models are combined 

to explore a wide design space of product architectures alternatives involving mechanical, electronic and software 

solutions. The analysis carried out on an Air Circuit Breaker explored 767 architectures and suggested modular solutions 

to increase repairability of a key component. The resulting modular platform satisfies both sustainability and the other 

Non-Functional Requirements. 
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1 Introduction 

Sustainability is a key necessity to achieve the Sustainable Development Goals (Carvalho and Santos, 2024), especially in 

the products used in the energy sector (e.g. switchgears, circuit breakers, transformers), due to their substantial contribution 

to energy consumption and resource optimization. In the past years, this need was often addressed post-production, by 

evaluating the Global Warming Potential (GWP) of products after their disposal (Asif et al., 2021). In the contemporary 

industrial landscape instead, new strategy opportunities are emerging to shift from a linear economy to a circular model, 

that tackles sustainability from the early design stage (Becattini et al., 2025), minimizing the products' environmental 

impact. However, these strategies are not consolidated as the GWP-based analysis and their metrics are not standardized 

yet (Ruiz-Pastor et al., 2024), this is why it is important to address sustainability through a combined approach. 

For instance, the circuit breakers of ABB's Emax2 series emit more than three thousand kilograms of CO₂ equivalent 

during their expected lifetime, and this does not account for the impact of spare parts substitution (ABB SPA, 2025).  At 

the same time, products in the energy sector are expected to increase performance (e.g. being able to interrupt DC currents, 

which are much more difficult than AC currents) and become more cost efficient (Huo et al., 2022). To satisfy these quality 

requirements, systems engineering has long relied on product platforms, sets of common elements shared among a product 

family, allowing manufacturers to increase cost-effectiveness and foster scalability of the production line (Simpson et al., 

2001), but also demanding additional balance between customization and family optimization (Isaksson et al., 2014). 

There is therefore an increased need to focus on sustainability while at the same time optimizing the aspects usually 

optimized in engineering product platforms.  

One way to achieve this is by observing that sustainability and platform design share key aspects such as modularity, an 

approach to organizing complex products in simpler portions to be managed independently or as a whole (Gershenson and 

Lai, 2008). The degree to which a system’s parts can be separated and recombined is largely governed by their inter-

module dependencies, that can be both direct (given by physical constraints) or indirect, when they depend on customers' 

needs and requirements (Wong et al., 2016). Some of the examples combining sustainability and product platform design 

can be found among kids' appliances: dynamic products, designed to adapt as the children grow. This is the case of "grow-

with-me furniture" such as Stokke's YOYO stroller (with its different configurations) or IKEA's SUNDVIK crib, that with 

a minimal change in its modules' arrangement transforms from a crib to a bed. Although these examples are immediate to 

understand, it is much more difficult to achieve the combination of sustainability in the design of a product platform of 

advanced products such as a circuit breaker or a switchgear, where 1) there is not a single optimal architecture, but there 

are multiple optimal for different market segments and 2) the product architectures present different mixes of mechanical, 

electronic and software solutions, which are not easy to compare one against each other.  

This study proposes an approach to identify a comprehensive set of sustainability needs and solutions (derived both from 

consolidated environmental impact analysis and emerging circularity strategies) and evaluate them with the products 

functionalities to redefine their architecture (represented as Design Structure Matrix). 
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2 Background 

This section describes critical definitions used in platform design and sustainable design, which are needed to present the 

overall approach, and what sustainability criteria are used in the definition of the product platform architecture. 

2.1 Functional and Non-Functional Requirements: a key distinction for product platform developers  

Current state of the art processes for modular product platform development (Otto et al., 2016) start with the identification 

of customers' needs and requirements, obtained performing a market analysis. Concerning requirements, platform 

development emphasizes a clear distinction among Functional Requirements (FRs), as they describe the behavioral aspects 

of a system and constitute functions that the product must be able to perform, and Non-functional Requirements (NFRs), 

which describe how the system will accomplish its goals, rather than how it will perform  (Shankar et al., 2020).  

For example, in the reinforcement of a rear-bumper of a car a FR, such as the imposition of bumper bracing to resist 

deformation from impacts, focuses on what the product needs to do (i.e., its function). NFRs such as the 10-years 

durability, the manufacturing carry-over or even sustainability focus on all the lifecycle constraints (e.g. in manufacturing, 

or end-of-life) that limit "how" to achieve the "what" (Worinkeng and Summers, 2015).  

