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Abstract

With the rise of telecommunication systems in recent decades, the implications for human
health have prompted a search for ways to reduce the impact of electromagnetic waves
in buildings when necessary. A viable and promising solution to realize electromagnetic
shielding could be the use of drywall panels coated with a biochar paste, as proposed in
this study. Biochar (bio-charcoal), a low-cost and carbon-based material, can be obtained
by the thermochemical conversion of different biomass sources. A commercial wood-based
biochar thermally treated at 750 °C is considered in this work. Transmission coefficients
of several gypsum board elements with a biochar coating are measured in the frequency
K-band (18-27 GHz). In addition, the SE of a double panel configuration, obtained by
joining two coated boards to form a multilayer structure, is evaluated. The results show that
the biochar coating significantly enhances the SE compared to uncoated drywall. At the
highest biochar loading investigated (0.20 g/cm?), the shielding effectiveness consistently
exceeds 27 dB for single panels and 46 dB for double panels across the entire frequency
band. These findings indicate that biochar-coated drywall systems offer a practical and
sustainable solution for integrating electromagnetic shielding into building envelopes,
paving the way for innovative applications in indoor exposure control.

Keywords: shielding effectiveness; electromagnetic shielding; biochar; sustainable building
materials; drywall; gypsum board; K-band; indoor exposure control

1. Introduction

Electromagnetic radiation in the microwave and millimetre-wave range is increasingly
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building envelope, for example through functional coatings or conductive layers embedded
in walls, partitions, or ceilings.

A wide range of EMI shielding materials has been explored, including metallic compo-
nents, ferrite-based systems, rare-earth-containing absorbers, and lightweight carbon-based
materials such as biochars and carbon scaffolds [5,6]. In buildings, conventional solutions
often rely on metallic sheets mechanically attached to the envelope; despite their high
shielding effectiveness, they are penalized by weight, corrosion susceptibility, limited con-
formability to complex geometries, and reduced compatibility with standard construction
practices [7]. To overcome these drawbacks, cement-based materials have been rendered
electromagnetically functional by incorporating conductive carbonaceous phases such as
coke powder, short carbon fibres, carbon nanotubes, and graphene-based fillers [8-14]. In
parallel, epoxy composites filled with multi-walled carbon nanotubes have demonstrated
remarkable absorption in the 3-18 GHz range, further supporting the effectiveness of
carbon nanostructures as functional fillers for electromagnetic attenuation [15].

Among carbon-based candidates compatible with large-area building applications,
biochar has emerged as a promising and cost-effective option. Biochar is a carbon-rich
material obtained by pyrolysis of biomass residues under limited oxygen supply, with
established applications in agriculture, soil improvement, water-retention enhancement,
and environmental remediation [16-19].

Because biochar can be obtained from a broad range of biomasses, its intrinsic electri-
cal conductivity and dielectric properties can vary significantly depending on feedstock
and pyrolysis conditions [5,20,21]. Accordingly, several studies have systematically char-
acterized biochars over different frequency regimes, spanning low-frequency electrical
response [20,22] and extending to terahertz-range electromagnetic characterization of
biochar-based materials [23]. This evidence has supported the increasing use of biochar as
a functional filler in cementitious composites, where both mechanical performance [24-26]
and EMI shielding/attenuation properties have been investigated [27].

In particular, cementitious composites filled with commercial wood-based biochar
reported shielding effectiveness values up to about 15 dB at 10 GHz (X-band) for 18 wt%
biochar, while maintaining good filler dispersion [28]. Further work showed that biochar
type and water content, controlled by curing and ageing, can strongly affect performance,
with values above 20 dB in the X-band and decreases after prolonged ageing due to loss of
physically adsorbed water [29]. Hybrid cement-based mixtures combining biochar with
recycled polyvinyl chloride (PVC) also reached shielding effectiveness values of the order
of 16 dB in the C-band for appropriate formulations [30]. Biochar typically exhibits intrinsic
electrical conductivity in the 0.1-0.2 S/m range, enabling the functionalization of otherwise
insulating building materials [31].

