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Abstract

This paper studies the sustainable integration of vernacular construction techniques and
natural materials in the context of sustainable development, using Danube Delta UNESCO
World Heritage site as case study. Through a comprehensive literature review, this research
examines the potential of clay-based composites reinforced with plant fibres such as reed,
bulrush, and hemp as environmentally responsible building materials. The methodology,
based on a narrative literature review, combines bibliometric analysis with a case study
approach to evaluate scientific interest in vernacular construction and to identify locally
available natural resources. Results reveal increasing academic attention to sustainable
vernacular architecture, highlighting clay-based composite’s favourable hygrothermal
properties and the remarkable thermal insulation capabilities of vegetable fibres. The case
study shows that most Danube Delta’s natural construction materials—particularly the
world’s largest continuous reed vegetation—remain underutilized. The research concludes
that revitalizing traditional construction methods, by integrating modern technological
innovations, presents significant potential for sustainable rural development, preserving
cultural heritage, enhancing regional identity, and reducing environmental impact in
construction while supporting local economic growth through culturally authentic tourism.

Keywords: natural building materials; reed; sustainable construction; vernacular architecture;
natural building materials; clay composites; reed; hemp; Typha; vernacular architecture;
sustainable construction; Danube Delta; bibliometric analysis

1. Introduction
The industrial revolutions accelerated economic and social development, but also

generated negative impacts on the environment [1–7], leading to the need for environ-
mental protection policies [8–10]. At present, the 8th Environmental Action Programme
(EAP) [8–10] has played an essential role in supporting this vision, with its main objective
being to ensure well-being and a high quality of life for all citizens within the ecological
limits of the planet, Figure 1.
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Figure 1. Graphical representation of the 6 priority objectives of MAP 8.

The construction sector accounts for an estimated 21–36% of global greenhouse gas
emissions [11–13], placing it at the centre of current sustainable development imperatives
operationalized through the EU Green Deal, the European Climate Act, and the 8th Environ-
mental Action Programme [8–10]. These policy frameworks set targets of a 55% reduction
in GHG emissions by 2030 and climate neutrality by 2050, calling for fundamental transfor-
mation in how buildings are designed, built, and maintained. In this context, vernacular
architecture—evolved over centuries through empirical adaptation to local climates and
materials—offers a body of embodied knowledge that aligns with principles of resource
efficiency, bioclimatic design, and cultural continuity [14–20]. The aim of this research
is to evaluate the scientific evidence base supporting the reintegration of vernacular con-
struction materials—specifically clay-based composites reinforced with plant fibres—in the
ecological and cultural context of the Danube Delta (Figure 2).

 
Figure 2. Graphical representation of the aim and objectives of the research approach.

In recent decades, architecture—especially in the context of urban design—has de-
veloped a strong orientation toward a “consumable” model, focused on rapid execution,
spatial efficiency, user comfort, and cost optimization. This approach has often led to the
marginalization of essential aspects such as harmonious integration into the built context,
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the preservation of local traditions, and the valorization of specific architectural elements,
as highlighted in the specialized literature [21–23].

The primary solution to address this contemporary crisis is to reconfigure architectural
practices through a coherent reintegration with cultural, traditional, environmental and
natural dimensions. This approach involves the valorisation of traditional architecture,
consolidated over centuries as a result of a process of adaptation to local climatic conditions
and the availability of material resources, offering a sustainable and contextualized model of
architectural development [15,24]. Moreover, many researchers emphasize the importance
of recognizing the significant role that architecture and urban design can play as symbolic
forms of expression and representation of national identity. They reflect the collective values,
beliefs and aspirations of a society, becoming essential elements of cultural legitimation
and tools with the potential to strengthen and preserve national identity [15,25,26].

Consequently, contemporary architecture and sustainable urban design can capitalize
on the contextual knowledge of vernacular architecture, in correlation with current scientific
advances. The analysis of local climatic conditions and traditional materials enables
their integration or reinterpretation through modern technologies, contributing to the
development of sustainable models for configuring urban and architectural space [27–30].

The sustainable development of rural areas involves an integrated and multidisci-
plinary approach that includes economic, social, and environmental dimensions, alongside
architectural characteristics, climatic conditions, and local resources. In this context, Cár-
denas Alonso et al. [31] highlight the role of physical, demographic, and socio-economic
factors, while the model proposed by Prevolšek et al. [32] structures the relationships
between economic, social, and environmental dimensions, providing a coherent framework
for analysis and intervention in rural planning.

The literature also offers relevant analytical frameworks and evaluation tools:
Gupa [33] proposes indicators for monitoring sustainable rural development, Yang et al. [34]
analyze the influence of socio-economic and management factors, and Górecka et al. [35]
identify the challenges of the “smart village” concept in the European context. Recent
research complements these contributions by defining a set of 79 indicators grouped into
seven main categories (basic, social, economic, educational, welfare and health, access to
public facilities, and environmental), supporting the need for an integrated and contextual-
ized approach to sustainable development [36,37].

Rural depopulation is a global phenomenon associated with urbanization and socio-
economic transformations, affecting the structure of communities and leading to the aban-
donment of vernacular heritage [38,39]. The migration of young people and population
ageing reduce the socio-economic viability of rural areas and contribute to the loss of
traditional practices [40,41]. In this context, vernacular architecture and local materials can
support rural revitalization through economic development, tourism, and the strengthening
of cultural identity, also being supported by the tradition of earthen construction [42–46].

Previous research has highlighted that the conservation and adaptive reuse of vernac-
ular architecture can generate socio-economic benefits through heritage-based tourism, by
creating local employment opportunities, and by developing construction practices with
a distinct regional identity. In this context, international initiatives such as the VERSUS
and VERSUS PLUS projects have emphasized the relevance of vernacular heritage as a
model for sustainable architecture and community-based development. Similarly, extensive
research [47] on earthen architecture and traditional building techniques demonstrates
that the restoration and reinterpretation of vernacular buildings can support both heritage
conservation and rural revitalization strategies, especially in areas affected by demographic
decline and economic marginalization.
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The aim of this research was to contribute to the dissemination of current knowledge
in the field of sustainable development by highlighting the potential for implementing the
principles of sustainability in rural areas, as shown in Figure 2. The proposed approach is
based on the valorisation of vernacular architectural and constructive concepts, providing
the premises for outlining new research and development directions in the field of innova-
tive and sustainable building materials. This paper primarily aims to present a bibliometric
literature analysis based mainly on works previously published in Web of Science, together
with a descriptive case study and a proposed research agenda.

2. Research Methodology
The methodology adopted in this research is based on a comprehensive review of the

scientific literature available in the WoS database, focusing on studies directly relevant
to the following objectives: to assess the scientific interest in vernacular constructions; to
identify the natural resources available for composites for sustainable construction, starting
from traditional constructions, and a case study applied to the specific constructions of the
Danube Delta.

The research, embodied as a critical literature review, highlights the importance
of adopting a comprehensive and interdisciplinary methodology on the use of natural
resources as raw materials for sustainable building materials, while providing a sound
conceptual framework and relevant insights for future research initiatives, both locally and
globally, in line with current environmental protection imperatives.

The literature analysis was conducted using the Web of Science (WoS) Core Collection
database, selected due to its relevance for peer-reviewed scientific literature in the fields
of architecture, construction engineering, and sustainability. The search strategy included
combinations of keywords such as “vernacular architecture”, “traditional architecture”,
“natural building materials”, “earthen construction”, “clay materials,” “adobe,” “thermal
performance,” “thermal insulation,” “plant fibres,” “straw,” “reed,” “Phragmites australis,”
“hemp,” “Cannabis sativa,” “Typha,” “bio-based materials,” “natural building materials,”
“sustainable construction,” “sustainable development,” “rural development,” “cultural
heritage,” “heritage conservation,” “traditional knowledge,” and “Danube Delta,” used
individually or in logical combinations (AND/OR), for example: (1) “vernacular archi-
tecture” combined with “sustainable” or “construction”; (2) “clay” OR “earthen material”
OR “adobe” combined with “construction” or “thermal”; (3) “reed” OR “Phragmites aus-
tralis” OR “hemp” OR “Cannabis sativa” OR “Typha” combined with “construction” OR
“thermal insulation”; (4) “Danube Delta” combined with “construction” OR “sustainable
development”. The search was primarily limited to articles published in the last ten years
in order to capture the most recent developments in the field; however, older landmark
studies were also included when considered relevant for a better understanding of the
overall evolution and trends. Figure 3 schematically presents the research methodology.
Retrieved records were filtered to peer-reviewed journal articles and conference papers in
English, with a primary temporal scope of 2010–2025; foundational studies from earlier
periods were included where directly relevant. Books and book chapters were included
when authored by recognized domain authorities. No formal PRISMA-type screening
protocol was applied; the present work follows the methodology of a narrative-critical
literature synthesis aimed at identifying research trends, documenting reported material
properties, and mapping the knowledge gaps relevant to the Danube Delta case study
context. The bibliometric analysis was performed on the full WoS export using the Web
of Science Analytics tools, with publication year, subject category, and citation metrics as
primary sorting criteria.
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Figure 3. Schematic representation of the research methodology.

The literature selection process was carried out in several stages, following a structured
approach. In the identification stage, publications resulting from the database query were
collected. During the screening stage, the titles, keywords, and abstracts of the articles were
analyzed in order to eliminate works that were not directly related to the use of natural
materials in construction or to vernacular architecture. In the eligibility stage, the full texts
of the selected publications were examined, with a focus on retaining articles published in
peer-reviewed journals, review papers, and studies addressing the physical, mechanical, or
hygrothermal properties of natural materials used in construction. In the final inclusion
stage, the works considered relevant for analyzing current trends in the use of natural
materials in vernacular architecture were selected.

The second component of the research consists of a qualitative case study focused
on the Danube Delta region. The selection of this case study was determined by the
region’s unique ecological and cultural characteristics, the availability of natural resources
such as reed, clay, and other plant-based materials, as well as the existence of traditional
construction practices specific to vernacular architecture. The case study analysis aims
to assess the potential of local natural resources and traditional construction knowledge
to support sustainable building strategies and rural development within this specific
territorial context. Although this research provides relevant and useful information for
understanding the potential of sustainable development in rural buildings, some spatial
and temporal limitations must be highlighted. Priority was given to studies carried out in
geographical contexts similar to the case study, i.e., the Danube Delta, in order to ensure a
more solid foundation for the conclusions regarding the sustainable use of local resources
and the adaptability of materials in the specific context of this region. The Danube Delta
was selected for the case study for its unique ecological and cultural character, recognized
by its inclusion in the United Nations Educational, Scientific and Cultural Organization
(UNESCO) World Heritage List and its designation as a wetland of international importance
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under the RAMSAR Convention of 1991. As indicated in the literature, population growth,
increasing consumption of natural resources and the increasingly evident manifestations
of climate change are generating significant pressures on ecosystems globally, directly
impacting wetlands, including the Danube Delta [46].

Finally, it should be noted that this research has certain limitations. First, the number of
scientific publications that directly address the use of natural materials in construction in the
Danube Delta is relatively limited. Second, the specialized literature on natural materials
used in construction is characterized by methodological diversity and significant variations
in the properties of the analyzed materials, determined by differences in composition,
construction techniques, and climatic conditions, which may affect the comparability of the
results reported in different studies. Overall, 232 bibliographic references were used, over
65% are articles published in WoS-indexed journals (Sustainability, Buildings, Construction
and Building Materials, Energy and Buildings, Journal of Cleaner Production, Building and
Environment, Renewable and Sustainable Energy Reviews, Applied Sciences, Urban Studies,
Habitat International, Environmental Science & Policy, Land, Energies, Materials et al.).

It should be noted that an exact quantification and the calculation of a precise nu-
merical distribution across the thematic sections addressed in this paper represent a chal-
lenge from a criteria-based perspective, as most of the selected studies integrate multi-
ple perspectives and address overlapping topics related to vernacular architecture and
construction materials—while also encompassing other directions such as economic im-
pact, feasibility, durability, environmental impact, and specific performance characteristics
(e.g., fire behaviour).

