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Abstract

Facades account for approximately 15-20% of a building’s embodied carbon, making them
a key target for material decarbonization. While bio-composites are increasingly explored
for fagade insulation, cladding systems remain dominated by carbon-intensive materials
such as aluminum and fiber-reinforced polymers (FRPs). This paper presents findings
from a study investigating the use of food-waste-derived bulk fillers in bio-composite
materials for facade cladding applications. Several food-waste streams, including hazelnut
and pistachio shells, date seeds, avocado and mango pits, tea leaves, and brewing waste,
were processed into fine powders (<0.125 um) and combined with a furan-based biobased
thermoset resin to produce flat composite sheets. The samples were evaluated through
mechanical testing (flexural strength, stiffness, and impact resistance), water absorption,
freeze-thaw durability, and optical microscopy to assess microstructural characteristics
before and after testing. The results reveal substantial performance differences between
waste streams. In particular, hazelnut and pistachio shell fillers produced bio-composites
suitable for facade cladding, achieving flexural strengths of 62.6 MPa and 53.6 MPa and
impact strengths of 3.42 k] /m? and 1.39 k] /m?, respectively. These findings demonstrate
the potential of food-waste-based bio-composites as low-carbon fagade cladding materials
and highlight future opportunities for optimization of processing, supply chains, and
material design.

Keywords: bio-composite materials; facade cladding; food-waste valorization; low-carbon
materials; thermosets

1. Introduction

The need to reduce the consumption of natural resources, fossil fuels, and carbon
emissions in construction and retrofitting has been widely acknowledged [1]. The European
Climate Law established a target of achieving net carbon neutrality by 2050 with a reduction
goal of at least 55% by 2030 [2]. The building sector was identified as key area for climate
mitigation [3], with the use of low-carbon bio-based construction materials becoming
essential for reducing the environmental impact of buildings [4,5]. However, using bio-
based construction materials for the renovation of building stocks may require significant
land use for biomass growth [6,7]. Land competition can lead to rising food prices [8] and
increased demand for arable land, which often replaces forests or jungles with farmland [9].
Crop-based resources may also contribute to water resource depletion, biodiversity loss,
and reduced ecosystem quality [10].
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On the other hand, around 500 million tons of waste are generated globally every year
in the agri-food sector [11]. The 2024 United Nations (UN) Food Waste Index Report defines
food as “any substance-whether processed, semi-processed or raw- that is intended for
human consumption,” and food waste as “food and the associated inedible parts removed
from the human food supply chain” [12]. Food waste can occur at different stages of
the supply chain, including primary production, processing and manufacturing, retail,
distribution, and consumption, both “in- and out-of-home” [13]. According to the UN
report, an estimated 1.05 billion tons of food were discarded globally in 2022 across retail,
food service, and household settings [12]. This corresponds to about 132 kg of wasted
food per person each year, with households alone responsible for 79 kg per capita. In
financial terms, this means that more than US $1 trillion worth of edible food is thrown
away annually [12].

Managing food waste can significantly harm the environment. When biodegradable
materials are sent to landfills, they break down and generate gases, mainly methane, which
is far more powerful than carbon dioxide in driving long-term global warming, possessing
roughly 34 times its warming effect over a century [14]. There are at least four waste
management pathways: minimization, conservation, segregation, and utilization [15]. The
latter embodies a more circular, zero-waste approach as it not only reduces waste in the
food sector but may also reduce waste in the mining sector by replacing raw material
resources with food waste [16]. Integrating food-waste into new low-carbon bio-based
construction materials would therefore significantly reduce waste and its environmental
footprint while offering plausible low-carbon alternatives to conventional carbon-intensive,
extractive materials. This is further supported by European Union (EU) regulations such as
the 2011 Roadmap for moving towards a competitive low carbon economy in 2050 and the 2012
plan for Innovating for sustainable growth—a bioeconomy for Europe.

The use of agro-industrial waste in producing construction materials is becoming
increasingly widespread, driven not only by practical needs but also by engineering inno-
vations that enable these wastes to be transformed into useful, high-value products [17].
Several studies indicate that products made of agri-food waste can deliver equal or superior
performance compared to conventional materials [18]. But are these products well suited
for demanding building applications like fagades?

This study focuses specifically on the use of food-waste-derived bio-composites for
fagade cladding. Fagades account for at least 15-20% of a building’s embodied carbon [19],
meaning that shifting to sustainable, biobased materials could significantly reduce their
carbon footprint. In Europe alone, more than 50 materials suitable for facade applica-
tions have been catalogued [20]. While research on biobased materials often focuses on
insulation—such as flax, hemp, or sheep’s” wool due to their low density and thermal
conductivity [21,22]—facade cladding remains dominated by materials like ceramics, alu-
minium, and FRPs. Cladding systems must meet multiple performance criteria, including
load bearing capacity, fire and water resistance, and aesthetics [22,23].