Biochar-based coatings have also been applied to common building components such
as drywall panels. Measurements between 1 and 18 GHz at different incidence angles
indicated that biochar-coated systems can achieve shielding effectiveness comparable
to other carbon-based solutions while remaining inexpensive and easy to implement
in construction practice [32]. From a sustainability and scalability standpoint, biochar
provides a route to carbon-based EMI shielding using low-cost feedstocks and valorizing
biomass residues through oxygen-limited thermal conversion. Coupling biochar coatings
with widely available gypsum drywall supports large-area deployment with minimal
modifications to standard building components.

Shielding behavior is governed by the interplay of absorption, reflection, and multiple-
reflection mechanisms, which depend on both material properties and structural design [33].
For layered assemblies, alternating conductive and dielectric layers can enhance multiple-
reflection contributions. For instance, Song et al. [34] investigated ~2 mm-thick sandwich
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structures with alternating graphene-based conductive films and dielectric spacers, show-
ing that increasing the number of conductive layers can markedly improve shielding
effectiveness, partly due to stronger multiple-reflection effects.

Based on this background, the present work investigates biochar-coated drywall
panels as a lightweight and construction-friendly solution for electromagnetic shielding
in the K-band (18-27 GHz). In this frequency range, electromagnetic compatibility and
shielding are of practical interest for several application domains, including high-data-
rate satellite communications (e.g., space-to-Earth downlinks commonly allocated around
17.7-20.2 GHz), automotive radar (24 GHz bands), and 5G FR2 millimetre-wave links.
Accordingly, reliable shielding performance in the K-band can help mitigate interference in
dense electromagnetic environments and in the proximity of sensitive receivers. Biochar-
based coatings are integrated within standard multilayer gypsum-board systems [32] to
combine the architectural and fire-resistance advantages of drywall with the functional
response of a carbonaceous shielding layer. The paper is organized as follows: Section 2
describes the materials and methods; Section 3 presents the experimental results; Section 4
discusses the results and underlying shielding properties; finally, Section 5 summarizes the
main conclusions.

2. Materials and Methods
2.1. Preparation of Biochar Paste and Samples

Biochar powder from wood feedstock was purchased by Carlo Erba Reagents S.r.1.
(Milan, Italy). The powder was packaged in a closed alumina crucible filled to the top and
thermally treated in an oven at 750 °C for 4 h prior to use. Ethyl Hydroxyethyl Cellulose
(EHEC) was supplied by SE Tylose GmbH & Co. KG (Wiesbaden, Germany). Ammonia
solution 25% w/w was purchased by Sigma-Aldrich S.r.l. (Milan, Italy). The paste was
prepared manually by mixing biochar with water (ratio biochar/water = 0.16). Then EHEC
and NHj3 were added in the following proportion: 7 g of EHEC to 30 drops of ammonia
solution. The mixture was stirred until it became homogeneous and viscous. The paste was
spread on a commercial gypsum-drywall panel and allowed to dry at room temperature.
Several layers of biochar were applied in order to obtain the densities required for the
experimental tests, as shown in Table 1, with a biochar thickness varying between 1.5 and
3 mm.

The drywall panels used are normally available on the market. These are standard
panels measuring 1200 x 2000 x 10 mm. To facilitate laboratory operations and SE mea-
surements in the anechoic chamber, the panels were cut into tiles measuring 300 x 300 mm
(see Figure 1).

SE measurements were carried out for two configurations: (i) a single drywall panel
coated with a biochar paste (D-B) and (ii) a double-panel configuration obtained by stacking
two coated panels, resulting in a drywall-biochar-drywall-biochar sandwich (D-B-D-B)
(see Figure 1). Multiple biochar layers were applied to each sample to achieve the target
surface densities required for the experimental tests (Table 1). Three samples were prepared
for each biochar concentration.

Table 1. List of samples and amount of biochar applied.

Sample Biochar (g/cm?) Biochar (Total g per Tile)
reference - -
6a, 6b, 6¢ 0.06 54
9a, 9b, 9¢c 0.09 81
20a, 20b, 20c 0.20 180
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Drywall panel 1st drywall panel

1st biochar coating
2nd drywall panel
2nd biochar coating

Biochar coating

Figure 1. Diagram showing a single panel D-B (left) and a double panel D-B-D-B (right).

