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Preface 

Today’s nanotechnologies and advanced materials have rapidly advanced into many 
areas, particularly in civil engineering and architectural design for the development 
of responsive and adaptive structures which are not only for providing occupant 
comfort but also for achieving building energy efficiency and sustainable environ-
mental performance. The concept of “smart” building skins has emerged that can 
respond to any environmental changes, especially involving energy sources and 
health factors. These environmental changes can trigger a “response” manifested by 
a material property that can be readily measured and translated to other variables for 
required functionalities and applications. In this fashion, a building skin is no longer 
a passive physical barrier but structurally transformed into an active device system 
capable of multifunctional energy and environmental performances such as energy 
harvest and CO2 reduction. For instance, the smart building skin can now be engi-
neered for solar harvesting, conversion, and utilization as in the so-called Building 
Integrated Photovoltaic (BIPV). In BIPV, the high-rise building skins provide ideal 
transparent substrates for energy device architecture based on nanoscale thin films. 
The smart building concept has paved a new path to energy-neutral civic infras-
tructures that will have high societal impacts on energy conservation, public health, 
prosperity, and welfare. 

This book is a collection of chapters that focus on key areas of smart building skins 
embodied in the novel advanced materials with unique structures and properties that 
enable multiple functions in energy efficiency, solar harvesting, and environmental 
greenness. These chapters provide the most up-to-date research outcomes on novel 
materials synthesis, structure characterization, device architecture, and their novel 
applications in smart building skins. The topics of these chapters cover broad interdis-
ciplinary areas including nanotechnology, materials science, energy devices, archi-
tecture, urban planning, and civil engineering. In particular, new trends in modern 
architectural design are introduced with consideration of energy conservation, envi-
ronmental greenness, and net-zero. All chapters are developed by experts in different 
fields who have been collaboratively conducting research about energy-efficient 
building skins.

v
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Chapters 1–5 concentrate on the design, characteristics, development, fabrica-
tion, and performance analysis of advanced materials, taking the consideration 
of building-integrated application paradigms. The introduced materials range from 
nanoscale spectral selective materials to molecular scale programmable biological 
materials, and architectural scale wooden materials/structures. Spurred by the intro-
duction of various new materials, Chapters 6–9 deal with engineering solutions 
and technologies to incorporate advanced materials and investigate their impacts, 
such as the envelope thermal engineering with smart materials, building-integrated 
photovoltaic technologies and their influences on microclimates, and computational 
technologies for energy analysis of dynamic building skins. Chapters 10–13 take the 
perspective of architectural design, illustrating and demonstrating new methodolo-
gies, processes, models, and practical principles for integrating dynamic envelopes 
consisting of advanced materials into the architectural scale, with considerations of 
material design knowledge transfer, environmental interactions, esthetics, and user 
testing. 

We have organized this book to provide overviews of key issues on the novel 
applications of advanced materials in architecture that are tailored to multifunctional, 
energy-efficient, environmentally green building skins. All chapters are developed 
in a tutorial fashion for technical specialists in a variety of fields such as materials 
science, mechanical engineering, civil engineering, and architectural design. This 
book is expected to have a large readership suitable for both academic and industrial 
researchers, including graduate and undergraduate students, scholars, engineers, and 
practitioners in sustainable design and building façade engineering. 

We are most grateful to all authors for contributing their most valuable works to 
this book. The assistance of editor Madanagopal Deenadayalan from Springer for 
formatting this book is very much appreciated. 

University Park, USA 
Cincinnati, USA 
Beijing, China 

Julian Wang 
Donglu Shi 
Yehao Song
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Chapter 1 
Spectral Selective Solar Harvesting 
and Energy Generation via Transparent 
Building Skin 

Jou Lin, Mengyao Lyu, Yuxin Wang, Brent Webster, and Donglu Shi 

Abstract Today’s nanoscience has rapidly advanced into many areas of engineering, 
particularly in architectural design of building skins for the development of envi-
ronmentally responsive structures. Not only does this improve occupant comfort, 
but also increases energy sustainability. Recently, advanced materials have been 
utilized for developing large-scale building skins with intelligent functionalities. 
Many current challenges focus on improving environmental safety, increasing energy 
efficiency, and reducing our carbon footprint. Advanced materials have played key 
roles in addressing these critical issues through fascinating properties that are ideal 
for building skin engineering. In this chapter, a series of bio-inspired green nano 
hybrids are introduced for solar harvesting, energy generation, and photothermally-
activated building heating. These nano biohybrids can be physically retrofitted 
into existing residential buildings and structures, independently providing self-
sustainable green energy. This chapter explores the most recent developments of 
nanostructure-based building skins that are smart, intelligent, adaptive, responsive 
and biologically inspired for energy and environmental sustainability. More specif-
ically, we have developed smart building façades utilizing nanomaterial assemblies 
that have the ability to regulate and control energy consumption and generation, 
leading to energy neutral civic infrastructure. Novel nanostructures are designed, 
synthesized, and developed capable of the most efficient solar harvesting and energy 
generation. Fundamental studies have been carried out to identify operating mech-
anisms dictating the optical, thermal, and electrical properties of the thin films on 
building skins for required functions. Lab-scale modules can be designed to test the 
performance of multifunctional thin films in terms of solar harvesting, visible trans-
mittance, photovoltaic (PV) and photothermal (PT) efficiencies. The novel concepts 
include Optical Thermal Insulation (OTI) without any intervention medium typi-
cally used in glazing technologies, and building skins with PV-PT dual modalities 
that can be seasonably altered for energy efficiency and generating solar-mediated 
thermal energy for building heating utilities. OTI is established by solar heating of a
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2 J. Lin et al.

photothermal coating on a window surface. by reducing the temperature difference 
between the window surface and room interior, the heat loss through a single pane is 
lowered without the air gap of the double pane. A transparent building skin can be 
engineered as a PV and PT device in the same surface coating with a dual modality. 
While the solar energy harvested can be converted to electricity via PV in the summer, 
the same film is photonically-activated to generate heat in the winter for reduced heat 
loss. The PV-PT dual-modality device can be applied as a smart building skin upon 
a large surface area for enhanced solar harvesting and alternative energy generation 
such as electrical and thermal energy. The solar light can also be wave-guided through 
transparent photo-thermal panels for generating high heat for building utilities. This 
chapter will devote much of its portions to describing the fundamental mechanisms 
of these new concepts as well as the engineering implementations in building skin 
architecture. 

Keywords Advanced materials · Nano technology · Smart building skin ·
Nanobiohybrids · Spectral selective · Photothermal · Photovoltaic · Energy 
sustainability 

1.1 Introduction 

1.1.1 Optical Thermal Insulation via Photothermal Window 
Coatings 

The residential and commercial building sectors accounted for about 40% (or about 
40 quadrillion British thermal units) of the total U.S. energy consumption in 2018 
(Arasteh et al., 2006). Therefore, there is an increasing need to develop lighter mate-
rial structures (such as single pane) and energy efficient building skins. One of the 
key issues deals with overall building energy and material consumption including 
electricity, heating and cooling, and materials production due to large building sizes. 
Recent advancements in technology have enabled glass to be integral of both the 
interior and exterior architecture making it a major component of building façades 
(Fig. 1.1). However, great challenges remain in terms of thermal transfer, energy 
efficiency and lighting requirements, especially heat loss in cold climate. Although 
various glazing technologies have been developed including low emissivity coatings 
and double/triple panes, a huge consumption of energy will not be resolved until 
fundamentally different concepts and engineering innovations are developed. 

For instance, the current technology for efficient windows relies upon the double-
pane insulated glass unit (IGU) with a low-emissivity (low-e) coating. Although the 
double-pane IGU may meet some of the requirements in energy consumption, the 
single-pane windows will be highly desirable for obvious reasons including lighter 
weight, straightforward manufacturing, and less materials needed. The advanced 
single pane IGUs may ultimately replace double panes with similar performance 
characteristics. However, a key challenge in developing the single-pane IGUs is the
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Fig. 1.1 Typical modern building with glass facades 

thermal insulation without the air gap between the double panes. As air is well 
known for its low thermal conductivity, few materials can be used to replace air 
except heavier gases such as argon. There are two main aspects in the design of a 
single-pane IGU: (1) replace the air gap with a novel insulator so that the thermal 
conductivity no longer depends on the air gap spacing (i.e. double panes), and (2) 
replace the low emissivity coating with a new reflection system that can efficiently 
block the heat loss from the interior where the heating source exists. 

The basic criterion for a thermally well-insulated single-pane window is the U-
factor according to Energy Star certification in colder regions of the US (Envi-
ronmental Protection Agency, 2015). The single-pane IGU will have to meet the 
following conditions: (1) a single pane without air spacing; (2) the U-factor for an 
entire window needs to be less than 0.30 (Environmental Protection Agency, 2015; 
U. E. P. Agency, 2018; Carmody et al., 2007); (3) a single-pane IGU with sufficiently 
high interior temperate allowing a 30% relative humidity for external temperature of 
−0 ºC, and (4) a low emissivity coating that can selectively and efficiently reflect the 
thermal energy generated from the heating source. In order to meet these conditions, 
advanced materials will play key roles in many aspects of engineering design, optical 
and thermal property characterization, and architectural integration into the building 
structure. The current advancement of nanotechnologies will enable design, devel-
opment and manufacture of new single panes that are thermally highly insulating, 
optically transparent, visually finesse, and energy efficient. 

The goal in developing energy-efficient building skins is to achieve the same 
level of thermal insulation of conventional glazing technologies by using single panes 
without any thermal intervention medium, such as air or argon. However, this critical 
issue cannot be easily addressed by only replying on identifying insulating materials 
since most of the thermal insulators are either nontransparent or opaque, thus not
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Fig. 1.2 Concept of optical 
thermal insulation 

Optical Thermal Insulation 

Photothermal film 

Single-pane Photothermal heating reduce ∆T 

Tsurface Troom 

∆T 

∆T=Tsurface-Troom 

Tsurface: inner skin temp. 
Troom: room interior temp. 

∆T decrease reduces thermal transmittance 

suitable for window applications. Recently, a novel concept of Optical Thermal Insu-
lation (OTI) has been developed by solar heating of the window surface through a 
nano-scale thin film coating (Fig. 1.2) (Lin et al., 2020). Thermal losses can be signif-
icantly reduced if the window surface temperature is raised to the level approaching 
that of the room interior (Fig. 1.2). In this way, double panes will not be needed to 
reduce the heat loss, therefore saving tremendous energy and insulation materials. 

The optical thermal insulation is achieved by developing a transparent 
photothermal film deposited on the window surface which can rapidly heat up under 
solar light irradiation. The thin film is designed, synthesized, and tailored to selec-
tively absorbing solar light in the ultraviolet (UV) and near infrared (NIR) regions 
for converting these photon energies to thermal heat, leading to window surface 
temperature increase. For window applications, the film has to be rendered highly 
transparent. This requires manipulation of the optical properties of the thin films with 
high Average Visible Transmittance (AVT). 

Figure 1.3 shows the absorption spectra for various materials as indicated (Tian 
et al., 2013; Zhao et al., 2019a). As can be seen in this figure, while gold nanoparticles 
exhibit strong absorption below 300 nm, there is another peak at 520 nm, contributing 
to considerable visible light absorption. Much stronger absorption is observed in the 
UV range for graphene and Fe3O4 nanoparticles, but they gradually decay to the 
minimum in the visible range up to Near-Infrared (NIR). Therefore, all conducting 
materials with high charge densities exhibit strong photothermal effects but lacking 
sufficient visible transmittance. However, chlorophyll shows a saddle-like spectrum 
with two peaks respectively at 400 nm (blue-violet) and 700 nm (NIR), which is 
consistent with its green color. It is this typical spectrum with a saddle-like shape that 
qualifies chlorophyll for transparent building skin application. As can also be seen in 
Fig. 1.3, Fe3O4@Cu2−xS is characterized with a “U” shaped spectrum showing strong
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Fig. 1.3 Spectra of various 
photothermal materials 

IR absorption extending to 1500 nm or even further (the peak is around 1200 nm). 
The dashed line in Fig. 1.3 represents an idealized optical characteristic with step-
function like UV and IR absorptions and high visible transmittance for single-pane 
applications. 

Based on the optical properties shown in Fig. 1.3, materials with either “U-shaped” 
or “saddle-like” absorption characteristics may meet the requirements in single-
pane designs. Both iron oxides and porphyrin compounds are ideal materials for 
photothermal coatings in energy-efficient building skin applications. The porphyrin 
compounds such as chlorophyll and chlorophyllin share very similar structures of 
the porphyrin rings with the only difference in the metal atom at the ring center. 
Chlorophyll has a center magnesium atom; replacing it with a copper atom results 
in chlorophyllin. Both are highly abundant in nature and environmentally green. 

Absorption behavior of Fe3O4 nanoparticles can be modified by coating the 
particle surfaces with CuS, forming a core–shell nanostructure in Fe3O4@Cu2−xS 
that exhibits much stronger near-infrared absorptions as shown in Fig. 1.3 (Tian 
et al., 2013) The thin films of both porphyrins and iron oxides can be spin-coated on 
glass substrates with 500 nm thickness achieving an average visible transmittance 
above 90%. Upon irradiation with simulated solar light, the surface temperature 
can rapidly increase as shown in Fig. 1.4a for Fe3O4@Cu2−xS, which contributes 
to the optical thermal insulation by reducing the temperature difference between 
the window surface and room interior (Fig. 1.1). Similar heating curves have been 
obtained for chlorophyll (Fig. 1.4b) and chlorophyllin films (Fig. 1.4c). The current 
research has been focused on improving both heating efficiency and AVT in the PT 
coatings for OTI applications.
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Fig. 1.4 Heating curves of a Fe3O4@Cu2−xS, b chlorophyll, and c chlorophyllin thin films 

1.1.2 Photovoltaic and Photothermal Dual-Modality 
Building Skins 

Harvesting solar energy for various applications has been an intense research area, 
especially in photovoltaic solar cells. Interestingly both transparent photothermal 
(TPT) and transparent photovoltaic (TPV) films share a common spectral char-
acteristic requirement: high visible transmittance (AVT) for visible transparency. 
However, TPT requires high absorptions in both UV and NIR bands, while only 
UV is preferred for TPV since IR heating results in considerable efficiency decrease 
(Effect of Temperature, 2021; Bjørk & Nielsen, 2015). Another important common 
feature of TPV and TPT lies on a large surface area requirement for efficient solar 
light harvest. As noted above, the current glass building skin is characterized with 
entire building surfaces, particularly large for high-rises. Take both advantages of free 
solar light and huge building surfaces, the so-called building integrated photovoltaic 
(BIPV) has been extensively researched and developed. However, it is possible to 
further increase the energy efficiency of a building skin by incorporating both TPV 
and TPT via the concept of PV-PT dual modality that can most efficiently harvest 
solar light and convert it to two forms of energy: thermal and electric energy, which 
can be alternated seasonably. This is highly possible if a novel transparent film on 
glass building skin surface can be engineering to have both PT and PV properties 
(Lin & Shi, 2021). 

The concept of the photothermal-photovoltaic (PT-PV) dual-modality assembly is 
schematically illustrated in Fig. 1.5. As shown in this figure, the PT-PV film is featured 
with several key characteristics: (1) it is highly transparent but only absorbing UV 
and NIR for energy conversion; (2) upon absorbing solar light in the UV and NIR 
regions, energy conversion seasonably takes two paths: photon-to-heat conversion 
in the winter for lowering the U-factor, and photon-to-electricity in warmer seasons 
as a solar panel, and (3) the dual modality can be switched easily depending upon 
the seasonal changes and internal thermal needs. In the wintertime, the photothermal 
effect is utilized to heat the single-pane in order to reduce heat loss. The single-pane is 
switched to the PV mode in warmer seasons especially in the summer for producing 
electricity. 

The synergetic effects of PT and PV, seasonably alternated, will significantly 
improve building energy efficiency. In sharp contrast to conventional windows, the
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Photothermal (PT) 
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Fig. 1.5 Schematic of PV-PT dual modality building skin 

building skin with the PT and PV dual modality will essentially become an energy 
generator and convertor rather than a source of heat loss. The advantages of this 
approach are several-folds: (1) no insulating medium is needed as in the traditional 
double-pane structure; (2) the building skin with the PT-PV thin films can be mass-
produced with low cost; (3) the PT-PV thin films can alternatively generate heat and 
electricity with a much large surface area; (4) ΔT between the warm room interior 
and the inner window glass surface temperature can be spectrally tuned by adjusting 
the composition and additives in the PT-PV films, and (5) adhesive products built 
upon this approach can be applied in wide-scale energy-efficient window retrofits 
with low balance-of-system costs. 

1.1.3 3D Solar Harvesting and Photothermal Energy 
Generation for Building Heating Utilities 

In recent years, formation of megacities presents enormous social and environmental 
challenges. The sustainability of megacities depends to a large extent on how to 
manage the energy and material resources. In particular, the use of electricity is 
not only inefficient but also environmentally detrimental. The combustion of fossil 
fuels is responsible for the majority of emissions of carbon dioxide CO2, sulfur  
dioxide SO2 and nitrogen oxides NO2 (Perera, 2018). To address these critical energy 
inefficiency issues, utilization of solar energy via PV has been the main approach to
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produce clean energy. However, PV requires additional utilities for solar harvesting, 
electricity generation, storage and distribution, which is not ideal for a net zero energy 
system. Although the source of energy appears “free” as it is abundant in nature, the 
processes in harvesting solar light can be quite costly against the net economic gains. 
It has been estimated that the solar energy costs approximately 8 times more than 
primary fuels (oil, coal, gas) (Michael, 2021). Furthermore, production of silicon PV 
panels is not “clean” as the byproduct silicon tetrachloride can be both occupational 
and environmentally hazardous (Kizer et al., 1984; Are solar panels toxic to the 
environment, 2021). 

Solar heating in buildings is achieved mainly by letting sunlight through windows 
or guiding it in building structures via optical means such as solar tunnels (solar 
pipes) (Spacek et al., 2018; Zhang, 2002). From these solar collectors, the heat is 
transferred by conventional equipment to warm up the living spaces of a building. 
Although certain solar energy can be harvested and utilized for energy consump-
tion, the energy efficiency has not been satisfactory. Windows and skylights can be 
classified as conventional passive daylighting devices, and their performances are 
greatly constrained by the external and internal obstructions. Many conventional 
equipment requires electricity-driven fans, causing an addition of energy consump-
tion. For instance, heating, ventilation, and air conditioning (HVAC) consume 40% 
to 50% of the building’s energy, which is mainly supplied by primary fuels (natural 
gas) (Irace & Brandon, 2017). The current solar technologies are categorized into two 
types, namely, active solar energy and passive solar energy. The former deals with 
actively harvesting and concentrating solar energy by various technical means and 
convert it to other forms of energy such as electricity (PV) (Chang et al., 2018; Chen 
et al., 2012; Husain et al., 2018; Traverse et al., 2017). The latter relies on daylighting 
devices including windows, mirrors, prismatic glazing, light shelves, atrium and light 
pipes for passively collecting sunlight (Irace & Brandon, 2017; Zhang, 2002). The 
typical active solar space heating involves collectors to absorb solar radiation in either 
liquid or air. Distributions of heat require either pumps or fans depending upon the 
heat transfer medium. For passive solar space heating, solar light is harvested mainly 
through architectural features such as windows, light shelves, atrium and light pipe. 
Thermal mass materials such as concrete or tile are typically used to absorb heat 
during the daytime and release it at night. However, these passive solar space heating 
devices are not sufficient to heat the commercial buildings and not energy-neutral. 

For next generation energy-neutral civic structures, a new concept of Energy-
Free Photo Thermal System (EFPHS) can be established based on transparent multi-
layer photothermal nano coatings (Fig. 1.6).  As  shown in Fig.  1.6, the solar light is 
harvested by the dome of a solar-tunnel (solar light collector) and directed through an 
array of transparent glass substrates coated with a photothermal material. Upon solar 
irradiation, the photothermal coating can convert photons to heat efficiently, thus 
raising the surface temperature of these substrates that function as an “energy-free 
solar radiator.” The entire system uses natural sunlight, requiring no electric power, 
or any other forms of energy. 

The current energy saving strategies heavily rely on thermal insulation that solely 
depend on glazing technologies and insulating materials, such as double or triple pane
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Fig. 1.6 Schematic of Energy-Free Photo Thermal System (EFPHS) 

windows. Despite considerable improvements, these approaches are fundamentally 
incapable of reaching the state of “energy neutral” or “net zero” sustainable systems. 
The “Energy-Free Photothermal Heating System” (EFPHS) can be structurally and 
straightforwardly installed in single houses and high-rises as energy free heaters, 
especially for cold climates. Figure 1.7 shows one of the possible configurations of 
EFPHS in a building interior. As can be seen in Fig. 1.7, the sunlight is directed from 
the top, passing through multiple layers of transparent PT films which not only can 
function as a thermal radiator, but also a light source for building interior lighting. 
Figure 1.7 is a more realistic illustration of Fig. 1.6. 

This chapter will provide the most updated research outcomes on the above 
topics, namely, (1) optical thermal insulation via photothermal coating of single pane

Fig. 1.7 Installation of a building solar radiator based on the concept of EFPHS
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windows, (2) transparent thin film with PT-PV dual modality films for energy effi-
cient building skin, and (3) 3D solar harvesting for generating photothermal energy 
used in building heating utilities. Novel synthesis routes in making nanoparticles 
and photothermal solutions will be described in detail with most recent publications. 
Film deposition methods will also be provided for coating various substrates. These 
multifunctional hybrid materials and films are characterized with a variety of means 
including UV-vis spectroscopy for absorption and transmittance, and Raman study 
for fundamental mechanism of structural interactions responsible for the optical and 
photothermal properties. Both heating and I-V curves of the films are obtained and 
correlated to their nano and electronic structures. Important engineering parame-
ters including photothermal conversion efficiency and U-factor are calculated and 
analyzed under different conditions. Also discussed are roles of nanomaterials in next 
generation building skins, current challenges in multifunctional designs of large-
scale surface energy devices, and future opportunities. Several new concepts are 
presented with their future energy applications, industrial viabilities, and commercial 
potentials.

1.2 Photothermal Materials for Energy Efficient Building 
Skin: Synthesis and Property Characterization 

As noted above, the residential and commercial sectors counted for 40% of total 
U.S. energy consumption in 2020 (How much energy is consumed in U.S. buildings, 
2021). The primary heat loss from conventional buildings is from windows since 
they are poor thermal insulators, which is a particular challenge of energy saving in 
cold climates. The conventional approach has been applying double- or triple-pane 
windows for reducing heat loss. However, these glazing technologies cost two to three 
times more than the single-pane windows (ARPA-E, 2014). To replace double-pane 
with single-pane, the key issue deals with reducing heat transfer of the window at the 
same level of the double-pane without any intervening medium. The so-called Optical 
Thermal Insulation (OTI) was developed by a transparent photothermal coating on 
the inner surface of the window for raising the surface temperature that is close 
to the room interior temperature. Note that this window surface heating is solely 
by solar irradiation, and not requiring any additional electricity, therefore entirely 
energy neutral. 

The photothermal effect is a physical phenomenon relating to conversion of solar 
light to thermal energy by nanoparticles based on the so-called as localized surface 
plasmon resonance (LSPR). The photothermal effect of thin films has been exten-
sively investigated for energy applications based on the heat generated by applied 
electromagnetic radiation in a particular wavelength range. The first photothermal 
thin film for energy-efficient window applications was reported by Zhao et al. (2017). 
The concept of the energy-efficient window involves a photothermal thin film coating 
on the inner surface of the window (Fig. 1.2). The window surface temperature will
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increase due to the photothermal effect under solar irradiation. The thermal trans-
mittance of the window depends on the temperature difference (ΔT) between the 
single-pane and that of the indoor room. The reduction inΔT effectively lowers heat 
transfer through the building skin via photothermal heating, characterized by a low 
U-factor, without double- or triple-glazing. 

1.2.1 Synthesis and Characterization of the Photothermal 
Materials: Porphyrins and Iron Oxides 

In the following, detailed synthesis routes are introduced on making a variety of 
photothermal materials including metals, carbon-based materials, organics and inor-
ganics, iron oxides, and composites. Processing methods include solution synthesis 
and thin film deposition. Also introduced are nanoparticle techniques such as 
coprecipitation, hydrothermal synthesis, insert gas condensation, etc. 

1.2.1.1 Synthesis of Iron Oxide and Its Composite 

One pot coprecipitation synthesis is an efficient method for synthesizing nanoparti-
cles. In our laboratory, we utilized one pot coprecipitation to synthesize photothermal 
materials, such as Fe3O4 and Fe3O4@Cu2−xS. These nanoparticles were also modi-
fied by coating of poly(acrylic acid) and polystyrene to achieve hydrophilic surfaces 
(Lin et al., 2020; Tian et al., 2013; Zhao et al., 2017). Specifically, a given amount of 
oleylamine was heated to 300 °C in a nitrogen environment and stirred. A mixture 
of Fe (acac)3 in oleylamine/N-methyl-2-pyrrolidone was injected into a preheated 
oleylamine. By keeping the solution at 300 °C until the solution was well mixed, the 
solution was cooled down to 60 °C. Fe3O4 nanoparticles were collected by a strong 
magnet and washed by methanol. The final product was dried by freeze drying. 
The Fe3O4@Cu2−xS nanoparticles were developed by coating Cu2−xS onto the 
Fe3O4 nanoparticles, forming a core–shell structure. For Cu2−xS coating, a specific 
amount of Fe3O4 nanoparticle solution was heated to 70 °C. A mixture of sulfur 
in an oleylamine/cyclohexane solution was injected into Fe3O4 nanoparticle solu-
tion and stirred for 10 min at 70 °C. Subsequently, a mixture of Cu (acac)2 in an 
oleylamine/chloroform solution was injected into the reaction system and stirred for 
30  min to form Fe3O4@Cu2−xS nanoparticles. Fe3O4@Cu2−xS nanoparticles were 
collected by a magnet and washed by methanol. The final product was dried and 
dispersed in toluene for thin film coating. 

The mechanism of the photothermal effect has been identified as localized surface 
plasmon resonance (LSPR). LSPR refers to a surface plasmon confined in a nanopar-
ticle smaller than the incident light wavelength. In contrast with surface plasmon 
resonance (SPR), LSPR is a particular type of SPR for nanoparticles related to 
nanoparticles’ size and shape. The so-called dipole approximation of Mie theory



12 J. Lin et al.

describes the nanoparticles’ response to the electric field vibration. The size of the 
scattering particles relative to the light wavelength is described by Mie scattering 
(Wei et al., 2013; Zaitoun et al., 2001). At plasmonic resonance, the electric fields 
are enhanced near the particle surface, and this enrichment drops off with distance 
from the surface. As a result, the optical absorption of the particle is at its maximum 
at the plasmon resonant frequency. This phenomenon occurs at visible wavelengths 
for noble metal nanoparticles. The dissipation of LSPR as thermal energy results in 
temperature increase. 

1.2.1.2 Extraction of Chlorophyll 

The extraction method of chlorophyll was reported in previous research (Zhao et al., 
2019b). Fresh spinach leaves were cut into small pieces (~5 mm × 5 mm) and 
freeze-dried at −0 °C to dewater. The dried leaves were washed by using petroleum 
ether to remove the carotenoids and waxes. The chlorophyll can be extracted by 
immersing the washed leaves in 75% methanol and 25% petroleum ether at room 
temperature for 24 h. Subsequently, the solution was transferred to a separatory funnel 
and washed with saturated sodium chloride solution. The organic phase and aqueous 
phase were then separated by saturated sodium chloride solution. The organic phase 
was subsequently filtrated and removed by rotary evaporation to obtain the isolated 
film. The film was dissolved in acetone and stored at −20 °C for at least 24 h to 
precipitate the remaining impurities. Precipitates were collected by centrifugation, 
and the isolated chlorophyll was obtained by rotary evaporation. The final product 
was dissolved in toluene and stored at −20 °C for use. 

1.2.1.3 Deposition of Photothermal Thin Films 

Spin coating is a procedure used to deposit uniform thin films onto flat substrates. 
First, a small amount of coating material is applied to the center of the substrate, and 
then the substrate is rotated at a speed to spread the coating solution by centrifugal 
force. The liquid will be evaporated during spinning, leading to a uniform film. 
To form a thin film, the photothermal (PT) material solution is mixed with certain 
amount of polymer, such as polymethyl methacrylate (PMMA), polyethylene glycol 
(PEG), polyacrylic acid (PAA), or epoxy resin, etc. The viscosity of the solution 
can be increased by mixing PT materials with polymer, allowing the thin films to be 
coated on the glass substrates consistently. 

