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Applying biomimicry to design building envelopes that lower energy consumption

in a hot-humid climate
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ABSTRACT

Design thinking in architecture has shifted due to warming climate, and the role it plays in energy
consumption. The building envelope is a key design element, as it mediates the maintenance
of comfortable indoor temperatures. Our study uses the solution-based approach for generating
biomimetic architectural concepts described by Badarnah, Lidia, and Usama Kadri [2014. “A Method-
ology for the Generation of Biomimetic Design Concepts.” Architectural Science Review (June): 1-14.
doi:10.1080/00038628.2014.922458]. Our proposed biomimetic design was inspired by the adaptive strate-
gies of the African reed frog and the Hercules beetle. It incorporates a hydrogel chamber, embedded phase
changing material, and the use of adaptive thermal comfort. We calculated potential summertime energy
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savings for a small-sized office building in Chicago using DesignBuilder/EnergyPlus. Our results show a
potential of up to 66% reduction in the space conditioning energy use intensity mainly thanks to a decrease

in cooling energy needs.

1. Introduction

Scientific evidence and greater awareness about climate change
and environmental pollution have influenced architectural
design in the twenty-first century. Architecture plays a cru-
cial role; buildings worldwide use 20-40% of total consumed
energy, largely through heating and cooling building interi-
ors. Heating, ventilation and air conditioning (HVAC) systems
account for 48-57% of total energy consumption depend-
ing upon geography (U.S. Energy Information Administration
(eia) 2013) and when lighting is also considered this num-
ber rises above 65% (CBECS 2012). Warming urban climates
and increasing frequency of extreme heat events are expected
to have a significant impact on future energy consumption
(Huang and Gurney 2016). The building envelope is the most
important structural subsystem affecting the energy balance
of the building (Schittich, Lang, and Krippner 2006), and is
therefore an ideal element to optimize for improved thermal
behaviour.

The building envelope is usually a static barrier between exte-
rior environmental variables and dynamic inside activities. A
new architectural trend is to make an adaptive envelope that
is responsive to both exterior and interior variable environ-
ments (Armstrong 2012). The ability to adapt to conditions is
relatively new to the field of architecture, whereas it is a phe-
nomenon as old as life itself. Living organisms are able to adapt
to changing weather conditions while maintaining their body
temperature in very narrow ranges, because they implement

physiological, morphological and/or behavioural means for
thermoregulation (Badarnah 2015). In this context, biomimicry
(i.e. the emulation of biological strategies) has a huge poten-
tial as a design tool to improve the sustainable performance
of buildings.

In 1997, Janine Benyus popularized biomimicry as an emerg-
ing discipline that mimics nature’s forms, functions, processes
and systems to create a healthier, more sustainable planet
(1997). The use of biomimicry as a design approach to specif-
ically redesign building envelopes has recently become more
prevalent (Badarnah Kadri 2012; Gostonyi 2013; Mazzoleni 2013;
Lopez et al. 2017). For example, studying the mechanism of how
plant stomata function in relation to gas exchange resulted in
building envelopes adaptive to varying environmental condi-
tions (Lopez et al. 2015). The banana slug inspired the design of a
greenhouse with an adaptive envelope that adjusts and changes
according to weather conditions, and collects rain water to
irrigate the plants, with overflow stored for further irrigation
(Mazzoleni 2013).

However, copying nature does not necessarily result in
more sustainable solutions (Reap, Baumeister, and Bras 2005).
It is therefore important to consider different levels of emu-
lation: form, process and ecosystem (Benyus 1997). Mimick-
ing natural strategies in buildings can occur at many levels.
For example, you could simply create a building that only
mimics form for aesthetics (e.g. Tirau's iconic dog building in
New Zealand) or one that mimics a natural form to provide
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additional functionality (e.g. the glass panels of the Water-
loo International Terminal mimic the flexible scale arrange-
ment of pangolin, which allows the building to respond to
changes in air pressure when trains are entering and departing
from the terminal) (Zari 2010). In addition to mimicking form,
it is also important to consider the manufacturing process —
nature often uses self-assembly and readily available materials
(Benyus 1997; Whitesides and Grzybowski 2002). For increas-
ing the likelihood of sustainable outcomes, the ecosystem level
should also be taken into account by considering how a build-
ing will function in a particular habitat and integrate with the
already existing urban system (Weissburg 2016; Zari 2017). Using
biomimicry for creating more sustainable designs requires a
thoughtful practice and an interdisciplinary approach from the
onset (Kennedy et al. 2015). The development of methodologi-
cal tools to support a biomimicry approach for energy-efficient
building design provides a framework for biomimicry’s success-
ful implementation (Badarnah and Kadri 2014; Chayaamor-Heil
and Hannachi-Belkadi 2017). Badarnah and Kadri (2014) provide
a systemic review on different biomimicry methodologies. Cur-
rently, two different approaches have been recognized: either
starting from a design challenge [i.e. top-down (Speck and Speck
2008), challenge-to-biology (Baumeister 2014), biomimetics by
analogy (Gebeshuber and Drack 2008), problem-based (Vattam,
Helms, and Goel 2009)] or starting from an inspiring biological
observation [i.e. bottom-up (Speck and Speck 2008), biology-to-
design (Baumeister 2014), biomimetics by induction (Gebeshu-
ber and Drack 2008), solution-based (Vattam, Helms, and
Goel 2009)].

