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ARTICLE INFO ABSTRACT

Keywords: Climate change and severe urban heat stress in South Asian megacities are driving an amplified reliance on
Mycelium-based composite energy-intensive air conditioning, necessitating urgent low-carbon cooling solutions. This study addresses this
Jaali

challenge by reinterpreting the traditional jaali, a perforated passive-cooling screen, using mycelium-based
composites (MBCs) to create a novel, climate-responsive, low-carbon facade system: bio-jaali. We assessed the
performance of the bio-jaali through a holistic approach, combining historical climate data analysis (New Delhi,
1991-2019), dynamic building energy simulations, and laboratory bio-fabrication and hygrothermal testing.
This integrated methodology is a key achievement, bridging materials science with dynamic simulation to
improve building-scale performance. The climate analysis revealed a 60% increase in ‘danger-level’ heat-stress
hours over the 28 years. Dynamic simulation results showed that replacing the conventional sandstone jaali
with the bio-jaali yielded substantial thermal benefits: a 3.5°C (10%) reduction in the annual average indoor
operative temperature and a drop in peak summer indoor temperatures by up to 14.8°C. Consequently, the
annual cooling energy demand was lowered by 50.4%. Furthermore, laboratory cyclic humidity tests demon-
strated the MBCs’ potential for evaporative cooling, confirming they remained dimensionally stable (<3%
change) while absorbing up to 17.2% moisture. The bio-jaali is highlighted as a culturally rooted, bio-based
solution that significantly reduces reliance on active cooling. This research contributes new knowledge on the
building-scale performance, climate adaptability, and cyclic hygrothermal stability of MBC facades. We position
the bio-jaali as a robust prototype for integrating passive and adaptive thermal regulation, advancing circular
construction practices for sustainable architecture in heat-stressed urban environments.

Cooling demand reduction
Passive building skin
Climate-responsive facade

1. Introduction

Ten of the 33 global megacities [1] with populations exceeding 10
million are in South Asia. The United Nations projects that New Delhi
will soon become the largest megacity worldwide, with Dhaka and
Mumbai also likely to rank among the top ten by 2030, bringing the total
to 43 megacities [1]. As climate change intensifies, extreme heatwaves
are becoming a regular occurrence in South Asia [2], posing a significant
challenge for the billions of residents of these megacities [3]. The health
impacts of such heat exposure—including heat exhaustion, cramps, heat
stroke, and potentially fatal outcomes—underscore the urgency of this
issue [4]. In response, many people turn to air conditioning (A/C) for
comfort and survival, leading to a substantial increase in electricity

demand for cooling solutions [5,6]. For instance, India is projected to
have 240 million air conditioning (A/C) units by 2030, a significant
increase from 21.8 million in 2017 [7], and is expected to reach 1.2
billion units by 2050 [8]. To address these challenges constructively, it is
essential to innovate building design, focusing on strategies that reduce
and/or optimise reliance on energy-intensive cooling systems [9-11]. By
incorporating passive cooling techniques and enhancing resilience to
extreme heat events, we can create healthier, more sustainable living
environments for future generations.

A range of innovative passive building skins has been developed for
different climates. In South Asia, the most widely explored systems
include double-skin facades, solar chimneys, and trombe walls [12,13].
Double-skin facades can offer practical thermal and acoustic benefits in
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new, modern office buildings; however, they are costly, difficult to
retrofit, and generally unsuitable for residential applications due to
privacy, cultural, and aesthetic concerns. Solar chimneys and Trombe
walls, inspired by vernacular techniques [14], offer more adaptable
options for houses; however, their reliance on orientation, solar avail-
ability, and significant space requirements limits their broader appli-
cation in dense urban contexts [15,16]. More recently, adaptive,
intelligent, and smart building skins have been developed to enable fa-
cades to function as living systems, capable of regulating airflow and
heat transfer through centralised or localised control [17-20]. Among
the advanced materials supporting such systems, phase change materials
(PCMs) are utilised for thermal energy storage. Electrochromic glazing
allows for the modulation of daylight and solar gain, while thermo-
chromic coatings adjust their reflectance with temperature [21-23].
While these technologies enhance environmental responsiveness, they
often involve high embodied energy in production. Smart systems
further depend on rare-earth metals, making them resource-intensive
and less sustainable for large-scale adoption, as they are usually
extracted through labour exploitation and harmful mining practices and
are prone to geopolitical stressors. This pressing pursuit of low-carbon
alternatives has driven extensive research into truly sustainable, bio-
based materials. Solutions like Hempcrete [24] and earthen materials
[25] are increasingly valued for their low embodied carbon, thermal
mass, and superior hygroscopic properties that actively regulate indoor
humidity and temperature. This trend validates the exploration of novel
bio-composites [26-28] and metamaterials [29] that can integrate these
material advantages.

This study aimed to redesign the traditional architectural element
known as ‘jaali’ [30] —a predominantly exterior perforated screen
constructed from bricks, sandstone, laterite, and khondalite—by incor-
porating MBC. Jaali has historically been used to cool incoming air
through its intricate patterns, drawing inspiration from the unique
architectural styles that prevailed in India during the 16th to 18th
centuries [31]. The Jaali's mechanism relies on filtering solar radiation,
promoting controlled airflow, and facilitating evaporative cooling.
Previous simulation studies have sought to quantify and optimise the
performance of these screens. Research has shown that optimised jaali
(and similar vernacular perforated screens such as ‘Mashrabiya’) ge-
ometry can yield significant energy savings, ranging from 6 to 26%
[32,33] through optimised porosity and design. These findings under-
score the effectiveness of this vernacular technique, establishing it as a
highly efficient foundation for contemporary facade innovation.

The urgent pursuit of net-zero emissions in a warming world presents
a significant opportunity to explore innovative solutions in the con-
struction sector. Mycelium-based composites (MBCs) are emerging as a
promising avenue for creating bio-based building materials with bene-
ficial properties, including thermal insulation [34], acoustic absorption
[35], fire-resistant properties [36], low embodied carbon [37], with the
potential to utilise locally available waste materials [38] and local, low-
energy production processes. Thus, bio-based materials such as MBCs
may help achieve the World Green Building Council’s 2030 vision,
which aims to have all new buildings, infrastructure, and renovations
have at least 40% less embodied carbon, with significant upfront carbon
reduction, and all new buildings achieve net-zero operational carbon
[39]. MBCs, characterised by their biodegradability and circularity, are
viable alternatives to conventional high-embodied building insulation
materials, such as extruded polystyrene foam, which has a degradation
period of approximately 500 years in landfills. By combining lignocel-
lulosic fibres with fungal mycelia, we can create a range of products,
including biodegradable packaging [40], acoustic panels [41], interior
design products [42], and sustainable alternatives to leather [43]. The
cultivation of MBC involves propagating mycelia in fibrous substrates
moulded into shapes, followed by heat treatment to halt further growth
[24,26] or air-drying for large-scale applications to reduce embodied
energy further [44]. The mechanical properties of these composites vary
based on factors such as fungal species, substrate composition, and
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growing conditions [34,40,44,45], which opens up various avenues for
research and development. Reported compressive strengths of MBCs
range from 0.2-1.2 MPa for typical composites to over 2 MPa for high-
strength ‘mycocrete’, while densities are generally 60-250 kg/m®
depending on the substrate. By comparison, hempcrete exhibits
compressive strengths of 0.3-0.9 MPa, whereas structural timber is
much stronger, typically exceeding 40 MPa [44]. This positions MBCs as
competitive with other lightweight bio-based materials for non-
structural applications, while highlighting the need for further optimi-
sation to expand their structural potential. The structural potential of
MBC, which involves testing various bio-fabrication strategies such as
bio-welding [46,47], reinforcement [48], blocks [49], and cladding for
building applications and scaling up, has been explored; however,
various limitations have been identified [50].