2.2. X-Rays Diffraction (XRD)

X-ray diffraction (XRD) analysis was carried out on a powder diffractometer (Bruker
D8 Advance, Bruker Italia S.r.1., Milan, Italy). Diffraction measurements were carried out
using a diffractometer equipped with a Cu X-ray tube operating at 40 kV and 40 mA and
a Lynxeye XE-T® solid-state detector (Bruker Italia S.r.l., Milan, Italy). The 26 scanning
range was 5-70° with a step size of 0.01° and a total time/step of 19 s. For the identification
of the phases, the patterns were analyzed using DIFFRACPLUS EVA® version 5.1.0.5
software and the ICDD-PDF (International Centre for Diffraction Data—Powder Diffraction
Files) database (version 2024). The crystallinity index for the biochar was determined by
calculating the ratio of the areas corresponding to the crystal and amorphous regions of the
X-ray diffractogram.

2.3. Complex Permittivity Measurement Setup

The complex permittivity of the biochar powder and EHEC was measured using a
commercial open-ended coaxial sensor specifically suited for liquid and powder (Agilent
85070D, Keysight Technologies, Santa Rosa, CA, USA) and a Network Analyzer (Keysight
Technologies, Santa Rosa, CA, USA) [15,35]. The measurement setup is shown in Figure 2.
A standard calibration short/air/water was performed before the measurements.

Figure 2. Experimental setup for the measurements of biochar and EHEC powder.

2.4. Multilayered Panel Analysis

The shielding properties of a multilayered structure (see Figure 3) were analyzed using
a standard transmission line approach, and by modeling each transmission line of length
d1 (d2) with a 2-port transmission matrix, the reflection and transmission coefficient of the
entire structure can be obtained [36].
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Figure 3. An example of a two-layer structure.

2.5. Transmission Measurement Setup

Transmission measurements were performed in an anechoic chamber (dimensions of
2 x 4 x 2 m). The anechoic chamber has walls, ceiling, and floor covered with pyramidal
microwave absorbers designed from 1200 MHz to 90 GHz.

The samples were mounted on a holder made of polymethacrylimide (PMI) foam. The
holder was placed between the transmitting and receiving antennas (see Figure 4). Both
antennas were horn antennas (18-27 GHz) mounted on a 3-axis positioner and connected
to a vector network analyzer (Keysight N5227A) with a time-domain option. Unwanted
reflections were removed by transforming frequency domain data into the time domain,
applying a gate of 1 ns and then converting back.

Figure 4. Standard drywall panel (bottom left); drywall panel with biochar coating (top left); SE
measurement setup (right).
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3. Results
3.1. X-Ray Diffraction (XRD)

XRD analysis was performed to identify the phase composition of the biochar and
to evaluate its crystallinity. XRD is a bulk technique, it can identify crystalline phases at
1% mass fraction. XRD analysis revealed the presence of calcite (CaCO3), quartz SiO,,
and traces of lime CaO. The latter is the product of the decomposition of a small amount
of calcite during the thermal treatment at 750 °C for four hours. As shown in Figure 5,
the powder is rather amorphous, with 65 wt% of amorphous fraction (mainly graphitic
carbon). At the top of Figure 5 is shown the diffractogram of the biochar-containing layer:
in addition to the peaks of biochar, a broad shoulder is present due to the bump around
20.5° of EHEC.

2400
] = PDF 01-080-9775 CaCO,
2200 ~ ¢ PDF 04-005-6351 CaO
j A PDF 00-074-15632 Hydroxyethil cellulose
2000 - | v PDF 01-089-1961 SiO,
1800 -
1600 -
= 1400 —— Biochar Layer
(“ .
- f —— Biochar powder
2 1200 - —— EHEC layer
(7] ]
c
© 1000 |
£
800
400 ~ A lv
200 - ittt S spmenctbbianiy bl
0 , | 1 t = | 11
20 30 40 50

2theta (degree)

Figure 5. XRD pattern of EHEC, biochar powder, and biochar-containing layer. The main crys-
talline phases are as follows: in the biochar powder, calcite CaCO3 (PDF 01-080-9775), quartz SiO,
(PDF 01-089-1961), and lime CaO (PDF 04-005-6351); in the EHEC powder, hydroxyethyl cellulose
(PDF 00-074-15632).

3.2. Complex Permittivity Measurements

The components of the coating are biochar powder, water, EHEC powder, and some
drops of NHj3. Since water evaporates during the process, measurements of the complex
permittivity were performed on the powder of biochar and EHEC. The complex permittivity
measured on the individual components can provide guidance in determining the values of
SE due to the presence of the coating. The values measured at 18 GHz are shown in Table 2.

