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Abstract

Greenhouse gas (GHG) emissions leading to anthropogenic global warming continue to be a major issue for societies world-
wide. A major opportunity to reduce emissions is to improve building construction, and in particular the effectiveness of
building envelope, which leads to a decrease in operational energy consumption. Improving the performance of a building's
thermal envelope can substantially reduce energy consumption from heating, ventilation, and air conditioning while main-
taining occupant comfort. In previous work, a computational model of a biomimetic building facade design was found to be
effective in temperate climates in an office context. Through a case study example based on animal fur and blood perfusion,
this paper tests the hypothesis that biomimetic building facades have a broader application in different building typologies
across a range of climate zones. Using bioinspiration for innovation opens new ideas and pathways for technological develop-
ment that traditional engineering design does not provide. This study exemplifies the process in a building facade, integrating
a new form of insulation, heating and cooling. Methods of mathematical modelling and digital simulation methods were used
to test the energy reduction potential of the biomimetic facade was tested in a set of operational applications (office, school,
and aged care) and across different climate zones (tropical, desert, temperate, and cool continental). Results indicated that the
biomimetic fagade has potential to reduce energy consumption for all building applications, with the greatest benefit shown
in residential aged care (67.1% reduction). Similarly, the biomimetic building facade showed potential to reduce operational
services energy consumption in all climate zones, with the greatest energy reductions achieved in the tropical (55.4% reduc-
tion) and humid continental climates (55.1% reduction). Through these results the hypothesis was confirmed suggesting that
facades engineered to mimic biological functions and processes can improve substantially decrease building operational
energy consumption and can be applied in different building classifications and different climate zones. These results would
significantly decrease operational greenhouse gas emissions over the lifetime of a building and provide substantial savings
in energy bills. Such facades can contribute to the further reduction in greenhouse gas emissions in a broad range of contexts
in the built environment and other areas of technology and design. The flexibility and adaptability of biomimetic facades
exemplify how biological strategies and characteristics can augment and improve performance in different environments,
since the organisms that inspire innovation are already well-adapted to the conditions on earth. This study also exemplified a
method by which other biomimetic building envelope features may be assessed. Further work is suggested to assess economic
viability and constructability of the proposed facades.
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Area (mz)

Specific heat at constant pressure (kJ kg=! K1)
Hair diameter (m)

Simulation timestep (s)

Simulation spatial step (m)

Characteristic describing interaction of fur with
radiation (-)
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Heat transfer coefficient (W m*K™")
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Overall effective thermal conductivity of fur
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Fur layer thickness (m)
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b ‘Blood’ (biomimetic facade cooling/heating
fluid)

cond Conduction

conv Convection

d Diffuse

e External

eff Effective

env Environmental

f Fur

g Ground

i Internal

ij,n Summation indices

Iw Long wave

rad Radiation

RC Combined radiation and conduction

s Surface

S Solar

skin Skin

sky Sky

surf Surf

T Total

t ‘Tissue’ (biomimetic facade material)

u Unitised facade element

w Wall

Superscripts

n Current finite difference timestep

Introduction

There is currently an urgent need to reduce greenhouse
gas emissions (GHG) to prevent the worst effects of cli-
mate change. In 2018, the International Panel on Climate
Change released a special report which updated the prob-
able consequences of global warming and stated that future
climate-related risks are greater if warming exceeds 1.5 °C
(Hoegh-Guldberg 2018). This report also included a chap-
ter on mitigation pathways to achieve the goal of limiting
warming to 1.5 °C. While it is acknowledged that renewable
energy sources are crucial to reaching the 1.5 °C target, the
IPPC reported indicated that reducing demand in end use
sectors would also be important in mitigation strategies—
with buildings being a substantial energy consumer. Reduc-
tions in energy demand can lead to flexibility in choices
available for emissions reduction strategies (Rogelj 2018).
Buildings consume a large proportion of the energy required
for human activity, and overall account for approximately
19% of the world’s greenhouse gas emissions (Residential
and Commercial Emissions in the United States 2017; Aus-
tralian Energy Update 2020; Lucon 2014).

The urgent challenge of reducing energy associated with
buildings to reduce carbon emissions includes policy, energy

sources, operational energy efficiency, peak energy demand
reduction and embodied energy. Studies more broadly on
sustainable buildings include Zuo and Zhao (2014) and Hos-
saini et al. (2015). Net Zero Energy Buildings (NZEBs—
buildings that generate sufficient renewable energy on site to
meet their energy needs, with net zero greenhouse gas emis-
sions) are an end objective for sustainable buildings. Hu and
Qiu (2019) use building simulation methods to conclude that
policy-based approaches could achieve net-zero buildings in
three countries—China, the USA, and Germany—by 2050.
Du et al. (2019) present a study indicating that adoption of
prefabrication technologies contribute significant potential
for reducing CO2 emissions over the life cycle of residential
buildings.

This study focusses on the challenge of improving build-
ing operational energy efficiency.

In combination with this carbon reduction and energy
efficiency imperative, modern occupant expectation of ther-
mal comfort often requires energy-intensive heating venti-
lation and air conditioning (HVAC) systems. Widespread
adoption of better building practices through design schemes
such as Passive House (2020) as well as initiatives such as
LEED (USGBC 2020), the Living Building Challenge (Liv-
ing Building Challenge 2020) and Green Star in Australia
(GBCA 2020) have all contributed to improvements in build-
ing energy efficiency. The widespread demand and adoption
of these rating schemes signifies the demand for the develop-
ment of initiatives that meet the energy reduction imperative
while also maintaining comfort.

Improving thermal performance of building envelopes,
including facades, is a key method to reduce building opera-
tional energy consumption while providing expected levels
of occupant comfort. Historically, humanity has perceived
building envelopes as static structures (Knaack et al. 2007).
Only relatively recently—in the past half-century or so—
have facade-integrated systems been recognised as important
factors in reducing building operational energy consumption
(Wigginton and Harris 2002), with examples of active and
passive facade systems described in Schittich et al. (2006).
Other studies to improve fagade energy efficiency include:
Lee et al. (2002), reviewing high-performance commercial
building facades; Al-Hazmy (2006), analysing heat transport
through hollow building blocks; Liu et al. (2015) review-
ing control strategies for intelligent glazing systems; and
He and Hoyano (2010) assessing a passive evaporative cool-
ing wall. Elkhayat et al. (2020) conduct a life cycle assess-
ment of three high-performance glazing systems, Kim and
Olsen (2015) report on radiant systems, while Lydon et al.
(2017) investigate multifunctional building elements. Porous
ceramic materials were tested by He and Hoyano (2010),
while novel ‘breathing walls’ have been proposed by (Craig
and Grinham 2017). Examples of active, integrated unitised
facades have been constructed, for example, in the Debitel
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Headquarters in Stuttgart, Germany (Knaack et al. 2007).
Double skin facades have become widespread and tailored
to different climates, for example, see Poirazis (2006), Haase
(2008), and Hamza (2008). The Ogunmakinde et al. (2021)
also note the need for construction materials to fit within a
circular economy, such that raw inputs reuse and recycle
materials from construction and other industries, and that
construction materials can be recycled following disman-
tling of building assets. Researchers have investigated oppor-
tunities to use waste products from other industries, such
as insulation from recycled textiles (Islam and Bhat 2019)
and waste wool and polyester (Patnaik et al. 2015). Other
potential opportunities to improve sustainability of insula-
tion have been reviewed by Asdrubali et al. (2015), includ-
ing natural and recycled materials. Geopolymer foam con-
crete, as reviewed by Zhang et al. (2014), also demonstrates
opportunities for the integration of sustainable materials in
the construction of building facades. Other reviews have
focussed on recycled fibres in reinforced concrete (Merli
et al. 2020), recycled plastic in concrete (Siddique et al.
2008) and crushed waste glass in construction (Mohajerani
et al. 2017).