This study aimed to redesign the traditional ‘jaali’ by incorporating
MBCs, a concept we term ‘bio-jaali.” This approach aligns cultural her-
itage and vernacular architectural design with contemporary sustain-
ability ethos by utilising a low-carbon, circular, bio-based material. This
initiative preserves a valuable architectural tradition and enhances
climate resilience in our built environment. This new design aims to
improve passive ventilation while reducing indoor operative tempera-
tures, making it particularly suitable for the extreme heat in New Delhi.
To assess the effectiveness of the ‘bio-jaali,” this study is one of the first
(compared to the previous studies mentioned previously) to combine: 1)
bio-fabrication of MBCs, 2) experimental cyclic humidity testing (for
evaporative cooling potential), and 3) building-scale dynamic simula-
tion of a facade element (bio-jaali) in an extreme climate of a megacity
in a developing economy. Through these methods, the study explores
the potential of integrating traditional architectural elements with
modern sustainable materials, ultimately contributing to a more
comfortable and energy-efficient indoor environment in a warming
world.

2. Methodology

In this study, we focused on the temperate climate in New Delhi,
India. The study consisted of three parts: (a) heat stress analysis with
climate data analytics, (b) development and simulation of Jaali sce-
narios with dynamic building simulation, and (c) lab-based bio-fabri-
cation and hygrothermal characterisation of MBC samples. Firstly, New
Delhi’s climate data for 1991-2019 were analysed to investigate the
prevalence of heat stress using Equations (1) and (2). Secondly, we
developed a building physics model of a 100 m2 indoor space in
DesignBuilder. Then, 31 scenarios were assessed in the EnergyPlus
simulation environment to determine the effect of different building
screens on indoor operative temperature. EnergyPlus has been used in
numerous studies on building physics and thermal comfort [51-55],
which motivated our use of the simulation environment. Although
several studies have reported the hydrophilic properties of MBCs [16],
the literature lacks a clear understanding of their cyclic humidity-
responsive behaviour, which cannot be accurately simulated using dy-
namic building simulation tools. Therefore, in the third part, we
examined the cyclic moisture-responsive characteristics of MBC in the
lab using bio-fabricated samples to enhance the evaporative cooling
potential of the exterior building skin.

2.1. Heat stress analysis

We obtained 28 years of weather data (1991-2019) from the
Meteoblue database (www.meteoblue.com) for the Heat Index (HI)
analysis of New Delhi. The ambient temperature and relative humidity
data were used to calculate the hourly heat index (HI) with the following
Equation (1), adopted from [56]:


http://www.meteoblue.com/
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HI = —42.379 +2.04901523T + 10.14333127R — 0.22475541TR
—6.83783 x 107372 —5.481717 x 1072R? +1.22874 x 10 °T?R
+8.5282 x 107*TR%? —1.99 x 10 °T?R?

@

where, T — Ambient dry bulb temperature (°F).

R — Relative humidity (integer percentage).

HI was selected for the study as it has been widely used in several
studies to analyse the adverse effects of heat stress [57-60]. For the
analysis in this study, we converted the ambient dry bulb temperature
into °C with the following Equation (2), adopted from [61]:

C=5/9(F-32) 2

where, C- Ambient dry bulb temperature (°C).F- Ambient dry bulb
temperature (°F).

Furthermore, we used the Heat Stress Index scale (Table 1) devel-
oped by the National Oceanic and Atmospheric Administration (NOAA)
[62] to evaluate the HI for New Delhi.

2.2. Building physics modelling and simulation

A single-zone, naturally ventilated office space of 100 m? (10 m x 10
m x 3 m; Fig. 1) was modelled in DesignBuilder, with construction and
materials as described in Table 2. These dimensions were selected to
represent a typical medium-sized open office bay, striking a balance
between realism (on an office scale) and computational feasibility,
consistent with similar building energy simulation studies in the Indian
context (e.g., jaali-screened facades in New Delhi libraries) [63]. The
South facade was modelled as a fully glazed curtain wall to test a
challenging scenario of maximal solar exposure, both to assess worst-
case energy gain and because such glazed facades are increasingly
used in modern office design in New Delhi (though often mitigated with
shading devices) [63,64].

A jaali was modelled 0.32 m in front of the South facade (Fig. 1). The
offset of 0.32 m was chosen because it is somewhat larger than the ~100
mm depth used in jaali optimisation studies in Delhi for visual/thermal
comfort [63] providing additional separation to allow airflow, reduce
direct heat transfer, and enable retrofit installation without significant
structural changes. Given the computational time and limitations, the
jaali design was kept simple, featuring a grid of square apertures, 0.07 m
wide and spaced 0.07 m apart. The thickness of the jaali was denoted Thy
and varied across simulation scenarios. We used the ‘generic office
template’ and 0.1110 people/m? for the activity template. Additionally,
we utilised office equipment with a power density of 11.77 W/m?. To
eradicate the influence of other surfaces/walls apart from the curtain
wall, adiabatic component blocks with 5 m width and 3 m height were
created around the target zone (Fig. 1g).

Three temporal analyses were conducted to evaluate the impact of
the bio-jaali on the indoor operative temperature. First, we analysed the
effect annually. Secondly, we selected three summer dates (April 1, June
1, and August 1) and three winter dates (November 1, January 1, and
March 1) to evaluate the impact on an hourly basis. We assessed outdoor
and indoor operative temperatures against the India Model for Adaptive

Table 1
Heat index and corresponding health impacts [62].
Heat Stress Category Dangers
Index (°C)
27-32 Caution Fatigue
32-41 Extreme Sunstroke, heat cramps and heat exhaustion
caution
41-54 Danger Sunstroke, heat cramps, heat exhaustion, and
even heat stroke
54+ Extreme Heat/sunstroke
danger
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Comfort (IMAC), which suggested that the neutral temperature in
naturally ventilated buildings varied from 19.6 to 28.5°C [65]. We also
analysed the impact of stone and bio-jaali on the annual cooling demand
across selected scenarios.

2.3. Scenario development

Depending on the objective, different scenarios were developed. In
the base case, there was no jaali (Fig. 1e). Then, two types of jaali system
were analysed — first one was the curtain wall with only the jaali (Fig. 1)
with hollow apertures around the sides, and the second type was a boxed
jaali with no side apertures (Fig. 1h). For the study, the following sce-
narios, described in Table 3, were chosen to test the effect of the pro-
posed bio-jaali on indoor operative temperature and cooling demand.
Baseline scenarios were the no-jaali (BC) and sandstone jaali (SJ) on the
south facade. When the jaali were box types, they were denoted with_Y
at the end of the scenario name, such as SJ_Y and bio-jaali_1_Y. The other
orientations were denoted as_E, N, and_W for scenarios in which the
curtain wall faced east, north, and west, respectively.

