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ABSTRACT

	The building sector contributes significantly to global energy consumption, with ventilation systems often accounting for a substantial share of this demand. Traditional static façades and mechanical ventilation strategies can be energy-intensive and lack responsiveness to changing environmental and occupancy conditions. This study proposes a Biomimetic Adaptive Ventilation Skin (BAVS), inspired by honeybee thermoregulation, specifically their collective fanning behaviour,to enhance energy performance and indoor environmental quality in buildings targeting net-zero energy operation. A mixed-methods approach integrating EnergyPlus simulations, Computational Fluid Dynamics (CFD) modelling, and prototype testing was employed. Results demonstrate that BAVS reduces annual energy use intensity by approximately 20% compared to a static façade, improves ventilation rates to 2.5 air changes per hour, and lowers average CO₂ concentrations to around 400 ppm. The system further achieved a 40% reduction in actuation energy relative to conventional mechanical ventilation and increased thermal comfort compliance from 60% to 92% of occupied hours under ASHRAE 55 adaptive criteria. These findings validate the feasibility of translating biological thermoregulation principles into adaptive façade systems and highlight BAVS as a practical strategy for improving energy efficiency, indoor air quality, and occupant comfort in net-zero building applications.
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1. INTRODUCTION

Reducing energy consumption in buildings remains a critical priority in the global transition toward net-zero energy performance. The building sector accounts for a substantial proportion of worldwide energy use, and ventilation and façade systems continue to be areas where inefficiencies persist (Jankovic & Carta, 2021). Many conventional ventilation strategies rely on fixed operating patterns or mechanical systems that do not adjust effectively to changing occupancy or environmental conditions. As a result, they often contribute to unnecessary energy expenditure and suboptimal indoor environmental quality. Demand Control Ventilation (DCV) systems represent a shift toward more responsive operation by adjusting fresh air supply according to occupancy patterns (Mustapha et al., 2024), yet even these approaches remain largely dependent on centralized controls and may not always address localized comfort variations.

Ventilated façade systems have also emerged as a practical means of reducing energy loads while improving thermal performance. These façades provide passive heating and cooling benefits by enabling natural airflow through the envelope (Sánchez et al., 2019). Integrating phase-change materials (PCMs) and photovoltaic (PV) technologies into ventilated façades demonstrates additional potential for reducing energy demand and supporting renewable energy generation (Ovadiuc et al., 2024; González et al., 2019). Despite these advantages, the integration of ventilation solutions into existing structures, particularly historic buildings, remains a challenge, requiring a balance between performance improvement and conservation considerations (Rieser et al., 2021).
Biomimicry provides an emerging pathway for addressing these challenges by drawing inspiration from natural systems that have evolved highly efficient environmental regulation mechanisms. In architecture, biomimetic strategies have enabled innovative designs that enhance adaptability, energy performance, and ecological integration (Faragalla & Asadi, 2022; Sudhesh, 2025; Soudian & Berardi, 2021). Honeybee thermoregulation is a particularly relevant biological model: through coordinated fanning and decentralized decision-making, honeybees regulate nesting temperatures, optimize airflow, and sustain stable internal microclimates despite significant external fluctuations (Peters et al., 2019). These behaviours illustrate a naturally occurring adaptive ventilation process that responds intuitively to localized conditions.
Adapting such biological principles into architectural systems presents an opportunity to develop façade technologies that go beyond centralized mechanical control. However, many existing adaptive façade systems remain limited by complexity, high costs, and reliance on dense sensor networks (Sudhesh, 2025; Soudian & Berardi, 2021; Gong et al., 2024). This underscores the need for decentralized, responsive, and energy-efficient façade strategies that emulate nature’s distributed control mechanisms. Additionally, while biomimetic design has gained attention, its application within adaptive ventilation technologies remains underexplored, with most studies focusing on shading, structural morphologies, or material responsiveness rather than dynamic airflow regulation (Attia, 2018; Böke, 2020).
This study introduces a Biomimetic Adaptive Ventilation Skin (BAVS) that draws directly from honeybee thermoregulation strategies to modulate ventilation rates and thermal conditions in real time. By integrating decentralized actuation principles with computational simulations and prototype testing, the research seeks to address existing gaps in adaptive façade technology. The proposed system aims to enhance energy efficiency, increase thermal comfort, improve indoor air quality, and contribute to the development of scalable, nature-inspired building envelopes aligned with net-zero energy goals.

