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Abstract

Reducing thermal losses through building envelopes remains a key strategy in the pur-
suit of low-carbon, energy-efficient buildings. This study presents an innovative and
sustainable retrofitting approach involving thermal insulation plaster modified with finely
ground hazelnut shells, an abundant agricultural by-product in Türkiye. The modified
plaster is applied symmetrically on both sides of standard masonry briquettes in varying
proportions (2%, 4%, and 6%), and its thermal performance is experimentally assessed
via the laboratory-scale coheating test method. The results reveal a substantial reduction
in U-values compared to the uninsulated briquette (5.5 W/m2K): the 2% shell-modified
plaster achieves a U-value of 2.40 W/m2K (56.4% improvement), the 4% variant achieves
2.14 W/m2K (61.1%), and the 6% formulation performs best at 2.04 W/m2K (62.9%). In
terms of effective thermal conductivity, the modified plasters exhibit values in the range
of 0.0408–0.04856 W/mK. Additionally, the 6% composition exhibits enhanced thermal
inertia, delaying internal heat loss and offering extended indoor comfort. All samples
demonstrate exceptional measurement repeatability, with day-to-day U-value variation
below 2%. These findings surpass thermal performance benchmarks reported in previous
studies using bamboo or plaster thickness alterations, and position hazelnut shell-modified
plaster as a high-potential solution for sustainable building retrofits. The outcomes offer
practical implications for low-cost housing, rural construction, and building refurbishment
programmes, while also informing policymakers and material standardisation bodies about
scalable bio-based alternatives that align with circular economy and decarbonisation goals.

Keywords: building envelope retrofitting; agricultural waste reuse; hazelnut shell; coheating
test; sustainable construction; energy-efficient buildings

1. Introduction
Buildings are among the largest consumers of energy worldwide, contributing sig-

nificantly to greenhouse gas emissions. In many countries, the building sector accounts
for a substantial share of total energy use. For example, it accounts for around 40% of
energy consumption in the UK [1]; around 31% of final energy consumption and 30% of
greenhouse gas emissions in Türkiye [2]; nearly 26% of overall energy consumption in India,
with projections suggesting that this could rise to 40% by 2040 if current trends continue [3];
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and approximately 40% in China as well [4]. This outsized energy demand translates into
considerable carbon emissions; globally, buildings (operations) are responsible for roughly
28–39% of energy-related CO2 emissions [5,6]. Such figures have raised alarms in the
context of climate change and sustainability. Under the Paris Agreement, nations have set
ambitious targets for the coming decades. For instance, the UK aims for a 78% emissions
reduction by 2037 (en route to net-zero by 2050) [7], whilst China’s energy strategy intends
to cap total energy use by 2030 and raise the share of non-fossil energy to 20% [8]. India
and Turkey have likewise committed to substantial efficiency improvements and emissions
cuts by 2030 in their nationally determined contributions. Achieving these goals will
require tackling the building sector’s energy use head-on. The United Nations’ Sustainable
Development Goals (SDGs) reinforce this imperative: SDG 7 (Affordable and Clean Energy)
calls for doubling the global rate of energy efficiency improvement by 2030 and expanding
access to sustainable energy; SDG 13 (Climate Action) urges urgent measures to combat
climate change; and SDG 11 (Sustainable Cities and Communities) emphasises the need to
make buildings more inclusive, safe, resilient, and sustainable, particularly by improving
energy performance and reducing their environmental impact [9]. In this context, reducing
energy consumption in buildings, particularly for heating and cooling, has become a critical
priority on the path to a sustainable future.

One of the most effective strategies to cut building energy demand is to improve the
thermal performance of the building envelope. The building envelope (exterior walls,
roofs, windows, etc.) is the interface through which most heat exchange occurs between
indoors and outdoors. If poorly insulated, the building envelope as a whole (including
walls, roofs, and openings) becomes a major source of energy loss. Studies show that
external walls alone can account for 40% of a building’s heat loss (with roofs and floors
adding ~15–25%, and windows/doors another ~25–47%) [10]. In other words, a large
portion of the energy used to heat or cool a building literally leaks out through the fa-
cades. This not only wastes energy but also undermines indoor comfort. Conversely,
improving envelope insulation has a dramatic impact on efficiency. By some estimates,
optimising the thermal properties of walls, windows, and roofs can reduce a building’s
energy consumption by 20–50% [11]. Indeed, controlling heat transfer through the exte-
rior (for example, adding insulation to walls) can directly cut the heating/cooling load,
thereby lowering fuel or electricity use. This reduction in demand creates a virtuous cycle:
buildings require less energy from the grid or boilers, thus facilitating a faster transition
to renewable energy sources by relieving some of the pressure on the energy supply. In
essence, insulating building facades is a bridge strategy that buys time and carbon savings
while cleaner energy infrastructures are being developed. It also offers immediate benefits
in terms of lower energy bills and improved thermal comfort for occupants. Given that
buildings last for decades, upgrades made now (such as high-performance insulation)
will continue to yield energy and emissions reductions through 2030, 2040, and beyond.
For these reasons, envelope insulation is widely recognised as a key measure for sustain-
able buildings, reflected in building codes and retrofitting programs worldwide. This
decade has been deemed “crucial for implementing the measures required” to make all
new buildings and a sizable portion of existing ones “zero-carbon-ready” by 2030 [12].
To effectively realise these goals, recent research has increasingly focused on innovative
facade insulation strategies. In particular, three areas have drawn considerable attention:
thermally efficient plaster systems; insulation materials derived from sustainable or waste-
based sources; and ultra-low-conductivity materials, such as aerogels. Thermal insulation
plasters, especially when enhanced with eco-friendly additives, offer an adaptable and cost-
effective route for both new constructions and retrofits. Meanwhile, bio-based or recycled
insulation materials align with circular economy principles, helping reduce the embod-
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ied carbon of buildings. Lastly, aerogels represent a cutting-edge frontier for ultra-thin,
high-performance facade systems thanks to their exceptional thermal resistance. The fol-
lowing literature review explores recent advances and findings in these domains, laying the
groundwork for material-driven strategies to reduce building energy consumption while
enhancing sustainability.