Nevertheless, an emergent body of research on bio-composite materials opens new
possibilities for fagade cladding [23,24]. Using either plant fibers or organic fillers combined
with partially or fully biobased polymers, these materials can offer properties comparable
to conventional facade cladding materials but with a significantly smaller material and
energy footprint [25-27]. The choice of resin is crucial, as it influences both fabrication
methods and end-of-life scenarios. Natural fibers and particulate fillers derived from
agricultural and food-processing waste, such as walnut, pistachio, and chestnut shells, have
demonstrated improvements in stiffness, impact behavior, and environmental performance
when properly integrated into polymer matrices [26,28-30]. In addition, bio-composites
have been explored for non-structural architectural applications, including interior fagades
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and partitions, where benefits such as improved indoor air quality and reduced material
toxicity are emphasized [24]. Several of these new bio-composites rely solely on bulk
filler and resin, limiting or eliminating the use of fibers [28-30]. Despite these advances,
challenges remain related to filler-matrix compatibility, moisture sensitivity, durability, and
large-scale standardization, which continue to shape current research directions [27].

This research is driven by the need to develop bio-composite materials that are both
technically robust and systemically feasible for construction applications. It focuses on fiber-
free bio-composite formulations based exclusively on granular bulk fillers, reducing mate-
rial complexity, simplifying processing workflows, and enabling lower-cost, lower-carbon
composite solutions. Food-waste-derived granular fillers are prioritized as value-generating
resources that simultaneously address material performance and waste reduction. Building
on a research line initiated in 2024 that demonstrated the mechanical feasibility, improved
workability, and reduced embodied carbon of granular food-waste-based fillers [31-33],
this study extends beyond material optimization toward system integration. By combining
the mapping of food-waste flows in The Netherlands with the technical evaluation of
selected waste streams for bio-composite fagade cladding applications, the research links
laboratory-scale performance with considerations of resource availability, consistency, scal-
ability, and integration into existing waste and construction systems, thereby contributing
to the advancement of bio-composites within a circular-economy framework.

2. Materials and Methods
2.1. Setting the Scene: Identifying Food Waste Streams in The Netherlands

The Netherlands is a country has a large import—export economy and is the second-
largest exporter in the European Union [34], facilitated by the Port of Rotterdam, Europe’s
largest seaport [35]. Many imported goods are processed and redistributed across Eu-
rope [35], while the country is also responsible for a substantial share of agricultural
production in the European Union [36]. As a result, large streams of food waste are
available throughout the country [37].

In 2017, nearly half of all industrial waste in The Netherlands (14.7 billion kg) consisted
of animal and vegetal waste from the food, beverage, and tobacco industry, of which 99%
was recycled [38]. The types of food-waste streams resulting from food production vary
greatly from province to province. Noord Brabant has the largest total utilized agricultural
area, while Groningen produces larger quantities of potatoes, grains, and sugar beets.
Livestock is most prevalent in Gelderland (largest number of cattle), and Noord Brabant
(largest number of housed animals) [39]. Further along the food industry chain, waste
occurs due to food processing, distribution and retail, totaling 55,500 tons of material per year
in The Netherlands. This waste is primarily used as cattle feed, with a smaller proportion
used to produce biogas [40]. Additional waste is generated during food consumption, both
in food service and in Dutch households. The highest concentration of Dutch food service
establishments is in North Holland and South Holland [41]. Household waste amounts
to 493 kg per person per year [38], of which 33 kg is food waste -approximately 9% of all
purchased food [42]. In total, household consumption generates 55,400 tons of waste per
year [43]. Most of these streams are collected as organic waste and processed into compost
and biogas [44].

The 2021 European Environmental Agency report highlights The Netherlands’ efforts
to prioritize food waste reduction [45,46]. Nevertheless, resources classified legally as waste
cannot be used for consumption nor freely imported or exported [47], complicating their
potential use in other applications [40]. Current processes therefore focus on the lower levels
of the Moerman’s Ladder [48]. Logistics and storage challenges add further complications:
transportation alone can account for up to 16% of total emissions in construction [49], and
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seasonal materials require large storage facilities that become underutilized over time. For
effective stockpiling, materials must undergo immediate processing to ensure shelf stability,
such as decomposition prevention, cleaning, sorting, and drying [40].

During the early months of the project, 24 companies and organizations were identified
and contacted. These were selected based on the availability of food waste generated
resources relevant to the project scope, their location (preference was given to companies
located in South Holland), their scale of operations, and the consistency of their food waste
streams. Where possible, price and seasonal variability were also considered. Animal-based
food waste was excluded due to additional legal requirements and building regulations.

Most companies represented the fruit and vegetable sector, known for generating
significant volumes of waste such as peels, rinds, seeds, cores, stones, pods, vines, skins,
and pomaces [50]. Waste management companies were also included (20 companies
currently process organic waste in The Netherlands [51]). Ultimately, limited feedback
from companies prompted the team to expand the mapping effort to include circular hubs
(e.g., Blue City), regional governance entities (e.g., the Province of South Holland), and
findings from earlier TU Delft research focused on North Holland [40].

2.2. Selecting the Resources for Plausible Filler Material

This search yielded a total of seven food-waste streams as potential filler material
varying in kind (pits, shells, spent grains) and in origin (food processing waste, household
waste). The selected materials were mango teguments and kernels, avocado pits, hazelnut
and pistachio shells, beer brewing waste (BBW), tea leaves and date seeds.

2.2.1. Mango Teguments & Kernels

Mango (Mangifera indica L.) is the most prevalent tropical fruit in the world, with a
production of 41 million tons in 2020 [52]. Mango processing generates 35-60% (w/w)
agro-industrial waste, while its inappropriate disposal can cause environmental contamina-
tion [53]. Mango teguments and kernels are discarded as waste from processing industries.
Even though mango trees are not grown in The Netherlands, mangos are largely imported
and consumed either as fruit or as a primary resource for juices and they can also be
retrieved in household waste.