The EHEC powder exhibits a relative permittivity of about 1.5 and a low loss tangent
(tan 0 ~ 0.04), values that are comparable to those typically reported for gypsum-based
materials. As a consequence, EHEC is expected to have a limited impact on the SE of the
coating and mainly acts as a rtheology modifier and binder for the biochar particles.

However, the biochar powder shows a significantly higher real part of the permittivity
(around 10) and a relatively large loss tangent (tan J ~ 0.5). These characteristics indicate
that the biochar phase is expected to play a dominant role in determining the shielding
effectiveness of the coated panels.

https://doi.org/10.3390/electronics15051073


https://doi.org/10.3390/electronics15051073

Electronics 2026, 15, 1073

70f13

These measured values of the complex permittivity were used as an initial guess to fit
the measurements with the transmission lines model.

Table 2. Measured complex permittivity of biochar and EHEC powder at 18 GHz.

Powder Real Part tan §
biochar 10 0.5
EHEC 15 0.04

3.3. Analytical Model Results

The bare drywall panel and the biochar-coated drywall were analyzed using the
analytical model described in Section 2.4. For the uncoated panel, the best agreement with
the experimental data was obtained by assuming an effective thickness of 9.1 mm. For the
coated specimens, the biochar-layer thickness was treated as a fitting parameter: the best fit
was achieved with a 2.0 mm layer for the 0.09 g/cm? coating and with a 3.8 mm layer for
the 0.2 g/cm? coating. The corresponding model-measurement comparison is reported
in Figure 6.

40

35
301
25T

o

_DZD'
L

151

10

drywall
'—h——__.___-__'_ . j _‘_l__HT

16 18 20 22 24 26 28
Frequency (GHz)

o

Figure 6. Comparison between model (dashed line) and measurements (solid line) for the drywall
panel and the drywall panel with 0.09 g/cm? and 0.20 g/cm? of biochar.

3.4. SE Measurements

In this section, the SE measured on single panels and double panels with biochar
coating with different density are shown and compared with the reference sample.

As a general guideline, shielding materials with a shielding effectiveness (SE) below
10 dB are regarded as materials with poor protection. Values between 10 and 30 dB indicate
limited shielding performance, while SE values exceeding 30 dB are typically considered
adequate for most commercial and industrial uses [37].

For single panels, if we consider a biochar density of 0.06 g/cm?, the shielding effec-
tiveness is at least 10 dB (Figure 7 left). The consistency between the three samples of a
set is high, with a maximum deviation of less than 1 dB between the different panels. In
the case of a biochar density of 0.09 g/cm?, the shielding effectiveness is at least 14 dB.
Regarding the dispersion, reproducibility is excellent: the curves corresponding to the three
samples are almost superimposed. In the case of drywall panels with a biochar density of
0.20 g/cm?, SE values exceed 23 dB. There is a greater dispersion in this case, probably due
to fabrication defects that affect the uniformity of the coating at higher densities.

https://doi.org/10.3390/ electronics15051073
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In the case of double panels, the SE of the reference sample (two panels of drywall
without biochar with total thickness 20 mm) is almost 0 dB throughout the whole frequency
range. If we consider double panels with a biochar density of 0.06 g/cm?, the SE value is
at least 17 dB. In the case of double panels with a biochar density of 0.09 g/cm? the SE is
at least 23 dB, reaching peaks up to 35 dB depending on the frequency. In this case, we
note a greater dispersion of the measured values of the three samples. This is probably
due to some defects in the deposition process or non-uniform coupling between the panels.
Finally, in the case of double panels with a biochar density of 0.20 g/cm?, the SE is at least
46 dB. These samples show the highest performance, reaching an average SE value around
50 dB.

This behavior is consistent with the complex permittivity measurements, which
showed that the EHEC powder has dielectric properties similar to those of the gypsum
board, whereas the biochar exhibits a much higher real permittivity (around 10) and loss
tangent (tan 6 ~ 0.5) and therefore is expected to play a dominant role in the shield-
ing effectiveness of the coated panels and to increase the SE with increase of the density
(see Table 3).