Fattahi et al. [13] explored the dual function of corn husk fibres as both thermal insula-
tors and sound absorbers in building applications. Their study reports effective thermal
conductivity values between 0.038 and 0.042 W/mK, largely unaffected by moisture con-
tent, and notes a strong sound absorption capacity (SAC > 0.5 at >1 kHz), which improves
with greater sample thickness and density. These findings underline corn husk fibres
as promising candidates for multifunctional bio-based insulation systems that enhance
both energy efficiency and acoustic comfort. Yang et al. [14] conducted an experimen-
tal assessment of straw bale walls, evaluating how structural details, such as bale joints,
rebar arrangements, and finishing layers, influence thermal performance. Their results
demonstrate that avoiding straw bale joints and applying lime plaster significantly reduce
U-values, with the lowest recorded at 0.48 W/m2K under optimised pre-compression and
surface sealing. Their study reinforces the critical role of construction detailing in realising
the full insulation potential of bio-based materials. Shea et al. [15] presented extensive
laboratory and modelling work on straw bale insulation, establishing a representative
thermal conductivity of 0.064 W/mK and a corresponding U-value of 0.178 W/m2K for
prefabricated panels. Their study highlights the influence of straw orientation, density,
temperature, and relative humidity on thermal behaviour, offering crucial benchmarks
for natural fibre insulation design. Seifhashemi et al. [16] evaluated the energy-saving
potential of internal wall insulation in solid wall dwellings, using a validated building
simulation model based on the Salford Energy House. Their findings show that internal
wall insulation can reduce heating demand by 19–46.2% depending on baseline U-values
(ranging from 0.64 to 2.48 W/m2K), with annual CO2 savings reaching 1248 kg and no-
table improvements in thermal comfort. Platt et al. [17] investigated the thermal and
hygric performance of three bio- and waste-based insulation prototypes. Among them, the
straw-based panel demonstrated the most stable U-value (average 0.29 W/m2K) across
varying environmental conditions, whereas maize pith’s performance was highly sensitive
to humidity. Dams et al. [18] evaluated five full-scale bio-based wall systems using sheep’s
wool, wood fibre, mycelium, and cellulose insulation, reporting U-values between 0.13
and 0.22 W/m2K. Their results confirm that such walls can meet or exceed regulatory
benchmarks, offering both thermal and hygric stability under real and simulated environ-
mental conditions. Elkhayat et al. [19] complemented this growing literature by simulating
five conventional insulation types in Egyptian residential flats using DesignBuilder v6.5
software. Their study highlights extruded polystyrene (XPS) as the optimal solution, of-
fering the highest energy savings (9.72%) and extending thermal comfort hours by 33%
annually. Cuce et al. [20] tried to investigate how briquettes, which are widely used in
Anatolia, can be made thermally resistant. To do this, they used an improved insulation
plaster, which has no carcinogenic material inside, and this plaster was coated on the
briquettes with altering thicknesses. Their result demonstrated that their plaster effectively
resisted the briquettes; for example, if the plaster was covered with a 20 mm thickness on
both sides, the U-value decreased from 5.5 W/m2K to 2.86 W/m2K. The same strategy
goes through with the bamboo investigated by Cuce et al. [21]. In this study, they made a
briquette sample with different percentages of bamboo. To be able to test for the results,
their strategy was to perform the coheating test. Nevertheless, their overall results indi-
cated that the one with the highest percentage of bamboo briquette (6%) showed the best
resistance against the heat transfer. Kamble et al. [22] provided experimental validation
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of porous brick walls integrated with green insulation, demonstrating a 57.15% reduction
in heat load under optimal porosity (30%) and patterning. Bendaikha et al. [23] sup-
ported this growing body of evidence by demonstrating that insulation blocks fabricated
from raw and milled pine needles offer highly competitive thermal conductivity values
(0.0228–0.0238 W/mK) with remarkably low densities (28.57–32.72 kg/m3), rivalling com-
mercial sandwich panels. Among the tested variants, dried raw pine needles oriented
perpendicular to heat flow showed superior performance regarding temperature gradient
and thermal resistance. Messahel et al. [24] investigated low-cost insulation panels made
from cement and horizontally placed plastic bottles filled with reused materials. Their
results indicated that plastic bag-filled bottles mitigate U-values by 60% compared to
sand-filled variants, revealing the viability of lightweight plastic waste in improving the
thermal efficiency of low-income housing. Rashid et al. [25] extended this exploration into
clay-based masonry units by incorporating natural and synthetic fibres such as coir, bam-
boo, jute, and polyester into traditional bricks. Their results indicated that fibre inclusion
reduces bulk density and thermal conductivity by up to 18%, with coconut coir exhibiting
the highest insulation improvement. Charai et al. [26] explored the use of Moroccan non-
industrial hemp fibres as partial bio-aggregate replacements in plasterboards for thermal
insulation enhancement. Their results show that adding up to 6% hemp fibres significantly
decreases plaster density and thermal conductivity by 24.5% and 31.3%, respectively, while
also improving passive cooling performance in semi-arid climates. Nasreddine et al. [27]
explored the reuse of human hair fibres in cement mortars, demonstrating a 37% reduction
in thermal conductivity (down to ~0.037 W/mK) with 8 wt% human hair fibre addition,
while maintaining adequate compressive strength. Ali et al. [28] investigated the thermal
performance of sustainable and waste materials. They first dried the waste materials and
then made them into a paste with glue. Those samples were then put into the thermal con-
ductivity meter to examine the thermal performance. Their results show that pineapple leaf
fibre has the highest thermal resistance. Ba et al. [29] investigated the thermal performance
of bio-based composites by incorporating Typha australis as a natural insulation material.
They reported that the addition of it significantly reduced thermal conductivity, from 0.8 to
0.1 W/mK in cementitious matrices and from 12.06 to 0.15 W/mK in clay–cement blends,
resulting in energy savings of up to 22% in building applications. Although the mechanical
strength decreased, the thermal benefits highlighted the material’s strong potential for
energy-efficient construction. Łapka et al. [30] examined bio-based composites made from
hemp shives and a magnesium binder, enhanced with microencapsulated phase change
material (PCM), to improve thermal mass and insulation performance. They showed
that increasing PCM content generally decreases thermal conductivity, reaching as low as
0.105 W/mK in dry conditions, while moisture and temperature variations significantly
influence performance. Blanco et al. [31] assessed the thermal performance of masonry
walls incorporating by-products such as lime sludge and sawdust, using both numerical
modelling and experimental validation. They found that walls made with sawdust blocks
reduced U-values by up to 10.5%, and when combined with recycled cellulose insulation,
improvements reached up to 33.3% compared to conventional concrete blocks. Briga-Sá
et al. [32] investigated the thermal performance of cement-based lightweight blocks incorpo-
rating 6.25–8.75% textile waste comprising 70% wool, 25% viscose, and 5% elastane. Their
results showed that increasing textile waste content improves thermal resistance, corre-
sponding to U-values decreasing from approximately 2.94 W/m2K to 1.49 W/m2K, making
the material more effective for insulation purposes. El-Lawindy et al. [33] also focused on
clay bricks, demonstrating that incorporating up to 20% sugarcane-derived cellulose fibres
significantly improves insulation capacity. Their simulations showed a 44.7% reduction
in thermal conductivity, a 39.1% drop in heating electricity use, and a 63.3% decline in
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CO2 emissions. Ahmed et al. [34] examined the use of fired clay bricks incorporating
15% pomegranate peel waste as a strategy for improving thermal insulation and sustain-
ability in construction. The optimised bricks demonstrate a significantly lower thermal
conductivity (0.25 W/mK), translating to a 33.13% reduction in cooling energy demand
and a 24.53% decrease in CO2 emissions compared to conventional bricks. Their cost-
effectiveness, with a payback period as short as 1.88 years, highlights their strong po-
tential for application in hot and arid climates. Ahmed et al. [35] proposed the integra-
tion of industrial wastewater sludge treated via mycelium processes as a clay substitute
in fired bricks. Bricks with 20% industrial wastewater sludge fired at 900 ◦C exhibit a
0.198 W/mK thermal conductivity and lead to up to 39% energy savings in hot climates. In
parallel, recent advances also illustrate how non-agricultural wastes can be valorised into
thermally functional building materials. For example, synergistic preparation of ceramic
foams from wolframite tailings and high-borosilicate waste glass demonstrates the potential
of industrial by-products to yield lightweight, porous structures with favourable thermal
and mechanical properties [36]. Similarly, cascade pyrolysis of acid hydrolysis lignin en-
ables the cooperative production of monophenolic chemicals and high-surface-area carbon
adsorbents, highlighting novel pathways for lignin utilisation in construction-related ap-
plications [37]. Ozocak and Sisman [38] explored the feasibility of producing insulation
boards using hazelnut shells, an agricultural waste material abundantly available in cer-
tain regions. Two types of boards were fabricated using 80% and 90% shell content, with
epoxy as the binder. The boards exhibited thermal conductivity values between 0.136 and
0.148 W/mK, along with notable acoustic insulation performance. Cuce et al. [39] assessed
the effectiveness of 20 mm thick aerogel blanket retrofitting in a traditional 1930s UK
house using a full coheating test. They found that the heat loss coefficient of the retrofitted
bedroom dropped from 17.15 W/K to 6.29 W/K, equating to a 63% reduction in heat loss.
However, subsequent investigations revealed that internal retrofitting may inadvertently
intensify heat losses through uninsulated building components, particularly separating
walls, due to pronounced thermal bridging effects, where post-retrofit heat loss rises from
0.66 to 5.86 W/m2 [40]. This research underlines the importance of comprehensive enve-
lope analysis, including thermal bridge detection and mitigation, before implementing
internal thermal super insulation strategies. Arregi et al. [41] investigated a bio-based,
multilayered wall system employing biocomposite framing profiles, achieving U-values
between 0.27 and 0.30 W/m2K when installed correctly. Additionally, aerogel and vacuum
insulation panels (VIPs) are identified as promising solutions due to their ultra-low thermal
conductivity; yet issues such as cost, durability, junction detailing, and indoor space re-
duction constrain their widespread adoption [42]. While internal thermal super insulation
benefits from minimal thickness and aesthetic integration, external retrofitting offers better
continuity and protection from environmental degradation. The abovementioned studies
collectively conclude that the combined use of aerogel with conventional materials, along
with careful treatment of thermal bridges, is key to achieving high-efficiency, low-carbon
retrofitting in line with future net-zero energy goals.

