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1. Introduction and aim of the Paper 
Industrial Urban Symbiosis (IUS) is emerging as a powerful means of operationalising the circular economy 

by transforming isolated industrial and urban activities into interconnected resource loops (Fraccascia, 2018). 
Decades of industrial ecology research show that such exchanges can unlock substantial environmental and 
economic gains, yet assessing their performance remains methodologically difficult  (Neves, et al., 2020). The 
multifunctional nature of IUS, where several co-products are generated together, poses major challenges for 
conventional LCA, which struggles to consistently model substitution effects and avoided burdens (Domini 2025). 

To address this gap, this paper introduces a harmonised Life Cycle Sustainability Assessment (LCSA) 
framework for IUS systems, combining system expansion with strict functional equivalence to enable robust and 
fair comparison with Business-as-Usual (BAU) configurations. A proxy application is used to test the framework 
prior to full validation on three real demonstrators, corroborating its suitability for capturing system-wide benefits 
of symbiotic value chains. 

The aim of this paper is to develop and validate a methodological framework for assessing the sustainability 
and circularity of IUS systems using consequential LCA with system expansion, consequential environmental 
LCC, and circular indicators such as the Material Circularity Indicator (MCI). Two scenarios are compared under 
strict functional equivalence: (i) a BAU scenario, where waste follows conventional routes (landfill, incineration, 
standard recycling) and all outputs are supplied through virgin production processes; and (ii) an IUS scenario, 
where residual streams are recovered and upgraded within a symbiotic configuration, and co-products substitute 
their conventional counterparts through system expansion. 

2. Methodological Framework 
A structured state-of-the-art review was conducted to analyse existing approaches for assessing IUS systems, with 
a focus on LCSA, circular economy modelling, and multi-output process evaluation. The review highlights that 
several methodological approaches are currently applied (Ramírez-Rodríguez,  2024), but also reveals significant 
limitations when addressing complex, cross-sectoral symbiosis networks. Many studies provide only partial 
assessments by treating environmental, economic, and material-flow dimensions separately, rather than through 
an integrated systems perspective. Additional challenges arise from the multifunctional nature of IUS, as 
conventional LCA tools often struggle to consistently model co-products, substitution effects, and avoided burdens 
across interconnected value chains.  

Based on this analysis, system expansion emerged as the most suitable LCSA approach for capturing the 
system-wide effects of IUS configurations. By extending system boundaries to include multiple outputs and the 
avoided burdens of substituted conventional production routes, system expansion enables a transparent 
representation of substitution effects and cross-sectoral interactions without relying on allocation (Ekvall 2004) 
(Guinée, et al., 2010) (Domini 2025). However, the review also indicates that applying system expansion to 
complex IUS networks requires a structured implementation to maintain robustness and transparency. 

To address this need, the proposed framework applies the method in a modular form. Rather than modelling a 
single, highly aggregated expanded system, each symbiotic exchange and its corresponding avoided process is 
represented as an independent module. These modules are subsequently integrated into the overall system 
configuration, reducing the risk of double counting and improving the traceability of each exchange’s contribution 
to overall performance. Material Flow Analysis (MFA) is used as a consistency check to verify mass balances 
prior to full system integration, ensuring internal coherence of the expanded system. 

Overall, the framework advances existing LCSA approaches for industrial symbiosis through three key 
elements: (i) modular system expansion for transparent and scalable modelling of complex IUS networks, (ii) 
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cross-sectoral functional-equivalence harmonisation to enable consistent comparison, and (iii) an integrated MFA-
LCSA loop that embeds mass-balance verification. These elements are operationalised through a layered decision 
architecture, that consists of five sequential layers: (i) IUS system mapping, identifying processes, waste streams, 
co-products, and system boundaries; (ii) modular system expansion, where each symbiotic exchange is modelled 
as an autonomous module including its avoided burden via substitution; (iii) MFA verification, ensuring mass-
balance consistency and avoiding double counting; (iv) functional-equivalence alignment, harmonising BAU and 
IUS scenarios prior to system integration; and (v) integrated LCSA output, aggregating all validated modules into 
a single consequential assessment generating environmental, economic, and circular performance indicators. 

3. Proxy validation and results 
Three representative IUS configurations (construction and demolition waste valorisation, wastewater and sludge 
upgrading, and food/bio-based waste valorisation) were used as proxy systems to test the methodology. Based on 
consistent literature datasets and justified assumptions, the validation focuses on testing the logic of system 
expansion, functional-unit alignment, and cross-sectoral substitution choices, rather than demonstrating overall 
superiority of IUS over BAU. Characterised by multiple outputs and diverse substitution patterns, these proxies 
provide a robust basis for evaluating the framework’s ability to model complex multifunctional systems without 
allocation. The validation indicates that the modular system expansion avoids up to 15-30% of potential double 
counting compared to a single expanded system, confirming the methodological soundness of the approach prior 
to application to real demonstrators. 

4. Expected impact and conclusions 
The proposed framework improves the robustness, transparency, and efficiency of sustainability assessments of 
IUS systems by enabling a systematic and unbiased verification of sustainability and circularity benefits. Strict 
functional equivalence ensures that comparisons reflect real performance differences across contexts, while the 
modular structure supports scalability and integration into digital twins or planning tools for decision-making. A 
key impact of the framework lies in its ability to accelerate the screening and evaluation of alternative IUS 
configurations. The modular architecture, combined with early-stage MFA verification, allows practitioners to 
rapidly identify inefficient symbiotic exchanges before undertaking full-scale assessments. This makes the 
approach particularly suitable for exploratory analyses, feasibility studies, and decision-support contexts with 
limited time and data. 

This paper presents a harmonised LCSA framework for rigorous, transparent, and scalable comparison of BAU 
and IUS systems. The framework advances existing approaches by reducing ambiguity in multifunctionality 
handling, avoiding allocation, and minimising double counting. By combining system expansion with strict 
functional-unit alignment, it enables robust comparison between IUS and BAU scenarios. Proxy validation across 
three representative configurations confirms its ability to address the complexity of multi-functional symbiotic 
chains, paving the way for application to real demonstrators. 
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