For the MBC material in the IDF file for EnergyPlus simulation, the
conductivity, density, and specific heat properties were used for bio-jaali
construction from [66]:

“Material, Mycelium material,

Rough,! - Roughness

Thg,! - Thickness {m}

0.069,! - Conductivity {w/m-K}

599,! - Density {kg/m3}

6894,! - Specific Heat {J/kg-K}

0.9,! - Thermal Emittance

0.6,! - Solar Absorptance

0.6;!- Visible Absorptance”

2.4. MBC samples and prototype bio-fabrication

The MBC samples and the prototype (of the modular panel of bio-
jaali) were bio-fabricated with the following steps (Fig. 2A):

e Preparation: The 5 kg beechwood sawdust (substrate), with 99% of
the granule size between 2 mm and 600 pym, was first placed into a
large autoclavable filter bag for preparation (Fig. 2B (a)). Then, the
substrate was hydrated with distilled water (5.5 kg). The filter bags
were sealed with masking tape. Then, the filter bag was placed in an
autoclave for 15 min at 121°C to sterilise the substrate. After auto-
claving, the substrate-filled, sealed bags were examined (particularly
in the masked-tape area for possible leaks, which can increase the
risk of contaminating the substrates) while inside the autoclave to
ensure there were no leaks. The autoclaved, sealed bag of substrates
was removed from the autoclave and left to cool for 24 h on the lab
table. The workspace was sterilised with a 70% Ethanol solution
before starting from this stage to reduce the chance of
contamination.
Inoculation: After 24 h, the autoclaved filter bags were opened
—near a Bunsen burner to maintain a sterile surrounding— to
inoculate the substrate with 500 g (10% of the 5 kg substrate dry
weight) Ganoderma lucidum (strain M9726), also known as Lingzhi or
Reishi, grain spawn, which was purchased from Urban Farm-it (Kent,
England). The species was conserved on a grain mixture at 4°C in a
breathable Microsac 5 L bag (Sac O2 nv, Nevele, Belgium). We
selected G. lucidium because it is an available, non-toxic fungal spe-
cies in the UK and has been used in bio-fabricating MBC samples and
prototypes in several studies due to its ability to colonise and grow
rapidly on various biomass substrates containing lignin, cellulose,
and hemicellulose [34,46,67], as well as resilience and antimicrobial
properties [68], which reduces the probability of contamination.
e Incubation_01: After inoculation of the sawdust, the filter bags were
sealed with masking tape and placed in a dark growth chamber at
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3m

10m

10m

0.07m

Fig. 1. (a) Plan of the indoor space for simulation (not to scale); Building physics model of (b, e) without Jaali and (c, f) with Jaali with apertures on other sides, (g,
h) with boxed Jaali without apertures on other sides, developed in DesignBuilder (Version 7.0.2.006). In (g), the entire simulation setup is shown, where adiabatic
component blocks with 5 m width and 3 m height were created around the target zone to eliminate the influence of other surfaces and walls except the curtain wall.

27°C. The inoculated filter bags were massaged daily for 7 days to layers, as shown in Fig. 2B (c—e). The moulds were designed to fit

break up clustered fungal colonies and spread them throughout the inside the micro box with filtered lids, as shown in Fig. 2B (f).

bags. e Incubation_02: The closed micro box with sample mould trays was
e Moulding: After seven days, the substrates were placed in custom- placed in the growth chamber for five days.

made mould trays for 70 mm (length) x 70 mm (width) x 30 mm e Flipping: After 5 days, the samples were inverted to improve oxygen

(height) samples. Each tray could accommodate eight samples in two access for mycelial growth on all surfaces. The inverted samples were

then placed in the micro box (without the mould tray), with
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Table 2
Construction name, thickness, and materials; for the material properties, we
used a software database.

Name Thickness Materials U-value
(m) (W/m2K)

Internal 0.150 Gypsum plasterboard (25 mm), 1.639
partition airgap (10 mm), Gypsum
wall plasterboard (25 mm)

External wall 0.233 Brickwork single-leaf construction 1.949

light plaster

Internal floor 0.100 Cast concrete (Dense) 2.929

Internal 0.100 Cast concrete (Dense) 2.929
ceiling

External 0.019 Double-layer glazing with air gap 1.960
glazing and painted wooden frames

approximately 5-10 mm gaps between them to prevent bio-welding
[46].

e Incubation_03: The closed micro box with inverted samples was
placed in the growth chamber for an additional two days.

e Post-processing: 7 days after moulding and incubation, five samples
were dried in an oven at 80°C for about 5 h to prevent further
mycelial growth during post-processing. Similar post-processing was
done after 11, 15, 19, 23 and 27 days of moulded incubation. The
final samples were used for thickness and weight measurement,
volume calculation and humidity responsivity testing.

Apart from the mould and incubation time, a similar bio-fabrication
process was used for the prototype. For the prototype, a cylindrical
plastic box was placed in the middle of the sterilised micro box, and the
substrate was then poured into the box with dimensions of 160 mm
(length), 160 mm (width), and 30 mm (height). The prototype was
incubated for 13 days and then flipped. It remained incubated for 27

Table 3
Jaali materials and thickness for the base case and other scenarios.
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days before being post-processed (dried) in the oven.

2.5. Cyclic humidity responsiveness testing of MBC samples

The experimental work assessed the dimensional stability of MBC
samples by examining their swelling, shrinkage, and recovery under
varying humidity conditions. While the thermal properties of MBCs are
well-documented in the literature [34], relatively little is known about
their moisture-absorption behaviour and stability under fluctuating
climatic conditions. For the bio-jaali concept, such stability is crucial,
since excessive dimensional changes would complicate fabrication and
long-term durability. The climate tests were therefore designed to
evaluate how MBC responds to extreme-humidity scenarios and to
determine whether its behaviour is compatible with conditions in New
Delhi, where humidity levels are significantly higher at night and could
contribute to evaporative cooling.

In this study, MBC samples from six different incubation times (7, 11,
15, 19, 23, and 27 days) were bio-fabricated and examined. Each in-
cubation batch consisted of five samples measuring 70 mm wide, 70 mm
long, and 30 mm thick. The goal was to determine which incubation
duration shows the greatest humidity responsiveness. The experimental
setup utilised a Memmert HPP IPP plus climate chamber, where the
temperature was maintained at 25°C, with an average of 19.6-28.5°C
within the thermal comfort range for India’s office context [65], and the
relative humidity (RH) alternated between two extreme levels: 10% and
90%. These specific settings were selected to assess the magnitude of
moisture responsiveness in the MBC samples. The entire testing pro-
cedure was replicated eight times to observe the cyclic behaviour.

The cyclic tests lasted 32 consecutive days, with each cycle spanning
four days. In the initial cycle, which commenced at RH = 90%, the
materials were exposed to these conditions for two days. Weight, width,
length, and thickness were measured hourly for the first 6 h, followed by

Scenario Objective Jaali in front of a facade  Orientation of the curtain Jaali Jaali distance from the curtain Jaali thickness
(Y/N) wall/jaali material wall (D) (Thy)
Base case (BC) Baseline N South - - -
BCE N East - - -
BC_W N West — — -
BCN N North - - -
Sandstone Jaali Y South Sandstone 0.38m 0.04 m
[€Y)]
SJ.Y Y South Sandstone 0.38 m 0.04m
SJYE Y East Sandstone 0.38 m 0.04 m
SI.Y W Y West Sandstone 0.38 m 0.04m
SJ YN Y North Sandstone 0.38 m 0.04m
SJD1Y Y South Sandstone 0.15m 0.04m
SJD2Y Y South Sandstone 0.50 m 0.04m
bio-jaali_1 Impact of thickness Y South Mycelium 0.38 m 0.04 m
bio-jaali_2 Y South Mycelium 0.38m 0.10m
bio-jaali_3 Y South Mycelium 0.38m 0.16 m
bio-jaali_4 Y South Mycelium 0.38 m 0.22m
bio-jaali_ {1D}1 Impact of distance Y South Mycelium 0.15m 0.04 m
bio-jaali_{1D}2 Y South Mycelium 0.50 m 0.04 m
bio-jaali_4_D1 Y South Mycelium 0.15m 0.22m
bio-jaali_4_D2 Y South Mycelium 0.50 m 0.22m
bio-jaali_1.Y Impact of side Y South Mycelium 0.38 m 0.04m
bio-jaali_ 4_.Y apertures Y South Mycelium 0.38m 0.22m
bio-jaali {1D}1_Y Y South Mycelium 0.15m 0.04m
bio-jaali_{1D}2_Y Y South Mycelium 0.50 m 0.04m
bio-jaali_ 4 D1_Y Y South Mycelium 0.15m 0.22m
bio-jaali_ 4 D2_Y Y South Mycelium 0.50 m 0.22m
bio-jaali_1.Y_E Impact of Y East Mycelium 0.38 m 0.04 m
bio-jaali_1_.Y W orientation Y West Mycelium 0.38 m 0.04m
bio-jaali_1_Y_N Y North Mycelium 0.38m 0.04 m
bio-jaali 4. D2 Y E Y East Mycelium 0.50 m 0.22m
bio- Y West Mycelium 0.50 m 0.22m
jaali 4 D2 YW
bio-jaali 4 D2.Y N Y North Mycelium 0.50 m 0.22m
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Testing/experimenting/measuring