2.2.2. Avocado Pits

Avocado (Persea americana Mill.) crop is cultivated globally, and its industrial pro-
cessing generates seeds accounting for 13% to 17% of fruit mass [54]. In 2020, Dutch
avocado imports grew by 19% with The Netherlands responsible for 63% of all EU imports
of non-EU avocados, 9% of which remain in the domestic market [55]. Recent research
indicates that 5-6% of these avocados are wasted due to oversupply (wholesalers importing
more avocados than they could manage efficiently), inadequate storage capacity, and poor
temperature control, impacting avocado quality and shelf life [56].

2.2.3. Hazelnut Shells

Although hazelnuts are native to The Netherlands, domestic production has always
been limited [57], with most hazelnuts imported from Turkey and re-exported to other
European countries [58]. Hazelnut shells account for 50% of fruit weight and possess
lignocellulosic composition, high calorific power, homogeneous particle size, and low ash
content. These characteristics support their use as biomass for biofuel, though they are also
composted or processed into snacks [59]. Powdered hazelnut shells have previously been
used as reinforcement in agro-cement composites [60], motivating their selection here for
this research.
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2.2.4. Pistachio Shells

Pistachio (Pistacia vera L.) is the only pistachio species producing edible nuts of com-
mercial size [61]. Just like with hazelnuts, The Netherlands serves as a major trade hub
for pistachios in Europe, re-exporting around 80% of imported quantities [62]. Previous
research demonstrates that pistachio shells show excellent mechanical properties when pro-
cessed into filler material, making them a promising alternative to traditional reinforcement
materials [29,63].

2.2.5. Beer-Brewing Waste

The Netherlands is a major beer exporter, with nearly 800 breweries nationwide,
including 110 in South Holland [64]. Beer brewing generates substantial by-products,
the main ones being brewer’s spent grain (BSG), hot trub, and residual yeast [65]. BSG
represents 85% of brewing waste and is currently used in food, animal feed, biofuel
production, and composite packaging materials [66]. This broad utility positions brewery
waste as a promising circular-economy resource [67].

2.2.6. Spent Tea Leaves

The Netherlands is the fifth-largest tea-consuming country in Europe, with black and
green tea most commonly consumed [68]. Most consumers (60%) dispose of compostable
tea bags in organic waste (when tea bags are compostable), while the rest (38%) discard
them in residual waste [51]. Spent tea leaf powder has been used in bio-composite films [69]
and in bio-composites materials reinforced with jute and cotton [70].

2.2.7. Date Seeds

Dates, the fruit of the date palm tree (Phoenix dactylifera), are native to the Middle
East and North Africa [71,72]. The Netherlands functions mainly as a re-exporter, with
low domestic consumption [71]. Date seeds (approximately 10% of fruit weight) are by-
products of processing and have economic potential in food and feed industries [73]. In
The Netherlands, date seeds are also used as a caffeine-free coffee alternative [74]. In
construction, date seeds have been used as filler in bricks (with clay and straw) and in
insulation boards (with Polylactic Acid (PLA)-based polymers) [75].

2.3. Preparing the Filler Materials
2.3.1. Pre-Processing (Cleaning & Preparation)

Because of their different material characteristics, raw food-waste material resources
require individual preparation methods to allow processing with the available machinery.
For further processing, the resulting material should contain less than 2% moisture.

Avocado pits, as well as mango teguments and kernels, were collected from fresh
fruits. Cleaning was performed by placing the collected pits and teguments in an 85 L
mortar tub filled halfway with water. Two soft-bristle brush attachments were mounted on
drills using extension bits to prevent contact with water. The drills were operated at high
speed, causing the seeds to collide with the brushes and with each other. This process was
repeated until all remaining pulp was removed.

Clean avocado pits were cut in half to remove the membrane surrounding the kernel.
Mango teguments were split open to remove the kernel, and membranes were removed
from both pits and kernels. The kernels were bisected along their natural split. Halved pits
and kernels were oven-dried, at 90 °C for 8 h. The process was carried out once using seeds
collected from local restaurants and again at a large-scale using fresh fruits procured from
local markets. Although effective, the process was time-consuming and labor-intensive but
could likely be automated for up-scaling.
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The average weight of avocado seeds collected from restaurants was 35 g before
drying, and 8 g after oven drying. A total of 150 avocados were processed yielding 1215 g
of dried seeds. Mango kernels averaged 39 g wet weight and 10 g after drying. Processing
150 mangos resulted in 1220 g of dry material. Notably, both avocado and mango kernels
were not heated to the target moisture content at this stage, resulting in a lower overall
dry weight.

Spent tea leaves were spread on baking trays and left to sun-dry, until dry to the
touch. The tea bags were cut open, and the leaves were dried again at 90 °C for 8 h.
Final moisture reduction was achieved through oven drying at 115 °C, yielding 380 g of
material. However, this was insufficient to produce a meaningful number of samples, and
the resulting composite was brittle and showed no promise. Therefore, tea leaves were not
included in subsequent steps.

