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Bio-inspiration is a growing research field in architecture and urban design where this 
framework is being used to design and develop sustainable solutions and strategies for 
improving the overall built environment.  In buildings, the façade is the most critical 
element which differentiates the indoor environment from the outdoor environment.  The 
research related to the quantification of the impact of bio-inspired façade on the indoor 
environment is limited.  This research, therefore, aims to evaluate the impact of three-
dimensional retro-reflective design on the building facade.  The retro-reflective design 
can functionally perform to reflect off the incident solar radiation along with providing 
an aesthetical appeal.  The research has been conducted on a (2-storey) typical residential 
building in the United Kingdom using computational simulation.  Test building with bio-
inspired façade i.e., retro-reflective design is developed in SketchUp and simulated using 
OpenStudio and EnergyPlus software.  The results were compared against the baseline 
model with similar dimensions (without the bio-inspired design).  The surface inside face 
temperatures and zone air temperatures are analysed to investigate the impact on the 
indoor environment.  The result shows that the bio-inspired façade design reduces the 
façade internal surface temperature by up to 3.7°C and zone air temperature by up to 
1.9°C under UK’s weather conditions during summer.  

Keywords:   Building performance, Reflective materials, UK weather, Urban 
microclimate, Urban heat island.

 

1 INTRODUCTION 

Buildings consume 30-40% of the overall yearly primary energy demand for developed nations, 
making the construction industry a major source of CO2 emissions (Goyal and Pandey 2021).  
Moreover, the most significant influence on building occupants’ comfort and productivity occurs 
due to indoor thermal comfort (Kaushik et al. 2020).  Studies are continuously being conducted to 
find improved solutions for thermal discomfort problems and energy inefficiency.  Building façade 
is a critical element that are exposed to solar radiation and gets heated up.  A recent report from 
International Energy Agency has identified building façade as one of the six factors that impact the 
building energy consumption (IEA 2018).  Also, building façade forms urban geometry which has 
considerable influences on urban heat Island (UHI) effect.  However, research related to the impact 
of directional reflective façade design on indoor environment is very limited.  Heat transfer through 
a building's façade is an intricate process which occurs because of a mixed-mode phenomenon.  
The main component of façade heat exchange are radiation (solar heat gain and thermal emission) 
and the convection (heat exchanging with surrounding air) (Zingre et al. 2015).  Climate change, 
UHI effect, building energy consumption and thermal comfort are all interconnected complex 



Holschemacher, K., Quapp, U., Singh, A., and Yazdani, S. (eds.) 
 

 AAE-18-2 © 2022 ISEC Press 
 

system and difficult to characterize due to various exchange, therefore further research is needed 
to come up with strategies and solutions (Naboni et al. 2020).  
 

Table 1.  Existing research and implementations of bio-inspired facades. 
 

Inspiration Adaptation Function Benefits Reference(s) 
Polar bear’s layers of 

fur. 

(Nalcaci and Nalcaci 
2020) 

Tubes details of adaptive 
shielding form. 

Nalcaci and Nalcaci 2020) 

Longer, hollow 
guard hair helps in 
reducing heat loss. 

Energy 
usage 

reduction 
and 

thermal 
balance for 
residents. 

(Nalcaci and 
Nalcaci 
2020) 

Strelitzia flower. 

(Pawlyn,  2019) 

One Ocean Thematic 
Pavilion, Korea 

(Pawlyn,  2019) 

The Flectofin 
shading technique 
was inspired by 

how well the 
geometry of a 

Strelitzia flower 
alters when a 

pollinator falls on 
it. 

Flectofin 
as a 

dynamic 
part of the 
facade that 

controls 
solar gain. 

(Pawlyn,  
2019) 

 
Bio-inspired design, also known as biomimicry, is a concept of problem-solving that draws 

inspiration from nature in terms of functional concepts (Nalcaci and Nalcaci 2020).  There are 
majorly two approaches for applying biomimicry in design process– Problem based approach and 
Solution based approach.  In the first approach designer identifies and imitate the ecology of other 
species to that design problem whereas in latter a specific feature, behavior, or function in an 
organism or system is identified and that is translated into designs solution (Jamei and Vrcelj 2021).  
Studies (shown in Table 1) have used problem-based approach where human challenges are 
identified and then glance at nature to see how they have dealt with similar concerns to mimic and 
utilize to enhance the condition of built environment.  Researchers have been looking for numerous 
ways to improve the thermal performance of buildings.  Botanical system which tends to reduce its 
surface temperature to perform its desired functionality can be a source of inspiration for building 
designers.  For instance, Galanthus nivalisis a light color bell shaped hanging flower and has 
distinctive cooling strategy which is believed to be due to the directional reflective property 
(Rejšková et al. 2010).  Likewise, building can use the directional reflective properties to reflect 
the solar radiation allowing less heat transfer to internal surfaces.  This will help in reducing the 
internal surface temperature hence better thermal comfort during summer periods.  Also, it may 
eliminate or reduce the need of cooling in some case which is mostly during summer periods for 
buildings located in temperate climatic conditions.  Previous study by Han et al. (2015) has 
mimicked the Retro Reflective (RR) properties and designed macroscale retro-refractor to test the 
impact on thermal performance of nearby building which was based on inter-building effect 
approach (Pisello et al. 2012).  However, direct impact of RR façade on the indoor environment of 
the same building was not calculated.  The objective of this study is to develop a bio-inspired design 
solution which will have potential to improve indoor environment conditions in terms of thermal 
comfort for United Kingdom (UK) climatic condition.  Additionally, this research focusses on the 
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impact of bio-inspired façade’s on indoor built environment specifically for UK’s climatic 
conditions.   