Thickness & volume &
weight

Testing

A

[ Humidity responsivity ]

No Post-processing
Is the weight
reducing? Yes
WEIgh ag

after drying

Incubation

L L k:gﬁ:]e: ranri]gro
box for 5 days e

—
70mm

Fig. 2. (A) MBC samples and prototype bio-fabrication methodology; (B) Images of different steps of sample bio-fabrication — a) Beechwood substrate inside the
filter bag, b) Autoclave, ¢) Custom-designed mould tray, e) Inoculated substrates in the mould trays, f & g) Micro box with mould tray filled with inoculated
substrates, h) Micro boxes with samples on the shelves of the growth chamber, i) bio-fabricated samples in the moulds, j) the samples placed on the oven trays before
drying them in the oven, k) Samples inside the oven for drying, and 1) final samples —each sample with 70 mm (length) x 70 mm (width) x 30 mm

(height)— stacked.

additional measurements at 24 and 48 h. After transitioning to a relative
humidity (RH) of 10%, weight and dimensional measurements were
recorded at 2-hour intervals for the first 6 h and then at 24 and 48 h. The
first batch (5 samples) was incubated for 7 days and underwent 8
consecutive cycles of testing. Each subsequent incubation batch under-
went one fewer cycle than the previous one. The analysis considered
results from all successive cycles.

The dimensional and weight measurements were taken manually
using an RS PRO Digital Calliper and a 50 g/0.001 g Milligram Precision
Scale, respectively. The sample dimensions were measured in

millimetres (mm) and collected simultaneously with the weight mea-
surements. The dimensional and weight changes were calculated using
Equation (3) adopted from [69]:

D

- D,
(DimensionalorWeight)change(%) = WTd’y x 100% 3)
ry

where: Dy and Dy, represented the dimension/weight of a humid
specimen (wet value) and its initial dimension/weight before exposure
to moisture absorption (dry value), respectively. The results were re-
ported as the mean of three different weight and dimensional mea-
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surements for each sample.
3. Results
3.1. Heat stress in New Delhi

New Delhi’s Heat Stress Index (HI) analysis (1991-2019) reveals a
concerning shift toward more frequent and intense heat stress conditions
(Fig. 3A-B). Hours in the caution level category have steadily declined
over the past three decades, falling by more than 40% between 1991 and
2019, indicating that conditions are increasingly moving into higher
stress categories. At the same time, extreme caution hours have
remained persistently high, with only minimal reductions (around
1-3%) since 1991. Most concerning is the rapid growth of danger-level
hours, which have increased by approximately 60% since 1991, reach-
ing nearly 1,000 h in 2019, the highest recorded during this period. This
escalation highlights an unprecedented intensification of heat stress risk
in New Delhi, with potential implications for health, productivity, and
building energy demand.

3.2. Dynamic building simulation

3.2.1. Indoor operative temperature: Annual

We simulated 31 scenarios for New Delhi’s climate (Table 3).
Overall, the results indicate that both sandstone jaali (SJ) and bio-jaali
significantly improve indoor thermal conditions compared to the fully
glazed base case. Annually, outdoor temperatures averaged 24.8°C
(ranging from 6.5°C to 38.6°C). In contrast, the base case produced an
exceptionally high mean indoor operative temperature of 41.8°C, with
peaks above 51.0°C. Introducing an SJ reduced the mean to 33.6°C,
while the bio-jaali (scenario 1) achieved a further reduction to 30.1°C.
This represents a 3.5°C (approximately 10%) annual improvement in
bio-jaali over sandstone.

Seasonal analysis underscores the same trend. In the summer months
(April-September), outdoor temperatures averaged 30.6°C; yet, the base
case yielded a mean indoor value of 42.8°C (Table 4). The SJ reduced

(A)

Heat index(HI) 1991-2019: New Delhi
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this to 38.3°C, and the bio-jaali to 34.1°C—an 11% reduction relative to
SJ. During winter (October—March), when outdoor conditions averaged
18.9°C, the base case maintained excessively high indoor levels
(40.7°C). Both jaali types of substantially improved conditions, with the
SJ reducing the mean to 28.8°C and the bio-jaali to 26.1°C (a further 9%
reduction relative to the SJ).

Critically, while bio-jaali consistently delivered lower average,
maximum, and minimum operative temperatures than sandstone in both
summer and winter, the improvements were most pronounced during
hot periods when overheating is most problematic. For example, sum-
mer peak indoor temperatures were approximately 13% lower with bio-
jaali compared to sandstone, indicating a meaningful mitigation of
extreme heat stress conditions (Fig. 4, Supplementary Fig. 1, and Sup-
plementary Fig. 2).

After increasing the jaali thickness to 0.10 m, 0.16 m, and 0.22 m
under the bio-jaali 2, 3, and 4 scenarios from 0.04 m for bio-jaali 1, the
average indoor temperature increased to 30.3°C, 30.3°C, and 30.3°C,
respectively (Fig. 4, Supplementary Fig. 1, and Supplementary Fig. 2). A
150% thickness increase in bio-jaali 2 resulted in an average indoor
temperature increase of 0.14°C (+0.47%) compared to bio-jaali 1.
Furthermore, 300% and 450% increases in jaali thickness also increased
the average indoor temperature by 0.21°C (+0.69%) and 0.23°C
(+0.75%), respectively, compared to bio-jaali 1. The average indoor
operative temperature had a slight adverse impact on the thickness
change in the bio-jaali.

To examine the impact of changing the distance of the jaali from the
curtain wall, we simulated scenarios bio-jaali 1 (D1 and D2) and bio-
jaali 4 (D1 and D2), where D1 and D2 were the distances of 0.15 m
and 0.50 m, respectively, between the jaali and curtain wall, which was
0.38 m under bio-jaali 1. The results showed that the average indoor
operative temperature was reduced to 29.57°C under bio-jaali 1 D1,
which was 0.43°C lower than bio-jaali 1 (30.11°C). Under the bio-jaali
1.D2, the average annual indoor operative temperature increased to
30.07°C. In the case of bio-jaali 4 D1, the average indoor operative
temperature increased to 29.36°C, which was 30.34°C under bio-jaali 4.
However, the average operative temperature decreased to 30.42°C

-325

C)

300

~215

Fig. 3. (A) Heat Stress Index (HI) in New Delhi 1991-2019; (B) HI in 1995, 2001, 2005, 2011, 2015, and 2019. Here: ED = Extreme danger, D = Danger, EC =
Extreme caution, C= Caution, and A = Acceptable. The prominent, recurring HI spikes observed at the beginning (January) and end (December) of several annual
cycles (e.g., 1991, 1997, 2018, 2019) represent unseasonal heat-stress events. These are often attributed to anomalous atmospheric conditions during the typically
cooler winter months, such as unusual shifts in wind patterns or the unseasonal intrusion of moist, warmer air masses (e.g., a delayed monsoon withdrawal or strong,
moisture-bearing Western Disturbances). These phenomena temporarily raise both the ambient temperature and humidity, thus pushing the calculated Heat Index

into the high 'Extreme Caution' or even 'Danger' categories.
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Fig. 3. (continued).