PT materials are dispersed or dissolved in a solvent and mixed with a polymer, 
resulting in a well-mixed solution. The solution is dropped on the substrate while 
spinning with a specific speed, time, and amount of solution. Therefore, the spin 
coating parameters are essential in obtaining high-quality films, and these include 
spin speed, spin time, amount of materials dropped on the substrate, and the viscosity 
of the solutions.
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In our spin coating experiments, the Fe3O4 and Fe3O4@Cu2−xS nanoparticles 
were mixed with a certain amount of PMMA in toluene. The mixture was coated 
evenly on a 25 mm × 25 mm glass substrate by dropping 100 μL of solution at 
2000 rpm for 20 s (Tian et al., 2013). The spinning time or speed has to be optimized 
for different evaporation rates of the solutions. While water or some nonvolatile (such 
as epoxy resin) species evaporates much lower, toluene is a highly volatile chemical. 
Furthermore, sodium copper chlorophyllin can only be well dissolved in water and 
mixed with PEG (Zhao et al., 2019a). In this respect, the spinning speed will have 
to increase to 3000 rpm and the spinning time will be extended to 30 s in order to 
evaporate as much liquid as possible. Different materials require specific solvents, 
and it is essential to find a compatible polymer and solvent to form the films using 
the spin processor. Therefore, the spinning time and speed must be well controlled 
and optimized in the deposition of a variety of PT materials for obtaining uniform 
and structurally homogeneous films. 

1.2.2 Structure and Microstructure of Photothermal 
Materials 

The X-ray powder diffraction (XRD) patterns of both the Fe3O4 and Fe3O4@Cu2−xS 
samples are shown in Fig. 1.8. The X-ray diffraction pattern of the core–shell sample 
can be indexed as a mixture of the Fe3O4 (PDF# 01-1111) and CuS phases (PDF# 
01-1281). The diffraction pattern associated with Fe3O4 (PDF# 01-1111) are shown 
in Fig. 1.8. The diffraction peaks at 2 θ = 30.28°, 35.6°, 43.2°, 57.28° and 62.9° 
can be assigned to the (220), (311), (400), (511) and (440) facets of planes of Fe3O4 

(PDF# 01-1111) (Tian et al., 2013). These results clearly distinguish the formation of 
Fe3O4 from the Fe2O3 nanocrystals through the synthesis described above. Notably, 
the peaks at 2 θ = 31.8° and 48.1° represent the (103) and (110) planes of CuS as 
shown in red line in Fig. 1.8 (Zhao et al., 2009). 

Figure 1.9 shows the TEM images of the Fe3O4 and Fe3O4@Cu2−xS nanopar-
ticles. As shown in this figure, while the former has an average diameter around 
10 nm, the latter is slightly larger about 15 nm. The considerable size increases are

Fig. 1.8 Powder X-ray 
diffraction patterns of the 
Fe3O4 and Fe3O4@Cu2−xS 
nanoparticles, as referenced 
by standard Fe3O4 (PDF# 
01-1111) and CuS (PDF# 
01-1281) phases 

(220) 
(311) 

(103) 

(400) 

(110) 

(511)(440)
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(a) (b) 

Fig. 1.9 TEM image of a Fe3O4 nanoparticles and b Fe3O4@Cu2−xS nanoparticles 

due to the Cu2−xS coating on the Fe3O4 nanoparticles, making the microstructures 
quite uniquely different from a mixture of Fe3O4 and Cu2−xS. Furthermore, Fe3O4 

and Fe3O4@Cu2−xS nanoparticles appear uniform and monodispersed.
The Fe3O4 and Fe3O4@Cu2−xS nanoparticles were dispersed in toluene with a 

given amount of PMMA with good dispersity. The nanoparticle solutions containing 
both Fe3O4 and Fe3O4@Cu2−xS nanoparticles were deposited on glass substrates 
by using spin coating (Lin et al., 2020). Figure 1.10 shows the scanning electron 
microscopy (SEM) images of the cross-sectional areas of the films as indicated. 
As shown in this figure, all thin films exhibit smooth surfaces with varied thick-
nesses on an average of ~500 nm. The thickness differences were caused by various 
processing parameters such as spinning speed, concentration, solvent, and viscosity 
(Zhao et al., 2017, 2019a).  As  shown in Fig.  1.10a and b, the film thicknesses are 
respectively 464 nm and 497 nm for the Fe3O4 and Fe3O4@Cu2−xS thin films with 
similar morphology and thickness (Zhao et al., 2019a). 

Figure 1.10c–f shows SEM images of the chlorophyll, chlorophyllin, hemoglobin, 
and phthalocyanine films; the film thicknesses are 555 nm, 515 nm, 494 nm, and 
442 nm, respectively (Zhao et al., 2017). The surfaces and cross-sections of the 
thin films play crucial roles in both optical and photothermal properties, which can 
be further optimized by controlling the amount of precursor solution and spinning 
speed. 

1.2.3 Optical Property Characterization of the Photothermal 
Thin Films 

The spin coated thin films were characterized by using the UV–VIS-NIR spec-
trometer Lambda 900 (PerkinElmer Inc.) for absorption spectrum. A light trans-
mittance meter (LS116, Linshang, Co. Ltd.) was used to measure the average visible 
transmittance (AVT).
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Fe3O4 thin film 

464 nm 
Glass substrate 

(a) Fe3O4@Cu2-xS thin film 

497 nm 

Glass substrate 

(b) 

Chlorophyll thin film 

555 nm 
Glass substrate 

(c) 

Chlorophyllin thin film 

515 nm 
Glass substrate 

(d) 

Hemoglobin thin film 

494 nm 
Glass substrate 

(e) 
Phthalocyanine thin film 

442 nm 

Glass substrate 

(f) 

Fig. 1.10 SEM image of cross-section areas of a Fe3O4 thin film, b Fe3O4@Cu2−xS thin film,  c 
chlorophyll thin film, d chlorophyllin thin film, e hemoglobin thin film, and f phthalocyanine thin 
film 

Figure 1.11 shows optical absorptions of Fe3O and Fe3O4@Cu2−xS nanopar-
ticles dispersed in toluene with the identical concentration (0.1 mg/mL). The 
Fe3O4@Cu2−xS nanoparticle suspension exhibits a broad absorption peak at 1160 nm 
(green curve), while that of the Fe3O4 counterpart presents a similar UV absorption 
but none in the NIR region. The absorption of the Fe3O4@Cu2−xS solution is charac-
terized with a U-shaped curve which is ideal for window applications. The thin film 
is highly transparent with an AVT above 90%, and its UV and NIR absorptions can 
convert photons to heat for raising the window surface temperature in the so-called 
optical thermal insulation. The NIR absorption of Fe3O4@Cu2−xS nanoparticles is 
attributed to the Cu2−xS core shell (Tian et al., 2013) due to the LSPR in vacancy 
doped semiconductors (Zhao et al., 2009). 

The absorption and transmittance spectra of the Fe3O4 and Fe3O4@Cu2−xS thin  
films of various concentrations are shown in Fig. 1.12. As shown in this figure, 
the absorption spectra of the Fe3O4 (Fig. 1.12a) and Fe3O4@Cu2−xS (Fig. 1.12c) 
thin films are consistent with their suspension counterparts. For Fe3O4 suspension
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Fig. 1.11 Absorption 
spectra of Fe3O4 and 
Fe3O4@Cu2−xS 
nanoparticles in solution 

and thin films, the absorption intensities diminish beyond 700 nm. Interestingly, 
the absorption peaks of the Fe3O4@Cu2−xS thin films are red-shifted to 1349 nm, a 
phenomenon that has been explained by the SPR coupling between the nanoparticles 
(Kanehara et al., 2009; Lassiter et al., 2008). There are corresponding variations in 
transmittance for both Fe3O4 (Fig. 1.12b) and Fe3O4@Cu2−xS thin films (Fig. 1.12d). 
With increasing concentration, the AVT of the film is reduced. For comparison, the 
absorption and transmittance of the control film of pure PMMA are also presented 
in Fig. 1.12. 

Porphyrin compounds are typically characterized with absorptions in the B 
band (380–500 nm) and Q band (500–750 nm). Figure 1.13 shows the porphyrin 
compounds of chlorophyll, copper chlorophyllin, hemoglobin, and phthalocyanine 
in solution forms of the same concentration of 0.01 mg/ml. Chlorophyll, copper 
chlorophyllin, hemoglobin, and phthalocyanine are dispersed in toluene, water, PBS, 
and DMSO, respectively. As shown in Fig. 1.13a–c, chlorophyll, chlorophyllin, and 
phthalocyanine all exhibit saddle like absorptions. Chlorophyll has two main peaks at 
413 nm and 668 nm, the corresponding two peaks of chlorophyllin are at 402 nm and 
628 nm. Phthalocyanine exhibits a strong peak at 350 nm, and broad absorption in the 
NIR region with two peaks at 638 nm and 730 nm. Interestingly, hemoglobin presents 
only one peak near UV at 405 nm, resulting in red color. Spectrally, the colors of 
these porphyrins vary according to the absorptions through structural replacement 
of the center atom in the porphyrin ring as can be seen in the porphyrin structures 
shown in Fig. 1.13. 

Figure 1.14 shows absorption and transmittance spectra of porphyrin thin films 
with different concentrations. The absorption spectra of the porphyrin compound 
thin films are consistent with their solution counterparts. The absorption peaks 
are enhanced by increasing the concentration of the materials, while accordingly, 
the transmittances are suppressed. This figure shows that all porphyrins are quire 
transparent due to the saddle-like absorptions with broad valleys in the visible 
region. Note that there is a good correlation between the absorption intensity and 
the photothermal effect, as shown in Fig. 1.19. The strong absorption enhanced
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Fig. 1.12 a Absorption and b transmittance spectra the Fe3O4 thin films of various concentrations; 
c Absorption and d transmittance spectra of the Fe3O4@Cu2−xS thin films of various concentrations 
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Fig. 1.13 Absorption spectra and molecular structure of a chlorophyll, b copper chlorophyllin, c 
hemoglobin, and d phthalocyanine (Zhao et al., 2019a)
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photothermal heating. These thin-film properties are crucial in developing single-
panes for window applications: strong UV and NIR absorptions for efficient solar 
harvesting and thermal energy conversion, but high visible transmittance for window 
transparency, all characteristically reflected in the saddle-shaped optical spectra.

1.3 Fundamental Studies on the Photonic 
and Photothermal Mechanisms 

1.3.1 Raman Spectroscopy Study 

LSPR mainly occurs in metals with high fractions of charge carriers. It was found that 
porphyrin compounds with much less charge carriers exhibit a different photothermal 
effect related to the molecular oscillation-induced photothermal effect (MOIPE) 
based on a Raman spectroscopy study (Zhao et al., 2019a). The Raman spectra of 
chlorophyll, chlorophyllin, hemoglobin, and phthalocyanine are shown in Fig. 1.15. 
The excitation laser wavelengths used were 442 nm, 514 nm and 633 nm. The molec-
ular structures interact with the incident EM waves through vibrations of porphyrin 
ring’s phonons and electrons, leading to an energy shift of the scattered photons. 
As can be seen in Fig. 1.15, the Raman peaks of chlorophyll excited by 442 nm 
and 514 nm laser are intensified at 1160 and 1540 cm−1 (Fig. 1.15a). The Raman 
peaks represent molecular vibrations of the porphyrin-ring bonds, corresponding to 
the photon absorptions. Raman scattering can be enhanced when the incident light 
wavelength is close to the absorption peak of the compound, which is associated with 
the molecular vibration of the porphyrin specifically, chlorophyll has a strong absorp-
tion peak at 413 nm, but no absorption at 514 nm. Therefore, the Raman peaks are well 
enhanced at 1540 cm−1 by the 442 nm laser but not by the 514 nm laser. Consistent 
results are also obtained from the Raman spectra of chlorophyllin, hemoglobin, and 
phthalocyanine. For chlorophyllin (Fig. 1.15b), the 422 nm laser excitation is respon-
sible for more intensified Raman peaks at 1370 cm−1 and 1580 cm−1. According 
to the absorption spectrum shown in Fig. 1.15b, chlorophyllin exhibits a stronger 
absorption at 400 nm, near the 442 nm laser, allowing for much higher Raman peak 
intensities than those of the 514 nm laser. Furthermore, chlorophyllin is character-
ized with the highest specific photothermal coefficient for its stronger absorptions 
near UV and NIR frequencies. The Raman data shown in Fig. 1.15 provides a funda-
mental base for the photothermal effect associated with the molecular vibrations of 
the porphyrins. 

More evidence for the photothermal effects of porphyrins can be seen from the 
Raman spectra of hemoglobin and phthalocyanine. The hemoglobin exhibits a strong 
absorption at 405 nm, giving the Raman peaks greater intensities when excited by 
442 nm laser than by 514 nm laser (Fig. 1.15c). However, the Raman scattering 
behaviors of phthalocyanine are quite different due to wider and stronger absorption 
above 600 nm (Fig. 1.15d). As expected, the Raman peaks of phthalocyanine are
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Fig. 1.14 Absorption spectra of a chlorophyll, b copper chlorophyllin, c hemoglobin, d phthalo-
cyanine thin films of various concentrations; and transmittance spectra of e chlorophyll, f copper 
chlorophyllin, g hemoglobin, h phthalocyanine thin films of various concentrations



20 J. Lin et al.

Fig. 1.15 Raman spectra of a chlorophyll, b chlorophyllin, c hemoglobin, and d phthalocyanine 
on aluminum foils by 442, 514, and 633 nm lasers 

quite intense by excitation of the 633 nm laser than the 442 nm laser. As evidenced 
in the Raman spectra of porphyrins (Zhao et al., 2019a), the Raman laser light 
interactions with the molecular vibration of the porphyrin rings, which are associated 
with phonons and electrons in the porphyrin structure. These molecular vibrations 
due to photon excitations can dissipate heat and responsible for the photothermal 
effects as observed in the heating curves shown in Fig. 1.19.

Within the absorption frequency range, the photon frequency matches the vibra-
tion mode of porphyrin and oscillate to generate an electron density distribution. 
This creates a local electrical field with a dynamically modified charge equilibration 
(Fig. 1.16). With the constant irradiation by the incident light, the local electrons form 
a collective oscillation. The collective oscillation dissipates energy in form of heat 
manifested by the temperature change versus time curves. Porphyrin compounds 
are semiconductors with limited charge carriers, making LSPR unlikely for the 
photothermal effect. The molecular vibrations of porphyrins can absorb photons 
at various frequencies and convert photonic energy to thermal energy, responsible 
for the photothermal effect.
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Fig. 1.16 Resonance modes of porphyrin via incident photon excitation (Zhao et al., 2019a) 

1.3.2 Band Structures of Iron Oxides and Porphyrin 
Compounds 

The fundamental absorption mechanism of iron oxide has been investigated from the 
defect structures of the nanoparticles. The absorption coefficient (α) can be expressed 
as (Singh, 2006): 

α = αoexp[σ (E − Eo)/KBT] 

where 

αo = absorption-related constant (material-dependent constant) 

E = the incident energy 

Eo = the onset of absorption (material-dependent constants). 

Additionally, Eu is Urbach energy can be expressed as (Rai, 2013): 

Eu = KBT/σ 

where 

σ = the steepness parameter 

KB = the Boltzmann constant. 

Urbach energy is a defect density measurement in the crystal. Based on this, the 
direct band gap value of the material can be estimated by plotting (Eα)2 as a function 
of photon energy (Fig. 1.17), where extrapolation of the linear portion of the curve 
to the x-axis gives the value of the direct band gap (Shi et al., 2015). 

Figure 1.17 shows (Eα)2 versus photon energy for (a) Fe3O4, (b) Fe3O4@Cu2−xS, 
(c) chlorophyll, (d) chlorophyllin, (e) hemoglobin, and (f) phthalocyanine samples. 
The direct band gap values are calculated by plotting (Eα)2 as a function of photon 
energy. The solid line in each figure represents the experimental absorption curve as 
shown in Fig. 1.14. A dashed line is the fit to the linear portion of the curve, where the 
intercept of the fit on the x-axis is the estimation value of direct band gap. The band 
gap energies of Fe3O4, Fe3O4@Cu2−xS, chlorophyll, chlorophyllin, hemoglobin, 
and phthalocyanine are 3.03 eV, 2.65 eV, 1.81 eV, 1.82 eV, 2.95 eV, and 1.61 eV,
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Fig. 1.17 Plot of (Eα)2 versus photon energy, a Fe3O4, b Fe3O4@Cu2−xS, c chlorophyll, d chloro-
phyllin, e hemoglobin, and f phthalocyanine, where the solid line represents the experimental 
absorption curve, and the dashed line—the fit to the linear portion of the data, where the intercept 
of that curve in the x-axis gives the estimation of direct band gap

respectively. Fe3O4 band energy calculated in this study (3.03 eV) corresponds with 
the band gap (~3.1 eV) (Zhao et al., 2017; Boxall et al., 1996; Fontijn et al., 1999) 
between the oxygen orbital (2P) and the octahedral site. Fe3O4@Cu2−xS’ band gap 
energy (2.65 eV) is lower than that of Fe3O4 due to Cu2−xS and Fe3O4 forming a 
core–shell structure (Lin et al., 2020; Tian et al., 2013). Note that the band gap of 
CuS is ~2.2 eV (Nemade & Waghuley, 2015). 
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1.4 Photothermal Thin Films for Energy-Efficient 
Windows: Optical Thermal Insulation 

Zhao et al. first reported the photothermal effect of thin films via irradiation of simu-
lated solar light (Zhao et al., 2017). The heating curves were obtained from both 
Fe3O4 nanoparticle solutions and thin films under simulated solar light. The Fe3O4 

nanoparticles were surface modified by polymer for water solubility. They found that 
the photothermal effects of both Fe3O4 thin films and suspension quite comparable. 
Subsequently, Zhao et al. (2019b) investigated the photothermal characteristics of 
chlorophyll and found that its promising photothermal behaviors in both solutions 
and thin films under irradiation of white light and monochromic lasers (660 nm and 
785 nm). They studied the correlations between absorption spectra and photothermal 
effects in both solutions and thin films and found that the chlorophyll solution exhib-
ited a stronger photothermal response when irradiated by a 660 nm monochromic 
laser than by a 785 nm monochromic laser. The enhanced photothermal effect is 
attributed to chlorophyll having an absorption peak close to 660 nm, resulting in 
more photon conversion to heat. The AVTs of the chlorophyll thin films can be 
varied by adding different layers, respectively, 59%, 65%, 70%, 76%, 79%, and 84% 
for number of layers of 6, 5, 4, 3, 2, and 1 (Fig. 1.18). Each layer is approximately 
500 nm. Therefore, AVT can be controlled by the number of coating layers on the 
same substrate. 

Accordingly, there is a thickness dependence on the temperature increase in the 
multilayer films. For instance, the chlorophyll thin film can increase 6.7 °C from 
room temperature for 6 layers of coating with an AVT of 59%, while only 3.13 °C 
increase for the single layer coating with an AVT of 84%. These data indicate the 
thermal energy generated is an extensive property that depends on the volume of the 
materials. 

Figure 1.19 shows the photothermal behaviors of chlorophyll, chlorophyllin, 
hemoglobin, and phthalocyanine thin films with varied AVTs under white light irra-
diation (0.1 W/cm2). As shown in this figure, the temperature increase is rapid in the 
first 3 min for all samples with various concentrations due to strong photothermal 
heating. The heating curves are then leveled off at approximately 4 min, and there-
after forming plateaus, as a result of heat loss through the surfaces of the films. As 
the photothermal heating and heat loss are being balanced, the heating curves exhibit 
plateaus extending for prolong periods until the light source is turned off. As shown 
in Fig. 1.19, the light is turned off at 10 min, resulting in a temperature decrease 
following Newtonian cooling. As shown in this figure, the cooling curves indicate 
the amount of heat transferring to the atmosphere. 

The photothermal effects have been observed to be dependent on both AVT and 
concentration. As shown in Fig. 1.19, ΔT of the chlorophyll thin film is 6.3 °C, 
corresponding to 65% AVT and concentration of 7.77 × 10–5 g/cm2, while only 
3.8 °C for the thin film of 85% AVT and concentration of 4.27 × 10–5 g/cm2. Similar 
behaviors can be seen in chlorophyllin, hemoglobin, and phthalocyanine. The plots of
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Fig. 1.18 a ΔT versus time for chlorophyll in 1-butanol irradiated by 661 and 785 nm lasers. bΔT 
versus time for chlorophyll coated glass irradiated by 661 and 785 nm lasers. c ΔT versus time for  
chlorophyll coated glass with different layers of chlorophyll coating irradiated by simulated solar 
light 

ΔT versus AVT in Fig. 1.19 for different concentrations provide valuable references 
for specific energy applications regarding transparency. 

The similar photothermal behaviors were observed by Lin et al. (2020) in the  
thin films of iron oxides as shown in Fig. 1.20e–h. Thin films of Fe3O4 and 
Fe3O4@Cu2−xS were prepared with various AVTs (65%, 70%, 75%, 80%, and 85%, 
respectively) and their photothermal performances were investigated under irradi-
ations of white light (0.1 W/cm2) and monochromic laser (785 nm, 0.1 W/cm2). 
Figure 1.20a shows the heating and cooling curves of the Fe3O4 with various concen-
trations under white light. As can be seen in these figures, ΔTmax of Fe3O4 thin film 
with 65% AVT (concentration of 4.57 × 10–4 g/cm2) reaches 6.53 °C under white 
light irradiation and 5.10 °C under the 785 nm laser irradiation. These data indicate 
that white light irradiation results in greater photothermal effects of the films, there-
fore heating to higher temperatures as compared to those irradiated by the 785 nm 
laser. This behavior is attributable to the films being able to absorb photons in a wide 
frequency range under white light irradiation, while the laser is confined in a much 
narrow frequency. The maximum temperatures of these heating curves are denoted 
as ΔTmax and plotted against AVT for Fe3O4 thin films irradiated by white light
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Fig. 1.19 ΔT versus time for the a chlorophyll samples, b chlorophyllin, c hemoglobin, and d 
phthalocyanine, with concentrations indicated; and linear fitting of the ΔTmax versus AVT data for 
the e chlorophyll samples, f chlorophyllin, g hemoglobin, and h phthalocyanine. All samples are 
irradiated by simulated solar light (0.1 W/cm2) (Zhao et al., 2019a)
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(Fig. 1.20b) and a 785 nm laser (Fig. 1.20d). Consistently, there are linear relation-
ships between ΔTmax and AVT for both white light and laser irradiations as shown 
in Fig. 1.20b and d.

Similar behaviors were absorbed in the Fe3O4@Cu2−xS films as shown in 
Fig. 1.20e–h. As shown in Fig. 1.20e,ΔTmax of Fe3O4@Cu2−xS thin films is 7.77 °C 
by 785 nm laser irradiation higher than that of white light irradiation (7.10 °C) 
as  shown in Fig.  1.20g. The highest temperature of the Fe3O4@Cu2−xS thin film  
(65% AVT) can reach 7.1 °C while that of the Fe3O4 counterpart is 6.53 °C) under 
0.1 W/cm2 white light irradiation (Fig. 1.20a). The enhanced photothermal effects 
observed from the Fe3O4@Cu2−xS thin films are associated with their unique optical 
characteristics, spectrally, strong absorptions in the IR regions as shown in Fig. 1.12. 
As a result of significant absorptions in a wide range of IR regions, large photon ener-
gies can be converted to thermal heat as reflected in Fig. 1.20e–h. This unique optical 
property originates from the core–shell structure of the Fe3O4@Cu2−xS nanoparti-
cles. It has been reported that the CuS shell on the Fe3O4 core is responsible for 
significant IR absorptions (Tian et al., 2013). In Fig. 1.20f and h, we again observe 
the linear relationships betweenΔTmax and AVT for white light and laser irradiations. 

1.5 Photothermal Properties and Engineering Parameters 

1.5.1 Photothermal (PT) Conversion Efficiency, η 

The photothermal (PT) conversion efficiency (η) refers to the heating abilities of the 
materials in a solution when irradiated by either with a monochromic or white light. 
The values of the PT conversion efficiency can be calculated by following expression 
(Liu et al., 2014): 

η = 
hS(ΔTmax − ΔTamb) − QDis 

I
(
1 − 10Aλ

) (1.1) 

where 

h = heat transfer coefficient from the solution to ambient (W/m2K) 

S = surface area of the well plate (m)

ΔTmax = maximum temperature (°C)

ΔTamb = ambient temperature (°C) 

QDis = heat dissipated (W/m) 

I = incident light intensity (W/m2) 

Aλ = absorbance of the incident light wavelength.
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Fig. 1.20 a The change in temperature increase, ΔT, versus time curves under white light irradi-
ation for the Fe3O4 thin films of various concentrations. b The maximum change in temperature 
increase, ΔTmax, versus average visible transmittance (AVT) for the Fe3O4 thin films of various 
concentrations under white light irradiation. c ΔT versus time curves and d ΔTmax versus AVT for 
the Fe3O4 thin films of various concentrations under the 785 nm laser irradiation. e ΔT versus time 
curves and f ΔTmax versus AVT for the Fe3O4@Cu2−xS thin films of various concentrations under 
white light irradiation. g ΔT versus time curves and  h ΔTmax versus AVT for the Fe3O4@Cu2−xS 
thin films of various concentrations under the 785 nm laser irradiation. Intensities of the white light 
and 785 nm laser are both 0.1 W/cm2. The environment temperature is 25 °C
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The value of (hS) can be calculated from the relation: 

hS = mD ∗ CD/τs 

where (mD) is the combined mass of nanoparticles and solvent, (CD) is the combined 
heat capacity that is regarded as the heat capacity of nanoparticles and solvent, and 
(τS) is a time constant. 

The time constant (τS) can be obtained by following (Jin et al., 2016): 

τs = − t 

ln
(

T −Tamb 
TMax−Tamb

) (1.2) 

where 

T = temperature (°C) 

t = time at the beginning of the cooling (s). 

However, Eq. 1.1 was developed only for measurement under the monochromic light 
in solution. Jin et al. (Zhao et al., 2019c) simplified the formula of the PT conversion 
efficiency for solar light with the simulated data. This formula was applied to thin 
films using the following equation: 

η = 
CP · m · ΔTmax 

I AΔt 
(1.3) 

where 

Cp = specific heat capacity (J/(g·K)) 

m = mass of the sample (g)

ΔTmax = maximum temperature change of the sample (°C) 

I = incident light power density (W/cm2) 

A = sample’s surface area (cm2)

Δt = time to reach the maximum temperature (Tmax) for the sample (s). 

1.5.2 Specific Photothermal Coefficient, μ 

The specific photothermal coefficient (SPC, μ) is defined as the heat generated by 
the PT effect per the amount of the materials. The SPC for thin films was developed 
by Zhao et al. and given by the following expression (Zhao et al., 2019a):
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μ = 
Q̇ 

m 
(1.4) 

where 

Q̇ = heat generated by PT effect in a period of time (J/s) 

m = mass of the materials (g). 

SPC was developed from the cooling part of the temperature versus time curve. 
The SPC value reveals the ability of the photon-to-heat conversion of a material. 
Specifically, high SPC implies a material having a greater ability to convert photons 
to thermal energy. 

1.5.3 The Solar Photothermal Efficiency 

The solar PT efficiency (η) is defined as the ratio of the energy increase inside 
the sample to the incoming photon energy of simulated solar light. Figure 1.21 
shows a schematic diagram of the temperature difference ΔT versus time curve for 
analysis (Zhao et al., 2019a; Liu et al., 2014; Roper et al., 2007). When the sample 
is heated in stage 1, Q̇ > U A(T − T0), indicating that heat gained is greater than 
the heat lost. In stage 2, the sample temperature reaches a steady state as the heat 
loss to the environment is balanced by the heat gain. In this stage, we can write: 
mCp 

dT  
dt  = Q̇ − U A(T − T0) = 0 and Q̇ = U A(T − T0). In stage 3, Q̇ = 0. 

dTi 
dt  

= 
Q̇ 

mCp 
− 

U A  

mCp 
(T − T0) = −  

U A  

mCp

⌈
(T − T0) − 

Q̇ 

U A

⌉
(1.5) 

1 

(T − T0) − Q̇ 
U A  

dT  = −  
U A  

mCp 
dt (1.6) 

where 

T = sample temperature (°C) 

T0 = initial temperature of the sample (°C) 

m = sample mass (2.145 g) 

Cp = sample specific heat capacity of quartz (0.74 J/(g·K)) 

t = heating time (s) 

U = heat transfer coefficient of the sample (W/m2·K) 

A = sample surface area (2.54 × 2.54 cm2)
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Fig. 1.21 Schematic 
diagram showing the 
temperature versus time 
curve 
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Q̇ = heat produced by the PT effect in unit of (J/s). 

Integrating the differential equation:

⌠
1 

(T − T0) − Q̇ 
U A  

dT  = −
⌠

U A  

mCp 
dt (1.7) 

yields: 

ln

||||(T − T0) − 
Q̇ 

U A

|||| = −  
U A  

mCP 
· t + C (1.8) 

(T − T0) − 
Q̇ 

U A  
= e− U A  

mC p 
t · ec = Ce− U A  

mC p 
t (1.9) 

where C is constant. 