This paper focuses on how energy needs of a building can
be reduced using biomimicry principles. We investigated if
the solution-based approach described in Badarnah and Kadri
(2014) can be used to redesign a building envelope that effec-
tively lowers energy consumption while meeting thermoregu-
latory needs. We will describe our design process in detail, but
practically we examined the Hercules beetle (Dynastes hercules)
and the African reed frog (Hyperolius viridiflavus nitidulus) as nat-
ural models and mimicked their unique biological mechanisms
to design a biomimetic building envelope that lowers energy
consumption while minimizing energy needs for thermoregula-
tion. Although a biomimetic architectural design is supposedly
more responsive to the external and interior environment by
design, we introduced a simulation tool that allows the eval-
uation of its energy performance in a chosen climatic context
(Fernédndez Cadenas and Neila Gonzalez 2015). Moreover, this
allowed us to investigate the importance of each of the different
biomimetic design components.
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2. Methods

The biomimicry methodology used in this paper (Table 1) is
based on the solution-based approach for generating biomimetic
architectural concepts described in Badarnah and Kadri (2014),
which has been adapted from the fundamental work on
Biomimicry Thinking by Baumeister (2014) and the top-down
approach developed by the Plants Biomechanics Group led by
Thomas Speck (Speck and Speck 2008). The reason we chose
to follow this approach is because we wanted to ground our-
selves quickly into the solution space and did not want to
restrict our design process to one specific problem. We started
with inspiring observations from nature, and focused on the
challenges of heat and humidity prevailing in hot-humid condi-
tions to help us identify adaptive biological systems in nature.
The two most inspiring examples were the African reed frog
and the Hercules beetle because of their adaptive responses
to extreme heat and humidity, respectively. It was important
to obtain a proper understanding of the biological strategies
before we could use them as inspiration in the next phases.
To further understand their unique adaptive mechanisms, we
used the AskNature.org database and Google Scholar’s search
engine to find scientific research papers. Then we explored how
these biological strategies could be applied to design an innova-
tive building envelope that lowers energy consumption. We first
investigated the thermal behaviour of a prototypical building
found in the U.S. to obtain a better understanding of the context
of the biomimetic design and this assisted us to abstract the bio-
logical strategies into more suitable and applicable design prin-
ciples. We focused on Chicago because it is considered to have
a hot and humid climate, and thus accompanied with intensive
HVAC usage. To evaluate our biomimetic design, we performed
comparative energy simulations to determine if the biomimetic
building envelope indeed saved energy and which of the dif-
ferent biomimetic design components is most important for
achieving this.

2.1. Biological domain

2.1.1. The African reed frog

The first biological example which inspired us was H. viridiflavus
nitidulus, a species of the African reed frog that lives in the
savannahs of western Africa (Lampert 2001). While most savan-
nah frogs hide themselves under sand to escape high temper-
atures and low air humidity, immature individuals of African
reed frog survive the very hot, dry season while fully exposed
to the sun and harsh conditions clinging to vegetation. They are

Table 1. Solution-based biomimicry methodology adapted from Badarnah and Kadri (2014).

Strategies African reed frog Hercules beetle

Biological domain e Identify biological system e African reed frog e Hercules beetle

e Analyse biological system e Behavioural and morphological e Cuticle, porous photonic crystal

e Understand biological principles changes e Humidity-based colour change

e Light reflection and thermal adap-
tation
Transfer phase e Understand thermal behaviour of e High-albedo surface e Passive (de)humidification
building e Adaptive thermal comfort model e Superabsorbent polymers
e Abstract and brainstorm e Delay internal heat gain

Technological domain Implement technology through

prototyping and testing

Design and evaluate energy savings of biomimetic envelope system using
energy simulation
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Figure 1. Comparison of the skin of the African reed frog during wet and dry season. The skin contains three types of chromatophores: iridophores (blue), xanthophores
(orange), and melanophores (black). The number of iridophores increases significantly during transitioning to the dry season, while the xanthophores and melanophores

are shifted to the bottom. Adapted from Kobelt & Linsenmair (1986).
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Figure 2. Color changing mechanism in the Hercules beetle. A spongy layer of filamentary strings of chitin are arranged in layers parallel to the epicuticle, creating open
pores that are filled with air (dry environment) or water (humid environment). Depending on the contrast between the refractive indices this results in a greenish (dry) or

black (humid) color.

highly dependent on water and staying above ground permits
them to catch even the smallest amount of rain or condensation
of water (Geise and Linsenmair 1986; Lampert and Linsenmair
2002). They hold a special sitting position to minimize water
loss, minimize solar exposure and move only when seriously
disturbed.