Table 4
Average indoor operative temperatures (°C) under different scenarios in New
Delhi’s climate.

Season Outdoor Base Case SJ Bio-jaali 1 % Reduction
Temp (Avg/ (Avg/ (Avg/ (Avg/ (bio-jaali vs
Min/Max) Min/Max) Min/ Min/Max) SJ)
Max)
Annual 24.8/6.5/ 41.8/ 33.6/ 30.1/ ~10% (avg)
38.6 25.6/51.0 18.0/ 18.7/42.1
45.3
Summer  30.6/21.9/ 42.8/ 38.3/ 34.1/ 11% (avg),
38.6 34.4/50.7 30.1/ 25.5/42.1 13% (max)
45.3
Winter 18.9/6.5/ 40.7/ 28.8/ 26.1/ 9% (avg),
28.5 25.6/51.0 18.0/ 18.7/33.3 13% (max)
38.3

under bio-jaali 4 D2. Therefore, the average indoor temperature
increased when the jaali thickness was 0.04 m and the distance between
the jaali and the curtain wall was reduced to 0.15 m. However, the in-
door temperature increased when the jaali was thicker (0.22 m), and the
distance between the jaali and the curtain wall was larger (0.50 m).

Several scenarios were developed and simulated to analyse the
impact of side apertures (Fig. 1 and Table 3). The enclosed box-type
scenarios were compared against the open jaali types with side aper-
tures. In the case of the enclosed box-type sandstone jaali (SJ_Y), the
average indoor operative temperature was reduced to 32.34°C, about
1.23°C lower than the SJ scenario. The average operative temperature
reduced by 0.98°C under enclosed box-type mycelium-based jaali (bio-
jaali 1_Y) compared to bio-jaali 1. Therefore, the enclosed box-type jaali
(bio-jaali 1.Y and SJ_Y) performed better, further reducing indoor
operative temperature, than bio-jaali 1 and SJ.

Regarding the jaali's orientation, we analysed the enclosed box-type
jaali with sandstone and mycelium-based composite (which performed
better than the jaali with side apertures) in comparison with the base
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Fig. 4. (A) Daily outdoor and indoor operative temperature for a year under the base case, SJ, SJ_Y, bio-jaali 1, bio-jaali 4 D2_Y scenarios; and (B) Distribution and
mean of daily outdoor and indoor operative temperatures for a year under the base case, SJ, SJ_Y, bio-jaali 1-4, bio-jaali 1 & 4 (D1 and D2), and bio-jaali 1 & 4 (D1
and D2)_Y scenarios. The rapid increase in Base Case operative temperature observed near the start of September (in A) is characteristic of New Delhi's post-monsoon
climate. Following the monsoon's retreat, the combination of high solar radiation on clear days and high residual absolute humidity often leads to intense heat gain,
causing a sharp rise in indoor temperature. Furthermore, this transition can be visually emphasised by the splicing methodology inherent in the Typical Meteo-

rological Year (TMY) EPW file used for simulation.

case for east, north, and west, since all previous simulations were south-
facing. Our results showed that for east orientation, SJ_Y_E and bio-jaali
1_E achieved average indoor operative temperatures of 31.99°C and
29.03°C, respectively, compared to the base case (BS_E) of 39.49°C.
Similarly, regarding the west orientation, the average indoor operative
temperature decreased to 32.12°C and 29.04°C under the SJ_Y W and

bio-jaali 1_W, respectively, compared to 40.83°C for BS_W. In the case of
north orientation, BS N showed that the average indoor operative
temperature was 34.76°C, which decreased to 31.45°C and 21.83°C
under SJ_Y_N and bio-jaali 1_N, respectively (Supplementary Fig. 3).
Our results showed that the bio-jaali outperformed the sandstone
jaali in reducing the average indoor operative temperature during
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summer and maintaining most winter days within the acceptable ther-
mal comfort range (19.6-28.5°C) suggested by IMAC. However, this
analysis did not reflect the bio-jaali's hourly impact on indoor temper-
ature. To provide a comprehensive understanding, we meticulously
analysed the effects of the jaali scenarios on hourly indoor temperatures
on three selected summer and three winter days in the following
sections.

3.2.2. Indoor operative temperature: Summer days

On 1 April, the beginning of the summer season, the average outdoor
temperature was 28.84°C, with a maximum of 34.88°C in the afternoon
and a minimum of 23.90°C at night. The initial period of summer was
crucial for our analysis, as it sets the baseline for the subsequent days
and helps us understand the impact of different Jaali scenarios on indoor
temperature (Fig. 5). Under outdoor conditions, the base case scenario’s
average hourly indoor operative temperature was 40.04°C. This was
significantly reduced under the influence of the sandstone jaali (SJ) and

Energy & Buildings 357 (2026) 117104

the enclosed box-type sandstone jaali (SJ_Y) to 35.31°C and 33.61°C,
respectively. The average hourly operative temperature decreased to
30.67°C and 29.24°C under bio-jaali 1 and bio-jaali 1_Y (enclosed box-
type MBC Jaali). This substantial reduction in the average hourly in-
door operative temperature by 8.70-14.77°C under SJ, SJ_Y, bio-jaali 1
and bio-jaali 1Y, compared to the base case, especially during the
daytime, underscores the effectiveness of these Jaali scenarios. Even the
enclosed box-type bio-jaali 4 D2 Y scenario, with increased thickness
and spacing between the curtain wall and the Jaali, reduced the average
hourly operative temperature to 29.05°C—only 0.19°C lower than bio-
jaali_1Y.

However, on 1 June, representing the peak and mid-summer periods,
the average hourly outdoor temperature was 30.43°C, with a maximum
of 34.45°C in the afternoon and a minimum of 24.13°C at night. The bio-
jaali reduced the average indoor operative temperature from 43.16°C
(Base case), 40.03°C (SJ) and 38.48°C (SJ_Y) to 34.73°C and 33.55°C
under bio-jaali_1 and bio-jaali_1_Y, respectively. Under the Bio-
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1). The green area shows the acceptable (IMAC) thermal comfort temperature
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10



K.B. Debnath et al.

Jaali 4 D2Y scenario, the average hourly operative temperature
decreased to 33.46°C, only a 0.09°C reduction from Bio-Jaali_ 1Y.
Although the indoor operative temperature was reduced with SJ and
bio-jaali, it was never within an acceptable thermal comfort range on the
summer days suggested by IMAC.

On 1 September, representing the end of summer, the average hourly
outdoor temperature was 30.43°C, with a maximum of 33.80°C in the
afternoon and a minimum of 28.73°C at night. Under the base-case
scenario, the average indoor operative temperature was 44.46°C, with
a maximum of 46.76°C and a minimum of 42.34°C. the average oper-
ative temperature was reduced to 37.14°C, 35.50°C, 32.57°C, 31.50°C,
and 31.31°C under SJ, SJY, bio-jaali_1l, bio-jaali 1.Y and bio-
jaali_4 D2_Y. Compared to the Base case and SJ, the operative temper-
ature was reduced significantly by 12.96°C and 5.64°C under bio-
jaali_ 4 D2Y.