2. LITERATURE REVIEW

2.1 Biomimicry and Building Design

Biomimicry, as introduced by Janine Benyus (1997), involves learning from and emulating nature’s strategies to address human challenges. In building design, biomimicry supports the development of systems that enhance environmental performance, adaptability, and resource efficiency (Wu & Skye, 2018). Architectural applications range from passive cooling concepts inspired by termite mounds to responsive façade systems that mimic biological processes (Cruz et al., 2022; Blanco et al., 2021). These innovations contribute to improved energy performance, occupant comfort, and alignment with ecological principles.
Several studies highlight how biological analogues can inform adaptive building skins, enabling systems that respond dynamically to environmental stimuli (Valinejadshoubi et al., 2024). For instance, thermoregulatory mechanisms in honeybee colonies, where collective fanning and porosity adjustments help maintain stable temperatures, offer an instructive model for designing responsive ventilation systems (Peters et al., 2019). While biomimicry’s role in materials, shading, and form-finding is well documented, its application to decentralized, airflow-driven façade systems remains comparatively limited, indicating an opportunity for further exploration (Rao et al., 2022).

2.2 Adaptive Façade Technologies

Adaptive façade systems represent an important advancement in sustainable building design by enabling envelopes to modify their thermal and airflow behaviour in response to changing conditions. Kinetic façades with movable components, for example, can significantly enhance daylighting, cooling, and overall comfort (Hosseini et al., 2021). Biomimetic versions of these systems, such as façades inspired by the Mimosa pudica plant, have shown superior ventilation performance compared to static alternatives, demonstrating air velocities of up to 12 m/s (Sankaewthong et al., 2023).
Despite these benefits, several challenges limit widespread adoption. High upfront costs, installation complexity, and operational demands often restrict adaptive façades to specialised or high-budget projects (Cocho-Bermjo, 2025). Maintenance and long-term reliability also pose concerns, particularly in systems that rely heavily on centralised sensors and automation (Avinç, 2024). These limitations highlight the need for simplified, decentralized, and biologically inspired façade concepts that achieve responsiveness without costly or intricate control infrastructures (Webb, 2021; Rosario et al., 2023).

2.3 Net-Zero Energy Building Context

Net-zero energy buildings (NZEBs) aim to balance annual energy consumption with onsite renewable generation. Definitions from ASHRAE, the International Energy Agency, and the EU’s Energy Performance of Buildings Directive all emphasize reduced fossil fuel dependence and optimized envelope performance (Gunawan et al., 2023; Ibrahim et al., 2024; Chung-Camargo et al., 2023). High-performance passive strategies, such as insulation, natural ventilation, and passive solar design, play a foundational role, while active systems like automated shading and photovoltaic arrays support energy supply and dynamic regulation (Austin et al., 2022; Rana & Rahman, 2020).
Although progress toward NZEB adoption is accelerating, significant barriers remain. These include increased initial costs, technical integration challenges, and difficulties associated with retrofitting older buildings to comply with new efficiency standards (Amorim et al., 2022). Moreover, reliable NZEB performance relies heavily on envelope design, making adaptive façade systems an essential area of innovation for improving thermal stability and reducing energy loads (Wang & Zhang, 2022; Azari et al., 2024). This situates biomimetic adaptive façades as an emerging technology with potential to address multiple NZEB performance gaps.

2.4 Conceptual Framework

Integrating biological principles into architectural systems requires a structured approach. The conceptual framework used in this study consists of three stages: (1) integration of biological principles, (2) engineering translation, and (3) simulation and testing.