The African reed frog can survive in harsh dry and hot
conditions, thanks to its spectacular physiological adaptations
triggered when temperatures reach 36-38°C. Their unique aes-
tivation behaviour lowers their metabolic rate at high temper-
atures and arid conditions. Their body colour changes from
beige or grey to a highly reflective white (Kobelt and Linsenmair
1986). During aestivation, the frog does not urinate or defe-
cate, holding all nitrogenous waste stored in its body. Yet, high
concentrations of urea in body fluids can be dangerous due to
osmotic problems; the frog solves this by converting its nitroge-
nous waste into purine crystals which it stores in specialized
cells called iridophores (Schmuck, Kobelt, and Linsenmair 1988).
The number of iridophores increases four to six times during
the dry season forming a layer on the upper part of the skin
(Figure 1). Because these purine crystals create a high refractive
index contrast to the surrounding cytoplasm, the iridophores
become light-reflecting cells (Levy-Lior et al. 2008, 2010). Their
position during the dry season is almost parallel to the skin sur-
face, causing them to act as a light reflector similar to a mirror
(Kobelt and Linsenmair 1992). Interestingly, the frog has two
other types of specialized cells, chromatophores, which contain
certain pigments (Kobelt and Linsenmair 1986). During the wet

season, the upper part of the skin will consist mainly of xan-
thophores (creating yellowish colours) and melanophores (cre-
ating brown/black) resulting in a beige or grey colour (Figure 1).
The number of xanthophores and melanophores does not
increase during transitioning to the dry skin. However, they
are shifted to the bottom of the skin and are replaced by lay-
ers of iridophores, which results in a highly reflective white
coloration.

2.1.2. The Hercules beetle
A second organism we have chosen for this study is the Her-
cules beetle (Dynastes hercules). Hercules beetles can be found
in the rainforest of South and Central America (Rassart et al.
2008). They are one of the largest beetles in the world and can
grow up to 17cm in length. Being primarily nocturnal makes
them particularly vulnerable to predators. Consequently, they
have found a way to adapt their body colour to match that
of its environment and be less conspicuous. The beetle’s body
changes from black on a dark, rainy day or night to an olive-
greenish colour during sunny days (Figure 2). This colour change
is reversible, does not need external energy, and happens within
mere minutes.

The greenish coloration under dry conditions originates from
a spongy layer underneath the transparent epicuticle that has a
3D photonic crystal structure (Figure 2). Specifically, a network
of filamentary strings of chitin are arranged in layers parallel
to the cuticle surface, creating open pores that are filled with
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air (Rassart et al. 2008). Because the photonic crystal structure
(refractive index n = 1.36) and air (n = 1.00) have a high refrac-
tive index contrast, this causes multi-layer interference (Sun,
Bhushan, and Tong 2013) resulting in a greenish colour. On
humid days, the spongy layer absorbs ambient moisture. Water
(n = 1.33) has a very similar refractive index from the surround-
ing chitin so there is no light reflection, which makes the body
appear black.

2.2. Transfer phase

Having an understanding of the biological systems allows for
applicable abstraction into design principles that can be used for
brainstorming and solution thinking to design biomimetic build-
ing envelopes. To realize transferability of relevant design princi-
ples to buildings, we first needed to understand how a building
behaves as that ultimately determines the context of a success-
ful biomimetic design. We investigated the thermal behaviour of
a small office building as a test case using a whole building simu-
lation program, DesignBuilder4.5/EnergyPlus 8.1 (DesignBuilder
Software Ltd, n.d.). This building type was selected because it
accounts for significant building efforts in the U.S.and consumes
significant amounts of energy (Thornton et al. 2010).

2.2.1. Simulation parameters

A representative three-storied, small-sized office building of
1366 m? (CBECS 2012) was modelled per ASHRAE Standard
90.1 Climatic Zone:5A (ASHRAE 2013) and Appendix G require-
ments (standard 90.1 requirements for energy efficient build-
ings). This building type represents a majority of the built-up
area in the U.S. and therefore it is selected for this investiga-
tion. Chicago (IL) was chosen as a suitable test location because
it poses heat- and humidity-related challenges (ASHRAE 2013)
during summer months, thus being a good case study model to
demonstrate energy saving potential of our selected biological
inspirations.

The square shaped building footprint of 21.3 x 21.3m was
chosen for orientation neutrality and based on the existing
building stock in the U.S. (Thornton et al. 2010). The perime-
ter and core-zoning pattern was adopted for understanding
thermal behaviour of the building because it accounts for heat
exchanges on differently oriented building facades. Each floor
has four thermal zones along the perimeter (depth is 3.65 m,

,///

North Zone V4

Core Zone (adiabatic)

West Zone
auoz iseg

,// SouthZone - | Glazing

AN 72 L Perimeter Zone

(30% on all walls)
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adopted from Thornton et al. 2010) and one core zone (Figure 3).
The summertime temperatures of the cross-section of the base-
line envelope were taken from a previous study (Bhiwapurkar
and Moschandreas 2010). The floor to floor glazing of 30% is
equally distributed on exteriors walls and its thermal properties
(i.e. solar heat gain coefficient, U-value and visible transparency)
are kept constant at 30% throughout this study.

