
Academic Editor: Pinar Mert Cuce

Received: 4 April 2026

Revised: 30 April 2026

Accepted: 6 May 2026

Published: 10 May 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Redefining Livestock Architecture: Advancing Timber-Based
Construction Systems Through Sustainable Design Strategies
Stefano Bigiotti 1,* , Carlo Costantino 1,2 and Alvaro Marucci 1

1 DAFNE—Department of Agriculture, Forests, Nature and Energy, University of Tuscia, 01100 Viterbo, Italy;
marucci@unitus.it (A.M.)

2 DA—Department of Architecture, Alma Mater Studiorum—University of Bologna, 40131 Bologna, Italy;
carlo.costantino2@unibo.it (C.C.)

* Correspondence: stefano.bigiotti@unitus.it

Abstract

Although livestock buildings constitute a widespread and structurally significant compo-
nent of the rural landscape, they are, in most cases, characterised by construction config-
urations primarily driven by production requirements. Such an approach rarely results
from a conscious design process capable of integrating architectural criteria with the en-
vironmental context in which these structures are embedded. Within this framework,
the prevailing construction model—based on prefabricated steel systems and sandwich
panels—prioritises rapid execution, standardisation, and cost efficiency, while relegating
aspects such as environmental quality, material circularity, and landscape integration to
a marginal role. Against this background, the present study investigates the possibility
of redefining this paradigm through a technological substitution grounded in the princi-
ples of bio-based construction, technological design, and circular economy. To this end,
a timber-based architectural solution for poultry houses is developed and adopted as an
experimental case study to assess environmental and economic performance through an
integrated methodology combining Life Cycle Assessment (LCA) and Construction Cost
Analysis. The evaluation is conducted comparatively against a conventional steel-based
system, maintaining consistent geometric and functional parameters, within the climatic
context of the Italian Mediterranean and in accordance with EN 15978 and EN 15804+A2
standards, over a 30-year reference period. The results indicate a significant reduction in
environmental impacts for the timber-based solution, with a decrease in Global Warming
Potential of approximately 29%, reaching values close to 50% when accounting for bio-
genic carbon storage. From an economic perspective, the alternative solution entails an
increase in initial costs of approximately 20%, primarily associated with the adoption of a
high-performance building envelope. Overall, the study demonstrates how architectural
technological design, when supported by quantitative assessment tools, can operate as an
effective driver for the ecological transition of rural productive landscapes.

Keywords: architectural design; bio-based construction; life cycle assessment (LCA);
Construction Cost Analysis; livestock buildings; rural productive landscapes; rural
buildings; climate change mitigation strategies; low-carbon materials

1. Introduction
The transition of rural productive buildings towards environmentally sustainable

models represents a complex and still underexplored challenge, at the intersection of

Sustainability 2026, 18, 4752 https://doi.org/10.3390/su18104752

https://crossmark.crossref.org/dialog?doi=10.3390/su18104752&domain=pdf&date_stamp=2026-05-10
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-4338-1352
https://orcid.org/0000-0003-1698-3366
https://orcid.org/0000-0002-4105-4369
https://doi.org/10.3390/su18104752


Sustainability 2026, 18, 4752 2 of 33

technological innovation, architectural design, and landscape transformation. Within
this framework, the present study addresses the limitations of the current construction
paradigm in the livestock sector, investigating the potential for a systemic technological
redefinition based on bio-based approaches and life-cycle-oriented assessment methods.

1.1. Framing the Research Problem

Livestock buildings constitute a pervasive and structurally significant component
of the European rural built environment, contributing substantially to the configuration
of the agricultural landscape. They can be understood as the tangible outcome of the
interaction between production practices and the environmental systems within which
they are embedded [1,2].

Despite their ubiquity, such structures have largely remained at the margins of ar-
chitectural and environmental discourse, which has instead extensively addressed other
sectors of construction and, more broadly, urban transformations [3,4].

While architectural design culture has progressively promoted more integrated envi-
ronmental and compositional approaches in the building sector [5], rural and production-
related construction remains comparatively resistant to innovation, relying on consolidated
frameworks. Within this context, sustainability strategies have been predominantly imple-
mented through ex post interventions—mainly focused on building services and energy
efficiency—without substantially altering the underlying construction paradigm [6,7].

Previous studies by the authors have shown that the integration of photovoltaic sys-
tems in existing poultry facilities yields significant, yet not decisive, environmental benefits,
as a considerable share of impacts remains directly linked to material and construction
choices [8]. In parallel, international architectural discourse has increasingly focused on the
redefinition of construction systems through the adoption of bio-based materials, circularity
principles, and integrated design strategies [9], outlining a framework potentially transfer-
able to the agricultural building sector in order to move beyond the mere optimisation of
standard construction models [10].

Building upon the authors’ previous research—focused on thermo-environmental
monitoring and energy optimisation strategies [11]—this study advances the methodologi-
cal approach by shifting the focus from operational performance to the redefinition of the
building system. Within this framework, architectural technological design is adopted as
an operative tool that integrates design strategies with life cycle-based assessment methods.
The novelty of the study lies in the application of this integrated approach in an ex ante
perspective to livestock building systems, a domain in which such methodologies remain
largely underexplored.

1.2. Research Domain and Technological Paradigm of Rural Livestock Buildings

The research domain of this study is defined through a systematic review of the literature
on the sustainability of agricultural and livestock buildings [12], which highlights a prevailing
focus on energy efficiency and the reduction of operational emissions, while technological
and material aspects remain largely underexplored. Within this framework, the livestock
sector is still predominantly characterised by an industrial construction paradigm based on
standardised prefabricated systems—particularly lightweight steel structures and sandwich
panels—widely adopted for their cost-effectiveness, rapid assembly, and modularity [13].

While this approach effectively meets production requirements, it reduces the building
to a purely technical device, with limited consideration for architectural and landscape
dimensions. Consequently, a clear misalignment emerges with other construction sectors,
where bio-based materials, circular strategies, and high-performance solutions are increas-
ingly adopted. In the agricultural sector, however, such innovations remain marginal,
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resulting in persistent issues related to embodied environmental impacts and the qual-
ity of the rural landscape, despite adequate functional performance [14,15]. Within this
framework, previous research by the authors has focused on the integration of photo-
voltaic systems in poultry facilities through Life Cycle Assessment approaches [8], with
the objective of reducing environmental impacts. The findings indicate that, although such
interventions contribute to lowering operational emissions, they do not substantially affect
the overall environmental footprint, which remains largely dependent on material choices
and the technological configuration of the building envelope.

From this perspective, livestock buildings can evolve beyond their utilitarian role
to become architectural elements that shape the environmental and landscape quality
of rural contexts. Accordingly, material selection, durability, reversibility, and contextual
integration assume strategic importance, in line with European green transition policies [16].
The research therefore adopts an integrated analytical and design-oriented approach,
shifting from the assessment of existing criticalities towards the exploration of alternative
technological scenarios, validated through quantitative methods [17].

1.3. Theoretical Framework, Hypotheses and Research Questions

Building on the systematic review of the domain [12] and previous studies on energy
retrofit strategies [8,18], it is recognised that the optimisation of building services alone,
while necessary, is insufficient to induce structural changes in the environmental footprint
of the livestock sector. Within this framework, the research is articulated around three com-
plementary hypotheses: H1 investigates the role of Life Cycle Assessment (LCA) as an ex
ante design driver capable of guiding technological and material choices [19,20]; H2 evalu-
ates the effects of substituting conventional prefabricated systems with bio-based solutions
developed according to circular economy principles [21–23]; H3 examines the integration
of technological innovation and architectural design in enhancing both environmental
performance and the landscape quality of rural contexts [24,25].

These hypotheses translate the underlying theoretical framework into testable propo-
sitions, thereby structuring the methodological approach of the study, as summarised
in Table 1.

Table 1. Research Hypotheses—© Authors.

Code Hypothesis

H1
The early-stage application of Life Cycle Assessment (LCA) within the design process enables the
orientation of technological and material choices towards solutions that are genuinely sustainable
across the entire life cycle, thereby significantly influencing embodied emissions.

H2

The replacement of conventional prefabricated systems with a bio-based technology designed
according to circular economy principles can lead to a substantial reduction in Global Warming
Potential (GWP) and other environmental indicators, while maintaining an economic differential
compatible with the constraints of small and medium-sized agricultural enterprises.

H3
The integration of technological innovation, building envelope performance, and architectural
design can contribute not only to the reduction of environmental impacts, but also to an improved
qualitative integration of livestock buildings within the rural landscape.

Based on the formulated hypotheses, the research questions are operationally defined
in Table 2.

The present study advances the hypothesis that architectural technological design,
when supported by quantitative tools such as Life Cycle Assessment (LCA) and economic
analysis, can identify and validate alternative construction solutions to the prevailing
prefabricated standards of the livestock sector. Such solutions—grounded in bio-based ma-
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terials and circularity principles—have the potential to significantly reduce environmental
impacts across the building life cycle, while ensuring functional efficiency, spatial quality,
and contextual coherence. It should be noted that aspects related to landscape integration
are addressed from a qualitative, design-oriented perspective and are not directly evaluated
through quantitative methods within the scope of this study.

