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ABSTRACT

This paper critically examines the methodological boundaries of Life Cycle Assessment (LCA) within
the context of sustainable design and infrastructure systems. By contrasting classical and ecological
engineering logics, it reveals analytical blind spots in conventional LCA models, particularly the
inability to recognize unrecovered resources, ecological co-benefits, and regenerative potentials.
Drawing from case analyses and conceptual comparisons, the study questions the adequacy of cradle
frameworks in addressing spatial, biological, and systemic complexities. In response, it proposes an
expanded evaluation approach grounded in spatial-temporal dynamics, ecosystem integration, and
syntropic principles. The findings support a necessary shift from impact-reduction metrics toward
context-sensitive methodologies capable of supporting circular and regenerative design in nature-
based solutions (NBS) architecture and infrastructure.
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1. INTRODUCTION

In the face of mounting climate, environmental, and resource crises, a central question
emerges: Can sustainability remain limited to technical optimization? Architecture and civil
engineering, disciplines that shape space, hold the potential not only to minimize harm but
to generate regenerative outcomes. Within this framework, wastewater, long seen as a
burden, is increasingly recognized as a resource: a source of energy, nutrients, and
ecological value. Yet, if waste is redefined as a resource, can we still plan and evaluate
development through the lens of waste management, rather than resource recovery? Such
a shift requires not just new technologies but a revised methodology, one that can measure
regenerative gains, not only losses. Life Cycle Assessment (LCA), central to sustainability
evaluation, thus warrants critical re-examination. Its limits are not solely technical, but
epistemological, shaping how we assign value in architecture and ecology. Current
sustainability assessments remain grounded in linear, quantitative frameworks such as ISO
14040/14044. While LCA effectively measures emissions and consumption, it often
overlooks spatial, biological, and socio-ecological benefits emerging from interactions
between built and natural systems, such as carbon sequestration, nutrient cycling, and
microclimate regulation [1]. This gap persists across sectors: in renewable energy, where
social and spatial dimensions are underrepresented [2], and in urban water systems, where
wastewater supports Cradle-to-Cradle material cycles [3].

This paper thus has a dual objective: to examine the methodological boundaries of LCA in
architectural and ecological systems, and to explore extended valuation frameworks that
incorporate local context, biological flows, and ecosystem services. Waste is framed as an
energetic, material, and ecological resource, not as a residual output. The paper proceeds
from theory and critique of LCA, through a comparison of classical and ecological
engineering, to a model for regenerative urban infrastructure.

2. THEORETICAL FRAMEWORK

The Life Cycle Assessment (LCA) methodology emerged in the late 1960s within an industrial
context, as a method for assessing energy flows and the environmental impact of packaging.
Its development was closely linked to classical engineering, operating within the paradigm
of control and optimization. Consequently, LCA has been oriented from the beginning
toward quantitative measurement, the identification of emissions, resource consumption,
and critical pollution. With its standardization through 1SO 14040, ISO 14041, and ISO
14042, this approach became a dominant instrument in sustainable planning and
production [4].

In the field of building construction, LCA serves as a basis for selecting materials, assessing
energy efficiency, and quantifying emissions over a building’s life cycle. However, such
applications remain confined to the mitigation of damage rather than the creation of
benefits. Spatial dimensions, biological interactions, and local ecosystem connections
remain beyond its analytical reach. The assumption of spatial neutrality is particularly
problematic, as if the place of intervention were irrelevant, even though regenerative
effects such as water infiltration, microclimate improvement, or biodiversity enhancement
occur precisely through local integration. In standard models, LCA treats the environment
as a passive recipient of negative impacts. This reductionist framework overlooks the
potential of systems to act as active agents that generate value through natural and social
flows. At this point, the distinction between classical engineering and ecological engineering
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emerges (Table 1). While the former remains focused on the product and technical
performance, the latter incorporates space, time, and relationships as integral components
of the system. These distinctions are supported by literature emphasizing the integration of
natural systems, local knowledge, and regenerative design principles [5], [6], [7], [8].

Table 1. The author’s synthesis compares classical and ecological engineering approaches. Informed by the
holistic and site-integrative principles [5], [6], [7], [8].

Aspect Classical Engineering Ecological Engineering
Focus Product, object-oriented Process, flow-oriented
Methods Performance optimization (efficiency, | Regenerative integration
cost) (effectiveness, cycles)
) . . . . Cyclical: adaptation, renewal,
Time Frame Linear: design, production, end-of-life 4 L P
continuity
Location . . -
Universal, site-neutral Context-specific, ecosystem-rooted
Context
Relationshi . . Symbiosis, support of natural
. P Control, impact avoidance v PP
with Nature processes

This comparison is supported by contemporary research. Schénborn and Junge (2021)
emphasizes that Ecological Engineering integrates principles, processes, and organisms into
traditional engineering practices as a holistic approach to problem-solving [5]. In
architectural systems, Hecht et al. (2024) propose that regenerative design can be
measured through exergy and the generation of ecosystem services, whereby buildings
become active participants in biological cycles [6]. Furthermore, Toner et al. (2023) highlight
the importance of integrating site-specific ecological knowledge into design practice,
stressing that architecture cannot be separated from the context of nature [7]. In a broader
sense, de Oliveira et al. (2025) point to the evolution of concepts such as ecological
engineering and nature-based solutions, underlining the need to transcend terminological
divisions in favor of synthetic, integrative, and holistic approaches [8]. From this
perspective, a central question arises: can LCA, in its classical form, respond to the
challenges of architecture that seeks to design symbiotic relationships between humans,
technology, and nature? If evaluation remains limited to emissions and consumption,
positive effects are neither targeted nor visible. If, however, the goal is to identify and
measure benefits, not only avoided damage, LCA expands both methodologically and
epistemologically.