Beer brewing waste was collected in a cotton cloth, tied, and hung outdoors until
dripping ceased. The material was then transferred to a container to sun-dry. Once it
reached a dough-like consistency, it was moved to baking trays and oven-dried at 90 °C
for 8 h. This process produced a uniform, brittle mass that crumbled easily. Final moisture
content was achieved through drying at 115 °C, producing approximately 1200 g of material.
Starting from about 5 kg, this represents a 76% weight reduction.

Hazelnut shells, date seeds, and pistachio shells were procured from external com-
panies (De Hazelnotenboer (Almelo, The Netherlands) for the first and Bio-powder.com
(Birkirkara, Malta) for the other two and required no preparation at this stage.

2.3.2. Milling

Coarse milling of dried materials was necessary to prepare them for the fine milling
machinery, which requires particle sizes smaller than 25 mm. Only avocado and mango
seeds required coarse milling, performed using a Retsch SM300 cutting mill (Retsch GmbH,
Haan, Germany). Due to clogging, feed quantities were kept small (150 cm?), and the
machine required cleaning after approximately every 10 feeds.

Fine milling was then performed to achieve particle sizes smaller than 0.125 pum, since
the smallest grain sizes (<0.125 pm) exhibit the highest impact strengths [33]. A Herzog
manual vibratory disk mill (Herzog Automation Corp., Strongsville, OH, US) was used for
this purpose. Milling intervals averaged 6 s, though some tougher materials required 10-s
intervals. Each interval was followed by a 30-60 s cooldown. After 10-15 min of process
time (including cooldown periods), a full machine cooldown and cleaning of the vessel
were necessary to prevent clumping.

Although the machine was able to mill most materials effectively, processing was slow.
Milling and sieving were therefore run in parallel to improve workflow efficiency. PPE was
required due to dust and noise generation.

2.3.3. Sieving

Sieving was conducted using an EML Digital Plus T test sieve shaker (NEXOPART
GmbH, Oelde, Germany). After each sieving cycle, particles retained in larger sieves
were returned to the mill. When optimized, the workflow alternated between milling
and sieving; while one batch was being sieved, the next batch was milled, and vice versa.
Manual sieving supplemented machine sieving to improve the output. A minimum of
800 g of material was needed for efficient operation.

An attempt to enhance the performance of the sieve tower involved adding 15 mm,
4 g rubber ball weights to the sample. However, these compacted the material instead of
improving separation, rendering the method ineffective.
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2.4. Additional Bio-Composite Components
2.4.1. Furan Resin

Furan resin—supplied by TransFurans Chemicals (Geel, Belgium)—was used as the
matrix material in this study. Furan resins are based on 2-furaldehyde [76] and are widely
used in applications requiring high durability and chemical resistance, such as industrial
coatings, sand binders for metal casting, and foundry cores [77]. There are multiple reasons
for choosing furan: firstly, it is derived from renewable biomass, it is resistant to moisture,
it withstands thermal degradation, and it shows strong fire resistance.

Furan is a thermoset resin that forms three-dimensional, non-reversable networks [78].
It cures at ambient indoor temperature, with curing speed increasing at higher temperatures.
The resin can withstand continuous exposure 150 °C without deterioration [78]. Furan resins
are dark in color, form strong chemical bonds, and penetrate porous surfaces effectively.

2.4.2. Functional Fillers

Furan curing typically requires heat, radiation, light (photoinitiation), moisture, activa-
tors, or catalysts. In this study, the catalyst HM1448 (a 2-hydroxyethyl ammonium nitrate)
was used and mixed with the resin at a 1:20 weight ratio. Linseed oil was used as a release
agent and applied to the mold to facilitate demolding.

2.5. Preparing the Samples—Composition Parameters

The production of samples involves two steps: first, the bio-composite ingredients are
combined into a dough-like material (Bulk Molding Compound, BMC) where all composite
components are mixed and pre-cured. This is followed by a full curing of the BMC under
pressure in a heated press, to form flat sheet samples (Table 1).

Table 1. Sampling recipes.

Composition

Component

Description Recipe 1—45% Filler Recipe 2—55%

Resin—Catalyst

Furan + HM1448 Hazelnut, Pistachio, BBW, Dates: 52% Avocado: 41.81% Mango: 44.53%

Filler

Food-Waste Hazelnut, Pistachio, BBW, Dates: 45% Avocado: 56.88% Mango: 54.07%

Releasing agent

Linseed oil 1.68% 1.31%

2.5.1. Mixing/Kneading

Mixing was carried out using a Linden Type K Double-Z-Kneader (Linden, Marien-
heide, Germany) heated to 95 °C. Resin, catalyst and filler were added sequentially, allowing
excess moisture to evaporate before adding the filler powder. Following the research by
Neuhaus [33] and Wiersma [79], a filler-to-resin volume fraction of approximately 45-55%
was selected as optimal for mechanical strength for most fillers except for avocado and
mango where the ratio was reversed (55-45%). Two samples were produced per filler type,
with a standard plate thickness of 4.2 mm.

2.5.2. Pressing

Pressing was performed using a Bucher KHB hydraulic press (Bucher Hydraulics,
Klettgau, Germany) at 6 MPa and 150 °C for 15 min. The resulting flat sheets (4.2 mm
thickness) were cooled at ambient temperature (21 £ 2 °C) and humidity (55 & 5%).