Table 2. Research Questions—© Authors.

Code Research Question

RQ1
To what extent can a bio-based construction technology, as an alternative to standard industrial
prefabricated systems, reduce Global Warming Potential and overall environmental impacts over
a 30-year assessment period?

RQ2
Is the cost differential between the conventional system and the proposed alternative economically
viable in the short to medium term, considering both construction cost structures and the
performance quality of the building envelope?

RQ3
To what extent can the transfer of bio-based building solutions to the livestock sector suggest
a potential pathway for technological and environmental innovation, including qualitative
implications for the agricultural landscape?

2. Background
The delineation of the investigative domain and the formulation of the research hy-

potheses necessitate a focused clarification of the theoretical and methodological premises
underpinning the technological substitution proposed in Section 1. Previous systematic
work by the authors has highlighted how livestock construction remains anchored to a
conventional prefabricated paradigm, while innovation in sustainable building has pre-
dominantly evolved within residential and urban contexts.

Accordingly, this Background section does not aim to provide an exhaustive literature
review, but rather to selectively recall the scientific orientations already systematised by
the authors [12], with specific reference to contributions that have consolidated—albeit
partially—the adoption of bio-based materials and low-carbon construction systems as
drivers of ecological transition [26–28]. Within this framework, structural timber emerges
as a particularly consistent technology with the research thesis, due to its low embodied
carbon, the reversibility of dry-assembly systems, and its capacity to establish a more
balanced relationship between productive buildings and the agricultural landscape [29,30].

However, the adoption of a timber-based solution cannot be justified solely on theoret-
ical or cultural grounds. The replacement of the prevailing prefabricated paradigm requires
a quantitative assessment capable of comparing conventional and alternative systems
across the entire life cycle. In this regard, Life Cycle Assessment (LCA) is not merely a
calculation tool, but a methodological framework [31] through which design intentions can
be translated into measurable environmental impacts.

The application of LCA enables a shift from the traditionally dominant focus on
operational performance towards a comprehensive evaluation of embodied emissions,
production processes, end-of-life scenarios, and the potential for recovery and recycling [32].
In this sense, LCA provides a consistent analytical basis for comparing the conventional
industrial paradigm with the proposed bio-based alternative, in line with the objective of a
structural technological transition.

2.1. Bio-Based Materials and Timber Construction in the Transition of Livestock Buildings

The systematic review conducted by the authors has highlighted how the ecological
transition in the building sector is progressively converging towards a construction model
structured around three primary axes:
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(i) reduction of embodied emissions in materials;
(ii) use of renewable and locally sourced resources;
(iii) adoption of circular economy principles and design for disassembly.

These trajectories, widely established within sustainable architecture discourse [28,33],
remain largely marginal in the livestock construction sector. Among emerging materials,
bio-based systems—such as structural timber, plant fibres (hemp, flax), compressed straw
panels, and bio-composites derived from agricultural by-products—have gained increasing
attention. These materials offer both reduced embodied energy compared to mineral- and
fossil-based alternatives and the potential to integrate local production cycles, thereby
strengthening the relationship between building systems and rural contexts.

Within this framework, structural timber stands out as a mature and extensively
validated solution. Glulam, cross-laminated timber, and prefabricated frame systems
ensure high mechanical performance and adaptability to modular configurations, while
enabling precise prefabrication, reduced construction times, and quality control comparable
to conventional steel systems, albeit with a lower emissions profile.

Comparative studies indicate that timber-based structures generally exhibit lower
Global Warming Potential during the production phase, although results may vary depend-
ing on processing and energy sources. This aspect is particularly relevant in lightweight
productive buildings, where embodied impacts can represent a significant share of total
life-cycle emissions.

In parallel, increasing attention has been directed towards design for disassembly
and reuse, where timber dry-assembly systems offer substantial advantages in terms
of reversibility, modularity, and end-of-life recovery, coherently aligning with circular
economy principles.

Despite these advancements, the adoption of timber-based technologies in the livestock
sector remains limited. Current practice continues to rely predominantly on steel frames
and sandwich panels, prioritising cost efficiency and rapid construction [34,35], while
seldom addressing embodied emissions or architectural and landscape quality [36].

In this context, the adoption of a timber-based solution for poultry buildings should be
understood not as a simple material substitution, but as a deliberate process of technological
transfer from sustainable architecture—where such systems are well established—to a sector
still dominated by conventional industrial approaches.

Such transfer, already observed in isolated exemplary cases, requires systematic vali-
dation to ensure replicability and methodological robustness. This necessitates a rigorous
life-cycle-based comparative assessment. In particular, the accounting of biogenic carbon
introduces specific methodological challenges, making Life Cycle Assessment an essential
tool for a scientifically grounded evaluation of both environmental impacts and economic
performance within the constraints of rural productive construction.

2.2. Implications of Biogenic Carbon for the Life Cycle Assessment of Timber Buildings

Life Cycle Assessment of timber buildings exhibits specific characteristics compared
to other construction systems employing construction materials of non-biological origin.
These peculiarities are related to the renewable nature of wood, which requires considering
not only the standard production, use, and end-of-life phases of the building, but also the
effects associated with the ability of bio-based materials to store atmospheric CO2 during
tree growth through the process of photosynthesis, and to subsequently release it into
the atmosphere as CO2, CO, or CH4 as a result of biomass oxidation and/or reduction
processes occurring during material transformation or degradation (e.g., combustion,
digestion, composting, or landfilling). This contribution of carbon stored in bio-based
materials is referred to as biogenic carbon and can be considered a “negative emission” [37].
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Consequently, biological components can help reduce atmospheric carbon dioxide levels
by storing carbon in buildings constructed with these materials [38]. However, biogenic
carbon remains a significant point of contention within LCA studies [39].

When a bio-based material is employed to produce a building component, the carbon
remains stored for the entire service life of the element. Bio-based products such as wood,
hemp, and straw contain approximately 50% carbon by dry mass [40]. Currently, incineration
is the most common end-of-life scenario for wood-based products, in which the stored carbon
is released back into the atmosphere. In this case, according to most LCA methodologies (e.g.,
CML, TRACI, and EN 15978), carbon dioxide emissions from the combustion of renewable
materials are not included in the GWP, as the material is assumed to regrow within a few
decades and tie back the carbon if the forest area remains constant. This implies that carbon is
temporarily stored for several decades, while the overall carbon balance over the building
lifetime is considered to be zero [41]. Moreover, the assessment of biogenic carbon must be
carried out with great care in order to avoid misleading results. For instance, when only the
product stage is considered, a substantial overestimation of the benefits is obtained, leading to
markedly different outcomes compared to a cradle-to-cradle approach [42].

Several approaches exist for accounting for biogenic carbon in LCA, depending on
specific regulatory requirements:

(i) Tools based on CML (EN 15804+A1) [43] or TRACI [44]. Biogenic carbon storage
is reported only as additional information. Consequently, the negative emissions
associated with CO2 uptake from the atmosphere are not included in A1–A3, and the
emissions from its release are not included in C3. This means that neither the seques-
tration of atmospheric CO2 in A1 nor its release in C3 is reflected in the GWP results.
This approach is referred to as the “0/0 approach” or “carbon-neutral approach” [45].

(ii) Tools based on EN 15804+A2 [46]. Biogenic carbon storage is reported as part of
the GWP results. The updated version of the standard divides the Global Warming
Potential into four sub-categories: GWP Fossil, GWP LULUC, GWP Biogenic, and
GWP Total. In this case, negative emissions are reported separately under GWP-
Biogenic, while emissions from CO2 release depend on the selected end-of-life scenario
and are reported in GWP Fossil. For example, incineration assigns emissions to C3,
whereas landfilling assigns them to C4.

(iii) DGNB and Energie Carbon/RE2020. DGNB (Deutsche Gesellschaft für Nachhaltiges
Bauen—German Sustainable Building Council) is the German voluntary certification
system for sustainable buildings [47]. RE2020 is a climate regulation mandating a
simplified LCA for all new buildings in France [48]. In both methods, biogenic carbon
storage is included in the GWP results. Negative emissions due to carbon storage
are deducted in A1–A3, and the same amount of carbon is added in C3 when it is
released back into the atmosphere. These approaches are referred to as the “−1/+1
approach” [46].

(iv) RICS v1 (Royal Institution of Chartered Surveyors)/GLA (Greater London Author-
ity)/Green Mark: negative emissions from CO2 sequestration are not included in
A1–A3, whereas emissions from CO2 release are included in C3.