The selected envelope construction is based on common
practices adopted for small-sized office buildings in the U.S.
(Richman et al. 2008; CBECS 2012) and the interior space is
air-conditioned by a packaged single zone DX system with fur-
nace (System3: PSZ-AC). The HVAC system maintains a 23.8°C
cooling set-point and 21.1°C heating set-point during occupied
hours. During off hours, thermostat set-points are 27.7°C for
cooling and 17.7°C for heating. The economizer is set to a max-
imum dry bulb temperature of 21.1°C. The operating schedule
is from 8:00 am to 5:00 pm. Additional details on simulation
parameters are published elsewhere (Bhiwapurkar 2015).

2.2.2. Thermal behaviour of building
The building’s thermal behaviour is determined by an addition
or extraction of heat from various thermal zones to maintain
the temperature set-pointrange 21.1-23.8°C. The building enve-
lope is in constant flux with outside and inside environmental
conditions, which influences the building’s thermal behaviour.
Solar heat, the primary source of external heat, is transferred
inside the building via the envelope - through glazing, walls
and the roof. Thermal properties of these elements determine
the heat flow, thus making material choices and its organiza-
tion in the construction assembly important. Buildings also gain
heat from internal sources: electric lighting, equipment and peo-
ple, affected by the building’s operating schedule for lighting,
equipment and HVAC, based on occupancy.

Figure 4 presents the thermal behaviour of the middle floor of
a three-storied building based on the amount of heat extracted
to maintain the desired thermal comfort range (i.e. heat extrac-
tion rate). We chose the middle floor because it is less affected
by the roof and ground, which allows us to focus on the build-
ing envelope. Time of day, solar position and the intensity of
radiation play a significant role in the thermal behaviour of
the building. The core zone receives heat primarily generated
by internal sources while the perimeter zones have a signifi-
cant external heat load. For example, the East zone receives

Internal Wall—<

Figure 3. Thermal zoning: plan and axonometric view. Each floor has four perimeter zones and one core zone.
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Figure 4. Heat extraction rate from thermal zones of the middle floor on the
hottest day of the year (July 26).

early solar radiation, warms up quickly and the heat extrac-
tion rate peaks as early as at 11:00 am, reaching 2350 W. In
contrast, the West zone starts receiving solar radiation after
noon and its heat extraction rate peaks at 4:00 pm, reaching
2587 W. The Core zone is not exposed to outside conditions and
is surrounded by adiabatic internal walls (does not allow heat
exchange between zones), keeping the heat extraction rate peak
to approximately 600 W.

Further investigation of the building envelope shows that
when the heat extraction rate peaks, the external wall surface
temperature can be up to 27.7°C higher than the outdoor air
temperature. In contrast, the internal wall temperature is closer
to the room temperature because of indoor thermal conditions.
The difference between external and internal wall temperature
(AT) determines the amount as well as the direction of heat
transfer (i.e. from higher to lower temperature).

2.2.3. Abstracted design principles

Our investigation of the thermal behaviour of the building
showed that the high heat extraction rate due to the transfer
of heat from outside to inside is a key factor contributing to
high cooling energy needs. Therefore, this became the challenge
area for which to focus our biomimetic solutions (as well as the
design principles abstracted from the biology). Having a bet-
ter problem definition and design focus allowed us to abstract
the biological principles in a more suitable and applicable
fashion.

For the African reed frog, we found the trigger of physio-
logical adaptations according to body temperature to become
highly reflective particularly interesting as a strategy to sur-
vive the very hot conditions. This inspired us to use a high
albedo material to reflect solar radiation and use the indoor
temperature to trigger adaptive thermal comfort (ASHRAE 2004)
to minimize cooling energy needs (de Dear and Brager 2001).
The adaptive thermal comfort model goes beyond fundamental
physics and physiology to determine the range of comfortable
inside temperatures, by also including contextual effects such
as the physiological responses of building occupants (de Dear
and Brager 2001; Brager, Zhang, and Arens 2015). There is empir-
ical evidence of increasing occupants’ satisfaction at the work
place with wider temperature ranges (Brager, Zhang, and Arens
2015). Using an adaptive thermal comfort model, the comfort
temperature range in this study has been extended from a nar-
row 21.1-23.8°C based on the conventional thermal comfort

zone to a wider 21.1-31.7°C by allowing ventilation when it is
comfortable outside (Bhiwapurkar 2016).

The physiological adaptations in response to high body tem-
perature of the African reed frog inspired us to think about
internal heat gain. An additional design component that we
used for delaying the internal heat build-up is embedding phase
change materials (PCM). These materials melt and solidify at a
certain temperature and therefore are capable of storing and
releasing large amounts of energy. They have been recently
introduced for architectural purposes because they can be used
for latent heat storage and delay the peak thermal load (Sharma
et al. 2009; Kosny, Shukla, and Fallahi 2013). In this study,
we chose commercially available Bio-PCM made from rapidly
renewable and sustainably harvested non-food natural materials
like palm oil by-products, coconut or soy (Phase Change Energy
Solutions 2005).