 
2 PROPOSED BIO-INSPIRED DESIGN AND COMPUTATIONAL MODELLING 

In order to mimic the RR design a distinctive façade design is created which can be evaluated to 
check the performance by conducting building level simulation.  Much research has been conducted 
over the decades on the different types of RR material (glass bead, capsule, and prism) and have 
shown that it can be effective but RR properties decay under the high incident angle of solar 
radiation (Wang et al. 2021).  This research is based on using the RR façade design to evaluate its 
impact on the thermal performance of internal environment which may also overcome the existing 
issue of durability of RR materials.  

The proposed RR façade design is made of three surfaces meeting at perpendicular angle which 
is arranged as shown in Figure 1a.  This study is focused on performance evaluation of bio-inspired 
RR façade design with respect to surface temperature reduction and zone air temperature reduction.  
Surface temperature change does have a considerable impact on annual energy consumption 
(Kumari et al. 2020).  In this research, a building is modelled with standard dimension as per the 
UK residential size.  The front façade has a bio-inspired RR design of size shown in Figure 1b. 

  
a b 

Figure 1a.  Enlarged RR design modules. Figure 1b.  The proposed bio-inspired RR façade 
design with dimensions. 

Orientation for the building is such that front façade is exposed to direct sunlight for the 
maximum duration (Figure 2).  The methodology used in this research is based on computational 
simulations which was conducted primarily in EnergyPlus software version 9.0.1.  EnergyPlus is a 
popular open-source BEM software which has been used by researcher for various kind of building 
simulations.  EnergyPlus offers multiple options of heat balance algorithm for calculation however, 
this study is conducted using conduction transfer function method.  The model was developed in 
SketchUp 2017 with OpenStudio extension 2.7.0 and exported to “.idf” format. The generated 
“.idf” file was imported in EnergyPlus software for further modification, input, and simulation.  
Table 2 contains the building simulation input details for wall.  Same properties have been used for 
all the walls in both baseline and RR façade design model.  Standard roof and floor properties are 
used for both the models in this research.   

 
Table 2.  Details of specification for simulation. 

 
Items Values 

Wall material Brick wall 
Thickness of wall (mm) 100 

Thermal conductivity (W/m-K) 1.245 
Mass density (Kg/m3) 2082.2 

Specific Heat Capacity (J/Kg-K) 920.48 
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Figure 2 shows the simulated building footprint with Sun path diagram of the location.  The 
RR façade design is modelled only on the front façade and the orientation of building is done so 
that the front façade gets the highest amount of solar radiation.  Hourly weather data of London, 
United Kingdom was used to conduct all the simulations (Energyplus 2021).   

 
 

Figure 2.  Stereographic Sun Path diagram with model (top view) in center. 
 

The building model chosen is a typical residential block in UK (shown in Figure 3a) with 8m 
length and 5m frontal width.  The building is two storied with height of 6.5m.  The focus is to 
analyze the façade, so a simple flat roof was modelled.  The front face of the façade is towards 
south facing which receives highest amount of daylight to quantify the extent of impact.  Test model 
is developed with RR design (Figure 3c) on its south façade and a baseline model is developed for 
comparison with plain south facade (Figure 3b).  Both the models are simulated with same 
boundary condition for a typical summer week.  There are two output which was compared for the 
baseline and bio-inspired RR design: Surface inside face temperature for front façade (South) and 
Zone air temperature for the models.  

 
a b c 

Figure 3a) Image of typical residential building of UK; Google-earth image of Basic 3-D model design of 
buildings, 3b) Baseline model with plain facade, 3c) Model with bio-inspired RR design. 

 
3 RESULTS AND DISCUSSION 

Surface inside face temperature which is the internal surface temperature for the model 3b and 3c 
is shown in Figure 4 for the typical summer week.  Model with RR façade design has numerous 
individual surfaces, so the surface temperature is taken the average value for all the south facing 
facades surfaces.  Figure 5 shows the zone air temperature plotted for the two models for same 
typical summer week.  The second axis on both the Figures shows the difference of temperature for 

6.3
m 

8m 
5m 
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surface inside face temperature and zone air temperature respectively.  A maximum of 3.7°C is 
reduced for surface inside face temperature and maximum of 1.9°C is reduced for zone air 
temperature.  The trend profile shows that the surface inside face temperature peaks during the 
daytime and are similar for both the models during the nighttime.  Zone air temperature also has 
the similar trend however the difference is relatively lower as compared to surface inside air 
temperature which is expected.  