60 " ‘ " " 60

D..’Zg;‘cm2 e

10 ¢
drywall
b —————— e
18 20 22 24 26
Frequency (GHz) Frequency (GHz)

Figure 7. SE measurements with biochar 0.06, 0.09, and 0.20 g/cm? for single panel (left) and double
panel (right) configuration. On the bottom is reported the SE of the reference sample without biochar
marked as drywall.

Table 3. Minimum value of SE for the various configurations.

Sample Biochar Biochar Biochar Biochar
P 0 g/cm? 0.06 g/cm? 0.09 g/cm? 0.20 g/cm?
ref. (single or double) 0.5dB - - -
single panel - 10 dB 14 dB 23dB
double panel - 17 dB 23 dB 46 dB

4. Discussion

Based on the data collected so far, we correlated the biochar density with the SE for
the extremes of the range and for the central frequency (18, 22, and 27 GHz). Results are
shown in Figure 8 left in the case of single panel and in Figure 8 right for double panels.

The comparative analysis of the single panel and double panel charts reveals that both
configurations follow a power law y = Ax® (see Table 4). In the case of the single panel,
the multiplier (A) increases strictly with frequency (74.60 at 18 GHz to 106.93 at 27 GHz). In
the double panel, these coefficients effectively double, peaking at 195.39. In both the single
and double panel configurations, SE increases with increasing biochar density and shows a
slight upward trend with frequency.
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Figure 8. SE measurements of single (left) and double (right) panels with biochar at 0.06 g/ cm?,
0.09 g/cm?,0.20 g/cm? and fixed frequency of 18 GHz, 22 GHz and 27 GHz.

Table 4. Trend line equations and correlation coefficients (R?) for Single and Double panel configura-
tions at different frequencies.

Frequency (GHz) Trend Line Equation R? Value

Single Panel Configuration

18 f(x) = 74.60 x0¢7 0.99

22 f(x) = 87.09x074 1.00

27 f(x) = 106.93 x975 1.00
Double Panel Configuration

18 f(x) = 195.39 084 1.00

22 f(x) = 122.56 x9-60 0.98

27 f(x) = 176.35x%72 1.00

To evaluate the improvement provided by the double-layer configuration across the
entire frequency band (18-27 GHz), we introduced the Gain Coefficient (Ky), defined as

SEdouble
Ky = 2-doutle )
g SEsingle

Instead of relying on single frequency points, which may be subject to local resonances,
we analyzed the statistical behavior of K, over the entire considered bandwidth. Table 5
summarizes the performance in terms of average gain (K qv¢) and the minimum guaranteed
threshold (K yin)-

Table 5. Summary of the Gain Coefficient (K,) analysis: average values and minimum guaranteed
thresholds over the 18-27 GHz band.

Biochar Density Average Gain Minimum Threshold
(g/sz) (Kg,uvg) (Kg,min)
0.06 1.95 >1.60
0.09 1.90 >1.70
0.20 1.70 >1.55

The experimental data reveal that the Average Gain Coefficient remains high across
all densities, ranging from 1.70 to 1.95. For lower densities (0.06 and 0.09 g/cm?), the value
is remarkably close to the theoretical factor of 2 (linear doubling in dB). As the density
increases to 0.20 g/cm?, the observed value settles slightly lower (K, ~ 1.7). This deviation
is physically attributed to the multiple reflections occurring at the interface between the
two panels and potential saturation effects at high attenuation levels, which introduce
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interference mechanisms that slightly reduce the cumulative efficiency compared to a
perfectly additive absorption model.

From an engineering perspective, the “worst-case” performance is often more critical
than the average. By analyzing the frequency-by-frequency ratio between the double and
single configurations, we established a minimum efficiency threshold (K, ;) for each density:

e The 0.06 g/cm? samples ensure a gain factor consistently above 1.60 across the band.

e The 0.09 g/cm? samples demonstrate robust stability, maintaining a gain threshold of
at least 1.70.

e The 0.20 g/cm? samples, despite the higher absolute shielding values, guarantee a
gain factor greater than 1.55.

This confirms that the double-layer configuration reliably boosts the shielding perfor-
mance by a factor of at least 1.55 to 1.70 (depending on density) compared to the single
layer, regardless of the operating frequency. Finally, the double-panel configuration with
a biochar density of 0.20 g/cm? exhibits a remarkably uniform behavior, maintaining an
shielding effectiveness of at least 46 dB. This characteristic is particularly advantageous
compared to conventional shielding materials, which often rely on resonance mechanisms
and thus deliver peak performance only within narrow frequency intervals. In contrast, the
proposed biochar-based composite demonstrates robust broadband attenuation, ensuring
reliable protection in the K-band.