Compared to FRs, NFRs are more difficult to measure and quantify, although relevant studies show the positive influence 

of their integration in products' early design phase (Summers et al., 2015) and in modular platform design. A notable 

example is Forti et al. (2023) study, where NFRs were used to guide the integration between the modularization methods 

of Design Structure Matrix (DSM) and Modular Function Deployment (MFD) in the automotive sector. It is therefore 

fundamental to consider NFRs during platform development, as they set the modules' architecture and inter-dependences, 

participating in the design definition, by highlighting clusterization opportunities and serving as modularity drivers.  

2.2 Sustainability: an emerging Non-Functional Requirement  

One of the first methods to include sustainability requirements in product design dates to the first 70s with the development 

of the Lifecycle Assessment (LCA) analysis (Guinée et al., 2011). Initially, the LCA consisted in computations of emission 

loadings, but in recent years it expanded to evaluate products impact through standard metrics such as GWP and CO₂ 

equivalent computation (ISO, 2006). Also, LCA is the base to a third party verified certification, the Environmental 

Product Declaration (EPD), which is increasingly required by the customers in the energy sector (Piras and Sferra, 2024). 

LCA-based methods are practical and useful, as they quantify and compare product impacts across multiple lifecycle 

phases, typically including manufacturing, distribution, installation, use and end-of-life. However, LCA analyses are 

limited for what concerns the end-of-life or even use phase of products, as the available datasets are often incomplete, and 

they struggle previewing future scenarios and possible failures (Sevigné-Itoiz et al., 2021). Also, the methodologies that 

incorporate sustainability aspects as ecodesign often consider linear manufacturing systems, lacking attention for the 

alternatives to product disposal (Asif et al., 2021). 

To overcome LCA limitations, recent studies have identified new sustainability strategies based on the extension of the 

LCA model (De Udo Haes et al., 2004), but also involving creative thinking and a focus on products' circularity (Rose et 

al., 2002).  Circularity is an economic system that replaces the ‘end-of-life’ concept with reducing, alternatively reusing, 

recycling and recovering materials in production and consumption processes, providing a decisive reduction in CO₂ 

emissions (Kirchherr et al., 2017). However, despite their ability to reduce material demand and waste creation, circular 

metrics are still unable to capture the benefit of energy efficiency, a crucial contemporary issue that cannot be overlooked 

(Brändström and Saidani, 2022). LCA and circular strategies cover therefore different dimensions of sustainability, and 

this mutual exclusivity makes it necessary to address both in a comprehensive approach to sustainability (Samani, 2023). 

While LCA analyses are consolidated and ruled by a precise standard (ISO, 2006), circular metrics are numerous and not 

as standardized (Kristensen and Mosgaard, 2020). Before the 2010s, circularity frameworks were reduced to just 3Rs: 

Reduce, Reuse, Recycle, but over the years their number increased. Following the recent trends, the present study considers 

the 10Rs framework, where each R corresponds to a circular strategy and its actuation contributes to increasing the 

products circularity and sustainability (Kirchherr et al., 2017). These are: Refuse (R0), Rethink (R1), Reduce (R2), Reuse 

(R3), Repair (R4), Refurbish (R5), Remanufacture (R6), Repurpose (R7), Recycle (R8) and Recover (R9).  

By combining the solutions suggested by the 10Rs of circularity framework with the information from LCA analyses, the 

present study focuses on identifying the products' components with highest global warming impact and finding the 

redesigning solutions with the highest potential for sustainability. The hotspots for the most environmentally impacting 

systems are those that result from LCA analysis, but for what circularity is concerned, hotspots mainly depend on the 

disposal drivers of the subsystems (Zhang et al., 2016) and identifying them can help define sustainable alternative 

solutions. For example, frequent failures during product lifetime or wear could point to the necessity of increasing 

repairability (R4), strict standards for components remanufacturing (R6) could constitute an opportunity of repurposing 
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(R7) and the disposal of parts that are too difficult to disassemble could lead to the rethinking (R1) of the assembly 

interfaces. 

This component-sustainability mapping operation requires a space where the connection between product and 

sustainability requirements is highlighted, and designers can easily experiment with different alternative solutions. 

2.3 Models that connect FRs, NFRs and Design Solutions and their dependencies  

The models that represent products architecture in platforms development are usually based on product functions, 

modularity drivers and/or systems' structure (Katja Hölttä-Otto, 2005). For what concerns structure representation, Design 

Structure Matrix (DSM) is a popular tool used to map the interactions among products subsystems (Browning, 2016). 