This highlights, in fact, a defining feature of current research and specialized reporting:
a unilateral approach has become obsolete and has been replaced by multidisciplinary
approaches, a trend also reflected in the thematic diversity of specialized journals.

3. Vernacular Architecture
The term “vernacular architecture” is used to describe a set of constructions that

are realized primarily on an empirical basis. These constructions are developed through
an iterative “trial and error” process, which involves the use of available local resources
and adaptation to specific geographical and climatic conditions. This architectural style
serves as a direct reflection of the cultural values, traditions, and needs of local com-
munities, emphasizing a harmonious relationship between humanity, environment, and
materiality [27,47–50]. Converging views among researchers affirm that edifices designated
as “vernacular” or “vernacular architecture” emerge as expressions of adaptation to local
conditions, thereby serving as cultural bridges connecting the past to the present and
reflecting the cultural identity of respective communities [27].

As stated by Paul Oliver [51], vernacular architecture is defined as “the architecture of
the people and by the people,” emphasizing the participatory and profoundly contextu-
alized nature of these forms of construction. This type of architecture integrates unique
elements with identity, historical and artistic value, respecting criteria of authenticity and
local integrity [52], which are well correlated with the principles of sustainable develop-
ment, resource exploitation and environmental conservation [53,54]. These aspects are
increasingly recognized at the institutional level through the designation of historic or
heritage building status. However, it should be noted that these official recognitions en-
compass only a limited share of vernacular architecture, as the majority of these structures
are situated in rural areas, playing a pivotal role in shaping the local collective identity,
often referred to as the “identity budget” of the village or region.

In the context of contemporary challenges associated with increasing energy con-
sumption, extensive exploitation of natural resources, and pressing need to reduce carbon
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dioxide emissions—with the construction sector being a determining factor in generating
these effects—current directions of scientific research are shifting to capitalize on an un-
derutilized resource: the heritage of knowledge integrated in vernacular architecture, the
result of sustainable adaptation to local conditions over time. The adaptability of such
structures to local conditions and their efficiency in terms of resource consumption and
environmental integration has led to a significant growth in academic interest in the field,
as evidenced by the increase in research publications shown in Figure 4, according to WoS
(accessed February 2026). Consequently, extant literature has demonstrated the thermal
performance of historic buildings [27,55,56] as well as their efficiency in terms of natural
resource consumption and environmental impact [48].

Figure 4. Graphical representation of the evolution of publications identified in the Web of Science
(WoS) database by the keywords “vernacular architecture”. (accessed February 2026).

Nevertheless, the incorporation of vernacular architecture into the framework of
modern user demands and in accordance with sustainable development principles requires
continuous research and development, a point emphasized by many authors such as J. Zong
et al. [49,57–61]. Vernacular architecture, while exhibiting significant cultural and ecological
value, is susceptible to challenges arising from the proliferation of modern, industrially
produced building materials. These materials are characterized by their low cost, wide
availability, and apparent ease of implementation [62,63].

To gain a deeper understanding of research trends in the field of vernacular architec-
ture, a bibliometric keyword-based analysis was conducted on publications identified in the
Web of Science database. The authors’ keywords were extracted and grouped into thematic
subcategories reflecting the main research directions within vernacular architecture. In ad-
dition, a temporal overlay analysis was performed to track the evolution of these keywords
over time, visualized as a heatmap (Figure 5a–c), providing a clearer understanding of the
thematic evolution of the field and supporting the positioning of the present study within
the emerging research interest in sustainable vernacular construction.

Thus, Figure 5a highlights a differentiated evolution of scientific interest in vernacular
architecture, with a significant increase in research focused on traditional architecture, cul-
tural heritage, and sustainability in recent years. At the same time, a lower and fluctuating
representation of topics related to rural development can be observed, as well as a marginal
presence of studies dedicated to the Danube Delta, indicating an imbalance between the
general interest in the field and its application in specific regional contexts.
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(a) 

 
(b) 

 
(c) 

Cluster 1: "vernacular 
architecture" AND a keyword 

related to development, 
tradition, and sustainability

2005–2010 2011–2015 2016–2020 2021–2025

traditional architecture 63 212 243 430
sustainable construction 4 43 58 156
sustainable development 6 51 80 131
rural development 7 30 22 74
cultural heritage 24 54 100 250
heritage conservation 6 36 55 154
traditional knowledge 10 28 41 96
Danube Delta 0 0 1 0

Cluster 2: "vernacular 
architecture" AND a keyword 

related to materials
2005–2010 2011–2015 2016–2020 2021–2025

natural building materials 14 24 48 75
earthen construction 4 25 17 56
clay materials 2 7 9 25
adobe 4 20 22 45
plant fibres 0 1 1 4
straw 0 2 8 8
reed 0 2 1 5
hemp 0 1 0 3
bio-based materials 0 0 0 4
natural building materials 14 24 48 75

Cluster 3: "vernacular 
architecture" AND a keyword 
related to thermal efficiency 2005–2010 2011–2015 2016–2020 2021–2025

thermal performance 6 31 73 121
thermal insulation 0 6 16 33

Figure 5. Temporal evolution of keywords visualized through heatmap analysis: (a) Cluster 1”vernac-
ular architecture” AND a keyword related to development, tradition, and sustainability; (b) Cluster
2:”vernacular architecture” AND a keyword related to materials; (c) Cluster 3: “vernacular architec-
ture” AND a keyword related to thermal efficiency.

Figure 5b shows a progressive increase in scientific interest in natural materials used
in vernacular architecture, particularly traditional materials such as earth, adobe, and clay-
based materials, as well as the broader concept of “natural building materials.” In contrast,
the use of specific plant fibres (straw, reed, hemp) and bio-based materials remains relatively
underrepresented, despite a slight increase in recent years. This distribution indicates an
imbalance between well-established research on traditional construction techniques and the
still emerging interest in bio-based solutions, suggesting significant development potential
in this area.

Regarding energy efficiency (Figure 5c), a similarly strong increase in interest can be
observed, especially over the past five years.
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4. Natural Resources
A defining characteristic of vernacular construction is the predominant use of local

resources, adapted to the geographical and cultural specificity of each region. Among
these, clay, sand, stone, and diverse plant materials (e.g., reeds, bulrush, hemp, cane, wood,
bamboo, etc.) are the most frequently utilized, occasionally accompanied by raw materials
of animal origin, either as a standalone material or as additives in various compositions.

4.1. Clay—Binder for Composite Materials Used in Vernacular Constructions

The utilization of clay soils, characterized by their clay or loam composition, has a long
and extensive history spanning many millennia. These materials have been employed in
the construction of residential dwellings and various structures, including but not limited
to dams and walls, since ancient times. Due to their local availability and favourable
properties, they have been integrated into various traditional building techniques, the most
common of which include:

• production of adobe consisting of small, prefabricated, and naturally dry elements.
These elements are then utilized in masonry applications through the integration of
compatible mortars;

• superimposition of successive layers of clay earth, rammed into wooden formworks, a
technique known as ‘rammed earth’;

• filling of wooden frames with various clay-based compositions, technique known
as ‘straw’;

• filling and covering of a woven formwork composed of twigs affixed to a wooden
supporting structure, and subsequently covering it with a layer of earth;

• mixing of clay, earth, straw, water, and sand, along with manual shaping during
the malleable state, technique referred to as “cobbing.” The subsequent joining or
superimposing of these irregularly shaped and sized lumps leads to the formation of
the wall. This method enables the creation of diverse shapes, characterized by a wide
array of alternating curved lines and wall thicknesses.

Clay buildings have traditionally been recognized for their durability and structural
strength, characteristics that have helped to consolidate their status as one of the most
valued and widely used vernacular building forms in the world [64]. A substantial body
of literature reports the results of research on earthen structures, which vary according to
specific geographic, climatic, and traditional characteristics. Therefore, a simple search
of the Web of Science Core Collection using the keyword “adobe” yielded no less than
518 papers, of which 39% were indexed in the Construction Building Technology domain,
38.8% in the Civil Engineering domain, and 25% in the Materials Science Multidisciplinary
domain. Subsequent searches in the same database using terms such as “rammed earth”
and “adobe” returned more than 2200 results with a similar thematic distribution, thereby
confirming the growing interest of the scientific community in these traditional building
techniques analyzed from a multidisciplinary perspective.

The popularity of rammed-earth construction has increased significantly in recent
years, as evidenced by the growing body of literature on the subject. This construction
method is valued for its accessibility and simplicity of execution, as well as for its low
environmental impact. A primary benefit of this construction method is its capacity to
ensure optimal thermal comfort while minimizing energy expenditure. This efficiency
is attributed to the high thermal inertia of the walls, which is a consequence of their
substantial mass and capacity to accumulate and release thermal energy. Nevertheless,
the specific technological process initially involves a high level of moisture in the building
elements. This may temporarily affect their thermal and mechanical performance. It should
be noted that, under typical conditions, this moisture tends to stabilize over time, ultimately
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reaching an optimal equilibrium level. However, it is important to emphasize that this
process requires a substantial amount of time to reach completion [65–69]. Conversely,
research documented by Hall et al. [70] demonstrated that the incorporation of this moisture
content and the time to equilibrium establishment in the context of rammed earth can be
regulated by adjusting the particle size distribution of the clay-earth based composite.

The capacity of building materials to assist in the regulation of indoor air relative
humidity is a particularly relevant aspect in the context of promoting health and environ-
mental comfort. Research has demonstrated that a variety of pathogens, including bacteria,
viruses, fungi, and dust mites, have a propensity to proliferate in environments character-
ized by elevated humidity levels. In this context, maintaining relative humidity (RH) within
the optimal range of 40–60%, or preferably below 80%, has been demonstrated to play a
pivotal role in mitigating the risks associated with the proliferation of such microorganisms,
thereby reducing the subsequent indirect negative impact on human health [71–73]. In this
context, some authors have proposed the moisture buffering value (MBV) as a quantifi-
able indicator representing the moisture storage/absorption capacity, reporting values of
1.23–1.88 g/m2% RH according to Liuzzi et al. [74] and 3.23–4.30 g/m2% RH according to
Niang et al. [65]. Another quantifiable indicator, the hygroscopic moisture storage, reported
by Allison and Hall [75], is estimated to be in the range of 19.19–31.59 kg/m3. The demon-
strated permeability to water vapour of building elements made of clay loam, as well as
their specific ability to store water in high humidity conditions and to release it in low
RH conditions, provide direct benefits on the indoor air quality through natural humidity
regulation. Consequently, the incorporation of these materials has been demonstrated to
exert a positive influence on the indoor microclimate, thereby enhancing the comfort and
overall quality of life for occupants [73,76–82]. In addition, studies of literature reveal the
heterogeneity of the values of the vapour diffusion resistance factor (µ) in close correlation
with the material’s density and its compositional characteristics. The maximum reported
value in the literature to date is 14.34, as cited in the work by Allison and Hall [66]. In regard
to the capillary sorption capacity, Li et al. [83] report a coefficient of 0.031 kg/(m2-s0.5) for
untreated rammed earth, untreated for hydrophobicity enhancement, respectively, and
0.0062 kg/(m2-s0.5) for similar samples treated with a hydrophobizing SILRES® BS 1802
hydrophobizing agent SILRES® BS 1802.