In summary, the African reed frog inspired us to develop a
biomimetic building envelope that minimize the heat extraction
rate by reflecting solar radiation, using adaptive thermal comfort
and increasing thermal delay.

The biological principle of the Hercules beetle was abstracted
into: ‘leverage ambient humidity to passively and reversibly
absorb water'. Inspired by this strategy, we used a passive
reversible dehumidification process that helps support the
adaptive thermal comfort in the building. During hot, humid
summer conditions, dehumidification improves thermal com-
fort by removing latent heat via evaporative process (Badarnah
2015). We chose to use superabsorbent polymers (i.e. hydro-
gels) for this application as they mimic the mechanism of
the Hercules beetle. Superabsorbent polymers can absorb and
retain extremely large amounts of liquid relative to their own
mass without becoming soft or disintegrating (Zohuriaan-Mehr
and Kabiri 2008). Hydrogels are superabsorbent polymers that
absorb water via hydrogen bonding.

2.3. Technological domain: designing the biomimetic
building envelope

The proposed biomimetic building envelope composed of an
adaptive thermal comfort approach, a high albedo surface, and
an integrated hydrogel and Bio-PCM system, is illustrated in
Figure 5. The biomimetic envelope has three main components
and is designed tofitinto acommon curtain wall system. The first
component is a standard glazing and high albedo solid panel
system that covers the majority of the facade. The second com-
ponent is a series of hydrogel dehumidification chambers. The
third is a wall integrated with a Bio-PCM layer to remove unde-
sired heat from the air. The integration with an HVAC system is
useful in case additional cooling or humidification is required
before circulating the air in the building.

The biomimetic building envelope is designed to save energy
by preconditioning outside air in a four-step process (Figure 5)
while achieving adaptive thermal comfort conditions inside.
First, outside air (1) is drawn through a filter and into the hydro-
gel chambers. As the air passes over the hydrogel (2), the mois-
tureisabsorbed, which willincrease the temperature of the dried
air. Next, the dehumidified and relatively hot, dry air (3) moves
over the encapsulated Bio-PCM, which absorbs sensible heat.
The air is cooled and the absorbed heat can be used to preheat
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Figure 5. Graphic showing the main components of the biomimetic building envelope. Hot humid outside air (1) is dehumidified in the hydrogel chambers (2) and it is
cooled by heat exchangers (Bio-PCM encapsulated wall) (3) The preconditioned air is then used for natural ventilation or circulated via an integrated HVAC system (4).

water entering a domestic hot water boiler (note, this design
aspect goes beyond the scope of this paper, and was therefore
not included in the study). The pre-conditioned air can be used
for natural ventilation (NV) or if needed, conditioned further by
the HVAC system (4). Based on the air movement through the
building envelope system, it is possible to create a mixed-mode
(MM) and NV scenario in the building (de Dear and Brager 2002;
Brager, Zhang, and Arens 2015). Such variations are explained
in the following section. By reducing the dehumidification and
cooling loads of the HVAC system, the overall energy use of the
building can be greatly reduced.

3. Evaluating energy saving potential of our
biomimetic building envelope

Four variations of the biomimetic building envelope system
were investigated for energy saving potential in comparison
to the baseline envelope system (Table 2). These variations
included modification in the existing building envelope system
to achieve adaptive thermal comfort using MM ventilation and
NV, and its combination with the integrated Bio-PCM layer.

3.1. Baseline building envelope

The baseline building envelope (Table 2) is represented by
a dry wall with stucco and board insulation on exterior side

(R13 + R10ci), whereas the metal deck roof has insulation above
(R30ci) that meets the code requirements (see Section 2.2.1).
The thermal properties of glazing include a solar heat gain
coefficient of 0.4, a U-value of 2.38 W/m?K, and a visible trans-
parency of 1. The baseline building with HVAC system maintains
21.1-23.8°C and it is mechanically ventilated using constant
air volume during the occupied period. The mechanical ven-
tilation indicates that the outside air and/or re-circulated air
is delivered to the thermal zone. In this study, the mechani-
cal ventilation delivers air through a centrally ducted air con-
ditioning system. Simulations were performed using ‘room
ventilation’ where mechanical ventilation is modelled using
EnergyPlusZoneVentilation:DesignFlowRate data separate from
the main HVAC system.

3.2. Biomimetic building envelope using MM ventilation

The biomimetic building envelope using MM ventilation uses
mechanical ventilation and allows NV when it is desirable out-
side while keeping heating and cooling set-points similar to
the baseline, that is, 21.1-23.8°C (see Bhiwapurkar 2016). NV
is made possible with mechanically controlled windows. Out-
side air requirement data is set at the zone level and is a sum
of mechanical ventilation, NV and infiltration in air changes per
hour (ac/h). This data can be used for checking occupant discom-
fort when used together with other environmental elements like
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Table 2. Comparison of the baseline prototypical small office building envelope with the proposed variations of the biomimetic building envelope system.