The increase in active fagade installations in buildings is
partly due to the developments in the manufacturing indus-
tries to support the development of sophisticated compo-
nents that are required. The advances in electronics and
information technology—so-called “Industry 3.0”—allowed
the refinement of materials, processes, sensors and controls
necessary for successful active facade systems. Currently,
there is a shift to “Industry 4.0, originally advocated in
Germany. Industry 4.0 advocates the establishment of inter-
nal and external cross-linking and digitalisation both within
a product life cycle and across different product life cycles.
Cross-linking is dependent upon high-quality data collection
and analytics, but opens up opportunities for an integrated
approach to value chain management and product life cycles,
where materials inputs and end-of-life considerations are
more readily considered through data sharing and analytics
across information networks (Stock and Seliger 2016). A
Sustainable Industry 4.0 Framework has been proposed by
Kamble et al. (2018), consisting of Industry 4.0 Technolo-
gies, Process Integration and Sustainable Outcomes. Similar
concepts are derived from the review conducted by Khan
et al. (2021). The advantages of these approaches are further
enhanced and embedded through “smart” manufacturing
process that exploit deep learning based on data representa-
tion. This is equally reliant on data input and analysis (Wang
et al. 2018).

Alongside developments in active facade technology
and, through Industry 4.0, the production capability to
fabricate such facades, biomimicry—innovation through
natural inspiration—provides additional opportunities
for innovation and improvements to building facade
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performance. The term itself is derived from Greek: ‘bio’
coming from the Greek ‘bios’ or life, while ‘mimicry’ is
derived from ‘mimesis’ meaning imitation (Benyus 1997).
By studying natural adaptions, from an ever-growing body
of biological knowledge, innovators can extract functional
characteristics and translate these characteristics into inno-
vative, adaptive, flexible and more efficient designs. Life
has been evolving on earth for over 3.8 billion years and
has adapted to changing environmental circumstances
(Gordon 1984). Life has, for example, derived high per-
formance materials using common elements (Bhushan
2009). Benyus’ contends that biomimicry for innova-
tion follows three axioms “Nature as model”, “Nature as
measure” and “Nature as mentor” (1997). Pedesen Zari
identifies two fundamental approaches in the built envi-
ronment—defining a human need and investigating how
this is achieved in nature, termed “design looking to biol-
ogy” (2007) and translating a characteristic, species or
ecosystem to a human design system—"biology influenc-
ing design” (2007). Biomimicry includes aspects of inter-
pretation, adaptation or derivation from biology (Vincent
et al. 2006). In modern technology, biomimicry has been
shown to be a successful method to engender innovation
(Benyus 1997). A systematic approach to biomimicry has
been proposed to combine biomimicry with Teoriya Resh-
eniya Izobretatelskikh Zadatch (TRIZ), interpreted as a
“Theory of Inventive Problem Solving”, which aims to
use biomimicry to resolve design challenges and trade-offs
(Vincent and Mann 2002). Furthermore, biomimicry has
been noted as a pillar to the circular economy (Ogunma-
kinde et al. 2021).

In the built environment, biological inspiration has influ-
enced architectural design throughout history (Aldersey-Wil-
liams 2003; Hersey 1999). However, application in the built
environment has tended towards aesthetics and morphology
or bio-utilisation (e.g. green walls and roofs). The appli-
cation of biomimicry to building facades in particular, has
been limited to date. Pawlyn (2011) examined biomimetic
concepts across architectural disciplines. Gruber (2011)
examines the relationships between biology and architec-
ture and the approaches being used to apply biomimicry in
architecture. Insect species behaviour (stigmergy) has been
aligned with facade-integrated Peltier devices (Bermejo-
Busto 2016). In terms of constructed projects exemplify-
ing biomimetic skins, Singapore’s Esplanade—Theatres on
the Bay (DP Architects and Michael Wilford and Partners
2002) resembles the local tropical durian fruit, while the
Kunsthaus Graz in Austria, by architects Peter Cook and
Colin Fournier and consortium ARGE Kunsthaus, 2003, is
an organic, biomorphic structure. The One Ocean pavilion in
South Korea, by Soma architects in collaboration with Knip-
pers Helbig Advanced Engineering, 2012, is one example
where a specific, dynamic, functional characteristic, in this
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Fig. 1 L: Isometric of unitised
facade system (Knaack et al.
2007); R: Debitel headquarters
exemplifying unitised facade,
Stuttgart (photo by author)

case a mechanism for motion, has been adapted from nature
into an active building skin for a project that has reached
construction stage.

Badarnah (2012, 2015) proposed a specific conceptual
framework for incorporating biomimetic initiatives into
building skins including energy and comfort, but also struc-
ture, water management, materials and waste. Badarnah
(Badarnah 2017) has also presented morphology-based
methods for biomimetic fagade design. Other researchers
to propose schemes for integrating biomimicry to improve
the functional performance of building facades include: Al-
Obaidi et al. (2017), with a systematic quantitative literature
review, Gruber and Gosztonyi (2010), comparing biologi-
cal skin mechanisms with architectural analogies, Schleicher
et al. (2015), conceptualising bio-inspired flexible facade
shading schemes, and Lépez et al. (2017), presenting a meth-
odology to collection plant adaptions and guide mapping to
architectural designs.

Research by Webb et al. (2013, 2015, 2018); Webb et al.
(2011) has shown that specific biomimetic strategies could
improve the thermal performance of building envelopes.
Testing of the efficacy of the biomimetic design was accom-
plished through digital modelling and building energy simu-
lation. Others have used the simulation method for assess-
ing building energy consumption. For example, Kumar et al.
(2021) use energy simulation to energy performance of resi-
dential buildings applying new energy codes Kabul, while
Heravi et al. (2020) use simulation as part of an optimisation
study into nearly zero energy building’s design in developing
countries. The methodology in the current study translated
biomimetic principles and processes into a heat analysis and
energy simulation engine.

Previously, animal fur and blood perfusion were selected
as template characteristics for a biomimetic fagade design

(Webb 2018; Webb et al. 2018). Fur and perfusion were
selected for the design based on their effectiveness as strate-
gies evolved by homeothermic mammals to maintain steady
core body temperatures in a wide range of environments
(Schmidt-Nielsen 1997). Many mammals use a wide variety
of hair and fur types to provide insulation, with heat transfer
assessments on polar bears (Jessica et al. 2002), the rock
squirrel (Walsberg 1988b), wet fur (modelled) (Gebreme-
dhin and Wu 2001), the Harris antelope squirrel and round-
tailed ground squirrel (Walsberg 1988a) and a comprehen-
sive study by Liwanag (2008) on fur and blubber in marine
mammals.