The potential of this transformation lies precisely in re-examining LCA not as a finalized
method of environmental accounting, but as a framework capable of evolving beyond its
classical roots [9]. This paper interrogates whether ecological engineering truly breaks away
from reductionist logic, or if it represents an adaptive layer within the same paradigm, one
still focused on optimization and impact minimization. By doing so, it investigates whether
ecological engineering constitutes a transitional stage, one still constrained by optimization
logics and system neutrality, or whether it signals a paradigm shift toward nature-based,
regenerative thinking. In this expanded view, LCA is not limited to quantifying losses but is
redefined to recognize benefits, relationships, and spatially embedded potentials. Such an
evolution could serve as the basis for a new architectural paradigm and LCA methods
aligned with deep ecological engineering and Nature-Based Solutions (NbS).
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3. METHODOLOGICAL LIMITS OF CLASSICAL LCA IN THE CONTEXT OF
ECOLOGICAL ENGINEERING

The methodological boundaries of classical LCA become most evident when applied to
systems that involve dynamic interactions between infrastructure and ecology. While LCA
excels in quantifying environmental burdens (emissions, energy use, pollutant loads), it
remains limited in assessing opportunities for regeneration and integration with natural
processes. Building upon the conceptual distinction outlined in Table 1, this section
examines how classical and ecological engineering approaches diverge in interpreting the
same infrastructure scenario. Through this lens, LCA’s reductionist focus on quantifiable
impacts is contrasted with the need to account for hidden losses, such as unutilized energy,
nutrient flows, and unrealized ecosystem functions, particularly in wastewater systems.
These differences are not merely theoretical: they shape how problems are defined, what
is considered valuable, and which solutions are prioritized. In what follows, we contrast the
conventional LCA logic with an extended perspective informed by regenerative design and
ecological integration.

Classical engineering would approach urban wastewater management through hydraulic
and sanitary parameters: the capacity of sewer networks, overflow risks, and
concentrations of pollutants such as BOD, COD, nitrogen, and phosphorus in the effluent.
In this framework, LCA analysis typically focuses on quantifiable indicators such as energy
consumption for treatment, CO,-equivalent emissions, operational costs, and effluent
quality [10], [11]. These metrics, while essential for environmental accounting, are
grounded in a damage-mitigation paradigm. However, such assessments often fail to
capture the broader ecological context and the system's hidden losses: irreversibly lost
resources, dissipated energy flows, and nutrients discharged into receiving waters.
Wastewater infrastructure, viewed through this lens, is not just a technical system but also
a site of unrealized regenerative potential. It consumes energy to neutralize pollution, yet
ignores the value embedded in the waste itself, a value that could be recovered and
reintegrated into ecological and urban systems [12].

Consider, for example, centralized combined sewer systems, which dominate most urban
regions. These systems mix blackwater and stormwater, resulting in diffuse and diluted
pollutant loads that are energetically expensive to treat. More importantly, they disperse
key resources, such as nitrogen, phosphorus, and organic matter, across large volumes of
water [13], making their recovery technically complex and economically unfeasible.

In contrast, an ecological engineering perspective would prioritize the source separation of
wastewater streams, treating blackwater as a concentrated carrier of nutrients and energy.
This enables localized strategies such as biogas production, nutrient cycling, and integration
with green infrastructure [6]. When viewed through this regenerative logic, the goal of LCA
is not only to quantify consumption and emissions but also to identify missed opportunities,
the energy that remains unrecovered, the nutrients that are lost, and the ecosystem
services that go unrecognized.

Expanding LCA in this way requires a shift in epistemology: from evaluating harm avoidance
to recognizing system potential. This includes not only biophysical flows but also spatial
configurations and ecological relationships. The methodological challenge lies in developing
metrics and indicators that account for benefits, not just costs: for example, how much
nutrient recycling is enabled, how much carbon is sequestered, or how much urban heat is
mitigated through wastewater-linked vegetation.
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3.1. HIDDEN ENERGY LOSSES IN THE C2G PARADIGM

The cradle-to-grave (C2G) paradigm developed within classical LCA models during the
second half of the twentieth century, in accordance with the industrial logic of linear flows.
Its fundamental premise is that a product has a clearly defined beginning in resource
extraction and production, followed by a use phase and an end of life, which marks disposal
or destruction of waste. Although this model enabled systematic tracking of environmental
impacts and comparability between technologies, it simultaneously introduced a
fundamental limitation: the end of life also signifies the end of analysis, without considering
the potential of waste as a new resource [9].

In the case of renewable energy sources (RES), particularly solar and wind energy systems,
analyses conducted within the cradle-to-grave framework reveal both advantages and
shortcomings. Research shows that LCA enables quantitative comparison of technologies
and documents the advantages of RES over fossil fuels [2], [14]. However, within such
analyses, the end-of-life phase, when systems themselves become waste, is often
insufficiently elaborated. For photovoltaic panels, this refers to toxic and non-recyclable
components, while for wind turbines it concerns massive composite blades that are
technologically difficult to recycle [10], [15]. Materials that once symbolized the energy
transition during production eventually become indistinguishable waste streams at the end
of their life cycle.

The same logic is evident in analyses of wastewater treatment systems, where LCA is
traditionally used to assess safe discharge and minimize impacts on receiving waters [11].
These models successfully quantify emissions, energy consumption, and the amount of
generated sludge, but they completely overlook resource potential, the thermal, nutrient,
and/or energetic value. In fact, studies on heat recovery from wastewater indicate that a
large portion of energy remains unrecovered: only a small percentage of available heat
(around 3.65 %) is actually recovered through sewer and treatment plant technologies [16].
Reviews of heat recovery from wastewater highlight both the significant theoretical
potential and the magnitude of unrecovered energy flows. LCA analyses quantify the
primary and final energy consumed during a system’s life cycle but fail to account for the
energetic potential contained in waste streams. It is precisely this potential energy, whether
thermal, biological, and/or nutrient-based, that represents the actual loss remaining
outside the energy balance, making the overall methodological outcome incomplete.