Allowing designers to identify clustered modules, DSM enables both platform design and sustainability. However, DSM 

alone represents neither the logical link between the product and its functions nor customers' FRs and NFRs.  

Modular Function Deployment (MFD) on the other hand, is a consolidated method for developing modular products that 

starts identifying customers' requirements and associating them with technical solutions (Erixon, 1998). However, MFD 

limits flexibility and could affect the creativity behind the generation of sustainable solutions. Another class of methods 

that fosters platforms development are functions heuristics ones. These are still based on both customers' needs and product 

functions but lack the possibility to include technical solutions associated to functionalities (Otto and Zamirowski, 1999).  

The Enhanced Functions-Means model (EF-M) instead enables the representation of requirements (functional and non-

functional), design elements and interfaces all in the same model (Schachinger and Johannesson, 2000). This is thanks to 

its abstract representation (Figure 1), portraying the relationships among product components (the so-called Design 

Solutions DS), their Functional Requirements (FR) and Constraints (C) (Schachinger and Johannesson, 2000;Müller et 

al., 2019). In this paper, constraints are substituted by NFRs and are used to highlight components that are hotspots for 

one of the sustainability requirements. One benefit of the EF-M modelling approach is that other than applying axiomatic 

design principles (where each FR is satisfied by a single DS), it is possible to explore alternative solutions where different 

alternatives DS are linked to the same FR and constitute different product architectures (Panarotto et al., 2022). 

 

Figure 1. EF-M tree model structure, adapted from Levandowski et al. (2014). In the model, every FR is satisfied by one or more DS, 

that can also be marked as hotspots for other NFRs. 

Besides, the EF-M method supports the extraction of the corresponding DSM, which can be used for architectural structure 

analysis. For what concerns platform design, the simultaneous use of the EF-M tree models and DSMs allows designers 

to simulate changes in platform architecture, by emphasizing the interfaces involved in such changes (Panarotto et al., 

2022). From the sustainability side, DSM allows designers to emphasize opportunities for modular design and (with a 

slight rearrangement) to collect environmental indicators (Rizzuti and De Napoli, 2021). 

3 Methodology 

The scope of the present study is to integrate a comprehensive, sustainability requirements mapping strategy, in the broader 

context of product platform design. To achieve this, the methodology where this sub-set is integrated into is introduced 

and a focus on the requirements identification and sustainability mapping is performed. 

To illustrate the application of the present study, the industrial case of an Air Circuit Breaker (ACB) is presented. This is 

one of the protective elements of the electric grid, that must withstand high safety and performance standards, to which 

sustainability requirement is added. Figure 2 shows ABB's Emax2 series of ACBs and the exploded view of Emax E4.2. 
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The present study focuses on the accessory module, especially on the plate that serves as housing for the accessories (the 

component that is highlighted in the figure). This structural enclosure contains and supports the breaker's operating coils 

(trip coil, UVR, open and close coil) and transmits their signals to the trip unit. 

 

Figure 2. ABB's Emax2 series of ACBs (ABB SPA, 2024). The circled component is the plate that houses the ACB's accessories. 

3.1 Preliminary phase 

The preliminary phase of the methodology consists in the employment of the EF-M tree model and the DSM to identify 

the main functional blocks of the product and visualize the interactions among its systems. To build a general 

understanding of the product, the FRs must be collected searching technical documentation and conducting interviews 

with specialized workers and customers. This will result in a generic breakdown of the product, that will be reviewed and 

modified during the following methodology phases. 

Figure 3 shows the general EF-M model of an ACB. The functional blocks represent its main subsystems (such as fixed 

part, arc chamber…) and there is a zoom on the accessory module. The model is sided by the DSM that shows the 

interactions among all the product subsystems. These interactions are marked by letters and are color-coded: the green "S" 

stands for spatial interaction, the yellow "I" for information exchange and the blue "E" for energy exchange. The purple 

squares point to the multiple interface type, marking interfaces that are both spatial and energetic or transmit signals.       

 

Figure 3. EF-M tree model and DSM of an ACB (Martinsson Bonde et al., 2025), obtained using Trinity-Systems Modelling. 

3.2 Requirements identification 

The requirements' identification phase focuses on the NFRs, since FRs have been identified during the product's functional 

breakdown. Among the NFRs, some sustainability-oriented ones originated from the literature combining LCA and 

circularity-based approach to sustainability. The most representative NFRs for LCA-based strategies are "Material 

sustainability" and "Energy efficiency", while for what the 10Rs framework is concerned, the associated NFR is "Lifetime 

extension" (Samani, 2023), since circularity strategies are considered solutions to other requirements. 