T − T0 = Ce− U 
mC p 

·t + 
Q̇ 

U A  
(1.10) 

Since Q̇ = 0 in Stage 3, the equation can be written as: 

T − T0 = Ce− U A  
mC p 

t (1.11) 

Rewriting Eq. (1.6), T − T0 = ΔT , gives:

ΔT = Ce− U A  
mC p 

t (1.12) 

By fitting the exponential function, the equation can be written as:
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ΔT = C1e
C2t (1.13) 

Since C1 is constant and C2 = −  U A  
mCp 

, C1 and C2 can be obtained by fitting the 
exponential curve, and U can be calculated through C2. Then, 

Q̇ = U A(T − T0) (1.14) 

Based on above equations, the PT efficiency can be written as: 

η = 
Q̇ 

Qin 
(1.15) 

where 

Q̇in = the input energy from light source (J/s), and thus (Tables 1.1, 1.2, 1.3 and 1.4), 

η =
Σ

Q̇iΣ
Qin 

(1.16) 

Table 1.1 Parameters of the chlorophyll films under white light irradiation (0.1 W/cm2) 

AVT (%) ρpm (g/cm2) ΔTMax (°C) U (W/m2K) Q̇ (J/s) Efficiency, η 
(%) 

Chlorophyll-1 64.7 7.77 × 10–5 6.13 15.68 0.135 20.90 

Chlorophyll-2 69.8 7.13 × 10–5 5.60 16.86 0.132 20.52 

Chlorophyll-3 75.3 5.21 × 10–5 5.07 13.54 0.096 14.91 

Chlorophyll-4 79.8 4.64 × 10–5 4.63 15.63 0.102 15.73 

Chlorophyll-5 84.3 4.28 × 10–5 3.80 13.84 0.074 11.43 

*The photothermal material density on the glass, ρpm , represents the mass of thin film per coating 
area (g/cm2). ΔTMax  is the maximum steady temperature difference; U is the heat transfer coef-

ficient (W/m2K); Q̇ is the heat produced via photothermal effect in unit of time (J/s), and η is the 
photothermal efficiency 

Table 1.2 Parameters of the chlorophyllin films under white light irradiation (0.1 W/cm2) 

AVT 
(%) 

ρpm (g/cm2) ΔTMax (°C) U 
(W/m2K) 

Q̇ (J/s) Efficiency, η 
(%) 

Chlorophyllin-1 64.5 2.92 × 10–5 11.30 15.02 0.238 36.89 

Chlorophyllin-2 70.8 2.42 × 10–5 9.93 14.54 0.203 31.40 

Chlorophyllin-3 74.7 1.85 × 10–5 9.00 14.54 0.183 28.44 

Chlorophyllin-4 80.1 1.64 × 10–5 7.33 14.65 0.151 23.35 

Chlorophyllin-5 85.2 1.49 × 10–5 6.63 14.43 0.134 20.81
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Table 1.3 Parameters of the hemoglobin films under white light irradiation (0.1 W/cm2) 

AVT (%) ρpm(g/cm2) ΔTMax (°C) U (W/m2K) Q̇ (J/s) Efficiency, η 
(%) 

Hemoglobin-1 64.8 4.42 × 10–5 6.07 12.23 0.104 16.13 

Hemoglobin-2 69.7 4.13 × 10–5 5.67 14.03 0.111 17.27 

Hemoglobin-3 75.4 3.64 × 10–5 5.60 12.07 0.095 14.69 

Hemoglobin-4 80.4 1.57 × 10–5 5.37 13.51 0.102 15.76 

Hemoglobin-5 84.5 1.36 × 10–5 5.20 14.16 0.103 16.00 

Table 1.4 Parameters of the phthalocyanine films under white light irradiation (0.1 W/cm2) 

AVT 
(%) 

ρpm (g/cm2) ΔTMax (°C) U 
(W/m2K) 

Q̇(J/s) Efficiency, η 
(%) 

Phthalocyanine-1 64.5 2.28 × 10–5 6.53 11.67 0.107 16.56 

Phthalocyanine-2 69.7 2.00 × 10–5 6.03 11.37 0.096 14.90 

Phthalocyanine-3 75.1 1.42 × 10–5 5.67 12.00 0.095 14.79 

Phthalocyanine-4 80.5 1.35 × 10–5 4.87 10.91 0.075 11.55 

Phthalocyanine-5 85.5 5.69 × 10–5 4.53 11.02 0.070 10.85 

1.5.4 U-factor, U 

U-factor is related to thermal transmittance, therefore indicating the insulation ability 
standard for window manufactures proposed by the National Fenestration Rating 
Council (NFRC) (Rating & Council: Procedure for Determining Fenestration Product 
U-factors, 2013). It refers to the energy efficiency of the window assembly. A 
lower U-factor generally indicates a good thermal insulation. As the price of energy 
increases, energy efficiency and sustainable materials for thermal insulators are 
becoming increasingly important. According to the US Advanced Research Projects 
Agency-Energy (ARPA-E) (2014), buildings’ energy and elements consumption can 
be improved by installing single-pane windows instead of a double-pane windows in 
cold climate areas of the US. The general specification of the U-factor for windows 
has been reported by NFRC (National Fenestration Rating Council Incorporated, 
2020). Despite the U-factor requirement varying for diverse climate zones(“Energy 
Star performance criteria for windows, doors, & skylights”, Environmental Protec-
tion Agency, 2015), the minimum requirement of U-factor is < 1.7 W/m2K. There-
fore, it is crucial to reduce the U-factor for windows. In accordance to Standard 
Test Method for Measuring the Steady-State Thermal Transmittance (ASTM, 2014), 
U-factor is: 

U = 1 
1 
hh 

+ 1 hc + 1 
UL 

(1.17)
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where 

hh = interior heat coefficient 

hc = exterior heat coefficient 

UL = heat transfer coefficient. 

Equation 1.17 has been modified as (Zhao et al., 2019a). 

U = 1
(
Tin−Tout 
Tin−Tori

)
× 1 

1.46×
⌈
(Tin−Tori) 

L

⌉0.25 +σ e
⌈
(T 4 in−T 4 ori) 
(Tin−Tori)

⌉ + 1 ⌈|
|
|
|

⎛ 

⎝0.84×(Tori−Tout) 
1
/3 

⎞ 

⎠ 
2 

+(2.38×v0.89 )
2 

(1.18) 

where 

Tin = interior room temperature (°C) 

Tout = exterior window surface temperature (°C) 

Tori = original interior window surface temperature (°C) 

L = window’s height (m) 

σ = Stefan-Boltzmann constant (5.670374419 × 10−8 W·m−2·K−4). 

v = outdoor wind speed (m/s). 

Equation 1.18 can be applied to analyze the temperature changes on the original 
interior window surface (Tori) upon coating with a photothermal film. Based on 
Eq. 1.18, Lin et al. (2020) calculated the U-factors of Fe3O4 and Fe3O4@Cu2−xS 
films, based on the hypothetical estimation parameters collected from NFRC 100– 
2017 (National Fenestration Rating Council Incorporated, 2020); these are: Tin is 
21.11 °C, Tout is −17.78 °C, v is 5.5 m/s, L is 1.50 m, and e is 0.84. This is assuming 
that the original interior window temperature is 5 °C, and the Tg is calculated to 
be 278.15 K + ΔTmax. Using the above parameters, the U-factors of Fe3O4 and 
Fe3O4@Cu2−xS films are calculated, respectively, 1.54 and 1.46 (W/m2K) (Lin et al., 
2020). Furthermore, Zhao et al. (2019b) published the data from the multilayer 
chlorophyll films for energy-efficient window application. In this work, the calculated 
U-factor was found to be significantly lowered, from 1.99 to 1.42 (W/m2K), by using 
chlorophyll film with 59% AVT (Fig. 1.18). 

The U-factor is reduced by 30.32% when the Fe3O4 nanoparticles are added 
in the film (Table 1.5); and further reduced by 33.94% by adding Fe3O4@Cu2−xS 
nanoparticles (Table 1.6). These results indicate that Fe3O4 and Fe3O4@Cu2−xS can 
both significantly reduce U-factor. The U-factor data shown in Tables 1.5 and 1.6 
indicate great potential of single panes via photothermal coating under white light 
based on the concept of OTI (Lin et al., 2020).
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Table 1.5 Parameters used for calculation of U-factors for the Fe3O4 thin films under simulated 
solar irradiation (0.1 W/cm2) (Lin et al.,  2020) 

Sample ρpm (×10–4 g/cm2) ΔTmax (°C) AVT (%) η(%) SAR (W/g) U (W/m2·K) 

Fe3O4-1 4.57 6.53 64.8 2.56 1.88 1.54 

Fe3O4-2 4.07 5.80 70.4 2.27 1.80 1.65 

Fe3O4-3 3.55 4.93 75.2 1.93 1.64 1.77 

Fe3O4-4 2.54 3.90 80.4 1.53 1.58 1.91 

Fe3O4-5 1.52 2.40 85.1 0.94 0.92 2.11 

Control 0 1.60 91.0 0.63 0.00 2.21 

*The photothermal material area density on the glass, ρpm, represents the mass of thin film per 
coating area (g/cm2), ΔTmax is the maximum steady temperature difference of the sample, U is the 
heat transfer coefficient (W/m2·K), and η is the photothermal conversion efficiency 

Table 1.6 Parameters used for calculation of U-factors for the Fe3O4@Cu2−xS thin films under 
simulated solar irradiation (0.1 W/cm2) (Lin et al.,  2020) 

Sample ρpm (× 
10–4 g/cm2)

ΔTmax(°C) AVT (%) η (%) SAR (W/g) U (W/m2·K) 

Fe3O4@Cu2-XS
-1 

5.08 7.10 65.2 2.78 1.89 1.46 

Fe3O4@Cu2-XS
-2 

4.07 5.93 69.7 2.33 1.86 1.63 

Fe3O4@Cu2-XS
-3 

2.54 5.43 74.9 2.13 2.64 1.70 

Fe3O4@Cu2-XS
-4 

2.03 4.63 80.5 1.82 2.62 1.81 

Fe3O4@Cu2-XS
-5 

1.01 2.73 85.0 1.07 1.95 2.07 

Control 0 1.60 91.0 0.63 0.00 2.21 

1.5.5 Angle Dependence of Solar Harvesting and Thermal 
Energy Generation 

In window applications of the photothermal coatings, one important factor deals 
with the angle dependence of the incident solar light. Despite significant thermal 
loss reduction by OTI, another critical issue is associated with seasonal changes that 
can significantly alter the solar harvesting efficiency as solar light incident angle 
varies. Seasonal changes on earth dictate the incident angle of the sunlight; Chicago, 
for instance has a north latitude of 41.8º at winter solstice, giving an incident angle 
of α = 24.70°. This low angle of α provides more sun-exposed area of the window. 
However, at the summer solstice, α = 71.70°, resulting in less sun rays through 
the windows. Therefore, we expect more pronounced photothermal effects from the 
surface coating during the winter season, but much less in the summertime. Therefore,
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it is crucial to investigate the angle dependence of solar harvesting and thermal energy 
generation for single-pane applications (Lyu et al., 2020). 

The thin films of different PT materials (including Fe3O4, Fe3O4@Cu2−xS, chloro-
phyll, and chlorophyllin) were deposited on glass substrates by spin coating method 
and characterized by their microstructural and optical properties. These thin films 
exhibit uniform microstructures (Fig. 1.10) with thicknesses around 500 nm to 
800 nm, which allow for high visible transmittances above 90% for all photothermal 
materials studied in wide spectra. Both absorption peaks in the UV and NIR regions 
were observed in the UV–Vis optical characterization of chlorophyll and chloro-
phyllin thin films. These absorption behaviors are ideal in both efficient solar light 
harvesting and enhanced transparency. It was also found that Fe3O4@Cu2−xS exhib-
ited pronounced NIR absorption in a broad range which largely contributes to the 
increased photothermal effect (Fig. 1.12) compared to Fe3O4. 

1.5.5.1 Incident Light Angle Dependence Measurement 

Photothermal experiments were conducted with 0.4 W/cm2 of white light using a 
Newport 150 W solar simulator (Lamp model 67,005) to irradiate the samples. An 
infrared camera (FLIR E6) was used to record the temperature. The power density 
of the solar simulator was calibrated by an optical power meter (Coherent Inc.). The 
heating curves were measured for 20 min, and then the light source is turned off to 
cool for 15 min. 

The incident light angle (θ) dependence experimental set up is shown in Fig. 1.22. 
As shown in Fig. 1.22a, the simulated light is directed from top down. The sample, 
with the coated photothermal film surface directly facing the solar-simulated light 
source, can be rotated from θ = 0° to 90° and is placed below the light while the 
photothermal curves are recorded at a given angle. The infrared camera shown in 
Fig. 1.22a measures the temperature variations as a function of time (the heating 
curves). The light reflectance and transmittance (Fig. 1.22b) were measured by using 
a light power density meter. 

The reflected light should increase with an increasing angle of incidence, α, that 
will reach its maximum when the light is near parallel to the film surface (El-Sebaii & 
Khallaf, 2020; Khan & Mustafa 2019). The transmitted light, just opposite to the 
reflected light, is maximized at α = 0, which indicates that more photons pass 
through the thin film sample in the vertical direction, therefore generating the highest 
photothermal effect. Both reflectance and transmittance can be directly correlated to 
the heating curves in this way (Lin et al., 2020; Zhao et al., 2019a). 

1.5.5.2 Experimental Results 

The photothermal heating curves were measured by using the set up shown in 
Fig. 1.22a. For measurements at all angles of incidence, the distance between the 
center of the film sample and the light source was kept the same to maintain the
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Fig. 1.22 a Angle dependence measurement set up and b reflectance and transmittance measure-
ments 

same level of incident light intensity. Figure 1.23 shows the heating curves of (a) 
Fe3O4@Cu2−xS, (b) Fe3O4, (c) chlorophyll, and (d) chlorophyllin samples with 
85% AVT (concentration of each sample: Fe3O4@Cu2−xS: 1.1 mg/cm2, Fe3O4: 
1.6 mg/cm2, chlorophyll: 0.9 mg/cm2, chlorophyllin: 0.7 mg/cm2). All samples show 
incident light angle dependence with different effects, as can be seen in Fig. 1.23. 
When the angle of incidence is θ= 0, as shown in Fig. 1.23, all samples reach the 
highest temperatures: 52.3 °C for Fe3O4@Cu2−xS, 47.6 °C for Fe3O4, 32.1 °C for 
chlorophyll, and 34.1 °C for chlorophyllin. For θ = 90°, the highest temperatures 
of the four samples dropps to: 30.5 °C for Fe3O4@Cu2−xS, to 29.5 °C for Fe3O4, 
24.2 °C for chlorophyll, and to 24.3 °C for chlorophyllin. Figure 1.23e shows  the  
maximum temperature versus angle of incidence for all samples. 

The angle dependence of the maximum temperature was found to be related 
to the incident light being reflected at different θ (Fig. 1.23f). The reflection and 
transmission for different samples is shown in Fig. 1.23f. All samples follow general 
trends, in which the light reflectance increases as θ increases; transmittance decreases 
as θ increases. The reflectance and transmittance can be measured between θ = 10° 
and θ = 80° (Fig. 1.22b). 

The reflection of light at an interface between different optical media has been 
well described by the Fresnel equations (Miyazaki, 2014). When considering the 
light traveling through air and striking on an interface between a PT thin film and a 
glass substrate (PMMA film containing various PT particles has a greater refractive 
index), we can treat it as an interface between air (n = 1) and glass (n ~ 1.5) since 
the film is extremely thin (~500–800 nm) and has a high AVT (85%). The amount of 
light reflected at random incidence angles follows the conservation law, R = 1−T, 
where reflectance R = Reflected Power/Incident Power and T is transmittance. The 
absorbance is negligible due to the very thin thickness of the film and high AVT of the 
sample. For cases involving an ideal air/glass interface, Fresnel equations determine 
that R of the unpolarized light is not very angle dependent between from 0° to 50°. 
It then increases significantly above 70° and approaches 1 at θ = 90° (Hecht, 1998). 
However, the light reflected by the PT film in this study steadily increases with the
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Fig. 1.23 Heating curves of a the 85% AVT Fe3O4@Cu2−xS film (room temperature 20.9 ±0.4 °C, 
humidity 25.6 ± 0.4%), b the 85% AVT Fe3O4 film (room temperature 22.1 ± 0.4 °C, humidity 
27.8 ± 0.3%), c the 85% AVT chlorophyll film (room temperature 22.1 ± 0.4 °C, humidity 25.5 
± 0.2%), d the 85% AVT chlorophyllin film (room temperature 22.1 ± 0.4 °C, humidity 29.2 ± 
0.3%), e maximum temperature versus angle of incidence for the samples as indicated. All film 
samples are tested with a 0.4 W/cm2 power density solar simulator at different incident angles from 
0° to 90°, f reflected and transmitted light power density at different light incident angles
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angle of incidence, between 10° and 80°, and the transmitted light decreases with 
increasing angle of incidence.

Compared to an ideal interface, as described by the Fresnel equations, this angle 
dependence was found to be directly associated with the light being reflected by 
the thin film surfaces in a more gradual fashion. The reduced light reflection can 
be explained by light scattering on non-ideal surfaces of the deposited thin films. 
The transmitted light contributes to the temperature rise caused by the photon inter-
actions with the electronic structure of Fe3O4, Fe3O4@Cu2-xS (Zhao et al., 2017), 
and molecular structure of chlorophyll (Wang et al., 2009) and chlorophyllin (Attia 
et al., 2012). The photon-to-heat conversion attributes to the molecular vibrations in 
the porphyrin structures of chlorophyll and chlorophyllin (Zhao et al., 2019a) while 
the photothermal mechanism of iron-oxide based materials has been identified as the 
localized plasmonic surface resonance (LPSR) (Lin et al., 2020; Zhao et al., 2017). 

The R & T measurements are well-correlated to the heating curves (Fig. 1.23a– 
d), especially with the transmitted light. The photothermal effect indicates that as an 
amount of light enters the film, interacting with the electrons of the PT molecules, 
and converting photons to thermal energy, leading to the temperature increases. The 
reflected light makes no contribution to photothermal effect. The difference between 
data shown in Fig. 1.23f and Fresnel curves (Hecht, 1998) is due to light scattering 
taking place on the rough film surfaces (diffuse reflection), which causes a significant 
reduction in light reflected (especially at high angles of incidence) (Atkinson & 
Hancock, 2007; Maradudin & Méndez, 2007; Nolan et al., 2015; Stavenga, 2014). 

In this study, light is reflected at two surfaces, top and bottom surfaces of the thin 
film. The light reflected by the bottom surface can interfere with light reflected by the 
top surface. The interference may be in or out of phase depending on the thickness of 
the film, which has a greater refractive index than that of air (Stavenga, 2014). The 
difference in path lengths of the light reflected by both surfaces is negligible for thin 
films with a thickness of 500–800 nm. However, there is a phase change when light 
travels through the film (PMMA has a refractive index of 1.4905 at 589.3 nm and a 
visible transmittance of 92%). The photothermal effect can be enhanced as light is 
internally reflected multiple times at both surfaces. 

The sunlight incident angle is α = θ (the photothermal experimental angle of 
incidence), as depicted in Fig. 1.22. The highest temperatures are reached when 
light is normal to the plane of interface (θ = 0°), according to the results on the 
angle (α) dependence of the photothermal effect (Fig. 1.23). At the winter solstice in 
Chicago α = θ = 24.70°. Figure 1.23 shows the maximum temperatures achieved, 
by the PT films at an angle of 20° are: 46.2°C, 42.7 °C, 29.8 °C, and 32.3 °C, 
respectively, for Fe3O4@Cu2−xS, Fe3O4, chlorophyll, and chlorophyllin. The ΔT 
gained via photothermal thin film coatings will significantly reduce the thermal loss 
through single-pane windows. At the summer solstice α = θ = 71.70°, we find 
temperatures reached by the PT films at 70° in Fig. 1.23 are: 35.5 °C, 36.5 °C, and 
25.5 °C, respectively, for Fe3O4@Cu2−xS, Fe3O4, chlorophyll, and chlorophyllin. 
These temperatures are considerably lower compared to those at 20°. Therefore, 
the incoming sunlight in the summer season at solar noon does not directly strike 
the window glass, and the photothermal effect is reduced. The window surfaces
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receive most of the sunlight at winter solstice for enhanced photothermal effect and 
significant reduction of heat loss via raising the window surface temperature. The 
angle dependence data (Fig. 1.24) indicates important factors in the design of PT 
thin film coated windows. These experimental results are proof of concept of OTI 
for a viable approach in implementing single pane windows without any intervening 
gas media. 

In conclusion, the photothermal effects of various thin films are found to be depen-
dent on incident light angle. The angle dependence is mainly associated to the light 
reflected and transmitted at the film interfaces, and also affected by other factors such
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Fig. 1.24 Schematic diagrams of a solar light harvesting via multilayer transparent photothermal 
thin films, b the photo-thermal-generator (PTG), c heating curves of the Fe3O4@Cu2−xS, d chloro-
phyllin thin films of various concentrations irradiated by white light, e schematic diagrams of 
absorption spectra of different compounds, and f infrared thermal photographs of the photo-thermal 
generator (one side of insulation is removed) with 10 layers of Fe3O4@Cu2−xS films (85% AVT) 
illuminated by solar simulator (0.4 W/cm2 power density) for different times
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as refractive indices, constructive/destructive interferences, film thickness, and the 
wavelength of the incident light. These experimental data provide a fundamental base 
for engineering design of single pane windows based on the concept of optical thermal 
insulation which is a novel approach in reducing heat loss via the photothermal thin 
film coating without intervening media.

1.6 Multilayer Solar Harvesting and Energy Generation 

1.6.1 Photothermal Generator (PTG) 

Photothermal (PT) materials have strong photon absorptions in a wide frequency 
range which dictate their abilities to convert photons to thermal energy (Zhao et al., 
2019a; Attia et al., 2012; Lyu et al., 2021; Arras et al., 2012; Pérez-Hernández et al., 
2015; Gao et al., 2019; Ding et al., 2018). Solar harvesting has been, however, limited 
to 2D surfaces such as PV. There will be great advantages if solar harvesting can 
be extended to 3D through multiple transparent thin films with desirable optical 
characteristics. As is well-known, most of the photothermal materials (such as gold 
and graphene) are not transparent, which are not suitable for multilayer 3D solar 
harvesting. A novel concept has been proposed with multilayer 3D solar harvesting, 
analogous to multilayer capacitors for increasing the total surface area. As shown 
in Fig. 1.24a, the solar light can pass through several transparent substrates coated 
with PT materials, therefore significantly increasing the light harvesting surface area. 
Upon light irradiation, heat is generated on each layer, generating a large amount of 
thermal energy accumulatively in a photothermal generator (PTG). In this fashion, 
the PTG is a 3D solar harvester, photon to thermal energy converter, and generator 
(Fig. 1.24b), which is much more efficient compared to the 2D films. 

As shown in Fig. 1.24b, a right rectangular prism is constructed with 10 layers 
of transparent PT layers with dimensions of 25.4 × 25.4 × 1.4 mm3. These PT-
coated transparent substrates are placed in parallel in a cuboid (5 × 5 × 15 cm3) 
with thermally insulated walls. The inner bottom surface of the cuboid is covered 
with a mirror (reflectivity 90%) to reflect the incident light. Similar to an optical 
cavity (Ding et al., 2018) all cuboid inner surfaces (except the top inner surface) can 
be made of highly reflective mirrors to reflect light multiple times, maximizing the 
photothermal energy generated on all layers. 

The cuboid is thermally insulated with polystyrene foam (thickness: 35 mm) 
surrounding the four side faces, as shown in Fig. 1.24b. The top is insulated with 
a double-pane glass with a 20 mm air spacing to allow the incident light into the 
cuboid. When the simulated solar light source (0.4 W/cm2 power density) is turned 
on, the light enters from the top of cuboid, penetrates the top double-pane, then goes 
through all PT substrates, and reaches the bottom layer (Fig. 1.24b). The bottom 
of the cuboid can be designed with a mirror which is placed at the inner bottom 
to reflect the incident light to the opposite direction for passing through PT films
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multiple times in order to generate more thermal energy. When light passes through 
each PT layer, the photons are activated to generate thermal energy which raises the 
local thin film temperature characterized by the heating curves. 

Solutions of Fe3O4@Cu2−xS and chlorophyllin were deposited on quartz 
substrates, as described in Sect. 1.2.1.3. Deposition of photothermal thin films. The 
PT effects of the Fe3O4@Cu2−xS and chlorophyllin thin films of different concentra-
tions were characterized by obtaining the heating curves, as shown in Fig. 1.24c and 
d. The heating curves shown in Fig. 1.24c and d were obtained on one film sample in 
air without the cuboid (see Methods). Figure 1.24c and d show the changes in temper-
ature (ΔT) as a function of time for the Fe3O4@Cu2−xS and chlorophyllin thin films 
at different concentrations. The PT films were irradiated by simulated solar light at 
0.1 W·cm−2 power density. The temperature increases rapidly at the beginning but 
reaches a plateau after 5 min. This plateau is due to heat loss through the environ-
ment being balanced by the heat generated by the PT films. The light is turned off at 
10 min resulting in rapid temperature decrease for samples of all concentrations. As 
shown in Fig. 1.24c and d, ΔT reaches 7 °C for Fe3O4@Cu2−xS at a concentration 
of 5.08 × 10–5 g/cm2 and 11.5 °C for chlorophyllin at a concentration of 2.92 × 
10–5 g/cm2. Note that these are extremely low concentrations, andΔT can be further 
increased at higher concentrations. However, transparency will be compromised at 
higher concentrations, therefore hindering light penetration. 

As the thermal energy generated in PTG is cumulative, the maximum tempera-
ture of a PTG can reach an appreciable level depending on the light power inten-
sity, thermal insulation, and other design parameters. A PTG is also defined as a 
photothermal amplifier (PTA), a device that amplifies thermal energy by adding 
additional layers. As shown in Fig. 1.24f, the infrared images show the temperature 
distributions of the PTG (with 10 layers of the 85% AVT Fe3O4@Cu2−xS thin films)  
before/after the light is turned on for different time intervals. The PTG is well insu-
lated with minimum heat loss, as shown in Fig. 1.24f. When light is turned on for 
15 min, the top of the PTG is heated up more because light enters the PTG from the 
top. The lower part becomes more heated at 30 min, and the temperature distribution 
in the PTG becomes even at 45 min exhibiting a cumulative PT effect. The PTG can 
generate thermal energy with an appreciable conversion efficiency. The maximum 
temperature is expected to increase with more incident light power density, heating 
time, concentration of PT film, AVT, and thermal insulation. 

1.6.2 Characterization of the Transparent Photothermal 
Thin Films 

1.6.2.1 Optical Properties of Photothermal Thin Films 

Figure 1.25a shows the absorption and transmittance spectra of the Fe3O4@Cu2-xS 
and chlorophyllin thin films, both with high AVTs. Figure 1.25b shows  the
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Fig. 1.25 a Absorption and transmittance spectra of the Fe3O4@Cu2-xS and chlorophyllin thin 
films, and b photographs of the Fe3O4@Cu2-xS and chlorophyllin thin films in front of a campus 
building 

photographs of the Fe3O4@Cu2−xS and chlorophyllin films in front of a building on 
the main campus of the University of Cincinnati. As can be seen in these photographs, 
both films are highly transparent due to their high AVTs, displaying clear images 
of the building behind the films. High light transmittance is one of the fundamental 
features of PTG, enabling solar light harvesting through multiple layers in a confined 
3D space. 

The heating curve measurements were conducted by using the photo-thermal-
generator shown in Fig. 1.24, following the procedures described in the Methods 
section. The heating efficiency at each layer is important especially at the lower 
portion of the PTG. This is due to the fact that the incident light will be weakened 
after penetrating several layers. Each layer has a Fe3O4@Cu2−xS or a chlorophyllin 
thin film deposited on a quartz substrate. The simulated solar light is directed from 
the top of the system, penetrating the top double-pane and the PT layers. As all 
layers are coated with the PT thin films, each layer generates heat raising the surface 
temperature as reflected in the heating/cooling curve. 

1.6.2.2 Photothermal Experimental Details 

The photothermal experiments on the single layer thin films were carried out in air 
under ambient conditions. A Newport 150 W solar simulator (Lamp model 67,005) 
was used to obtain the heating/cooling curves. The experimental design is displayed 
in Fig. 1.26. A light power density of 0.1 W/cm2 was used for the heating curves 
shown in Fig. 1.24c and d. For PTG experiments (Fig. 1.24b), a light power density 
of 0.4 W/cm2 was used to obtain the heating curves. The temperatures of PTG layers 
were monitored using thermal couples. The simulated solar light power density was 
measured by using an optical power meter (Newport Inc.) on the sample surfaces 
(Fig. 1.26) (Yun et al., 2019; Liu et al., 2019). 