In parallel with opaque facade improvements, enhancing the thermal performance
of fenestration systems is equally essential due to their significant role in total build-
ing heat loss. Several recent studies introduce and evaluate next-generation window
technologies that outperform conventional double glazing in terms of U-value, energy
savings, and retrofit suitability. Cuce et al. [43] developed a thermally resistive photo-
voltaic glazing (TRPVG-Ar16) which integrates argon-filled layers behind an amorphous
silicon PV module. Numerical and experimental results show that a 20 mm argon gap
provides the optimum thermal performance, yielding U-values of 1.192 W/m2K (CFD) and
1.135 W/m2K (coheating test). Beyond this thickness, natural convection becomes dom-
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inant factor, increasing the heat transfer rate. Importantly, thermal bridging caused by
metallic spacers is effectively mitigated through PVC-U edge seals, confirming the suitabil-
ity of TRPVG-Ar16 for low/zero carbon retrofits. In cold-climate applications, Pourghorban
and Asoodeh [44] showed that advanced glazing units in Trombe wall systems reduced
heating periods by nearly 49% and extended comfort conditions by 23.9%, underscor-
ing the impact of glazing on passive envelope technologies. Complementary findings
in Mediterranean conditions by Simões et al. [45] demonstrated that Trombe walls, com-
bined with shading and night ventilation, achieved over 20% heating demand reduction
and 35% cooling demand savings in southern locations. Parallel developments are evi-
dent in PV-integrated facades. Cuce [46] introduced the vacuum tube window concept,
composed of evacuated cylindrical glass elements surrounded by argon, achieving U-
values below 0.40 W/m2K and validated experimentally. Liu et al. [47] expanded on this
direction with semi-experimental investigations of PV double-skin facades (PV-DSFs),
concluding that 40% semi-transparent PV glass with double-glass backing yields 22.7%
and 16.8% energy savings in summer and winter, respectively. Peng et al. [48] further
assessed ventilated PV-DSFs, showing that active ventilation reduces SHGC to 0.10 and
increases electricity yield by 1.9–3% compared with non-ventilated designs, confirming
the necessity of adaptive operating strategies in subtropical climates. Advanced ther-
mochromic solutions also represent a key research frontier. Essakali et al. [49] reported that
combining thermochromic and electrochromic coatings in double glazing can cut energy
consumption by 26% while improving visual comfort. Hong et al. [50] demonstrated,
via multi-objective optimisation, that thermochromic glazing reduces energy demand to
44.4 kWh/m2 whilst maintaining over 70% daylight autonomy. Butt et al. [51] comple-
mented this by modelling thermochromic coatings on opaque building envelopes across
climates, identifying 2–13% annual energy savings when switching temperatures are tuned
to building type and location. Novel insulation concepts have also been explored. Zakaria
et al. [52] evaluated smart double-glazed windows incorporating aerogel and argon, with
respective heat transfer reductions of 21% and 59%. Abdelrady et al. [53] confirmed that
nanogel glazing achieves annual energy savings of up to 26% in hot desert climates. Li
and Wu [54] provided a broader review of complex glazing systems, identifying vacuum
and aerogel-based units with U-values below 1 W/m2K as optimal in heating-dominated
regions, while electrochromic and semi-transparent PV glazing offer advantages in cooling-
dominated contexts. The solar pond window by Cuce and Cuce [55] achieved a U-value of
0.40 W/m2K for EUR 120/m2, exemplifying material economy alongside efficiency. Hy-
brid PV–vacuum technologies further push performance boundaries. Tan et al. [56] pre-
sented CdTe-based vacuum–PV glazing validated experimentally at 0.92 W/m2K, achieving
60% reductions in heat losses and gains with annual PV outputs of 34–48 kWh/m2. Radwan
et al. [57] compared multiple hybrid systems and showed that PV–vacuum glazing achieves
the lowest U-values (1.2 W/m2K) and eliminates condensation risks, outperforming other
smart glazing variants. Ghosh et al. [58] experimentally measured semi-transparent PV–
vacuum glazing, reporting a U-value of 0.8 W/m2K and a solar factor of 0.42–66% and
46% lower than PV double glazing, confirming its suitability for cold climate retrofits. At
the system scale, Lami et al. [59] proposed an active double-glazing unit with air injection,
reducing window thermal losses by 52% and heating energy by 19%. Naqash [60] provided
design recommendations that favour argon-filled triple glazing with low-e coatings in hot
and dry regions. Awale and Uprety [61] demonstrated that optimising the window-to-wall
ratio cuts energy use by 9–15%, while Vijayan et al. [62] emphasised, through case studies,
that advanced glazing, such as aerogel, can reduce window heat gains by up to 57% rela-
tive to single glazing. At the national scale, Sia and Ariff [63] highlighted that advanced
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glazing and envelope technologies underpin Malaysia’s Green Building Index Platinum
achievements, cutting total building energy use by 65% and energy intensity by 66%.