3.2.3. Indoor operative temperature: Winter days

On 1 November, the start of the winter season, the average hourly
outdoor temperature was 22.72°C, with a maximum of 31.00°C in the
afternoon and a minimum of 17.00°C at night (Fig. 5). The base case
scenario’s average hourly indoor operative temperature was 44.00°C.
The average operative temperature was reduced to 32.66°C and 31.66°C
under SJ and SJ_Y. Under bio-jaali_1, bio-jaali_1_Y and bio-jaali_ 4 D2_Y,
the average operative temperature reduced to 27.83°C, 27.25°C and
27.18°C, respectively. Therefore, the indoor temperature decreased
significantly by 11.35°C and 16.17°C compared to the outdoor base case
under the SJ and bio-jaali_1 scenario. Under the box-type enclosed box-
type SJ_Y, the average indoor operative temperature was reduced
further by 1.00°C compared to SJ, and bio-jaali_1_Y and bio-jaali 4 D2 Y
showed a reduction of 0.59°C and 0.66°C, respectively, compared to bio-
jaali_l. Only the bio-jaali scenarios (bio-jaali, bio-jaali_1_Y, and bio-
jaali_4 D2_Y) maintained the indoor operative temperature closest to
the acceptable thermal comfort ranges during the day and within the
acceptable range at night (maximum was 30.48-31.37°C, with the upper
limit of IMAC at 28.5°C).

On 1 January, representing the peak and mid-period of winter, the
average hourly outdoor temperature dropped to 9.64°C, with a
maximum of 13.98°C in the afternoon and a minimum of 6.15°C at
night. Under the SJ and SJ_Y scenarios, the average operative temper-
ature was reduced to 23.38°C and 23.00°C, respectively, compared to
27.85°C in the Base case. The bio-jaali further reduced the average in-
door operative temperature to 23.47°C, 23.04°C, and 23.04°C under the
bio-jaali_1, bio-jaali_1_Y, and bio-jaali 4 D2_Y scenarios (Fig. 5). The SJ
(SJ and SJ_Y) and bio-jaali scenarios (bio-jaali, bio-jaali_1_Y, and bio-
jaali_4_D2_Y) maintained indoor operative temperatures within accept-
able thermal comfort ranges throughout the day.

Moreover, on 1 March, marking the end of winter, the average hourly
outdoor temperature was 16.16°C, with a maximum of 21.23°C in the
afternoon and a minimum of 12.35°C at night. Under the base case
scenario, the average indoor operative temperature was 40.04°C, which
was reduced to 29.63°C, 28.63°C, 25.84°C, 25.37°C, and 25.17°C,
respectively, under SJ, SJY, bio-jaali 1, bio-jaali 1.Y and bio-
jaali 4 D2_Y scenarios (Fig. 5). Among the SJ and bio-jaali scenarios,
the indoor temperature remained within acceptable limits throughout
the day (bio-jaali, bio-jaali_1_Y, and bio-jaali 4_D2_Y).

3.2.4. Cooling demand

The cooling demand analysis was conducted on the base case, SJ,
SJ_Y, bio-jaali_l, bio-jaali_1_Y, and bio-jaali 4 D2_Y (Supplementary
Fig. 4). Under the base-case air-conditioning (BC_AC) scenario, the
annual cooling demand was 33.85 MWh. With the sandstone jaali on the
south facade, cooling demand was reduced to 19.76 MWh, a 41.6%
reduction compared to BC_AC. The annual cooling demand was further
reduced by 5.3% (17.98 MWh) compared to BC_AC under the SJ_Y_AC
scenario with box-type enclosed sandstone jaali. With the jaali con-
structed from MBC, the annual cooling demand was 20.35 MWh under
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bio-jaali_1, which was further reduced to 17.34 MWh under bio-
jaali_1Y, representing a 3.59% decrease compared to SJ_Y_AC. The
lowest annual cooling demand of 16.78 MWh was achieved under bio-
jaali_4 D2_Y, which is 50.44%, 15.09%, 17.55%, 6.68%, and 3.21%
lower than the Base case, SJ, SJY, bio-jaali 1, and bio-jaali_1_Y,
respectively.

3.3. MBC'’s humidity responsiveness testing

Tests conducted across varying relative humidity levels (10%-90%-—
10%) demonstrated that MBC samples remained dimensionally stable,
with changes in length, width, and thickness consistently below 3%
across all batches and cycles (Fig. 6). This stability suggests that MBCs
could be fabricated without the allowances for expansion and contrac-
tion typically required for wood.

Despite minimal dimensional changes, the MBC samples demon-
strated a significant weight response to moisture. The highest observed
weight change occurred in the 15-day incubation batch, reaching 17.2%
on Day 2 of the second cycle (Fig. 7). Initially, the weight change
increased gradually over the first three batches (7, 11, and 15 days of
incubation), reaching 17% at 15 days, and then decreased steadily to
13% at 27 days of incubation. The response was fast, with the weight
change at a humid state (90% RH) ranging between 12% and 17%
within 24 h, depending on the incubation batch. In contrast, when
exposed to a dry state (10% RH), the average weight change dropped to
0.5% within 24 h. The weight change exhibits a pattern in which the
moisture absorption rate diminishes over time after the material is wet
(Fig. 7). This indicates that MBC exhibits a higher absorption rate, which
decreases after the first day. Similarly, MBCs exhibit nonlinear moisture
release during drying, losing nearly 50% of the water they gain within
the first 6 h. This rapid uptake and release of moisture highlight the
potential of MBCs for evaporative cooling applications, particularly in
climates like New Delhi, where high night-time humidity could be
exploited for passive cooling.

Compared to natural fibrous materials, MBC demonstrated a greater
absorption capacity than wood (approximately 12% swelling in
response to moisture changes [70]) and comparable responsiveness to
thin wood veneers, with reaction times on the order of minutes. While
this suggests promise for bio-jaali applications, further studies on
durability under prolonged outdoor exposure are needed, as external use
would subject MBC to repeated wetting and drying cycles and potential
biological degradation.

4. Discussion
4.1. Heat stress and the need for passive cooling

The reported heat stress index (HI) data in New Delhi between 1991
and 2019 reveal concerning trends. While the number of hours under the
caution level has shown a significant reduction—by 43% compared to
1991 and similarly lower percentages relative to 2011 and 2015—the
number of extreme caution hours has remained relatively static, with
only a minimal decrease. More alarming, however, is the pronounced
increase in hours classified as danger level; for example, the danger-level
hours in 2019 (974 h) represent a 60% increase compared to 1991. This
upward trend in danger-level exposure implied that, despite some
mitigation at lower threshold levels, New Delhi’s climate became
increasingly hostile during peak heat events, which also increased their
frequency. This reinforces the urgency of scalable passive cooling stra-
tegies. While traditional sandstone jaali provides some mitigation, its
limited thermal performance highlights the need for alternative facade
materials that can both insulate and adaptively respond to humidity.
This historical climatic variability (Fig. 3) underscores the critical need
for an adaptive facade, such as the bio-jaali, that can respond not only to
peak summer heat but also to intermittent, unseasonal thermal stress.
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Fig. 6. Cyclic tests on the moisture responsiveness of MBC samples with (A) 7, (B) 11, (C) 15, (D) 19, (E) 23 and (F) 27 days of incubation, measuring the dimensional
change (%) over time (h) at a constant temperature (T = 25°C) and two different relative humidity (RH) levels (10%—90%).

4.2. Performance of bio-jaali vs. conventional systems

The study analysed building envelope scenarios using jaali panels,
comparing traditional sandstone jaali with bio-jaali. Dynamic building
simulations showed that replacing sandstone with MBC could reduce the
average annual indoor operative temperature by about 3.46°C (10%
reduction). Given an average outdoor temperature of 24.81°C, with a
maximum of 38.55°C, the base-case indoor temperature averaged
41.79°C. However, using bio-jaali_1 reduced the average temperature to
30.11°C, significantly improving thermal comfort and energy efficiency.