The designofPTG is  shown inFig.  1.24b. Each layer consists of a Fe3O4@Cu2−xS, 
or a chlorophyllin film coated on the quartz substrate. AVT of the layer is adjusted to
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Fig. 1.26 Schematic 
diagram showing the 
apparatus of the 
photothermal experiment 

85% by optimizing the PT film concentrations: 1.6 mg/cm2 for Fe3O4@Cu2−xS, and 
0.7 mg/cm2 for chlorophyllin. The PTG designed in this study can accommodate a 
maximum of 10 PT layers; the distance between each layer is 5 mm, and the size 
of each quartz substrate is 25.4 × 25.4 × 1.4 mm3. Simulated solar light is directed 
from the top of the system, penetrating all PT layers, as shown in Fig. 1.24b. 

1.6.2.3 Thermal Insulation of PTG 

For PT characterization, the heating and cooling curves were obtained from the 
multilayer thin films with and without thermal insulation. The heating curves shown 
in Figs. 1.27 and 1.28 were obtained with PTG thermally insulated with polystyrene 
foam (thickness: 35 mm, shown in Fig. 1.24b). The heating curves shown in Fig. 1.29 
were obtained without thermal insulation. 

1.6.2.4 The Solar Photothermal Efficiency 

The solar PT efficiencies are calculated using Eq. 1.16 for the multilayer thin films 
in the PTG and their values are listed in Table 1.7.
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Fig. 1.27 Heating curves of 
chlorophyllin thin films in 
thermally insulated PTG 
with 10 layers 
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Fig. 1.28 Heating curves of 
Fe3O4@Cu2−xS thin films in  
thermally insulated PTG 
with 10 layers 
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1.6.2.5 Thermal Energy Generation 

Thermal energy generated is proportional to the number of layers, as the incoming 
light passes through a number of PT thin films. In this study, thermal energy Q is 
defined by: Q = Q̇ × Δt , where Q̇ is the heat produced per unit time in units of 
(J/s), and Δt is the heating time. Using this equation, the thermal energy Q can be 
calculated based on the heating curves shown in Figs. 1.29 and 1.30, from which Q̇ 
can be determined. 

PTG was thermally insulated with the polystyrene foam surrounding the four 
lateral faces (shown Fig. 1.24b) for thermal energy generation. Two transparent 
double-pane glasses were used to seal the top for the incident light and the 
bottom. Heating/cooling experiments were conducted in the same way as those 
without thermal insulation. To determine the thermal energy generated by multiple 
layers, each heating/cooling curve was obtained for a given number of layers, as 
shown in Fig. 1.27 for chlorophyllin (concentration: 0.7 mg/cm2) and Fig. 1.28 for 
Fe3O4@Cu2−xS (1.6 mg/cm2). The maximum temperature difference (ΔTmax) of
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◄Fig. 1.29 a Heating curves of the Fe3O4@Cu2−xS thin films in PTG with neither thermal insulation, 
nor a base mirror at the bottom; b Fe3O4@Cu2−xS with thin films in PTG without thermal insulation, 
but with a base mirror at the bottom (see Fig. 1.22); c Heating curves of the chlorophyllin thin films 
in PTG with neither thermal insulation, nor a base mirror at the bottom; d the chlorophyllin thin 
films in PTG without thermal insulation, but with a base mirror at the bottom (see Fig. 1.22); e light 
power density attenuation for the Fe3O4@Cu2−xS thin films, f light power density attenuation for 
the chlorophyllin thin films; g heating curves of the Fe3O4@Cu2−xS thin films in PTG with the 
external thermal insulation, and h heating curves of the chlorophyllin thin films in PTG with the 
external thermal insulation 

Table 1.7 The photothermal efficiencies of the photothermal generator (Fig. 1.25b) with different 
numbers of layers, calculated by using Eq. 1.16 for both Fe3O4@Cu2−xS and chlorophyllin thin 
films 

Number of layer(s) 1 2 3 4 5 6 7 8 9 10 

Chlorophyllin η (%) 30.9 43.7 46.4 52.4 53.5 56.9 57.7 58.9 60.7 61.6 

Fe3O4@Cu2−xS η (%) 40.9 42.9 44.2 46.3 48.0 49.6 57.2 58.2 60.6 63.4 

the heating curve is used in the equation Q̇ = U A(T − T0) to calculate the thermal 
energy.

1.6.3 Heating Curves of Multilayer Photothermal Thin Films 

The heating curves of the Fe3O4@Cu2-xS (85% AVT, concentration: 1.6 mg/cm2) and 
chlorophyllin (85% AVT, concentration: 0.7 mg/cm2) thin films deposited on quartz 
in PTG without any thermal insulation are shown in Fig. 1.29a–d. As shown in 
Fig. 1.29a, the Fe3O4@Cu2-xS films reach a maximum temperature of 52.5 ˚C (from 
21.9 ˚C) on the top layer. The temperature raised at each layer gradually decreases due 
to less light power densities at those at the low portion of PTG (Fig. 1.29e and f). The 
light power density attenuation is associated with several factors, including the AVT 
of the film, light reflection/scattering, and light absorption at each layer (Rating & 
Council: Procedure for Determining Fenestration Product U-factors, 2013; Inoue 
et al., 1994). 

To improve the PT effect, a mirror with 90% reflectivity was placed on the bottom 
inner surface of the cuboid (shown in Fig. 1.24) to reflect the incident light. The 
temperatures of all heating curves were considerably increased, especially at the 
10th layer (as shown in Fig. 1.29b). The temperatures at the 3rd and 4th layers 
increase to the higher levels, indicating the reflected light reaches these layers. These 
experimental results show the possibility of solar harvesting in the 3D fashion through 
multiple transparent layers. 

The chlorophyllin film samples show similar heating characteristics compared to 
those of the Fe3O4@Cu2−xS counterpart, as shown in Fig. 1.29c and d. However, 
the heating curves appear to be more evenly distributed, indicating uniform visible
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transmittance of the films on all layers. The cooling curves of the Fe3O4@Cu2-xS 
coated layers are more gradual. As shown in Fig. 1.29a–d, the temperatures drop 
rapidly for all cooling curves when the light is turned off at 20 min. Cooling of the 
Fe3O4@Cu2−xS layer is slowed down at the temperatures below 35 °C until 30 min. 
In contrast, the temperatures of the chlorophyllin layers continue to decrease rapidly 
all the way down to room temperature after the light is turned off. This difference 
in cooling curves is due to specific heat differences between these compounds. Iron 
oxides generally have greater heat capacity than chlorophyllin, making them contain 
more heat per film sample. 

To prove the concept of PTG, the cuboid is thermally insulated with the 
polystyrene foam, as shown in Fig. 1.29. A transparent double-pane glass was placed 
on the top of PTG for the incident light and at bottom for the transmitted light. 
The heating and cooling curves were obtained in the same way as described in 
Methods. The heating curves are significantly improved with thermal insulation, 
and the highest temperatures reached 76.1 °C for Fe3O4@Cu2−xS and 71.6 °C for 
chlorophyllin. As shown in Fig. 1.29g and h, the heating plateau is changed to a tilted 
curve, indicating continual increasing temperature. Without thermal insulation, all 
heating curves reach balances between the PT heating and the heat loss through the 
environment. The heat loss of PTG is reduced when it is thermally insulated (though 
not ideally), resulting in an upward tilting plateau (as shown in Fig. 1.29g and h). 
The heating time is extended to 80 min for reaching even higher temperatures in 
PTG. Since the thermal energy generated by PTG is cumulative, it can be stored for 
different applications. 

The top layer of PTG with Fe3O4@Cu2−xS reaches 76.1 °C after 80 min while the 
bottom layer temperature reaches 50.7 °C, as shown in Fig. 1.29g. For the chloro-
phyllin films shown in Fig. 1.29h, the heating curves are within similar temperature 
ranges (70.7 °C for the top layer and layer 49.1 °C for the bottom layer). The cooling 
curves are much more gradual after the light is switched off at 80 min due to thermal 
insulation. 

These large differences between the heating curves of Fig. 1.29a–d and g–h show 
the possibility of generating thermal energy via a constant light source based on 
the concept of PTG. Photons can be collected via multiple transparent layers and 
converted to heat and stored as thermal energy in a 3D space, provided that a constant 
light source is available. More layers can be added in a significantly larger volume 
to achieve even greater solar light harvesting. 

1.6.4 Photothermal Energy Generation and Amplification 
via Multilayers 

As described above, the PTG is a photothermal amplifier (PTA) for increasing thermal 
energy through adding more multiple transparent PT films. The energy amplification 
can be determined by comparing the thermal energy generated between one single
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layer and multiple layers. In this study, we define the thermal energyQ = Q̇ · Δt , 
where Q̇ is the output power of the PTG, Δt is heating time period (Zhao et al., 
2019a). The thermal energy is calculated by using the procedures shown in 5.3 the 
solar photothermal efficiency (Zhao et al., 2019a), plotted against the number of 
layers (as shown in Fig. 1.30a).
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Fig. 1.30 a Thermal energy versus number of layers, b maximum temperature versus number of 
layers, c thermal energy versus heating time for different layers of the Fe3O4@Cu2−xS films, d 
thermal energy versus heating time for different layers of the chlorophyllin films, e power (ΔQ/Δt) 
versus number of layers for the Fe3O4@Cu2−xS and chlorophyllin thin films during the 10 to 20 min 
heating time period, and f thermal energy density versus number of layers for both Fe3O4@Cu2−xS 
and chlorophyllin thin films
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A linear relationship between the thermal energy and number of layers is shown 
in Fig. 1.30a. As shown in this figure, the thermal energy generated increases from 
5,074.3 J (one layer) to 55,465.8 J (ten layers) for the Fe3O4@Cu2-xS PTG; and 
increases from 3,826.3 J (one layer) to 56,143.9 J (ten layers) for chlorophyllin 
PTG; both exhibiting a more than tenfold increase. The thermal energy generated can 
be increased by enhanced film AVT, thermal insulation, and the PT coefficient for a 
given geometry of the PTG (which achieves higher PTG energy density). Figure 1.30b 
shows the temperature versus number of layers for Fe3O4@Cu2−xS and chlorophyllin 
thin films. The maximum temperatures can reach over 100 °C if the PTG parameters 
are optimized. Figure 1.30c and d show the thermal energy generated at different 
layers, respectively for the Fe3O4@Cu2−xS and chlorophyllin films. As shown in 
these figures, thermal energy increases linearly between 10 and 80 min. These results 
correspond to the heating curves shown in Fig. 1.29g and h, with more gradual 
increase of temperature due to heat loss through the cuboid surfaces.

If ideally insulated, both the heating (Fig. 1.29g and h) and thermal energy curves 
should continue to increase. The slopes of the thermal energy versus heating time 
indicate the heating power of the system (Power = ΔQ/Δt). The slopes between 
10 and 20 min of the Q versus t curves (Fig. 1.30c and d) are plotted against the 
number of layers, as shown in Fig. 1.30e. The power of the PTG increases, from 
1.1 W to 11.6 W for Fe3O4@Cu2−xS and from 0.8 W to 11.7 W for chlorophyllin, 
as the number of layers increases from 1 to 10. As shown in these figures, thermal 
energy generation can be significantly improved by adding multiple PT layers. 

Energy densities of PTG are plotted against the number of layers in Fig. 1.30f. 
Based on the data shown in Fig. 1.30c and d, energy density inside the PTG increases, 
from 1.35 × 107 J/m3 to 1.48 × 108 J/m3 for Fe3O4@Cu2−xS and from 1.02 × 
107 J/m3 to 1.49 × 108 J/m3 for chlorophyllin, as the number of layers increase from 
1 to 10.  

Compared to the single layer system, the PT energy generation of the multi-
layer system depends on several factors. As light passes through multiple layers, it 
attenuates due to several factors (see Fig. 1.29e and f), including: AVT of the film, 
light reflection by films and substrates, refraction at the interfaces between film and 
substrate, and the scattering/absorption at each layer. The PTG energy generation 
depends on PT efficiency (η) of the films, which is the ratio of the energy increase 
of the PT film to the simulated solar light. η is calculated by using the previously 
published procedures (Zhao et al., 2019a). Table 1.1 shows that η increases from 
40.9% (one layer) to 63.4% (10 layers) for the Fe3O4@Cu2−xS PTG, and from 
30.9% (one layer) to 61.6% (ten layers) for the chlorophyll PTG. The efficiency of 
the multilayer PT system is much higher compared to that of single layer PVs. For 
example, an average silicon PV efficiency is on the order of 25% (Inoue et al., 1994). 
The solar PT efficiencies of the multilayer system have approached around 60% and 
are expected to further increase as more layers are added. 

In this study, multilayer solar harvesting has been achieved via transparent PT thin 
films. These spectral-selective thin films spatially expand solar energy harvesing to 
a 3D space, which is fundamentally different from 2D solar panels. 3D multilayer 
PV systems can potentially be designed with significantly increased surface area
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per volume in a similar fashion. Conversion of solar light to thermal energy in 3D 
systems is continuous and cumulative, capable of reaching high temperatures and 
large thermal masses. Two PT materials, Fe3O4@Cu2−xS and chlorophyllin, have 
been synthesized and deposited on quartz substrates for 3D solar light harvesting. 
These thin films exhibit magnificent PT effects as well as high AVT, making them 
ideal candidates for 3D multilayer systems. Light is able to pass through multiple 
tranparent films, genrate heat at each layer, and reach a maximum tempeature of 
76.1 °C. A 12- fold increase in thermal energy is obtained through the multilayer 
system, leading to significantly increased enery density compared to a single layer. 
The solar PT efficiency (η) of the PT films also show significant increases when the 
number of layers is increased from 1 to 10, which indicates the strong dependence 
on the surface area exposed to light. This can be achieved by the spectral selective 
and transparent PT thin films. The increase in thermal energy generated can be 
further improved with the enhanced PT efficiency of the thin films. The concept of 
the “Photo-Thermal Generator” will shed light upon the research of energy-neutral 
systems. 

As described in Sect. 1.1.3 3D solar harvesting and photothermal energy gener-
ation for building heating utilities, and dipiced in Fig. 1.7, the PTG concept can 
be utlized for generating thermal energy for building heating utilities by 3D solar 
harvest. Units of PTGs can be retrofited into building structures for both heating 
and lighting purposes Combining the concepts of both optical thermal insulation and 
photothemal generator, next-generation architecture designs will be implimented for 
a net-zero civic infrustructure. 

1.7 PT-PV Dual-Modality Building Skins 

The glass-based high-rise building skins provide ideal transparent substrates for 
device architecture of energy harvesting nanoscale thin films. A simple building skin 
coating can be engineered to offer two major functions: photovoltaic or photothermal, 
switched alternatively depending on the seasonal needs. In summer, the photovoltaic 
effect of the coating consumes most of the solar infrared therefore less cooling 
is required. In winter, the slight increase in skin temperature by the photothermal 
coating can lead to lowered heat loss from room interior. Compared with multi-pane 
glazing, single-panes are practically not viable due to rapid heat transfer in winter. 
If a spectral-selective thin film is applied on a window surface, the skin surface 
temperature can be increased from 25 °C to > 50 °C via the photothermal effect. 
This will in turn effectively reduce the thermal energy loss from the interior. In 
this way, thermal insulation can be achieved optically without intervention medium. 
On the other hand, the undesirable solar infrared in summer can be compensated 
by the same thin film but in a different modality: photovoltaic. Absorption of large 
infrared irradiation not only reduces cooling energy but generates electricity for 
other appliances. The outcomes of the research activities will address the national
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needs in energy sustainability by entirely transforming the landscape of architectural 
engineering, civic system design, and energy saving strategy. 

As mentioned previously, OTI and PTG are developed based on 3D solar light for 
heat conversion while maintaining visible transparency. Thus, a high AVT would be 
essential for window applications. Regarding some semiconducting materials that 
exhibit both PT and PV effects, the PT-PV dual modality is possible if the dual-
modality is well structurally designed. Transparent PV and PT films share some of 
the spectral requirements. The key requirement of 2D PV and PT panels lies on a 
large surface area to optimize the solar light harvesting. A modern building skin with 
glass façades can be engineered into PV and PT panels (Fig. 1.5) for energy harvest 
and generation while maintaining an aesthetical visual effect (Lin & Shi, 2021). This 
approach utilizes large building transparent skins as substrates for developing PV 
and PT panels which can function in a dual modality, and seasonably altered for 
energy efficiency. 

As described above, the PT coated single-pane window can raise surface temper-
ature so that heat transfer through the building skin is significantly reduced in cold 
weather, based on the concept of OTI. With OTI, transparent building skins can be 
well optically insulated without any intervention medium. In the summer season, the 
building skin will be switched to the PV mode via dual modality. The dual-modality 
building skin constantly absorbing most of the infrared radiation which can reduce 
cooling energy, and at the same time generate electricity for additional appliances. 

Various materials have been identified, developed, and engineered for making PV 
deices. These devices include Si-based solar cells, perovskite solar cells (PSCs), and 
dye-sensitized solar cells (DSSCs). Among others, the porphyrin compounds have 
shown promise in the development of photosensitizers in DSSCs. Furthermore, due 
to functionalization of macrocyclic dyes in the molecular structure, the porphyrin 
compounds provide ideal absorptions in the UV–vis region (O’regan & Grätzel, 
1991; Zeng et al., 2020; Pistner et al., 2012). 

A DSSC consists of photoanode, dye, electrolyte, and counter electrode 
(Fig. 1.31a). The working principle of DSSCs (Fig. 1.31b) can be described as: (i) 
when light hits the device, the electrons in the dye molecules will be excited from the 
ground state (HOMO) into an excited state (LUMO), (ii) the excited dye molecules 
are oxidized (loss of electrons) and electrons are injected into the conduction band of 
the semiconductor, (iii) the oxidized dye molecule is restored by electrons contributed 
by a redox mediator (I−), and two I− ions are oxidized as iodine (I3−), (iv) the I3− 

diffuses toward the cathode and then it is reduced to I− by gaining electrons from 
the cathode. Although DSSC has low photon-to-electricity performance, it has many 
advantages such as environmentally friendly, cost-efficient, a simple manufacturing 
processes, and visible transparency. 

The first application of Cu-2-α-oxymesoisochlorin as a photosensitizer for DSSC 
with an overall Power Conversion Efficiency (PCE) of 2.6% was published in 1993 
by Kay and Gratzel (Kay & Graetzel, 1993). Subsequently, the PCE of DSSC was 
increased up to 12.3% in 2011 (Yella et al., 2011) and further improved to 13% in 2014 
(Mathew et al., 2014) by using Zn–porphyrin derivatives in the same group. Despite 
the constant improvement in PCE from 2009 to 2014 (Lu et al., 2018), challenges
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are still to be addressed in the molecular design, mainly on the aging resistance and 
inefficient photon collection in the visible light region. The porphyrin-based DSSCs 
have been developed with multiple dyes or molecular-modified porphyrin compounds 
to broaden the light-absorbing area for higher PCE (Li et al., 2019; Otaka et al., 2004; 
Ogura et al., 2009). 

Transparent PV and PT films have recently gained significant attention for their 
potential in efficient solar harvesting and energy applications. The transparent organic 
photovoltaic (TOPV) thin films have been extensively studied (Husain et al., 2018; 
Traverse et al., 2017; Li et al., 2020; Colsmann et al., 2011). The reported efficiency 
of TOPV is about 10% (Li et al., 2020), while the average PCE is 15 to 22% for the 
commercial silicon based solar panels (Barbose et al., 2021). Recently, the so-called 
building integrated photovoltaic (BIPV) has been developed for building skins, taking 
advantage of large surface areas without conflicting with appearance requirements 
(Colsmann et al., 2011). The amorphous silicon BIPV windowpane was developed 
in 2013 (Yoon et al., 2013). The studies on BIPV show that the internal surface 
temperatures of inclined and horizontal BIPV double-panes are about 2 ºC higher 
than the average windowpanes in winter. Further, enhancement of windows’ thermal 
performance via CdTe BIPV was proposed in 2020 (Alrashidi et al., 2020). The 
research analyzed the surface temperature with the single-pane and reported that the 
U-factor of CdTe BIPV is lower than the single-pane. 

Based on the aforementioned research, the PT-PV dual-modality was recently 
proposed by Lin and Shi (2021). The building skins with large surface area provide 
device substrate for depositing transparent PT-PV thin films with dual modality. 
Based on the spectral selective characteristics of porphyrins, they can be ideal candi-
dates for developing PV-PT dual-modality building skins. However, while the trans-
parent organic photothermal (TOPT) thin films require intense UV and IR absorptions 
for photon-to-thermal conversion, the IR absorption should be eliminated for TOPV 
since heating of the PV panel can considerably reduce efficiency. Therefore, funda-
mental research in materials science will have to be carried out in order to engineer 
the PT-PV dual-modality building skin with tailored optical properties. Multilayer
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architecture of the building skin will be the key in the development of the PT-PV 
dual modality building skin that can spectral selectively utilize the full solar spectral 
for efficiently generating thermal energy in the cold climate and electricity in the 
warm season. The concept of PT-PV dual modality building skin paves a new path to 
next-generation device-based building skins that will have profound impact in many 
areas including energy sustainability, environmental control, living comfort, utility 
efficiencies, and economic concerns (Lin & Shi, 2021). 

1.8 Conclusion 

A major global energy challenge is the formation of megacities with a rapid sprawling 
of high-rise buildings. The huge areas and high populations of megacities present 
enormous social and environmental demands. One of the key issues deals with overall 
building energy and material consumptions including electricity, heating and cooling, 
and materials production simply due to their large sheer sizes. A new trend in architec-
ture has been transforming traditional windows to glazed building façade. However, 
great challenges remain in terms of thermal transfer, energy efficiency and lighting 
requirements, especially heat loss in cold climate. 

To address critical energy issues in civic structures, we have developed a novel 
concept of Optical Thermal Insulation (OTI) without relying on conventional thermal 
intervention medium, such as air or argon, as often used in conventional window 
systems. We have identified and synthesized new spectral-selective material systems, 
such as porphyrin compounds and iron oxide nanoparticles that exhibit strong UV 
and NIR absorptions, but high visible transmittance. Pronounced photothermal (PT) 
effect is optically-activated to increase the window surface temperature, thereby 
effectively lowering the heat transfer through the building skin, and achieving energy 
saving without double- or triple- glazing. The identified PT materials are abundant 
in nature and environmentally green. 

We have also formulated a pioneering concept of PT-PV modality building skins. 
In this new approach, a building skin is considered a multifunctional active device for 
solar harvesting, conversion, and utilization. The glass-based high-rise building skins 
provide the ideal transparent substrates for device architecture of energy harvesting 
nanoscale thin films. A simple building skin coating can be engineered to offer 
two major functions: PV and PT, switched alternatively depending on the seasonal 
energy needs. In summer, the window coating functions as PV and consumes most 
of the solar infrared therefore less cooling is required. In cold winter, the slight 
increases skin temperature by the photothermal coating which can lower heat loss 
from room interior. Thus, the same glass-based building skin can be engineered to 
serve multiple functions including solar harvesting, conversion, and generation. The 
synergetic effects of PT and PV, seasonably alternated, will significantly improve 
building energy efficiency. In sharp contrast to conventional windows, the building 
skin with the PT and PV dual modality will essentially become an energy generator 
(or convertor) rather than a source of heat loss. The advantages of this approach are
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several-folds: (1) no insulating medium is needed as in the traditional double-pane 
structure; (2) the building skin with the PT-PV thin films can be mass-produced with 
low cost; (3) the PT-PV thin films can alternatively generate heat and electricity 
with a much large surface area; (4) the optical properties of the PT-PV building 
skin can be spectrally tuned by adjusting the composition and additives in the films, 
and (5) adhesive products built upon this approach can be applied in wide-scale 
energy-efficient window retrofits with low balance-of-system costs. 

The novel solar harvesting system is capable of converting light to thermal energy 
directly for heating unities without any additional energy source and complicated 
electric circuitry for energy storage and distribution. The solar harvesting system is 
able to waveguide solar light through transparent multilayer photothermal thin films, 
generating sufficient heat at each layer collectively for efficient thermal energy gener-
ation and conversion. This is fundamentally different from the current 2D PV panels 
with limited surface areas in solar harvesting. The multilayer structure profoundly 
revolutionizes the current 2D solar harvesting by multilayer transparent PT thin films, 
therefore significantly increasing the solar harvesting area and energy density in a 
confined 3D space. Based on this novel concept, a photothermal generator is theoret-
ically and experimentally possible to generate thermal energy via constant incoming 
solar light for various energy applications including utility heating. Fundamental 
studies on the relationships between the material structures and optical properties 
will introduce a new dimension of nanotechnology to civil engineering not only for 
fundamental science but also novel designs of the next generation energy-neutral 
civil infrastructure. 
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Chapter 2 
Low Energy Adaptive Biological 
Material Skins from Nature to Buildings 

Laia Mogas-Soldevila 

Abstract This chapter reviews emergent work in large-scale interactive building 
skins that use biological materials derived from abundant, renewable, biodegradable 
sources like silk, algae, wood, cellulose, chitin, fungi, or bacteria. They are surveyed 
as new interactive systems for material-driven environmental sensing and response 
within the outer layer of architectural applications. Programmed at the molecular 
scale, they respond to their surroundings at the building scale by; self-healing cracks, 
performing programmed decay, tuning flexibility and opacity depending on sunlight 
and rain, changing color to diagnose health markers, shapeshifting with humidity 
changes, digesting waste into structure, cooling and cleaning air, or transforming 
city pollutants into fuel and aliments. Demonstrators are often in testing phases, 
but critical in signaling a future for sustainable material systems offering adaptive 
solutions at the intersection of building construction and biotechnology that are 
elegant in both their efficiency and new aesthetics. 

Keywords Bio-composites · Adaptive materials · Programmed matter ·
Responsive skins 

2.1 Introduction: Nature to Buildings 

Biomimicry in architecture—in other words, design inspired by how functional chal-
lenges have been solved in biology (Pawlyn, 2019)—has broadened its scope in 
recent year’s research. Solutions in buildings emerge that expand beyond traditional 
advances in technology inspired by biological strategies, and towards including living 
and bio-based matter itself. This is because bio-based, biological, or even living 
material solutions present a dual advantage to common construction materials such 
as glass, concrete, ceramics, steel, or aluminum. On one hand they involve much
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lower construction waste and energy consumption in extraction, synthesis, and end-
of-life (Ashby, 2021). On the other hand, they are programmable with new func-
tion enhancing sustainability as well as multiplicity of unprecedented function as 
reviewed later in the text (Shtein & Shoseyov, 2017). New man-made composites 
from synthetic materials also present large ecological footprints in their production 
and are difficult to disassemble for recycling (Bechthold & Weaver, 2017). Many 
naturally grown materials like cellulose, silk, or chitin are lightweight but strong, stiff, 
and tough, while made at ambient conditions, processed with low energy and low 
waste, and composed of simple molecules that biodegrade without toxicity (Vincent, 
2012; Wegst & Ashby, 2007). Not only these materials present desirable environ-
mental friendliness, but they also have inherent capacity to interact and adapt to 
their surroundings with passive strategies able to be programmed for specific func-
tions. Today, in the field of building construction, and following similar avenues in 
materials science and biomedical engineering, mimicking Nature’s intelligence will 
ensure superior function and efficient reuse of resources. 

Biological materials are indeed gaining interest in the architectural community 
with large-scale solutions being developed as demonstrators of a new paradigm. 
A paradigm observing matter as a design element to be described to the molecule 
(Mogas-Soldevila, 2021), a task enabled by the fact that natural matter is in constant 
re-design during growth by responding to the environment and to the forces acting 
upon it, making material properties vary across species, within the same species, 
and throughout the same organism. For instance, organic composite materials give 
living tissues the ability to adapt by rearranging their material configurations towards 
optimized ones. The leaf closing of Mimosa pudica in response to touch, heliotropism 
in sunflowers following sunlight, skin color changes in Loliginidae squid, catapult 
seed actions of some fruits, variable-stiffness collagen in marine animals, opening 
and closing of pine cones, and the hinged operation of ice plant seed capsules, are 
just a few examples of this extraordinary ability (Ball, 2012; Bechthold & Weaver, 
2017; Jeronimidis, 2009). 