This methodological blind spot becomes particularly evident in analyses of greywater
treatment systems. The study by Kobayashi et al. applies the LCA methodology to
decentralized systems in cold climate zones and demonstrates that they can achieve lower
CO, emissions and energy consumption compared to centralized models [17]. However, the
analysis remains confined within the technical boundaries of the system; it includes the
energy for pumping, filtration, and disinfection, but not the thermal potential of the water
itself. Greywater typically leaves the household at temperatures between 25 and 35 °C,
representing a significant energy flow that is treated as negligible in conventional LCA
approaches. In cold climates, this loss can amount to 10-15 % of the total energy consumed
for water heating [18]. If this lost flow were included in the balance, the total system
efficiency would be lower than the results suggest. This example clearly shows that LCA
accurately measures what a system consumes, but not what it loses, such as the energy
unrecovered, the potential unrecognized, and the processes that remain beyond its
analytical scope.
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The C2G model, while effective in tracking environmental burdens, remains confined by its
linear logic. Waste is still treated as the end of a process, not the beginning of a new one.
This limitation persists even within “green” systems, where valuable resources embedded
in waste remain uncounted and unrecovered. In contrast, the Cradle-to-Cradle (C2C)
paradigm offers a shift in perspective, one that sees waste not as a problem to be minimized
but as a resource to be reintegrated. The following section explores whether this shift can
be meaningfully applied to wastewater systems.

3.2. C2C: IS WASTEWATER A RESOURCE?

Building upon the limitations of the C2G model, the C2C paradigm offers a regenerative
perspective on material and energy flows. Within this framework, waste is no longer viewed
as an endpoint but as a nutrient for future systems. Applied to wastewater, this shift
redefines what has traditionally been treated as pollution, reframing it as a valuable input
into closed-loop urban metabolism. In conventional infrastructure engineering, wastewater
has long been treated as a problem to be quickly and safely removed from the system, a
logic inherited from the industrial era and focused on hygiene and public health. However,
climate and ecological challenges demand a new perspective: wastewater contains energy,
nutrients, moisture, and biological potential, making it a regenerative resource [3], [19].

This shift reframes wastewater systems as visible, ecologically active structures within
architecture and landscape. Research shows that such systems regulate microclimates [20],
retain soil moisture, and contribute to carbon sequestration [21]. In addition, green
infrastructure enhances nutrient cycles through plant uptake and microbial processes,
reducing nitrate and phosphate levels and helping prevent eutrophication [22], [23]. A
particularly important component is blackwater, rich in both energy and nutrients. Studies
confirm its potential for biogas production and fertilizer recovery [3], [24]. Research by
Abdalla et al. shows that separate collection and treatment of grey and blackwater can be
economically viable and ecologically effective [25].

In this paradigm, wastewater becomes a carrier of energy and nutrients, not an end-
product, but an input to circular systems. This aligns with the C2C model, which reframes
architecture as part of ecological metabolism. Rather than separating buildings from
environmental flows, new designs integrate them, treating water on-site and transforming
infrastructure into landscape.

Crucial in this transition is source separation: greywater and blackwater differ in
composition and treatment needs. Separation allows for energy savings, nutrient recovery,
and low-tech processing [26]. When these flows are integrated into design, buildings
become part of local ecological systems, shaping new typologies that reflect site-specific
conditions [7]. Nature-based solutions (NbS) now combine water treatment, biodiversity
support, and climate regulation [27]. Wastewater is no longer expelled but treated in place,
offering direct ecosystem benefits. Architecture, in this view, becomes a node of exchange,
mediating between anthropogenic and natural flows. This demands interdisciplinary
thinking: engineering knowledge, design sensitivity, and ecological awareness must
converge. In this framework, control enables not just efficiency, but regeneration. Buildings
become infrastructures of resilience, enhancing biodiversity, stabilizing microclimates, and
supporting local ecosystems [28]. Yet despite these regenerative possibilities, current LCA
methodologies rarely capture such benefits. This reveals a deeper methodological blind
spot, one that will be critically examined in the following section.
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3.3. UNMEASURED AND UNREGISTERED: BLIND SPOTS IN CURRENT LCA PRACTICE

Recent developments in Life Cycle Assessment (LCA) emphasize the need to move beyond
classical models that quantify energy use, emissions, and waste. While effective in assessing
negative impacts, these frameworks often overlook regenerative, ecological, and socio-
spatial contributions vital to sustainability transitions.

In LCA analyses of green roofs, it is necessary to distinguish between effects that are
unmeasured and resources that are unregistered [16], [17], [29]. The first group refers to
ecological and spatial benefits that are acknowledged yet remain outside the quantitative
scope, such as microclimate regulation, biodiversity support, or local water infiltration. The
second group, crucial for the material and energy balance, refers to actual resources leaving
the system without the possibility of return: water that does not remain within the cycle,
thermal energy that is not recovered, or biomass that does not re-enter the city’s
metabolism. These irreversibly lost resources represent a fundamental methodological
omission, since their exclusion significantly alters the results and creates an illusion of
efficiency that does not reflect the system’s actual balance.

Green roofs are increasingly recognized not only as architectural or energy-saving elements,
but as integral components of urban green infrastructure, contributing to biodiversity
corridors, microclimate regulation, spatial connectivity across the city, and human well-
being, a dimension increasingly acknowledged as an area of protection in emerging LCA
frameworks [1], [17], [18]. Extending this perspective, decentralized biological wastewater
systems, including constructed wetlands and vegetated biofilters, operate as blue—green
infrastructures that link hydrological, ecological, and urban metabolic functions. This
includes not only water management and habitat formation, but also carbon sequestration
through vegetation and soil systems. Studies have shown that extensive green roofs can
sequester up to 375 g CO,/m? annually [19], while constructed wetlands similarly contribute
to long-term carbon storage in biomass and sediments [20]. These capacities can
significantly alter the carbon balance of a system, yet remain largely absent from standard
LCA inventories.

Yet these contributions are often excluded from conventional LCA analyses, not because
they lack measurable value but because they occur beyond the spatial and functional scale
at which LCA typically operates. While the method is well-suited for product- or material-
level assessment, it becomes increasingly limited as evaluation shifts toward neighborhood,
urban, or territorial scales, where ecological co-benefits are distributed, context-
dependent, and emergent.

This critique aligns with Jasanoff’s observation that dominant frameworks for scientific
evidence are shaped by institutional and epistemic cultures, leading to what she terms
“technologies of hubris”, which conceal uncertainty and complexity in favor of apparent
objectivity [30]. In the case of LCA, this results in tools that measure efficiency at the cost
of systemic understanding. This limitation reflects what Jasanoff describes as the co-
production of knowledge and social order, where evaluative frameworks are not neutral
tools but institutionalized ways of knowing. In such regimes, what remains unmeasured is
not merely complex or uncertain but structurally incompatible with linear logics of control,
closure, and standardization. As a result, regenerative and relational processes are not
excluded by accident, but by design.