Digital simulations of biomimetic facades in a unitised
facade system (refer Fig. 1 for fagade type example) with
animal fur and perfusion characteristics were constructed
to test the hypothesis that these building envelope features
would improve building energy efficiency while maintain-
ing thermal comfort. Simulation results indicated that this
facade, based on animal fur and blood perfusion, could be
effective in reducing operational energy and peak heating
and cooling loads by more than 50% in an office build-
ing in a temperate climate of Melbourne, Australia (Webb
2018; Webb et al. 2018). Other researchers have also pro-
posed biomimetic features for building facades, such as
Fecheyr-Lippens and Bhiwapurkar (2017) using building
simulation to test a high-albedo facade with phase change
materials for a small office building in Chicago, USA, with
an estimated energy reduction of 68%. Kuru et al. (2018)
tested a geometric fagade based on ribs and stomatal open-
ings of the barrel cactus on a naturally-ventilated educa-
tion building in Sydney, Australia, and found a potential
improvement by 51.5% for the thermal comfort accept-
ability. Park (2016) introduced biomimetic strategies based
on reflecting superposition eyes to improve functional
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Fig.2 Koppen—Geiger climate map of the world (Peel et al. 2007)

illuminance in sports stadiums in Incheon, Korea. Craig
et al. (2008) proposed a cellular structure with thermal
mass as a roof cooling mechanism in Riyadh, Saudi Ara-
bia, using TRNSYS to demonstrate a 4.5 °C reduction in
roof temperature.

However, testing of the fur and perfusion facade, and
these other case studies, have been limited to a singular test
case for one building typology in individual climate zones.
Research has been limited on wider application of biomi-
metic facade initiatives for building facades. For more wide-
spread application, it was important to test the efficacy of
biomimetic facade designs in different building types and
in different climate zones. The hypothesis in this study was
to assess whether biomimetic building facades, based on
their energy-reduction potential, have a broader application.
A case study was proposed to test whether a biomimetic
building facade, based on animal fur and blood perfusion,
would be as effective at improving energy efficiency in dif-
ferent climate zones and on different building types as it was
shown for one building typology (office) in a temperate cli-
mate. The confirmation or rejection of this hypothesis would
indicate whether biomimetic facades could be successful in
broader applications, rather than individual projects. The
study also aims to demonstrate suitable methods for assess-
ing biomimetic initiatives through mathematical modelling
and building simulation.

@ Springer
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RESOLUTION : 0.1 degree latflong

Materials and methods

As indicated in Sect. 1, the objective of this expanded
study was to determine whether the animal fur-perfusion
facade design was at least as effective in a broader range
of climate zones and building types as it was shown for an
office building in a temperate climate.

A conventional method to distinguish climate zones
is the Koppen—Geiger (K-G) climate classification, refer
Fig. 2 (Peel et al. 2007). This study would test the animal
fur-perfusion facade in four very different climate zones:

Temperate oceanic (Ctb)
Hot desert (Bwh)
Tropical savannah (Aw)
Humid continental (Dfb)

Furthermore, the study examined the effectiveness of
the fur and perfusion biomimetic building facade in a set
of three different operational applications:

e Office buildings,
e School buildings, and
e Aged care facilities.
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The method for the assessment of the fur and perfusion
biomimetic facade for different climate zones and build-
ing types could be summarised as follows, with section
references for descriptions of detailed methods, inputs and
assumptions:

e Section 2, Materials and Methods

e Section 2.1, Facade Model Development. Using the
methods developed previously (Webb 2018; Webb
et al. 2018), heat and energy transfer models were
created to represent building facades.

¢ A model was constructed for a conventional static
facade composed of lightweight construction mate-
rials (reference facade) to act as a baseline for com-
parison to the biomimetic designs in terms of heat
transfer and annual energy performance.

e Biomimetic facade models were constructed. The
equations for an external fur layer and a perfusion
layer within the facade were included to represent the
insulation influence of the fur and fluid heat transfer
effects (refer Sect. 3).!

e Section 2.2, Dynamic Building Simulations. Refer-
ence and biomimetic facade models were integrated
into to a conventional Building Energy Simulation
(BES) software package to test the performance of
the proposed biomimetic fagade designs.

e Section 3, Results and discussion

e Section 3.1—Extent of simulations, where the format
of the simulations was described.

e Section 3.2—Results for the fagade scenarios in the
selected climate zones were summarised and dis-
cussed.

e Section 3.3—Results for the facade scenarios for the
three selected building types were summarised and
discussed.

e Section 3.4—Comparison with simulation and
Energy Reduction Studies. The results obtained in
the current study were compared with a selection of
alternative energy efficiency measures for different
climate zones building types.

! Through the use of two separate modelling pathways, both using
physically valid methods of solution, the biomimetic facade models
were previously verified as accurate and consistent with physically
viable results (Webb 2018).

Sy
T,
hu ¢ hr'\.f MEE
V 1
¢ i
C. 1 5 T\ 4 (.
T g, Epi
amb T:U'
ext,lw "
R.--‘: g
k,
Comor ] A
S
X,
e
Heat Transfer:
Sr | |
oo
qmnv,e ! Q:'mm’ RS ! comt
qrad,lw,e | | qrad,lw,i

Fig.3 Representation of planar fagade

e Section 4, Limitations and further work

e The limitations in the methods used in this study
were identified and examined.
e Economic impact was discussed.

e Section 5, Conclusions
e The conclusions for the study were drawn, includ-
ing whether the results confirmed the hypothesis

described in Sect. 1.

Facade model development

The facade models for conventional materials and the biomimetic
fur and perfusion facades are summarised below. For full model
development, refer to Webb (2018) and (Webb et al. 2018).

Reference

For the Reference Facade (Ref), a time-dependent model
was developed based on the generalised 1-D heat equation
through a plane wall without sources or sinks (Holman
2001). The temperature, 7(x,¢), was calculated as:
PT _ 10T

ox?  a,dT M

The physical situation is represented in Fig. 3. A heat
balance at the inside and outside surfaces was conducted to
define the internal and external boundary conditions.
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For the external surface:
ST + qrad,lw,e = qconv,e + qcond,w,e (2)

These heat balance boundary conditions were expanded
to include relevant coefficients and temperatures:

ar|
- kw E - - qmnd,w,e
= as,wST + (hc,e + hrad,lw,exz) (Ta - Ts,e) (3)

+ hrad,lw,g (Tg - Ta) + hrad,lw,sky (Tsky - Ta)

Radiant heat transfer coefficients were linearized, e.g.
for long wave radiation:

Erad iwC <Tj - Tig) 4
hrad,lw,e = T —T ( )
a s.e

A similar heat balance was conducted for the inside
surface:

qcond,w = qconv,i + qrad,lw,i (5)

External fur layer

Multiple models and methods have been devised to calcu-
late heat transfer through fur or, equivalently (refer Webb
(2018); Webb et al. (2011)). The Davis and Birkebak
(1974) model was selected for translation to a fur-lined
biomimetic fagade design. This model related conductive
energy flux across the fur layer, gy, to a temperature gra-
dient, AT, and fur thickness layer, L;, via an effective fur
thermal conductivity, kg, as follows:

_ AT
qr = eﬁL_f (6)

Further development on the radiation heat transfer using
an extinction coefficient and energy relationships let to the
following expression:

2
ay ¢Sycos O

g gy (12200
qf - s.e f.e N qS,skin Nf,SFS

L, /¢ sFs

@)

where: a;g=bulk fur solar absorptivity, gg y, = solar radia-

tion absorbed by skin, F'g=absorption factor at solar wave-

lengths, Ny =optical thickness for solar wavelengths (Webb

et al. 2018), B, g=hair extinction coefficient across solar
wavelengths (Davis and Birkebak 1974).