Such adaptation that helps trees, insects, and humans survive, can be re-
programmed to solve specific building problems, or deliver desired signals as 
described next. Reviewed below, recent solutions show efforts to invent systems 
that respond to changes in the environment performing adaptation of mechanical, 
optical, and chemical material properties. Examples chosen are larger than meter-
scale, geared towards façade implementation, and made of raw bio-based materials 
derived from wood, silk, or chitin, or made of living organism assemblies like fungi 
networks, bacterial colonies, mosses, or microalgae.
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2.2 Methodologies in Practice: The Active Skin 

The function of a building skin is to shelter and enclose human activity by filtering 
light, radiation, dirt, moisture, temperature, and pathogens. This emphasis in protec-
tion, renders traditional buildings static for decades hardly interacting with their occu-
pants and the environment. Mechanically responsive facade systems are emerging in 
the field and typically poses some of the following features embedded within man-
made actuated technology; energy storing, natural ventilation, radiation control, or 
automated management of plants on the building skin (Romano et al., 2018). In 
nature, skin, shell, or cuticle do protect organisms by filtering light, radiation, dirt, 
moisture, temperature, and pathogens, and do store energy and manage systems 
automatically like these new facades do, but they perform outstanding added func-
tions of self-repair, shape-shift, sensing, and color change to adapt to their changing 
surroundings. 

It is the goal of many of the solutions presented in this section to achieve these 
superior levels of interaction by mimicking naturally grown skins. Biological material 
systems and biology-driven strategies in the demonstrator examples reviewed below 
aim to create buildings that respond to their surroundings while being environmen-
tally friendly (Sandak et al., 2019). Proposals can perform programmed decay, change 
flexibility and opacity responding to sunlight and rain, self-heal cracks using bacteria, 
change color in response to health markers, curl and shapeshif with humidity changes, 
capture carbon dioxide, digest waste into structural members, react to hot weather 
with evaporative and radiative cooling, clean city air, or transform air pollutants and 
water contaminants into fuel and food (Figs. 2.1 and 2.2).

2.2.1 Wood 

Most advanced large scale biological material solutions for building skins are based 
on timber and wood composites and are a promising resource because of their renewa-
bility, sustainability, and versatility. Producing wood for buildings uses about 10% of 
the energy required to produce equivalent amount of steel. It is transformed with much 
simpler tooling while enabling prefabrication, fast installation, favorable weight-to-
load-bearing capacity ratio, and low thermal conductivity increasing its applicability 
in façades (Sandak et al., 2019). However, many efforts aim at keeping wood systems 
static and avoiding their natural tendency to deform and interact with environmental 
humidity. Examples below harness that ability, instead of suppressing it, to achieve 
higher order of performance. 

In nature, structural anisotropy in the organization of cellulose wood fibers can 
induce movement through water absorption and differential swelling, as observed 
in pinecones when they passively open their seed pods. Larger scale hydromorphic 
effects can be programmed in plywood selecting and arranging wood in specific grain 
directions using its expanding behavior as an actuator. The ICD at the University of
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Fig. 2.1 Column one; (top) Hygroskin by the ICD (Menges & Reichert, 2015) and (bottom) 
Hydroculus by Thermal Architecture Lab (Aviv et al., 2020). Column two; (top) HiFy by The 
Living (The Living NY, 2014) and (bottom) Growing Pavilion by Company New Heroes (Biobased 
Creations, 2019). Column three; (top) Sportplaza Mercator by VenhoevenCS (VenhoevenCS archi-
tecture + urbanism, 2006) and (bottom) Bioreceptive concrete by BiotA Lab (Cruz & Beckett, 
2016). Column four; (top) Aguahoja1 by The Mediated Matter Group (Duro-Royo et al., 2018) 
and (bottom) Hidaka Ohmu by Julia Lohmann (Lohmann, 2017; Toivola,  2020). Column five; (top) 
HORTUS XL by ecoLogicStudio (Valenti & Pasquero, 2021) and (bottom) Bioconcrete by Jonkers 
Lab (Jonkers, 2011)

Stuttgart has developed a series of studies for thin wood veneer façade systems that 
shape-shift with humidity changes during building use. For instance, Hygroskin uses 
flat petal-like units arranged in pentagons of about half a meter wide that stay stiff 
and closed in dry weather but become flexible and open in high humidity situations 
to ensure ventilation. Their deformation is reversible in several thousand cycles. 
(Krieg & Menges, 2013; Menges & Reichert, 2015) (Fig. 2.2, column one). New 
prototypes by the same group envision; additively-manufacturing wood-like systems 
using cellulose and other biopolymers to match similar motion rates with larger 
design freedom, or obtaining doubly-curved 9 m-tall assemblies using the same 
principle during panel formation (Correa et al., 2015; Grönquist & Bechert, 2020). 

Also made of wood and in partnership with water, a recent project called 
Hydroculus by the Thermal Architecture Lab at the University of Pennsylvania can
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Fig. 2.2 Column one; (top) Hygroskin structure by ICD, Institute for Computational Design at the 
University of Stuttgart (Menges & Reichert, 2015) and (bottom) Hygroskin veneer-composite unit 
shape changing by hygroscopic response to relative humidity change (adapted from (Correa et al., 
2015)). Column two; (top) HiFy by The Living (The Living NY, 2014) and (bottom) mycelium 
brick formation steps including 5-day agricultural waste digestion and heat treatment before use 
(adapted from (Holcim Foundation Awards, 2015)). Column three; (top) Bioreceptive concrete by 
BiotA Lab and (bottom) section of bioreceptive panel depicting (1) structural Portland Cement, 
(2) anchoring and sealing interface, (3) bioreceptive mortar with water retention capabilities, (4) 
water absorbing coating (adapted from (Cruz & Beckett, 2016)). Column four; (top) Aguahoja1 
by The Mediated Matter Group (Duro-Royo et al., 2018) and (bottom) simulation of swelling and 
decay by effects of weathering based on measurements of printed patches following Aguahoja’s 
materialization technique (adapted from (Tai et al., 2018)). Column five; (top) Bioconcrete by 
Jonkers Lab (Jonkers, 2011) and (bottom) steps of crack-healing by concrete-immobilized bacteria 
(in teal) activated due to water penetration through cracks and precipitating repairing minerals 
(in yellow) to protect the steel reinforcement from further external chemical attack (adapted from 
(Jonkers, 2007))

cool air in hot-dry climates by tapping into new technology and vernacular knowl-
edge. Hydroculus is a prototype for a combined evaporative and radiative cooling 
chimney integrated into a building’s envelope in hot-dry climates. It uses hygro-
scopic materials to generate cooled airflow: a hydrogel membrane is embedded in 
the wooden funnel-shaped top of the chimney, which acts as a wind catcher. The 
hydrogel stores water, which is diffused into the incoming wind, inducing evapora-
tive cooling and downdraft flow (Aviv et al., 2020). The chimney structure constitutes
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waffle timber ribs covered with a thinly coated membrane that reflects shortwave solar 
radiation, protecting high-thermal-capacity liquids stored in the envelope from over-
heating during the day. During the night, when the night sky temperature drops to 
below freezing, the photonic properties of the membrane allow for radiation exchange 
between the liquids and the sky in the longwave range, thus providing additional free 
cooling to be stored by the chimney’s envelope across a diurnal cycle (Aviv et al., 
2020). 

Additionally, exposure to wood in living and working environments is linked to 
reduction of stress-related illness and improved moods. Using wood in skins with 
human interaction certainly creates positive psychophysiological effects and health 
impacts that we must not neglect (Burnard & Kutnar, 2020; Mcsweeney et al., 2015). 

2.2.2 Plants and Mosses 

Live plants on building skins -or vertical gardens- are inherently interactive with 
their surroundings and introduce numerous applications providing a single-material 
multiple-solution paradigm, as Nature does. Some benefits of vertical gardens include 
water retention, air filtering, wind gust dampening, heat gain reduction, and if posi-
tioned in front of openings, they can provide shading and noise protection as well 
as light-filtering. Wonderwall by Patrick Blanc is a vertical garden design applied 
to the Sportplaza Mercator building in Amsterdam (VenhoevenCS architecture + 
urbanism, 2006). The wall consists of a steel frame attached and separated from 
the roof construction of the building, then a ‘growing wall’ system made of metal, 
plastic and a felt fleece with notches and small buckets for each plant to grow. A 
significant number of different plants is maintained by a rain and feeding system 
with hoses and sensors. The authors explain that every wall has its own climate and 
demands therefore different kinds of plants (VenhoevenCS architecture + urbanism, 
2006). This technology has vibrant aesthetic effects, indoor comfort benefits, and 
contributes to the thermoregulation and carbon sink capacities of the city. 

There are other organisms like mosses or lichens that form what is called the 
cryptogamic crust and reproduce with spores, without flowers or seeds providing 
minimal root systems thus accounting for low weights. They cover large surfaces in 
forest substrates, and over bark or rock, and fix carbon dioxide and nitrogen from the 
atmosphere. Compared to vertical gardens, moss façade systems present low tech and 
low maintenance advantages while providing similar benefits. Mosses in building 
skins have been proven to increase outdoor air quality, provide indoor insulation, 
and help cool the city. They provide efficient solutions for large-scale applications 
due to their low requirements in substrates, nutrients, and water, and to their high 
desiccation tolerance. They do not need maintenance and irrigation is provided by 
rainfall (Cruz & Beckett, 2016; Perini et al., 2020). Bio receptive surfaces for moss 
and microalgae have been explored at the BiotA lab Bartlett School of Architecture, 
UCL. A series of projects aim at growing microorganisms directly on the surface of 
façade panels to overcome many of the limitations of existing green walls, particularly
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the need for mechanical irrigation systems and expensive maintenance as mentioned 
above (Cruz & Beckett, 2016). Low pH magnesium phosphate concrete is used 
instead of traditional Portland cement which would be too acidic to allow mosses, 
lichen, or algae to grow. Via digitally designed molds, surfaces made of layered 
concrete casting acquire fissures and depressions emulating tree bark and produce 
shaded areas as well as channels to guide rainwater to specific growth areas. Then 
panels are seeded with a mix of algae cells and moss spores, photosynthetic organisms 
that collect water from weather events, absorb radiation, CO2, and other pollutants 
and produce oxygen (Fig. 2.2, column three). Researchers identify future work on 
moss façade systems towards water distribution and retention during dry periods and 
adhesion of moss mixture onto facade materials (Birch, 2016). 

2.2.3 Fungi 

Combining living biological systems with methods in materials science and 
nanotechnology is enabling superior tuning of material properties by guiding growth 
instead of de-novo engineering matter from atoms and molecules (Niemeyer, 2001). 
An example is engineered fungi materials. Fungi can provide function beyond the 
repertoire of plant-derived materials, and they have been studied to make pigments, 
construction materials, packaging, or paints. Mycelia, the vegetative tubular filament 
networks of fungi, contribute to circular economies by transforming local residual 
flows into fibrous, natural composite materials with controllable physical properties 
that can be produced in large quantities for carbon-negative buildings and applicable 
to architecture facades (Almpani-Lekka et al., 2021; Haneef et al., 2017). 

The following two examples use mycelium to make compression-based building 
skins with bricks and panels manufactured under Ecovative’s license and method 
(Fig. 2.2, column two) (Bayer & McIntyre, 2012; Holt et al.,  2012). The method 
entails mixing local agricultural waste, such as stumps and branches, with Gono-
derma Mushroom spores kept in a dark room in a covered mold ensuring minimal 
oxygen supply. After one week, spores have broken down the agricultural mass 
forming a lightweight solid using a natural digestion process that is then halted with 
heat (Leboucq et al., 2019). The heat treatment of mycelial composites stops growth 
of mycelium in the mold rendering an inert material (Almpani-Lekka et al., 2021), 
however, controlling living fungi materials on skins could offer new active properties 
such as self-healing, self-repairing, and partial self-organization. 

The Hi-Fy tower by The Living and Arup for MoMA PS1 uses grown-to-shape 
fungi roots that digest waste into structure. It is the largest construction project with 
mycelium composite materials to date forming a 13 m-tall structure made of 10,000 
lightweight bricks combining corn stalk waste and living mushrooms, and a timber 
substructure framing to ensure stability. The structure provides shade and cooling 
through openings and reflective brick coatings at the coronation. After use, it was 
biodegraded by shredding and soil composting during two months (The Living NY, 
2014; Attias et al., 2019).
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The Growing Pavilion a collaboration of Company New Heroes, the Dutch Design 
Foundation, and Eric Klarenbeek (Biobased Creations, 2019), is an entirely bio-based 
cylindrical structure made of wooden frame and mycelial cladding panels measuring 
2× 0.7 m each. Panels are coated to increase their weather resistance and demonstrate 
their use as façade elements. During the life of the structure, mycelium mediated the 
sound qualities of the pavilion’s interior environment by insulating indoor musical 
performances from outdoor noise (Almpani-Lekka et al., 2021). 

2.2.4 Biopolymers 

During their life cycles, green plants, animals, bacteria, and fungi produce biopoly-
mers. They are easily biodegradable and include; animal protein-based biopolymers -
such as wool, silk, casein, gelatin, and collagen-, as well as polysaccharides - such as 
chitin, cellulose, pectin, and starch-, or carbohydrate polymers produced by bacteria 
and fungi -such as xanthan, dextran or cellulose (Yadav et al., 2015). Biopolymers 
systems called biomaterials are used emergently in advanced research within life 
sciences and biomedical disciplines to improve human health in drug delivery and 
tissue scaffold applications for regenerative medicine (Ratner, 2013). In this section, 
biopolymers are defined as based on naturally occurring polymeric materials (Plank, 
2005) and pioneer projects made entirely of them are reviewed. 

As the architecture field has become more aware of the impacts of plastic products 
in human safety (Faircloth, 2015), promising research has emerged in the last decade 
identifying strategies and material opportunities to replace man-made fuel-based 
polymers with bioplastics synthesized by organisms. For instance, Julia Lohmann 
inspects the capacity of brown kelp to form large-scale skins (Lohmann, 2017). She 
borrows a Japanese cuisine ingredient—a natural soup glutamate—as a material for 
“making instead of eating”. It is not unusual that designers look at food industry and 
biomedical fields for plastic-like materials that our body can naturally digest with the 
hope that our planet will too (Mogas, 2018; Mogas et al., 2021). This seaweed can 
make fertilizer and turn into bioplastic, biofuel, dyes, veneer, and textiles. It grows 
yearly up to 6 m long and 30 cm wide while cleaning the ocean by filtering toxic farm 
run offs and fish feces from sea water. Hidaka Ohmu is a six-meter-wide structure 
with a seaweed skin in tension within a birch plywood and rattan frame. Seaweed 
has been treated with an environmental method to remain flexible (Toivola, 2020) 
by trapping water within its molecule chains. This is key, as most biopolymers, like 
kelp, lignin, or collagen, are hydrated in nature within the living bodies of organisms, 
plants, or animals, and will inevitably dehydrate when becoming non-living materials 
for buildings. 

Tunning of intramolecular water absorption can be made interactive by program-
ming the behavior of biopolymers. In Aguahoja1, a six-meter tall chitin and cellu-
lose composites tower by The Mediated Matter Group at MIT (Duro-Royo et al., 
2018), we observe control of mechanical, optical, and chemical properties within
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the system’s skin. This is because biopolymer blend compositions are graded differ-
entially throughout it. Opacity, color, and strength can be varied in correspondence 
to chitin-cellulose and pectin-calcium mixtures that are 2.5-dimensionally printed 
in large panels assembled onto a biodegradable polymer skeleton. Interestingly, the 
interaction of this system with its environment allows for programmed decay based 
on two design parameters: the hydrophilic property of biopolymers which swell in the 
presence of high humidity and ultimately disintegrate, and their density in the struc-
ture enabled by geometric distribution via computational tool pathing accounting for 
open and closed cell configurations (Fig. 2.2, column four). 

Water and geometry were also crucial in the development of Lachesis by The 
Silklab at Tufts University (Mogas, Matzeu & Omenetto, 2018; Matzeu et al., 2020). 
Lachesis are a series of silk fabric tapestries imprinted with silk protein-based inks 
that embed a chemical reporter able to sense and diagnose its environment. Inks 
are water-based and formulated for screen-printing applications by combining an 
algae biopolymer as thickener, a plasticizer, and regenerated silk fibroin which is the 
fibrous protein found in silk cocoons. This formulation is made responsive through 
the addition of pH sensing molecules that are encapsulated within the fibroin matrix, 
making them interactive with their surroundings and able to change color in rich 
accurate palettes in the presence of weather events like saturation or rain. By changing 
color, the tapestries display the acidity of rain, for instance. This system is derived 
from biomedical research where such sensors work over a reduced pH range, with 
low sensitivity, and with local sensing restricted to small patches. However, Lachesis 
3 m-tall tapestries can withstand repeated wetting, dry cleaning, and reversibility 
to diagnose their surroundings. Screen-printing of robust bioactive inks like these 
on a large scale opens a promising direction toward mass-production of responsivee 
interfaces for distributed environmental sensing in buildings with applications in 
façade or roof canopies (Matzeu et al., 2020). 

2.2.5 Microorganisms 

Engineered Living Materials (ELMs) merge the fields of materials science and 
synthetic biology and study generation of biologically active materials with tailorable 
properties providing new function across fields in, for instance, medical, electrical, 
and construction applications (Srubar, 2021). There are a few examples of successful 
engineered building materials where living cells both give structure and modu-
late performance. BioMASON makes bacterial derived mortars and bricks (Dosier, 
2011), Henk Jonkers group at TU Delft and Basilisk produce concrete able to 
self-heal its cracks by selectively activating its bacterial composition (Roy et al., 
2020), the Srubar Research Group at UC Boulder derives cementitious materials 
that regenerate themselves by using photosynthetic microorganisms to biomineralize 
inert sand-gelatin scaffolds (Heveran et al., 2020), or ecoLogicStudio investigates 
photosynthetic living microalgae building skins and products (Valenti & Pasquero, 
2021).
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Self-healing bio-concrete is made of concrete infused with dormant bacteria. 
These microorganisms allow it to self-heal its cracks and prevent steel rebars from 
corroding. This is enabled by certain strains of bacteria that metabolically mediate the 
precipitation of minerals such as limestone when exposed to the right environmental 
conditions. In this case, when dormant spores of alkali-resistant bacteria are in contact 
with outside water entering concrete through a crack, they multiply and precipitate 
minerals such as calcite thus sealing small cracks and autonomously remediating 
concrete before steel reinforcement is damage (Fig. 2.2, column five). In order to 
bring living concrete to industry, Basilisk is continuing research on robust bacteria 
able to withstand construction times for longer than a few months, and evaluating if 
bio-precipitation can be sustained over decades (Jonkers, 2007, 2011). 

BioMASON’s bio-cements are assembled and cured at ambient conditions by 
bacteria reducing energy costs and resulting in zero carbon emissions. In particular, 
the technology uses sand aggregate, infused with calcium ions and water, and then 
seeded in cycles with a broth of robust bacteria strands that produce urease enzymes. 
Molded bricks or parts are allowed to harden to ASTM specification. Hardening is 
mediated with the help of bacteria in the creation of calcium carbonate from calcium 
ions which fills the bonds between loose pieces of aggregate forming a solid construc-
tion material (Dosier, 2011). Interestingly, matter can be tailored to different require-
ments of porosity, lightness, or insulation, and still maintain properties comparable 
to traditional masonry materials. 

In the IBA Hamburg in 2013 Arup and SSC built the BIQ five-story housing 
building, the first algae-powered building in the world. Bioreactor panels fill the 
south façade and autonomously cultivate photosynthetic microalgae -by feeding them 
CO2 and nutrients- to generate energy and biofuel as renewable energy resources 
(Elrayies, 2018). Several ecoLogicstudio implementations look at distribution and 
maintenance of similar photosynthetic microalgae systems in soft building skins. 
Photo.Synth.Etica, installed in Dublin in 2018 is perhaps the largest system they 
have investigated. It features a bioplastic envelope façade with aqueous solution 
pockets filled with living microalgae and nutrients. The architects explain that city 
air enters the system and CO2 molecules and atmospheric pollutants are captured and 
stored by algae before being transformed into biomass, which can be then collected 
and used in the production of new bioplastics. In the meantime, oxygen expelled by 
photosynthesis is free to leave and return into the city (Valenti & Pasquero, 2021). 
These living microorganism systems can produce outputs in the form of biomass for 
human nutrition, biofuel for green energy, or inputs for other organisms to perform 
new functions in symbiosis. In all these examples, replenishment and survival of 
living systems is critical, and comprises most of the groups’ future research.
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2.3 Outlook: Challenges in Disguise 

The aim of this text is to inspire consideration of a future for biological and living 
material building skins at the intersection of construction and biotechnology. A future 
where facades interact and adapt to changes in their environments providing passive 
cooling and autonomous ventilation, health diagnostics and programmed decay, and 
even embedding and supporting other organisms able to perform sophisticated func-
tions of self-healing, biomass production, and air cleaning. All of this by inherently 
increasing resource efficiency when using abundant local materials instead of global 
supply chains, shifting from fossil-fuels to solar power, and from linear materials 
and energy use to a circular economy producing more growth and no waste. 

It is true that, compared with traditional building materials, biological materials 
possess properties that have traditionally been difficult to control, however, mastering 
strategies applied to these properties can spark solutions to old problems. 

Water absorption in wood and natural fibers (5 to 40% of their dry weight) 
can lead to deformation via shrinkage and swelling and to fungal growth and decay 
(Sandak et al., 2019). Paradoxically, hygroscopicity is one of the most interactive 
properties of bio-based materials as it enables autonomous hydration-dehydration 
cycles in tune to daily and seasonal changes. For instance, laminar wood surfaces 
can curl and relax linked to atmospheric humidity, which can be harnessed to tune 
light and ventilation through building skins (Krieg & Menges, 2013). 

Deformation in response to changing loads are characteristic of living bone or 
wood, and generally penalized in building code. However, this property could help 
existing building structures, for instance, “grow” more matter where highest wind 
or traffic forces are applied. Such beneficial dynamics are yet to be regulated in 
architectural handbooks, but they are part of ancient techniques making living root 
bridges in Meghalaya (Ravishankar & Ji, 2021), or grown-to-shape wood chairs by 
Full Grown (Munro and Munro, 2006), and are becoming within reach as designers 
and architects push for their implementation (Joachim & Silver, 2017). 

Time scales can be a limiting factor to produce engineered living materials for 
construction applications as organisms output matter at different time scales, from 
hours to make bacterial cellulose, to decades to make wood (Srubar, 2021). However, 
it is also true that time cycles can help bio-based material systems achieve their 
optimal outputs, such as programmed decay in biopolymers (Duro-Royo et al., 2018), 
self-repair in bacterial cements (Dosier, 2011; Heveran et al., 2020; Jonkers, 2011), 
or self-regulation in cooling hydrogels (Aviv et al., 2020). 

Replenishment is another challenge of biological and living materials systems 
in building construction applications. Research is advancing so that mosses adhere 
to bio receptive concrete for decades without intervention (Cruz & Beckett, 2016), 
bacteria powering self-healing concrete wait dormant for years before being activated 
by water penetrating the cracks (Roy et al., 2020), or photosynthetic microalgae in 
façade bioreactors receive enough nutrients to perform their function. In nature, when 
something stops working, death and new life is preferred. Ensuring that our buildings,
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codes, and aesthetic expectations account for autonomous cyclical renewal is key to 
the adoption of active and adaptive biological material construction. 

Current industrial certification processes sustain biological material solutions 
to traditional testing methods and compliance rates in deformation, fire, or water resis-
tance. However, biological function such as self-regulation, adaptation, autonomous 
growth, and self-repair, create an alternative paradigm requiring consideration of 
material properties over the entire building’s life cycle, and accounting for the advan-
tages of not relying in energy-intensive solutions to building adaptation problems 
(Almpani-Lekka et al., 2021; Mogas-Soldevila, 2021; Yadav et al., 2015). 

In the next decade, industry will aim at high-quality, labor-friendly, minimum 
waste, low emission products demonstrating no harm to humans and the planet. Bio-
based, biological, and living material systems in construction will certainly contribute 
to achieving these goals, and while doing so, will derive multifunctional, passive, 
adaptive, responsive, and aesthetically shifting solutions to old and new challenges. 
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Chapter 3 
Dynamic Electro-, Mechanochromic 
Materials and Structures 
for Multifunctional Smart Windows 

Yao Zhao, Yanbin Li, and Jie Yin 

Abstract As one of the key elements in building envelopes, smart windows that can 
adaptively block and transmit sunlight for energy saving are promising to construct 
energy-efficient buildings and reduce the greenhouse gas emissions. Most smart 
windows are based on electro-, thermo-, mechano-, and photochromics for single-
purpose, passive energy saving. Considering the large surface area of windows 
in modern buildings, recent research advances witness the demand of embodying 
multifunctionality in smart windows for integrating additional beneficial functions, 
including energy storage and self-powering, self-cleaning, and even water harvesting 
to tackle the water scarcity challenge. These multifunctionality requires redesigning 
conventional smart windows in terms of new materials selection and synthesis, device 
fabrication, surface features, and structural designs. In this chapter, we will briefly 
discuss the recent advances in multifunctional smart windows, including harnessing 
electrochromism and thermochromism for energy storage and generation alongside 
integrated perovskite solar cells, surface wetting for self-cleaning, and combined 
wetting and optical properties in novel wrinkling and kirigami structures for water 
harvesting. The involved materials synthesis, device fabrication, characterization, 
mechanisms, and multifunctional performances are discussed. We hope it can provide 
constructive insights for designing next-generation multifunctional smart windows 
to make buildings more energy efficient and environmentally sustainable. 

Keywords Multifunctional smart windows · Energy storage · Self-powering ·
Self-cleaning · Water harvesting · Wrinkling · Kirigami
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3.1 Introduction 

To date, buildings account for 30% of the global energy consumption (Isaac & van 
Vuuren, 2009; Pérez-Lombard et al., 2008; Vieira et al., 2019) To meet the 2050 
Carbon Neutrality mission (Guterres, 2020; EU,  2020; DOE, 2021) advocated by 
United Nations, energy-efficient buildings are highly demanded to save energy and 
reduce the greenhouse gas emissions (Piccolo & Simone, 2015). Smart windows, as 
one of the key elements in building envelopes, can modulate the light transmittance 
into the buildings for reducing the electrical, cooling or heating energy consumptions 
for energy saving (Bechinger et al., 1996; Granqvist, 2000; Casini, 2018; Wang et al., 
2019b). They can block the sunlight with low transmittance in hot and shiny days to 
maintain cool indoor environment and keep warm with high transmittance during cold 
days. By tuning solar irradiation and/or radiative cooling, it can effectively reduce 
the burden of heating, ventilation and air conditioning (HVAC) that account for about 
50% of building energy consumption (Ke et al., 2018; Pérez-Lombard et al., 2008). 
Thus, smart window is one of the ideal candidates to reduce the building energy 
consumption (Dussault et al., 2012; Parkin & Manning, 2006; Wang et al., 2016b; 
Zhang et al., 2020). 

Current state-of-the-art smart windows can be generally classified into four cate-
gories in terms of the working mechanisms for modulating the optical transmittance: 
thermochromic (Aburas et al., 2019; Kamalisarvestani et al., 2013), electrochromic 
(Azens & Granqvist, 2003; Macêdo et al., 1992), photochromic (Tällberg et al., 
2019), and mechanochromic (Ge et al., 2015; Lin et al., 2017). Correspondingly, 
their optical transmittance can be tuned by means of temperature (Aburas et al., 
2019; Kamalisarvestani et al., 2013), electric potentials (Azens & Granqvist, 2003; 
Macêdo et al., 1992), light intensity or light wavelengths (Chun et al., 2021; Täll-
berg et al., 2019; Wang et al., 2019a), and mechanical deformations (Ge et al., 2015; 
Lin et al., 2017). However, these smart windows are often designed for the single 
functionality of blocking or letting through sun light for passive energy saving. 

Considering the large surface area of windows or façade in modern buildings, how 
to integrate large-area surface structures and novel materials for embodying multi-
functionality into smart windows has recently attracted growing research interest. In 
addition to the energy saving, some representative strategies for achieving multifunc-
tional performances include energy harvesting and energy storage, electricity gener-
ation for self-powering, surface wettability for self-cleaning, and water harvesting 
from environments for addressing the water scarcity issue in draught areas. In this 
chapter, we will focus on energy-efficient smart windows with such novel multifunc-
tionalities, including energy storage (Sect. 3.2.1), electricity generation (Sect. 3.2.2), 
self-cleaning (Sect. 3.2.3), and water harvesting (Sect. 3.2.4). Materials synthesis, 
device fabrication, and some key features of these smart windows will be discussed 
based on several representative works. Lastly, perspectives for future developments 
are discussed in Sect. 3.3.
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3.2 Multifunctional Smart Windows 

3.2.1 Combined Energy Saving and Energy Storage 

In addition to tuning optical transmittance for better indoor thermal management, 
smart windows are also desired to be energy-saving effectively (Baetens et al., 2010; 
Cai et al.,  2016; Casini, 2018; Cao et al., 2019). Recently, electrochromic smart 
window that can also store energy is becoming an attractive topic. Electrochromic 
smart window is based on the electrochromism to change the materials’ optical prop-
erties under a small electric potential (Rauh, 1999). Generally, electrochromic mate-
rials with large transmittance modulation for vis- and near-IR light are preferred (Kim 
et al., 2015a; Yang et al., 2012). Similar to batteries or capacitors, electric energy can 
also be stored or released by charging or discharging the electrochromic materials. 
The energy can be stored through pseudocapacitance, i.e., the reversible faradic reac-
tions at vicinities of electrodes (Conway et al., 1997; Fleischmann et al., 2020; Wang 
et al., 2012). Coloration efficiency (CE) is one of the most important parameters 
to evaluate the electrochromic smart windows. CE is defined as the optical density 
change (ΔOD) enabled by per unit charge (ΔQ) transmitting into or extracted from 
the electrochromic smart windows (Conway et al., 1997; Fleischmann et al., 2020; 
Wang et al., 2012). Traditionally, lower charge density materials are preferred for 
higher CE. However, for energy-storage smart windows, large charge density mate-
rials should be selected given their large energy storage capacity (Cao et al., 2019). In 
the following, some representative works about energy-storage electrochromic smart 
windows will be discussed from the aspects of fabrication methods, mechanisms, 
performances, and potential advantages. 