Other than those derived from sustainable literature, every production field has some industry-specific NFRs, that are 

identified by performing a market evolution analysis. The identification of these requirements includes conducting 

different interviews with company's service representatives and a benchmark analysis of what competitors offer. The result 

of this market analysis will lead to the identification of NFRs of internal stakeholders (directly involved in production 

company), external stakeholders (customers and outside parties affected by the company) and sustainability-oriented 
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NFRs. The topics covered by the research are company and customers characterization (B2B or B2C, sector, geographic 

area…), expectations regarding the product and analysis of competitors' solutions. Each of these aspects should be faced 

considering their expected evolution in a time span of around fifteen years, since platform design allows the agile 

integration of present and future changes. The result of this analysis is a priority matrix, that serves as a base for deriving 

the market segmentation of the product's customers. 

Figure 4 shows the priority matrix for an ACB. The first two columns collect the NFRs and the stakeholders who request 

them, while the other cells show the relevance of each NFR assigned by different ranges of customers. Here, four ranges 

of customers have been identified: high-end customers (meaning big companies of innovative sectors) of 2026 and 2040, 

and low-end customers (small and traditional companies), in the same time span. The granularity of the percentages is due 

to the methods used to quantify the relevance of the NFRs: Kano models translated into binary pairwise comparison 

matrices. In this context, the sustainability requirements "Ability to provide sustainability insights to supersystems" and 

"Social sustainability" were added to "Material sustainability" and "Lifetime extension". "Energy efficiency" instead, is 

an industry-specific performance requirement, therefore it has been classified as both external stakeholders and 

sustainability-oriented. "Zero downtime" has the same classification, since it depends on the time that the product operates 

without failure (MTBF, Mean Time Between Failures) and the time required to repair it (MTTR, Mean Time To Repair), 

aspects that affect both sustainability and customers' satisfaction. 

 

Figure 4. Priority matrix for ABB's Emax2 ACBs series. 

3.3 Components-Sustainability mapping 

This phase focuses on environmental sustainability, by identifying the product systems that are mainly responsible for it, 

for each phase of the lifecycle. This comprehends functional blocks with the highest global warming impact or the highest 

potential for sustainable redesign.  

Initially, LCA and EPD results are analyzed to collect sustainability data and obtain the GWP of the product's lifecycle 

phases. Since LCA analyses give the most accurate results for manufacturing phase and are limited for what concerns use 

and end-of-life predictions, 10Rs circularity strategies are integrated to extend product lifetime. To identify the systems 

that are hotspots for sustainability, a quantitative unit of measurement is assigned to every NFR. At this point, the systems 

that are responsible for most of the emissions computed by the LCA and the systems where one of the Rs circular strategies 

can be applied are manually listed and added to the product EF-M. The model in this phase presents a more detailed 

breakdown of the sustainability hotspots, that are marked with the NFR they are responsible for. Since many components 

are integrated solutions, the more accurate and detailed the functional breakdown is, the easier it is to find new DSs: the 

new ones could be additions to the architecture, could directly replace the current components, but could also modify just 

a part of it, without replacing it entirely. 

Figure 5 shows a detailed functional breakdown of the right plate for accessories, one of the components that are substituted 

more often, therefore it is a hotspot for the "Lifetime extension" NFR. As shown in the figure, the right plate for accessories 

was decomposed into four subsolutions: a flexible pcb and terminal connectors which transmit signals to the other 

subsystems ("I" interactions), an external structure which supports the other subsolutions ("S" interaction) and the housing 

for coils. This component must resist high vibrations during both ACB's activity and maintenance operations, since the 

interfaces between housing and coils are solicited from the operations of extracting and putting coils into place, for this 

reason, they share an energetic (E) interface. The other NFRs used to identify sustainability hotspots were "Material 

sustainability" and "Energy efficiency". The units of measurement adopted were CO₂ equivalent emissions of producing 
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the components for what concerns "Material sustainability", power losses due to the subsystems for "Energy efficiency" 

and CO₂ equivalent emissions spared in applying Rs strategies for "Lifetime extension". Alternatively, quantity of waste 

generated could be another measurement for "Material sustainability", and some Rs strategies-based scoring system can 

be found in the literature (Muñoz et al., 2024). 

 

Figure 5. Breakdown of the right plate for accessories in the EF-M model and DSM, as it is a hotspot for "Lifetime extension". 