With an expression for heat transfer through the fur

layer, gy, the fur heat transfer was integrated into the

facade model (Fig. 4). Heat transfer through the fur was
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Fig.4 Facade model with external fur lining

then incorporated into a heat balance on the external sur-
face of the wall:

ST + Qrad,iw.e = Yconv,e + 9cond.w.e (8)

Following the solar heat transfer model developed for
the reference, this became (refer Fig. 3):

qr = Oés,wST + (hc,e + hrad,lw,ext)(Ta - Ts,e)

9
+ hrad,lw,g(Tg - Ta) + hrad,lw,skyTsky - Ta ( )

Perfusion layer

Pennes (1948) provided a fundamental basis for the study of
heat transfer in living tissue, which was selected as the basis
to describe fluid perfusion in the biomimetic fagade model
as follows (refer Fig. 5 and Webb et al. (2018)):

0*T oT

ktﬁ + pbcp,hwb(Tao - T) = ptcp,lE (]O)

Equation (10) could be solved in place of the unmodi-
fied heat equation (Eq. (1)) as the basis for perfusion in the
biomimetic facade design.
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Finite difference solutions

The equations in the preceding sections required suit-
able solution methods for adoption in a dynamic building
annual energy simulation. This led to the introduction of

S A
| \/"

N,

. Ywenv,ext

Bl

. T;,exl T

OUTSIDE

a finite difference scheme to numerically solve the model
equations (Webb 2018; Webb et al. 2018). An explicit
finite difference scheme was developed for the biomimetic
facade, with the nominal 0.1-m-thick facade split into four
discrete steps. Accordingly, the fundamental heat equation,
Eq. (1), became:

n n 1 n n
Ti+1 =Fo|T., —(2- F_O)Ti + T (11

Here, T, represented the temperature for the ith internal
node at timestep n+ 1 and the Fourier number, Fo, is:
a,, At

Ax?

Fo = (12)
The finite difference models for the reference and bio-
mimetic facades are shown in Fig. 6.

Dynamic Building simulations

Customised finite difference models were developed in the
preceding section, representing the characteristics of both
conventional and biomimetic facades. These numerical
models were implemented in TRNSYS for annual dynamic
energy simulation. The biomimetic design model adapted
for TRNSYS software in this study was a facade that
included both fur and perfusion initiatives, i.e. it included
the advantages of both. TRNSYS (TRaNsient SYstem

—-—-—-—-—-—-—-—-—-—-—-—-—-'—
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Fig. 6 Finite difference fagade models: reference (L) and biomimetic (R)
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Fig.7 Type 56 office model: 8.0m (facade) 8.0m (facade)
floor plan and separate thermal
HVAC zones &
7.8m (window) 7.8m (window) i
0.5m (shading |
projection)
NW Zone (NWZ) NE Zone (NEZ) 40m
Biomimetic
Facade
Biomimicry Zone 12.0m
(BioZone) E Zone (EZ)
SW Zone (SW2) SE Zone (SEZ) 4.0m
16.0m
glazing

shading

|| Iy |

1.2m

7.8m (window)

16.0m (facade total)

Fig.8 Type 56 office model: north elevation

Simulation or TRNSYS) is a well-recognised method for
testing building designs (refer validation standard and
(ASHRAE 140-2017) and Neymark and Judkoff (2008)).

@ Springer

Building Simulation model

In all climates selected, a rectangular floor plate was cre-
ated, containing six zones, with glazing north and south
facades (Figs. 7 and 8). The model assumed that the
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Table 1 TRNSYS model building fabric

Element Description Thickness (m) Thermal resist-
ance (m*’K W1
Walls Lightweight metallic facade with EPS insulation 0.104 2.93
Floor Concrete slab with air gap and ceiling tile below 0.228 1.15
Roof Metal deck with glass wool batt insulation and ceiling plenum 0.134 543
above acoustic tile
Internal partitions (between Gypsum plaster stud walls (no insulation) 0.090 0.48
Zones)
SHGC (-) Thermal trans-
mittance (W
m2 K
Glazing Double: 8.38 mm Neutral Comfortplus-12 mm air-6 mm 0.400 1.70
EnergyTech Clear
Frame (10% of window area)  Standard aluminium 0.450 12.50

*SHGC =Solar heat gain coefficient

building floor was situated above another floor of identi-
cal dimensions (creating an adiabatic floor surface), while
the ceiling was externally exposed above via an external
roof construction.

Building fabric

Building fabric and glazing for the Type 56 model are
shown in Table 1.

HVAC system

The occupied zones on the modelled building floor were
assumed to be air conditioned to meet thermal comfort
requirements of occupants during hours of operation,
which depended upon the building type, as per Table 2.
The occupancies for each building type were based on
standard assumptions regarding occupancy of the three
classes of building. It is acknowledged that the Covid 19
Pandemic may lead to long term changes in office building
occupancy. However, the schedules used in the modelling
remain the standard profiles in assessing building energy
consumption and form the main tool for comparison of
energy-saving designs for buildings.

HVAC system design calculations were based on an
assumption that the building would be serviced by a
chilled water (CHW) and heating hot water (HHW) vari-
able air volume (VAV) air conditioning system for both
heating and cooling. Air would be cooled or heated via
chilled or heating hot water. The following major compo-
nents were required:

e Chiller (assumed air-cooled, Integrated Part Load Value
of 3.7),

Boiler (assumed gas-fired, efficiency 80%),

Fans,

Chilled water pumps,

Hot water pumps for heating.

Outside at 11 L s™! per person (Schittich et al. 2006).

The development of the specific pressures and capaci-
ties of HVAC equipment was as per Webb (2018). These
were based, where possible, on minimum energy efficiency
standards (National Construction Code BCA 2016 Volume
12016).

Internal loads and schedules
Three customary internal heat gains were added to the
model: occupants, lighting, and electrical equipment

(computers, printers, monitors, refrigerators, etc.). Light-
ing was specified as per the maximum lighting efficiency

Table2 HVAC Schedule for each building class

Building class HVAC daily operation
Office g G 08:00-18:00

Aged care o 0:00-24:00 (24 h)
School .l_ 08:30-15:30
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Table 3 Internal loads for

o Building class Occupants Lighting (W  Equipment (W  Activ-
building classes m2) m2) ity level
(met)
Office g G 1 per 10m? 9 11 12
Aged care o 1 per 20m? 7 5 0.8
School .l_ 1 per 2m? 8 5 1.2

[ B ]
dhdah
Table 4 Performance measures for detailed analysis
Primary performance measures Units
Biomimetic zone annual HVAC energy consumption kWh
Peak facade heat loss or gain w

allowance given in the National Construction Code BCA
2016 Volume 1 2016). For offices, equipment heat gains
were set to the specifications of NABERS Ratings for
offices (Handbook for estimating NABERS Ratings 2019).
For aged care, internal heat gains were set on the assump-
tion that aged care facilities would have minimal equip-
ment and account for items such as a computer terminal
and TV, while school classrooms were also assumed to
have minimal equipment loads (it was assumed that each
student did not use a laptop).

Metabolic and clothing values were referenced from the
data in the ASHRAE Handbook - Fundamentals 2009). A
lower value of activity was ascribed to occupants in Aged
Care buildings. Clothing was maintained consistently across
all three cases and set at 0.6 clo (summer) and 0.95 clo (win-
ter). The following Table 3 summarises these inputs.