The implementation of rammed-earth construction technology requires the utilization
of soils with specific characteristics, and it is recommended that these be extracted from a
depth of more than 1 m from the surface of the ground to minimize the risk of contamina-
tion with organic impurities. The optimal soil composition is characterized by a substantial
sand content, ranging from 30% to 50%, with a maximum clay content of 8%. Research
indicates that in instances where the available soil does not meet these requirements, it
is possible to adapt the material through the implementation of pre-preparation methods
and the incorporation of additives, resulting in what is known as “stabilized soil”. Stabi-
lization can be achieved through the incorporation of cement, although this approach is
less environmentally preferable due to the substantial carbon footprint associated with
its production. Alternatively, there are inorganic and organic binders that are regarded
as more sustainable than cement [64,84]. In recent years, there has been notable increase
in research focusing on enhancing the execution process of earth constructions. This re-
search aims to reduce the time required for construction and to mitigate the variability
in physical-mechanical characteristics, particularly compressive strength, which is often
observed in traditional techniques that rely predominantly on manual methods. In this
technological landscape, the automation of production processes, the integration of digital
technologies, the application of machine learning methodologies, and the utilization of
artificial intelligence (AI) within the construction industry are emerging as major research
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directions with significant potential [64,85]. A particularly eloquent example is the Robotic
Rammed Earth (RRE) technology developed at the Institute of Structural Design of the
Technical University of Braunschweig (ITE), which integrates formwork forming and mate-
rial compaction in a single step. This process enables the automation of the manufacturing
process of structural elements and ensures increased uniformity of the physical-mechanical
properties throughout the entire volume of the structure [86]. The automation of compacted
earth construction by robotic systems has been demonstrated to optimize execution and
significantly reduce the need for human intervention. This method yields notable economic
benefits, including the reduction in labour costs and the acceleration of the fabrication
process. It minimizes the necessity for specialized apparatus, such as formworks, and
concomitantly ensures environmental sustainability by utilizing a locally sourced, naturally
occurring material with a minimal carbon footprint. However, these technological solutions
are not without their limitations, particularly with regard to the geometric complexity of the
shapes that can be produced and the quality of the finishes obtained. In order to mitigate
the utilization of formwork, the slipform technique is frequently adopted. This method
utilizes a sliding formwork, which simplifies the execution process. However, it restricts
design freedom and may necessitate subsequent surface finishing interventions [64].

The construction methodology that involves the use of naturally dried prefabricated
elements, commonly referred to as adobe, entails a set of specific requirements related
to the quality of the raw materials. More specifically, these requirements concern the
composition of the clay soil employed. In order to ensure the performance and durability
of the resulting material, the scientific literature identifies several constraints regarding
soil properties. A widely acknowledged criterion, consistently reported across studies
conducted in various geographical contexts, is the exclusion of organic matter from the
soil composition [87,88]. Furthermore, soil intended for use in adobe production should be
collected from beneath the uppermost soil layer, with the recommended extraction depth
depending on the consulted literature. A minimum depth of 150 mm is suggested by some
authors [89], while others emphasize the importance of extracting material from at least
400 mm to minimize the risk of organic contamination and surface-level compositional
inconsistencies [90]. From a chemical, oxide, and mineralogical standpoint, the extant
literature [91] indicates that clay soil suitable for the production of adobe should exhibit
a predominance of silicon dioxide (SiO2), typically within the range of 50–60%, followed
by aluminum oxide (Al2O3) at approximately 10%. Furthermore, it is recommended to
limit the concentration of calcium oxide (CaO) to a maximum of 10%, and to maintain
ferric oxide (Fe2O3) content below 10%, as these parameters are associated with enhanced
physical and mechanical performance of the prefabricated elements. From a mineralogical
perspective, the soil should primarily consist of clay minerals, including calcite, feldspar,
illite, kaolinite, chlorite, smectite, and montmorillonite quartz. These minerals play a crucial
role in enhancing the structural integrity and durability of the resulting material [92,93].
With respect to granulometric distribution, the extant literature suggests that the proportion
of aggregates larger than 2 mm should be limited to a maximum of 10%, while sand particles
ranging from 0.063 to 2 mm should constitute between 40–80% of the mixture. Furthermore,
the recommended range for the silt content is 10–30% (0.002–0.063 mm), with the clay
fraction typically ranging from 20–50% [80,82]. However, earlier studies indicate that an
acceptable composition may include as little as 15% clay [94,95].

From a physical and mechanical perspective, the achievement of adequate perfor-
mance in clay-based construction materials is contingent upon adherence to certain techni-
cal criteria. To ensure effective thermal insulation—particularly a high degree of thermal
inertia, which facilitates the accumulation of heat during warmer periods and its gradual
release during colder seasons—the bulk density of the mixture should range between 1800
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and 2000 kg/m3 [96]. With regard to mechanical performance, international standards
establish minimum compressive strength thresholds that must be met for the material to
be considered suitable for use in load-bearing wall constructions. For instance, the ASTM
Standard D1633-00 (New Mexico) [97] establishes a minimum compressive strength require-
ment of 2.07 N/mm2. In Zimbabwe, the construction industry adheres to specific building
regulations that stipulate a minimum compressive strength requirement of 1.5 N/mm2 for
walls with a thickness of 400 mm in single-storey residential buildings. For buildings with
two storeys, the stipulated strength requirement is 2.0 N/mm2. The Australian standard
stipulates a minimum value of 1.15 N/mm2, while ASTM E2392/E2392M-10e1:2010 [98]
establishes a threshold of 2.068 N/mm2. Furthermore, the American Concrete Institute
(ACI) Committee on Materials reports compressive strength values that vary according to
the soil type employed, ranging from 2.76 to 6.89 N/mm2 for sandy soils and from 1.72 to
4.14 N/mm2 for clay-based soils. Concurrently, the Peruvian Standard E.080 stipulates a
minimum compressive strength requirement of 1.2 N/mm2, accompanied by a minimum
tensile strength of 0.4 N/mm2. These values highlight the importance of soil composition
and the necessity of its adjustment according to local construction requirements and the
specific structural typology of the building [87,99]. Furthermore, the plasticity and worka-
bility of the clay mixture are critical factors in ensuring the quality of the resulting structural
elements. An excess of water content can lead to the occurrence of cracks and pronounced
axial shrinkage during the drying phase. In this context, the extant research recommends
maintaining linear shrinkage within the range of 3–12% for bricks produced from mixtures
of soft consistency. Conversely, for drier mixtures, a linear shrinkage between 0.4–2% is
regarded as adequate for maintaining the integrity of the final elements and for minimizing
the likelihood of structural defects [90]. In general, the enhancement of the physical and
mechanical performance of adobe elements can be achieved through the application of dis-
persed reinforcement techniques. In this context, the materials most commonly employed
for reinforcing the clay matrix are of vegetable origin, including straw, natural fibres, stems,
and other lignocellulosic components. The primary factors contributing to the widespread
adoption of these materials are their local availability, ecological compatibility, and their
demonstrated efficacy in mitigating cracking and enhancing the mechanical strength of the
final components.

The physical and mechanical properties of clay-based materials exhibit substantial
heterogeneity, as reported in the scientific literature, largely influenced by factors such
as the inherent characteristics of the clay soil, the preparation and testing methodologies,
and the type and proportion of additives incorporated into the mixture [92]. For instance,
the compressive strength of the material has been shown to vary between 0.5 MPa and
over 7 MPa, while the flexural strength typically ranges from 0.25 MPa to 1.25 MPa [83].
Furthermore, the tensile strength of the material has been documented to be approximately
0.16 MPa, as reported in the study by Silveira et al. [100]. In this context, parameters such
as particle size distribution, bulk density, mix ratio, and material consistency are critical
for assessing performance. These parameters can often be evaluated in situ, particularly in
situations where access to specialized laboratories for chemical or mineralogical analysis
is limited. However, a comprehensive and rigorous characterization of adobe materi-
als should incorporate both physical and mechanical testing and chemical-mineralogical
analysis to ensure accurate performance evaluation.

A comprehensive and objective evaluation requires the acknowledgement that, despite
their numerous advantages, unfired clay earth constructions are also subject to certain
inherent limitations [101]. Consequently, current research is predominantly focused on
addressing these challenges, with the objective of enhancing mechanical properties, rein-
forcing structural safety, and extending the material’s long-term durability [102–113].
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The enhancement of flexural strength in hand-moulded clay bricks has been a subject
of investigation in the academic literature since the 1970s, particularly through the incorpo-
ration of natural plant fibres such as straw and dried grass. The earliest foundational studies
in this area were conducted by Hossein-Javaheri (1972) [114] and Hammod (1973) [115].
Among these materials, straw is particularly noteworthy due to its natural abundance, eco-
nomic accessibility, and minimal environmental impact. Subsequent research—conducted
by Vargas (1986) [116], Morris (1993) [117], Warren (1999) [118], Islam (2002) [119], Binici
(2005) [120], Is, ik (2023) [121], and Islam (2010) [122]—has consistently demonstrated that
the incorporation of straw into clay mixtures contributes significantly to the enhancement
of flexural strength and elasticity, while also mitigating the risk of cracking. Moreover,
the incorporation of fibres has been demonstrated to enhance inter-component adhesion,
thereby promoting the overall cohesion and integrity of the composite material. Further-
more, presence of plant fibres in clay-based composite mixtures has been demonstrated to
reduce the material’s apparent density, thereby decreasing its thermal conductivity and
enhancing both thermal and acoustic insulation performance. In this context, Mohamad
Shariful Islam and Kazuyoshi Iwashita [122] carried out a study that examined the effects of
incorporating plant-derived fibres—specifically straw, jute, and hemp—alongside mineral
additives such as gypsum and cement, on the physical and mechanical properties of clay
bricks. The researchers’ primary focus was on straw fibres of varying lengths (1–3 cm) and
concentrations (ranging from 0% to 3% by weight). The findings of the study demonstrated
that, while an elevated fibre content results in a modest decrease in compressive strength,
it concomitantly leads to a substantial enhancement in the material’s elasticity. This, in
turn, elevates its overall deformability and resilience. An increase in the straw content of
clay-based mixtures resulted in a progressive enhancement of the material’s elasticity up to
a threshold of approximately 1.5%, beyond which the elasticity tended to stabilize. This
1.5% straw content also corresponded to the maximum hardness values of the material,
which subsequently decreased as the proportion of plant fibres was further increased. In
consideration of the impact of fibre length, it was determined that an increase in straw fibre
length resulted in a decrease in compressive strength, while maintaining elevated levels of
elasticity at a 1.5% straw content. It is noteworthy that the material’s hardness exhibited an
increasing trend with fibre length; however, this effect was confined to the optimal propor-
tion of 1.5% fibres within the mixture. A frequently employed construction alternative that
incorporates straw involves the use of compressed straw bales for wall construction. Due
to their chemical composition, which closely resembles that of wood, these materials are
particularly susceptible to damage from rodents, insects, excessive moisture, and mould
formation. To address these vulnerabilities, it is recommended that the exterior surfaces be
protected with a substantial layer of clay-based plaster. Furthermore, the design of eaves
should incorporate an adequate setback, at least 75 cm from the vertical line of the wall, to
minimize exposure to precipitation and water infiltration [123].

Despite the fact that this domain remains relatively under-regulated and lacking in
standardization—a state of affairs primarily due to the considerable heterogeneity of
its primary raw material, clay soil—the academic literature provides several valuable
references that can inform the development of sustainable construction practices. One of
the most influential normative documents is the Earth Building Code, first developed in
Germany in 1944, which subsequently laid the foundation for the DIN 18951 standard.
Additionally, significant regulatory frameworks have been established in countries
such as New Zealand—namely NZS 4297:1998 [102], NZS 4298:1998 [103], and NZS
4299:1998 [104]—as well as in regions including Australia, New Mexico, and Zimbabwe.
At the European level, the establishment of methodological guidelines and specialized
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educational institutions has also played a crucial role in promoting a coherent set of best
practices within this field [87].

The construction technique of the framework, recognized on an international level as
a form of wattle and daub, has been employed extensively in Romania and throughout
the world. This technique has been utilized in contemporary buildings and archeological
contexts dating back to the late Neolithic period. Despite the absence of formally regulated
design procedures and standardized documentation in the development of such structures,
which were typically constructed based on empirical knowledge, the extant literature [105]
indicates that these constructions have exhibited reliable performance over time, including
resilience to extreme phenomena such as seismic activity. These structures are typically
characterized by timber frames constructed from round or hewn hardwood, foundations
made from stone, fired clay bricks, or, in more recent periods, concrete, and wall infill
composed of clay-based mixtures incorporating various organic materials of vegetal or
animal origin. In certain instances, stone was also utilized as a construction material for
walls. The walls were commonly finished with wooden laths and earth-based plaster
mortars. The composition of roofing systems varied according to regional traditions
and available resources, including the use of vegetal materials such as straw or reed, or
processed wood elements such as shingle, split boards (s, it,a), clapboard (dranit,a), and, in
certain cases, fired clay tiles.