Seasonal analyses further demonstrated the variability in perfor-
mance. During the summer, the base-case indoor operative temperature
was high (e.g., 42.84°C on early-summer days), with reductions of up to
14.77°C achieved by deploying the bio-jaali configurations. Despite
these improvements, we acknowledged that even the improved sce-
narios did not consistently keep indoor temperatures within the
acceptable thermal comfort range defined by IMAC on peak summer
days. In winter, however, the performance gains were even more pro-
nounced. For instance, under bio-jaali scenarios, indoor temperatures
were reduced to levels within or near the recommended comfort range,
with the enclosed box-type variants (e.g., bio-jaali_1_Y) performing
exceptionally well. The results suggested that while jaali systems made
of MBC were highly effective under milder conditions, additional
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strategies, such as fans, air coolers, and even air-conditioning units, may
be necessary to achieve comfort during extreme summer conditions.

4.3. Impact of jaali configuration and orientation

The study’s exploration of varying jaali configurations—including
modifications in thickness, distance from the curtain wall, and the
presence of side apertures—provides a nuanced understanding of the
interplay between design parameters and thermal performance. For
instance, increasing the bio-jaali thickness generally led to a slight rise in
the indoor operative temperature, likely because a thicker layer reduced
the depth of shading perforations and limited cross-ventilation, thereby
restricting heat dissipation. This suggests not only a trade-off between
shading and airflow but also a potential limitation in the extent to which
thickness alone can improve thermal performance. Adjustments to the
distance between the bio-jaali and the curtain wall were also significant,
reducing the gap to 0.15 m and enhancing shading effectiveness without
severely impeding ventilation. The configuration that maintained the
lowest indoor temperatures combined the thinnest tested bio-jaali panel
(0.05 m) with this 0.15 m gap—conditions referred to here as ‘minimal
thickness’ and ‘optimised distance.” Beyond this point, further increases
in thickness or additional changes in spacing produced negligible im-
provements, indicating a plateau effect that may reflect the diminishing
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Fig. 7. Cyclic tests on MBC’s moisture responsiveness of (A) 7, (B) 11, (C) 15, (D) 19, (E) 23 and (F) 27 days of incubation, measuring the weight change (%) over

time (h) at a constant T = 25°C and two different RH levels (10-90%).

influence of geometric modifications once a balance between shading
and airflow has been achieved.

Additionally, the orientation of the jaali significantly influenced
performance. In simulations for south, east, north, and west orienta-
tions, the enclosed box-type jaali configurations consistently reduced
indoor operative temperatures compared to their base case counterparts
(Supplementary Fig. 5, Supplementary Fig. 6, and Supplementary
Fig. 7). For example, in the east-facing orientation, the bio-jaali variant
reduced the average indoor temperature by more than 10°C relative to
the base case. This directional sensitivity underscores the importance of
tailored facade design strategies that account for solar exposure and
local climatic conditions. It also reinforces that a one-size-fits-all
approach may be less effective than a design optimised for the build-
ing's specific solar orientation and thermal load characteristics.

4.4. Cooling demand reductions

From an energy perspective, the cooling demand analysis further
validates the efficacy of the jaali modifications. The base case scenario
required 33.85 MWh of cooling annually, which was significantly
reduced when sandstone or bio-jaali were used. The sandstone jaali
alone achieved a 41.6% reduction, and further optimisation via an
enclosed box-type configuration (SJ_Y_AC) yielded an additional
reduction. However, the most impressive results were achieved with the
MBC-made jaali configurations, particularly bio-jaali_ 4 D2_Y, which
reduced the cooling demand by more than 50% compared to the base
case. These reductions not only had the potential to improve occupant
comfort but also translated into considerable energy savings and
reduced carbon emissions—a critical consideration in sustainable ar-
chitecture for rapidly warming climates.

4.5. Moisture responsiveness of MBC: Potential of evaporative cooling
The lab-based cyclic tests revealed minimal dimensional changes

(<3%) across repeated cycles at various relative humidity levels,
demonstrating that the MBC remains dimensionally stable under
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fluctuating moisture conditions. However, the material exhibited a sig-
nificant weight change, with the most tremendous change observed in
the 15-day incubation batch, reaching 17.2% on Day 2 of the cycle. The
highest weight change might be the result of the densest mycelial net-
works in the sawdust substrate for samples with moulded incubation of
11-15 days (Supplementary Fig. 8). The rapid moisture absorption and
non-linear drying characteristics indicate that MBC responds quickly to
changes in humidity. This feature could be advantageous in passive
building skin design strategies, such as evaporative cooling. Neverthe-
less, while the rapid responsiveness was promising, the non-linear
behaviour and potential long-term effects of cyclic moisture exposure
on material durability require further investigation.

Our preliminary bio-fabricated MBC samples (Supplementary Fig. 8)
and prototype panel (Fig. 8) exhibited strong hydrophilic behaviour
under high relative humidity conditions, consistent with trends reported
in the literature for MBCs [34]. In our tests, the moisture uptake was at
the lower end of the published ranges, which may be attributed to dif-
ferences in substrate type, incubation time, or fabrication method. While
high moisture absorption enhances responsiveness to humidity,
enabling potential applications in evaporative cooling, it also poses
durability challenges. Previous studies suggest that outdoor-exposed
MBC panels may degrade within approximately 7-8 months [71],
though this timescale is highly dependent on environmental exposure,
climate zone, and substrate composition. Since decomposition is often
linked to the biodegradability of lignocellulosic substrates, the use of
denser substrates, such as hardwood sawdust, may extend service life
and warrants further investigation.

The low mechanical strength and limited durability of MBCs remain
critical barriers to their broader application, especially in external
building components. Nevertheless, the bio-fabrication process enables
the creation of lightweight, perforated forms that can serve as shading or
ventilated screen systems. Compared to conventional materials for jaali,
such as stone or timber, MBC panels are substantially lighter: 241 kg/m>
for the MBC bio-jaali prototype compared to ~ 600-900 kg/m?> for wood
such as oak [72] and more than 2000 kg/m? for sandstone [73], offering
advantages in handling and installation. Unlike timber, which can also
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Fig. 8. Bio-fabricated 160 mm x 160 mm bio-jaali prototype panel with circular aperture. The building is a conceptual design showing the potential application of

the prototype module.

be perforated for jaali, MBCs provide additional benefits, including their
potential for passive evaporative cooling through humidity responsive-
ness and their low embodied energy and compostable end-of-life profile.
However, these advantages must be balanced against the current limi-
tations of rapid moisture-driven degradation, which future research
should address through substrate optimisation, surface treatments, or
hybridisation strategies.

While intrinsic thermal conductivity was outside the scope of this
study, the heat stress properties of the bio-jaali were leveraged through
two primary mechanisms: density reduction and hygrothermal perfor-
mance. Compared to the conventional sandstone jaali (a high-density,
high-thermal-mass solution), the MBC offers significantly lower den-
sity, resulting in a low-embodied-energy facade. This lightweight nature
is competitive with other bio-based composites such as hempcrete and
wood fibre, but the critical distinction lies in the dynamic, moisture-
driven cooling.

Regarding moisture absorption, which is key to the bio-jaali's passive
cooling strategy, the developed MBC demonstrates a unique advantage.
Compared with other biodegradable materials, the MBC exhibits a high
water-retention capacity (up to 17.2% weight gain), which is essential
for evaporative cooling, without the typical drawback of hygrothermal
degradation. Our results showed the material maintained dimensional
stability (<3% change) across repeated wetting and drying cycles. This
combination of high absorption and high stability is the critical differ-
ence, ensuring durability and consistent performance in a fluctuating
climate where moisture-responsive facades must resist repeated swelling
and shrinkage.