(v) Dynamic methods: to overcome the limitations of traditional LCA, which does not
consider the timing of carbon emissions nor the influence of biomass rotation pe-
riods, several dynamic approaches have been developed [40]. Some are based on
time-dependent characterisation factors [49], while others define specific factors for
biogenic CO2 that explicitly account for biomass rotation periods [50].
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The choice of assessment approach is a key aspect, as it decisively influences the
results. Several studies do not explicitly state how biogenic carbon is treated [51], al-
though the evaluation of biogenic carbon can modify the final outcomes by more than
30% [52]. These effects are far from negligible, especially considering that the embodied
GHG emissions of timber buildings already exhibit significant variability even when bio-
genic carbon is excluded. The inclusion of biogenic carbon further increases the uncertainty
regarding the robustness of the results: for residential buildings, the embodied GHG emis-
sions range from 6.7 to 11.2 kgCO2eq/m2a50, whereas for office buildings the range is
11.6 to 17.3 kgCO2eq/m2a50 [51].

The main differences among assessment approaches concern the treatment of bio-
genic carbon. Static approaches, both 0/0 and −1/+1, neglect the forest rotation period
and do not account for tree typology, both of which are instead considered by dynamic
approaches [40]. In the case of the −1/+1 approach, results become misleading when
the system boundaries are limited to the product stage (A1–A3) [42]. Moreover, the
−1/+1 approach tends to overestimate the climate benefits of timber compared with
dynamic modelling. According to a study that analyses 17 buildings assessed with dy-
namic methods and 13 buildings evaluated using the −1/+1 method, the average embodied
GHG emissions amount to 5.9 kgCO2eq/m2a50 with the −1/+1 approach, compared with
4.0 kgCO2eq/m2a50 obtained through the dynamic approach [53]. Nevertheless, due to
their greater complexity, dynamic methods remain primarily confined to scientific research
rather than professional practice.

In this paper, the EN 15804+A2 standard [47] is adopted, with two assessment scenar-
ios considered. The first is a conservative scenario that excludes stage D and evaluates the
GWP total using the −1/+1 approach, penalising timber-based construction systems in the
comparison. The second scenario considers total GWP (−1/+1 approach), thus accounting
also for the benefits arising from the recovery, recycling, and reuse of materials at the end
of life, thereby revealing the potential of the construction system proposed in this study.

3. Materials and Methods
The present study aims to assess the effects of adopting an alternative timber con-

struction system for rural livestock buildings, particularly poultry tunnels in the Italian
Mediterranean region, on environmental and economic sustainability.

The methodological approach adopted in this study derives from a progressive research
framework in which environmental monitoring, performance analysis, and technological
design are integrated into a single evaluation process [8]. While previous investigations
focused on operational optimisation strategies, this study shifts toward a design-oriented
assessment based on technological substitution and comparative life cycle evaluation.

The proposed methodology, as summarised in Figure 1, is organised into three main
phases, each serving a specific role in the research workflow:

(i) Life cycle assessment (LCA): The evaluation is performed using OneClick LCA soft-
ware (November 2025 release) and is based on average datasets representative of
the Italian context. The assessment considers the materials composing the building
envelope: external walls, roof, and ground floor slab, and includes the evaluation of
their energy/thermal parameters.

(ii) Construction Cost: The economic assessment is mainly based on Italian regional price
lists in order to evaluate the initial construction costs of poultry tunnels.

(iii) Definition of intervention guidelines: The outcomes provide operational data
for defining future intervention strategies for new livestock buildings with
similar characteristics.
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Figure 1. Applied Scientific Investigation Method—© Authors.

The analysis is conducted assuming consistent geometric, functional, and climatic
conditions for both construction systems. The system boundaries are defined in accordance
with EN 15978 and EN 15804+A2, considering the main life cycle stages from production to
end-of-life, while excluding operational modules. The functional unit is defined as 1 m2

of Gross Floor Area over a reference service life of 30 years, and the building envelope
components are designed to achieve comparable performance parameters, in particular the
thermal transmittance (U).

3.1. Case Study Description

The selected case study represents a paradigmatic example of contemporary livestock
building systems widely adopted within the Italian and broader European rural context. It
consists of two poultry tunnels designed for laying hen farming, located in the municipal-
ity of Montefiascone (VT), within a territorial context classified as a natural agricultural
landscape according to the current regional planning framework, as previously described
in detail by the authors [8].

Figure 2 illustrates the geographical location of the intervention within the regional
context, while Figure 3 depicts the physical configuration of one of the two buildings,
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highlighting how the prefabricated steel construction system emerges as an autonomous
element with respect to the surrounding agricultural matrix, thus configuring itself as a
purely functional production infrastructure.

Each building features a rectangular plan measuring approximately 120 m × 12 m,
corresponding to a covered area of about 1440 m2 per unit, with an average internal
height of approximately 3.50 m at the ridge. The facilities accommodate an average of
18,000–20,000 laying hens per tunnel, in accordance with the stocking densities prescribed
by current regulations, thus configuring themselves as medium-intensity production build-
ings representative of the prevailing model within small- and medium-scale agricultural
enterprises in central Italy.

 

Figure 2. Geographical location of the case study: poultry tunnels in the municipality of Montefias-
cone, northern Lazio Region (Italy)—© Authors.
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Figure 3. Physical Structure of One of the Two Poultry Tunnels and Its Relationship with the
Surrounding Environment—© Authors.

More specifically, the case study refers to two buildings that may be described, in
summary terms, as architecturally and technologically homogeneous livestock buildings,
characterised by an identical morphological configuration—namely, the same planimetric
and altimetric dimensions and a vaulted roof—and by a uniform construction system based
on prefabricated steel components. The building envelope is composed of sandwich panels,
while the load-bearing structure consists of curved lattice girders, as illustrated in the
sectional drawing shown in Figure 4.

 

Figure 4. Cross-sections of the two poultry tunnels, highlighting their morphological and technologi-
cal uniformity—© Authors.

More specifically, the load-bearing structure consists of prefabricated steel portal
frames incorporating curved lattice trusses, mechanically anchored to reinforced concrete
foundations. The building envelope is realised through prefabricated sandwich panels
with a polyurethane foam insulating core, forming a lightweight and highly industrialised
enclosure system.
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This construction configuration, widely adopted due to its rapid assembly, modularity,
and reduced initial investment costs, reflects a consolidated building paradigm within
the livestock sector, characterised by standardised components and a high degree of pre-
fabrication. From a technological standpoint, the system is defined by dry-assembled
connections, limited material stratification, and low thermal inertia, all of which contribute
to its efficiency in construction while simultaneously constraining its adaptability and
long-term environmental performance.

The architectural and technological articulation of the building system is illustrated
through a full ground-to-roof sectional drawing, which explicitly represents the stratigraphy
of the building envelope and the principal construction nodes, as shown in Figure 5. This
representation provides a detailed understanding of the interaction between structural com-
ponents and envelope assemblies, clarifying the constructive logic underpinning the system
and supporting its subsequent evaluation within a life cycle-based analytical framework.

 

Figure 5. Architectural section detail (original scale 1:20) with corresponding elevation excerpt on the
right—© Authors.

In addition to the sectional representation, a further graphical elaboration in the form
of an exploded axonometric view is provided (Figure 6), aimed at restituting the three-
dimensional techno-physical configuration of the building and the relationships among
its constituent construction subsystems. In this representation, both structural elements
and building envelope components are decomposed according to an assembly-based logic,
making explicit the stratigraphic hierarchy, the connection interfaces between components,
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and the level of integration between the load-bearing structure and the prefabricated
envelope system.

 
Figure 6. Exploded axonometric representation of the analysed construction system, highlighting
the spatial configuration, stratigraphic hierarchy, and assembly logic of structural and envelope
components—© Authors.

The axonometric view further enables a clearer interpretation of the serial and modular
nature of the building system, as well as its reliance on industrialised components charac-
terised by limited morphological variability. This condition highlights key implications in
terms of assembly processes, maintenance strategies, and potential for disassembly at the
end of the building life cycle, thus providing a critical reading of the system within a life
cycle-oriented perspective.

Despite effectively meeting the functional requirements of intensive livestock produc-
tion, the building ultimately operates as a standardised technical device, rarely subjected
to a design-driven approach addressing architectural quality, advanced hygrothermal
performance, material durability, reversibility of assemblies, and integration within the
rural landscape.

Previous analyses [8], also interpreted in light of the systemic decomposition of
the building as represented in the aforementioned graphical outputs, have shown that
a significant share of environmental impacts is attributable to material choices and to
the production stage of prefabricated components, thereby confirming the limitations
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of an approach exclusively focused on energy system optimisation. In particular, the
industrialised and highly integrated nature of the adopted building systems, while ensuring
rapid construction, results in a substantial contribution of upstream life cycle stages, as
well as a reduced capacity for adaptability, selective maintenance, and disassembly.

Within this perspective, there emerges the need to extend the analysis beyond the
mere performance improvement of the existing building system, directing it towards a
comprehensive revision of the construction paradigm. Such a shift implies overcoming the
additive logic typical of retrofit interventions, in favour of a systemic approach in which
geometric configuration, functional organisation, and material choices are redefined in an
integrated manner, adopting the case study as a comparative basis for the exploration of
alternative building systems.