Biomimetic
envelope
component
(Figure 5) Baseline? MM ventilation NV PCM with MM and NV
1 Outside air is conditioned by the  Outside air (21.1-23.8°C) passes Outside air (21.1-31.7°C) passes Outside air (temperature crf.
roof top unit and circulated via through the dehumidification through the dehumidification respective scenario) passes
central duct system zone zone through the dehumidification
zone
2 Dehumidification zone (moisture is Dehumidification zone (moistureis  Dehumidification zone (moisture is
absorbed by the hydrogel) absorbed by the hydrogel) absorbed by the hydrogel)
3 Heat exchanger (sensible heat
stored by Bio-PCM)
4 Fan Coil Unit (FCU) to treat Air is circulated naturally inindoor  Air is circulated naturally in

and circulate air per indoor
thermal comfort conditions

(21.1-23.8°C, 0.3 ac/h)

spaces, fan assistance is available
to achieve minimum air changes,
FCU to treat and circulate air per
indoor thermal comfort conditions
(21.1-31.7°C, 0.3 ac/h)

indoor spaces, fan assistance is
available to achieve minimum
air changes, FCU to treat and
circulate air per outside indoor
thermal comfort conditions
(21.1-31.7°C, 0.3 ac/h)

2Does not incorporate any of the biomimetic building envelope components presented in Figure 5.

air temperature and humidity. The required air changes per hour
(0.3 ac/h) at minimum velocity (0.001524 m/s) in an MM cooling
allow occupants to adapt to the relatively higher temperatures
and humidity in the office building because the provision of
operable (manual or mechanical) windows and the perception
of fresh air improves perceived comfort (Brager and Baker 2009).

3.3. Biomimetic building envelope using NV

The biomimetic building envelope using NV is made possi-
ble by extending the set-points, particularly for cooling, that
is, from 21.1-23.8°C to 21.1-31.7°C. Adjusting the cooling set-
point to 31.7°C allows the adaptable thermal comfort to be
maintained by NV only. The mechanical system will only be
activated to heat and cool if temperatures do not fall between
the set-points. Maximum NV rate is defined using ‘minimum
fresh air requirements per person’ and it is calculated as
m3/s = MinFreshAir x NumberPeople/1000.

3.4. Biomimetic building envelope with PCM

In this scenario, the biomimetic building envelope has a 1cm
Bio-PCM layer integrated in the wall and roof assembly. Both MM
and NV scenarios described above are simulated with an inte-
grated Bio-PCM layer (i.e. MM-PCM and NV-PCM, respectively).

3.5. Comparative simulation results

Figure 6 shows the comparison of the HVAC-related energy use
intensity (EUI) in the small-sized office building using the vari-
ations of the biomimetic building envelopes over the baseline
envelope (Table 2). The HVAC-related EUl includes heating, cool-
ing and fan energy. For our small office building, the summer-
time HVAC-related EUI is 59.4% of the total EUI of the building
(297.88 MJ/m?2), which includes interior lighting, equipment and
HVAC. The HVAC-related EUI presented in this paper is for sum-
mer months (April-September) only, where cooling energy need
is very high (88.9%) compared to the heating and fan energy
needs (see Figure 6(a)). The HVAC-related EUI is estimated by
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Figure 6. (a) Comparative HVAC specific EUl of different building envelopes where
mixed mode (MM) scenario and MM in combination with phase change material
(MM-PCM) scenario are tested at 23.8°C. Similarly, natural ventilation (NV) and NVin
combination with PCM (NV-PCM) are tested at 31.7°C. (b) Comparative heat extrac-
tion rate of different building envelopes on the south zone of the middle floor
during hottest weekdays of the year (Monday, July 15 to Friday, July19).

dividing the total HVAC-related energy (MJ) by the built-up area
(m?).

The baseline HVAC-related EUI is 177.0MJ/m?. The
biomimetic envelope with an MM ventilation (MM(23.8)) saves
13% of HVAC-related EUI over the baseline scenario. This reduc-
tion over the baseline scenario is made possible by a reduction
from 177.0 to 154.4 MJ/m? (Figure 6(a)). The majority of this sav-
ing is attributed to a reduction in cooling energy needs because
it reduced conditioning needs when outside conditions were
in a comfort range. The MM ventilation scenario with the Bio-
PCM layer (MM-PCM (23.8)) reduced HVAC-related EUI by 14%.
Because the role of PCM (absorbing sensible heat and delaying
thermal lag) is quite limited when the thermal comfort range is
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limited to 21.1-23.8°C, there is almost no difference in energy
savings. When we simulated the NV (31.7), HVAC-related EUIl is
reduced by 48% compared to the baseline scenario and 35%
over the MM scenario (23.8). This reduction is made possible by
50% reduction in cooling energy need, although a slightincrease
in the fan energy is observed (Figure 6(a)). The NV scenario
with the Bio-PCM layer (NV-PCM (31.7)) further increased cool-
ing energy savings, leading to a reduction of HVAC-related EUI
by 66%. The HVAC-related EUI is reduced to 59.4 MJ/m?, which
is the lowest among all scenarios. Thus for our best-case sce-
nario, the total EUI of the building can be reduced by 39% (i.e.
59.4% of the HVAC-related EUI).