WOx is one of the mainstream electrochromic materials that exhibit excellent elec-
trochromic performances (Arakaki et al., 1995; Yu et al., 2019). Yang et al. (2014) 
utilized WO3 for fabricating large-scale electrochromic smart windows. Firstly, the 
WO3 film was composed by growing WO3 nanosized thin layer on FTO glasses 
with physical vapor deposition method. A high current (100 A) was applied on the 
raw material WO3 powder, and a low pressure (4 × 10–4 Pa) was maintained for 
the reaction chamber. Then two electrodes were sealed into a cell with H2SO4 elec-
trolyte. Figure 3.1a shows the SEM image of the synthesized WO3 on the FTO glass. 
Figure 3.1b demonstrates the thin thickness from the cross-section view. Figure 3.1c 
is the AFM image of the film. Figure 3.1d shows the color change with the applied 
voltage. It was found that the transmittance change could be 63.7% for 633 nm inci-
dent light. However, Cao et al. (2019) found that WOx exhibits low charge density 
and poor energy storage performance. By using Ta-doped TiO2 nanocrystals, they 
fabricated a new smart window with charge storage density of at least two times 
higher than WOx. During fabrication, the colloidal Ta-doped TiO2 nanocrystals were 
composed with a one-pot method. Figure 3.1e shows the TEM image of the as-
synthesized Ta-doped TiO2 nanocrystals. Then the working electrode was prepared. 
The TiO2 hexane solution was spin-coated on an ITO glass, followed by annealing at
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Fig. 3.1 The SEM images of a the synthesized WO3 film (inset: the magnified SEM image) and b 
the cross-section of the layers of the film. c The AFM  image of the  WO3 thin film. d The outdoor 
demonstration of the electrochromic behavior of the smart window. Reproduced with permission 
(Yang et al., 2014). Copyright by Wiley-VCH. e The TEM images of the as-prepared Ta-doped 
TiO2 nanoparticles. f The SEM image of the cross-section of the Ta-doped TiO2 film. g The digital 
images of the smart window at different voltages. h The smart window is powering a red LED. 
Reproduced with permission (Cao et al., 2019). Copyright by Cell Press 

400 °C. Figure 3.1f shows the cross-section of the working electrode. Next, the NiO-
based counter electrode was made by spin-coating a precursor solution containing 
Ni(CH3COO)2·4H2O, CH3COOLi, and Ti(OC3H7)4 in ethanol on an ITO glass, 
followed by annealing at 350 °C. Last, the working electrode and counter electrode 
were integrated into a cell with 0.5 mm spacing, and the electrolyte LiClO4 was 
injected inside. This smart window can gradually change the color from transparent 
to dark under different voltages (see Fig. 3.1g, h). The outstanding energy storage of 
this smart window is demonstrated by easily lighting up a LED device. 

Apart from the high performances, the fabrication technologies of smart windows 
are also important. Cai et al. (2017) fabricated large-area multifunctional smart 
windows using the inkjet printing method. Such a method has several advantages such 
as low cost, high-efficiency materials usage, and suitability for large-scale manufac-
turing (Corzo et al., 2019; Sundriyal & Bhattacharya, 2018; Xu et al., 2015). In their 
work, two CeO2/TiO2 and WO3/PEDOT:PSS [poly(3,4-ethylenedioxythiophene)– 
poly(styrene sulfonate)] inks were developed. Both inks used the mixture of DI water, 
ethylene glycol, and diethylene glycol n-butyl ether as the solvent. Then the inks 
were printed on FTO-coated glasses, and dried at 60 °C for 2 h. The CeO2/TiO2 film 
needed additional 450 °C annealing for better adhesion. Finally, the smart window 
was fabricated by assembling the two films into cells with 2 mm spacing using H2SO4 

as the electrolyte. Figure 3.2a–b show the SEM images of the printed CeO2/TiO2
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and WO3/PEDOT:PSS films. Figure 3.2c–d are the TEM images of the nanoparti-
cles of the CeO2/TiO2 and WO3/PEDOT:PSS. The reversible redox reactions on the 
electrodes are: 

Fig. 3.2 The SEM images of printed a CeO2/TiO2 film and b WO3/PEDOT:PSS film (insets: the 
magnified images). The TEM images of prepared c CeO2/TiO2 nanoparticles and WO3/PEDOT:PSS 
nanoparticles. e The color change of the charging and discharging processes of the smart window. f 
The normal galvanostatic charging and slow discharging of the smart window and the corresponding 
optical responses (inset: a red LED can be lighted up with four devices connected in series). Repro-
duced with permission (Cai et al., 2017). Copyright by Wiley-VCH. g The digital image of a single 
electrode. h The morphology of the PANI nanowire array. i The images of the smart window at 
different voltages. j The smart windows are charging with a solar cell (left) and powering an LCD 
(right). Reproduced with permission (Wang et al., 2012). Copyright by Royal Society of Chemistry. 
The colored and bleached states of the Type I k and Type II l smart windows. Reproduced with 
permission (Xie et al., 2014). Copyright by Royal Society of Chemistry
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WO3 + xH+ + xe− ↔ HxWO3 

PEDOT+ · PSS− + H+ + e− ↔ PEDOT0 · PSS− · H+ 

4CeO2 + 4H+ + 4e− ↔ 2Ce2O3 + 2H2O 

TiO2 + xH+ + xe− ↔ TiOOH 

When the WO3 and PEDOT+ · PSS− were reduced and Ce2O3 and TiOOH were 
oxidized, the materials would change the color from transparent into blue. Simulta-
neously, electric energy could be stored. Figure 3.2e demonstrates the color transition 
of the smart window during charging and discharging processes. The color of the 
device becomes darker from almost colorless with the applied electric potential. 
Figure 3.2f further displays the optical transmittance change for 633 nm incidental 
light. Notably, four devices connected in series can light up a commercial LED for 
two hours, demonstrating the efficiency of this inkjet printing method. 

Apart from the optical performance and fabrication, excellent structural flexi-
bility is also desired to adapt to different working environments. Using organic PANI 
(polyaniline) as the conductive material, Wang et al. (2012) developed a new flexible 
energy-storage smart window. In fabrication, a PEDOT:PSS in DMSO (dimethyl 
sulfoxide) solution was spin-coated on a PET film. Then PANI nanowire arrays were 
deposited on the film with a dilute polymerization process. Figure 3.2g shows  a flex-
ible electrode fabricated with PANI. Figure 3.2h shows the PANI nanowire arrays. 
Subsequently, two synthesized films were used as the electrodes with H2SO4-PVA 
gel electrolyte layer scrape-coated. Finally, the silver glue was applied to form the 
conducting paths and the cell was sealed. Figure 3.2i displays that the color of the 
smart window changed from light yellow at 0 V to deep blue with 1 V voltage. 
Notably, both the working and counter electrodes were the PANI-based. Thus, when 
a voltage is applied, only the PANI on the working electrode can change color. 
Large flexibility could be achieved by sacrificing certain transmittance modula-
tions. Figure 3.2j demonstrates that commercial Si-based solar cells could be used 
to charge the smart window. Similarly, Xie et al. (2014) also integrated solar cells 
to power smart windows with self-fabricated dye-sensitized solar cell. The WO3 

electrochromic film was fabricated by electrochemically depositing on ITO glass 
with tungstic acid. Pt was deposited on ITO glasses as counter electrode. Then the 
smart window cells were fabricated by stacking and sealing the two electrodes with 
H2SO4-PVA gel as electrolyte. For solar cells, the TiO2 electrode was manufactured 
by screen printing with commercial P25 TiO2. After annealing at 500 °C and sensi-
tized with ethanol solution, the TiO2 electrode was integrated with Pt electrode into 
dye-sensitized solar cell using DMPII, LiI, I2 and 4-TBP in methoxy propionitrile as 
electrolyte. Figure 3.2k–l show two designing strategies. For Type I (Fig. 3.2k), the
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smart window was controlled by a single-pole-double-throw switch to selectively 
change between coloration and bleaching states. For Type II (Fig. 3.2l), the colorless 
and blue states can be reversibly changed under strong sunlight with a double-pole 
double-throw switch. 

In addition to the electrochromic effect, new materials other than electrochromic 
materials can also be used for energy-storage smart windows. For example, Zhou 
et al. (2020) proposed a hydrogel-based smart window. The used hydrogel is a poly 
(N-isopropylacrylamide) (PNIPAm)-based network, which could reversibly change 
the transmittance at different temperatures. The mechanism was believed to be a 
hydrophilic to hydrophobic transition at lower critical solution temperature (LCST). 
The hydrogel can become transparent (high solar transmission) when the environ-
mental temperature is lower than LCST and vice versa (Matsumoto et al., 2018; Wu  
et al., 2020). Moreover, the hydrogel can contain a large amount of water inside, 
showing outstanding thermal energy storage (~250 kJ kg−1) and large specific heat 
capacity (4.2 kJ kg−1 K−1). The hydrogel-based smart window can be manufac-
tured by two steps. First, the hydrogel was synthesized with mixing NIPAm (N-
isopropylacrylamide) monomer, the crosslinker acrylamide, the catalyst TEMED 
(N,N,N,N-tetramethylethylenediamine), and the initiator APS (ammonium peroxy-
disulfate). Second, the device can be assembled by pouring the hydrogel and DI water 
into a glass box and sealing. Figure 3.3 shows the samples at the meter scale. The 
window was transparent at lower temperatures and gradually changed into opaque 
at higher temperatures. Notably, this hydrogel-based smart window directly stored 
and released thermal energy instead of electric energy, which makes it tunable only 
by environmental temperature rather than electricity. 

To conclude, smart windows can modulate indoor temperature by turning trans-
mittance with the electrochromic effect. Specific materials such as WOx and PANI 
could be used under different requirements. In addition to the color change under 
applied voltages, energy can also be stored on the electrodes through the electrochem-
ical reactions, which enables more energy saving. Apart from the electrochromic

Fig. 3.3 The transmittance changes at different time of a day. The window is half filled with the 
hydrogel-based smart window. Reproduced with permission. (Zhou et al., 2020) Copyright by Cell 
Press 
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smart windows, other smart windows, such as hydrogel-based ones, also provide 
more choices. Instead of storing electricity, thermal energy from the environment 
is stored. This may provide some important insights since they do not need extra 
electricity input. 

3.2.2 Combined Energy Saving and Self-powering 

The electrochromic smart window is a good choice for energy-efficient buildings 
given its tunable transmittance by optical modulation and energy-storage capability. 
However, they usually need external power for charging and cannot intrinsically 
generate electricity. Here, in this section, we will discuss the strategies to construct 
self-powered smart windows. 

The first method is by integrating a galvanic cell with the smart window. Wang et al. 
(2014) designed a self-rechargeable electrochromic smart window by integrating 
with aluminum electrodes. The electrochromic iron-based compound materials can 
be charged when the aluminum is oxidized. The benefit for the iron-based compound 
is that iron (II, III) hexacyanoferrate (II, III) (Prussian blue, PB) can be reduced to 
colorless Prussian white (PW), and the Prussian white can spontaneously oxidized 
with dissolved oxygen. The reactions are denoted as: 

Al ↔ Al3+ + 3e− 

KFeI I I
┍
FeI I  (CN)6

┑
(PB) + K+ + e− ↔ K2Fe

I I
┍
FeI I  (CN)6

┑
(PW) 

During fabrication, the PB films were first prepared by the electrochemical depo-
sition method. Specifically, ITO glasses were coated in the mixture of K3FeCN6, 
FeCl3, and KCl with current density 50 mA/cm2. Then the cell was assembled by 
sealing the PB film and an ITO glass with an aluminum strip on one edge together and 
KCl as the electrolyte. Figure 3.4a demonstrates that the smart window can change 
the color with self-powering battery-like capabilities, as demonstrated by the LED 
lighting-up in Fig. 3.4a (i and ii) when two electrodes were connected at colored state. 
After changing into bleached state, the LED cannot be lighted (Fig. 3.4a, iii and iv). 
The cell can go back to the colored state when the electrodes were disconnected. 
Then the LED can be lighted again if the electrodes were connected at the colored 
state (Fig. 3.4a, v and vi). About 38.5% transmittance change could be achieved by 
this self-powered smart window.

Moreover, thermochromic smart window can tune optical transmittance by modu-
lating the incident sunlight. Zhou et al. (2013) use the common VO2 material (Cui 
et al., 2018, Chen et al., 2011, Li et al.,  2017; Chen et al. 2019; Madida et al., 
2014) and designed a thermochromic smart window that can generate electricity. 
The mechanism for the VO2 thermochromic effect is attributed to the reversible 
metal-semiconductor phase transition (Chen et al., 2011; Cui et al., 2018; Golubev
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Fig. 3.4 a The performances of the smart window. (i) The two electrodes are disconnected at 
colored state. (ii) An LED is lighted up with electrodes connected. (iii) The bleached states with 
two electrodes connected. (iv) The LED is not powered with electrodes connected at bleached 
state. (v) The smart window is recovered with electrodes disconnected. (vi) The LED is lighted up. 
Reproduced with permission (Wang et al., 2014). Copyright by Nature Publishing Group. b The 
design strategy of the smart window. SC, LGL and DP denote the solar cell, light guider layer and 
low reflective index medium, respectively. c The smart window can power a 1.5 V LED. Reproduced 
with permission (Zhou et al., 2013). Copyright by Nature Publishing Group. The SEM images of 
d the AgNW arrays, e the perovskite film, and f the VO2 film. g The schematic of the layers 
of the smart window. h The digital images of the perovskite/W-VO2 film with different bending 
curvatures. Reproduced with permission (Meng et al., 2022). Copyright by Elsevier

et al., 2001). At a lower temperature, the VO2 has a monoclinic crystalline structure 
and is transparent to the near-infrared light. At higher temperatures, the VO2 turns 
into metallic state with a tetragonal crystal structure and reflects the near-infrared 
light (Miller & Wang, 2015; Wang et al., 2016a, 2018). The transition temperature is 
68 °C (Hong-Chen et al., 2005; Wang et al., 2005, 2017). Therefore, the VO2-based 
smart windows can automatically tune the indoor temperature by blocking/passing 
the incident light. To better use the scatted light, Zhou et al. (Zhou et al., 2013) 
assembled solar cells on both sides of the smart windows (Fig. 3.4b). The smart 
window consisted of light guider layers (LGL), low reflective index medium (DP), 
and solar cells on both sides. Thus, scattered lights can be picked by the solar cells 
without affecting the transmittance. To achieve better scattering effects and lower 
absorption by VO2, a core-shell-shell VO2/SiO2/TiO2 was synthesized. First, the core 
was synthesized by annealing V2O5 and oxalic acid at 240 °C. Then, the VO2/SiO2 

was prepared with TEOS hydrolysis method. Third, the as-synthesized VO2/SiO2 

were dispersed in ethanol, followed by adding tetrabutyl titanate and NH3(H2O) 
for forming the VO2/SiO2/TiO2. Next, the VO2/SiO2/TiO2/PU composite film was 
prepared by mixing the particles, saline coupler KH-570 and polyurethane in DI 
water, and then casted on a PC plate. Finally, the smart window was assembled with 
the strategy shown in Fig. 3.4b. Thus, solar light could be scattered by this smart 
window and LED was lighted up at the same time (Fig. 3.4c). 

In addition to embodying smart windows with energy-saving or energy-generating 
function, other solar devices can also be integrated for smart window functions. Meng
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et al. (2022) integrated a perovskite solar cell that can both generate electricity and 
tune transmittance. Perovskite solar cell is a newly emerging solar cell with a high 
power conversion efficiency (Ansari et al., 2018; Chen et al., 2018; Li et al.,  2018;Mei  
et al., 2014; Yin et al., 2014; Zhang et al., 2021). In this work, Meng et al. introduced a 
layer of Tungsten-doped VO2 (W-VO2) nanoparticles for thermochromic effect. The 
perovskite photovoltaic materials used was Cs0.05FA0.85MA0.10Pb (I0.97Br0.03)3 and 
the electron transport layer was [6,6]-Phenyl-C60-butyric acid methyl ester (PCBM) 
for better energy-level matching. The device was fabricated mainly by spin-coating 
method. First, a silver nanowire (AgNW) network was deposited on a PET film. The 
SEM image is shown in Fig. 3.4d. Then a layer of PEDOT:PSS was spin-coated 
onto the AgNW. Subsequently, a perovskite solution was spin-coated on the film 
with N2 protection. The perovskite solution was synthesized by mixing CsI, MABr, 
PbI2, FAI, and MACl in DMF/DMSO solution. The SEM image of the perovskite 
layer is shown in Fig. 3.4e. After annealing at 100 °C, the PCBM chlorobenzene 
solution was spin-coated, and then annealed at 90 °C. Next, BCP saturated solution 
was spin-coated. The last spin-coated layer was a Si-Al gel containing W-VO2 and 
ethanol. Figure 3.4f displays the morphology of the W-VO2 layer. After all the 
spin-coated layers were finished, a nanosized ITO layer was deposited on the film 
with magnetron sputtering method. The overall stacking strategy was illustrated in 
Fig. 3.4g. Its power conversion efficiency is about 16.1%. Since the window was 
fabricated with PET substrates, it also exhibits certain flexibility. Figure 3.4h shows  
the fabricated perovskite/VO2 film at different bending curvature. The solar cell 
performance did not compromise much at a bending radius of 5 mm. Nonetheless, 
the transmittance of this window was not high, showing an average about 25.5% 
visible transmittance. 

With the higher energy-saving requirements for green buildings, it is beneficial to 
design smart windows that are capable of both saving energy and self-powering or 
outputting power to other appliances. It is ideal if the unwanted incident sunshine can 
be utilized to generate electricity. Although the performances of this smart windows 
are not perfect due to the comprised transmittance when integrated with solar cells, 
these issues could be solved by future advancements of materials and fabrication 
technologies. 

3.2.3 Combined Energy Saving and Self-cleaning 

In addition to the above functionalities of storing and generating energy, smart 
windows can also be designed with reversible light transmittance and tunable wetting 
properties. Smart windows with tunable optical properties play a significant role 
in buildings given their potentials in modulating solar irradiation to tune build-
ings internal thermal conditions (Granqvist, 2016, Llordés et al., 2013; Cai et al., 
2016; Cui et al., 2018; Ke et al., 2018; Khandelwal et al., 2017). Moreover, smart 
windows with tunable surface wettability that can achieve self-cleaning capability 
can provide many other applications, such as for architectural/vehicle windows with
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better vision, microfluidic devices, and lab equipment surficial pollutant removement. 
In this section, multifunctional smart windows with switchable light transmittance 
and wetting tunability are discussed. 

To date, reversible optical switching has been accomplished either by molecular 
arrangements change (Cupelli et al., 2009; Guo et al., 2017; Kim et al., 2015b), 
suspend particles (Vergaz et al., 2008), or by the oxidation-reduction reaction of 
chromogenic materials (Granqvist, 2014, 2000; Bechinger et al., 1996) stimulated 
by external light (Wu et al., 2017), or electrical (Dyer et al., 2007; Gesheva et al., 
2012), thermal (Zheng et al., 2015), and chemical (Zhang et al., 2017a) factors. 
However, these smart windows are either chemically unstable during optical switch 
or difficult to prepare (Lampert, 2004). Thus, a rather simple and high efficient 
method based on mechanical wrinkling is proposed to fabricate multifunctional smart 
windows with integrated fast transparency switch and tunable surficial wettability. 
Surface wrinkling for smart window relies on the dynamical and reversible surface 
morphology manipulation. Bowden et al. (1998) first reported the fabrication of 
gold nanoscale surface patterning through wrinkling of gold nanofilms on soft poly 
(dimethylsiloxane) (PDMS) substrate. After coated on PDMS substrate at an elevated 
temperature, the gold nanofilm could be compressed due to the larger thermal expan-
sion coefficient in PDMS substrates during cooling. When temperature goes beyond 
a critical value, spontaneous ordered and disordered wrinkling surface patterns occur 
at small scales. Thereafter, surface wrinkling with both flat surface and multileveled 
micro-structures have been extensively studied for dynamic scaffolds (Kim et al., 
2010), tunable diffraction gratings (Harrison et al., 2004), microlens arrays (Chan & 
Crosby, 2006), and flexible electronic devices (Chandra et al., 2007), as well as 
multifunctional smart windows with transparency/wettability tunability (Jiang et al., 
2018; Ke et al.,  2019a; Khang et al., 2006; Kim et al., 2013, 2018; Lee et al., 2010; 
Li et al., 2021b; Lin et al., 2018; Tomholt et al., 2020; Zhang et al., 2017b). 

The wrinkled surface morphology characterized by the wrinkle periodicity and 
height is mainly determined by the applied mechanical strain. Thus, it exhibits 
high controllability and dynamical tunability, making it promising for constructing 
mechanochromic (MC) smart windows. Here, we discuss several representative 
MC smart windows with different patterned (micro/nano-pillar (Lee et al., 2010), 
anisotropy (Kim et al., 2013), self-similar (Lin et al., 2018), additional delamina-
tion buckling (Zhang et al., 2017b) and cracks-based (Tomholt et al., 2020) surface 
morphologies. 

Figure 3.5a (i) illustrates the procedures to pattern structured PDMS films with 
surface wrinkles. AAO (anodic aluminum oxide) templates with nanopore were first 
fabricated by a two-step anodization. The template surface was then treated with 
octadecyltrichlorosilane for easy releasing and preparation of multiple replicated 
PDMS structures. Uncured PDMS was poured over the patterned AAO template 
and cured. The PDMS film was then peeled off from the template. Next, the 
nanopillar structured PDMS film was uniaxially stretched and exposed to ultraviolet-
ozone (UVO) radiation. (Heptadecafl uoro-1,1,2,2-tetrahydrodecyl) trichlorosilane 
is coated on the stretched PDMS film to achieve the enhanced tunable wettability. 
Finally, periodic wavy microstructures were generated on the PDMS substrate upon
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Fig. 3.5 Different fabrication strategies of MC smart windows. a–d, wrinkle based with nanopillar 
microstructure a (Lee et al., 2010), surficial anisotropy b (Kim et al., 2013), multiple states c (Kim 
et al., 2018) and self-similarity d (Lin et al., 2018). e, MC smart window with cracks (Tomholt 
et al., 2020). Reproduced with permissions. Copyright by Wiley Publishing Group 

releasing the pre-stretched strain with preserved nanopillars. The nanopillar patterned 
wrinkling could be reversibly flattened upon stretching, but the nanopillar pattern 
remained. Figure 3.5a (ii) shows the SEM image on the features of the micro-
wrinkling surface with nanopillars. It forms a very well-ordered and uniform micro-
scopic pillar structures (with height ~300 nm and diameter ~150 nm) with hexag-
onal non-close-packed arrays on the micro-wrinkles (with 31 µm wavelength and 
4.4 µm amplitude) over a large area without collapse. The confocal laser scanning 
microscopy (CLSM) images (Fig. 3.5a (iii)) demonstrated that the micro-wrinkle 
pattern morphs under the applied uniaxial mechanical strain. Gradually increasing the 
applied strain decreases the wrinkle amplitude and finally leaves only the nanopillar 
structures 

Figure 3.5a (iv) shows that reversible opaque to transparent transition upon re-
stretching the wrinkled sample, where the optical transmittance increases from 9.2 
at 0% applied strain to 92 at 30% strain. The opacity is arising from the exten-
sive scattering of light induced by the periodic micrometer-sized wrinkling surface. 
The tapered periodic nanopillar arrays produced the gradient effective refractive 
index that increases from the pillar peaks to the pillar troughs bypassing the pillar 
bodies. Thus, the entire visible spectrum is minimally reflected. For wettability of
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this wrinkle structured surface, the contact angle increases when the surface struc-
ture becomes rougher (i.e., micro-wrinkle appears or the aspect ratio of nanopillar 
increases). For strained or released films, the contact angle hysteresis increases with 
the surface roughness. Water droplets can easily penetrate the valleys between the 
low-aspect-ratio nanopillars with similar height. Then, a continuous stable solid-
liquid-gas (three-phase) contact line would be created with high water adhesion, thus, 
water droplet could become pinned firmly on the surface without any sliding even 
though the samples were vertically titled. However, for either strained or released 
nanopillar arrays with relatively higher aspect ratios, the surface exhibits superhy-
drophobicity with water contact angle larger than 150° and contact angle hysteresis 
less than 10°. Water droplet on this surface was in Cassie state and can easily roll 
away. 

In addition to uniaxial mechanical strain, sequential stretching methods have also 
been studied to generate multiple state and self-similar wrinkling microstructures. 
Figure 3.5b (Kim et al., 2013) shows that upon stretching the wrinkled PDMS film, 
three different types of wrinkling morphologies can be generated with changing 
wavy direction. Moreover, treating soft PDMS substrates with embedded stiff silica 
nanoparticles (Fig. 3.5c (i); Chandra et al., 2007), the modulus mismatch enables 
multiple micro-structured wrinkled surfaces, where the micro-wrinkles can change 
from a uniform to nonuniform form with studs upon increasing the stretching strain. 
Similarly, by following the two-stage stretching-releasing procedure, micro-wrinkled 
structures with self-similarity (Lin et al., 2018) could be achieved, which exhibits 
multistate optical transmittance (from totally bluish to intermediate state with struc-
tural color and finally transparency by increasing the stretching strain) and control-
lable droplet transport behaviors (pinning to rolling away). High strain sensitivity of 
transmittance with low mechanical strain and crack-free micro-wrinkle pattern can 
be achieved by applying biaxial mechanical strains (Ke et al., 2019a). 

When the bonding between soft substrate and top stiff layer (for example 
embedded with metal/crystalline nanoparticles) is weak, buckling driven delami-
nation or cracks in the stiff top layer can occur. Buckling delamination forms from 
the local blisters to larger periodic patterns with the increasing compression strain. 
Compared to wrinkling, buckling delamination can tolerate relatively large strains 
(Thomas et al., 2015; Zang et al., 2013, 2017b; Zhang & Yin, 2018), which makes 
it promising for smart windows with extreme tunable optical properties. Combined 
wrinkle-crack surface microstructures could enhance surface roughness and thus 
strengthen the optical scattering effect (Zeng et al., 2016). Figure 3.5d shows that 
wrinkled PDMS coated with gold-based nanoparticles could generate cracks after air 
inflation, resulting from the nonuniform strain field along the radial direction. After 
deflation, cracks would disappear. Thus, the coated gold layer can tune the near-
infrared transmission to change the indoor thermal environment, while the combined 
wrinkles and cracks can tune the visual effect (Tomholt et al., 2020). 

To date, most MC smart windows are developed by surface instability while more 
advancing methods are emerged with promising performances (Ke et al., 2019a). 
However, for practical commercialized applications, challenges still exist and need 
to be addressed. For example, the mechanical strains need to be smaller to generate a
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large transmittance modulation and the mechanical robustness of such smart windows 
need to be improved for long-time endurance. 

3.2.4 Combined Energy Saving and Water Harvesting 

Harvesting water from air is promising for solving the water crisis all around the 
world (Zhai et al., 2006; Fathieh et al. 2018; Lekouch et al., 2011). Water harvesting 
includes water/fog condensation, droplet transport and collection. The large-area 
windows in modern buildings become an ideal platform to not only save energy but 
also harvest and collect water from the environment. The tunable surface wettability 
of smart windows can control the water droplets’ transport for collection and water 
harvesting functionality. In the following, different smart windows with water droplet 
movement control are discussed based on several representative works. 