An illustrative and architecturally distinctive example of the integration of clay-based
and plant-derived materials in contemporary Romanian tourism is the Clay Castle (Castelul
de Lut), located in the Valley of the Fairies (Valea Zânelor), Porumbacu de Sus, Sibiu,
Figure 6. This structure exemplifies the innovative use of vernacular construction tech-
niques, featuring walls entirely composed of clay with thicknesses of 40 cm and 60 cm,
respectively. The building’s foundation is made of cyclopean concrete, and a timber frame-
work was constructed and subsequently encased in cob, a traditional composite consisting
of clay, sand, gravel, and straw. The employment of locally sourced and handcrafted
materials, including stone, earth, wood, and wooden shingles, contributes not only to the
esthetic and structural integrity of the construction but also reinforces the cultural and
artisanal identity of the region [111].

Figure 6. Clay Castle (Castelul de Lut), located in the Valley of the Fairies (Valea Zânelor), Porumbacu
de Sus, Sibiu, Romania (photo August 2019).
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4.2. Vegetal Resources

A second category of resources frequently employed in vernacular architecture com-
prises materials derived from plants. These materials are typically classified into two
primary subcategories: those serving structural functions—such as high-grade timber
utilized in the construction of load-bearing elements, including posts and beams—and
those applied in non-structural roles, either in their natural state or as constituents of
composite mixtures. The latter category principally includes materials such as straw, stems,
and branches, which are commonly used as dispersed reinforcement within composite
elements or for their thermal, hygroscopic, and acoustic insulation properties. Furthermore,
these vegetal resources are occasionally augmented by animal-derived materials, which are
generally incorporated to fulfil complementary functional roles.

A growing body of research explores the potential of plant-based materials—frequently
classified as waste [106]—to be repurposed within the framework of sustainability and
the circular economy for use in environmentally responsible construction practices. The
incorporation of such alternative resources into the building sector aims not only to mitigate
landfill accumulation and reduce emissions associated with the production of conventional
industrial materials, but also to preserve and promote local geographic and cultural identity.
This approach fosters harmonious integration of built structures within their existing
architectural and landscape contexts [107–110].

As a construction material, wood exhibits notable sustainability, rendering it suitable
for both structural and non-structural applications [111,112]. The performance characteris-
tics of this material exhibit notable variation depending on the wood species and, more
critically, its moisture content. From a chemical perspective, wood is primarily composed
of cellulose (40–50%), hemicellulose (15–25%), and lignin (15–30%) [113–124].

Reed is an organic construction material that has gained significant popularity in
wetland regions, where it is found in abundance, as shown in Figure 7. According to the
scientific literature [124–129], reed exhibits several advantageous properties, including
good water resistance, durability, and flexibility under mechanical stress. However, it is
also highly flammable and resistant to insect and rodent infestations due to its high silicon
content, which enhances its structural integrity in technical applications. Notwithstanding
these benefits, reed retains its status as a highly combustible material. A fire resistance
enhancement technique specific to vernacular constructions in Portugal, as reported by
Malheiro et al. [125], involves the application of a layer of mortar over the reed roof
covering. This mortar layer fulfils dual functions: it acts as a protective barrier and as a
levelling surface for the subsequent placement of tiles. A comparable solution is reported
by Barreca [130] for the vernacular houses’ characteristic of Italy. With regard to thermal
and acoustic insulation performance, the tubular structure of the reed stalk makes it an
efficient material, rendering it a valuable resource for the construction of buildings that are
both adapted to local climate conditions and energy efficient. A multitude of studies have
documented thermal conductivity coefficients for reed panels, with values ranging from
0.071 W/mK [124], while others have indicated even lower coefficients, ranging from 0.045
to 0.065 W/mK [56,131–133]. However, other studies [127] have reported higher values,
such as 0.101 W/mK for a density of 321.3 kg/m3 and a moisture content of approximately
25.1%. In this context, Conte et al. [134], in agreement with other researchers [129,135,136],
indicate that the thermal insulation properties of reed are significantly influenced by water
absorption and the hygroscopic moisture content at the time of assessment.
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Figure 7. Global share of reed vegetation cover generated with https://www.mapchart.net/world-a
dvanced.html (accessed on 22 January 2026), based on data from Köbbing et al., 2013 [137]).

Hemp is increasingly recognized as a sustainable material in the construction sector,
primarily due to its outstanding hygrothermal performance. In contrast to mineral-based
natural aggregates, plant fibres—such as those derived from hemp—have been shown to
possess a capacity for water absorption that is up to four times their own weight [138]. This
property has been demonstrated to enhance the material’s capacity to regulate moisture
and mediate thermal transfer. Furthermore, Nguyen et al. [139] demonstrated that both
hemp fibres (FH) and hemp shiv (HH) exhibited rapid and substantial water absorption
capabilities, with approximately 50% of their total water absorption capacity being reached
within a short time frame. This finding emphasizes the efficacy of these materials in manag-
ing humidity. Currently, both hemp fibres and hemp shiv have gained significant attention
for their potential application in the fabrication of thermal and acoustic insulation materials,
due to their advantageous performance in regulating moisture as well as thermal and
sound transfer processes [140]. From the perspective of thermal performance, numerous
studies [141–143] highlight a direct correlation between the thermal transmittance coeffi-
cient (U-value), the apparent density, and the thickness of bio composites incorporating
hemp fibres. Specifically, it has been demonstrated that, under conditions of constant
density, increasing the thickness of the material by 50% from an initial 200 mm results in an
approximate 33% reduction in the U-value, while doubling the thickness leads to a 50%
decrease. This indicates a marked enhancement in insulation performance [141].

According to the research literature on the subject, hemp-based materials offer numer-
ous advantages that make them suitable for use in sustainable construction. In addition
to their capacity to enhance indoor thermal comfort and reduce energy consumption by
limiting heat transfer through the building envelope, these materials are also character-
ized by low weight, resistance to water, fire, and mould, as well as inherent insulating
properties and effective moisture regulation. Furthermore, they facilitate water vapour
diffusion, display high resistance to biological degradation caused by pests, and provide
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favourable structural performance under extreme environmental conditions, including
seismic events, flooding, and other natural disasters [144]. Moreover, several studies em-
phasize their notable capacity for carbon dioxide (CO2) storage, further demonstrating their
environmental benefits and reinforcing their alignment with the principles of sustainable
development [140,144–155]. Presently, hemp processing residues—particularly those result-
ing from the drying and shredding of the inner core of the stalk—are being used to a greater
extent in a variety of manufacturing processes, with their application largely dependent on
their particle size. These materials are frequently incorporated into the production of small-
scale prefabricated components, either in combination with clay-based binders (referred to
as hemp lime) or with lime (known as hempcrete). Furthermore, they serve as functional
additives in clay-based composite materials designed for finishing applications, including
plasters and caulking mortars (e.g., stucco, plaster, or caulking compounds) [140,156–162].

As of 2012, hemp fibre-based insulation products constituted less than 1% of the ther-
mal insulation materials market [163]. The sector remains largely niche due to the limited
body of scientific research, which has hindered the development of comprehensive product
standards. Consequently, there is an absence of clearly defined parameters regarding
optimal material composition, appropriate compaction levels during casting or application,
and the ideal water-to-binder-to-fibre ratios. Additionally, the water exchange that occurs
between the binder and the hemp shiv during the curing process remains challenging to
regulate, which may result in inconsistencies in the homogeneity and overall performance
of the resulting material [139]. In the contemporary context, manufacturers of construction
materials are prioritizing two primary areas of focus. Firstly, there is a pronounced empha-
sis on the development of hemp fibre-based thermal insulation materials, predominantly
in the form of prefabricated panels ready for installation. Secondly, there is a notable focus
on the formulation of composite materials that incorporate components of the hemp plant,
such as fibres and shiv, for utilization in the construction of partition walls or plasters. The
initiative to design hemp-based bio-composites with mineral binders (e.g., clay or lime) is
driven by several factors:

• The composition of hemp-based bio-composite materials incorporates the wooden
core of the plant’s stem, which accounts for approximately 60–70% of the total mass.
This by-product is obtained by processing the fibrous outer husk, which is used in
the textile industry, and the seeds, which are utilized in the food industry [164]. The
distinguishing qualities of hemp include its rapid growth cycle (70–140 days, depend-
ing on sunlight exposure), its capacity to adapt to pedoclimatic conditions, its natural
resistance to diseases and pests, and the fact that it is not dependent on chemical
fertilizers, pesticides, or herbicides [141]. Throughout its growth cycle, the plant
absorbs substantial amounts of carbon dioxide, thereby reducing its environmental
impact. Recent research suggests that this CO2 uptake process persists even after the
bio-composite material has been implemented, owing to the carbonation of the lime
within the composition. It has been estimated that 1 m2 of hemp-based bio-composite
can absorb between 14 and 35 kg of CO2 over the course of a 100-year lifecycle, thereby
making a substantial contribution to the reduction in greenhouse gas emissions, even
during the operational phase of the building [165].

• The core of hemp is defined by a porous internal structure that exerts a substantial
influence on the physical and mechanical properties of the composite materials in
which it is incorporated. Its employment as a filling material results in a reduction
in the apparent density of the composite, a decrease in the thermal conductivity
coefficient, and an enhancement in acoustic insulation performance. Additionally, the
high porosity of the material contributes to increased permeability to air and water
vapour. This, in turn, enhances the material’s natural moisture-regulating capacity
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within indoor spaces. Consequently, this improvement in moisture regulation leads
to enhanced hygrothermal comfort and an overall improvement in the quality of the
indoor environment [143,166].

• Lime-based binders are regarded as the optimal choice for the fabrication of hemp-
based bio-composites, as they provide both ecological and functional benefits. From
an environmental perspective, the production of lime is associated with significantly
lower carbon dioxide emissions compared to cement. Specifically, the production of
hydrated lime results in approximately 337 kg CO2 per ton, whereas the production
of cement results in approximately 819 kg CO2 per ton. In terms of functionality,
lime exhibits superior water resistance in comparison to clay, thereby enhancing
the durability of composite materials. Although clay is environmentally inert in
terms of carbon dioxide emissions, its performance in humid conditions is limited.
This provides lime with an additional advantage for use in sustainable construction
applications [167].

• From a carbon emissions standpoint, the research findings [130] indicate that hemp
fibre-based bio-composites are considered carbon-neutral materials. This conclusion is
supported by the observation that the CO2 emissions associated with the production
of lime, utilized as a binding agent, are either lower than or approximately equal to
the amount of CO2 absorbed by the hemp plant throughout its life cycle, particularly
during the growth phase.

4.3. Discussions

It is important to distinguish between plant-based materials used as by-products of
agricultural activities and those that can be specifically cultivated for industrial applications.
In many traditional vernacular construction systems, plant fibres such as straw represent
by-products of agricultural activities, obtained after harvesting cereals intended for food
production [168,169]. From a circular economy perspective, their use in construction
represents an efficient valorization of agricultural residues which, in the absence of such
applications, would be burned or left to decompose.

In contrast, hemp used in construction materials may sometimes be intentionally
cultivated for industrial purposes. This raises questions regarding land use, water con-
sumption, and the energy input associated with the production process. However, many
hemp-based construction products incorporate the woody core of the stem (hemp shiv),
i.e., the inner woody part obtained during fibre processing, which can itself function as
a by-product within broader industrial value chains [170–173]. Consequently, when inte-
grated into biocomposite materials, hemp can contribute to circular economy strategies by
valorizing residues resulting from agricultural processing, while also providing favourable
hygrothermal properties and carbon storage potential.

An important sustainability distinction must be addressed when comparing hemp with
other plant fibres used in vernacular and bioclimatic construction. Agricultural residues
such as cereal straw represent circular economy valorization of by-products that would
otherwise be discarded or incinerated; their incorporation into earthen composites imposes
minimal additional demand on land, water, or agrochemical inputs [174,175]. While life-
cycle assessments confirm a net carbon-sequestration advantage for hemp composites
over their full service life [176,177], the upstream agricultural stage introduces land use
demands not present in straw-based alternatives. In the context of the Danube Delta, where
neither hemp cultivation nor local processing infrastructure currently exists at significant
scale, locally harvested reed (Phragmites australis) and Typha angustifolia—which grow
spontaneously and are already harvested for other purposes—present a more immediately
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viable circular economy pathway, with hemp representing a longer-term option contingent
on the development of a regional bio-economy value chain.