Accordingly, the decision to reconsider the same case study assumes a precise method-
ological significance: following the assessment of the benefits and limitations of energy
retrofit measures, and the detailed characterisation of the environmental behaviour of
the existing building system through in situ monitoring, the present research extends the
analysis towards a technological substitution of the entire construction paradigm. Within
this framework, the geometric, functional, and material definition of the prefabricated
tunnel—articulated through both two-dimensional and three-dimensional descriptive
models—constitutes the comparative basis for the subsequent evaluation, in terms of Life
Cycle Assessment (LCA) and Construction Cost Analysis, of the timber-based solution
developed through the design process.

3.2. Description of the Analysed Construction System

On the basis of the previously established constructive and technological framework—
further elucidated through both sectional and axonometric representations—the study
advances towards a comparative assessment of alternative building systems.

To compare the two construction technologies, the case study introduced in the pre-
vious paragraph was used. For the evaluation of building components, it is assumed the
same geometric and volumetric characteristics of the existing building, considering only
on the reconstruction process, without the contributions of the demolition phase, which
remain constant in the two scenarios. The energy performance of the building envelope is
assessed using the Edilclima EC700 software, version 14.25.22 (Edilclima S.r.l.) [54]. The
reconstruction scenarios analyze two construction systems: (i) a conventional construction
technique similar to that of the existing case study, employing a steel frame with external
walls built entirely with dry elements (CNB); and (ii) a sustainable timber-frame solution
using insulated timber panels for the building envelope (TNB). Tables 1 and 2 summarize
the geometric dimensions and thermal properties of each building element considered in
the two scenarios. In this perspective, the comparison does not merely concern alternative
materials, but rather confronts two distinct technological and architectural paradigms
applied to rural production buildings.

The construction components were designed to comply with the minimum thermal
transmittance limits required by Italian regulations [55] while ensuring comparable per-
formance levels between the two solutions. This approach allows the definition of a
consistent functional unit for the LCA analysis, as described in the following sections. The
construction technologies are outlined below:

(i) Conventional New Building (CNB): the foundation slab consists of a layer of coarse
gravel, a 30 cm reinforced concrete slab with double reinforcement (Ø12 bars spaced at
20 cm in both directions), a waterproofing membrane, an 8 cm concrete screed, and a
perforated raised floor. The load-bearing structure is made of HEA 140 steel profiles for
the columns and L-shaped steel sections for the roof trusses, using 100 × 100 × 10 mm
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members for the top and bottom chords and 50 × 50 × 6 mm sections for the vertical
and diagonal elements. The external walls consist of dry-assembled panels formed
by a 1 mm steel sheet with a 12 cm internal layer of expanded polystyrene insulation.
The roof adopts the same construction system, complemented by an external PVC
cladding to ensure protection against weathering (Table 1). This configuration reflects
the prevailing industrial paradigm in rural livestock construction, characterized by
lightweight assemblies, low thermal inertia and limited material reversibility.

(ii) Timber New Building (TNB): the foundation slab is constructed in the same manner
as in the CNB solution, with the addition of a 12 cm XPS insulation layer. The
building structure is conceived as a dry-assembled and fully demountable system,
in accordance with circular economy principles [56]. It consists of a series of glued-
laminated timber portal frame structures with variable cross-sections and a double-
pitched roof, while the building envelope is made of prefabricated timber panels.
The external walls adopt prefabricated timber-framed walls, with a 3.5 cm internal
wood-wool board and a 1.8 cm external OSB/3 panel. A 14.0 cm rock wool insulation
layer is placed between the timber studs. On the exterior side, the panel is protected
by a waterproofing membrane and timber cladding. The roof is constructed using a
similar system, with the only difference being that the external cladding is PVC to
ensure greater durability than timber.

The TNB solution under investigation is configured as a fully redefined bio-based
construction system, characterised by a load-bearing structure in glued-laminated timber
and a high-performance, coherently insulated building envelope.

The translation of the original steel structural system into a timber-based framework
results in a corresponding modification of the building geometry and morphotype of the
tunnels, as illustrated in Figure 7, leading to a distinct architectural configuration while
maintaining functional requirements.

The technological configuration of the TNB solution is further illustrated through the
full building section (ground-to-roof) at a 1:20 scale, presented in Figure 8, which enables a
detailed examination of the envelope stratigraphy and the main construction nodes.

 

Figure 7. Cross-sections of the two poultry tunnels based on the proposed TNB construction
system—© Authors.
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Figure 8. Architectural section detail (original scale 1:20) of the proposed TNB system, with corre-
sponding elevation excerpt on the right—© Authors.

To complement the sectional representation and further elucidate the constructive logic
of the proposed system, an exploded axonometric view of the TNB solution is provided
(Figure 9). In analogy with the representation of the existing system (Figure 6), this three-
dimensional representation illustrates the spatial arrangement, stratigraphic hierarchy, and
assembly sequence of the timber-based components, highlighting the degree of prefabrication,
the dry-joint connections, and the potential for disassembly inherent in the system.

These representations provide a fundamental interpretative basis for understanding
the proposed system, whose technological components are subsequently analysed and
systematically presented in Tables 3 and 4, in comparative form with respect to the cur-
rent technological paradigm represented by the previously introduced case study. The
comparative technological characterisation of the building envelopes—both vertical and
horizontal (roof and ground slab)—is further detailed in the following tables, which report
the physical and performance properties of the opaque components for both the existing
construction system and the proposed TNB solution.

This comparative setting isolates the technological variable while preserving geometric,
functional, and productive equivalence, thereby ensuring that differences in environmental
performance derive exclusively from construction technology and material configuration.
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Figure 9. Exploded axonometric view of the Timber New Building (TNB) system, illustrating the
three-dimensional arrangement, stratigraphic hierarchy, and assembly logic of the timber-based
structural and envelope components—© Authors.

Table 3. Geometric and Thermal Characteristics of the main building envelope elements of the
Conventional Construction Systems (CNB) analyzed in this study; where: Tot Th.: Total Thick-
ness; U: thermal transmittance, YIE: periodic thermal transmittance, k1: periodic internal areal heat
capacity, S. Mass: Surface Mass, At. Fct.: Attenuation factor and Perm.: Permeance—© Authors.

Building
Components

Scenario CNB

ID Layer Tot. Th.
[mm]

Area
[m2]

U
[W/m2 K]

Yie
[W/m2 K]

k1
[kJ/m2 K]

S. Mass
[kg/m2]

At. Fct.
[-]

Perm.
[10−12

kg/sm2 Pa]

External walls

1. Steel plate
2. EPS foam board
3. Steel plate

121 1154.50 0.246 0.245 2.992 10.00 0.996 0.020
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Table 3. Cont.

Building
Components

Scenario CNB

ID Layer Tot. Th.
[mm]

Area
[m2]

U
[W/m2 K]

Yie
[W/m2 K]

k1
[kJ/m2 K]

S. Mass
[kg/m2]

At. Fct.
[-]

Perm.
[10−12

kg/sm2 Pa]

Roof

1. PVC cladding
2. Ventilated cavity
3. Steel plate
4. EPS foam board
5. Steel plate

161 1821.76 0.232 0.226 3.795 37.00 0.973 0.018

Ground Floor Slab

1. Perforated raised floor
2. Ventilated cavity
3. Concrete screed
4. Waterproofing

membrane
5. Reinforced concrete slab
6. Coarse gravel

887 1695.00 0.886 0.025 38.051 1020.00 0.028 0.040

Table 4. Geometric and Thermal Characteristics of the main building envelope elements of the
Timber Construction Systems (TNB) analyzed in this study; where: Tot Th.: Total Thickness;
U: thermal transmittance, YIE: periodic thermal transmittance, k1: periodic internal areal heat capac-
ity, S. Mass: Surface Mass, At. Fct.: Attenuation factor and Perm.: Permeance—© Authors.

Building
Components

Scenario CNB

ID Layer Tot. Th.
[mm]

Area
[m2]

U
[W/m2 K]

Yie
[W/m2 K]

k1
[kJ/m2 K]

S. Mass
[kg/m2]

At. Fct.
[-]

Perm.
[10−12

kg/sm2 Pa]

External walls

1. Timber cladding
2. Ventilated cavity
3. Waterproofing membrane
4. OSB/3 Panel
5. Non-ventilated cavity
6. Rockwool panel
7. Vapour barrier
8. Mineral bonded wood

wool boards

313 972.48 0.245 0.176 19.679 45.00 0.747 21.948

Roof

1. PVC cladding
2. Ventilated cavity
3. Waterproofing membrane
4. OSB/3 Panel
5. Non-ventilated cavity
6. Rockwool panel
7. Vapour barrier
8. Mineral bonded wood

wool boards

353 1833.40 0.201 0.137 20.380 67.00 0.728 21.820

Ground Floor Slab

1. Perforated raised floor
2. Ventilated cavity
3. Concrete screed
4. XPS Foam Board
5. Waterproofing membrane
6. Reinforced concrete slab
7. Coarse gravel

1007 1695.00 0.244 0.001 41.959 1089.00 0.006 0.040

3.3. Evaluation of Environmental Impacts Based on Life Cycle Assessment

This study aims to assess the short/medium-term environmental impacts of
two construction systems for livestock buildings using the LCA methodology. It com-
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pares a conventional system (CNB), built with dry steel elements, with a new timber-based
system (CLT) designed according to circular economy principles [56]. The analysis was
carried out using OneClick LCA software in accordance with the EN 15978:2011 [57] and
EN 15804+A2 [46] standards. A 30-year evaluation period was considered, covering the
following life cycle stages: production (A1–A3), transportation (A4), construction (A5), end-
of-life (C1–C4), and material-related use phases (B4–B5). Stage D, which accounts for the
benefits of material reuse and recycling, was analyzed separately to provide complementary
insights. The decision to exclude operational energy (B6) and water use (B7) was made
deliberately, in order to assess only the sustainability of the construction systems in relation
to building materials, without including energy consumption, which could significantly
affect the outcomes. The results are presented in terms of Global Warming Potential (GWP),
Ozone Depletion Potential (ODP), Acidification Potential (AP), Eutrophication Potential
(EP), Formation of Lower Atmosphere Ozone (FO), Renewable Primary Energy (PE_ren),
Non-Renewable Primary Energy (PE_nren), and total Primary Energy (PE).