The common denominator of all these studies becomes evident: the more complex the
system, the greater the number of losses that LCA fails to register. This reveals a
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methodological paradox: Should analytical tools be adapted to the complexity of systems,
or should systems be simplified so that existing tools can measure them?

Classical LCA methodology remains a framework that reliably quantifies consumption and
emissions, yet fails to capture the dynamics of lost resources and their spatial and biological
dimensions. The system boundaries, set according to the cradle-to-grave logic, prevent
insight into processes of circulation and value recovery, the very processes that define
circular and syntropic systems. These flows are delayed, regenerative, and spatially
extended, and resistenclosure within linear accounting models, revealing the mismatch
between ecological functioning and techno-analytical framing.

Thus, a method intended to measure sustainability often becomes an instrument for
recording losses. This paradox, that sustainability is calculated within frameworks that do
not recognize the return flow of matter and energy, marks the limit of classical LCA. It also
opens up the possibility for rethinking assessment itself: not through optimization but
through ecological integration. The next chapter explores how Life Cycle Assessment can be
expanded through the logic of nature, embracing spatiality, relationships, and regeneration
as core metrics of sustainable design.

4. EXPANDING LCA THROUGH NATURE-BASED LOGIC

Nature-Based Solutions (NbS) have emerged as a strategic approach to improving water
quality and the ecological performance of infrastructure, particularly in urban and peri-
urban contexts. According to the European Commission’s analysis of EU-funded projects,
NbS such as constructed wetlands, vegetated swales, and green roofs not only deliver
technical performance in wastewater treatment, but also enhance biodiversity, improve
microclimates, and support carbon sequestration [31]. Recent European policy frameworks
increasingly acknowledge ecosystem services, circularity, and Nature-Based Solutions,
signalling a shift in sustainability discourse. However, from a co-production perspective [30],
these inclusions remain epistemically constrained: they expand the vocabulary of
sustainability without altering the linear evaluative architectures through which
environmental value is ultimately stabilized and validated.

However, these co-benefits are often not captured by conventional evaluation tools such
as Life Cycle Assessment (LCA), which prioritize quantifiable outputs such as energy
consumption or emissions. This misalignment between ecological function and analytical
framing has become a structural methodological gap, especially as NbS increasingly inform
ecological engineering and regenerative urban design strategies.

4.1. REDEFINING VALUE: CONTEXTUAL AND REGENERATIVE LCA TOOLS

To address these limitations, several extended valuation models have emerged. Beyond
ecosystem-oriented extensions, the LCA field has also evolved through frameworks such as
Life Cycle Sustainability Assessment (LCSA), Consequential LCA, and Territorial LCA, which
expand the analytical scope toward systemic, socio-economic, and spatial dimensions [9].
Ecosystem Services LCA (ES-LCA) incorporates benefits such as carbon sequestration, water
filtration, biodiversity support, and spatial quality, though it is still constrained by challenges
in standardizing context-dependent metrics [23]. Social Life Cycle Assessment (S-LCA) adds
social and cultural dimensions, using regionally weighted indicators to reflect diverse
vulnerabilities, especially in water and sanitation systems [1]. Regenerative LCA reframes
flows such as blackwater as productive systems, enabling nutrient recovery and biogas
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generation rather than seeing them solely as waste streams. Source control and recovery-
oriented systems have been shown to significantly increase potential biogas production and
nutrient reuse compared to conventional treatment, highlighting latent ecological and
resource benefits that conventional LCA often overlooks [32], [33].

Across all these models, a clear methodological trend emerges: a shift from universal,
decontextualized absolute indicators toward relative valuation based on local priorities,
ecological vulnerability, and socio-cultural relevance. Nutrient recovery, for example, may
be of marginal value in phosphorus-rich regions but critical in degraded agricultural
contexts. Similarly, a square meter of green roof has different ecological weight depending
on whether it mitigates urban heat or simply serves as architectural décor. Contextual
weighting (or indicator prioritization) thus becomes a necessary extension of system
boundaries, aligning assessment criteria with actual socio-ecological function. However, for
this transformation to be fully realized, LCA must move beyond universal abstraction.
Standardized models still rely on absolute values, such as kilograms of CO, or square meters
of green infrastructure, treating them as uniform across contexts. This enables global
comparability, but at the cost of ecological specificity.

In reality, environmental systems operate relationally. A green roof placed in isolation
within a dense urban matrix cannot be equated with one that extends a biodiversity
corridor. Similarly, the reuse of wastewater carries drastically different value in arid, karstic,
or humid zones. Yet classical LCA fails to distinguish between these cases. Relational value
disappears, and with it, local benefits that could inform better design.

This limitation has been recognized in several recent reviews. For example, Scolaro et al.
observe that green roof LCA studies commonly use uniform functional units (m?), focusing
on materials and energy use while ignoring ecological function, connectivity, and urban
microclimate effects [18]. Mehmeti and Canaj show that LCA of wastewater reuse often
overlooks local hydrological context, treating irrigation benefits in water-rich and water-
scarce regions as equivalent [34]. Similarly, life cycle assessment studies have highlighted
that blackwater treatment is often evaluated without fully accounting for site-specific
resource recovery potentials, such as the availability of land for digestate reuse or the role
of climate in biogas efficiency, which can significantly alter environmental outcomes and
resource value [33]. This gap highlights a deeper limitation: LCA does not measure
relationships. It measures flows, emissions, and quantities, but not ecological or spatial
integration. By reducing complex systems to absolute indicators, it risks ignoring their most
impactful dimensions. As a result, architecture and infrastructure are evaluated in isolation,
rather than as embedded parts of living systems.

Among emerging contextual tools, geobiological methods offer a diagnostic approach to
evaluating a site’s regenerative capacity. By analyzing subsurface hydrology, soil structure,
biological gradients, and local energy fields, these methods identify both constraints (e.g.
impermeable soils, shallow groundwater) and opportunities (e.g. infiltration zones, biotic
corridors) for decentralized water treatment [35], [36]. Although rarely included in
conventional LCA models, such analysis can support place-based infrastructure design
aligned with circular metabolism. Crucially, this approach requires methodological clarity:
not as a metaphor or biomimetic analogy, but as a functional, scientifically grounded tool
for evaluating ecological performance [30], [31].