2.6. Testing Protocols

Flat sheets were milled into test specimens measuring 80 mm by 15 mm, 80 mm by
10 mm, and 50 mm by 50 mm for the three-point bending, the Charpy impact testing, the
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water absorption, and the freeze-thaw cycling testing, respectively (Table 2). This study
also examined processing behavior and visual appearance of fillers and composites under
a digital microscope (Keyence VHX-7000, Mechelen, Belgium). UV degradation, resistance
to atmospheric pollutants, and fatigue performance were not considered in this study.

Table 2. Testing types, with number and size of specimens and the required standard.

Test No of Specimens Specimen Size Standard
Three-point bending 6 80 x 15 ISO 14125:1998 [80]
Charpy Impact 10 80 x 10 ISO 179 1:2023 [81]

Submersion for 28 days with weight

Water absorption 3 50 x 50 measurements every 24 h
Freeze/Thaw cycling 3 50 x 50 10 cycles of freezing and thawing
3. Results

250pm

This section presents the main results of all tests indicated in Table 2 as well as several
observations made during the filler processing, sieving, and mixing stages.

3.1. Optical Microscopy

All filler materials and specimens were analyzed using a Japanese-made Keyence VHX-
7000 digital microscope (Keyence, Mechelen, Belgium) equipped with a 50 x—400x lens.

3.1.1. Powdered Fillers (<0.125 um)

The fillers exhibited different characteristics and agglomeration behaviors. Particles
of beer brewing waste powder showed lumpiness and clustering (Figure 1). The particles
in this case also varied in size, and there were not enough small particles to fill the voids
created by the larger particle clusters. Date seed filler displayed local impurities with
darker, clove-shaped particles that, although limited in mass, contributed to the filler inho-
mogeneity. Pistachio shell powder also showed some lumpiness but had better consistency,
with small black particles evenly distributed throughout.

Figure 1. Images of all food-waste resources tested (row above) and enlarged images after milling
(row below). Left to right: (1) Hazelnut (250 um), (2) Pistachio (100 pm), (3) Beer Brewing Waste
(100 pm), (4) Avocado (250 um), (5) Mango (250 um), and (6) Dates (100 pum).

3.1.2. Sample Specimens

The seven samples varied in surface quality and color. Hazelnut specimens showed
no surface defects, while mango specimens appeared significantly shinier. Under the
microscope (Figure 2), mango kernel, brewer’s spent grain, and date seed specimens
showed relatively smooth, flat surfaces, with protrusions measured at 17.40 um, 29.0 pm,

https://doi.org/10.3390/ cleantechnol8010011


https://doi.org/10.3390/cleantechnol8010011

Clean Technol. 2026, 8, 11 9of 19

and 37.46 um respectively. Mango kernel samples further displayed a homogeneous, coral-
like network structure. Pistachio shell specimens showed surface craters with maximum
protrusions of 52.95 pm, comparable to hazelnut specimens (54.50 pm).
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Figure 2. Images of all sample plates (row above) enlarged plate images (row middle) and enlarged
images of specimens after freezing and thawing (row below). From left to right: (1) Hazelnut
(100 um), (2) Pistachio (100 pm), (3) Beer Brewing Waste (100 pm), (4) Avocado (100 um), (5) Mango
(100 um), and (6) Dates (100 um).

3.1.3. Sample Specimens After Freezing/Thawing

Hazelnut shells and date seeds specimens showed no significant changes after freeze-
thaw cycling and retained homogeneous shapes (Figure 2). In the case of hazelnut samples,
the resin appeared thinner than the filler. In contrast, beer brewing waste specimens
developed a blister-like substructure. This effect was more pronounced in avocado and
pistachio samples, which showed morphological deformation and chemical changes in
material structure. The mango specimen exhibited a large crack, with holes around the
crack area approximately 50 um in diameter, likely associated with the damage.

3.2. Three-Point Bending & Charpy Testing

The results of the three-point bending and Charpy impact tests for all six bio-composite
variants are presented in Table 3 and further illustrated in Figures 3 and 4, respectively.
Mean flexural strength values ranged from 12.8 MPa for date seed composites to 62.6 MPa
for hazelnut shell composites. The mean flexural modulus varied from 1.62 GPa for
avocado pit composites to 5.62 GPa for hazelnut shell composites. Finally, mean impact
strength ranged from 1.17 k] /m? for avocado pit composites to 3.42 k] /m? for hazelnut
shell composites. The relative ranking of the materials was consistent across both bending
and impact performance.

Table 3. Overall performance of specimens for three-point bending and Charpy testing.

No Filler Material g:re::gr:li lflllsz(ltﬁlls Charpy Impact Resistance
Mean [MPa] Std Dev [MPa] Mean [GPa] Std Dev [GPa] Mean [k]/m?] Std Dev [kJ/m?]
1 Hazelnut shells 62.6 11.91 5.62 0.72 3.42 0.27
2 Pistachio shells 53.9 9.02 5.24 0.15 1.39 0.24
3 Beer brewing waste 17.7 4.40 2.20 0.11 1.34 0.24
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Table 3. Cont.

. . Flexural Flexural .
No Filler Material Strength Modulus Charpy Impact Resistance
Mean [MPa] Std Dev [MPa] Mean [GPa] Std Dev [GPa] Mean [kJ/m?]  Std Dev [k]J/m?]
4 Avocado pits 14.2 2.55 1.62 0.10 1.17 0.19
5 Mango kernels 35.7 513 3.84 0.24 1.4 0.32
6 Date seeds 12.8 1.05 1.79 0.16 1.28 0.30
62.6: 5.6 mmm Flexural strength (MPa)
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Figure 3. Flexural strength (in MPa) and flexural modulus (in GPa) of the six bio-composite variants.
Error Bars indicate the standard deviation.
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Figure 4. Impact strength of bio-composites variants of the six filler types (in kJ/m?). Error Bars
indicate the standard deviation.