Despite the significant ecological and hygrothermal advantages reported for clay–plant
fibre composites, several limitations must be acknowledged when considering their broader
application in the contemporary construction sector. Issues related to long-term durability,
variability in mechanical performance, fire resistance, and the lack of harmonized technical
standards remain major challenges. In addition, the compatibility of these materials with
existing building regulations, the development of reliable local supply chains for raw
materials, and the capacity for scalable industrial production represent critical aspects
that require further research and validation before large-scale implementation can be
considered [178–180].

To facilitate a synthetic understanding of the role of different plant-based materi-
als used in clay-based composites, Table 1 presents a comparison of the main physico-
mechanical and functional characteristics of these natural resources. The specialized
literature highlights that plant fibres primarily contribute to reducing material density,
improving thermo-acoustic performance, and increasing the ductility of earth-based com-
posites. At the same time, the use of these materials may introduce certain limitations,
such as reduced compressive strength, sensitivity to moisture, or the need for additional
protective measures against fire and biological degradation. A comparative presentation of
the advantages and limitations of different types of plant-based raw materials thus helps
to clarify their potential and the conditions for their use in vernacular construction and in
contemporary applications based on bio-composite materials.

Table 1. The main physico-mechanical and functional characteristics of these natural resources.

Vegetal Raw
Material

Typical Application
in Clay Composites Main Advantages Main Limitations

Effects on
Physical–Mechanical
Properties

Straw

Reinforcement in
adobe bricks, cob
mixtures,
wattle-and-daub
infill

Widely available
agricultural
by-product;
improves ductility;
reduces cracking

Susceptible to
biological
degradation and
moisture; potential
fire risk

Reduces density and
thermal conductivity;
slightly decreases
compressive strength;
increases elasticity

Reed (Phragmites
australis)

Roof covering,
reinforcement fibres,
insulating panels

High availability in
wetland regions;
good thermal
insulation; good
durability

High combustibility;
requires protective
layers

Low thermal
conductivity; good
acoustic insulation;
moderate mechanical
contribution

Hemp
fibres/hemp shiv

Bio-composites
(hemp–clay or
hemp–lime),
insulation materials

Excellent
hygroscopic
behaviour; good
thermal performance;
renewable crop

Limited
standardization;
variability
depending on
processing

Reduces density;
improves thermal
insulation; enhances
moisture regulation

Bulrush/cattail
(Typha)

Reinforcement fibres,
insulation boards,
clay composites

Good insulating
properties; locally
available in wetland
ecosystems

Limited industrial
processing; limited
research data

Improves thermal
insulation; contributes
to lightweight
composites

To highlight the impact of using plant-based materials on the performance of clay-
based composites, the specialized literature reports a series of indicative values for the
physical and mechanical properties of these materials. Table 2 summarizes representative
ranges for parameters such as apparent density, thermal conductivity, and compressive
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strength—values that may vary depending on the mixture composition, the proportion of
plant fibres, and the preparation or testing conditions

Table 2. Representative examples of physico-mechanical parameters reported in the specialized
literature.

Material System Density
ρ (kg/m3)

Coefficient of
Transfer Termic, λ
(W/m·K)

Compressive
Strength fc (MPa) Key References

Pure unfired clay (baseline) 1800–2000 0.70–1.25 0.5–7.0 [92,96–100]

Clay + Arundo donax reed
(60% vol.) 273 0.241 — [181]

Clay + Phragmites australis — 0.070–0.110 — [182]

Hempcrete (clay binder,
hemp shiv) — 0.05 — [183]

Light clay + straw — 0.11 — [183]

Hemp concrete (variable
density) — 0.090–0.160 — [184]

Unfired earth bricks + barley
straw — –53% vs. pure clay — [185]

Clay + straw (Senegal context) — –61% vs. pure clay — [186]

Adobe + fonio straw
(Burkina Faso) — — ~0.5–1.5 [187]

Historic adobe, unstabilized
(Algeria) — 0.729 0.20 [188]

Earth block masonry (adobe) — — 1.5–4.0 [189]

Clay + Typha leaf panels — 0.153 — [190]

Typha–clay composite
(hygrothermal) — 0.065–0.153 — [65,191]

Clay bricks + Typha fibre 1395–1628 0.36–0.41 — [192]

Laterite matrix + Typha fibre — — see study [193]

Reed panels
(loose/compressed) 160–321 0.045–0.101 — [56,124,133]

NOTE: The “—” was used to express the lack of information regarding the specific parameter in the cited
Key reference.

5. Case Study—Vernacular Constructions in the Danube Delta
The Danube Delta is recognized as the second largest and, simultaneously, the most

well-preserved delta in Europe. The Romanian section of the delta extends across an area
of 3446 square kilometres, constituting a fraction of its total expanse, which encompasses
4152 square kilometres. The remaining portion of the delta is situated within the Ukrainian
territory. The Chilia Branch, the third primary distributary of the Danube, constitutes a
natural border with Ukraine over a span of approximately 86 km. Since 2007, it has also
functioned as a component of the European Union’s external frontier. The Danube Delta is
not merely a significant ecological zone; it is also a region characterized by multi-ethnic and
multicultural diversity [194,195]. The Danube Delta is renowned by its distinctive natural
resources, local traditions, and environmental challenges, and it has garnered significant
international recognition. The site has been designated a UNESCO World Heritage Site
and is part of the international network of biosphere reserves under UNESCO’s Man and
the Biosphere (MAB) Programme since 1990. Moreover, the delta has been recognized as a
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Wetland of International Importance under the RAMSAR Convention (1991), designated
as a World Heritage Site under the Convention Concerning the Protection of the World
Cultural and Natural Heritage (1990), and formally designated as a biosphere reserve
at the national level in Romania. Moreover, the Danube Delta is classified as a national
park according to the international classification system established by the International
Union for Conservation of Nature (IUCN), thereby emphasizing its exceptional ecological
and cultural significance [193,195]. From a social perspective, the region encompasses
32 settlements, the majority of which are rural, with 25 located within the boundaries of the
biosphere reserve. The population of these communities is estimated to be approximately
21,243 inhabitants. This context emphasizes the importance of conducting a comprehensive
analysis of the region’s local particularities, which makes a significant contribution to
the academic literature, particularly in regard to reducing the environmental impact of
construction and promoting the sustainable use of natural resources.

In order to ground the case study, the literature review is oriented around three
research hypotheses:

Hypothesis 1: posits that the implementation of conservation policies in the Danube Delta, when
grounded in assessments aligned with the principles of sustainable development, will significantly
enhance the effectiveness and viability of environmental protection measures. Consequently, this
strategy promotes the development of sustainable local communities.

The historical evolution of the Danube Delta reveals that its ecological significance and
unique value have not always been fully acknowledged. In previous decades, the region
experienced various anthropogenic interventions and resource exploitation practices that
were inconsistent with the principles of sustainable development [158]. A report by the
World Wildlife Fund (WWF) indicates that, particularly during the communist regime, a
substantial portion of the Danube’s wetlands suffered severe degradation as a result of
such unsustainable activities [196–198].

Currently, the Delta’s territory is managed under a zoning system that is intended
to strike a balance between the preservation of natural environments and the sustain-
able utilization of its natural resources, a management approach guided by data from the
Danube Delta Biosphere Reserve Authority. Within this framework, 8.7% of the total area
is designated as strictly protected zones, encompassing 20 sites of significant ecological
importance. Buffer zones, encompassing 38.5% of the reserve’s surface, have been estab-
lished to mitigate external pressures on sensitive habitats. The remaining 52.8% is allocated
to economic zones, where activities such as agriculture, forestry, reed harvesting, human
settlement development, and ecological restoration projects are permitted. These activities
are subject to regulation in order to ensure adherence to sustainability principles and to
promote environmentally responsible development.

Key milestones in the governance of the Danube Delta illustrate a continuous evolution
of the legislative and institutional framework aimed at the protection and sustainable
management of this unique ecological area. A significant early step was taken in the
19th century with the establishment of regulations under the European Commission of
the Danube, following the authorization of the Danube River Commission through the
Treaty of Paris (1856), marking the transition to an international governance framework
for the river system. In 1990, the formal declaration of the Danube Delta as a Biosphere
Reserve resulted in the introduction of a new set of restrictive policies and regulations
designed to preserve the region’s biodiversity and ecological balance. These efforts were
further institutionalized with the establishment of the Danube Delta Biosphere Reserve
Authority (ARBDD), which continues to oversee the area under a specialized management
regime focused on conservation and sustainable development. The mandate of the Danube
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Delta Biosphere Reserve Authority (ARBDD) encompasses several key objectives. These
objectives include the conservation and safeguarding of the biological diversity of natural
ecosystems, the promotion of sustainable development within local communities, the
alignment of economic activities with the ecological carrying capacity of the region, and
the enforcement of environmental legislation and the regulatory framework governing
protected areas. A chronological overview of the principal governance documents relevant
to these objectives is illustrated in Table 3.

Table 3. The evolution of the adoption of key legislative documents.

Year
Basic Acts Concerning the
Danube Delta Biosphere
Reserve:

Normative Acts Regarding
Romania’s Accession—Danube
Delta—International
Conventions:

Legal Acts Concerning
Activities in the Danube Delta
Biosphere Reserve:

1990

Decree no. 187 of 30 March 1990,
for the acceptance of the
Convention concerning the
Protection of the World Cultural
and Natural Heritage, adopted
by the General Conference of the
United Nations Educational,
Scientific and Cultural
Organization (UNESCO) on 16
November 1972

1991

Law no. 5 of 25 January 1991, on
Romania’s accession to the
Convention on Wetlands of
International Importance,
especially as Waterfowl Habitat
(Ramsar Convention)

1993

Law no. 82 of 20 November
1993, on the establishment of the
Danube Delta Biosphere
Reserve, with subsequent
amendments and additions

Law no. 13 of 11 March 1993, on
Romania’s accession to the
Convention on the Conservation
of European Wildlife and
Natural Habitats, adopted in
Bern on 19 September 1979
(Bern Convention)

1994

Government Decision no. 248 of
27 May 1994, for the adoption of
measures to implement Law no.
82/1993 on the establishment of
the Danube Delta Biosphere

Law no. 58 of 13 July 1994, for
the ratification of the
Convention on Biological
Diversity, signed in Rio de
Janeiro on 5 June 1992
Law no. 69 of 15 July 1994, on
Romania’s accession to the
Convention on International
Trade in Endangered Species of
Wild Fauna and Flora (CITES),
adopted in Washington on 3
March 1973

2003

Government Decision no. 230 of
4 March 2003, on the
delimitation of biosphere
reserves, national parks, and
natural parks, and the
establishment of their
administrations
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Table 3. Cont.

Year
Basic Acts Concerning the
Danube Delta Biosphere
Reserve:

Normative Acts Regarding
Romania’s Accession—Danube
Delta—International
Conventions:

Legal Acts Concerning
Activities in the Danube Delta
Biosphere Reserve:

2005

Emergency Ordinance no. 195 of
22 December 2005, on
environmental protection, with
subsequent amendments and
additions

2007

Emergency Ordinance no. 57 of
20 June 2007, on the regime of
protected natural areas,
conservation of natural habitats,
wild flora, and fauna, with
subsequent amendments and
additions

2008

Emergency Ordinance no. 23 of
5 March 2008, on fishing and
aquaculture, with subsequent
amendments and additions
Government Decision no. 1516
of 19 November 2008, on the
approval of the Urban Planning
Framework Regulation for the
Danube Delta Biosphere Reserve

2010

Government Decision no. 1066
of 20 October 2010, on the
establishment of protected
natural area status for certain
zones within the Danube Delta
Biosphere Reserve and their
classification as scientific
reserves

2015

Government Decision no.
763/2015 of 16 September 2015,
for the approval of the
Management Plan and the
Regulations of the Danube Delta
Biosphere Reserve

Government Decision no. 538 of
8 July 2015, on the approval of
Rules regarding access and
navigation of ships and boats on
the channels and inland lakes
within the Danube Delta
Biosphere Reserve

2024

Law no. 176 of 3 June 2024—The
Law on Fishing and the
Protection of Living Aquatic
Resources

The evolution of the legislative framework concerning the Danube Delta Biosphere
Reserve reflects a progressive alignment of national legislation with international envi-
ronmental conventions, beginning with Romania’s accession to major global treaties on
the protection of natural heritage and biodiversity in the 1990s and continuing with the
development of a set of domestic regulations governing the management, conservation,
and sustainable use of resources in the Danube Delta.