Achieving effective repulsion of low-surface-tension liquids on solid substrate is 
necessary for fine droplets control. Creating liquid-infused surface on porous film-
based substrates provides an efficient method. Figure 3.6a illustrates the process 
to fabricate the temperature-responsive liquid infused porous surfaces (Zhai et al., 
2006) for controlling water droplet movement at room temperature. The underlying 
mechanism is based on the paraffin that can easily change from a solid to liquid 
state upon temperature changes. Water droplets on this composite surface would 
be repelled or pinned responding to the environmental temperature. The left figure 
in Fig. 3.6a shows that the porous surfaces are composed of chitin nanofibers and 
poly(acrylic acid) and formed through the layer-by-layer self-assembly (see the SEM 
images in Fig. 3.6a, right), followed by introducing the mixed solidifiable and liquid 
paraffin into the hydrophobic nanofibrous surfaces as lubricant oil layer. Conse-
quentially, the solidification of the paraffin changes the surface morphology and 
the solidifiable/liquid paraffin mixing control the droplets’ movement. Figure 3.6a 
(right-bottom) shows that the contact angle of the droplets sharply decreased with the 
increasing temperature. For example, for a 1: 25 solidifiable/liquid paraffin surface, 
the droplet’s contact angle can decrease rapidly from near 99–53° when increasing 
the temperature from 22 °C to the paraffin melting point near 28 °C. The sliding 
angle of the water droplet would decrease with the temperature and switched from 
an immobilized state to free sliding. This is attributed to the change of surface tension 
that improves the droplet mobility. At a low temperature (<22 °C), water droplets 
would be pinned even when the paraffin surface was titled to 90°. At a high temper-
ature, water droplets will be cloaked by the lubricant fluid that is easy to evaporate, 
thus, the contact angle will increase to propel the droplets and roll away. However, 
at a low temperature, water droplets will not be cloaked and become pinned by the 
stable paraffin layer.

Compared to the chemical treatment, mechanical strains are preferred to tune the 
micro-surface wettability given its simplicity. As demonstrated by Lin et al. (Lin 
et al., 2017), self-similar hierarchical wrinkles (Fig. 3.6b, left) have been verified to 
exhibit excellent droplet movement control behavior. As shown in Fig. 3.6b (right),
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Fig. 3.6 Multifunctional smart windows for water droplet movement control. a Liquid-infused 
surface covered with paraffin. Reproduced with permission (Zhai et al., 2006). Copyright by 
Royal Society of Chemistry. b Self-similar hierarchical wrinkled smart window (Lin et al., 2017). 
Reproduced with permissions. Copyright by ACS Publications

the water droplets were initially pinned on the micro-wrinkled structure surface. After 
stretching, the pinned water droplet would slide. Due to the larger surface roughness, 
the droplet on the wrinkled surface would be in a Wenzel wetting state. When the 
wrinkled surface is stretched, its surface roughness decreases, which weakens the 
Wenzel effect and the water droplet loses its balance to slide. 

Thus, by chemically or mechanically treating surface with different nano-
/microstructures, smart windows could be effectively utilized to better collect water 
from the environmental air. However, water droplets are also highly dependent of 
the harvester’s macroscopic geometry for high efficient delivery (Bai et al., 2020). 
Therefore, amounts of water harvesters with distinct geometrical forms have been 
proposed, such as cactus-like cone arrays (Ju et al., 2012; Lee et al., 2019) and 
gradient structural components (Xu et al., 2016). However, these water harvesters 
are challenging to be integrated with smart windows due to their unsuitable struc-
tural shapes. Recently, a highly stretchable kirigami structure has been proposed 
for multifunctional smart window applications that demonstrate efficient energy
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saving by dynamically blocking (Tang et al., 2017; Yi et al.,  2018), modulating 
(Ke et al., 2019b), energy-transforming (Lamoureux et al., 2015) solar light and as 
well collecting water (Bai et al., 2020; Li et al.,  2021a). 

For kirigami structures with parallel slits, uniaxial stretching can simply buckle 
sectional strips and generate periodic arrays of pores to tune the thermal condi-
tion inside buildings. Figure 3.7a shows that Tang et al. (2017), Yi et al. (2018) 
used the reflective kirigami structure with periodically distributed parallel cuts as an 
integrated system for designing environmental adaptive building envelopes. When 
constructing the kirigami structure with temperature-responsive shape memory poly-
mers (Fig. 3.7a, top), the integrated kirigami design could actively open or close 
its pores in response to environmental temperature change. Both simulation and 
experimental results show that the generated arrays of pores and adaptively tilted 
ribbons could collectively diffuse the sunlight more evenly for electricity saving. 
Ke et al. (2019b) have recently proposed a bi-functional kirigami smart windows 
by embedding the elastomer with plasmonic vanadium dioxide (VO2) nanoparticles 
(Fig. 3.7b, left). It has similar working mechanisms as the VO2 based thermochromic 
smart windows discussed in Sect. 3.2.3. The structural geometry change can tune the 
visible light while the temperature-dependent localized surface plasmon resonance 
(LSPR) can tune the ultraviolet, visible and near-infrared light regions. With the 
increase of the temperature, the transmittance in the UV-vis-NIR can reduce from 
75% (opened state) to nearly 0% (close state). This work opens a new avenue by inte-
grating both macroscopic structure and composition materials to facilitate enhanced 
solar energy modulation. Moreover, attributing to the dynamically tunable tilted 
strips, researchers also designed kirigami-based smart windows that are capable of 
generating energy by mounting with photovoltaic materials to transform solar right 
into electricity (Fig. 3.7c, (Lamoureux et al., 2015)).

Additionally, after coating with hydrophobic treatments, kirigami structures can 
be designed with unique local geometries for water harvesting. Kirigami sheets in 
triangular cut patterns coated with hydrophobic infused paraffin materials could 
directionally and continuously collect water droplets from the environment. Recently, 
by introducing origami folds to kirigami sheet, Li et al. (2021a) invented an 
aerodynamics-assisted kirigami water harvester that can be scalable to the meter 
scale. Figure 3.8b (right) shows that stretching the kirigami sheet assisted with folds 
can transform the sheet into a 3D structure with periodically distributed pyramidal 
local pop-ups. Thus, the fluid-structure interactions lead to the formation of tube-
like vortices penetrating through the opening pores. Near the cortex core, droplets 
would be attracted and accumulated, finally getting ejected to the collectors with 
their growing size. Based on the 1 m2 (Fig. 3.8b, right-bottom) sample, this design 
was demonstrated with highly feasible and excellent collection rates up to 3.5 kg/h, 
which is 2.71 times from wire mesh structure. The water harvesting behavior of this 
design is mainly determined by the macroscopic structure rather than the coating 
materials as demonstrated in (Li et al., 2021a) after testing large amounts of different 
hydrophobic materials (Fig. 3.8b (left)). It should be noted that in addition to the 
kirigami structures, structure-based smart windows can also be extended to other 
forms such as origami and rigid mechanisms (Ke et al., 2019a; Li et al.,  2021b).
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Fig. 3.7 Kirigami based smart window with dynamically tunable optical transmittance for energy 
saving and generation. a Thermally tunable kirigami façade with shape memory polymers (Tang 
et al., 2017;Yi et al.,  2018). Reproduced with permissions. Copyright by Wiley Publishing Group and 
Elsevier. b Bifunctional kirigami based smart window fabricated by VO2-embedded elastomers (Ke 
et al., 2019b). Reproduced with permission. Copyright by Cell Press. c Dynamic kirigami structure 
mounted with photovaltic material for energy generation (Lamoureux et al., 2015), Reproduced 
with permission. Copyright by Nature Publishing Group

3.3 Conclusion and Outlook 

This chapter summarizes the advancement in smart windows with novel functional-
ities, such as energy storage, energy generation, self-cleaning, and water harvesting. 
We discussed several representative works from the perspectives of working mech-
anisms, materials synthesis, device fabrication, characterization, and functionality. 
Specifically, electricity can be stored by electrochemical reactions for the energy-
storage electrochromic smart windows; some smart windows can utilize the scattered 
sunlight to generate electricity for self-powering during modulating the indoor light 
irrigation; by tuning the hydrophobicity, smart windows can self-clean by washing
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Fig. 3.8 Kirigami-based structures for water harvesting (Li et al., 2021a). Reproduced with 
permission. Copyright by Nature Publishing Group

away dusts to keep high performance; smart windows with special structures or by 
turning wettability can also harvest water, which is vital for energy and resource 
saving in drought areas. 

Despite the advantages of the novel functionalities, limitations and challenges still 
remain for the current state-of-the-art smart windows. First, some smart windows do 
need energy input. For example, the electrochromic smart windows need charging, 
and the mechanochromic smart windows require mechanical loads for structure 
shifting. Second, the light transmittance modulations need improvements. For 
instance, some functionalities such as energy generation are achieved by sacri-
ficing the light transmittance. The transmittance shifting temperature for VO2 is 
about 68 °C, which is too high in terms of the practical use. Third, transmittance 
manipulation of some smart windows is fully passive. 

Therefore, to overcome the issues, future studies are needed to improve the trans-
mittance with lower or even zero energy consumption, harvesting energy from unde-
sired sunlight without reducing the transmittance modulation, and better controlla-
bility by using high-performance materials and more novel designs. Furthermore, 
some new smart windows that harvest heat from the environment instead of sunlight, 
such as hydrogel-based smart windows, may also be a promising trend. Additionally, 
although adaptive façades have been developed for energy saving, such as the exam-
ples shown in Fig. 3.9, smart windows combined with adaptive façade are still little 
investigated. In terms of scalability, not only the performances of smart windows are
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Fig. 3.9 a Fully-closed and open façades. Reproduced with permission (Cimmino et al., 2017) 
Copyright by Elsevier. b Adaptive façades actuated by moisture. Reproduced with permission 
(Reichert et al., 2015) Copyright by Elsevier. c The adaptive solar façades on the House of Natural 
Resources at ETH Zurich. Reproduced with permission (Powell et al., 2018) Copyright by Elsevier 

needed to improve, but also simpler and more economic manufacturing methods are 
also preferred. Lastly, we hope this chapter can provide some insights for the future 
smart window designs for green building research and industry. 
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Chapter 4 
Material Programming for Bio-inspired 
and Bio-based Hygromorphic Building 
Envelopes 

Dylan Wood, Tiffany Cheng, Yasaman Tahouni, and Achim Menges 

Abstract Building skins play a decisive role in maintaining occupant comfort. 
Adaptive building skins have been proposed to adjust to the weather, with mechani-
cally complex multi-component solutions that require operating energy. Nature and 
its materials exhibit a fundamentally different strategy for environmental responsive-
ness; motile plant systems show entirely passive, integrative, hygroscopic actuation 
due to their cellulose-based material structure. Through a design and fabrication 
process we refer to as material programming, a bio-inspired and bio-based func-
tional integration of actuator, sensor, and controller can be achieved. We present an 
overview of related research on weather responsive building components. Wood-
based composite elements that respond to relative humidity without operational 
energy have been demonstrated at architectural-scale. This research was recently 
expanded through the additive manufacturing of custom-made natural fiber compos-
ites, allowing 4D-printed self-shaping compliant mechanisms based on highly differ-
entiated and multifunctional plant movements with varying mechanical stiffnesses 
and actuation speeds. The application of 4D-printing to weather responsive shading 
systems still necessitates the codesign of materials, mechanism, and façade system 
as well as matching stimuli-responsiveness to ambient weather conditions and mass 
production at the scale of buildings. Overcoming these challenges will enable a 
more reliable, sustainable, and zero-energy solution for regulating comfort in the 
built environment. 
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4.1 Introduction 

In nature, many materials exhibit shape-changing characteristics in response to 
stimuli such as temperature or moisture. In many plants, shape-change is used as 
functional, motile movements without living biological or electrical energy. The 
awns of the Erodium and Pelargonium seeds, for example, self-drill into the ground 
by reversibly coiling and uncoiling in response to the fluctuations of environmental 
humidity (Burgert & Fratzl, 2009; Jung et al., 2014). Another example, the standard 
spruce cone, can open up and release its seeds in response to a loss of moisture and 
resultant drying of the fibrous composite material in each and every scale in mass 
quantity (Dawson et al., 1997; Harlow et al., 1964; Reyssat & Mahadevan, 2009). 
Such a transformation is remarkable, given that it occurs passively as the material 
equalizes with the humidity of the surrounding air, after the cones are separated from 
the living biological functions of the tree (Poppinga et al., 2017). In the spruce cones, 
the variations in the morphology of cellular structure and layout of fibers within the 
scales have evolved over time to suit the specialized function of each type of cone, 
the environment in which the species grows, and the kinds of seeds they release. 

Similar to the tissue of the spruce cones, a handful of well-known natural fibrous 
materials exhibit hygromorphic behavior, in that they dramatically expand or contract 
as they absorb and desorb moisture from the surrounding environment and can be 
engineered into a responsive system (Carneiro et al., 2013; Le Duigou et al., 2020). 
Common examples that can be found in our daily lives include cellulose-based mate-
rials such cotton, paper, and wood. In the context of adaptable building systems, three 
aspects of these natural hygromorphic materials are particularly interesting. First, 
many of these materials can naturally actuate with stimuli ranges found in daily and 
seasonal weather patterns. Second, the shape-changing characteristics are inherent 
or well-integrated into the material structure, giving them unmatched hygromorphic 
performance with a fraction of the processing and engineering required for synthetic 
“smart materials (Erb et al., 2013). Third, the materials are available in large quan-
tities, at low costs, and in regenerative life cycles that can be considered viable and 
sustainable solutions at the scale of building facades. These qualities are advanta-
geous for the development of ecologically constructed building envelopes explicitly 
designed to adapt with the natural ebbs and flows of weather on Earth. 

Working with natural materials comes with unique challenges and opportuni-
ties concerning design, engineering, and manufacturing. We develop new types 
of bio-inspired and bio-based prototypes of passively adaptive building envelopes 
through careful decoding, re-programming, and re-packaging these natural mate-
rials—a design and fabrication process that we refer to as material programming. 
In this context, computational design and fabrication provide the key to the critical 
understanding and unitizing of the unique functional aspects of natural materials 
and systems, from the analysis of movement patterns to the physical programming 
of simple yet novel shape-changing structures. More specifically, material program-
ming can be viewed here as arranging natural materials within larger systems and 
in higher function hygromorphic structures. The approach can be applied at various
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scales, resolutions, and specific material combinations but fundamentally involves 
developing a technical understanding of the materials themselves as well as a precise 
method of their arrangement in physical space. 

Considering that building systems and construction have a substantial impact 
globally in terms of both carbon footprint and energy consumption, the question of 
how to more effectively regulate the interior climate of buildings is of increasing 
relevance across a range of cultures and climates (United Nations Environment 
Programme, 2020). Contrary to the pursuit of increased efficiency often at the 
expense of complexity in active systems for heating and cooling, passively adap-
tive building envelopes offer a potentially low-cost, reliable solution for regulating 
human comfort in both interior conditions and exterior public spaces (Grondzik & 
Kwok, 2020; Poppinga et al., 2018; Tabadkani et al., 2021). Starting with wood 
as well-known hygromorphic building material, we have developed principles for 
material programming with natural, plant-based materials with existing shapeshifting 
behaviors. From these principles, we explore this concept through the combination of 
additive manufacturing and the development of custom cellulose-based printing fila-
ments that enable the 3D internal arrangement of material strands to design and fabri-
cate intricate mesotructuring within each piece. Paired with computational methods 
for designing high resolution structuring, this approach to material programming 
opens up new functionalities including the choreography of actuation speed, tuning 
of response ranges and architecting of movement patterns. 

4.2 Understanding and Deploying Wood as Pre-constructed 
Natural Hygromorphic Smart Material 

Wood in its living and harvested state is inherently a hygromorphic material, adapting 
both its shape and its mechanical properties in response to changes in moisture. The 
hygroscopicity of wood comes from the complex material arrangement of cellulose 
microfibrils inside the tube-shaped cell walls that make up its primary structure. When 
wet, the cell walls expand volumetrically in the defined anisotropic coordinates of the 
material and simultaneously soften. When dried, the same wood material naturally 
contracts in volume and increases in stiffness—a phenomenon known for causing 
unwanted geometric deformations in wood boards as a result of variation in the 
natural structuring. As a living organism, the cellular structure of wood serves many 
purposes, one of which is the transport of water, which means the material by design is 
able to maintain its overall structure even when the cells are in a fully saturated state. 
Once harvested, wood materials continuously desorb and absorb moisture to maintain 
an equilibrium with the relative humidity of the surrounding air (Hoadley & Barbara, 
2000). This constant, passive equalization and resulting form adaptation makes it a 
near-ideal material for the development of adaptive building systems intended by 
design to fluctuate with changes in the environment.
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To implement wood in adaptive systems, first, the hygromorphic behaviors must 
be understood and quantified, an aspect which has for centuries been studied and 
quantified scientifically for the purpose of preventing unwanted movements in fields 
ranging from timber construction to art preservation. Beyond understanding the basic 
shape-changing principle, the directional change in volume can be translated into 
a change in curvature using a bilayer mechanism, a principle in which one layer 
of active material is connected to a perpendicular, resistive layer. Changes in the 
volume of the active layer results in a translational bending of the bilayer, a geometric 
movement significantly larger than the volume change of the active layer alone. 
Bilayer mechanisms have been studied extensively in both structural mechanics and 
in thermally responsive material in which isotropic shape change further limits the 
possible movement patterns in larger arrangements. Critically, the curvature of a 
bilayer system can be predicted with relatively high accuracy using an analytical 
model developed by Timoshenko in 1925 and more recently adapted for use with the 
anisotropic properties of wood (Grönquist et al., 2018; Rüggeberg & Burgert, 2015; 
Timoshenko, 1925). 

Through a careful selection of the wood species and adjustment of controllable 
design parameters, the relatively untamed deformation in wood can be programmed 
into reliable movement patterns that respond to daily and seasonal fluctuations in 
relative humidity (Fig. 4.1). More specifically, European Maple (Acer platanoides) 
is chosen as it combines good values for the shrinking and swelling coefficient, 
structural integrity, and can be sourced with straight, even grains. Additionally, maple 
is known to exhibit a natural resistance to fungus and weather-related deterioration 
due to water and UV exposure. While the swelling coefficient and stiffness are 
ingrained within the material, the thickness of the veneers and the orientations of the 
fibers/grains can be used to further design the direction and magnitude of curvature 
within the bilayer build-up. In parallel, the moisture content of the active boards 
is used to embed the geometric configuration assigned to a specific corresponding 
relative humidity. Similarly, the restrictive bending layer made from wood can be 
used to further tune the curvature through a selection of the species and thickness. 
Alternatively, composite materials such as glass fiber reinforced plastic (GFRP) or 
natural fiber reinforced plastic textiles can be implemented for different mechanical 
properties. In the demonstrator projects HygroScope and HygroSkin from the ICD 
(Fig. 4.2), a thin 0.5 mm maple veneer is combined with lightweight GFRP textile 
to give an added mechanical spring back in the restrictive layer and counteract the 
long term effects of creep found in wood (Menges & Reichert, 2015; Reichert et al., 
2015). Through the design of these simple parameters, responsive wood and wood 
composite parts can be tuned to curve cyclically, from flat to curved and vice versa, 
in a matter of seconds, in a relative humidity range of 20–95% or through direct 
exposure to water.

Despite the promising material qualities and relatively easy to construct mech-
anisms, hygromorphic climate-responsive wood systems have been implemented 
only in limited architectural scenarios. Weather responsive wood composite bilayers 
were designed and tested by the ICD prototypically in the project HygroScope, 
which used artificially accelerated simulation of real-world fluctuations in relative
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Fig. 4.1 Research at the ICD investigated the transfer of the pine scale actuation (a) to a hygroscopic 
veneer-composite bilayer system (b) for humidity-responsive apertures for architectural applications 
(c) 

Fig. 4.2 The wood veneer-based bilayer system has been instrumentalized in full-scale archi-
tectural prototypes, demonstrating the hygroscopic response in outdoor conditions in HygroSkin 
Pavilion (a) as well as in controlled and accelerated humidity cycles from past weather data (b)

humidity to demonstrate the concept. Similar responsive parts are implemented as 
weather responsive apertures in the HygoSkin pavilion, designed to open to light 
and air in hot, dry, sunny conditions and close up in humid, rainy weather (Krieg 
et al., 2017). Wood bilayers have also been studied extensively for adaptive shading 
devices such as horizontal louvers that use a change in curvature to adjust the angle 
between their surface and the sun (Holstov et al., 2017; Vailati et al., 2018). When 
cleverly implemented, even single monolayers of wood can be used as self-ventilating 
adaptive building systems similar to the wood shingle cladding used historically in 
the Nordic regions and in recent studies (Davidova, 2016). While wood is unique 
in its ability to change shape naturally within a suitable range of relative humidity 
on earth and requires little to no extra process to implement in responsive systems, 
the scale of its structuring presents limitations in the fine-tuning and design. The
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speed of actuation, for example is strictly governed by the thickness and depth/width 
of the active boards, which cannot be independent of the mechanical performance. 
Similarly, wood suffers from creep due to the realignment of the microfibers when 
bent over longer periods of time. While exhibiting natural variation, both the bending 
orientation and structural characteristics are typologically hardcoded into the mate-
rial itself, presenting constraints for further architecting the material at the mesoscale. 
Simply put, the overwhelming power of the natural structuring means that intentional 
tuning is practically governed in lower resolution by the width of the board (typically 
25–50% of the tree diameter). 

4.3 Computational Design and 3D Printing as Tools 
for Constructing Natural Material Systems 

In contrast to the material constraints of solid wood materials, advances in compu-
tational design and digital manufacturing enable the modeling and production of 
features in increasingly fine resolution and accuracy. Hierarchical structuring of 
materials for higher-level functionality is common in many adaptive motile plant 
structures but has historically been difficult to emulate in man-made engineered 
structures, even at an abstracted level. Digital design of material gradients and differ-
entiation has advanced considerably faster than the physical production methods, 
allowing designers to turn structures at the incredible resolution but typically abstract 
from the resolution allowed by the physical production methods (Duro-Royo et al., 
2015; Oxman, 2010). 3D printing, on the other hand, enables the fabrication of 
intricate structures through a differentiated layering of material to form larger 
three-dimensional objects. 

More specifically, Fused Filament Fabrication (FFF) is an ideal method for 
producing macro-scale parts (ca. 10+ cm) with mesoscale variation (0.5 m–1 mm 
resolution) from combinations of filament-based materials (Correa & Menges, 2017). 
Using FFF, strand based, multi-layer mesostructures can be constructed using low-
cost, generic, 3D printing technology (Correa & Menges, 2017). An integrated 
computational design framework has been developed at the ICD for FFF-based 4D 
printing taking into account the material programming and processing parameters 
specific to the printing method, such as the anisotropy and stiffness that results 
from the sequence and quality of material deposition (Cheng et al., 2020). The 
developed design approach simplifies the complexity of considering highly differ-
entiated structures into a networked assembly of functional regions defined using 
the intuitive geometric descriptors from existing CAD workflows. This workflow 
allows the assignment and tuning of material properties and bending behavior— 
including the direction, magnitude, and orientation or curvature—to be directly 
translated into the necessary fabrication data for producing the desired hygromor-
phic response (Fig. 4.3). Parameters in the strand spacing, strand thickness, layer 
height, and functional patterning can additionally be defined in each sub-millimeter
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printing layer for constructing varying levels of directional stiffness, time scale of 
hygro-responsiveness, and elasticity in the overall composite build-ups. 

Incorporating this functional mesostructure allows for extending and augmenting 
the hygromorphic characteristics of wood materials using both wood bilayer actua-
tors and hygromorphic printing filaments. The project HygroFold demonstrates the 
use of 3D printing through the development of a custom mesostructure with multi-
directional bending and an integrated folding hinge integrated with a wood bilayer 
actuator (Fig. 4.4). A parallel approach displays how meso structural design princi-
ples can be used to emulate the sophisticated structuring and transformations found 
in biological examples of passive movements such as the pine cone scales (Fig. 4.5). 
Here, variants of the basic bilayer mechanism are built up using standard thermo-
plastics for the restrictive layers and commercially available wood fiber-based plastic 
filaments that respond to moisture change through water submersions and drying 
(Correa et al., 2015, 2020).

Fundamentally, mesostructural tailoring allows for the decoupling of parame-
ters that are inherently linked in solid wood material, opening up the potential to 
further architect and choreograph movement. Speed of actuation for example can be 
designed separately from the desired curvature through adjustment of the spacing and 
resulting porosity of the structure while at the same time counter adjusting the spacing 
in the restrictive layer to maintain the magnitude of curvature (Fig. 4.6). Through this 
approach, similar curvatures can be reached on dramatically different time scales, 
under the same actuation condition (Tahouni et al., 2021) At the level of the mech-
anism, 3D printing also enables the design of in-plane pattern variation to combine 
multiple areas of bilayer effect with alternating directions of curvature, variable orien-
tations of curvature, and compliant hinges. This is exemplified by the construction of 
self-shaping curved crease folding surfaces in which the actuation comes from inside 
the curved surfaces rather than an external or localized actuation at the edges or hinge

Fig. 4.3 The material programming of functional mesostructures is based on the fabrication param-
eters of FFF 3D printing (a) including the nozzle size N, layer height H, toolpath spacing of the active 
A and restrictive R filaments, as well as the resulting extrusion paths P. Through the mesostructure 
design, bending can be tuned, for example in (b) the amount of curvature and (c) even combined 
together in different configurations. (Figure adapted with permission from Cheng et al. 2021; p. 5)  
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Fig. 4.4 The Hygrofold is a curved folding mechanism combining bio-based 3D-printing and wood 
actuators, which self-shapes and folds at low RH (left, shown at 35%) and unfolds at high RH (right, 
shown at 90%) 

Fig. 4.5 A 4D printed artificial scale with two-phase shape deformation compared with the two-
phase movement of the Bhutan pine scale. Starting fully wet (top) both scales show predominantly 
transversal curvature. The transversal curvature decreases (a–c) in the first stage of actuation, then 
the longitudinal curvature increases (c–f) until the maximum bending angle is reached when fully 
dry (bottom). (Figure adapted with permission from Correa et al., 2020; p. 13)
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zones (Tahouni et al., 2020).Complex folding patterns can be used to geometrical 
amplify the actuation and/or to dramatically enhance geometric stiffness and depth in 
larger tessellations (Fig. 4.7), thereby demonstrating the complex movement patterns 
and functionalities enabled by distributing the actuation throughout the material via 
3D printing. 

Fig. 4.6 Sequential shape-change in a 4D printed aperture. The timelapse shows six flaps taking 
turns to bend until the successful opening upon drying in 40% RH. (Figure adapted with permission 
from Tahouni et al., 2021; p. 16) 

Fig. 4.7 Self-shaping curved folding mechanism (a) and lens tessellation design (b) and  their  
transformation from flat (left) to folded (right) state. (Figure adapted with permission from Tahouni 
et al., 2020; p. 1)



108 D. Wood et al.

4.4 Material Co-design for Bio Based, Hygromorphic 
Materials and Next-Generation 4D Printed Smart 
Structures 

The next generation of hygromorphic smart structures is based on cooperative 
development of both material, digital manufacturing, and computational mechanism 
design. While wood and commercial filaments provide a starting point, the future 
of engineering or reengineering bio based materials for specific hygromorphic func-
tions will provide for wider application and improved functionality. In our current 
research, this approach is carried out through the design and engineering of a pallet 
of cellulose-filled bioplastic printing filaments presenting a range of hygroscopic and 
stiffness combinations (Fig. 4.8). The basis of these materials is cellulose fibers, a 
highly hygromorphic, low-cost, plant-based material derived from pulp and refined 
to a fine powder. The cellulose powder is fine enough that it can be compounded with 
common thermoplastic polymers with a range of mechanical properties, resulting in 
filament materials that maintain printability in the latter FFF process (Kliem et al., 
2020; Langhansl et al., 2021). While the fibrous structure and anisotropicity of the 
base material are broken down, the design of the 3D printed mesostructure can be used 
to reintroduce a new tailored structuring supplementing the natural characteristics. 
Working at multiple hierarchical levels from the material to the larger mechanism 
the approach maximizes the potential of the material through targeted design moves 
at each level. While the properties of the cellulose base material are fixed, the overall 
hygro response for example can be adjusted by the percentage of cellulose to matrix 
material in compounding, the stiffness of the matrix material as well as in the design 
of the bilayer mesostructure. The engineering of the custom filaments is also valuable 
in ensuring compatibility with materials used in other parts of the mesostructure with 
no active roles. 

Fig. 4.8 Development of custom hygroscopic printing filaments composed of biobased matrix 
polymers and cellulose powder for humidity responsive smart structures based on the curved folding 
mechanism, transforming from fully folded (left) to nearly flat (right)
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Through such multi-scale co-development approach, highly functional smart 
structures and weather-adaptive building envelopes can be created (Fig. 4.9). In 
the material level, the use of pure cellulose powder and selective matrix polymers 
results in high responsiveness and large shape-transformations in the printed struc-
tures. As a result, the smart structures can fully transform, for example open and 
close, in response to naturally occurring ranges of relative humidity. An optimized 
arrangement of mesostructures allows for this transformation to be fast, responding 
to weather changes in real-time. Furthermore, this shape-change is fully reversible 
and repeatable in many cycles, allowing for long-term use of such structures in real-
world applications. On the mechanism level, the use of bilayer structures and curved 
folding geometries provides a motion amplification effect that further enhances the 
shape-change of the smart structures. Such shape-change can be utilized for different 
functionalities in building skins, such weather-adaptive ventilation or shading. As 
a result, the zero-energy system can dramatically enhance the performance of the 
building system, reducing the energy consumption related to heating, cooling and 
ventilation through utilizing the environment and natural resources. 