Performance metrics

Building facades perform numerous functions; however,
the primary measures for evaluating the effectiveness of the
biomimetic facades in this study were the minimisation of
building HVAC energy consumption and minimisation of
peak facade heat loss and gain, as shown in the Table 4.

In addition to these energy-based criteria, it was also
necessary to define ‘thermal comfort’ in measurable terms
(Schittich et al. 2006):

e Indoor Air Temperature (IAT)—20-25 °C, and
e Mean Surface Temperature (MST)—no more than 3 °C
different to air temperature.

Results and discussion

Using models for conventional and biomimetic facades
described, integrated into a building model in TRNSYS
(Sect. 2), annual simulations for the different climate zones
and building typologies were conducted. The results for
these simulations in terms of annual operational services
energy and peak loads are presented herein.

Table 5 Climate simulations

K-G climate Climate classification Example location Simulations
classification description — - -
Biomimetic (Biom) Reference (Ref)
Cfb Temperate oceanic Melbourne, Australia Cfb Biom Ctb Ref
Dfc Hot desert Bechar, Algeria Dfc Biom Dfc Ref
Bwh Tropical savannah Manilla, Philippines Bwh Biom Bwh Ref
Aw Humid continental Stockholm, Sweden Aw Biom Aw Ref

@ Springer
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Table 6 Building type simulations

Building type Example location Climate description Simulations

Name Abbreviation Biomimetic (Biom) Reference (Ref)
Office Ofc Melbourne, Australia Temperate Ofc Biom Ofc Ref
Education Edu Melbourne, Australia Temperate Edu Biom Edu Ref

Aged Care AgdCr Melbourne, Australia Temperate AgdCr Biom AgdCr Ref
Fig.9 Annual energy for differ- 8000

ent climates—comparison

4,500 +

Energy consumption [kWh]
=

Cfb Ref cfb Biom

Extent of simulations

For each of the four climate zones, an annual dynamic
energy simulation was conducted for both the biomimetic
facade (‘Biom’) and the reference facade (‘Ref”) as indicated
in the following Table 5.

For each of the three building types, an annual dynamic
energy simulation was conducted for both the biomimetic
facade (‘biom’) and the reference fagcade (‘ref’) as indicated
in the following Table 6.

Climate zones
Annual energy comparison: climate zones

The following charts display annual energy results for the
four climate zones for the biomimetic zone only (refer to
Fig. 7). This allowed the analysis to focus on the perfor-
mance of biomimetic facade and to reduce complexity in
the presentation of the results. Figure 9 displays results of
annual services energy consumption for each of the climate

Dfy Ref ot Blom

B Perfusion Pumps
WHHW Pumps

B CHW Pumps

B Fan Energy

o Boiler Enargy

DChiller Energy

Bwh Biom

Bwrh Ref

simulations with the biomimetic facade, including reference
cases. Table 7 provides a summary of all the results across
the different climate zones while Table 8 indicates the reduc-
tion that each biomimetic design achieved.

Figure 9 shows that the temperate oceanic climate zone
(Cfb)—the baseline case—required least energy overall to
maintain comfort conditions for occupants. As expected,
more extreme climate cases required additional energy to
maintain the comfort band of 20-25 °C. Stockholm (Dtb),
at a latitude of 56.3°N latitude, consumed the most energy,
largely due to a significant proportion of heating and very
limited cooling. Contrastingly, Béchar (Bwh, 31.6°N) and
Manila (Aw, 14.6°N), much closer to the equator, consumed
more energy that the baseline Cfb case, due primarily to an
increase in cooling requirements. The cooling demand (as
indicated by the chiller energy) was six times greater than
the baseline Cfb case. It was observed that the greatest cool-
ing demand occurred in the Manila simulation (Aw), which
also demanded additional cooling from the perfusion pumps.

Reviewing the comparative results, biomimetic cases out-
performed the reference cases in all climate zones. Physical
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Table.7 Energy consumption Energy category Temperate oceanic Humid continental Hot desert Tropical
for climate zones savannah
Cfb Cfb Biom  Dfb Dfb Biom  Bwh Bwh Biom  Aw Aw
Ref Ref Ref Ref Biom
Chiller energy 741 222 228 61 2514 998 3841 1349
Boiler energy 665 188 6914 2668 339 60 0 0
Fan energy 571 487 527 482 1019 548 1637 527
CHW pumps 30 10 9 2 92 44 136 61
HHW pumps 2 1 20 8 1 0 0 0
Perfusion pumps 0 173 0 237 0 358 0 566
Total 2008 1080 7698 3457 3965 2008 5615 2503
Tab Ie§ Bigmimetic Flesign Energy category Temperate oceanic Humid continental Hot desert (Bwh  Tropical savan-
reductions in energy in each (Cfb Biom) (%) (Dfb Biom) (%) Biom) (%) nah (Aw Biom)
climate zone (%)
Chiller energy -70 -73 - 60 - 65
Boiler energy -172 - 61 - 82 na
Fan energy - 15 -9 —46 — 68
CHW pumps - 68 - 74 -53 - 55
HHW pumps -172 - 61 - 82 na
Perfusion pumps na na na na
Total —46.2 -55.1 —-494 - 554

characteristics of the fur lining to provide extra insulation
and a barrier to incoming solar radiation, in combination
with the water-based perfusion inside the facade, were effec-
tive in improving the building envelope energy efficiency.
Absolute energy savings for the more extreme climates (Dfb
and Aw) were the greatest. The reference case for Stockholm
(Dfb) was 4241 kWh greater than the biomimetic design,
while in the Manila simulation, the reference was 3112 kWh
greater than the biomimetic design. The baseline Cfb case
showed 928 kWh difference between reference and bio-
mimetic designs. However, in proportional terms for total
energy, the variations between biomimetic and reference
cases across the climates zones were actually similar. The
baseline Cfb case showed a 46% reduction in total energy
savings, and all of the other three cases indicated a propor-
tional decrease within 10% of this figure. This indicated that
the biomimetic facade would have a similar effect across
different climate zones (at least for those tested).
Observing individual services energy components, in
all cases the biomimetic design had a lower energy con-
sumption compared to the reference case. There was more
proportional variation between cases than comparing total
annual energy, For example, there was a 68% reduction
in fan energy for the Aw (tropical) case, while just a 9%
reduction in fan energy for the Dfb (colder humid conti-
nental) case. Conversely, chilled water pump demand in

@ Springer

the Aw case was substantially higher than in the other
climates (both biomimetic and reference simulations). This
was likely due to the high, and almost continuous cooling
demand requirements in a topical climate. The added insu-
lation provided by the fur-lined facade provided a barrier
to the external weather, but with small diurnal fluctuations
and constant infiltration, the extra insulative effect was
diminished, especially without the opportunity to obtain
free cooling from cooler outside air temperatures during
some parts of the day. This result pointed towards a more
general trend indicating that additional energy-saving ini-
tiatives, other than improvements in the building envelope,
must be considered to minimise overall building services
energy consumption.