The energy reduction potential of each envelope is further
analysed in Figure 6(b), which shows changes in the heat extrac-
tion associated with the cooling energy during the hottest week
of the year, that is, July 15-21. Only the working days of the
week are shown because cooling is turned off during weekdays.
We chose to evaluate the south zone of the middle floor of
the building because south wall presents maximum opportu-
nity to save energy than other orientations through the year.
Figure 6(b)) helps understand how the performance of the pro-
posed envelopes varies on a daily basis. For example, cool-
ing needs on Monday, July 15, are higher than Friday, July 19,
where the energy saving potential of the NV scenario (31.7) is
highest. The peak heat extraction rate in the baseline scenario
(Figure 6(b), Baseline) is 4286 W and occurs at 3:00 pm. In com-
parison, the peak heat extraction in NV (31.7) at 3:00 pm is
only 546 W. This is a reduction of 85%. The NV-PCM (31.7) sce-
nario at 3:00 pm reduced heat extraction rate by 75%. The heat
extraction rate of each envelope varies during the week chang-
ing its energy saving potential. For example, NV (31.7) reduced
heat extraction rate by 87%, 81%, 76%, 77% and 76% during
Monday through Friday, respectively. In comparison, NV-PCM
(31.7) saves 75%, 59%, 53%, 52% and 53% during the week.
The NV (31.7) scenario is showing maximum savings during the
hottest week of the summer while the NV-PCM (31.7) scenario
saves maximum energy across summer months. In this study,
the envelope integrated Bio-PCM absorbs sensible heat and
delays internal heat gain by the walls during occupied hours
while natural ventilation provides comfort conditions in adapt-
able range. This strategy is best demonstrated when the ambi-
ent temperature is high and the use of mechanical system is
minimal, like in NV-PCM (31.7). Therefore, highest savings are
observed when the Bio-PCM and extended set-point at 31.7°C
are combined.

4. Discussion

We adopted the solution-based approach presented by Badar-
nah and Kadri (2014) for developing a feasible biomimetic
building envelope that reduces energy needs of a small-sized
office building in hot-humid conditions. This approach pro-
vided a systematic biomimicry design process that helped us
reach our goal: to emulate a practical and easily implementable
design. However, we added one step to the described approach.
Rather than directly abstracting biological strategies into design
principles, we first investigated the thermal behaviour of the
building in order to obtain a better understanding of the con-
text of the biomimetic design. This allowed us to abstract the
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biological strategies into more suitable and applicable design
principles.

Based on the building thermoregulation investigation, the
African reed frog's ability to manipulate heat build-up and
the Hercules beetle’s ability to manage humidity were most
inspiring for designs in hot-humid conditions. The African reed
frog's physiological adaption strategies inspired us to use a
high albedo surface, PCMs for delaying heat build-up, and
explore adaptive thermal comfort strategies using MM and NV.
The Hercules beetle’s camouflage strategy of using ambient
humidity for passive colour change inspired us to precondition
outside air through dehumidification of incoming air (i.e. using
hydrogels).

The strength of using a computational approach at the onset
of the design process lies in the prospect of conducting a com-
parative analysis of different design components and thus bet-
ter informed decision-making on the basis of the building’s
expected energy performance (Loonen et al. 2014). Moreover,
the biomimetic design can be hypothesized to save energy, but
computational calculations provide more insight under which
environmental conditions and in which geographical locations
energy savings are indeed achieved. The comparative energy
simulations were important to show the energy saving contri-
bution of each design component.

The energy comparisons showed the possibility of a 66%
decrease in the HVAC-related EUI or 39% of the overall EUI,
primarily for cooling during hot-humid summer months. This
was achieved for the NV scenario with the Bio-PCM layer
(NV-PCM (31.7)), whereas other scenarios had lower energy
savings. This result shows that it was interesting to mimic
both the African reed frog and the Hercules beetle, and that
their strategies complimented each other to gain additional
energy savings.

The biomimetic envelope system using MM and NV saved
13% and 48% energy, respectively, over the baseline code com-
pliant air-conditioned small office building. The use of an adap-
tive thermal comfort model by extending set-points for an
expanded thermal comfort range were particularly evident in
improving energy savings by the biomimetic envelope systems
using NV. The integration of a Bio-PCM layer was especially use-
ful in saving additional energy during occupied hours when
outside temperature was high and the use of mechanical sys-
tem was minimal. While we choose a square building based
on the most prevalent building form in the U.S., Olgyay (1963)
recommended a rectangular building for hot-humid climates.
It is thus possible that energy savings can be further improved
when building forms and shape are adapted according to cli-
mate zone (Olgyay 1963). Indeed, the surface area of the south
facade, which has the most heat gain, can be smaller in a square
building than in a rectangular building, and thus more energy
savings are possible.