Recent approaches attempt to bridge this gap by integrating geospatial data, climatic
context, and ecosystem variables into circular design processes. Context-aware LCA models
incorporate parameters such as land use, hydrology, biodiversity, and urban morphology
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into the assessment framework, enabling a responsive, place-based analysis that reflects
actual sustainability potential. In practice, LCA applications are increasingly being used to
compare alternative sanitation and resource recovery scenarios; for example, resource-
oriented sanitation coupled with LCA has been shown to identify significant environmental
gains and appropriate technologies when nutrient, water, and energy recovery are
considered in design decisions [37].

Empirical studies demonstrate that when domestic wastewater streams are source-
separated, the potential for energy and nutrient recovery becomes clear. Anaerobic
digestion of blackwater and associated organic fractions can yield substantial energy and
nutrient products, thereby transforming wastewater from a burden to a viable resource
stream [38]. Moreover, life cycle assessments that include energy and resource recovery
pathways reveal that conventional treatment systems understate the overall environmental
performance when not accounting for these beneficial outputs [39].

These findings support the claim that when wastewater pathways are redesigned as
resource flows, the system’s energy balance and material outputs shift significantly,
underscoring our argument that LCA must capture these changes if it is to assess circular
transitions meaningfully. The implication is not just methodological, but political: what we
measure defines what we value. Whether wastewater is seen as a pollutant or a resource
depends not on its chemistry, but on the framework of evaluation. As extended models
demonstrate, recognizing potential is not only a matter of technology, but of shifting the
logic of valuation itself.

4.2. FROM ENTROPIC TO SYNTROPIC LOGIC: REFRAMING THE EVALUATION PARADIGM

The evolution of Life Cycle Assessment (LCA) reveals more than just methodological shifts;
it reflects a deeper transformation in how value, performance, and environmental agency
are conceptualized. Historically rooted in industrial engineering, LCA developed as a tool for
accounting for loss: emissions, depletion, and degradation [40]. This loss-oriented logic
aligns with a linear evaluative structure and an entropic understanding of irreversibility,
framing the reduction of harm as the primary goal of sustainability. Within such a paradigm,
waste is a terminal state, and evaluation is structured around minimizing negative impact.

However, regenerative approaches, as explored throughout this paper, suggest that many
of the outputs labeled as “waste” or “loss” may actually carry unrealized value [41].
Blackwater flows, heat residuals, or vegetated infrastructure can generate energy, support
biodiversity, or enhance microclimates. Under a different lens, these systems are not just
less harmful, but actively beneficial. What one model sees as entropic may reveal syntropic
properties in another.

Syntropy is a term borrowed from systems biology and ecology that points toward
integration, regeneration, and circularity [42]. It implies delayed returns, emergent
benefits, and context-dependent relationships that resist enclosure within linear,
decontextualized metrics. Yet this logic remains largely unrecognized in engineering-based
evaluation tools, not because its phenomena are immeasurable, but because current
methods lack sensitivity to spatial embeddedness, temporal layering, and ecological
reciprocity.

The repeated expansion of sustainability indicators does not signal methodological
progress, but reveals the fundamental incompatibility between linear evaluative logics and
systems whose value lies in continuity, regeneration, and open-ended ecological processes.
This opens a series of critical questions: Can impact be measured not only in terms of what
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is consumed, but also in terms of what is returned to the system? How does location shape
impact? How should evaluation account for benefits that are delayed, dispersed, or co-
produced with other systems?

Beyond questions of measurement, these limitations point to deeper institutional and
epistemic conditions under which evaluation operates:

Can evaluation frameworks designed for control and standardization meaningfully engage
with systems characterized by growth, care, and open-ended ecological change?

Where are the limits of object-centered design when confronted with architectures that
function as living processes rather than finished products?

How does the demand for evaluative certainty shape what kinds of architectural futures can
be institutionally recognized?

In this light, syntropy does not reject quantification, but calls for its transformation. The
prevailing notion that regenerative processes are too complex to measure may reflect more
on the limits of existing tools than on the nature of the processes themselves. Rather than
abandoning metrics, syntropic thinking asks how indicators might evolve: to become
context-sensitive, relational, and temporally aware.

As Ben-Eli argues, this shift requires moving away from abstraction and control toward
systems that respond to place, co-evolve with nature, and redistribute value across scales
[42]. In infrastructure and architecture, this means designing not for “less harm,” but for
positive contribution: flows that produce energy, support biodiversity, and stabilize
microclimates. Whether this shift represents a true paradigm change or remains a marginal
extension within LCA remains uncertain. What is clear, however, is that syntropy cannot be
recognized through tools built to measure decay. It demands new frameworks that see
infrastructure not as a terminal line, but as a cradle of reciprocal exchange.

This section concludes by mapping the transition from classical to extended LCA
approaches, as illustrated in Figure 2. The figure captures three zones: (1) classical models
rooted in entropic logic; (2) emerging tools that extend boundaries to account for spatial
and ecological dynamics; and (3) a syntropic zone aligned with Nature-Based Solutions,
where design and evaluation converge to regenerate systems rather than simply optimize
them.
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Figure 1. Transition in LCA Evaluation Logic through Architectural Integration (created by author)

5. CONCLUSION

This paper has critically examined the conceptual and methodological limitations of Life
Cycle Assessment (LCA) within the context of circular transitions and regenerative design. It
has shown that LCA, grounded in classical engineering and entropic logic, operates through
a linear understanding of systems and effectively quantifies what is consumed, emitted, or
discarded, yet remains limited in its capacity to address regenerative, spatial, and circular
dynamics central to nature-based solutions (NbS).

The case of wastewater illustrates this limitation clearly: traditionally treated as a pollutant
to be removed, it is increasingly reframed as a regenerative resource rich in energy,
nutrients, and ecological potential. Yet conventional LCA rarely incorporates these latent
values into its evaluative outcomes.