Despite the expanding body of literature on bio-based and waste-derived thermal
insulation materials, limited attention is given to the incorporation of agricultural by-
products into thermally insulating plasters specifically tailored for application on masonry
briquettes. Moreover, few studies combine both front and rear surface treatment using
natural waste additives within the plaster matrix to assess bilateral thermal resistance
under realistic boundary conditions. Addressing this gap, the present study introduces an
innovative facade enhancement strategy by embedding finely granulated hazelnut shells,
an abundant yet underutilised agricultural waste, in varying concentrations (2%, 4%, and
6%) into a 10 mm thick thermal insulation plaster applied symmetrically on both faces of
traditional briquette units. The thermal performance of these modified briquette systems
is then rigorously assessed using the coheating test method to determine both thermal
conductivity and overall heat transfer coefficients (k- and U-values). This research not
only explores a novel utilisation route for hazelnut shell waste but also offers a scalable
and sustainable envelope retrofitting solution suitable for low-income housing or rural
construction contexts. What differentiates hazelnut shells from previously tested bio-based
additives like pine needles, coconut fibres, or textile waste is their unique chemical and
morphological profile: a notably high lignin content (40–51%), rigid shell fragments with
inherent porosity, and low moisture permeability. This combination imparts both structural
stability and superior thermal resistance, providing a fundamentally different insulation
mechanism and enabling U-value reductions beyond those reported for earlier bio-based
composites. The outcomes are expected to yield insights into the optimal mix design for
enhanced thermal resistance, thereby contributing to the development of cost-effective,
eco-friendly facade systems aligned with circular economy and low-carbon building targets.

2. Material and Method
2.1. Hazelnut Shells

Hazelnut shells constitute a readily available lignocellulosic by-product that is gen-
erated in large quantities throughout Türkiye, the world’s leading hazelnut producer.
As of 2022, national production reaches approximately 765,000 tonnes, with the majority
concentrated in the Black Sea Region [64]. The de-shelling process produces a substan-
tial amount of shell residue, accounting for approximately 50–55% of the in-shell nut
mass [65]. Traditionally, these shells are utilised as low-efficiency solid fuel or agricultural
mulch; however, their combustion contributes to elevated particulate matter emissions
and environmental degradation. Such conventional uses fail to fully exploit the material’s
potential. Conversely, converting hazelnut shells into insulation panels or lightweight
plasters aligns with circular economy principles, mitigates environmental impact, and
valorises an otherwise discarded agricultural residue. Structurally, hazelnut shells are rich
in lignocellulosic content, comprising primarily lignin (40–51%), cellulose (17–27%), and
hemicellulose (13–32%) [65]. This chemical composition imparts rigidity, thermal resistance,
and low moisture permeability, desirable characteristics for construction material appli-
cations. Their fibrous morphology and relatively low density support their incorporation
into lightweight composites, whilst their inherent porosity offers potential advantages in
both thermal insulation and acoustic attenuation. In terms of thermal behaviour, hazelnut
shells demonstrate relatively low intrinsic thermal conductivity, typically ranging between
0.10 and 0.15 W/mK, depending on processing conditions. These properties render them
suitable for integration into building envelope components where passive thermal regula-
tion is required. In the present study, hazelnut shells of the “Giresun Tombul” variety are
sourced directly from local agricultural producers in Giresun, Türkiye. Following initial
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cleaning and drying, the shells are mechanically crushed and sieved to achieve a bimodal
particle distribution: approximately 70% fine particles (<3 mm) and 30% coarse fragments
(3–6 mm). This mixture is subsequently incorporated into a cement-based thermal insula-
tion plaster at varying volume fractions of 2%, 4%, and 6%. The modified plaster is applied
in 10 mm thick layers to both the front and rear faces of specially prepared lightweight
masonry units. To ensure uniform dispersion and optimal binding, the plaster mixture is
homogenised using a mechanical mixer, with a constant water-to-binder ratio maintained
across all samples. The hazelnut shell particles function as lightweight fillers, contributing
to both reduced thermal conductivity and decreased bulk density of the final material. All
test specimens undergo curing under standard laboratory conditions for 28 days prior to
thermal performance evaluation.