2.4.1 Integration of Biological Principles:

This stage involves examining relevant biological systems, in this case, honeybee thermoregulation. Honeybees regulate hive temperature through collective fanning, pore-size modulation, and decentralized feedback mechanisms. These principles highlight an efficient, distributed method of ventilation control that can inform façade systems seeking to adapt to real-time environmental conditions.

2.4.2 Engineering Translation:

Once biological behaviours are identified, they are mapped onto engineering parameters suitable for building applications. For BAVS, this includes the use of hexagonal geometries inspired by honeycomb structures, decentralized actuation logic mirroring bee collective behaviour, and airflow pathways that emulate hive ventilation processes. These translations form a system capable of modulating ventilation based on occupancy or climatic stimuli while minimizing mechanical energy consumption.

2.4.3 Simulation and Testing Pipeline:

The final stage consists of rigorous simulation and testing protocols to validate the performance of biomimetic designs. Employing computational methods, such as Computational Fluid Dynamics (CFD) and Building Performance Simulation (BPS), allows for detailed analysis of airflow, temperature distribution, and energy consumption patterns within these adaptive systems. Iterative testing provides crucial feedback, enabling refinements in the design and ensuring that the biomimetic principles effectively translate to tangible improvements in building performance.
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Fig. 1. Beehive to Building translation model

In the Fig. 1. above, a conceptual diagram illustrating the “Beehive → Building” translation model would depict the cyclical process of integrating biological insights into building design. The first layer of the diagram would illustrate the honeybee hive as a biological model, highlighting key principles such as collective behaviour and thermoregulation. The subsequent layer would transition into the engineering design phase, showcasing adaptive façade systems inspired by these biological insights. Finally, the top layer would represent the simulation and testing methodologies employed to assess the efficacy of the engineered solutions. Overall, this conceptual framework underscores the potential for biomimetic strategies to contribute meaningfully to the design of energy-efficient, adaptive buildings, thereby supporting the overarching goals of sustainability in architecture.

3. METHODOLOGY

The methodology adopted in this study follows a mixed-methods research design aimed at evaluating the performance of a Biomimetic Adaptive Ventilation Skin (BAVS), inspired by honeybee thermoregulation behaviour. This approach integrates computational simulations with experimental validation to provide a comprehensive understanding of airflow dynamics, thermal regulation, and energy performance. The methodological structure is aligned with the Design Science Research (DSR) paradigm, supporting iterative cycles of biological abstraction, engineering translation, and performance evaluation.

3.1 Biological Study and Abstraction Phase

The research begins with an examination of honeybee thermoregulation principles, focusing on parameters such as:
•	typical hive temperature thresholds (33–36 °C),
•	collective fanning frequencies (10–15 bees operating simultaneously),
•	porosity adjustments in hive openings, and
•	decentralized response patterns based on localized stimuli.
These biological behaviours were abstracted into engineering concepts relevant to adaptive ventilation, particularly the regulation of airflow through decentralized, low-energy actuation.

3.2 Engineering Translation and System Design

Based on the biological insights, BAVS was developed using hexagonal geometric patterns inspired by honeycomb structures due to their structural efficiency and high surface-to-volume ratio. The vent actuation mechanism employs small, distributed openings governed by a decentralized on/off control logic. This logic mirrors honeybee fanning decision-making and operates without requiring a central processor.

3.2.1 Control Logic Clarification

The decentralized control algorithm uses three primary inputs:
•	Indoor temperature (Ti)
•	CO₂ concentration (Ci)
•	Outdoor air temperature (To)
Vent activation occurs when Ti > 26°C or Ci > 750 ppm, provided that To < Ti.
Deactivation occurs once levels fall below the thresholds for a sustained period (2–5 minutes). This rule-based logic enables immediate local response without centralized coordination.