In this study, it was assumed that the energy source for
heating was natural gas-fired boilers. However, given the
accelerating impacts from climate change and the improve-
ments in the technology, electric heat pumps have become
more favourable as a heating source. Electric heat pumps
have a COP range from 3.2 to 4.5. Therefore, an alternative
scenario was tested where the heat source was assumed to
be an electric heat pump with a COP of 3.2. In this instance
the corresponding energy results appeared markedly differ-
ent, as shown in Fig. 10. Under these conditions, the only
remaining climate with a proportionally significant heating
consumption was the Dfb (humid continental) case. The
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Fig. 10 Annual energy for dif- 5,000
ferent climates—heat pump
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tropical Aw location now consumed the greatest annual
building services energy, with a large margin between the
reference Aw (tropical) case and the Bwh (hot desert) case
(34% difference). The difference in the biomimetic cases was
not as pronounced (22% difference). Even considering these
variations from the gas-fuelled heating, it was clear that the

Db Ref

m Dfb Ref @ Dfb Biom
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BFan Energy

D Boiler Energy

O Chiller Energy

Dib Biom Bwh Ref Bwh Biom
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00 00
Heating per area [Wimz2]

@I Bwh Ref @Bwh Biom  @Aw Ref BAw Biom

biomimetic designs provided a substantial improvement in
energy efficiency.

Peak heating and cooling comparison: climate zones

Peak heating and cooling results were compiled for the bio-
mimetic zone. These loads represented the maximum annual
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Fig. 12 Annual energy for 12000
different building types—com- e
parison 11,000
10,500
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Energy consumption [kWh]
o
o
=

DChiller Enargy

cooling and heating demand that was required for the space,
throughout the year, normalised by floor area. The following
charts indicate how the biomimetic facades performed in
each of the climate zones with respect to peak heating and
cooling loads. Figure 11 shows peak heating and cooling
loads for the simulations with the biomimetic fagade, includ-
ing reference cases.

Reviewing the results for peak loads, there were similari-
ties and differences across climate zones. In peak cooling,
simulated peaks were similar for the biomimetic zones in
three of the cases (Cfb, Dfb and Bwh), while the Aw (tropi-
cal) climate showed the lowest peak cooling demand. This
was despite the tropical climate having the greatest annual
cooling demand and again indicated the continuous nature
of the cooling requirements in tropical climates. There was
greater differentiation in the heating demand across climate
zones, with the Cfb and Bwh zones having a similar peak
demand, while the coldest climate had a demand that was
three times greater than these cases. It was important to
also note that peak loads presented here represent peak sys-
tem requirements to meet the dynamic cooling or heating
demand for the simulated annual weather file, and would dif-
fer from the design heating and cooling loads as calculated
by a mechanical design engineer.

Comparing relative differences between the biomimetic
designs and reference cases in each climate, the greatest
reduction achieved was for cooling in the Aw climate, which
can be attributed to the effect of perfusion cooling present in
the biomimetic fagade. The perfusion cooling made a sub-
stantial contribution to the overall cooling supply, reducing

@ Springer

Edu Ref Edu Biom

AgdCr Ref AgdCr Biom

the requirement for air-based cooling that was required in the
Aw reference case. In the Aw biomimetic case, efficiencies
were obtained through water-based cooling, low volumes
of water required (compared to an air-based solution) plus a
reduction in the fan energy required to deliver cooling to the
occupied zones. In the Dfb case—a much colder climate—
there was a much smaller difference between reference
and biomimetic cases for heating and cooling. The heating
demand for the biomimetic case was actually greater in the
Dfb case. This was due to the additional heating supplied by
the perfusion system in the simulation, which would have
provided additional heating to the space but also lost heat to
the external environment, leading to a 2% increase in peak
simulated heat demand. One potential option to reduce heat
loss from perfusion would be to introduce an additional layer
of solid insulation beneath the external fur layer, directing
greater heat flow to the internal surface.

Building types
Annual energy comparison: building types

Similar to climate simulations, the building type comparison
shows annual energy results for the biomimetic zone only.
Figure 12 displays results for the annual services energy
consumption for each of the building type simulations with
the biomimetic facade, including reference cases. Table 9
provides a summary of all the results across the different
building types, and Table 10 shows the reduction that each
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Table 9 Energy consumption

c B - Energy category Office Education Aged care
for building type simulations - @
Ofc Ofc 1342 792 AgdCr AgdCr
Ref Biom Ref Biom
Chiller energy 741 222 1065 155 886 256
Boiler energy 665 188 543 392 9064 1690
Fan energy 571 487 54 35 1276 1140
CHW pumps 30 10 3 0 36 11
HHW pumps 2 1 0 353 26 5
Perfusion pumps 0 173 3007 1727 0 607
Total 2008 1080 1342 792 11,288 3709

Table 10 Biomimetic design reductions in energy for each building
type

Energy category Office (%) Education (%) Aged care (%)
Chiller energy -70 —41 -71

Boiler energy -72 -85 - 81

Fan energy — 15 —-28 - 11

CHW pumps — 68 -35 - 69

HHW pumps -72 -85 - 81
Perfusion pumps na na na

Total —46.2 —42.6 -67.1

biomimetic design had over its respective reference case for
each different building type.

Following the trend of the climate simulations, biomi-
metic designs showed reductions in the services energy
across the three building types. Compared with the varied
energy reductions across climate categories, the reductions
in energy for each of the services components (cooling, heat-
ing, etc.) were similar between building types. There was
one exception, however: the heating energy consumption
for the Aged Care simulation, which showed a 7374 kWh
reduction from the reference case, compared with less than
1000 kWh reduction in the Education and Office simu-
lations. The main contributing factor to this result is the
extended operational schedule for Aged Care facilities,
which run 24 h per day and require constant conditioning
for residents—particularly for heating results in a temperate
climate. Therefore, the improved insulation benefits of the
fur-lined facade had a greater impact. Apart from in heating
energy, the absolute reductions in energy were similar, for
fans, chillers and pumps.

In terms of a proportional comparison, the reductions
observed for the biomimetic cases did show some differ-
ences. For example, while all three boiler energy reduc-
tions were 80% + 10%, the chiller (cooling) reductions in
the Education case was 41%, while in the Office and Aged
Care cases, the reduction was around 70%. The lower reduc-
tion in cooling for the Education case was the nature of the

internal loads, with the Education case having a much larger
occupancy. The high occupancy of 2 m? per person resulted
in internal loads being 87% higher in the Education case
compared to the Office case. The additional occupancy also
required air for occupant ventilation, and necessitating a
higher conditioning demand for outside air. The inclusion
of a high-performance biomimetic facade could not affect
the conditioning requirement for outside air, and this illus-
trated one of the limitations of the proposed design. It was
apparent that the biomimetic fagade would be more effective
at reducing services energy consumption in building types
where envelope heat loads dominated the load profile, rather
than occupant loads and outside air. There was a higher pro-
portional reduction in fan energy in the Education (28%)
case compared with the Office (15%) and Aged Care (11%)
cases. This result followed from the climate zone studies,
which suggested that insulation building envelope strategies
would have a limit to their effectiveness if internal loads and
insulation were not improved as well.

Peak heating and cooling comparison: building types

Figure 13 shows the peak heating and cooling loads for
the building type simulations with the biomimetic facade,
including reference cases.

Absolute peak heating and cooling was relatively similar
for the three building types, although the higher internal
loads in the Education case drove a higher cooling demand.
The heating demand peaks in the Education and Aged Care
simulations were lower than the baseline Office case. The
Education case was lower because of a later start time in the
assumed schedule (09:30) compared to the office (08:30) and
would operate with higher internal loads. The Aged Care
case was assumed to operate continuously, and would there-
fore not need to start up from a cold, unoccupied building
(noting again that these were dynamic peak loads and not
design peak loads).