2.2. Detailed Preparation Process of Briquettes Coated with Hazelnut Shell-Modified
Insulation Plaster

In this experimental study, hazelnut shells sourced from Giresun, a province in the
Black Sea Region of Türkiye, where hazelnut production is a dominant agricultural ac-
tivity, are utilised as a bio-based additive in insulation plaster. The shells are supplied in
a pre-broken form, having been mechanically separated from the kernel. They typically
arrive split into two halves and in irregular fragments, making them suitable for further
mechanical processing. The shells are initially subjected to a coarse crushing process to
reduce them to manageable sizes. To ensure the preservation of their fibrous structure
and to eliminate residual moisture, the crushed shells undergo a solar drying process.
This drying is conducted in Rize province using a custom-designed solar drying system
powered entirely by renewable solar energy. The system is designed to reach internal air
temperatures ranging between 45 ◦C and 60 ◦C, which is sufficient to remove internal
moisture content without degrading the lignocellulosic composition of the shells. The
solar drying process not only helps in retaining the natural fibre integrity of the hazelnut
shells but also enhances their compatibility with cementitious materials by reducing wa-
ter activity. This prevents microbial degradation and ensures long-term stability when
incorporated into plaster. Once drying is complete, the shells are subjected to a secondary
fine-grinding operation to obtain smaller, more uniform particles that are more suitable
for even distribution within the plaster matrix. These particles are then blended with a
microfibre-reinforced base insulation plaster in varying replacement ratios by weight, 2%,
4%, and 6% respectively, to obtain new formulations of modified plaster. Water is gradu-
ally added to each mixture, and the mixtures are mechanically mixed for approximately
10 min until a uniform and homogenous mortar consistency is achieved. Care is taken
to monitor the workability and avoid segregation of materials during the mixing process.
Following the preparation, the newly developed plasters are applied to both the front
and rear surfaces of standard concrete briquettes, which are widely used in Anatolian
construction stock. Each coating layer is applied with a uniform 10 mm thickness, using
moulds to ensure dimensional accuracy and surface consistency. After application, the
specimens are left to cure under ambient conditions for 28 days, allowing the hydration
reactions and moisture evaporation processes to complete. Upon curing, these samples
are prepared for thermal performance characterisation using the coheating test method,
which allows for the precise measurement of the heat loss and insulation efficiency across
the composite briquette surfaces. The overall preparation process is illustrated in Figure 1,
which visually summarises the key steps already detailed in the text, from raw material
acquisition to sample readiness for thermal evaluation.
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Figure 1. Flowchart of the preparation process for hazelnut shell-modified insulation plaster applied
on briquette surfaces.

2.3. Coheating Test Method

The coheating test is a semi-stationary and controlled experimental technique widely
employed to evaluate the U-value of building envelopes by establishing the relationship
between the net heat input and the temperature differential between internal and external
environments [66]. Even though it is initially designed for full-scale, in situ assessments of
entire buildings, its application has increasingly expanded to laboratory-scale settings [67],
particularly for evaluating the thermal performance of individual construction compo-
nents or novel insulation materials under reproducible and tightly regulated conditions.
In this study, a laboratory-based coheating test is implemented to examine the thermal
performance of an innovative bio-based plaster incorporating hazelnut shell particles.
The test protocol is designed under the core principles of the classical coheating method,
with specific adaptations tailored to the scale and nature of the experimental configura-
tion. The setup consisted of a cubic test chamber (1 m3 in volume), constructed using
40 mm thick XPS insulation panels to ensure adiabatic boundary conditions on all faces
except the test aperture. This hot box is positioned within a larger environmental chamber
capable of simulating external climate conditions, with ambient temperatures precisely
modulated through an integrated HVAC system to maintain stable “outdoor” settings. A
simplified schematic of the test configuration is presented in Figure 2, highlighting the
interaction between internal heating, data acquisition elements, and external temperature
control mechanisms.

A 500 W fan-driven electric heater, governed by a proportional–integral–derivative
(PID) thermostat, is employed to maintain a constant interior air temperature of
25 ± 0.5 ◦C. The heating system is activated once the temperature difference between
internal and external air exceeds 10 ◦C, a prerequisite for meaningful heat flux analysis.
A briquette coated on both faces with the hazelnut shell-enhanced plaster serves as the
test specimen and is installed into a dedicated opening on one face of the box to enable
unidirectional heat transfer through the path. The configuration is deliberately designed to
eliminate lateral conduction and achieve one-dimensional heat flow, ensuring the validity
of calculated thermal transmittance values. Thermal data acquisition is carried out using
a data Taker-brand multi-channel data logger, to which all sensors are connected. T-type
thermocouples are affixed at the interior and exterior surfaces of the test specimen to
monitor surface temperatures, whilst a calibrated heat flux sensor is mounted centrally on
the interior face to measure real-time conductive heat flow through the plastered masonry.
The heat flux sensor initially records readings in millivolts (mV), which are subsequently
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converted into heat flux values in W/m2 by dividing the raw data by the sensor’s spe-
cific sensitivity coefficient (expressed in V/(W/m2)), as provided by the manufacturer’s
calibration data sheet. This conversion enables accurate quantification of the surface heat
transfer rate. Following this, the dynamic U-value of the plastered sample is computed
at each timestep using the heat flux divided by the corresponding surface temperature
differences (∆T) across the specimen, resulting in instantaneous U-values in W/m2K. These
values are then averaged over the effective test period to yield a representative U-value for
the composite insulation system. Each specimen is tested twice under identical boundary
conditions to ensure consistency and repeatability. Each individual test lasts approximately
12 h, resulting in 24 h of active data acquisition per sample configuration. These tests are
typically conducted over the course of two consecutive days. A portion of each test dura-
tion is dedicated to the thermal stabilisation phase, during which the system approaches
quasi-steady-state conditions; this initial period is excluded from the U-value averaging
process to enhance data accuracy. Throughout the measurement process, thermal data
are logged at 5 s intervals, allowing for high-resolution temporal analysis of the thermal
responses. Before initiating data acquisition, the entire hot box assembly is meticulously
sealed to minimise air leakage and ensure stable boundary conditions. Additionally, an
infrared thermographic scan is performed beforehand to identify and eliminate thermal
bridges or unintended heat loss paths. This preliminary thermography serves as both
a qualitative validation of the test setup and a safeguard against potential inaccuracies
caused by infiltration or constructional defects. Figure 3 presents the schematic of the hot
box system used in the experiment. It also includes thermographic images confirming
negligible thermal leakage.

 

Figure 2. Schematic view of the coheating test setup used for thermal performance evaluation under
controlled laboratory conditions.

The laboratory coheating test provided several advantages over conventional field-
based applications, most notably the ability to isolate material-specific thermal behaviour
without interference from occupant behaviour, solar gains, or uncontrolled ventilation.
Additionally, the tightly regulated boundary conditions permitted accurate thermal com-
parisons across samples under identical test environments. The inclusion of infrared
thermography also enhanced the experimental framework by enabling visual interpreta-
tion of surface temperature gradients and the detection of potential thermal inconsistencies
on the specimen surface. The methodology allowed for both steady-state and transient
analysis of the insulation material, supporting a comprehensive evaluation of its thermal
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performance. The dynamic resolution of the data enabled detailed thermal characterisa-
tion, such as response time to heating cycles, thermal lag, and temperature uniformity
across the plastered surface. As a result, this adaptation of the coheating method offers a
robust, repeatable, and scientifically rigorous procedure for benchmarking novel, bio-based
insulation materials against established thermal performance criteria.

Figure 3. Experimental hot box setup with thermographic validation of minimal thermal leakage.