As shown in Table 3, a certain moderate delay can be observed, but more importantly,
a process of gradual synchronization between the adoption of international conventions
and the development of the national legislative framework. It can be argued that there is
no significant delay, but rather a phased transposition process, in which international con-
ventions are adopted relatively early, while domestic implementation legislation develops
progressively in the following years.
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Thus, international conventions are adopted or ratified relatively quickly after 1990,
while the national legislative framework specific to the Danube Delta emerges subsequently,
starting with Law no. 82/1993, which establishes the Danube Delta Biosphere Reserve
and creates the institutional basis for implementing the principles of these conventions.
Following this initial stage, Romanian legislation evolves through sectoral regulations
(2003–2010) and through management plans and resource-use regulations (2015–2024),
which put into practice the commitments assumed at the international level.

Frequently cited in academic literature [196], the address delivered by Mălin Matei
Mus, etescu—at the time, Governor and Undersecretary of State of the Danube Delta Bio-
sphere Reserve Authority—emphasizes a prevalent perception of the Danube Delta as
primarily a region of strategic importance for fish production and a significant recipient
of European funding. This perception overlooks the region’s exceptional and distinctive
tourism potential, which remains underappreciated and inadequately utilized. According
to analyses of key reference sources [194–197], it is imperative that the Biosphere Reserve
Administration, in conjunction with other relevant authorities, non-governmental organi-
zations, local communities, and policymakers, support initiatives that foster active local
engagement in the development of inclusive and sustainable tourism solutions.

In this regard, an integrated and interdisciplinary approach is required to construct a
coherent, comprehensive, and realistic understanding of the regional context. Consequently,
the present case study proposes a methodical examination of the pivotal function of local
natural resources in promoting sustainable construction practices. These practices are
intended to minimize ecological impact while fostering regional economic growth, particu-
larly through tourism strategies that emphasize local identity and cultural specificity. In
line with analyses highlighted by Kristof Van Assche et al. [199], governance in the Danube
Delta is deeply shaped by shifting configurations of knowledge and power that define
who is recognized as “local” and whose perspectives are legitimized in decision-making.
These dynamics influence not only what forms of development are prioritized but also
how local identities are constructed or marginalized. Integrating these insights is essential
for ensuring that tourism and sustainability strategies truly reflect the diversity of local
experiences and contribute to a more equitable and inclusive governance of the region. In
addition, other studies call for a reassessment of the role of local communities and local
narratives, as well as the need for comprehensive governance [200,201].

Hypothesis 2: posits that the distinctive characteristics of local traditional architecture constitute
a valuable yet underutilized component of both national and international heritage. Furthermore,
traditional buildings are often perceived as outdated and functionally inadequate, a perspective that
hinders their preservation and integration into contemporary sustainable development strategies.

At an international level, the quality of housing in the Danube region has been a sub-
ject of considerable interest, particularly in the period following Romania’s accession to the
European Union. This issue has received significant attention in a series of official reports
published by the European Commission [202–205], which emphasize the comparatively
lower standard of living conditions in the region relative to other EU member states. This
discrepancy calls for the implementation of sustained efforts aimed at modernizing and
improving the built environment. Conversely, both domestic and international policies
recognize the paramount importance of the region’s traditional built heritage, whose au-
thenticity and cultural value mandate conservation and protection initiatives centred on
the vernacular architectural style [206,207]. Within this framework, the issue of housing
emerges as a multifaceted challenge, requiring a balanced approach that reconciles the ben-
efits of modernization with the imperatives of heritage preservation. A promising direction
for further research lies in fostering innovation in the field of construction and building
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materials. Specifically, this innovation should focus on reviving traditional architectural
elements and integrating them into contemporary sustainable solutions. This approach has
the potential to enhance both the environmental performance and cultural relevance of
new construction practices in the region.

Contemporary academic research has placed significant emphasis on the notion that
local development initiatives, particularly within rural regions, must be in accordance
with the principles of sustainable development. These initiatives should be customized
to align with the distinctive cultural characteristics of each respective region. Moreover,
they should actively valorise the local heritage assets that are unique to each area [208].
From this perspective, the architectural specificity of traditional buildings in the Danube
Delta region is compelling in its expression of regional identity [8]. However, such architec-
tural elements are now seldom observed in contemporary built environments, as they are
more frequently preserved in archival records than in current practice. An examination of
traditional dwellings reveals remarkable ingenuity in adapting to the flood-prone and cli-
matically diverse conditions of the region. Amphibious houses, stilt houses, and structures
constructed with wattle-and-daub walls, which consist of interwoven wooden frameworks
filled with clay and straw, supported by timber posts and beams, and roofed with reed
and thatch, exemplify this ingenuity [209–211]. These vernacular constructions not only
embody environmentally responsive design strategies but also represent a valuable cultural
resource whose preservation and reinterpretation could contribute meaningfully to sustain-
able regional development. These traditional structures have become increasingly rare, a
trend that enhances their value as symbols of local cultural identity. Concurrently, over the
past two decades, there has been a growing tendency to construct new residential buildings
using non-native materials and modern architectural styles. These styles are often char-
acterized by disproportionate volumetric elements, complex exterior staircases, and bold,
incongruous finishes. These developments have been shown to generate visual dissonance
and disrupt the coherence of the traditional built landscape, thereby contributing to the
gradual erosion of the area’s authentic character [212]. The transition toward contemporary
construction methodologies and materials, despite their frequent absence of contextual
integration, can be attributed, at least in part, to the perceived advantages of industrial
building systems. These include an increased durability, a reduction in labour requirements,
and decreased construction timelines. Nevertheless, this tendency frequently disregards the
ecological sensitivity and cultural significance inherent in vernacular architectural practices.
Furthermore, the increasing demands of contemporary users—such as the preference for
more spacious living environments, enhanced thermal performance, operational safety,
and additional modern amenities—have contributed to a growing preference for modern
construction solutions, which are often perceived as more effective in meeting these expec-
tations. However, this trend frequently overlooks the substantial advantages offered by
traditional building materials, such as clay-based composites with plant fibre additives
or other locally sourced natural materials. The use of these traditional materials offers
economic and logistical benefits due to their local availability and affordability, while also
exhibiting a low environmental footprint. Furthermore, they offer significant potential for
sustainable integration into rural architecture, thereby supporting both ecological goals
and the preservation of cultural identity [210].

In most cases, traditional homes are built along a longitudinal axis and are typically
situated on stone foundations or directly on compacted earth and stone platforms, with
an average thickness ranging from 1 to 1.5 m. The spatial organization of these structures
generally originates from a functional core consisting of a central hallway—where the
main stove is located—flanked by two small-sized rooms. The construction of these
structures employs vernacular techniques that have been transmitted through generations,
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frequently relying on empirical knowledge rather than adherence to formal building codes
or established urban and architectural regulations [163]. The climatic particularities of
the region—which include strong winds during the winter months, low precipitation,
and high summer temperatures—have influenced the evolution of construction solutions
designed to enhance the thermal efficiency of traditional living spaces. In order to address
this challenge, a solution was devised involving the construction of thick walls, with the
use of materials characterized by high thermal inertia. Clay, for instance, was a material
that was frequently employed in this manner. These materials possess the capacity to
gradually absorb, store, and release heat, thereby contributing to indoor thermal stability.
The presence of glazed surfaces was mitigated, with the incorporation of small-sized
windows that were fitted with two shutters and flat arches situated at the upper portion
of the frames. The orientation of these windows was typically toward the south, and they
were equipped with wooden shutters to regulate the heat and solar loads. Moreover, the
presence of a porch (pridvor) along the southern façade, aligned with the longitudinal axis
of the building, was a common architectural feature. This semi-open space functioned both
as a social interaction area and as a buffer zone that offered protection from prevailing
winds while enhancing thermal comfort during the warmer months [211–214].

The finishing elements and decorative features characteristic of traditional architecture
in the Danube Delta are distinguished by their simplicity and symbolic value. These elements
reflect both functional considerations and esthetic integration within the natural and cultural
context of the region. Ornamentation manifests in the form of gables and meticulously carved
wooden embellishments, showcasing geometric patterns or stylized floral and zoomorphic
motifs—such as fish or fish scales—frequently arranged in circular compositions on the pri-
mary façade of the structure. The conventional colour scheme is characterized by whitewashed
walls, accomplished through the application of lime-based paint, and various shades of blue
utilized for joinery elements, including columns, railings, shutters, doors, and window frames.
Roofs are typically constructed with two symmetrical slopes aligned with the longitudinal
axis of the house. They are equipped with deep eaves designed to offer protection from both
sun and rain, thereby enhancing the building’s environmental adaptability. The prevailing
roofing material in the Danube Delta region is thatch, which is typically applied in substantial
layers of 30–40 cm, constituting approximately 80% of traditional roof coverings. Conversely,
clay tiles are utilized with less frequency. A distinguishing characteristic of these traditional
roofs is the presence of a wooden ridge cap, which is affixed along the roof’s ridge line. This
element serves a dual purpose, functioning both as a protective barrier and as an esthetic
embellishment [214,215]. Another distinctive architectural element found in traditional houses
in the Danube Delta is the lijancă, which is a raised earthen platform that serves as a bed.
This element is located in close proximity to the household oven. According to the extant
literature on the subject [214], this traditional feature optimizes the use of combustion gases by
channelling them beneath the platform before release. This design facilitates heat transfer to
the clay mass, thereby enhancing the thermal efficiency of the heating system. The traditional
household ensembles in the Danube Delta region are distinguished by several other charac-
teristic elements as well, including various functional annexes. These annexes may include
a stable, shed, or smokehouse, which are typically constructed from adobe and thatched
with reed. Additionally, there is often a dedicated storage area for the fishing boat [216].
These auxiliary structures are typically oriented perpendicularly to the longitudinal axis of
the primary building, thereby contributing not only to the functional organization of the
household but also serving as protective barriers against the region’s prevailing winds [213].

Figure 8 presents, by way of example, images of a traditional house specific to the
Danube Delta area and of an annex with a storage function, photographed in October 2025
at the Village Museum in Bucharest. Figure 9 shows images of traditional houses existing
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in the Danube Delta, namely Casa Filip (Figure 9a), currently used for tourism purposes,
and a single-family dwelling (Figure 9b,c).

 
(a) (b) 

Figure 8. Examples of traditional Danube Delta house (a) and storage annex (b) (Village Museum,
Bucharest, October 2025).

 
(a) 

  
(b) (c) 

Figure 9. Examples of traditional houses in the Danube Delta: Casa Filip (a) and single-family
dwelling (b,c).
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The use of wood as a structural material can be observed, along with reed roofing,
fences made of woven twigs or wood, and stone and clay used for the plinth. The walls
have a smooth appearance, typical of those made from clay-based composites, as well as
specific finishing and decorative elements (the blue colour of the paint used for finishing
and protection, and the symbols applied on the roof).

Hypothesis 3: posits that current scientific research available in the specialized literature remains
insufficiently represented.