In comparing the effect of the biomimetic facade on the
peak loads across the building types, it was observed that
the proportional cooling reduction achieved through the
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Fig. 13 Peak heating and cool-
ing for different climates—com-

parison
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biomimetic facade was similar for all three cases, with a
35% + 5% decrease in cooling when compared with the ref-
erence case. In heating, there was more of a difference in
the building types, with a 17% reduction in offices, 60%
reduction in the Education case and 37% reduction in the
Aged Care case. The large reduction in the Education case
could be attributed to the retention of internal heat from
occupants due to an improved external insulation from the
fur lining. In the Aged Care case, the better performance
of the biomimetic facade was due to the efficiency of the
perfusion system to deliver heating via hot water perfu-
sion through the building envelope, which, once reaching
the maximum allowable temperature, would have created
only small ongoing demand due to losses to the external
environment through a well-insulated, fur-lined, external
facade. The results for the Education and Aged Care facili-
ties illustrated the effectiveness of the additional insulation
provided by the fur layer and the efficient form of space
heating achieved through perfusion through the facade.
This would be especially applicable climates where heating
demand is significant, such as the Cfb climate tested (Mel-
bourne Australia) and in colder climates, such as the Dfb
climate (e.g. Stockholm, Sweden).

Comparison with simulation and energy reduction
studies

This study was undertaken to simulate the potential effect

of biomimetic facades with the aim to decrease energy con-
sumption in buildings of different type in different climate
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zones. To place the results of the study in context with other
research, a review was conducted on other simulation stud-
ies where energy-saving initiatives have been proposed for
buildings in different climate zones, with an emphasis on
innovations for building envelopes or performance improve-
ments in HVAC systems. A summary of comparative studies
is indicated in Table 11.

The energy simulation studies noted in Table 11 may
be further summarised by climate zone building type and
energy reduction. This comparison was completed and com-
pared against an equivalent summarisation of the scenarios
tested in the current assessment of biomimetic facades, as
shown in Table 12. Note: for additional data points, indi-
vidual scenario outcomes were separated in each reference
paper, where possible.

Table 12 indicates a substantial difference in energy
reduction achieved through the biomimetic design compared
with alternative energy efficiency initiatives. A statistical
comparison of the biomimetic scenarios against the sample
of alternative studies using a t test of unequal variances sug-
gests that there is a very low probability (< 0.001) that the
energy reductions from these two groups are equal, i.e. the
greater magnitude achieved by the biomimetic designs may
be considered statistically significant. However, it was noted
that both samples sizes were relatively small and future work
is recommended to extend this comparison.
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Table 11 (continued)

Result

Building feature or initia-

tive

Location Climate zone Building type Methodology

Study

Bare roof compared The displays results using

Simulation of novel

13 locations in the United Range of A through D Single-storey supermar-

Baniassadi et al. (2018)

Operational Performance
Factor, which describes

with a green roof and

hybrid roofing system

ket

clmate classes

States

innovative hybrid roof
with combined effects
of green roof and high

albedo

that includes beneficial
characteristics of both
green roofs and high

albedo roofs

the relative improvement

of the hybrid roof. The
results suggest that a

hybrid roof would out-

perform white or green

roofs by a factor of 50%-

100%. However, this is

given in comparative

terms between two initia-
tives and not the actual
energy consumption

Limitations and further work

The basis preceding work showed the potential for biomi-
metic building facades as a means to reduce operational
energy consumption and maintain thermal comfort for sev-
eral climate zones and building types. This result was based
on digital designs and modelling, which were subject to
assumptions and limitations.

Building on this work, the biomimetic model could be
further developed. There are opportunities to develop the
model further to include additional effects and increase
the accuracy of the Pennes bioheat equation, as in Cena
and Monteith (1975a, b), He et al. (2011), Charny (1992),
Weinbaum et al. (1997) and Jiji (2009). Furthermore, the
modelling of animal tissue could be varied to account for
differences in tissue physiology that are apparent in different
species. Potential model frameworks include Parry (1949),
Ackman et al. (1975), Lockyer et al. (1984, 1985); Schmidt-
Nielsen (1997) and Liwanag (2008).

Furthermore, there are many examples of natural adap-
tion to acute and seasonal weather variation. Such dynamic
response represents a potentially powerful direction in
which to further develop the biomimetic facades. There are
also opportunities to adapt and optimise fur and perfusion
properties to suit specific locations. Heating optimisation
would benefit the results obtained for the Dfb climate, while
in tropical climates, management of air moisture content
is important. Preliminary heating optimisation prelimi-
nary heating optimisation study was conducted for a fur-
lined facade during winter heating in Melbourne, Australia
(Webb et al. 2011). Addtionally, nature-inspired initiatives
to remove moisture from the air could be investigated, e.g.
trees that remove fog from the air (Goldsmith et al. 2013)
and species of orchid that absorb moisture from a humid
atmosphere (Zotz and Winkler 2013).

As highlighted in the results, it was apparent that the per-
formance improvement achieved by the biomimetic facade
was dependent upon the load balance. When building enve-
lope loads were dominant, the greatest energy reductions
were achieved. However, in situations with lower impact of
building envelope heat loads, smaller energy reductions were
achieved by the biomimetic facades. Additional investiga-
tion may be conducted to identify nature-inspired charac-
teristics to improve latent heat management and ventilation
heat exchange. For example, respiratory heat exchange in
vertebrates Schmidt-Nielsen et al. (1970), counter current
heat exchange in elephant seals (Huntley et al. 1984) and
brain heat flow management in Thomson’s gazelles (Taylor
and Lyman 1972).

The comparison between biomimetic facades and alter-
native energy efficiency initiatives indicated that biomi-
metic designs could achieve a significantly greater energy
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Table 12 Alternative simulation
and energy reduction studies—
results summary

Study Building type Climate Energy consump-
tion reduction
(%)
Alternative energy simulation studies
Webb (2017) Office Cfb -22
Zhang and Bannister (2017) Office Cfb —1.60
Zhang and Bannister (2017) Office Cfb —33.30
Cho et al. (2019) Apartments Dwa -29
Cho et al. (2019) Apartments Dwa - 36
Kwok et al. (2017) Apartments Cwa - 18
Kwok et al. (2017) Apartments Cwa - 16
Yigit and Ozorhon (2018) Multi-residential Csa —-6.70
Dahanayake and Chow (2017) Apartments Cfa -3
Dahanayake and Chow (2017) Apartments Cwa -3
Mean for alternative studies —16.86
Scenarios tested in current study
Climate zone biomimetic Office Dfb -55.1
Climate zone biomimetic Office Bwh —-494
Climate zone biomimetic Office Aw - 554
Building type biomimetic Office Cfb —46.2
Building type biomimetic Educational Cfb —-42.6
Building type biomimetic Aged care Cfb - 67.1
Mean for scenarios tested in - 52.6

current study

reduction. However, the sample size for alterative studies
was small, and not all climate zones or building types were
included. Still, the biomimetic scenarios showed similar
performance results regardless of the building or climate
category.

Furthermore, this study relied on digital modelling and
simulation. TRNSYS software is based on fundamental
numerical modelling techniques and has been a key com-
ponent of testing and development of the validation method
for building simulation software, ASHRAE Standard 140-
2017 Standard Method of Test for the Evaluation of Building
Energy Analysis Computer Programs (ASHRAE 140-2017
2017). It has been shown to be an effective simulation tool
for built environment studies, with widespread use in numer-
ous publications (Papers and Validation—Journals with Ref-
erences to TRNSYS). However, digital modelling is subject
to assumptions and simplifications. Future efforts will focus
on fabrication of physical prototypes for validation testing
to test the conclusions drawn in this study.