2.4. Uncertainty Propagation

The combined uncertainty in the evaluation of thermal conductance is assessed
through the uncertainty propagation method, which takes into account the partial deriva-
tives of the target variable with respect to the influencing parameters [68]. This standard
approach is mathematically described in Equation (1):

U2
C =

(
∂C
∂Q

× UQ

)2
+

(
∂C
∂ϑ

× Uϑ

)2
(1)

In this expression, C is the thermal conductance (W/K), whilst Q represents the rate
of heat transfer (W). Additionally, ∆ϑ is the temperature difference between indoor and
outdoor air (◦C), while UQ and Uϑ refer to the standard uncertainties associated with heat
flux and temperature difference, respectively.

The conductance is derived from the following:

C =
Q
∆ϑ

=
198
10

= 19.8 W/K (2)

The relevant sensitivity coefficients are as follows:

∂C
∂Q

=
1

∆ϑ
=

1
10

= 0.1 (3)

∂C
∂Q

= − Q
∆ϑ2 = −198

100
= −1.98 (4)
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Given the instrumentation used, heat flux sensor uncertainty is ±0.02 W, and ther-
mocouple uncertainty is ±0.15 ◦C. Nevertheless, the propagated uncertainty in thermal
conductance becomes as follows:

UC =

√
(0.1 × 0.02)2 + ((−1.98)× 0.15)2 =

√
0.0022 + 0.2972 ≈ 0.3 (5)

The relative uncertainty is then calculated as follows:

UC
C

× 100 =
0.3

19.8
× 100 ≈ 1.5% (6)

Accordingly, the total uncertainty in the thermal conductance evaluation is approx-
imately 1.50%, confirming the reliability and precision of the measurements under the
current experimental setup. This value is well within the acceptable threshold for building
energy performance assessments.

3. Results and Discussion
Before presenting the thermal performance outcomes, it is important to provide con-

textual information regarding the experimental procedure. For each plaster formulation,
the coheating test is repeated twice under identical laboratory conditions to ensure data
consistency, reproducibility, and validation of the observed trends. This dual-testing strat-
egy serves a dual purpose: firstly, it allows for the identification of potential experimental
variability or anomalies between runs; and secondly, it strengthens the robustness of the
results by demonstrating repeatability. In the present case, the thermal performance of the
insulation plastered briquette samples obtained from 2%, 4%, and 6% hazelnut shells is as-
sessed over two consecutive days, with each test lasting approximately 12 h and following a
thermal stabilisation period. The results obtained from surface temperatures (both internal
and external) and heat flux values form the basis for determining the dynamic U-value and
k-value of the tested composite system. The reported U-values are computed from the real-
time ratio of heat flux to the temperature difference across the test specimen. The process
ensures one-dimensional heat transfer and eliminates lateral losses, thereby enhancing the
reliability of the results. The inclusion of repeated trials further supports the credibility of
the findings and serves as a practical validation step within the laboratory-scale coheating
test methodology.

For a 10 mm thick plaster layer with 2% by weight finely ground hazelnut shell applied
to the briquette surface, the first day of testing reveals an internal air temperature between
25.11 ◦C and 27.29 ◦C, with an average of 25.74 ◦C. The external temperature ranges from
18.50 ◦C to 19.30 ◦C, averaging 18.88 ◦C. The heat flux values vary between 5.97 W/m2

and 115.84 W/m2, with a mean of 16.89 W/m2, leading to U-values from 0.91 W/m2K to
15.37 W/m2K and a daily average of 2.40 W/m2K. Considering the applied plaster thickness
of 10 mm on both sides (20 mm in total), this U-value corresponds to an effective thermal
conductivity of approximately 0.048 W/mK for the composite plaster layer. Figure 4
presents the full set of measurements obtained on the first day, including internal and
external air temperatures and heat flux values. Both instantaneous data and daily averages
are included for clarity. On the second day, the average internal and external temperatures
are 25.597 ◦C and 18.49 ◦C, respectively. Heat flux values range from 5.565 W/m2 to
109.972 W/m2, averaging 17.54 W/m2, whilst the U-value spans from 0.824 W/m2K to
13.196 W/m2K, with a daily mean of 2.428 W/m2K. The day-to-day variation in mean
U-value is 1.17%, indicating a stable and repeatable thermal response. When this mean
U-value is converted by accounting for the 20 mm total plaster thickness on both sides,
the effective thermal conductivity of the modified plaster is calculated as 0.04856 W/mK,
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reaffirming the consistency of the material’s insulating capability across consecutive days.
As shown in Figure 5, the second-day measurements are presented in the same format.
Additionally, the figure includes a direct comparison of U-values between the two test days,
illustrating the consistency in thermal performance.

Figure 4. Thermal data on Day 1 for 2% hazelnut shell plaster.

Figure 5. Thermal data and U-value comparison for 2% plaster on Day 2.
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Thermal evaluation of plaster with 4% hazelnut shell, ground finely and applied as
a 10 mm layer on the briquette, is carried out on the third day under identical laboratory
conditions. The internal air temperature ranges between a minimum of 23.90 ◦C and a
maximum of 27.15 ◦C, resulting in an average interior temperature of 25.55 ◦C. Concur-
rently, the exterior environment is maintained between 17.83 ◦C and 19.03 ◦C, with a mean
outdoor temperature of 18.43 ◦C. The heat flux sensor records values from 3.02 W/m2 up
to 99.86 W/m2, with an average flux of 15.45 W/m2 across the effective measurement area.
Based on these inputs, the U-value on the first test day fluctuates between 0.44 W/m2K
and 13.19 W/m2K, yielding a daily average of 2.16 W/m2K. By incorporating the total
plaster thickness of 20 mm into this evaluation, the effective thermal conductivity of the
modified layer is derived as 0.0432 W/mK, which demonstrates a noticeable improvement
in insulation performance compared to the 2% mixture. Figure 6 shows the internal and
external temperature trends, as well as the heat flux measurements, for the third test day of
the 4% hazelnut shell-modified plaster sample. Both real-time values and daily averages are
included. On the fourth day of testing, the internal temperature shows a slightly narrower
range, from 24.74 ◦C to 27.08 ◦C, with a marginally higher mean of 25.80 ◦C. The outdoor
temperature stabilises between 18.26 ◦C and 19.08 ◦C, averaging 18.75 ◦C. The heat flux
profile ranges from 3.49 W/m2 to 101.10 W/m2, producing a mean value of 15.21 W/m2.
The corresponding U-value data vary from 0.49 W/m2K to 13.60 W/m2K, with an average
U-value of 2.12 W/m2K. When this mean U-value is translated into thermal conductivity
by considering the 20 mm total plaster thickness, the effective k-value is determined as
0.0424 W/mK, further confirming the reproducibility and stability of the insulating be-
haviour observed on the previous day. Figure 7 presents the data recorded on the fourth
test day. Additionally, a direct comparison of U-values between both test days is included
to illustrate the consistency in thermal performance. Comparative analysis between the
two test days reveals high consistency in thermal response. The variation in the average
U-value is minimal, only 1.7% between the two trials, confirming the repeatability of the
measurements and validating the reliability of the coheating test setup.