 
 

Figure 4.  Surface Inside Face Temperature for south facing façade.   
 

 
 

Figure 5.  Zone air temperature profile for Baseline vs Bio-inspired RR model. 

4 CONCLUSIONS  

As the building industry is striving for achieving its sustainability aspirations, researchers are 
looking for methods to support the industry by investigating new solutions.  The nature can offer 

Δt [°C] = Surface inside face temperature difference 
between baseline model and bio-inspired RR model 

Δt [°C] is zone air temperature difference 
between baseline model and bio-inspired RR 
model 
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functional ideas and inspiration which can improve the indoor built environment and eventually 
helps in achieving thermal comfort and energy efficiency.  The façade is the most important aspect 
of the building which segregate indoor environment to outdoors environment.  This paper is an 
effort to evaluate the impact of bio-inspired RR façade on indoor environment in UK’s climatic 
conditions.  This computational research concludes that bio-inspired RR façade design do have 
distinctive impact on both internal façade surface temperature and zone air temperature.  The 
impact is more prominent during the daytime due to solar radiation and higher outdoor temperature.  
RR façade design helped to reduce average of 1°C temperature from internal surface temperature 
which included daytime as well and nighttime results.  UK climate is majorly heating dominant, 
however during summertime it gets warm, causing discomfort.  This RR façade design may help 
to reduce the need of additional cooling for the buildings and reduce the peak load of the building 
during summertime improving comfort for the occupants.  Moreover, a further study may be 
required for analyzing the impact of the façade design on annual energy consumption and to analyze 
the impact of bio-inspired façade for different climatic condition.  

 
References 
Goyal, M., and Pandey, M., A Systematic Analysis for Energy Performance Predictions in Residential 

Buildings Using Ensemble Learning, Arabian Journal for Science and Engineering, 46(4), 3155-3168, 
April, 2021. 

Energyplus, 2021.  Retrieved from www.energyplus.net/weather on June 18, 2021.  
Han, Y., Taylor, J. E., and Pisello, A. L., Toward Mitigating Urban Heat Island Effects: Investigating the 

Thermal-Energy Impact of Bio-Inspired Retro-Reflective Building Envelopes in Dense Urban Settings, 
Energy and Buildings, 102, 380-389, September, 2015. 

IEA, 2018.  Retrieved from www.iea.org on October 5, 2021. 
Jamei, E., and Vrcelj, Z., Biomimicry and the Built Environment, Learning from Nature’s Solutions, Applied 

Sciences, 11(16), 7514, January, 2021. 
Kaushik, A., Arif, M., Tumula, P., and Ebohon, O. J., Effect of Thermal Comfort on Occupant Productivity 

in Office Buildings: Response Surface Analysis, Building and Environment, 180, 107021, August, 2020. 
Kumari, P., Kapur, S., Garg, V., and Kumar, K., Effect of Surface Temperature on Energy Consumption in a 

Calibrated Building: A Case Study of Delhi, Climate, 8(6), 71, June, 2020. 
Naboni, E., Milella, A., Vadalà, R., and Fiorito, F., On the Localised Climate Change Mitigation Potential 

of Building Facades, Energy and Buildings, 224, 110284, October, 2020. 
Nalcaci, G., and Nalcaci, G., Modeling and Implementation of an Adaptive Facade Design for Energy 

Efficiently Buildings Based Biomimicry, 8th International Conference on Smart Grid (icSmartGrid), 140-
145, IEEE, June 2020. 

Pawlyn, M., Biomimicry in Architecture. Routledge, England, 2019. 
Pisello, A. L., Taylor, J. E., Xu, X., and Cotana, F., Inter-Building Effect:  Simulating the Impact of a Network 

of Buildings on the Accuracy of Building Energy Performance Predictions, Building and Environment, 
58, 37-45, December, 2012. 

Rejšková, A., Brom, J., Pokorný, J., and Korečko, J., Temperature Distribution in Light-Coloured Flowers 
and Inflorescences of Early Spring Temperate Species Measured by Infrared Camera, Flora-
Morphology, Distribution, Functional Ecology of Plants, 205(4), 282-289, January, 2010. 

Wang, J., Liu, S., Meng, X., Gao, W., and Yuan, J., Application of Retro-Reflective Materials in Urban 
Buildings: A Comprehensive Review, Energy and Buildings, 111137, September, 2021.  

Zingre, K. T., Wan, M. P., Tong, S., Li, H., Chang, V. W. C., Wong, S. K., and Lee, I. Y. L., Modeling of 
Cool Roof Heat Transfer in Tropical Climate, Renewable Energy, 75, 210-223, March, 2015.  

 