Although living organisms and architectural buildings are
very different in many ways, there are benefits from studying
organisms’ adaptation strategies, including physiological, mor-
phological and behavioural strategies (Badarnah 2015). Espe-
cially when designing more responsive building envelopes,
nature has shown to be one of the most prominent inspira-
tion sources, as biological systems are inherently responsive to
their environment (Loonen et al. 2013; Han, Taylor, and Pisello
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2015; Lépez et al. 2017). Biomimicry is a recently developed
design methodology that assists in borrowing biological infor-
mation to inspire new designs (Benyus 1997; Baumeister 2014).
This fundamental work was adapted by Badarnah and Kadri
who focused on biomimicry for creating architectural designs
(2014). We based our study on their proposed solution-based
approach. Our study had the objective to design a feasible
biomimetic building envelope, which is why we designed it to
be compatible with an existing curtain wall system. Although
our decision perhaps limited the innovativeness of our design,
the value lays in creating a biomimetic design that is feasible
and practical to implement. We did not want to reinvent the
entire building envelope, but rather explored the value of incre-
mental improvements rather than radical innovation (Dewar and
Dutton 1986).

Similarly, we looked for building materials that can be used
for architectural purposes. Current manufacturing techniques
do not yet yield building materials with the same functionality
as nature, and especially not at affordable prices (Gruber and
Jeronimidis 2012; Kennedy et al. 2015). For example, while the
Hercules beetle uses an intricate multi-layer photonic structure,
we chose to use more cost-effective hydrogels as they also
reversibly and passively absorb moisture. Hydrogels have been
recently suggested as a new architectural building material to
improve thermoregulation (Ima Lab 2015), so our study encour-
ages further development for such materials by providing addi-
tional evidence for their potential in creating energy-efficient
building envelopes.

Each effort in applying biomimicry principles for designing
innovative building envelopes identifies interesting biological
strategies, provides insights in practical expectations and real-
izations, and contributes to building a more practical framework
for facilitating the abstraction from biology into design prin-
ciples. One important realization and exercise we had to go
through was the abstraction level of the biological strategies,
which can range from very literal to more metaphorical. To give
an example, the most literal abstraction of the Hercules beetle’s
camouflage strategy would be: ‘a hygroscopic nano-photonic
material that leverages ambient humidity for adaptive colour
changing’. Although this is the most accurate interpretation of
the biological strategy, and thus likely to be an evolutionary
beneficial strategy (Baumeister 2014), in this case, using this
abstracted design principle would have limited the applicabil-
ity and feasibility of a proposed biomimetic design. While it
is important to maintain biological integrity, it is important to
have enough creative freedom to develop a feasible biomimetic
design for a desired context. In our study, we translated
the 'hygroscopic nano-photonic material’ simply into a hydro-
gel, because our desired outcome was not colour changing
(which requires nanostructuring) but rather a (de)humidification
function.

Our computational calculations show that our proposed
biomimetic building envelope could result in up to 66% savings
of HVAC-related EUI during summer months in Chicago. How-
ever, further empirical research is required to validate, test and
enhance the application of our biomimetic building envelope.
To further improve the sustainable outcome of the biomimetic
building, ideally we would also include an ecosystem-level
focus. Indeed, it is best to look at different emulation levels:

form, process and ecosystem (Reap, Baumeister, and Bras 2005;
Baumeister 2014; Kennedy et al. 2015). Once a geographical
location is chosen, the building should be designed to fit within
the urban microclimatic and the city context and explore which
ecosystem services it can provide (Costanza et al. 1997; Bhiwa-
purkar 2016; Zari 2017). For example, we could investigate how
recuperated water and heat from preconditioning the incoming
air could be used not only within the building, but also among
buildings within the city. A systems approach would recognize
that using high albedo surfaces and phase change materials
could also influence the thermal behaviour of the surrounding
buildings (Santamouris, Synnefa, and Karlessi 2011).

5. Conclusion

The adoption of the solution-based approach described by
Badarnah and Kadri (2014) assisted us in the development of
a biomimetic building envelope that lowers energy consump-
tion while minimizing energy needs for thermoregulation in a
hot-humid climate. We used an energy simulation tool to first
investigate the thermal behaviour of a building, providing us
a better understanding of the design context, and to evaluate
the potential energy savings of the biomimetic design. A com-
parative analysis indicated that the highest energy savings were
obtained when the biomimetic design components of both the
African reed frog and the Hercules beetle were combined. Our
maximum calculated energy saving resulted in a 66% decrease
in the HVAC-related EUI (or 39% of the total energy use of the
building). Importantly, this could further be enhanced when also
taking into account the form and shape of the building (Olgyay
1963).
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