This study adopts the gross floor area in square meters as the functional unit, consider-
ing a Gross Floor Area of 1695 m2. The adoption of gross floor area (GFA) as functional unit
ensures consistency with EN 15978 methodology and enables direct comparison between
alternative technological solutions under equivalent spatial and productive conditions. The
analysis focuses exclusively on the construction materials required for the structural system
(steel frame, timber elements, and foundation), the building envelope (external walls, roof,
and ground floor slab), and the photovoltaic system (modules, batteries, and substructure)
were modeled using representative datasets of the European market, as specific manu-
facturer data were not available. Other types of mechanical systems, interior finishing
materials, and equipment required for livestock operations were excluded from the analysis
because they are not relevant to the comparison between construction systems and could be
common across scenarios. The bill of quantities for each scenario is summarized in Table 5.

Table 5. Bill of material quantities included in each scenario—© Authors.

Description Unit Quantity Distance [km] Service Life Waste Rate EOL Process Scenario

Rebar t 29.09 370 Building 4.85% Recycling 90% CNB/TNB
Concrete C 16/20 m3 155.47 60 Building 4% Crushing CNB/TNB
Concrete C 25/30 m3 506.40 60 Building 4% Crushing CNB/TNB
Gravel m3 339.00 40 Building 0% Reuse CNB/TNB
Bentonite membrane t 11.75 430 30 10% Incineration CNB/TNB
Wooden formwork m2 108.52 340 Building 16.7% Incineration CNB/TNB
Steel frame t 57.79 330 Building 3.3% Recycling 90% CNB
Structural timber m3 28.10 220 Building 17.9% Incineration TNB
OSB/3 panel m3 50.51 340 Building 16.7% Incineration TNB
Glulam frame m3 128.65 220 Building 16.7% Incineration TNB
PVC roofing elements kg 3096.98 430 30 7.5% Incineration CNB/TNB
Stone wool insulation m3 323.32 60 30 4% Landfilling TNB
EPS insulation kg 4464.36 430 30 4% Incineration CNB
Steel sheeting t 54.40 330 30 7.5% Recycling 90% CNB
Vapour barrier membrane m2 2805.88 90 20 10% Landfilling TNB
Waterproofing membrane m2 2805.88 90 20 10% Landfilling TNB
Raised floor system kg 8284.10 370 25 5% Recycling 90% CNB/TNB
PV modules m2 120 320 20 0% Recycling 90% CNB/TNB
Lithium Battery unit 60 320 20 0% Recycling 90% CNB/TNB
PV steel structure t 5.18 320 20 1% Recycling 90% CNB/TNB

Other components, such as doors, windows, furnishings, finishes, materials exter-
nal to the building, and mechanical systems (heating, cooling, ventilation, lighting, and
machinery) are excluded from the evaluation. The study uses average data from generic
materials contained in the OneClick LCA database, which incorporates ECOINVENT pro-
cesses representing regional average data for the Italian context. Where necessary, average
environmental profiles from the European Union or neighboring countries, such as France
or Germany, were also applied. Transport distances and on-site waste generation for each
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material were obtained from the literature. Finally, the service life of each construction
material was evaluated following the LEVEL(s) framework [58]. Although generic datasets
were employed, regional representativeness was prioritized to ensure alignment with the
Italian construction context and to enhance the robustness of the comparative results.

The production stages (A1–A3) cover the entire life cycle of construction materials,
from the extraction and transportation of raw materials to the manufacturing site, the
processing process and the management of possible generated waste. The transportation
(A4) and construction (A5) phases are modeled using standard scenarios from the OneClick
LCA database, assuming diesel-powered trucks with a 40-ton capacity and a 100% load
factor (0.0383 kgCO2eq/ton·km), as well as an average material loss during construction,
typically between 4 and 10%, in line with OneClick LCA process assumptions. Particular at-
tention is devoted to the production stage (A1–A3), which previous studies have identified
as the dominant contributor to embodied emissions in lightweight industrial buildings. En-
vironmental impacts related to maintenance and replacement during the building’s service
life (B4–B5), as well as waste treatment and disposal (C2–C4), are estimated using standard
processes from the OneClick LCA database, reflecting current practices in Italy [59].

3.4. Evaluation of the Economic Feasibility of the Interventions

To assess the economic feasibility of the two scenarios, the construction cost of the
buildings was analyzed. The construction cost represents the initial expenses required to
build the structure and is calculated as the sum of the quantities (Q) multiplied by the
respective unit cost (CU) for each construction element (i):

n

∑
i=1

(Qi·CUi) (1)

The unit cost of materials is defined by Italian regulations [60] as the sum of the costs
associated with the individual production factors required to produce and install an ele-
ment: materials, labor, equipment rental, and transportation. In this way, the technical cost
for installing a building component is estimated, to which fixed costs are added: overhead,
contractor’s profit, and VAT (in Italy, 22%), in order to cover design activities, project
management, administrative expenses, surveys, inspections, etc. [61]. The quantification of
individual elements is based on the Emilia-Romagna regional price list for 2025 (DGR No.
2342 of 23/12/2024), which sets overhead at 17% and contractor’s profit at 11.7% [62]:

CU = MT + ML + Rt + OH + PR = 28.7%(Mt + MO + Nt) (2)

where:
CU is the unit construction cost of a building element
MT is the material cost
ML is the labor cost for installing the building element
RT is the cost of any necessary equipment rentals;
OH is the overhead costs, evaluated as OH = 17% (MT + ML + RT)
PR is the contractor’s profit, estimated as PR= 10% (MT + ML + RT + OH) = 11.7%

(MT + ML + RT)
The total building cost is obtained as the sum of all individual building elements,

including structural components, exterior walls, roof, foundation, and the photovoltaic
system. This analysis does not account for costs associated with compensation for CO2

emissions. The economic comparison therefore complements the environmental assessment
by verifying whether the proposed technological substitution remains compatible with the
financial constraints typical of small- and medium-scale agricultural enterprises.
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4. Results and Discussion
In discussing the outcomes of the comparative investigation developed in the preceding

chapters, this section aims to assess the robustness of the proposed technological substitution
from environmental, economic, and theoretical-disciplinary perspectives. To this end, the
analysis is structured into three complementary components: a first part devoted to the
evaluation of environmental impacts through Life Cycle Assessment (LCA), a second focused
on the economic comparison of the two construction systems, and a third aimed at the critical
interpretation of the results in terms of barriers and opportunities for transition.

This articulated framework enables a shift from the quantitative reporting of results
to their interpretation within a design-oriented perspective, assessing the extent to which
the proposed bio-based solution may be understood not merely as a technically feasible
alternative, but as a replicable model of environmental and architectural innovation for
rural production building.

4.1. Results of the Environmental Impacts Based on Life Cycle Assessment

This section presents the results of the LCA analyses for the two construction technolo-
gies described in Section 2.2. The first graph (Figure 10) shows the overall environmental
impacts of the CNB and TNB scenarios for stages A1–A3, A4, A5, B4–B5, and C2–C4,
expressed in terms of the following impact indicators: GWP, ODP, AP, EP, FO, PE_ren,
PE_nren, and PE. The second bar chart (Figure 11) presents the same scenarios and impact
indicators, but also includes Stage D. In both scenarios, the contribution of biogenic carbon
(TNB_BC) is reported separately from GWP (fossil GWP) to allow a clearer evaluation
of its effect. In the bar charts, impacts are expressed as percentages relative to the CNB
baseline, with the numeric value of each indicator shown within each bar per the chosen
functional unit (square meter of GFA). The results presented in Figures 10 and 11 are
summarized in Table 6. Figures 12 and 13 break down the previous charts by individual
life cycle stages, excluding and including Stage D, respectively. All analyses consider a
30-year assessment period to focus on short- to medium-term impacts. Long-term impacts
arising from renovations are not considered, as they are difficult to predict accurately in
this type of production activity, even though they play a critical role in determining overall
results [63]. The 30-year reference period is particularly relevant for livestock buildings,
where technological obsolescence often precedes structural decay, making medium-term
embodied impacts more decisive than long-term maintenance scenarios. Additionally, this
time frame aligns with the European Union’s decarbonization targets set for 2050 [64].