A detailed review of the specialized literature, focusing on the volume and distribution
of articles published in high-impact journals indexed in the Web of Science (WoS), reveals a
relatively limited academic interest in the Danube Delta, particularly when compared to
the global significance of conserving this unique ecosystem. A query of the WoS database
using the keyword “Danube Delta” yielded only 1100 articles (Figure 10), a number that
can be considered remarkably low given the increasing global emphasis on sustainability
and biodiversity protection. Until the year 2000, academic attention to the region remained
modest. This was followed by a more pronounced—though still inconsistent—growth in
interest beginning in 2007. The thematic distribution of publications reveals a predominant
focus in the fields of environmental sciences and multidisciplinary geosciences, while
research related to construction and building materials is virtually absent (Figure 11).
This underrepresentation highlights a substantial gap in applied research, particularly
concerning the sustainable utilization of local resources through the lens of architecture
and eco-friendly construction technologies. A subsequent analysis of article distribution
based on authors’ geographical affiliations over the past decade (Figure 8) indicates that
the majority of studies originate from researchers in Romania, Germany, and Austria. It is
noteworthy that other Danube-bordering countries are underrepresented in this scientific
discourse, despite their geographical proximity and the potential relevance of Danube
ecosystem conservation to their national interests. Nevertheless, the partial location of
the Danube Delta on Ukrainian territory appears to have stimulated increased academic
interest among Ukrainian researchers, with Ukraine ranking fourth—immediately after
France—in terms of academic contributions. A novel hypothesis is thus formulated on the
basis of the analysis conducted. The hypothesis posits that academic engagement with the
Danube Delta is more prevalent in countries that either exhibit a high level of awareness
and implementation of sustainable development principles or share geographic, ecological,
or cultural similarities with the Delta region. This trend may be indicative of a synergy
between scientific responsibility and national or regional specificities, while also emphasiz-
ing the necessity to expand interdisciplinary research initiatives to encompass additional
scientific domains that have been underexplored. Figures 11 and 12 illustrate the scientific
community’s interest in this area, highlighting the main research domains (Figure 11) and
the distribution of publications according to the authors’ country of affiliation (Figure 12).
From a scientific production perspective, particularly in terms of patent applications and
granted patents, several works have been identified that incorporate traditional materials
specific to the vernacular architecture of the Danube Delta.

Regarding the use of clay, the database of the Romanian State Office for Inventions
and Trademarks (OSIM) indicates the existence of approximately 20 patents and patent
applications in which clay is employed as a primary resource for the development of
masonry and finishing products. A few examples are RO134241(A2) [217], RO133052
(A0) [218], and RO132868 (A2) [219]. From an academic and technological innovation
perspective, the exploitation of local plant-based resources such as reed and bulrush remain
limited, with only six relevant patents identified to date. For instance, patent RO132151
(A0) [220] describes thermal and acoustic insulation boards composed of natural fibres,
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including reed. In a similar vein, patent RO134444 (A2) [221] proposes a formulation for
lightweight thermal insulating concrete and anti-condensation mortars that incorporates
plant-based materials, coniferous elements, and animal-origin fibres such as sheep wool.
A comprehensive overview of the innovative technological processes underlying these
systems can be found in the numerous patents associated with the project. RO122645
(B1) [222] details a construction element composed of reed, along with the corresponding
mould design. RO97891 (B1) [223] introduces an agglomerated panel derived from aquatic
plants, including reed, bulrush, and sedge. Additionally, RO122461 (B1) [224] presents
an insulating panel composed of layered reed, and RO121126 (B1) [225] discloses a ther-
moplastic composition based on synthetic polymers and natural compounds, containing
between 30 and 90 mass parts of reed. The material’s primary intended application is in the
construction and furniture industries, as well as various technical components, with the
objective of replacing traditional wood and plastic materials. A comprehensive overview
of the innovative technological processes underlying these systems can be found in the
numerous patents associated with the project. RO122645 (B1) [222] details a construction
element composed of reed, along with the corresponding mould design. RO97891 (B1) [223]
introduces an agglomerated panel derived from aquatic plants, including reed, bulrush, and
sedge. Additionally, RO122461 (B1) [224] presents an insulating panel composed of layered
reed, and RO121126 (B1) [225] discloses a thermoplastic composition based on synthetic
polymers and natural compounds, containing between 30 and 90 mass parts of reed. The
material’s primary intended application is in the construction and furniture industries, as
well as various technical components, with the objective of replacing traditional wood and
plastic materials. These examples signify an emerging scientific interest in the integration
of traditional local materials into modern technological processes. However, the relatively
limited scale of these initiatives indicates the presence of significant untapped potential.
This underutilization carries profound ramifications for the advancement of sustainable
development strategies and the promotion of the conservation of regional architectural
heritage. Consequently, it identifies the conclusion of the development of research in all
fields, and even more so in the field of construction/building materials.

Figure 10. Graphical representation of the evolution of publications identified by the keyword
“Danube Delta” on the Web of Science platform. (accessed February 2026).
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Figure 11. Graphical representation illustrating the distribution of WoS publications identified by the
keyword “Danube Delta” across various research areas (accessed February 2026).
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Figure 12. Graphical illustration of the geographical distribution of WoS publications that have been
identified by the keyword “Danube Delta” (accessed February 2026). The numbers on the illustration
suggest the numbers of publications identified for each geographical region.

Hypothesis 4: posits that the trajectory of development and innovation in the Danube Delta area
should be predicated on the distinctive characteristics of the region’s indigenous materials.
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A comprehensive analysis of traditional local materials employed in vernacular archi-
tecture within the Danube Delta reveals the predominant use of natural raw materials such
as clay, wood, reed, and, in certain instances, cereal straw. The integration of these resources
is achieved through the implementation of various construction techniques, which are
adapted to the prevailing climatic conditions, the availability of local resources, and the
cultural traditions of the region. Among the identified techniques is the construction of
walls using woven oak forks, which are externally covered with tied reed. This method
provides both mechanical strength and effective protection against atmospheric deteri-
oration. Another commonly employed approach involves the fabrication of small-scale
prefabricated elements composed of a clay-based composite mixed with dispersed vegetal
materials (adobe). These bricks are naturally air-dried and subsequently utilized in wall
construction, typically assembled with clay- or lime-based mortars and supported by struc-
tural frameworks of wooden posts and beams. Furthermore, in the Danube Delta region,
traditional construction methods have a long-standing presence. The straw technique,
the adobe technique, and the “ceamur” technique are among the most common. These
techniques entail the utilization of clay-based binders, which are mixed with additives
derived from vegetable or animal sources. These binders are then applied in a variety of
methods, either as successive layers or as infill material between wooden planks or woven
branch panels. The resulting composites are integrated into load-bearing frameworks
constructed from durable and flexible hardwoods, such as oak, hornbeam, or poplar. These
hardwoods are traditionally selected for their mechanical resilience and their suitability to
the region’s specific climatic conditions [210,214].

The Danube Delta is a geosystemic unit of exceptional uniqueness, a character shaped
by its strategic geographical position at the transitional interface between terrestrial and
marine environments. This complex geomorphological setting is reflected in a distinctive
pedological structure, predominantly composed of soils that are poorly developed and
have undergone minimal evolution, with weak differentiation of paedogenetic horizons.
Moreover, these soils are frequently subject to high hydrostatic levels, resulting in excessive
moisture conditions that inhibit typical soil-forming processes. The notable textural vari-
ability, in conjunction with the heterogeneity of sediments and their composition, serves
to further amplify the geosystem’s complexity. This dynamic environmental context is
characterized by the profound influence of natural processes and ecological factors on the
evolution of the landscape [226].

According to the Romanian Soil Taxonomy System (SRTS 2012), developed by the
Research Institute for Soil Science and Agrochemistry (ICPA) in Bucharest, the predominant
soil types in the Danube Delta include unconsolidated psamosols (sandy-textured soils),
gleic alluviosols, marine solonchaks (which may exhibit high clay content), and gleic chernic
soils (also characterized by significant clay content). Pedological studies [191] indicate
that the upper soil horizons are generally composed of fine to coarse sands, while the
deeper layers are dominated by loamy and clayey textures. This stratification supports the
natural availability of clay, a key raw material traditionally used in vernacular construction
techniques throughout the region. This relationship emphasizes the close connection
between the area’s pedological characteristics and its architectural heritage. With regard to
stone resources, although local availability within the Danube Delta is limited, the region
does have access to rock types such as granite (in shades of grey, blue, or pink), slate, tuff,
and various forms of limestone. The nearest significant source of these materials is found
in the Dobrogea Mountains. Historically, their use in vernacular architecture has been
constrained to specific structural components, primarily foundation elements or isolated
construction details, rather than widespread application.
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Reed, a plant-based raw material characteristic of the Danube Delta ecosystem, cur-
rently occupies an estimated area of approximately 170,000 hectares, according to recent
reports [227]. As demonstrated in various academic publications, Romania, through
the Danube Delta, possesses the largest continuous expanse of reed vegetation in the
world [228]. Notwithstanding its ecological and economic potential, this resource remains
largely underutilized in a sustainable way. A fraction of the output is utilized as fodder,
while another portion is employed in the construction sector. However, the majority is
exported in its raw form, resulting in a limited generation of added value at the local level.
The utilization of reeds in the form of roofing materials within the context of vernacular
architecture in the Danube Delta, along with its application in other geographical areas,
is substantiated by a multitude of technical, economic, and ecological advantages. These
include high thermal insulation performance, durability against environmental factors, the
elimination of the need for additional insulating materials, renewability, local abundance,
and low processing and installation costs. A statistical analysis of the period from 2002 to
2021 reveals that the highest recorded volume of harvesting was attained in 2003, with a
total of 129,604 tons harvested. In contrast, the lowest recorded volume was in 2013, with a
mere 38,987 tons harvested. Since that time, a gradual increase in harvested quantities has
been observed [190]. This trend is nevertheless subject to regulatory control and has been
supported by the alignment of national legislation with European Union directives.

According to the findings of recent assessments carried out by the National Institute
for Research and Development “Danube Delta” (INCDDD) in Tulcea, which pertained to
the sustainable utilization capacity of plant resources within the Danube Delta Biosphere
Reserve [229], reed resources have been classified into five primary categories of monodom-
inant reedbeds exhibiting harvestable potential. The establishment of this typology was
informed by a set of criteria, encompassing the characteristics of the underlying soil, the
extent of vegetative cover, and the presence of associated plant species, as illustrated in
Figure 13. As of the year 2024, according to data reported by INCDDD and the Danube
Delta Biosphere Reserve Authority (ARBDD) [194], a total of 19 reedbed areas with harvest-
ing potential have been identified. The total area encompassing these regions is estimated
to be approximately 11,265 hectares, which is equivalent to one harvesting cycle. It is pro-
jected that these regions will collectively yield an annual total of 88,375 tons of harvestable
reed. Nevertheless, it is crucial to emphasize that the currently available data pertain
exclusively to the assessment of reed resources in terms of biomass availability, without
providing specific information on the technical properties relevant to their application
in the construction sector. The sole reference to the utilization of reeds in construction
within these reports asserts: “The harvesting of monodominant reeds for the purpose of
producing construction materials can be executed at intervals ranging from one to two
years. In instances where the harvesting interval exceeds two years, the reedbeds must
undergo a controlled burn, a practice that facilitates the economically viable collection of
the desired resources” [229].

Another notable plant-based resource present in the Danube Delta region is Typha
angustifolia, also known as the narrowleaf cat tail. According to data provided by the
Danube Delta Biosphere Reserve Authority (ARBDD) for the year 2024, the largest areas
covered by harvestable cattail in previous years were identified in the S, ontea–Fortuna area.
According to official estimations, the total volume is approximately 55,854 tons, distributed
across an area of 141,160 hectares [229,230].
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(a) 

 
(b) 

Figure 13. Graphical representation of the: (a) distribution of various types of reeds (Phragmites
australis) and (b) dimensional characteristics of the various types of reeds.

However, according to the same sources, despite its potential applications in areas
such as weaving, the creation of decorative or functional garden items, roofing, fencing,
and other uses, local interest in the exploitation of this resource remains low. A similar
phenomenon is observed in other categories of plant-based resources present in the Danube
Delta region. This trend underlines the necessity for increased awareness-raising, public
education, and applied research aimed at promoting the sustainable use of these locally
available materials within the broader framework of sustainable development [229,230].