3.3. Water Absorption

The bio-composites exhibited significant variation in water uptake (Table 4). Avocado
specimens absorbed substantially more water than any other filler type within the first 24 h
and peaked after approximately 10 days (Figure 5). After this peak, the specimens exhibited
weight loss. This trend was also observed for beer brewing waste and date seed specimens.

In contrast, pistachio, hazelnut, and mango specimens continued absorbing water
throughout the 28-day test period, though at different rates, without losing weight. Mango
specimens exhibited modest absorption within the first 24 h, followed by a steep increase
over the next 27 days, reaching 17.45%.
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Table 4. Water absorption after 24 h and 28 days.

Filler 24 h [wt%] 28 Days [wt%]
Hazelnut 3.13% 4.18%
Pistachio 2.31% 5.80%

Beer Brewing Waste 3.63% 10.55%
Avocado 12.26% 30.07%
Mango 2.75% 17.45%

Dates 2.90% 3.57%

= Mango pit
~— Pistachio shell
—— Hazelnut shell
—— Date seed
= Avocado pit
—— Beer waste

19

18

-
=]

Weight (g)

-
o

15

14

RO %&\ ) ’Lb ,56 o o’b bb ,\b %6 qé 06 > ,»6 ,56 D‘b ")b bb ,\b %b qb 06 6@6 bq{b‘b ‘)6 @br{\bfﬁbf\?b 06 \’6 ,»b ,’b
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Figure 5. Water uptake of all bio-composites over the 28-day period (authors” data).

3.4. Filler Processibility
3.4.1. Milling

Several observations were made during milling: date seeds tended to clump due
to heat. Allowing full machine cooldown between intervals prevented clumping. If
clumps formed, they were manually broken after cooling; hazelnut shells required repeated
intervals of up to 10 s (minimum five cycles) to reach the desired particle size, unlike
other materials; mango and avocado pits milled smoothly but still produced large particles
even at longer intervals, necessitating more frequent sieving. To reduce delays, larger
quantities of raw material were prepared so milling could proceed continuously while
sieving occurred in parallel; lastly, most samples generated noticeable airborne particles,
whereas avocado pit and date seed powders produced relatively stronger odors.

3.4.2. Sieving

Hazelnut shells and date seeds sieved easily to the desired particle size. For date seeds,
heat-clumped material needed manual crushing before sieving.

Beer brewing waste, avocado, and mango powders interacted statically with the
sieve mesh. Automated sieving did not perform well for these samples; the fine particles
formed a solid layer on the sieve surface, with larger particles trapped above. As a result,
automated sieving was ineffective; larger particles had to be manually separated, while
remaining material was brushed through the sieve using a round, soft-bristle brush. This
behavior may be related to residual moisture and might be mitigated through enhanced
material dehydration.
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3.5. Filler Content

The original 45-55% filler-resin ratio was maintained for hazelnut, pistachio, date,
and beer brewing waste samples. In avocado and mango composites, the viscosity of the
resin—filler mixture was too low, requiring an increase in filler content. For the mango
samples, 420 g of resin and catalyst were used (44.53%); another 13.2 g of the releasing
agent (1.40%); and 510 g of filler (54.07%). For the avocado samples, 367.5 g of resin were
used (41.81%) with 11.55 g of releasing agent (1.31%), and 500 g of filler (56.88%).

3.6. Density

The measured bulk densities of the bio-composite specimens ranged from approxi-
mately 1256 kg/m3 (beer brewing waste) to 1391 kg/m? (hazelnut shells), with relatively
low standard deviations, indicating good repeatability across specimens (Table 5).

Table 5. Average bulk density of bio-composite specimens by filler type.

Filler Resource Mean Density (kg/m?) Standard Deviation (kg/m3) No of Specimens
Hazelnut shells 1391 54 5
Pistachio shells 1379 45 6
Beer brewing waste 1256 18 6
Avocado pits 1368 23 6
Mango pits 1361 18 6
Date seeds 1330 17 6

4. Discussion
4.1. Food-Waste Information Retrieval and Data Uncertainty

Following the FoWaBa-Bio project’s planned activities, a workshop with waste man-
agement company representatives was organized early in the project to identify poten-
tial food-waste streams. However, only four representatives attended, and the meeting
produced limited insights, as participants were reluctant to share relevant information.
Retrieving reliable information about food-waste streams therefore proved more difficult
than expected. Companies involved in waste management or material supply do not
readily disclose such data.

As a result, most potential filler materials were identified through a combination of
scientific literature and validated statistical data, primarily sourced from databases such
as Centraal Bureau voor de Statistiek (CBS). The limited quantities required for experi-
mentation were subsequently collected directly from food-processing or waste-processing
facilities or procured independently in small batches. This approach enabled exploratory
material testing but did not allow for systematic control over variability in source quality
or supply consistency.

The scarcity of available data inevitably introduces a degree of uncertainty into re-
search of this kind. While some of the selected resources are well documented in sci-
entific studies, others have not been thoroughly examined in the context of polymeric
bio-composites. Consequently, the selection of food-waste resources for processing and
testing remains partly speculative and must be interpreted as an initial screening rather
than a comprehensive assessment.