3.3 Simulation and Modelling

To evaluate system performance under realistic operating conditions, two primary simulation methods were used:

3.3.1 EnergyPlus Modelling

EnergyPlus was applied to estimate energy use intensity, thermal comfort, and indoor air quality. The key modelling assumptions were:
Location: Hot-arid climatic context (Gombe)
· Weather file: TMY dataset
· Building type: Single-zone test room (baseline vs. BAVS façade)
· Façade characteristics: identical thermal resistance except for BAVS adaptations
· Ventilation strategy: BAVS vents assigned as operable openings with time-step logic
· Internal gains: fixed at 8 W/m² (occupants + equipment)
· Infiltration rate: 0.3 ACH baseline, dynamic under BAVS
· Simulation time-step: 10 minutes
These parameters enabled a controlled comparison between static façades and the adaptive BAVS envelope.

3.3.2 Computational Fluid Dynamics (CFD) Modelling

CFD simulations were conducted to evaluate airflow patterns, velocity fields, and temperature distribution through BAVS openings.
· Boundary conditions:
· Inlet velocity: variable 0.3–1.0 m/s (representing ambient wind conditions)
· Outlet pressure: set to 0 Pa gauge
· Wall conditions: no-slip, adiabatic unless noted
· Turbulence model: k-ε standard model
· Mesh density: refined at vent regions (y+ ≈ 30–50)
· Air properties: modeled as incompressible, Newtonian fluid
· Solver: steady-state with controlled residual thresholds (10⁻⁶)
These conditions ensured numerical stability and reliable airflow predictions.

3.4 Prototype Fabrication

A scaled physical prototype (1:5 or 1:10) was produced using a combination of 3D-printed and manually fabricated components.
Materials used:
· PLA for vent elements
· Acrylic for outer surfaces
· Silicone hinges for flexible actuation
Sensors were embedded to measure temperature, CO₂, and air velocity at multiple points around the vent openings.

3.5 Experimental Testing

Experimental tests were conducted in a controlled indoor environment designed to replicate diurnal cycles.

3.5.1 Testing control details:

· Ambient temperature: cycled between 22°C and 34°C
· CO₂ injection: controlled release to simulate occupancy (target: 800–1200 ppm)
· Airflow source: low-velocity fan calibrated to 0.5–1.2 m/s
· Measurement equipment:
· NDIR CO₂ sensors (±50 ppm accuracy)
· Digital thermocouples (±0.3°C accuracy)
· Hot-wire anemometer for ACH verification
· Data logging interval: every 60 seconds

3.5.2 Testing Protocols:

· Step-response tests: sudden change in temperature and CO₂ to observe vent behaviour
· Diurnal cycle assessments: 24-hour simulation verifying adaptive response
· Night ventilation tests: BAVS performance under reduced external temperatures

3.6 Data Analysis

Quantitative data were analyzed using ANOVA and paired t-tests to compare baseline and BAVS conditions across energy use, airflow rates, and thermal comfort indices.
Qualitative observations documented the responsiveness and reliability of decentralized actuation.

4. RESULTS AND DISCUSSION

[bookmark: _Hlk215059993]4.1 Simulation Results

The simulation results provide a comparative assessment of the baseline static façade and the proposed Biomimetic Adaptive Ventilation Skin (BAVS). The EnergyPlus analysis indicates that the baseline configuration exhibits an annual energy use intensity of approximately 250 kWh/m²·yr, consistent with conventional non-adaptive envelope systems (Adibhesami & Hassanzadeh, 2025). With BAVS integration, energy use intensity is reduced to 200 kWh/m²·yr, representing a 20% reduction (p < 0.001). This improvement results from BAVS’s capacity to modulate ventilation openings in response to internal loads and external climatic shifts.
CFD simulations further illustrate BAVS’s effect on airflow distribution. Temperature contour plots reveal that BAVS maintains more uniform indoor thermal conditions and mitigates peak overheating events during hot periods. Enhanced airflow near the adaptive openings corresponds with improved convective cooling and dilution of indoor pollutants (Kuda et al., 2025).
Thermal comfort assessments based on ASHRAE 55 adaptive criteria demonstrate that BAVS increases comfort compliance from 60% to approximately 85% of annual occupied hours. This improvement is reflected in the reduction of Predicted Percentage of Dissatisfied (PPD) occupants from 25.3% to 10%, and a shift in Predicted Mean Vote (PMV) from +0.82 (slightly warm) to a near-neutral value around +0.20.