 

Figure 10. Environmental impacts from modules A1 to C4 quantified in terms of GWP, ODP, AP,
EP, FO, PE_ren, PE_nren, and total PE for each of the two evaluated scenarios (CNB and TNB). The
biogenic carbon content of wooden materials is assessed separately (TNB_BC)—© Authors.
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Figure 11. Environmental impacts from modules A1 to D quantified in terms of GWP, ODP, AP, EP,
FO, PE_ren, PE_nren, and total PE for each of the two evaluated scenarios (CNB and TNB). The
biogenic carbon content of wooden materials is assessed separately (TNB_BC)—© Authors.

Table 6. Comparison of environmental impacts per m2 between the conventional system (CNB) and
the timber system (TNB), broken down by impact categories—© Authors.

Impact Categories A1–C4

Construction System GWP
[kgCO2eq/m2]

ODP
[kgCFC11eq/m2]

AP
[kgSO2eq/m2]

EP
[kgPO4eq/m2]

FO
[kgCH4eq/m2]

PE_ren
[MJ/m2]

PE_nren
[MJ/m2]

PE
[MJ/m2]

Conventional (CNB) 561.87 0.000067 3.18 0.84 0.24 655.19 7053.92 10,879.12

Timber (TNB) 396.65 0.000064 2.17 0.59 0.16 2788.08 5587.49 11,545.57
−29.41% −4.17% −31.92% −29.36% −34.39% +325.54% −20.79% +6.13%

Timber (TNB) 292.71 0.000064 2.17 0.59 0.16 2788.08 5587.49 11,545.57
Biogenic −47.90% −4.17% −31.92% −29.36% −34.39% +325.54% −20.79% +6.13%

Impact Categories A1–C4 + D

Construction System GWP
[kgCO2eq/m2]

ODP
[kgCFC11eq/m2]

AP
[kgSO2eq/m2]

EP
[kgPO4eq/m2]

FO
[kgCH4eq/m2]

PE_ren
[MJ/m2]

PE_nren
[MJ/m2]

PE
[MJ/m2]

Conventional (CNB) 292.62 0.000051 2.20 0.68 0.10 331.35 3516.84 3848.19

Timber (TNB) 272.86 0.000053 1.88 0.52 0.12 2247.68 4121.68 6369.36
−6.75% +3.81% −14.62% −23.41% +21.43% +578.35% +17.20% +65.52%

Timber (TNB) 168.93 0.000053 1.88 0.52 0.12 2247.68 4121.68 6369.36
Biogenic −42.27% +3.81% −14.62% −23.41% +21.43% +578.35% +17.20% +65.52%

Figure 12. Contribution of each life cycle stage (A1 to C4) in determining the overall environ-
mental impacts in terms of GWP, ODP, AP, EP, FO, PE_ren, PE_nren, and total PE for each of the
two evaluated scenarios (CNB and TNB)—© Authors.
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Figure 13. Contribution of each life cycle stage (A1 to D) in determining the overall environmental im-
pacts in terms of GWP, ODP, AP, EP, FO, PE_ren, PE_nren, and total PE for each of the two evaluated
scenarios (CNB and TNB)—© Authors.

In the first graph (Figure 10), it can be observed that the CNB scenario consistently
exhibits the highest values across all impact categories, except for renewable primary
energy (PE_ren) and total primary energy (PE). This reflects the greater environmental
impacts associated with conventional building approaches using steel structures. High
PE_ren and PE values are generally common in timber construction analyses due to the
energy-intensive processes required to produce timber materials [63]. The TNB scenario
shows a clear reduction in most impact indicators: GWP decreases by 29.4%, AP by 31.8%,
EP by 29.8%, and FO by 33.3%. In particular, regarding the Global Warming Potential, the
TNB system significantly reduces emissions compared to CNB, especially when the biogenic
carbon credit is considered (TNB_BC scenario), resulting in an even greater reduction of
approximately 50%. These results confirm that the environmental advantage of the timber-
based system is primarily embedded in the material production phase, thus validating the
hypothesis that technological substitution at the envelope and structural level can produce
structural rather than incremental reductions in embodied emissions.

The second bar chart (Figure 11) presents the same impact indicators as the previous
figure but also includes stage D, leading to significant changes in the results. In terms
of Global Warming Potential, the TNB system now exhibits only a modest reduction
compared to CN, less than 10%, whereas introducing the biogenic carbon credit in the
TNB_BC scenario leads to a much larger decrease, exceeding 42%. Also in this case,
the difference between CNB and TNB in terms of ODP is negligible, at around 5%, while
Primary Energy impacts are higher for the TNB scenario, with increases of 14.8% in PE_nren
and 63.1% in total primary energy. In contrast to the previous results, the impact related to
ozone formation (FO) is higher for the TNB system, by approximately 20%. This apparent
trade-off highlights the complexity of bio-based construction systems, where reductions
in fossil-related emissions may coexist with increases in other impact categories due to
industrial processing and material transformation stages.

An analysis of the overall assessment results (Table 5) highlights a series of environ-
mental trade-offs in the comparison between the conventional construction system (CNB)
and the timber-based system (TNB). Considering the A1–C4 life cycle stages, TNB shows
lower environmental impacts across most impact categories. In particular, significant re-
ductions are observed in GWP (−29.41%, or −47.90% when accounting for the biogenic
carbon component), AP (−31.92%), EP (−29.36%), FO (−34.39%), and PEren (−20.79%).
These results are consistent with the substitution of carbon-intensive materials, such as
concrete and steel, with timber, which is associated with lower embodied emissions and
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contributes to carbon storage. However, a substantial increase in renewable primary energy
demand is observed (+325.54%), leading to a moderate increase in total primary energy
demand (+6.13%).

When Module D is included, accounting for benefits and loads beyond the end-of-life
stage, the advantage of the timber system is reduced and trade-offs emerge. This is due to
the fact that the conventional system benefits from more extensive recycling and energy
recovery scenarios, thereby narrowing the gap between the two solutions. TNB continues
to show lower impacts in terms of GWP (−6.75%, or −42.27% when biogenic carbon is
considered), AP (−14.62%), and EP (−23.41%), while higher impacts are observed in other
categories, such as ODP (+3.81%) and FO (+21.43%). In particular, energy demand increases
more significantly, both in terms of renewable primary energy (+578.35%), non-renewable
primary energy (+17.20%), and total primary energy (+65.52%). This reinforces the idea that
the environmental benefits of timber are associated with higher energy requirements over
the extended life cycle. This aspect is particularly relevant, as it links the environmental
performance of timber solutions to the energy mix and the availability of renewable energy
sources in production processes. Consequently, the selection of construction systems cannot
rely on a single indicator but requires an integrated evaluation of trade-offs across multiple
impact categories, as well as consideration of specific energy and management conditions.

Furthermore, a crucial aspect in the interpretation of the results is the role of biogenic
carbon. When this is taken into account, the GWP of the timber system is further reduced,
reaching values that indicate an overall decrease of approximately −42% compared to the
conventional system.

Figure 12 illustrates the contribution of the different life cycle stages to the environ-
mental impacts, normalized to the CNB reference scenario and excluding Stage D. In
the conventional CNB system, Global Warming Potential is largely driven by the mate-
rial production stage, which alone accounts for about 75% of the total impact. The use
phase follows with roughly 15%, while all other stages play only a minor role. In the
timber-based TNB system, the GWP-fossil is characterized by a lower contribution of
A1–A3 stage, around 70%, together with the negative impact of approximately 20% related
to the temporary storage of carbon in wood biomass. Acidification, eutrophication, and
ozone formation show trends similar to those observed for global warming, with a strong
dominance of the material production phase. For the CNB scenario, A1–A3 accounts for
about 50% of ODP, 80% of AP, 80% of EP, 75% of FO, and 75% of PE. In the TNB scenario,
the same stage accounts for approximately 42% of ODP, 75% of AP, 75% of EP, 70% of FO,
and 70% of PE. For ozone depletion, the use phase also plays a significant role alongside
material production, whereas the remaining stages are secondary. In the TNB scenario, the
construction phase becomes more relevant for renewable primary energy; however, PE_ren
remains much lower than PE_nren, so the overall primary energy profile is largely driven
by the non-renewable component. The dominance of the A1–A3 stage across both systems
reinforces the centrality of material choice in rural industrial buildings, where operational
energy is comparatively limited and embodied impacts define the environmental profile.

Figure 13 shows results similar to those presented in the previous figure, while also
highlighting the contribution of Stage D. When this stage is considered, both systems
benefit from substantial environmental credits linked to material recycling and energy
recovery beyond the system boundaries.