3.4 Alternative solutions generation 

With all the hotspots for sustainability identified, the sustainability NFRs are added to the EF-M of the product, and the 

generation of their Design Solutions (DS) begins. Each alternative DS added to the model entails a variation in the DSM 

and the generation of a new one. After adding all the sustainable DSs to the model, it is necessary to study what inter-

modules dependencies would change with the implementation of the new DS. To facilitate this step, the new DSs' 

interactions are marked with the orange letter "M", to point at the interfaces that the new solutions would modify. 

 

Figure 6. Sustainable DSs to increase plate for accessories repairability (R4), integrated into the product DSM.  

Figure 6 shows part of ACB's EF-M tree with the alternative architectures that satisfy the requirement "Lifetime 

extension", by increasing the right plate for accessories repairability. The present study focuses on this component and 

NFR, but the analysis performed on the whole ACB considered other two sustainability requirements in the EF-M model: 

"Material sustainability" and "Energy efficiency". By adding the four plate's sustainable solutions to the present EF-M 

model, four different DSMs are generated, but this number grows exponentially when different alternatives for the other 

NFRs are listed. In fact, the generation of sustainable DS for each of the ACB's hotspot produced 767 different DSMs. 
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The most promising sustainable solutions to increase the right plate for accessories repairability (R4) are the architectural 

changes that will absorb the vibrations during ACB's activity and will protect the plate from the extraction and insertion 

of coils during maintenance operations. Other than the current undamped architecture, some possible damping solutions 

are the addition of rubber inserts, the redesign of the component to obtain a particle damping structure and the adoption of 

the Constrained Layer Damping (CLD) method. At this point, the integration of each sustainable solution into the product 

architecture is studied. The orange "M" in Figure 6 shows the interfaces that will be modified by the implementation of a 

new DS. For example, the adoption of a particle damping architecture would modify only the coils housing portion of the 

plate, while the addition of rubber or a viscoelastic damping layer (CLD) would modify the interaction between both the 

coils and the housing.  

3.5 Alternative solutions evaluation 

When the alternative sustainable solutions are included in the EF-M model, they generate different DSMs, one for each 

possible combination of DSs. In this phase, the alternative DSs identified in the previous step are evaluated according to 

their correlation with the NFRs defined at point 3.2 and the DSMs that contain them are ranked to find the most promising 

product architecture. 

To perform the evaluation, the alternative DSs are organized in a matrix (Figure 7), that collects the list of NFRs identified 

at point 3.2, the relevance of the NFRs for every range of customers and the alternative solutions. The correlation between 

the implementation of a new solution and the satisfaction of the NFRs is rated through a scoring system inspired by 

Modular Function Deployment (MFD). This system uses a five-level scale, where positive values as +3 and +9 indicate 

respectively moderate and strong positive correlation, while negative values indicate negative correlations. A value of 0 

means that the DS does not affect the satisfaction of the specific NFR. To define the total score assigned to each DS, a 

scalar product is computed between the column of the correlation scores and the column of the NFRs' relevance. 

The DSMs are subsequently ranked based on the total scores of the DSs they contain, using an external Python script. The 

highest-ranked DSMs represent the most suitable product architecture for each customer range. The common elements 

shared among the best-ranked DSMs define the core platform, while the differing elements identify modular components 

that can be added or removed to satisfy the requirements of different customer ranges. Ideally, a single platform would 

satisfy all customer ranges; however, in the energy sector, multiple optimal architectures are often required. 

As shown in Figure 7, the different DSs to increase the plate for accessories lifespan have been evaluated based on the 

other NFRs' relevance for each range of customers. Despite all these new solutions benefiting the plate’s lifetime extension 

(and all the three present the correlation score +9 with that NFR), the addition of rubber insertion would be against the 

regulations for ACBs, since they degrade at high temperatures and need frequent substitution (Xiao et al., 2020). For this 

reason, the correlation score among the insertion of rubber and the NFR "Standard and regulations adherence" is -9. 

Particle damping architecture is compliant with standards, but it would be difficult to implement, since it would require a 

complete redesign of the component. Particle damping is also the more space-consuming solution, it will therefore be 

against the NFR "Dimensions reduction" (Gagnon et al., 2019). The addition of a viscoelastic damping layer (CLD) 

instead, would keep the small size of the plate and have a better temperature management (Park et al., 2021). However, 

the production cost would increase, since it would require more study and to overcome carryovers.  