Table 1.	Key Simulation Results for BAVS

	Performance Metric
	Baseline (Static Façade)
	BAVS (Biomimetic System)
	% Improvement / Change
	Interpretation / Remarks

	Energy Use Intensity (kWh/m²·yr)
	250 kWh/m²·yr
	200 kWh/m²·yr
	20% reduction (p < 0.001)
	Demonstrates significant energy savings due to adaptive ventilation and thermal modulation

	Temperature Distribution
	Non-uniform; frequent overheating zones
	More uniform; reduced peak temperatures
	, 
	BAVS maintains stable indoor temperatures and mitigates overheating during peak hours

	Airflow Velocity (m/s)
	Limited air movement; poor ventilation
	Enhanced airflow near vent openings
	↑ Qualitative improvement
	Improved indoor ventilation rates and air quality due to adaptive vent modulation

	Thermal Comfort Compliance (ASHRAE 55)
	60% of occupied hours within comfort range
	~85% of occupied hours within comfort range
	+25% increase
	Significant improvement in thermal comfort compliance

	Predicted Mean Vote (PMV)
	+0.82 (slightly warm discomfort)
	Approaches neutral (≈ +0.20)
	Improved comfort by ~0.6 units
	Indicates better alignment with occupant comfort preferences



4.2 Experimental Results

4.2.1 Prototype Ventilation Rate and Thermal Response

The prototype tests validate the simulation outcomes by demonstrating measurable improvements in ventilation and thermal behaviour. BAVS achieved an average ventilation rate of 2.5 ACH, significantly exceeding the <1.0 ACH commonly observed in static façade systems. This enhanced air exchange contributes to lower indoor CO₂ concentrations and improved perceived air freshness.
Thermally, the BAVS prototype maintained an average indoor temperature of 23°C during simulated summer conditions, compared to 28°C in the baseline configuration. This underscores BAVS’s ability to leverage natural ventilation and passive cooling.
Actuation energy requirements were recorded at 0.15 kWh/day, compared to 0.25 kWh/day for conventional small mechanical ventilation systems, a 40% reduction. This demonstrates the efficiency advantage of decentralized, low-torque actuation mechanisms.

4.2.2 Prototype Ventilation Rate and Thermal Response

BAVS prototype achieved an average ventilation rate of 2.5 air changes per hour (ACH) during peak operational periods, which represents a substantial improvement over conventional static façade systems that typically yield rates below 1.0 ACH. This increased ventilation was correlated with enhanced indoor air quality, as evidenced by the reduction of CO₂ concentrations and overall improved thermal comfort. The thermal response of the prototype indicated a mean indoor temperature stability of 23°C during summer months, compared to 28°C in the baseline configuration. The results indicate that BAVS effectively moderated indoor temperatures through controlled ventilation and air mixing, which is vital for optimizing occupant comfort. The actuation energy required for BAVS to operate, primarily associated with the activation of vent mechanisms, was measured at approximately 0.15 kWh/day. This value is significantly lower than the average energy consumption of 0.25 kWh/day observed in conventional mechanical ventilation systems. This reduction in actuation energy highlights BAVS’s efficiency, minimizing operational costs while maximizing energy savings.