Further complicating material selection, many of the filler resources investigated in
this study are already utilized in other applications, including biofuels, food or cosmetic
oil extraction, and animal feed. Determining the most effective use of biomass is therefore
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not straightforward, as priorities differ depending on perspective, methodology, and local
context [82].

4.2. Interpretation of Material Performance Results

The experimental results demonstrate that food-waste-derived bulk fillers exhibit
markedly different processing behavior and composite performance, despite being pro-
cessed under identical conditions. Mechanical testing revealed a clear hierarchy among
the investigated fillers, with hazelnut and pistachio shells consistently outperforming the
other food-waste streams in terms of flexural strength, stiffness, and impact resistance.
In contrast, date seeds, beer brewing waste, avocado pits, and mango kernels showed
substantially lower mechanical performance and, in some cases, pronounced sensitivity to
moisture and freeze-thaw cycling.

These differences can be directly linked to filler homogeneity, lignocellulosic struc-
ture, and moisture affinity. Fillers with relatively uniform particle morphology and lower
hygroscopicity formed denser, more coherent composites, as confirmed by optical mi-
croscopy. Hazelnut and pistachio shell composites exhibited limited void formation, good
filler-matrix bonding, and stable microstructures after durability testing, which explains
their superior mechanical behavior. Conversely, fillers characterized by heterogeneous
particle size distributions, residual impurities, or higher moisture uptake showed localized
defects, blistering, or cracking, which translated into reduced strength and durability. To-
gether, these findings indicate that food-waste fillers cannot be treated as interchangeable
resources, but must be selected based on their combined microstructural, hygroscopic, and
processing characteristics.

Fillers associated with higher mechanical performance, hazelnut and pistachio shell
exhibited densities in the upper range of the tested materials. Although bulk density
varied across filler types, the results demonstrate that mechanical performance and mois-
ture resistance are governed primarily by microstructural homogeneity and filler—matrix
compatibility rather than density alone.

4.3. Processing Behavior and Implications for Composite Design

Beyond mechanical performance, the results highlight the strong influence of process-
ing requirements on material suitability. Several fillers required extensive pre-treatment,
including prolonged drying, repeated milling, or manual sieving, which affected both mate-
rial consistency and process efficiency. The need to adjust filler-resin ratios for avocado and
mango fillers further indicates limited compatibility with the chosen resin system. These
findings suggest that technical performance alone is insufficient as a selection criterion;
processability and stability during fabrication are equally decisive for fagade applications.

The observed correlation between processing ease, microstructural homogeneity, and
composite performance underscores the importance of integrating material science con-
siderations early in the selection of food-waste resources. From a facade engineering
perspective, fillers that enable stable, repeatable processing are more likely to support
scalable production and consistent product quality.

4.4. Scalability and Systemic Considerations

With estimated prices of approximately €0.10-0.30 per kilogram, food-waste fillers are
relatively inexpensive compared to fiber reinforcement; however, transportation, drying,
and pre-processing costs may significantly increase overall material cost, particularly when
these steps are not yet automated. Table 6 provides a preliminary, qualitative comparison
of the two most promising filler resources in terms of estimated availability, cost, and
processability within the Dutch context. The processability score represents a qualitative
assessment based on drying requirements, grindability, particle-size control, and material
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heterogeneity, where high processability indicates minimal preprocessing requirements.
Under conservative assumptions (45 vol% filler content), the estimated annual availability
of hazelnut shells alone could theoretically support more than 8 million m? of fagade
cladding tiles. This rough estimate is based on 400 mm X 400 mm X 4.2 mm tiles, a
composite density of 1250 kg/m?, and an average yield of approximately 0.423 m? per kg
of filler, without accounting for processing losses. While indicative rather than exhaustive,
this comparison highlights the relative scalability potential of hazelnut and pistachio shells,
as well as the constraints that must be addressed to enable industrial upscaling.

Table 6. Anticipated availability, cost and processability score for hazelnut and pistachio shells.

Filler Resource

Estimated Cost (€/kg)  Estimated Availability (kt/year, NL) Processability Score

Hazelnut shells

0.10-0.30 20-30 High

Pistachio shells

0.15-0.30 5-10 High

Assessing the potential value of food-waste-based bio-composites requires consid-
eration of both intrinsic and extrinsic factors. Intrinsically, properties such as particle
granulometry, mechanical performance, and compatibility with the matrix resin are critical
determinants of composite quality [63]. Extrinsically, factors such as availability, logistics,
and processing effort strongly influence scalability. While this study demonstrates the tech-
nical feasibility of using food-waste-derived bulk fillers in bio-composite facade cladding, it
also illustrates that successful implementation depends on coordinated technical, logistical,
and organizational strategies. Integrating food waste into construction products such as
fagade cladding tiles therefore requires a broader, systemic approach that extends beyond
material development alone.

Such an approach would likely involve not only large industrial actors but also smaller
stakeholders, including restaurants and households, whose waste handling practices di-
rectly affect material quality. Manufacturers, in turn, would need to develop supply
networks and scalable processing workflows capable of delivering consistent material
properties. Processing stages need to also be revisited and automated where possible to
avoid delays and to guarantee a constant and consistent resource flow.