 

Figure 7. Plate for accessories sustainable solutions rating against customers' NFRs. 
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Summing the scores associated to every DS of each DSM, the best DSM resulting from the evaluation for the low-end 

range of customers in 2025 is DSM 247, presenting most of the current DSs (plate architecture included), without required 

modifications to the interfaces (Figure 5). In fact, this range of customers prioritizes the cost-effectiveness of DSs with a 

low interest in sustainability. However, the best DSM for low-end range customers of 2040 is DSM 245, that presents the 

additional damping layer (CLD). This result shows a higher priority of "Lifetime extension" NFR and a slight reduction 

of carryover relevance. That means that in a fifteen-year timespan, it will be necessary to modify the coils housing to host 

an additional damping layer that will be in contact with the coils and will protect the plate from cricks formation and 

breakages (Figure 8).  

3.6 Product architecture analysis 

During this phase, the DSMs that have the highest ranking are analyzed and their DSs are integrated into the product 

architecture, by studying their effect on inter-modules dependencies. Once the new product architecture is obtained, the 

result of the analysis can highlight other areas of further improvement, so it could be useful to go back to the EF-M model 

and repeat the process. 

The DSMs ranking for the ACB produced different optimal architectures for every range of customers, but for what the 

plate for accessories is concerned, the addition of a viscoelastic damping layer is the preferred solution to extend the plate 

lifetime. Figure 8 shows the changes that the implementation of the layer would cause to the plate-coils interfaces. With 

the addition of this layer, the coils housing will not exchange energy with the coils anymore and will not be affected by 

the vibrations of the plate, that will be absorbed by the new layer. Therefore, the SE (spatial-energetic) interaction will 

move between coils and damping layer and between damping layer and housing. This will increase the plate's lifespan and 

protect it from the insertion and extraction of coils, resulting in fewer plate for accessories substitutions and therefore 

avoiding the environmental impact of spare parts production. This solution derives from the circularity-based requirement 

and would not have been identified by the LCA analysis alone, missing an opportunity to increase the ACB's sustainability. 

However, the DSs evaluation (Figure 7) underlined some disadvantages regarding costs, carryover and adherence to 

standard for these architectural changes. This makes it useful to go back to the EF-M tree model of the ACB and perform 

another analysis focused on the other NFRs. 

 

Figure 8. Addition of a damping layer to the right plate for accessories and relative modifications to plate-coils interface. 

Discussion and Future developments 

In this paper, an approach to comprehensively integrate sustainability into product platform development has been 

illustrated. The present study overcomes LCA-based analysis limitations by incorporating circular Rs strategies in the 

identification of sustainability hotspots. With this combined approach included in platform development, designers control 

the whole product architecture and the addition of alternative design solutions from the early design phases. The presented 

methodology also serves as a decision-support tool: by evaluating the impact of sustainable solutions across all the product 
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NFRs, it ensures that sustainable solutions are feasible, compliant with standards and regulations, and satisfy various 

ranges of customers. 

During the industrial case implementation, the enabling tool Trinity Systems Modelling has been used to compute EF-M 

models and DSMs, to visualize and intervene on the product architecture. The other operations, however, have been carried 

out manually, limiting scalability and applicability in industrial contexts. Increasing the level of automation is one of the 

aspects of the study that need to be addressed in the future. For example, the requirements identification phase could be 

performed through AI algorithms, that automatically distinguish needs, NFRs and solutions (Binkhonain and Zhao, 2019). 

The generation of new DS and the implementation of circularity strategies could benefit from AI integration as well; in 

fact, Kwon et al. (2019) illustrate the use of automatic algorithms, which use image recognition to look for repurposing 

sectors and other automated solutions. For what concerns DSMs evaluation, now it is necessary to export the matrices in 

.csv format and rank them with an external Python code, but it would be useful to integrate this function into a single 

comprehensive tool. The development of a structured tool integrating AI algorithms would enable a collaborative human–

AI workflow in which engineering expertise and computational intelligence complement each other throughout the design 

process. 

Conclusions 

Sustainability is an emerging need of increasing relevance in the energy sector, and it is important to integrate it from the 

beginning of the platform design stage. The present work illustrates how NFRs that are mutually exclusive and cover all 

the aspects of product sustainability can be identified and later included in platform development. The study also 

demonstrates how the use of EF-M models and DSMs supports this integration and fosters the evaluation of alternative 

sustainable solutions. The manual implementation of such methods has been explained, but future developments will 

include AI integration to identify requirements and generate and evaluate sustainable solutions. The design case of an 

ACB was used to show the implementation of sustainability strategies to minimize the environmental impact of one of its 

components. 
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