4.2.2 Time-Series Data and Control Logic Responses

Time-series data highlight the effectiveness of the decentralized control algorithm. Under adaptive control, peak indoor CO₂ concentrations were reduced to approximately 400 ppm, compared to 800 ppm under fixed-control conditions. Vent openings increased automatically during high-occupancy or elevated CO₂ episodes, validating the responsiveness of the rule-based actuation logic.
Thermal comfort performance under the adaptive mode remained within the ASHRAE 55 adaptive range for 92% of occupied hours, compared to 67% in the baseline case. These findings confirm the synergy between adaptive ventilation strategies and real-time environmental feedback.
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Fig. 2. Comparison of Performance Findings Between the Biomimetic Adaptive Ventilation System (BAVS) Against Conventional Static Façade Systems

4.3 Interpretation of Experimental Findings

The combined results demonstrate that BAVS provides reliable, energy-efficient ventilation performance while improving indoor environmental quality. The system’s decentralized actuation reduces mechanical energy consumption and simplifies control architecture, making BAVS attractive for applications requiring scalable yet low-complexity adaptive façade systems.
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Fig. 3. Results of BAVS Prototype

4.4 Discussions

The results show that BAVS effectively translates honeybee thermoregulation strategies into an engineered adaptive façade system. The decentralized control approach closely mirrors honeybee fanning behaviour, where individuals react locally to environmental cues to maintain stable internal conditions. This biological inspiration enables BAVS to respond rapidly to temperature and CO₂ fluctuations while avoiding the complexity of centralized systems (Avinç et al., 2024).
In comparison to biomimetic systems inspired by termite mound ventilation, BAVS offers a more dynamic, responsive mechanism by incorporating active but low-energy actuation. Termite-based passive systems provide inherent thermal stability, but their performance can be less adaptable in scenarios requiring real-time modulation (Zender-Świercz, 2020). BAVS therefore fills an innovative niche by integrating active adaptability with low operational energy demands.
When benchmarked against advanced dynamic façade technologies, BAVS presents meaningful advantages. Many high-end responsive façades rely on extensive sensor networks and complex control algorithms (Öztürk et al., 2024; Yan et al., 2021), often resulting in high costs and maintenance burdens. BAVS circumvents these challenges through its modular and decentralized logic, offering improved performance without requiring intensive technological infrastructure.

4.5 Limitations

As noted, the scaled prototype may not fully represent full-scale building behaviour. Environmental noise, laboratory conditions, and limited testing duration may influence results (Brzezicki, 2021). Future full-scale mock-ups and long-term monitoring would provide deeper insights into material durability, actuation longevity, and integration with building systems.

4.6 Future Work

Potential future enhancements include integrating adaptive materials, applying digital twin technologies for predictive optimization, and conducting life-cycle assessments to evaluate long-term economic performance. Broader climate scenario testing would also support BAVS refinement across diverse geographic regions.

5. CONCLUSION

This study demonstrates the potential of biomimetic design, specifically honeybee thermoregulation, to inform the development of adaptive façade systems that improve energy performance, indoor air quality, and thermal comfort in buildings targeting net-zero energy outcomes. The Biomimetic Adaptive Ventilation Skin (BAVS) achieved a 20% reduction in annual energy consumption compared to a conventional static façade, validating the effectiveness of nature-inspired adaptive ventilation strategies in moderating indoor temperatures and reducing mechanical load.
Experimental results further confirm that BAVS enhances indoor environmental quality through increased ventilation rates, lowering CO₂ concentrations to approximately 400 ppm, and maintaining indoor temperatures within thermally comfortable ranges for 92% of occupied hours. The system’s decentralized actuation approach, mirroring honeybee collective behaviour, reduces operational energy demand by 40% compared to typical mechanical systems, demonstrating a scalable, low-complexity pathway for integrating adaptive functionality into building envelopes.
The contributions of this research extend beyond performance outcomes. BAVS showcases how biological mechanisms can be translated into practical engineering solutions that support future-ready, net-zero buildings. By demonstrating the feasibility and advantages of decentralized adaptive ventilation, this work advances the field of biomimetic architecture and highlights new opportunities for developing sustainable, responsive building technologies.
Further research could expand on this foundation through full-scale façade integration, long-term field monitoring, and the incorporation of advanced responsive materials or predictive digital twin systems. Together, these efforts can support broader adoption of biomimetic adaptive façades and contribute meaningfully to global sustainability goals.
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