In the CNB scenario, Stage D introduces substantial negative contributions across all
impact categories, reducing total impacts by up to approximately 50% for some indicators:
GWP decreases by more than 40%, ODP by about 20%, AP by 25%, EP by 20%, FO by
around 60%, and PE by over 40%. In the TNB scenario, the effect of Stage D is less
pronounced, which reduces the performance gap between the two systems, in line with
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the trends observed in the previous figures. Overall, the negative contribution of Stage
D remains below 20% for most indicators, while it becomes particularly relevant for non-
renewable primary energy, reaching approximately 80%. The inclusion of Stage D partially
compensates for the higher embodied impacts of the steel system through recycling credits,
yet it does not fully overturn the comparative advantage observed in the timber-based
solution when biogenic carbon storage is properly accounted for.

The environmental benefits observed in the TNB scenario must therefore be interpreted
alongside the economic implications discussed below, in order to assess the feasibility of
technological transfer from sustainable architecture to rural production systems.

4.2. Results of the Economic Assessment

The economic assessment of the two scenarios was conducted following the method-
ology described in Section 3.4, using data from the Emilia-Romagna regional price list
for 2025 (DGR No. 2342 of 23/12/2024) [62]. The figures compare the construction costs
of the conventional CNB system with those of the timber-based TNB system. Figure 14
presents the total construction cost for each building component, including the frame, roof,
walls, foundation, slab, and photovoltaic system. Figure 15 shows the total construction
cost of the poultry tunnel per square meter of GFA, highlighting the cost contribution of
each component. Parametric values for the construction cost of each component in both
scenarios are also summarised in Table 6.

 

Figure 14. Contribution of each construction element in determining the construction cost for each of
the two evaluated scenarios (CNB and TNB)—© Authors.

 

Figure 15. Parametric cost of each construction element in determining the construction cost for each
of the two evaluated scenarios (CNB and TNB)—© Authors.

The diagrams highlight the cost differences between the two construction technolo-
gies. The load-bearing structure of the timber system is slightly more expensive than the
conventional steel frame, by around 5%, confirming the timber frame’s economic competi-
tiveness. The largest differences are found in the building envelope: in the TNB system,

https://doi.org/10.3390/su18104752

https://doi.org/10.3390/su18104752


Sustainability 2026, 18, 4752 25 of 33

both the roof and external walls are significantly more expensive than in the CNB system,
by 62% and 34%, respectively. This increase reflects the greater complexity of the timber
construction solution, the higher quality of bio-based materials, and the superior thermal
and acoustic performance they provide, despite cost savings achieved through the high
degree of prefabrication in the TNB solution. The cost of the ground floor slab and photo-
voltaic system is the same for both systems, so these components do not affect the overall
economic comparison. Foundations are the only element where the TNB system is slightly
cheaper, thanks to a simpler foundation design requiring fewer steel plates for connecting
the structural frames, though the cost difference is minimal, under 4%.

The limited cost differential at structural level confirms that the economic barrier to
timber adoption in rural production buildings is not related to load-bearing systems, but
rather to envelope stratigraphy and material quality.

In summary, the TNB system results in an approximately 20% higher construction
cost compared to the CNB system. This increase is not related to the structure itself, but
mainly to the high-quality materials used for the high-performance building envelope.
This point is crucial for correctly interpreting the short-term economic comparison between
the two construction solutions. For a more accurate assessment of the investment, how-
ever, a payback analysis should also be considered, accounting for the longer lifespan and
durability provided by these higher-quality materials. From a technological design per-
spective, this cost increase must be interpreted as an investment in envelope performance
and material durability rather than as a structural inefficiency (Table 7).

Table 7. Comparison of construction costs per m2 between the conventional system (CNB) and the
timber system (TNB), broken down by cost categories (frame, roof, walls, foundation, slab, and PV
system), including the total construction cost—© Authors.

Cost Categories [€/m2]

Construction System Frame Roof Walls Foundation Slab FV System Construction Cost Difference [%]

Conventional (CNB) 102.22 € 90.57€ 57.40 € 38.80 € 173.38 € 44.98 € 507.35 € -

Timber (TNB) 107.64 € 152.57 € 91.69 € 34.90 € 173.38. € 44.98 € 605.15 € 19.28%

4.3. Critical Discussion and Design Implications for Bio-Based Transition in Rural
Production Buildings

The results obtained, as presented in the preceding section, support the assertion
that the transition towards bio-based building systems in the livestock sector does not
constitute a mere technical upgrade, but rather represents a paradigmatic shift within the
material culture of rural production buildings. These findings confirm that the construction
paradigm represents the primary driver of environmental performance in rural production
buildings. In light of the analyses conducted, it becomes evident that the issue at stake does
not concern solely the substitution of steel with timber per se, but rather entails a broader
reconfiguration of the relationship between the design approach, the material life cycle,
and the environmental responsibility of productive buildings.

Notwithstanding the aforementioned potential, it is necessary to acknowledge that the
barriers to a wholesale technological transition remain stratified, rendering any systemic
shift inherently complex, particularly within the context of prefabricated industrial building
systems for rural production facilities, and more specifically for livestock buildings.

First, an apparent economic barrier must be considered: the initial cost differential,
amounting to approximately 20%, may discourage the adoption of the TNB solution in
a production context characterised by limited margins and a strong focus on short-term
investment. However, a disaggregated cost analysis reveals that this increase is almost
entirely attributable to the building envelope, rather than to the load-bearing structure,
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which exhibits only a marginal variation (≈5%). This finding mitigates the perception
of timber as economically uncompetitive in the agricultural sector and suggests that the
economic barrier is more closely related to short-term decision-making models than to any
intrinsic technical cost disparity.

Secondly, the coexistence of cultural and disciplinary barriers should also be ac-
knowledged. As highlighted throughout this study, livestock buildings are traditionally
conceived as purely functional infrastructures, governed by principles of serialisation,
standardisation, and reduced design complexity. This approach has progressively lim-
ited the consideration of architectural, spatial, material, and landscape-related qualities.
In this context, the proposed timber-based system can be interpreted as reintroducing
a design-oriented perspective, in which prefabrication is not only a tool for executional
efficiency, but may also support improved technological quality, reversibility, and potential
environmental integration.

From an environmental standpoint, the results provide a direct response to the research
questions. With reference to Table 2, and specifically to RQ1, the substitution of the
conventional building system with a bio-based solution leads to a significant reduction
in Global Warming Potential, as well as in acidification and eutrophication indicators,
thereby confirming the effectiveness of the proposed technological substitution. The
prominence of the A1–A3 life cycle stages, which account for up to 80% of total impacts,
demonstrates that the criticality of the sector lies not primarily in operational energy
consumption, but in the carbon intensity of the materials employed in the building envelope
and structural components.

This finding substantiates the hypothesis introduced in Table 1 (H1), according to
which the adoption of Life Cycle Assessment (LCA) as an ex-ante design tool is capable of
structurally guiding technological choices, particularly by acting on the material production
stages, where the dominant share of impacts is concentrated.

Similarly, RQ2 (Table 2) appears to be corroborated by the economic analysis: the
cost differential is compatible with the production context, especially when interpreted
within an extended life cycle perspective. The absence of significant divergence in the
load-bearing structure costs, combined with the concentration of additional costs within
the high-performance building envelope, suggests that the competitiveness of the TNB
system may become more evident over a time horizon exceeding the 30 years considered in
the environmental analysis, thus indicating the need for future integration with Life Cycle
Costing (LCC) models over 60 years or more.

In this light, RQ3 (Table 2) assumes a significance that transcends purely quantitative
evaluation. The proposed timber-based building system demonstrates that technologies
consolidated within the field of bio-based construction can be coherently adapted to the
livestock sector, generating a replicable model. Such replicability is not only technical,
but also methodological: the process integrating technological design, energy modelling,
LCA, and economic assessment defines a transferable framework applicable to other rural
production contexts.

A further layer of complexity emerges from the analysis of Stage D. The inclusion of
benefits associated with recovery and recycling reduces the gap between the two build-
ing systems, highlighting how sustainability outcomes are significantly influenced by
end-of-life assumptions. Nevertheless, even under these conditions, the accounting of
biogenic carbon in accordance with EN 15804+A2 preserves a competitive advantage for the
timber-based solution. This confirms that environmental assessment cannot be decoupled
from a transparent definition of methodological assumptions, as the selected accounting
framework substantially affects the interpretation of results.
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The present study has several limitations that may serve as starting points for future
research. In particular, assessing the use phase of poultry tunnels could be of interest in
order to evaluate the potential benefits of the proposed technological solution compared
to standard ones, not only in terms of energy consumption, but also with regard to the
integration of renewable energy sources and the monitoring of indoor air quality. A detailed
evaluation of energy consumption, in particular, would significantly affect the LCA results
and would represent a key component of a Life Cycle Costing (LCC) analysis. These aspects
could also support a broader comparison, not only among different construction solutions
for new buildings, but also including existing buildings. This would make it possible
to assess whether it is more effective to implement energy-saving retrofit strategies or to
proceed with demolition and reconstruction using more sustainable construction solutions.