Overall, although the favourable performances of clay–plant fibre composites are
reported in the specialized literature, they do not automatically guarantee their technical,
regulatory, or economic feasibility within the specific environmental and socio-economic
context of the Danube Delta. Recent studies highlight that the successful implementation
of bio-based construction materials depends on local regulatory frameworks, material
standardization, supply chains, and construction practices, which may vary significantly
from one region to another.

Consequently, in the present study, these materials are discussed primarily from
the perspective of their potential for sustainable application, rather than as construction
solutions that can be immediately transferred to the context of the Danube Delta [231,232].
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6. General Discussion
The results of this review indicate that the scientific literature provides substantial

support for the use of clay-based composites reinforced with plant fibres as thermally effi-
cient, hygroscopically functional, and environmentally responsible building materials. The
hygrothermal properties of unfired clay—moisture buffering capacity, thermal inertia, and
the capacity to regulate indoor relative humidity—are particularly relevant to the climatic
conditions of the Danube Delta, characterized by cold winters, hot summers, and persistent
seasonal humidity. The traditional construction solutions documented in the Delta—thick
adobe walls, wattle-and-daub with clay infill, reed-thatched roofs—represent an empirical
convergence with the material behaviour characterized in the contemporary literature.

Reed (Phragmites australis) emerges as the most strategically significant local resource.
Romania’s Danube Delta hosts the world’s largest continuous reedbed, with approxi-
mately 170,000 hectares under coverage, yet its application in modern construction remains
marginal. Published studies report thermal conductivity values for reed panels in the range
of 0.045–0.065 W/m·K, comparable to conventional mineral-wool insulation and signifi-
cantly superior to uninsulated earth-wall constructions. The current practice of exporting
reed as a raw commodity foregoes the added value that its conversion into construction-
grade insulating panels or fibre-reinforced composite elements could generate within the
local economy, undermining both sustainability and regional development objectives.

Typha angustifolia (narrowleaf cattail), identified in the Danube Delta with an estimated
harvestable volume of approximately 55,854 tons (ARBDD, 2024), represents a further
underutilized vegetal resource. Its hygrothermal properties as a composite reinforcement
in clay matrices have been documented in the literature, positioning it as a complementary
material that could diversify the portfolio of locally sourced bio-composite systems and
extend the application of the region’s natural resources beyond the currently dominant reed.

The bibliometric analysis suggests, in line with Hypothesis 3, that research in the
field of construction science specifically addressing the Danube Delta ecosystem is un-
derrepresented in the WoS database. This situation appears to contrast with the broader
international literature on clay–hemp and clay–reed composites in other European contexts
(France, Portugal, Estonia, Central Europe), which may indicate that the transfer of existing
scientific knowledge to this particular geographical and ecological context remains, at least
partially, incomplete.

At the same time, the evidence of patents in Romania—although limited—can be
interpreted as a sign of emerging local interest, and the development of a targeted and
interdisciplinary research programme could represent a relevant direction for correlating
existing knowledge on composite materials with the material and architectural heritage of
the region.

As also argued by other specialized studies—some of them quite extensive—
vernacular architecture is considered capable of serving as a driver of local revitaliza-
tion, including from a socio-economic perspective. For example, the VERSUS (Vernacular
Heritage Sustainable Architecture) and VERSUS PLUS (Heritage for People) research
networks have documented, across multiple European contexts, how the reactivation of
traditional construction knowledge generates local craft revival, professional training, and
heritage tourism, all of which contribute to reversing rural depopulation [233]. Work y
by researchers on earthen architecture in Spain demonstrates that targeted investment in
vernacular construction competence creates specialized professions, strengthens regional
identity, and can serve as a counterweight to rural demographic decline. In the Danube
Delta, the UNESCO World Heritage designation provides a uniquely strong platform for
culturally grounded tourism; the systematic use of local materials (reed, clay, Typha) in
the renovation of traditional buildings and in heritage-compatible new construction could
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amplify this potential, generating co-benefits that extend well beyond the technical research
agenda proposed here by Pardo [234].

Taken together, the findings suggest that the Danube Delta presents a coherent set of
enabling conditions—exceptional material availability, documented traditional knowledge,
an established institutional governance framework, and growing scientific interest—for
the development of a regional vernacular sustainable construction system. Such a system
would align with current EU policy objectives on circular economy, embodied carbon
reduction, and rural sustainable development, while simultaneously preserving the cultural
and architectural identity of one of Europe’s most significant UNESCO World Heritage sites.

Several important limitations of the present study must be acknowledged. (i) Geo-
graphic transferability: material properties reviewed here are documented in laboratory
conditions or in geographic contexts other than the Danube Delta; site-specific perfor-
mance under the Delta’s particular combination of humidity, seasonal flooding, salinity,
and freeze–thaw cycling has not been studied and cannot be assumed from existing data.
(ii) Regulatory barriers: earthen construction in Romania currently lacks a national stan-
dard equivalent to NZS 4297–4299 [102–104] or DIN 18951 [235]; fire performance and
seismic resistance of clay-fibre composites have not been formally evaluated under Ro-
manian regulatory norms, creating a significant barrier to building permit approval for
new vernacular constructions. (iii) Supply chain readiness: industrial-scale harvesting,
processing, and quality certification infrastructure for reed and Typha does not currently
exist in Romania; the conclusions of this review indicate potential rather than deployment
readiness. (iv) Durability and long-term performance: unfired earthen materials show
greater sensitivity to moisture and mechanical wear than industrial materials; long-term
performance data under modern occupancy patterns are limited. (v) Search coverage:
the WoS-based search may have missed relevant grey literature, technical reports, and
practitioner documentation available in Romanian or in non-indexed regional journals

7. Conclusions
The objective of this research was to provide a comprehensive overview of current

research trends in the field of vernacular construction, with a specific focus on the Danube
Delta—a wetland of global significance. The study sought to contribute to the broader
dissemination of current knowledge related to sustainable development by highlighting
the potential for implementing sustainability principles, particularly in rural areas where
vernacular architecture is more prevalent compared to urban environments. The thematic
approach emphasized the distinctive features and the importance of valuing both architec-
tural concepts and locally specific building materials. Consequently, the study establishes a
foundation for the development of new research directions in the field of innovative and
sustainable construction materials. The compilation and discussion of recent literature on
clay and plant-fibre construction is a topic is relevant to current debates on sustainability
and traditional building knowledge.

The analysis reveals a marked increase in global and multidisciplinary interest in
advancing research in this area. This trend is evidenced by the steady annual increase
in scholarly output related to both architectural studies and the fields of construction,
building elements, and materials. The steady increase in publications indicates a growing
recognition of the significance of these subjects within the overarching framework of
sustainable development and innovation in the built environment.

In addition to their contribution to the preservation of local cultural identity, these
emerging trends are reinforced by a series of legally binding international documents,
treaties, and policy frameworks that promote sustainable development as the fundamental
principle for ensuring quality of life for present and future generations. At the core of

https://doi.org/10.3390/buildings16071442

https://doi.org/10.3390/buildings16071442


Buildings 2026, 16, 1442 36 of 47

these initiatives lies the ESG triad—Economic, Social, and Governance—which equally
emphasizes the importance of economic progress, social well-being, and environmental
impact reduction. A central focus of these policies is the advancement of Circular Economy
principles, aiming to enhance resource efficiency, reduce waste, and promote sustainability
across all sectors.

From an architectural perspective, vernacular constructions are characterized by a
series of distinctive features that reflect local specificity. Such structures are generally
characterized by their modest proportions. They are typically constructed using empirical
knowledge rather than formal engineering principles and their primary function is to meet
the fundamental needs of the occupants. The design and execution of these structures
prioritize the use of readily available local materials, aligning with the environmental,
cultural, and economic context of the region.

In consideration of the raw material resources utilized in vernacular construction, both
in a general sense and with particular emphasis on the case study presented, the predomi-
nant materials can be classified as follows: inorganic binders comprising clay-rich earth,
natural aggregates such as river stone, and vegetal or animal-based additives dispersed
within the clay composite matrix. These materials are primarily utilized in the fabrication
of walls, floors, and ceilings. In regard to structural support, hardwood timber is the
primary material employed, a choice that arises from its mechanical strength and durabil-
ity. Preliminary findings reported in relevant academic literature suggest the necessity of
establishing criteria to evaluate the suitability of clay soils intended for use in construction.
Such criteria should encompass chemical, mineralogical, and physical and mechanical
properties to ensure the consistency and integrity of the materials. Despite its extensive
employment, the clay-based earth manifests considerable heterogeneity in its properties.
Presently, the regulatory framework encompassing the standards, quality assessment, and
performance evaluation of these materials remains deficient, with existing criteria primarily
implemented at the national level. Another significant category of resources pertains to
materials intended to enhance thermal and acoustic comfort within interior spaces. These
materials are characterized by their thermal and sound insulation properties.

Although vernacular constructions have been extensively studied, they are often more
susceptible to degradation due to their use of natural, locally sourced raw materials, which
often exhibit variable durability and greater sensitivity to climatic factors. Consequently,
such structures generally necessitate more frequent maintenance and repair interventions
compared to those constructed with industrial materials. This observation emphasizes a
pivotal contemporary research direction, namely the development and identification of
innovative solutions that are aimed at enhancing the durability and longevity of vernacular
structures, while preserving their cultural and environmental integrity.

The four research hypotheses formulated in Section 5 find evidential support as follows:
Evidence supporting Hypothesis 1 was established through analysis of significant

milestones in the governance of the Danube Delta have been identified. The analysis
indicates a continuous evolution of the legislative and institutional framework toward
sustainable management and protection. Presently, the Romanian segment of the Delta
is under the administration of the Danube Delta Biosphere Reserve Authority (ARBDD),
signifying a methodical approach to harmonizing environmental governance with sustain-
ability objectives.

Support for Hypothesis 2 was identified through a review of the relevant literature,
which indicates an increasing acknowledgement of such constructions for their authenticity
and cultural significance. Nevertheless, a fundamental challenge remains in achieving a
balance between the advantages of modernization and the imperative for heritage conser-
vation. This tension highlights the necessity for integrated strategies that acknowledge the
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cultural significance of traditional architecture while addressing contemporary functional
and sustainability requirements.

Consequently, a novel multidisciplinary research direction has been identified, one
that seeks to innovatively utilize traditional elements by integrating them into contempo-
rary sustainable solutions. This emerging research trajectory is further substantiated by
Hypothesis 3 (contemporary scientific studies are inadequately represented in the relevant
literature). In order to substantiate this hypothesis, it was determined that, despite the
existence of several patents related to the topic, an analysis of the available scientific out-
put indexed in the Web of Science (WoS) database reveals a notable thematic imbalance.
Specifically, publications related to the Danube Delta are predominantly concentrated
in the fields of Environmental Sciences (345 articles) and Geosciences Multidisciplinary
(205 articles), while research in the areas of construction and building materials is virtually
absent when using the general keyword “Danube Delta.” This discrepancy emphasizes
the necessity for additional interdisciplinary investigation, particularly concerning the sus-
tainable development potential of traditional architectural practices and locally available
construction materials.

Hypothesis 4 (development and innovation should be grounded in locally available
materials) further supports the identified multidisciplinary and innovative research direc-
tion. The case study presented in this research highlights the main categories of indigenous
raw materials, namely clay-rich soil, reed, stone (occasionally), and wood, with particular
emphasis on the substantial availability of reed across the 19 designated harvesting zones.
Additionally, Typha angustifolia (narrowleaf cattail), although currently underutilized, is
another local vegetal resource with notable potential. In this context, a third possible
direction for future research emerges, particularly within the field of composite materials
for construction. This involves the exploration of the integration of Typha angustifolia as a
dispersed reinforcement additive in clay-based composites, with the objective of enhancing
their mechanical and thermal performance while promoting sustainable resource use.

In conclusion, this case study highlights the crucial role of local natural resources in
facilitating sustainable development in the construction sector. It highlights their potential
to reduce ecological impact while offering a tangible opportunity to support the economic
development of the region, particularly through tourism that is rooted in local identity and
specificity. Last but not least, the contribution is significant primarily as a conceptual fram-
ing and guidance for future research, rather than as a conclusive scientific demonstration
or application-oriented validation.
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