Figure 6. Thermal data on Day 3 for 4% hazelnut shell plaster.



Sustainability 2025, 17, 8209 15 of 23

Figure 7. Thermal data and U-value comparison for 4% plaster on Day 4.

On the fifth day, the thermal performance of a 10 mm surface coating composed of
plaster containing 6% finely milled hazelnut shells is evaluated. The internal temperature
fluctuates between 24.87 ◦C and 27.19 ◦C, resulting in a daily average of 25.33 ◦C. The external
environment remains steady, with recorded temperatures ranging from 18.51 ◦C to 18.96 ◦C,
averaging 18.68 ◦C. Heat flux values observed span from 4.92 W/m2 to 121.98 W/m2, with a
mean of 13.91 W/m2. Based on these inputs, the U-value varies between 0.78 W/m2K and
16.23 W/m2K, yielding a mean U-value of 2.04 W/m2K for the day. When translated into
an equivalent conductivity using the cumulative plaster thickness of 20 mm, the resulting
k-value is 0.0408 W/mK. This outcome indicates a further reduction compared to the 2% and
4% mixtures, emphasising the progressive improvement in insulation efficiency with increased
hazelnut shell content. Figure 8 presents the thermal data obtained on the first test day of
the 6% hazelnut shell-modified plaster sample, including internal and external temperatures,
as well as heat flux values. Both real-time readings and daily averages are provided. On the
sixth day, the test continues to be assessed under consistent experimental conditions. The
internal temperature ranges from a minimum of 24.98 ◦C to a maximum of 27.86 ◦C, with
a daily average of 25.73 ◦C. External environmental conditions remain stable, with outdoor
temperatures fluctuating between 18.38 ◦C and 19.12 ◦C, with a mean value of 18.81 ◦C. Heat
flux measurements recorded during the test span from 4.58 W/m2 to 130.57 W/m2, resulting
in a mean daily heat flux of 14.76 W/m2. From these thermal gradients and fluxes, the
U-value for the plaster sample on day six is calculated to range between 0.69 W/m2K and
16.70 W/m2K, yielding an average U-value of 2.06 W/m2K. When recalculated in terms of
thermal conductivity by multiplying by the 20 mm plaster thickness, the obtained value is
0.0412 W/mK, which demonstrates that the insulating capacity of the 6% mixture remains
consistently effective under prolonged testing. Figure 9 shows the second-day measurements
for the same sample. It also includes a comparison of U-values from both test days, highlighting
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the consistency and repeatability of thermal performance. A comparative evaluation between
the fifth and sixth days indicates a high degree of measurement consistency. The average
U-value on the fifth day was recorded as 2.04 W/m2K, while the sixth day yielded a slightly
higher average of 2.06 W/m2K. This corresponds to a marginal increase of approximately
0.98%, underscoring the reliability and reproducibility of the thermal behaviour.

Figure 8. Thermal data on Day 5 for 6% hazelnut shell plaster.

Figure 9. Thermal data and U-value comparison for 6% plaster on Day 6.

The findings of this study clearly indicate a substantial improvement in thermal
insulation performance through the incorporation of finely ground hazelnut shells into
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plaster formulations. Compared to the plain briquette sample, which exhibits a high U-
value of 5.5 W/m2K, all modified specimens demonstrate a dramatic reduction in heat
transfer. The 2% hazelnut shell sample reduces the U-value to 2.40 W/m2K, corresponding
to a 56.4% improvement. The 4% sample performs even better, achieving an average
U-value of 2.14 W/m2K, a 61.1% mitigation, whilst the 6% formulation delivers the best
result, with 2.04 W/m2K, representing a 62.9% enhancement over the unmodified briquette.
In addition to their performance against the control sample, a comparison among the
hazelnut shell-modified specimens themselves provides further insight. As the substitution
ratio increases from 2% to 6%, a clear downward trend in U-values is observed, signifying
incremental improvements in thermal resistance. Specifically, the 6% sample achieves a
15% lower U-value than the 2% variant and 4.7% better than the 4% sample. These trends
suggest a dose-dependent relationship between hazelnut shell content and insulating
performance, likely attributed to increased porosity and reduced thermal conductivity
within the plaster matrix as organic filler content rises.

The improvement in thermal resistance observed in hazelnut shell-modified plasters
can be explained through several underlying mechanisms. The fragmented and porous
morphology of the shells increases internal voids and introduces tortuous conduction
paths, which slow down heat transfer across the plaster matrix. These pores and irregular-
ities entrap air, a naturally low-conductivity medium, thereby further reducing thermal
conductivity. In addition, the partial substitution of dense cementitious material with
lightweight organic particles decreases the overall bulk density of the plaster, lowering
its effective thermal conductance. The relatively high lignin content of hazelnut shells
also provides inherent thermal stability, while their cellulose–hemicellulose fraction con-
tributes to gradual heat absorption and release, enhancing the thermal buffering capacity.
Taken together, these features clarify why the plaster formulations with higher shell con-
tent consistently deliver lower U-values, confirming that porosity, trapped air, reduced
density, and distinctive lignocellulosic chemistry collectively drive the improved thermal
insulation performance.

When benchmarked against earlier studies, the superiority of the current results
becomes even more evident. A previous investigation by the authors achieved a mini-
mum U-value of 2.86 W/m2K through variation in plaster thickness [20], while another
study involving bamboo-based substitution reported a best value of 2.77 W/m2K [21].
Even the least effective hazelnut-modified sample in this work (2%) surpasses both prior
benchmarks, demonstrating the significant potential of hazelnut shells as a sustainable
and high-performance insulating additive. A fair benchmark with conventional solutions
pairs U-values with thickness. Independent in situ measurements on sandwiched wall
panels show that a section with a 50 mm XPS core between 75 mm + 75 mm concrete
layers delivers an average U-value around 0.84 W/m2K, whereas a companion panel with
a 50 mm EPS-bead foam–mortar core of the same concrete layers reports about
2.53 W/m2K [69]. In board-type products derived from conventional insulation, EPS
waste + mineral-wool fibre gypsum boards used at nearly 25 mm thickness reduce den-
sity by approximately 20.3% and thermal conductivity by practically 30.4% relative to
reference gypsum, confirming the performance space attainable with conventional-origin
constituents at modest board thickness [70]. Against that backdrop, the present study pur-
sues a different retrofit logic: instead of installing multi-centimetre boards that can encroach
on usable floor area and complicate interior detailing, it integrates a thin render by applying
10 mm bio-based plaster directly onto a high-U briquette substrate. From a baseline around
5.5 W/m2K, the daily average U-values fall to 2.40, 2.12, and 2.04 W/m2K for the 2%, 4%,
and 6% mixes, i.e., ≈ 56–63% reduction with minimal thickness. This thin-layer strategy
therefore compares on multiple axes: (i) thickness-normalised impact, a 10 mm addition
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yields about 3.1–3.5 W/m2K absolute drop (virtually 0.31–0.35 per mm); (ii) space efficiency,
no meaningful loss of interior volume or rework at reveals/services; (iii) constructability,
render-based application over existing masonry rather than adding standalone boards;
and (iv) resource valorisation, agro-waste utilisation with measurable thermal gains. In
short, whilst thick EPS/XPS/mineral–wool boards can reach lower absolute U-values due
to their high thickness, the thin-coating, high-baseline context here delivers a compelling
relative performance per added millimetre without the aesthetic and area penalties of
bulky layers. An additional noteworthy observation is the thermal inertia exhibited by
the 6% hazelnut shell sample. During testing, this specimen displays a delayed internal
temperature drop, indicating slower heat loss compared to others. This effect can be linked
to the increased thermal mass and buffering capacity introduced by the higher organic
content. Such behaviour is advantageous in real-world applications, as it reduces the
demand on active heating systems and contributes to energy savings by prolonging indoor
comfort conditions. Overall, the results not only validate the efficiency and repeatability of
hazelnut shell-based plasters but also highlight their scalable potential as an eco-friendly
insulation solution superior to several conventional alternatives.