Rather than offering a ready alternative, NbS expose a growing misalignment between
regenerative processes and the evaluative frameworks used to assess them. In this light,
regeneration appears not as an added benefit but as a dimension of value that remains
structurally under-recognized within linear assessment models. What is at stake, therefore,
is not the adoption of new tools, but the adequacy of existing evaluative logics to account
for systems characterized by continuity, reciprocity, and co-evolution.

If we begin to assess not only what ends, but what must continue, then we must also ask:
Are we still designing buildings, or are we designing flows? Are we building structures or
planting systems? This question does not prescribe a direction, but marks a threshold at
which evaluation itself becomes a site of transformation.

While this study remains conceptual in scope, it seeks to interrogate the evaluative logic of
LCA critically and to outline the foundations of an expanded perspective. The empirical
application of such an approach, whether through real-world or hypothetical case studies,
represents a necessary direction for future research.



Rethinking Wastewater: Value and the Role of Sustainable Technologies in NBS Circular Transitions

6. REFERENCES

(1]

(2]

3]

(4]

(5]

(6]

(7]

(8]

(9]

(10]

(11]

[12]

(13]

(14]

M. Lindkvist and E. Ekener, "Analysis of human well-being as the area of protection
in social life cycle assessment," International Journal of Life Cycle Assessment, vol.
28, no. 10, pp. 1428-1442, 2023. DOI:

F. Portillo, A. Alcayde, R. M. Garcia, M. Fernandez-Ros, J. A. Gazquez, and N. Novas,
"Life Cycle Assessment in Renewable Energy: Solar and Wind Perspectives,"
Environments, vol. 11, no. 7, Art. no. 147, Jul. 2024. DOI:

N. Sharma et al., "From Waste to Worth Management: A Comprehensive Intelligent
Approach to Resource Utilization and Waste Minimization," E3S Web of
Conferences, vol. 453, Art. no. 01029, 2023. DOI:

S. Papuga, Malozagadujuce tehnologije i Cistija proizvodnja, Banja Luka, Bosnia and
Herzegovina: Univerzitet u Banjoj Luci (in Serbian), 2022.

A. Schonborn and R. Junge, "Redefining Ecological Engineering in the Context of
Circular Economy and Sustainable Development," Circular Economy and
Sustainability, vol. 1, no. 1, pp. 375-394, Jun. 2021. DOI:

K. Hecht, A. Ortega Reboso, M. van der Vegt, J. Appelman, and M. Pedersen Zari,
"Ecologically Regenerative Building Systems through Exergy Efficiency: Designing
for Structural Order and Ecosystem Services," Land, vol. 13, no. 9, Art. no. 1375,
Sep. 2024. DOI:

J. Toner, C. Desha, K. Reis, D. Hes, and S. Hayes, "Integrating Ecological Knowledge
into Regenerative Design: A Rapid Practice Review," Sustainability, vol. 15, no. 17,
Art. no. 13271, 2023. DOI:

J. de Oliveira Demarco, S. L. Hutchinson, and T. Moore, "Ecological engineering or
nature-based solutions: does the term matter?," Environment, Development and
Sustainability, vol. 27, no. 7, pp. 15173-15198, Jul. 2025. DOI:

M. Finkbeiner, L. Roche, and P. Holzapfel, "From analysis-LCA to message-LCA: a
lost cause?," International Journal of Life Cycle Assessment, vol. 30, no. 5, pp. 803—
810, May 2025. DOI:

J. Foley, D. de Haas, K. Hartley, and P. Lant, "Comprehensive life cycle inventories of
alternative wastewater treatment systems," Water Research, vol. 44, no. 5, pp.
1654-1666, Mar. 2010. DOI:

L. Corominas et al., "Life cycle assessment applied to wastewater treatment: state
of the art," Water Research, vol. 47, no. 15, pp. 5480-5492, Oct. 2013. DOI:

M. D'Eusanio, L. Petti, and M. Finkbeiner, "Beyond product: organizational LCA
methodologies for sustainability governance," International Journal of Life Cycle
Assessment, to be published, Aug. 2025. DOI:

Vodovod A.D. Banja Luka, "Odvodenje otpadnih voda." Accessed: Dec. 6, 2025.
[Online]. Available:

M. B. Pupcevi¢, S. Papuga, M. Kotur, B. Knezevi¢, M. Pokusova, and D. Erceg, "The
LCA analysis of a solar thermoelectric cooling and heating system," in Proceedings
of the 17th International Conference on Accomplishments in Mechanical and
Industrial Engineering (DEMI 2025), Faculty of Mechanical Engineering, University
of Banja Luka, Banja Luka, Bosnia and Herzegovina, May 2025, pp. 297-305.

037 | AGG+2026_14(1): 025-040


https://doi.org/10.1007/s11367-023-02213-6
https://doi.org/10.1007/s11367-023-02213-6
https://doi.org/10.3390/environments11070147
https://doi.org/10.1051/e3sconf/202345301029
https://doi.org/10.1007/s43615-021-00023-2
https://doi.org/10.3390/land13091375
https://doi.org/10.3390/su151713271
https://doi.org/10.1007/s10668-024-04581-x
https://doi.org/10.1007/s11367-025-02460-9
https://doi.org/10.1016/j.watres.2009.11.031
https://doi.org/10.1016/j.watres.2013.06.049
https://doi.org/10.1007/s11367-025-02520-0
https://doi.org/10.1007/s11367-025-02520-0
https://vodovod-bl.com/cir/odvodenje-otpadnih-voda-cir/

AGG+2026_14(1): 025-040 | 038

U. Okilj*, S. Papuga, D. Gaji¢

[15]

(16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

(26]

[27]

(28]

V. Souza, A. M. Rodrigues Figueiredo, and M. M. dos Santos Bortolocci Espejo,
"Challenges and strategies for managing end-of-life photovoltaic equipment in
Brazil: Learning from international experience," Energy Policy, vol. 188, Art. no.
114091, May 2024. DOI:

H. Nagpal, J. Spriet, M. K. Murali, and A. McNabola, "Heat Recovery from
Wastewater—A Review of Available Resource," Water, vol. 13, no. 9, Art. no. 1274,
2021. DOLI:

Y. Kobayashi, N. J. Ashbolt, E. G. R. Davies, and Y. Liu, "Life cycle assessment of
decentralized greywater treatment systems with reuse at different scales in cold
regions," Environment International, vol. 134, Art. no. 105215, Jan. 2020. DOI:

D. Cecconet, J. Racek, A. Callegari, and P. Hlavinek, "Energy Recovery from
Wastewater: A Study on Heating and Cooling of a Multipurpose Building with
Sewage-Reclaimed Heat Energy," Sustainability, vol. 12, no. 1, Art. no. 116, Jan.
2020. DOLI:

J. S. Guest et al., "A New Planning and Design Paradigm to Achieve Sustainable
Resource Recovery from Wastewater," Environmental Science & Technology, vol.
43, no. 16, pp. 6126-6130, Aug. 2009. DOI:

U. Okilj, M. Cvoro, S. Cvoro, and Z. Uljarevié, "The Green Dimension of a Compact
City: Temperature Changes in the Urban Area of Banja Luka," Buildings, vol. 13, no.
8, Art. no. 1947, Aug. 2023. DOI:

E. Andersson et al., "Enabling Green and Blue Infrastructure to Improve
Contributions to Human Well-Being and Equity in Urban Systems," BioScience, vol.
69, no. 7, pp. 566-574, Jul. 2019. DOI: .

J. Vymazal, "Removal of nutrients in various types of constructed wetlands,"
Science of the Total Environment, vol. 380, no. 1, pp. 4865, Jul. 2007. DOI:

Y. Zhou, L. Chang, H. Sun, W. Li, T. Ao, and J. Lin, "Evaluation of reclaimed treated
wastewater on soil quality, microbial community and function in urban greening
irrigation," Journal of Environmental Management, vol. 395, Art. no. 127958, Dec.
2025. DOI:

H. Wang, Z. Li, X. Zhou, X. Wang, and S. Zuo, "Anaerobic Co-Digestion of Kitchen
Waste and Blackwater for Different Practical Application Scenarios in Decentralized
Scale: From Wastes to Energy Recovery," Water, vol. 12, no. 9, Art. no. 2556, Sep.
2020. DOI:

H. Abdalla, Z. Rahmat-Ullah, M. Abdallah, S. Alsmadi, and N. Elashwah, "Eco-
efficiency analysis of integrated grey and black water management systems,"
Resources, Conservation and Recycling, vol. 172, Art. no. 105681, Sep. 2021. DOI:

C. Wen et al., "Review on research achievements of blackwater anaerobic digestion
for enhanced resource recovery," Environment, Development and Sustainability,
vol. 26, no. 1, pp. 1-31, Jan. 2024. DOI:

C. M. Raymond et al., "A framework for assessing and implementing the co-
benefits of nature-based solutions in urban areas," Environmental Science and
Policy, vol. 77, pp. 15-24, Nov. 2017. DOI:

E. Santos, "Nature-Based Solutions for Water Management in Europe: What Works,
What Does Not, and What’s Next?," Water, vol. 17, no. 15, Art. no. 2193, Jan. 2025.
DOI:


https://doi.org/10.1016/j.enpol.2024.114091
https://doi.org/10.3390/w13091274
https://doi.org/10.1016/j.envint.2019.105215
https://doi.org/10.3390/su12010116
https://doi.org/10.1021/es9010515
https://doi.org/10.3390/buildings13081947
https://doi.org/10.1093/biosci/biz058
https://doi.org/10.1016/j.scitotenv.2006.09.014
https://doi.org/10.1016/j.jenvman.2025.127958
https://doi.org/10.3390/w12092556
https://doi.org/10.1016/j.resconrec.2021.105681
https://doi.org/10.1007/s10668-022-02734-4
https://doi.org/10.1007/s10668-022-02734-4
https://doi.org/10.1016/j.envsci.2017.07.008
https://doi.org/10.3390/w17152193

Rethinking Wastewater: Value and the Role of Sustainable Technologies in NBS Circular Transitions

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

[41]

[42]

A. Bus and A. Szelaggowska, "Green Water from Green Roofs—The Ecological and
Economic Effects," Sustainability, vol. 13, no. 4, Art. no. 2403, Jan. 2021. DOI:

S. Jasanoff, Ed., States of Knowledge: The Co-Production of Science and Social
Order. International Library of Sociology, London, U.K.: Routledge, 2010.
Directorate-General for Research and Innovation (European Commission), Nature-
Based Solutions Improving Water Quality & Waterbody Conditions: Analysis of EU
Funded Projects, Luxembourg: Publications Office of the European Union, 2020.
Accessed: Dec. 10, 2025. [Online]. Available:

C. M. Pausta, P. Kalbar, and D. Saroj, "Life cycle assessment of nutrient recovery
strategies from domestic wastewaters to quantify environmental performance and
identification of trade-offs," Scientific Reports, vol. 14, no. 1, Art. no. 3678, Feb.
2024. DOI:

A. Oarga-Mulec, J. Turk, P. Gerbec, P. D. Jenssen, K. Malovrh Rebec, and M. Valant,
"Life Cycle Assessment of Black and Greywater Treatment Solutions for Remote
and Sensitive Areas," Sustainability, vol. 15, no. 4, Art. no. 3832, Jan. 2023. DOI:

A. Mehmeti and K. Canaj, "Environmental Assessment of Wastewater Treatment
and Reuse for Irrigation: A Mini-Review of LCA Studies," Resources, vol. 11, no. 10,
Art. no. 94, Oct. 2022. DOI:

R. Ashley et al., "Water-sensitive urban design: opportunities for the UK,"
Proceedings of the Institution of Civil Engineers — Municipal Engineer, vol. 166, no.
2, pp. 65-76, Jun. 2013. DOI:

M. Zalewski, "Ecohydrology for implementation of the EU water framework
directive," Proceedings of the Institution of Civil Engineers — Water Management,
vol. 164, no. 8, pp. 375-385, Sep. 2011. DOI:

P.de M. Lima, T. A. de S. Lopes, L. M. Queiroz, and J. R. McConville, "Resource-
oriented sanitation: Identifying appropriate technologies and environmental gains
by coupling Santiago software and life cycle assessment in a Brazilian case study,"
Science of the Total Environment, vol. 837, Art. no. 155777, Sep. 2022. DOI:

G. Zeeman and K. Kujawa-Roeleveld, "Resource recovery from source separated
domestic waste(water) streams; full scale results," Water Science and Technology,
vol. 64, no. 10, pp. 1987-1992, Nov. 2011. DOI:

X. Hao, X. Wang, R. Liu, S. Li, M. C. M. van Loosdrecht, and H. Jiang, "Environmental
impacts of resource recovery from wastewater treatment plants," Water Research,
vol. 160, pp. 268-277, Sep. 2019. DOI:

G. Finnveden et al., "Recent developments in Life Cycle Assessment," Journal of
Environmental Management, vol. 91, no. 1, pp. 1-21, Oct. 2009. DOI:

M. Geissdoerfer, P. Savaget, N. M. P. Bocken, and E. J. Hultink, "The Circular
Economy—A new sustainability paradigm?," Journal of Cleaner Production, vol.
143, pp. 757-768, Feb. 2017. DOI:

M. U. Ben-Eli, "Sustainability: definition and five core principles, a systems
perspective," Sustainability Science, vol. 13, no. 5, pp. 1337-1343, Sep. 2018. DOI:

039 | AGG+2026_14(1): 025-040


https://doi.org/10.3390/su13042403
https://data.europa.eu/doi/10.2777/2898
https://doi.org/10.1038/s41598-024-54060-6
https://doi.org/10.3390/su15043832
https://doi.org/10.3390/resources11100094
https://doi.org/10.1680/muen.12.00046
https://doi.org/10.1680/wama.1000030
https://doi.org/10.1016/j.scitotenv.2022.155777
https://doi.org/10.2166/wst.2011.562
https://doi.org/10.1016/j.watres.2019.05.068
https://doi.org/10.1016/j.jenvman.2009.06.018
https://doi.org/10.1016/j.jclepro.2016.12.048
https://doi.org/10.1007/s11625-018-0564-3

AGG+2026_14(1): 025-040 | 040

U. Okilj*, S. Papuga, D. Gaji¢

AUTHORS’ BIOGRAPHIES

Una Okilj

Una Okilj is a Teaching Assistant at the Faculty of Architecture, Civil Engineering and Geodesy,
University of Banja Luka. Her research interests focus on sustainable and regenerative architecture,
circular resource flows, and the integration of water, energy, and ecological systems into architectural
and infrastructural design. She works on interdisciplinary topics linking architectural theory,
environmental engineering, and nature-based solutions. Una Okilj is currently a PhD candidate in
Renewable Energy and Environmental Engineering at the University of Banja Luka.

Sasa Papuga

Sasa Papuga is a Full Professor at the Faculty of Technology, University of Banja Luka, in the field of
chemical and process engineering. His research covers sustainable technologies, waste and
wastewater treatment, bioenergy, thermochemical processes, and resource recovery within circular
economy systems. He has authored numerous scientific publications in international journals and has
participated in research projects addressing the integration of technological innovation and
environmental performance. His work emphasizes the optimization of energy and material flows in
industrial and environmental systems.

Darija Gajic¢

Darija Gajic¢ is a Full Professor at the Faculty of Architecture, Civil Engineering and Geodesy, University
of Banja Luka. Her academic work focuses on sustainable architectural design, energy efficiency, and
the integration of environmental and climatic principles into architectural and urban systems. She has
extensive experience in research related to sustainable building technologies and the application of
European environmental policies in spatial planning and design. She has published widely and actively
contributes to interdisciplinary research at the intersection of architecture, energy, and sustainability.

NPEUCNUTUBAHE OTNAAHE BOAE: BPUIEAHOCT U YIOTA OAPXKUBUX TEXHO/NIOTUIA
Y KPYXHUM TPAH3ULMIAMA 3ACHOBAHUM HA PJELLEFbBMMA U3 NPUPOAE

CaxeTak: OBaj pafg KPUTMYKM pasmaTpa MeTOLO0/I0WKa OrpaHuyera NpoLjeHe KMBOTHOT LMKayca
(Life Cycle Assessment — LCA) y KOHTEKCTY OZP*KMBOT MPOjeKTOBatba U MHOPACTPYKTYPHUX CUCTEMA.
Ynopehyjyhu knacuyHe nHxerepcke NPUCTYNe ca EKOJIOWKMM U pereHepaTUBHMM KOHLENTUMA, Pas,
yKasyje Ha aHanTUYKe canjene Tauke KoHBeHUMoHanHMx LCA moaena, nocebHo HbUXoBY OrpaHUYeHy
CMOCOBHOCT Aa Npeno3Hajy HeuckopuwheHe pecypce, EKOJIOWKE KO-KOPUCTU U pereHepaTuBHe
noTeHumjane. Ha ocHoOBY KOHLenTyasiHMX nopehera n aHann3e TOKOBa pecypca, A0BOAM Ce Y NUTakbe
afleKBaTHOCT anHeapHor ,cradle” okBupa y carnegaBakby MPOCTOPHe, BMONOLWKE U cUCTEMCKe
cno¥eHoctn. Kao oarosop, pag pasmaTtpa moTpedy 3a MPOLIMPEHUM eBanyauMjcKMM npucTynnuma
yTeMe/beHUM Ha MPOCTOPHO-BPEMEHCKOj AUHAMULIM, UHTErpaLMju eKocucTeMa U CUHTPOMUJCKUM
npuHUMNUMa. Pe3yntaTM yKasyjy Ha HYXXHOCT MOMaKa Ca MeTpWKa 3aCHOBAaHWX MWCK/bYY4MBO Ha
CMakberby HEraTMBHUX YTUL,Aja Ka KOHTEKCTYaIHO OCjeT/bMBMM METOA,0/10TMjaMa Koje MOry NoApKaTtu
KPY)XKHe 1 pereHepaTUBHe NPUCTYNe Y apXUTEKTYPU U MHPACTPYKTYPM 3aCHOBAHO]j Ha pjeLlerbuma 13
npupoae (Nature-Based Solutions — NbS).

KroyuHe pujevu: npoujeHa #usomHoez yuknayca (LCA); spujedHocm omnaoa; Kpy#HU MOKO8U,;
pezeHepamusHU OU3ajH; pjewera 3acH08aHa Ha npupodou (NbS); onopasak pecypca)
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