5. Conclusions

This study confirms that food-waste-derived bulk fillers can be successfully incor-
porated into polymeric bio-composites for fagade cladding applications, provided that
material selection is informed by both performance outcomes and processing behavior. By
testing multiple food-waste streams under identical manufacturing conditions, the research
demonstrates that food-waste fillers are not interchangeable and that their suitability for
facade applications varies substantially.

First, the results show pronounced differences in mechanical performance among the
investigated fillers. Hazelnut shell composites achieved the highest overall performance,
with mean flexural strength of 62.6 MPa, flexural modulus of 5.62 GPa, and Charpy impact
resistance of 3.42 kJ/m?, followed by pistachio shells (53.9 MPa, 5.24 GPa, and 1.39 kJ/ m?,
respectively). In contrast, composites containing date seeds, beer brewing waste, avocado
pits, and mango kernels exhibited substantially lower flexural strengths (12.8-35.7 MPa)
and impact resistance, indicating up to a five-fold difference in mechanical performance
depending solely on filler type.

Second, durability-related testing revealed significant variation in moisture sensitiv-
ity and resistance to freeze-thaw cycling. Water absorption after 28 days ranged from
3.57-4.18 wt% for date and hazelnut composites to 30.07 wt% for avocado-based com-
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posites, with mango-based composites reaching 17.45 wt%. Freeze-thaw cycling further
differentiated material behavior: hazelnut and date seed composites maintained structural
integrity, while avocado, pistachio, and beer brewing waste specimens exhibited morpho-
logical degradation such as blistering, cracking, or shape distortion. These results indicate
that hygroscopicity and microstructural stability are critical performance parameters for
fagade suitability.

Third, optical microscopy and processing observations demonstrate a strong correla-
tion between filler homogeneity, processability, and composite performance. Fillers with
relatively uniform particle morphology and lower moisture affinity produced denser com-
posites with fewer voids and more stable filler—matrix bonding. Conversely, heterogeneous
particle size distributions, residual impurities, and moisture-related processing issues led
to localized defects that directly translated into reduced mechanical strength and durability.
These findings confirm that microstructural characteristics and filler-matrix compatibility
govern composite behavior more strongly than density alone.

Fourth, the study highlights that processing requirements are decisive for material
selection alongside mechanical performance. Several fillers required extensive drying, re-
peated milling, or manual sieving, and avocado and mango fillers necessitated adjustments
to the filler-resin ratio due to low mix viscosity. These constraints limit process stability and
scalability, indicating that technical performance alone is insufficient for facade applications
where repeatability and manufacturing robustness are essential.

Finally, from a scalability perspective, the analysis suggests that hazelnut and pista-
chio shells offer the most promising balance between availability, cost, and processability
within the Dutch context. Under conservative assumptions, the estimated annual avail-
ability of hazelnut shells alone could theoretically support the production of more than
8 million m? of fagade cladding tiles, based on a 45 vol% filler content and standard tile
dimensions of 400 mm x 400 mm x 4.2 mm. While indicative, this estimate highlights the
potential of selected food-waste streams to contribute meaningfully to low-carbon facade
material systems, provided that supply-chain coordination and processing automation
are addressed.

Overall, this research demonstrates that food-waste-based bio-composites can meet
key performance requirements for facade cladding, but only when material science consid-
erations, processing behavior, and systemic supply constraints are evaluated in parallel.
Successful implementation therefore depends not only on material feasibility, but also on
integrated technical, logistical, and organizational strategies that enable consistent quality
and scalable production.

6. Limitations and Future Research

This study represents an exploratory assessment of food-waste-derived bulk fillers for
bio-composite facade cladding and is subject to several limitations that define its scope.

First, the selection of food-waste streams was constrained by accessibility, regulatory
conditions, and the availability of consistent quantities during the project timeframe. As a
result, the investigated fillers represent a strategic but non-exhaustive subset of potential
food-waste resources. Future research should expand the range of investigated streams
and systematically assess variability related to source heterogeneity, seasonal effects, and
pre-processing conditions.

Second, the experimental investigation focused on a single resin system (furan-based
thermoset) and a limited range of filler—resin volume fractions. While this enabled con-
trolled comparison between filler types, it limits the generalizability of the findings. Future
work should explore alternative bio-based and hybrid matrices, surface treatments, and
coupling strategies to enhance filler-matrix compatibility and moisture resistance.
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Third, performance evaluation was limited to short-term mechanical behavior, water
absorption, and freeze—thaw resistance. Key facade-relevant properties, including fire
performance, UV stability, resistance to atmospheric pollutants, fatigue under cyclic loading,
and long-term ageing, were beyond the scope of this study and must be addressed before
regulatory compliance can be assessed.

Moreover, scalability and system-level impacts were not quantitatively evaluated.
Material preparation involved energy-intensive and partially manual processes, such as
drying, milling, and sieving, which may significantly affect environmental and economic
performance on an industrial scale. Future research should therefore integrate life-cycle
assessment, energy analysis, and techno-economic evaluation, alongside investigations
into automated processing and supply-chain integration.

Finally, successful development of food-waste-based bio-composites requires knowl-
edge extending beyond structural engineering alone, drawing on material science and
chemistry to understand filler composition, particle interactions, and matrix compatibility.
A more systemic, interdisciplinary research approach may therefore enable more targeted
selection and optimization of food-waste resources in future studies.
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