Strengths, Limitations, Opportunities, and Threats (SWOT Analysis)

This study demonstrates several important strengths. The innovative use of finely
ground hazelnut shells in plaster formulations achieves remarkable U-value reductions
of 56–63% with only a 10 mm coating. The approach is cost-effective, scalable, and space-
efficient, avoiding the drawbacks of bulky insulation boards while maintaining high re-
peatability, with day-to-day variation remaining below 2%. Furthermore, the method
valorises an abundant agricultural waste stream, aligning with circular economy prin-
ciples, and outperforms earlier bio-based additives such as bamboo or thickness-only
plaster strategies.

At the same time, this study has some weaknesses that must be acknowledged. The
results are derived exclusively from laboratory-scale coheating tests and therefore do not
fully represent real building conditions. Durability aspects such as resistance to moisture,
freeze–thaw behaviour, fire performance, and mechanical stability are not evaluated within
the present scope. The investigation is limited to a single masonry briquette type with a
fixed plaster thickness, which restricts the generalisability of the findings across different
wall systems and climates. In addition, aspects such as acoustic behaviour, economic
feasibility, and life-cycle assessment remain unexplored.

Beyond its current scope, this study also offers several opportunities. The findings
open a pathway for large-scale applications in low-cost housing and rural retrofitting
programmes. Future work may expand the approach to different wall systems, climates,
and construction types, as well as integrate hazelnut shell-modified plaster with other
eco-friendly materials, such as natural fibres or phase change materials. This line of research
aligns strongly with policy agendas on sustainable construction and decarbonisation targets,
particularly given the growing global demand for circular-economy building materials.

Nevertheless, there are potential threats that could challenge widespread adoption.
Long-term durability under real environmental conditions remains uncertain, and the
technology must compete with well-established commercial insulation products, such as
XPS and mineral wool. Regulatory approval processes and the need for standardisation
may also delay its uptake. Furthermore, variability in the supply of agricultural waste
due to regional and seasonal factors could constrain scalability, while practical concerns
regarding fire resistance and structural performance will need to be addressed before broad
market acceptance is achieved. These strengths, limitations, opportunities, and threats are
visually summarised in Figure 10, which presents a SWOT analysis of this study.
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Figure 10. SWOT analysis of the present study, highlighting strengths, weaknesses, opportunities,
and threats associated with hazelnut shell-modified insulation plasters.

4. Conclusions
This research introduces a cost-effective and environmentally sustainable facade retrofitting

strategy by incorporating finely milled hazelnut shells into thermal insulation plaster applied
symmetrically to both sides of masonry briquettes. This approach aligns with circular economy
principles and addresses the dual objectives of energy efficiency and material valorisation
in the building sector. The experimental results obtained via coheating tests show a clear,
dose-dependent improvement in thermal resistance. Compared to the uncoated control sample
(5.5 W/m2K), U-values are reduced to 2.40 W/m2K with 2% shell content (56.4% improvement),
2.14 W/m2K with 4% (61.1%), and 2.04 W/m2K with 6% (62.9%). The 6% sample not only
delivers the lowest U-value but also demonstrates improved thermal inertia, reducing heat loss
rate and maintaining interior thermal comfort for longer durations. By translating U-values
into equivalent thermal conductivity, the effective k-values of the modified plaster layers are
found to be 0.04856 W/mK (2%), 0.0432 W/mK (4%), and 0.0408 W/mK (6%), all of which
are markedly lower than conventional plaster (~0.72–0.80 W/mK) and competitive with other
bio-based insulation composites. These results confirm that hazelnut shell-modified plasters
offer an exceptionally low-conductivity pathway for enhancing thermal performance without
increasing plaster thickness, highlighting their strong potential in sustainable retrofitting. In
addition to strong repeatability and high reliability of the test outcomes, this study confirms
that hazelnut shell-modified plasters outperform previous bio-based solutions, such as bamboo-
reinforced composites or plaster thickness increases. These findings suggest that finely milled
hazelnut shells offer a superior insulation pathway due to their low thermal conductivity,
porous structure, and fibrous morphology.

Key highlights and implications are given below:

• All modified plasters achieve over 56% improvement in thermal resistance, with the
6% shell content reducing U-value by 62.9%, outperforming all prior benchmarks.
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• Effective thermal conductivity values of 0.0408–0.048 W/mK confirm the strong insu-
lating behaviour of the composites and their competitiveness with other
bio-based insulators.

• Increasing shell content consistently enhances thermal performance, with the 4% formu-
lation showing 61.1% improvement, ideal for balanced cost–performance applications.

• All three formulations exceed U-value reductions previously reported for bamboo
composites or increased plaster thickness.

• The 6% sample delays heat transfer more effectively, contributing to passive thermal
buffering and reduced heating demand.

• The approach offers scalable, low-cost retrofitting for low-income housing, rural
infrastructure, and public refurbishment schemes, particularly in regions rich in
agricultural residues.

• The findings support building decarbonisation strategies under national and global
climate targets and provide a model for bio-based construction standards.

• Further research will focus on evaluating the durability of hazelnut shell-modified
plasters under moisture exposure, their reparability and recycling potential, and
their applicability across diverse climate zones. Additional assessments on fire re-
sistance, acoustic performance, and mechanical stability are also planned, ensur-
ing a more comprehensive characterisation of these bio-based plaster composites in
forthcoming studies.
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