Beyond building-level performance, this study provides new evi-
dence of the cyclic humidity responsiveness of MBCs. The composites
remained dimensionally stable but rapidly absorbed and released
moisture (up to a 17.2% change in weight within 48 h). This charac-
teristic introduces the possibility of evaporative cooling, a function not
observed in stone or timber jaali. By experimentally demonstrating this
dual role—thermal insulation plus moisture-driven adaptability—we
advance the understanding of MBCs as dynamic facade materials rather
than static insulators.
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4.6. Implications, limitations, and future directions
A. Research significance and comparative performance

The significant difference between this study and previous research
on MBCs is the focus on dynamic, building-scale performance. Prior
work primarily established static material properties for insulation. Our
study uniquely extends this by:

o Validating the MBC's dynamic, cyclic hygrothermal performance for
evaporative cooling in the lab.

o Integrating this material into a full-scale architectural element (the
Bio-jaali).

e Quantifying the resultant heat stress mitigation through dynamic
building simulation, demonstrating tangible outcomes like the
14.8°C peak temperature reduction and 50.4% energy saving.

This integration provides the missing link for translating MBCs into a
viable, climate-adaptive facade solution. The magnitude of the thermal
benefits achieved is highly favourable when compared to similar
modelling studies. Studies analysing conventional or optimised jaali and
passive facade designs typically report cooling energy savings ranging
from 6% [74] to 23% [75]. Our finding of a 50.4% reduction in cooling
energy validates the innovative strategy of combining MBCs' superior
hygroscopic properties with vernacular design principles.

B. Model robustness, limitations and future directions.

Our model, utilising dynamic simulation and integrating experi-
mentally validated hygrothermal data, provided a robust framework.
Strengths of the modelling approach include the high-resolution sce-
nario analysis across varying jaali thicknesses and the use of integrated
material properties. However, to guide future research, several limita-
tions must be noted:

e Climate data limitation: The European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis 5th Generation dataset
was used in our climate analysis. However, the estimation process of
the dataset involved certain assumptions, inaccuracies, and
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uncertainties [76,77]. These factors introduce nuance and potential
variability that could affect the accuracy and reliability of the results.
Methodological robustness: The simulations, while comprehen-
sive, were based on specific climatic conditions pertinent to New
Delhi and a single building configuration. The generalisability of
these findings to other climatic regions or building typologies re-
mains an open question. Future work should consider a broader
range of conditions and typologies to assess the robustness of the
observed trends. More critically, the current simulation relies on
simplified correlations to model complex, localised airflow and
moisture dynamics through the jaali perforations, rather than on
high-resolution Computational Fluid Dynamics (CFD). Future work
should use CFD to refine the dynamics of heat, moisture and air
movement through and around MBC.

Thermal comfort in extreme conditions: Although the MBC
building skin systems significantly reduce indoor temperatures, they
do not always bring the operative temperature within the acceptable
thermal comfort range during peak summer days. This indicates a
potential need for hybrid solutions that combine facade modifica-
tions with other passive or active cooling strategies.

Fire resistance testing: Fire resistance is a key parameter for
building skin application for any material. Existing studies have
shown that MBCs exhibit greater fire resistance with the T. versicolor
species [36]. However, our study's scope was narrowly focused on
thermal (cooling) and moisture (evaporative cooling) performance
as a priority for the heat-stress challenge, with fire resistance testing
secondary for this initial work. Further research should investigate
the fire-protection capabilities of MBC derived from G. lucidum.
Material durability and lifecycle analysis: While the rapid mois-
ture response of MBC was beneficial for adaptability, it also raised
questions about its long-term durability. Further research should
investigate the lifecycle performance of these materials, encom-
passing not only life-cycle carbon and embodied carbon but also
weather protection and enhancement of mechanical strength, as well
as potential degradation under cyclic environmental stresses.
Energy and environmental impact: The marked reductions in
cooling demand were promising from an energy efficiency stand-
point. However, a complete environmental impact asses-
sment—including the embodied energy of producing MBCs and their
overall carbon footprint—would provide a more holistic under-
standing of their sustainability credentials, which studies such as
[37] examined but require further research.

C. Extended applications and global transferability.

The bio-jaali's demonstrated performance in a challenging climate
suggests broad applicability beyond New Delhi. The dual functionality
of the MBC—thermal buffering and hygroscopic evaporative cool-
ing—makes the concept highly transferable:

¢ Climatic regions: The bio-jaali is particularly suited for hot and dry
climates (e.g., the Middle East), where the MBC’s high moisture
retention capacity (17.2% weight gain) would maximise the evapo-
rative cooling effect. It also serves as an effective shading and ther-
mal buffer in temperate climates during intermittent heatwaves.
Building typologies: The low-cost and bio-based nature of the so-
lution makes it ideal for residential and educational facilities lacking
active cooling access. For commercial buildings, it provides a dy-
namic, sustainable second-skin facade contributing to green building
certifications.

Feasibility and comparative economics: Despite the lack of cost
modelling, the bio-jaali presents a highly favourable economic case
against conventional solutions. Its material inputs rely on biomass
waste, and the manufacturing process uses low-energy bio-fabrica-
tion, circumventing the high material and energy costs associated
with quarrying or cement production. This process results in a
minimal (and potentially carbon-negative) embodied footprint,
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offering significant life-cycle cost savings and a low-risk, scalable
alternative to energy-intensive construction.

Climate resilience in the face of global warming: The effective-
ness of the bio-jaali is directly enhanced by the predicted trajectory
of global warming. As extreme heat events intensify and become
more frequent, the need for decentralised, non-mechanical cooling
becomes paramount. The bio-jaali's passive operation, low embodied
carbon, and proven ability to significantly reduce peak indoor tem-
peratures (up to 14.8°C) make it an inherently climate-resilient so-
lution. By decoupling cooling from the strained electrical grid and
utilising circular, bio-based materials, this approach offers a critical
adaptive strategy that reduces reliance on energy-intensive active
cooling, thereby mitigating the feedback loop between increasing
heat and increasing energy demand.

In summary, the bio-jaali represents a robust, climate-adaptive
facade principle, demonstrating a path to reimagining vernacular wis-
dom through bio-based composites to create low-carbon, climate-
adaptive, and circular facades.

5. Conclusion

This study demonstrated the feasibility of bio-jaali made with
mycelium-based composite (MBC) as a climate-responsive, low-carbon
building skin for hot urban environments, with reinterpretations of
traditional perforated facades in New Delhi’s climatic context. In this
study, analysis of historical climate data showed a 60% increase in
‘danger-level’ heat-stress hours in New Delhi over the 28-year period
(1991-2019). Under the elevated extreme climatic context, dynamic
simulations confirmed that bio-jaali significantly reduced indoor oper-
ative temperatures and cooling demand, outperforming conventional
sandstone jaali. Bio-jaali reduced peak temperature by up to 14.8°C and
cut annual cooling energy demand by 50.4%. Laboratory experiments
provided new evidence of MBCs’ humidity responsiveness— while
dimensionally stable (<3% change), the composites exhibited rapid
moisture uptake (up to 17.2% weight gain) and release, suggesting an
untapped potential for evaporative cooling.

The novelty of this work lies in combining vernacular design,
advanced building simulation, and bio-based material bio-fabrication
and characterisation to establish the performance of MBC-made fa-
cades at both material and building scales. At the same time, limitations
remain—including outdoor durability, peak-summer comfort, and me-
chanical robustness—the results open new directions for hybrid passive-
active cooling strategies, protective treatments to extend service life,
and full-lifecycle environmental assessments.

By bridging cultural heritage and circular material innovation, bio-
jaali demonstrates how bio-based building skins can reduce reliance
on cooling, lower embodied carbon, and enhance resilience to intensi-
fying urban heat stress. As such, it represents a step toward sustainable,
adaptive facades that align architectural practice with climate
imperatives.
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