Materials and fabrication form an important pillar of
future work. Industry 4.0 (Stock and Seliger 2016) provides
opportunities for waste minimisation, recycling and dema-
terialisation (Brownell 2008). However, advanced manufac-
turing—though digital fabrication and rapid prototyping—
offers capability to deliver complexity and precision required
to manufacture the proposed biomimetic facades. New fibres
such as Vectran (Vectran 2010), a liquid crystal polymer,

@ Springer

demonstrate the possible properties for durable fibrous mate-
rials required for the biomimetic facade. New 3D printing
technology (Ngo et al. 2018) can provide precision manu-
facturing necessary to fabricate the facade. This includes the
precision required to create the structures necessary for fur
fibres and the perfusion materials (Zhang et al. 2017). Addi-
tive manufacturing has recently been tested on a full-scale
fagade module (Mungenast 2021) and provides opportunities
to improve sustainability (Ford and Despeisse 2016).

This study focussed on the performance capability poten-
tial for a biomimetic building skin. Further work is neces-
sary to understand the economic feasibility of such building
initiatives. While, as noted in the Introduction, there have
been studies that have investigated applications of biomim-
icry to architecture and building skins, little emphasis has
been placed on the economic feasibility and constructabil-
ity. Exploration architecture have proposed a high-perfor-
mance office building employing a number of biomimetic
features; however, the project remains at a design stage (The
Biomimetic Office Building 2021). Chayaamor-Heil and
Hannachi-Belkadi (2017) proposed a Bayesian Network as
a method to organise complex decisions involved in apply-
ing biomimicry to building design; however, they focussed
technical requirements rather than economic considerations.
Broader studies have suggested an increasing development
and application of biomimetic innovation in multiple indus-
trial sectors; however, there is a gap in research on specific
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economic feasibility of specific biomimetic initiatives for
architecture. Smith et al. (2015) identify biomimicry as a
burgeoning innovation opportunity, and identifies research,
development and production in nine industrial sectors, not-
ing that developments in carbon, water, materials, energy
conversion and storage, fluid dynamics, data and computing
and systems analysis all have potential application to build-
ings. However, these technologies, especially those currently
in development or available in the market are mostly com-
ponent and materials-based. The study does not investigate
these technologies in the context of a construction project.
In the same study, the authors site research by Fermanian
Business and Economic Institute estimated that bioinspira-
tion could account for $425 billion in US GDP and 2 million
jobs. A large proportion of benefit is estimated for the build-
ing sector (approximately $70 million) however feasibility
of individual technologies is not specified.

Other researchers have investigated the funding, financ-
ing and policy incentives for sustainable, higher-performing
buildings. For example, Diwekar (2015) suggests a more
holistic perspective is required for engineering sustainabil-
ity. Chen and Hong (2015) indicate that, from a Chinese
perspective, subsidies do play a role in incentivising green
buildings, and that improving information flow will contrib-
ute to more green building, while Staniskis and StasiSkien&
(2003) presented a model for facilitating cleaner produc-
tion incentives in developing countries. Finally, Muo and
Azeez (2019) took a broad view of green entrepreneurship
and the factors influencing businesses to maintain “business-
as-usual practices”, concluding that while benefits of green
entrepreneurship are enormous and it has a role in creat-
ing a sustainable green economy, there are several concerns
preventing more widespread adoption, such as inclusiveness
and greenwashing. The authors suggest that change manage-
ment should be a future focus for green entrepreneurship.
The development of high-performance biomimetic facades
must contend with these societal and economic conditions
to be a viable option in future construction. Opportunities
should be sought for governmental green financing and
newer investment pathways.

Conclusions

Society must rapidly decrease carbon emissions to mitigate
dangerous climate change. Since buildings consume a sig-
nificant proportion of energy, drawn from carbon-intensive
electricity grids, improving energy efficiency is a neces-
sary step. With the development of active fagcade technol-
ogy, smart buildings and Industry 4.0, applications of bio-
mimicry can achieve further energy and carbon reductions.
Biomimicry—*“innovation inspired by nature”’—has been
adopted in multiple technological and engineering fields as

a framework for innovation and improvement. This study
tested the hypothesis that the animal fur-perfusion facade
design would reduce building services energy consumption
in different building types and varying climates at least as
much as shown for offices in a temperate climate. Model-
ling demonstrated the hypothesis to be confirmed. Results
showed the biomimetic facade had strong potential to reduce
operational energy consumption in the order of 50% for all
different climate zones and in all building types. Further-
more, with one exception (heating in Dfc climate zone), the
biomimetic fagade showed a decrease in dynamic peak heat-
ing and cooling demand, again by up to 50%. The physical
characteristics of the fur lining to provide extra insulation
and a barrier to incoming solar radiation, in combination
with the water-based perfusion inside the facade, were effec-
tive in improving the building envelope energy efficiency.

Energy efficiency and peak heating and cooling loads
varied across the climate zones and building types. In each
alternative climate zone, the percentage energy reduc-
tion achieved over a reference baseline was greater than
in the original study for a Cfb climate. The greatest per-
centage decrease was achieved in the tropical Aw climate
(3112 kWh, or 55.4%). When testing peak cooling, the tropi-
cal Aw climate also had the greatest reduction of 51%. In all
of the climate zones, the magnitude of the energy decrease
was greater than that for the baseline, temperate, Cfb, cli-
mate zone.

Across building types, the Aged Care simulation showed
the greatest potential for energy savings, with a 67.1%
reduction over the reference, the Education type indicated a
42.6% reduction compared with the original Office study at
46.2%. As for climate zones, results substantiated the study
hypothesis. There was a significant improvement in heating
efficiency in all three building types, owing to the insula-
tive effect of the building fur and efficient water-based heat
transfer from perfusion.

The proposed fur-perfusion facade was compared to other
energy simulation studies focussed on building envelope
energy efficiency or upgrades. This comparison indicated
that the fur-perfusion facade performed statistically better
in energy reduction than alternatives; however, the sample
size was limited.

These results confirmed the study hypothesis that the bio-
mimetic fagade design would improve energy efficiency and
reduce peak demand in different climate zones and building
types. Both findings were significant in both environmental
and economic terms. Building operational energy savings
equate to lower supply from carbon-intensive electricity
grids and cost savings for building owners. Reductions in
peak demand reduce pressure on peak capacity on electri-
cal infrastructure, which can lead to carbon intensification
of electricity supply and more greenhouse gas emissions.
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Peak demand reduction also reduces peak demand tariffs for
owners, delivering more significant cost savings.

Using this case study, the research has demonstrated the
potential for biomimetic facades to have a substantial impact
on the performance of building envelopes to decrease energy
consumption and peak demand across multiple climate zones
and building types, leading to reductions in carbon emissions
and lower demand on electrical infrastructure. Additionally,
the research demonstrated viable mathematical modelling
and building simulation methods that could be applied for
alternative biomimetic initiatives for building facades. Further
work to investigate the production and manufacture, physical
validation and economic feasibility will strengthen the case
for application of the fur-perfusion facades to decrease the
energy and carbon footprint of buildings, while contributing
economic advantages and sustainability of building materials.
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