Furthermore, in light of the trade-offs identified and discussed in the previous sec-
tions, a sensitivity analysis focused on the national energy mix would be highly relevant.
Indeed, a significant share of the observed impacts—particularly those related to primary
energy demand (PE_ren, PE_nren, and total PE)—depends on the carbon intensity and the
composition of the energy sources used in production processes and end-of-life stages. In
contexts characterised by a highly decarbonised energy mix, the impacts associated with the
TNB scenarios would tend to decrease further, thereby strengthening the benefits already
observed in terms of GWP. Conversely, in countries where the energy system still relies
heavily on fossil fuels, this increase may reduce or even offset part of the environmental
advantages of the TNB system. For reasons of brevity and due to the scope of the study, the
analysis has been limited to the Italian context. However, a dedicated sensitivity analysis in
this direction represents a limitation of the present work and a promising avenue for future
research. Such an extension would allow the testing of different current and future energy
scenarios across various European countries, identifying the conditions under which a
given construction system becomes environmentally preferable. This would ultimately
support more robust decision-making frameworks for both design and policy strategies.

Beyond quantitative findings, the research highlights a broader cultural and territorial
opportunity. The proposed technological substitution enables a departure from the concep-
tion of livestock buildings as neutral and self-referential objects, reintegrating them into the
rural landscape system. The increased articulation of the building envelope, the potential
use of locally sourced materials, and the adoption of design-for-disassembly strategies
introduce a logic of environmental compatibility that extends beyond climate-altering
emissions to encompass habitat quality and the resilience of the agricultural context.

In this sense, the transition outlined herein is not merely energetic or carbon-related,
but epistemological in nature: it shifts the axis of innovation from the incremental opti-
misation of existing building systems to the redefinition of the underlying construction
paradigm. Sustainability is no longer interpreted as the additive incorporation of techno-
logical devices, but rather as the outcome of an integrated design approach encompassing
materials, life cycle, economic considerations, and territorial context.

While the present study integrates architectural and landscape considerations within a
design-oriented framework, these aspects are not subjected to direct quantitative evaluation.
This reflects a broader methodological gap in the current literature, where the integration
between environmental assessment tools and qualitative spatial criteria remains limited.
Future research should therefore focus on bridging this gap through the development of
integrated, multi-criteria evaluation approaches.

Nevertheless, critical issues remain, particularly in relation to the limited regulatory
enforcement of embodied impact assessment within the agricultural sector. The absence of
a stringent regulatory framework concerning LCA for rural production buildings reduces
the pressure towards the adoption of low-carbon building systems. In this context, the
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methodological approach adopted demonstrates how technological architectural design
can assume an anticipatory role with respect to regulation, providing measurable evidence
to support more informed decision-making.

The transition therefore appears both feasible and conditional: it requires integrated as-
sessment tools, supportive policy frameworks, cultural evolution, and a redefinition of the
role of the architect within the rural production sector. Only through this convergence will
it be possible to consolidate a model of livestock buildings capable of combining functional
efficiency, structural reduction of environmental impacts, and enhanced environmental
quality within the agricultural landscape. These aspects could form the basis for future
research, including an integrated evaluation of operational, maintenance, and end-of-life
replacement costs, accounting for material durability. From this perspective, adopting the
TNB system could prove economically advantageous in the long term, offsetting higher up-
front costs through lower operational expenses, improved environmental performance, and
greater resilience in building value over time, aligning with strategies to foster sustainable
development in rural areas [65].

To provide a structured and transparent validation of the proposed hypotheses and
related research questions, Table 8 summarises the degree of empirical confirmation of the
assumed relationships between technological substitution, environmental performance,
economic sustainability, and architectural quality.

Table 8. Validation Outcome—© Authors.

Code Research Question

RQ1

The bio-based timber solution (TNB) demonstrates a structural reduction in Global Warming
Potential and in the main environmental impact indicators over the 30-year assessment period,
primarily due to lower embodied emissions and the contribution of biogenic carbon. The results
confirm that material-related impacts (A1–A3) are the dominant phase and that technological
substitution significantly improves environmental performance compared to the conventional
prefabricated system (CNB).

RQ2

The cost differential between the conventional and timber-based systems remains within a
manageable range (≈20%) and is mainly attributable to the higher technological quality of the
building envelope, while structural costs are comparable. The results confirm the economic
compatibility of the bio-based solution with small- and medium-scale agricultural enterprises in the
short-to-medium term.

RQ3

The results suggest that the transfer of bio-based construction technologies to the livestock sector
represents a promising pathway for technological and environmental innovation. While the
environmental benefits are quantitatively supported, implications for landscape integration are
addressed from a qualitative and design-oriented perspective. Therefore, the potential for
improving landscape quality is interpreted as a conceptual and design implication, rather than an
empirically validated outcome.

The table establishes a correspondence between each research question, the related
hypothesis, and the outcomes derived from the LCA and Construction Cost Analysis,
providing a comparative and systematised interpretation of the results.

5. Conclusions
The evidence obtained enables a systematic validation of the theoretical framework

outlined in the introductory chapter and in the research background of this study. The
comparative application of Life Cycle Assessment (LCA) and Construction Cost Analysis to
two building systems that are geometrically and functionally equivalent, yet technologically
distinct, demonstrates that the environmental and economic performance of livestock
buildings is primarily determined by the adopted construction paradigm, rather than by
incremental interventions of an energy or systems-related nature.
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By maintaining constant geometric and performance-related variables, the analysis
isolates the effect of technological substitution, confirming that material and construc-
tion choices—when guided by the design approach and validated ex ante through life
cycle-based assessment tools—constitute the decisive factor for a structural redefinition of
sustainability in rural production buildings. The results highlight the significant role of
selecting sustainable construction materials and integrating photovoltaic systems in reduc-
ing the environmental footprint of rural buildings. Overall, the TNB system proves to be
more advantageous than the CNB solution in terms of CO2 emissions, acidification, and eu-
trophication, particularly when the CO2 credit associated with biogenic carbon is taken into
account (with GWP values approximately 40–50% lower) and the end-of-life valorisation
of timber through recycling and reuse is properly considered. The TNB system, however,
shows a slightly higher demand for primary energy, although the increase remains below
10%. Including Stage D substantially improves the environmental performance of both
construction systems, with particularly notable benefits for the CNB solution. Across both
scenarios, material production (A1–A3) consistently represents the most critical life cycle
stage, accounting for up to 80% of total impacts.

On the other hand, the economic comparison indicates that the total cost difference
between the two construction systems is limited, at approximately 20%, thereby ensuring
feasibility over the short- to medium-term. This difference is primarily attributable to
differences in the quality of the building envelope materials; structural costs remain com-
parable, differing by only about 5%. Despite the higher initial costs, the TNB system can
be competitive in the long term, offering benefits such as improved energy performance,
lower environmental impacts, potentially shorter construction times due to prefabrication,
enhanced indoor comfort, and higher market value for sustainable buildings. Therefore,
the choice between the two construction systems should consider not only the initial con-
struction cost but also the entire building life cycle, in terms of both Life Cycle Costing
(LCC) and environmental benefits over a medium- to long-term period of at least 60 years.

The findings obtained offer relevant insights not only from a technical standpoint, but
also in terms of informing policy frameworks for the ecological transition of rural areas.
The environmental validation of the technological shift towards bio-based building systems
highlights the need to integrate ex ante assessment tools (LCA and Construction Cost
Analysis) into both public and private decision-making processes, thereby overcoming
sector-specific approaches limited to energy performance alone. In this regard, technologi-
cal architectural design may serve as an operational support for innovation programmes in
the livestock sector, including within broader territorial development strategies.

However, several critical aspects require further investigation. The adoption of the
proposed solutions depends on their economic and cultural acceptability among stakeholders,
as well as on their durability under demanding agricultural conditions. Long-term monitoring
is therefore necessary to verify performance stability and resistance to degradation.

In parallel, the proposed approach may be compared with integrated retrofit strate-
gies for existing buildings, including vernacular heritage, in order to explore alternative
pathways for circular reuse and potential landscape-related implications. Future research
should further investigate the balance between new bio-based construction and advanced
retrofit solutions. Overall, the transition of livestock buildings should be interpreted not
as a simple material substitution, but as a systemic process involving design, economic,
and policy dimensions. Its implementation will depend on the integration of technological
innovation, durability, and social acceptability within a coherent regulatory and territorial
framework. In conclusion, the findings demonstrate that the environmental and economic
performance of livestock buildings is primarily determined by the adopted construction
paradigm rather than by incremental optimisation strategies. The results confirm the ef-
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fectiveness of technological substitution towards bio-based building systems in reducing
embodied environmental impacts, while maintaining economic feasibility within a life cycle
perspective. The study contributes to the current body of knowledge by highlighting the
role of architectural technological design, when integrated with LCA and Construction Cost
Analysis, as a driver of systemic sustainability transitions in rural production buildings.
The research questions are overall validated, although further investigations are required
to assess long-term durability, economic performance over extended time horizons, and
the applicability of the proposed approach to different contexts and retrofit scenarios.
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