A comparison with representative shielding solutions used in building applications
and with selected microwave/mmWave EMI-shielding approaches is reported in Table 6 to
contextualize the measured K-band SE of the proposed panels.

Table 6. Comprehensive summary of shielding and absorbing materials, including recent updates on
biochar-based and cement-based composites.

Filler/Material Thickness SE Frequency Range  Ref.
Highly Filled Biochar 3 mm >40 dB 300 MHz-1.5GHz  [38]

(80 wt%)/UHMWPE/LLDPE

Biochar-Gypsum Composites 15 mm 5dB to 800 MHz-6 GHz [39]
(Sustainable drywall) 15dB

Common Building Materials 300 mm <11.8dB 1-9GHz [40]
(Brick, Concrete)

Composites, 15% w/w 2 mm <28 dB 8.2-12.4 GHz [11]
multi-walled carbon

nanotube/cement

Single panel (0.2 g/ cm?) 9.5 mm + 3 mm >23 dB 18-27 GHz this work
Double panel (0.2 g/ cm?) 2Xx(95+3)mm >46dB 18-27 GHz this work

Note: SE = Shielding Effectiveness; UHMWPE = Ultra-High Molecular Weight Polyethylene; LLDPE = Linear
Low Density Polyethylene.

5. Conclusions

This study evaluated the electromagnetic shielding effectiveness (SE) of drywall panel
coating with biochar in the 18-27 GHz range, with particular attention to configurations
compatible with standard building practice. By varying the surface density of the biochar
coating and combining single- and double-panel assemblies, it was possible to quantify how
both material design and architectural assembly contribute to electromagnetic interference
mitigation in the K-band.

The main quantitative outcomes can be summarized as follows:

https://doi.org/10.3390/ electronics15051073
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e  SE follows a power law defined by SE = A - x¥, where x is the biochar surface density.
Single-panel configurations exhibited a near-perfect fit (R?> ~ 0.99), ensuring high
predictability of performance as a function of coating density.

¢  For single panels, the coefficient A increases steadily with frequency, rising from
74.60 at 18 GHz to 106.93 at 27 GHz. This indicates that biochar coatings become
progressively more effective at higher frequencies within the K-band.

*  In the double-panel configuration, the shielding effectiveness significantly improves,
showing an average gain coefficient (K¢ 4,¢) ranging from 1.70 to 1.95 depending on
the density. While a theoretical doubling of the absorber thickness would imply a
factor of 2, the observed values are slightly lower due to multiple internal reflections at
the panel interface. Nevertheless, the analysis confirms a guaranteed minimum gain
threshold (K i) between 1.55 and 1.70 across the entire band, ensuring consistent
performance enhancement regardless of frequency fluctuations.

e Across the 18-27 GHz band, panels with a biochar density of 0.20 g/cm? demonstrate
superior performance, yielding a SE of at least 23 dB for single panels and being
greater than 46 dB for double panels. This high attenuation is remarkably uniform
across the investigated spectrum, providing reliable broadband protection rather than
the narrow-band peaks typical of resonant shielding materials.

From a broader perspective, these results demonstrate that relatively thin biochar
coatings, applied onto standard gypsum boards, can provide a meaningful level of elec-
tromagnetic shielding without altering the overall geometry or installation procedures of
drywall systems. The consistent gain in dB when passing from single to double panels
suggests that shielding performance can be tailored by combining architectural solutions
with appropriate biochar dosage. In this way, designers are offered an additional degree of
freedom in controlling indoor exposure to high-frequency fields.

In addition, the use of biochar aligns with current sustainability targets in the construc-
tion sector. Biochar can be produced from biomass residues and waste streams, and gypsum
boards themselves already incorporate recycled components, making the proposed system
intrinsically compatible with circular-economy approaches. The combination of electro-
magnetic functionality and resource-efficient materials therefore opens the way to building
products that simultaneously address both technological and environmental requirements.

The integration of biochar into drywall systems thus emerges as a sustainable and
high-performance solution for EMI shielding in modern telecommunication environments,
offering a practical route to functional building envelopes that can be tuned to specific
shielding requirements without departing from conventional construction practice.
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