Fig. 4.9 The ICD has developed a series of bio-inspired weather-responsive apertures made from 
natural materials such as wood composites as well as newly developed bio-based materials for 3D 
printing
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4.5 Future Perspectives—Learning to Build and Live 
with Biobased Materials for Sustainable Building 
Systems 

Our work shows the value of deploying biobased hygromorphic materials in prototyp-
ical, passively responsive systems. However, working with natural materials presents 
challenges in contemporary design and manufacturing where precision, predictability 
and repeatability is highly valued. Future work will need to balance the unique natural 
functionality of these materials with the standards of engineering and design, to best 
utilize the range of sustainably harvested materials we have to work with (Sanandiya 
et al., 2020). One approach is to use data driven methods for optimizing the use of 
materials that come with inherent variation in material properties and structure and 
consider them advantageously during manufacturing (Morin et al., 2020; Sanandiya 
et al., 2020; Tamke et al., 2021). Combining advances in machine vision and applied 
machine learning is especially promising for utilizing hygromorphic functions which 
are sensitive to variation in natural material structuring and are challenging to solve 
using classical mechanical or material models (Akbar et al., 2022). The low cost, 
high availability, and regenerative aspects of naturally responsive materials favors 
further development in digital design and manufacturing technology to better utilize 
them in resource intensive applications such as building construction. 

Parallel to the technical challenges is the adoption of responsive material systems 
in our building culture. Passively responsive material systems that exhibit morphing 
behaviors are common in nature but can be unexpected in the built environment. 
They tend to operate slowly and silently in the background and with high levels of 
redundancy. While this adaptation happens efficiently, they cannot be turned on or off 
with a switch or reprogrammed for different functions. Overcoming the perception 
of lack of control and visual variations in performance are major social challenges. 
A shift towards buildings that operate with the cycles of the natural environment is a 
shift towards the grand challenge of sustainable construction and building operation. 
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Chapter 5 
Solar-Thermal Conversion in Envelope 
Materials for Energy Savings 

Mohammad Elmi and Julian Wang 

Abstract Designing and incorporating solar-absorptive materials into building 
envelopes has been conventionally and widely adopted in the passive solar design 
paradigm. With the emergence of newly discovered spectrally selective materials, 
studies of and discussions about solar-thermal conversion have gained renewed 
research interest. This chapter introduces the fundamental processes and mecha-
nisms of solar-thermal conversion in typical building materials and the application 
of such conversion in building envelopes. Both conventional and emerging appli-
cation methods and principles are discussed. Potential future directions are then 
identified regarding the use of photothermal materials in architecture. 

Keywords Photothermal conversion · Solar absorption · Solar radiation ·
Envelope materials · Passive solar design 

5.1 Introduction 

Building energy consumption accounts for a substantial share of the total energy 
demand, and it is continuing to expand rapidly due to the world’s rising population 
and drive for urbanization (Wu et al., 2018). Numerous studies have been conducted 
with the goal of achieving sustainable buildings. Sustainability in building design can 
be studied using different approaches ranging from sustainability during construction 
(Syed et al., 2021) to reduce operational energy consumption in buildings (Chel & 
Kaushik, 2018). One of the major challenges for sustainable development is reducing 
energy consumption while also preserving occupants’ comfort (Ke et al., 2018). The 
first and most important aspect of energy-efficient construction is passive building 
design (Chel & Kaushik, 2018). The passive solar design includes ways of main-
taining buildings’ thermal comfort without using mechanical or electrical equipment, 
helping to reduce the energy consumption of buildings (Stevanović, 2013). Attaching 
sunspaces to building façades to reduce energy consumption is a basic passive use
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of solar energy that has been employed since the 1970s (Gainza-Barrencua et al., 
2021). New materials and discoveries in nano-/micro-scale light-to-heat conversion 
have paved novel ways of using solar energy in buildings. Light-to-heat conversion 
has been studied extensively for biomedical applications (Chen et al., 2017; Kim  
et al., 2019; Li et al.,  2016), but there is a lack of research on the various possible 
applications of the photothermal effect in energy-efficient buildings. The purpose 
of this chapter is to review prior research using light-to-heat energy conversion to 
make buildings more energy-efficient and study different photothermal applications 
in buildings. 

In this chapter, each light-to-heat energy conversion mechanism is described in 
detail, followed by light-to-heat conversion applications in buildings. This chapter 
will help researchers become familiar with various applications of the photothermal 
effect in buildings, as well as the specific materials used in such applications. More-
over, beyond applications, a detailed study of the mechanisms of photothermal 
conversion will help researchers improve their design efficiency. 

5.2 Photoactivation Modes 

Solar radiation is an electromagnetic wave consisting of photons with different 
frequencies. Depending on its properties, when light strikes matter, photons can 
be reflected, absorbed, transmitted/refracted, or scattered. The absorbed photons 
can cause various energy conversion processes (Wu et al., 2019). Eventually, the 
energy that has been absorbed is released. Depending on the substance, the release 
of that energy can take place in one of many closely similar but mechanistically 
distinct modes, including those that are photoconductive, photoelectrochemical, 
photovoltaic, photothermal, and fluorescent. In theory, distinct applications may each 
have specific photoexcitation modes; however, most devices concurrently photoacti-
vate in various modes, resulting in these modes in some cases being interchangeable. 
Photoconductive modes occur when a substance becomes more electrically conduc-
tive as a result of the absorption of light. In this step, photoexcited electrons are 
transferred from the atoms or molecules with which they are linked. If an electric 
field is supplied, this causes the electron to travel towards the cathode and an electrical 
current is generated. In metallic conductors, the current created is proportional to the 
surface area accessible on the conductor and the intensity of the light. In photoelec-
trochemical photoactivation, a high-energy electron causes a redox reaction at the 
interface between the electrode and electrolyte. As a consequence, the material may 
corrode, resulting in changes to the electrical properties of the electrode/electrolyte 
interface. In a solid-state device, the photovoltaic mode occurs when an electron is 
excited by a photon, without the presence of an electric field. However, the electron 
does not become separated from its hole, resulting in the photocurrent being restricted 
from leaving the device. In contrast to photoelectrochemical activation, photovoltaic 
activation does not result in the production of a chemical reaction. The photothermal 
mode is characterized by the transfer of energy to an electron by a photon. In this
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mode, the absorbed energy is not converted into the formation of another photon, 
a release of electrons, or an increase in the electron’s energy level, but rather the 
absorbed or surplus energy is released as heat or kinetic energy, which can cause the 
material’s temperature to increase. The last mode is the photoelectromagnetic mode. 
In this mode, absorbed energy in a photoexcited electron is released as a formation 
of a fluorescent photon that has less energy and, consequently, a longer wavelength 
than the incident photon (Archer, 2002; Kozai & Vazquez, 2015). 

5.3 Photothermal Mechanisms 

Based on a study by Chen et al., there are three photothermal mechanisms: (1) 
plasmonic localized heating, (2) electron/hole generation and relaxation, and (3) 
thermal vibration of molecules (Chen et al., 2019). Different photothermal mate-
rials exhibit a variety of photothermal mechanisms. The electromagnetic radiation 
absorption of metallic materials, good solar absorbers, can lead to the localized 
surface plasmon resonance effect. Metallic materials such as gold, silver, copper, 
palladium, and aluminum have been widely produced, modified, and explored for 
use in photothermal applications, either as nanoparticles (NPs) or as composites. 
Au NPs have demonstrated outstanding plasmonic resonance in the visible-near 
infrared spectrum, as well as chemical stability. Because of its remarkable efficiency 
of light-to-heat energy conversion and flexibility of control in terms of size and struc-
ture, gold has received a great deal of attention as a high-performance photothermal 
metal. Semiconductor photothermal materials mostly have electron/hole generation 
and relaxation mechanisms. A semiconductor is a material that conducts electricity 
between the conductor and insulator. It is usually opaque to visible light and trans-
parent to infrared radiation. Semiconductors’ absorption in the visible region is 
largely reliant on the bandgap. Organic semiconductors’ band gap is generally 2.5– 
4 eV, whereas the band gap for inorganic semiconductors is 1–2 eV. The band gap can 
be modified to decrease the band gap or produce energy levels within the band gap in 
various ways, including: (1) fine-tuning the size, structure, and composition, (2) self-
doping and creating disorder, and (3) changing the position of conduction and valence 
band by doping or vacancy creation (Li et al., 2021; Tao et al., 2019). Semiconductors 
with smaller bandgaps tend to have a broad absorption spectrum and can harvest more 
photons, increasing their photothermal conversion ability (Su et al., 2020). Reduced 
TiO2 NPs are mostly used by researchers as common photothermal materials because 
of their broad UV-Vis spectrum of light absorption, efficient heat energy conversion, 
chemical stability, and low toxicity and cost (Fuzil et al., 2021). The photothermal 
conversion mechanism of carbon-based nanomaterials is the thermal vibration of 
molecules. A photothermal material capable of absorbing the entire spectrum of 
light and reflecting nothing is an excellent photothermal converter. Although for this 
purpose a perfectly black body is a desirable material, such bodies can be imprac-
tical because they also feature high reflection (Wu et al., 2019). Polymers have a 
photothermal conversion mechanism similar to that of carbon materials, also related
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to the thermal vibration of molecules. Polymeric materials offer the benefits of being 
sufficiently flexible and easily moldable, and have broad and high solar absorption 
(Tao et al., 2019). Numerous polymers exist, including polydopamine, polyaniline 
(PAN), and PPy, which have significant π electron delocalization structures and 
hence exhibit distinctive optical characteristics. PAN is an excellent photothermal 
material, owing to its high absorption of light, which can be converted to heat with 
minimal energy loss. PPy offers superior photostability, low light reflection, and 
solution-based fabrication, making it easier to use when managing film thickness 
(Wu et al., 2019). 

In general, each photothermal material has a single dominant photothermal mech-
anism. However, in some instances, several photothermal mechanisms may be at 
work together. This is especially the case for hybrid photothermal materials, which 
are composed of two or more components with distinct photothermal mechanisms 
(Chen et al., 2019; Fuzil et al., 2021). Each photothermal mechanism is discussed in 
greater detail in the following subsections. In the next section, a time-scale overview 
of each mechanism is given. 

5.3.1 Plasmonic Localized Heating 

Plasmonic localized heating resulting from surface plasmon resonance occurs when 
the frequency of the incident light matches the natural frequency of electrons on 
the metal’s surface. This match causes electrons to excite and, consequently, hot 
electrons are generated. The excited hot charge carriers oscillate collectively with 
the incident electromagnetic field, causing heat generation via the joule mechanism. 
The hot electrons quickly redistribute their energy via the electron–electron scattering 
process, which generates heat in the plasmonic element (Anis et al., 2019; Chen et al., 
2019). The schematic of this mechanism is shown in Fig. 5.1. 

Fig. 5.1 Schematic of the 
plasmonic localized heating 
mechanism
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Fig. 5.2 Electron/hole 
generation and relaxation 
mechanism 

5.3.2 Electron/Hole Generation and Relaxation 

When a semiconductor is exposed to sunlight with an energy similar to or higher than 
its bandgap, electron/hole pairs are generated. Because in narrow bandgap semicon-
ductors the energy of the majority of photons from incoming solar light is greater than 
the bandgap, above-bandgap electron/hole pairs are formed. These electron/hole pairs 
relax to the band edges and their surplus energy is released by radiative or nonradiative 
phonon relaxation. When nonradiative relaxation occurs and the energy is released 
by phonons, the lattice is locally driven to heat up and light energy is converted to 
heat (see Fig. 5.2). The temperature distribution in the lattice is established based 
on the material’s recombination and optical absorption properties. Conversely, in 
broad bandgap semiconductors, most of the absorbed light energy is re-emitted as 
photons when the electron/hole pair recombines at the bandgap edge, leading to a 
significantly lower light-to-heat conversion efficiency (Almond et al., 1996; Fuzil 
et al., 2021; Gao et al., 2019; Zhu et al., 2018). 

5.3.3 Thermal Vibration of Molecules 

In the thermal vibration of molecules, low energy photons can excite weak electrons 
from the π orbital to π* orbital. The excited electrons are raised from the ground 
state, the highest occupied molecular orbital, to an orbital with higher energy, the 
lowest unoccupied molecular orbital. Then, when the excited electron relaxes back 
to the ground state, the heat is released and the conversion of light-to-heat energy 
is completed. Figure 5.3 demonstrates the schematic of this mechanism. Carbon 
materials and certain polymers are among the materials engaging in light-to-heat 
energy conversion through this mechanism (Gao et al., 2019; Vélez-Cordero & 
Hernández-Cordero, 2015).

There are several materials that have multiple forms of light-to-energy conver-
sion. For example, some narrow bandgap semiconductors such as Ti2O3 have a 
high photothermal conversion efficiency, as well as a photovoltaic effect (Zhu et al.,
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Fig. 5.3 Mechanism for the 
thermal vibration of 
molecules

2018). Other semiconductors (e.g., TiO2) are widely utilized for photoelectrochem-
ical purposes (Elmi et al., 2020) and also demonstrate a photovoltaic effect (Bai & 
Zhou, 2014). Furthermore, when light strikes the surface of a metal, a photothermal 
effect can occur; additionally, hot photoexcited electrons can interact with molecules 
on the metal’s surface and induce photochemistry (Brongersma et al., 2015). More-
over, there are compound materials that demonstrate multiple forms of light-to-
energy conversion. Substances with switchable absorption properties are among these 
materials and have been widely used as an absorber layer in smart windows, offering 
practical applications such as reducing energy consumption and improving the built 
environment. Upon illumination, the photothermal effect switches the absorber layer 
from a transparent state to an absorbing photovoltaic state. After cooling, the absorber 
layer is returned to the transparent state and the device acts as a window to visible 
light (Wheeler et al., 2017). 

5.4 Timescales of Photothermal Mechanisms 

As mentioned above, there are different mechanisms for light-to-heat energy conver-
sion. This conversion process can be summarized from the timescale view as follows. 
A Jablonski diagram is helpful for studying the thermal vibrations of molecules’ 
timescale mechanisms. Based on this diagram, a molecule is promoted from its 
ground state to a higher state by an absorbed photon on a timescale of the order of 
10–15 s (1 fs). Then, vibrational relaxation and, consequently, heat generation occur 
on a timescale of 10–12–10–10 s (1–100 ps) (Lichtman & Conchello, 2005). In the plas-
monic localized heating mechanism, electron/hole excitation occurs on a timescale 
of 10–15–10–13 s (1–100 fs). The electron–electron scattering and relaxation of hot 
electrons occur around 10–13–10–12 s (100 fs–1 ps). Then, equilibration with a lattice 
occurs on a timescale of several picoseconds. The dynamics of this process are well 
described by the two-temperature model, where the electron’s temperature and the 
temperature of the lattice are eventually equal. Heat is transferred to the surroundings
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in the final step of this process, which can take from 10–10 to 10−8 s (100 ps–10 ns) 
(Brongersma et al., 2015). 

5.5 Performance and Applications of Building 
Photothermal Materials 

In this section, some important characteristics of photothermal materials are 
discussed, as well as applications of these photothermal effects in buildings 
envelopes. One of the major factors in photothermal materials’ performance is how 
well they can absorb solar radiation. In other words, a good photothermal material 
has a high rate of solar absorption. In this context, solar absorptance is typically 
calculated as the ratio of total absorbed solar radiation to the total incident solar 
radiation, as in the equation below (Boström et al., 2003; Gao et al., 2021): 

α =
╭ 2500 
300 |1 − R(λ)|I (λ)dλ

╭ 2500 
300 I (λ)dλ 

where I(λ) is the solar spectral irradiance and R(λ) is the reflectance at wavelength 
λ. 

Another important factor in photothermal materials’ performance is light-to-heat 
energy conversion efficiency. This factor shows how efficiently the material can 
convert absorbed energy to heat. Methods for calculating light-to-heat energy conver-
sion efficiency differ based on the material and photothermal mechanisms. One exper-
imental method for determining light-to-heat energy conversion efficiency involves 
measuring the matter’s temperature rise and, consequently, its specific heat capacity. 
The heat energy generated by incident light is then compared to the energy from 
absorbed light (Gao et al., 2019; Jiang et al., 2013; Li et al.,  2017). 

Thermal management plays a crucial role in photothermal materials’ performance. 
When the desired heat is produced by the material, it should be transferred efficiently 
to meet users’ needs, with minimum heat loss (Fuzil et al., 2021; Gao et al., 2021). 

Photothermal materials have numerous applications in solar energy systems, 
including saving energy and reducing energy consumption. Employing photothermal 
materials in building envelopes can reduce building energy consumption and help 
achieve the goal of green buildings. Recently, a number of studies have explored 
applications of light-to-heat energy conversion in building envelopes. Based on this 
prior work, we categorized these applications into three main groups: (1) employing 
photothermal materials as a coating on window surfaces to improve their thermal 
performance, (2) applications of the photothermal effect in the photo-thermochromic 
and phase change materials used in building envelopes, and (3) solar-thermal conver-
sion in conventional passive solar designs. Below, each application category is 
discussed, followed by a review of related research.
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5.5.1 Photothermal Materials Applied to Improve Windows’ 
Thermal Performance 

When light strikes a photothermal material, a large part of its energy is converted 
to heat. After coating the surface of the window with a photothermal material, the 
photothermal effect heats the window’s surface and causes a temperature increase. 
Then, the produced heat is transferred to the inside room by radiation heat transfer. 
This process is schematically illustrated in Fig. 5.4. 

The solar heat gain coefficient (SHGC) of a window can be calculated as (Zhang 
et al., 2021): 

SHGC = τs + Ni αs 

where τs is the solar transmittance, Ni is the inward-flowing fraction of absorbed 
radiation, and αs is the solar absorptance of the window. 

Zhang et al. performed a study showing that photothermal materials coated on 
a window’s surface can individually increase the SHGC (Zhang et al., 2021). They 
compared two different windows, one with a photothermal coating and one with a 
low-e coating. Both windows had the same transmittance, τs . They demonstrated that 
the window with a photothermal coating had a higher SHGC. This result confirmed 
that the photothermal material had a direct impact on increasing the SHGC of the

Fig. 5.4 Windows’ thermal performance improvement from photothermal materials 
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window. Based on the similar mechanism, Md Jahid et al. developed a reversible 
window structure by embedding the photothermal materials into the double-pane 
window systems, which could achieve 0.2 to 0.6 solar heat gain modulations and 
a stable visible transmittance of 0.32 (Md Jahid et al., 2022). The building energy 
simulation presents the energy savings could be about 18% in mixed climates in 
relative to the baseline models built using the most recent energy codes. 

Guo et al. constructed a transparent solar thermal surface on a window glazing. 
The surfaces constructed included gold nanoparticles with linear morphologies. The 
researchers studied the photothermal conversion effect on the window’s surface and 
reported that as a result of employing such surfaces, the window glazing temperature 
increased up to 9.8 °C under solar irradiation while retaining a high transmittance in 
the visible range (Guo et al., 2021). 

5.5.2 Photothermal Effect in Photo-Thermochromic 
and Phase Change Materials Used in Buildings 
Envelopes 

The optical properties of photo-thermochromic smart windows change in response 
to changes in temperature, a fully passive method of light modulation with a broad 
variety of potential applications in energy-efficient buildings. However, one issue 
with using thermochromic windows is their high transition temperature, meaning 
that the optical properties of the window are changed at temperatures higher than 
room temperature, so they are not practical for use in building applications. For 
example, VO2, which is commonly used as thermochromic material, has a transition 
temperature of 68 °C. To address this issue, a significant amount of research has 
been conducted that leverages the idea that the optical properties of thermochromic 
materials can be changed at room temperature by the photothermal effect. In the other 
words, the photothermal effect accelerates the phase transition of thermochromic 
materials and causes optical changes to occur in lower environmental temperatures 
(Zou et al., 2021). Hao et al. hybridized VO2 with TiN nanoparticles to apply the 
photothermal effect and make thermochromic VO2 applicable at room temperature 
(Hao et al., 2018). Ji prepared a composite of VO2 and PbS for this same purpose (Ji, 
2014). The schematic of this mechanism for VO2/TiN glass coating is demonstrated 
in Fig. 5.5.

Hydrogels are also materials commonly appearing in photo-thermochromic 
windows. A number of studies have combined hydrogels with various photothermal 
materials to make them usable in window applications at room temperature. Tian 
et al. studied poly(N-isopropylacrylamide) hydrogel combined with polydopamine 
particles as a photothermal material and employed them for energy-efficient smart 
windows (Tian, 2021). Also, the combination of hydrogels with other materials such 
as graphene oxide, CsxWO3, and antimony-doped tin oxide have been studied for 
use in smart window applications (Chou et al., 2017; Huang et al., 2015; Kim et al.,
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Fig. 5.5 Schematic of the VO2/TiN glass coating used in smart windows

2014, 2015; Lee et al., 2016; Wu et al., 2018; Xu et al., 2018; Yeong Lee et al., 2017). 
Zou et al. prepared a research review of photo- and electro-driven thermochromic 
windows and studied VO2-based composites, liquid crystals, and hydrogels (Zou 
et al., 2021). 

The concept of applying the photothermal effect seen in phase change materials 
is the same as in photo-thermochromic windows, meaning that photothermal mate-
rials are applied to heat up another material to help its properties change in response 
to shifts in temperature. The difference is in the type of material with which the 
photothermal material is combined. Photothermal materials can be hybridized with 
the phase change materials used as filler in windows. In phase change materials, latent 
heat is stored when the heat is excessive and released when it is required. Research has 
pursued improving the photothermal properties of different phase change materials 
to make them usable in windows. For instance, Ma et al. studied photothermal prop-
erty improvement for paraffin via binary Zn–ZnO nanoparticles (Ma et al., 2022). 
The researchers simulated double-layer glazing units with binary Zn–ZnO/paraffin 
nanofluids serving as a filler, and reported less energy consumption in buildings and 
more comfortable indoor environments. 

Although most research in this category has used photothermal materials in 
glazing systems, Shen et al. studied the effects on the inside temperature of 
buildings produced by photo-thermochromic smart coatings applied to sun-facing 
walls and roofs (Shen et al., 2021). The authors reported that employing these 
photo-thermochromic coatings could help manage the indoor temperature.
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5.5.3 Solar-Thermal Conversion in Conventional Passive 
Solar Designs 

Another way that solar-thermal conversion is used in buildings to reduce energy 
consumption is by employing conventional passive solar designs such as Trombe 
walls. Trombe walls, or solar heating walls, come in several different types, but 
a classic Trombe wall consists of a wall, glass, and the air space in between (see 
Fig. 5.6a). The materials used in Trombe walls have a high heat-storage capacity, 
and in order to increase the surface absorption, the external surface is colored black 
(Agrawal & Tiwari, 2010; Gan, 2006; Hestnes et al., 2013; Mekhilef et al., 2011; 
Saadatian et al., 2012). The mechanism for using solar energy via Trombe walls is 
that direct and diffuse solar radiation are absorbed by the wall during the day and 
converted into heat. This heat is transferred to the interior by radiation and convection 
during the night (Agrawal & Tiwari, 2010). There is a ventilated Trombe wall that 
features free or forced airflow between the glass and wall. When the temperature 
of the wall increases, the air in front is also warmed. This warm air then directly 
transfers heat to the interior (Szyszka et al., 2017) (see Fig.  5.6b). 

Much research has sought ways of efficiently employing Trombe walls in build-
ings. Yu et al. studied purified Trombe walls with ventilation blinds (Yu et al., 2019),

Fig. 5.6 A schematic of a 
classic Trombe wall: a 
non-ventilated and b 
ventilated 
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using TiO2 and MnOx–CeO2 layers on both sides of the blinds for the summer 
and winter modes, respectively. Jie et al. modeled a Trombe wall with PV cells 
(Jie et al., 2007), establishing both electrical performance and temperature distri-
bution. Szyszka et al. provided an overview of the uses of Trombe walls, based on 
the climate conditions of Central Europe (Szyszka et al., 2017). Saadatian et al. 
published a comprehensive review of research and developments related to Trombe 
walls (Saadatian et al., 2012), discussing different types and analyzing their efficiency 
in detail. 

5.6 Future Research Directions for Using Photothermal 
Materials in Buildings Envelopes 

With recent discoveries of photothermal materials, especially spectrally-selective 
nanoscale materials, solar-thermal conversion is now exhibiting great potential 
for building energy savings and environmental sustainability. Unique phenomena 
produced by photothermal materials under solar radiation have recently been reported 
that seem to challenge the conventional notion of macro-scale solar-thermal conver-
sion features. However, fundamental explanations of the mechanism operating, 
derived from experimental and simulational works alike, have been ignored. Thus, 
continuous investigation of the physics and materials operating are needed. Further-
more, most recent research considering newly-discovered nanoscale solar-thermal 
conversion has been limited to applications for building windows. Although solar-
thermal conversion has historically been applied in passive solar design and demon-
strated strong energy-savings potential, very few studies have explored the potential 
application of nanoscale photothermal materials or structures in opaque building 
envelopes. 
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Chapter 6 
Thermally Responsive Building 
Envelopes from Materials to Engineering 

Hongyu Zhou and Yawen He 

Abstract As the interface mediates between the interior space and outdoor envi-
ronment, building envelope plays a crucial role in determining building systems’ 
energy efficiency as well as structural safety. However, the static nature of current 
envelope design and operation is diametric to the mutable and transient forces and 
energies acting on our building stocks. Substantial energy-saving potential resides 
in more pervasive solutions that transcend the envelope’s role from a passive barrier 
to a responsive functional assembly attuned to energy optimizations. This chapter 
provides an overview of technological developments that enable such responsive/or 
interactive building envelope concepts. First, a general classification of current 
responsive building envelope (RBE) technologies is discussed together with their 
sensing, actuation mechanisms, and application spaces. Emerging materials and 
future development outlook of RBE technologies are discussed. 

Keywords Responsive building envelope · Environmental adaptivity ·Materials ·
Mechanisms 

6.1 Responsive Building Envelope: An Evolving Paradigm 

Over the past decade, significant progress has been made to reduce building energy 
consumption including the innovations in high insulation façade, daylighting, and 
passive ventilation. However, despite the highly mutable and dynamic forces acting 
on our building stocks—i.e., from the changing climates and energies, to the occu-
pant behaviors, current building practices still operate the envelope as a static 
system. Substantial energy-saving potential may reside in solutions that transcend the 
building envelope’s role from a simple protective space divider to a more intelligent 
and responsive functional assembly attuned to climate and energy optimizations.
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The dynamic nature of forces and energies acting on the building structure has 
prompted the emergence of high-performance building skins that are interactive and 
responsive to the environment (Wigginton & Harris, 2002; Stec & Paassen, 2005; 
Biloria & Sumini, 2007; Joe et al., 2013; Loonen et al., 2013; Loonen, 2015). Increas-
ingly, building façades are being developed as complex systems of material assem-
blies attuned to climate and energy optimization—they are equipped with new perfor-
mative materials, sensors, actuators, and artificial intelligence that support automated 
and dynamic functionalities of buildings, such as regulating natural daylighting, air, 
and sound transmission, thermal transfer, and interior air quality (Velikov & Thün, 
2013). This paradigm shift from a static building envelope to a more intelligent 
‘building skin’ that can sense and respond to environmental changes provides oppor-
tunities for energy saving, improving occupant comfort, and enabling adaptations to 
the changing climate. 

To date, several approaches have been taken to achieve the “responsive building 
envelope (RBE)” concept including the utilization of intrinsic material proper-
ties such as the thermoresponse of bimetals and shape-memory polymers for self-
ventilation and day-lighting control (Brigham, 2015; Rybkowski et al., 2015; Sung, 
2010). In addition, recent research and development efforts have advanced materials 
and devices to achieve switchable or variable thermal properties in building enve-
lope assemblies. Inspired by the response of animal skins to thermal environment 
variations, these variable insulations are designed to selectively transfer heat across 
the envelope, making it possible to insulate heat flux and dissipate/absorb heat on 
demand (Cui & Overend, 2019). 

6.2 Classification of RBE 

Responsive building envelopes (or RBEs) can be classified into one of the following 
general types, or a combination thereof, based on their thermal characteristics: (1) 
variable thermal insulations, (2) dynamic shading, (3) adaptive ventilation, and (4) 
variable thermal masses, as shown in Fig. 6.1.

6.2.1 Variable Thermal Insulations 

Variable (or ‘switchable’) thermal insulation, in the form of an opaque panel that 
alternates between thermally conductive and insulating states, can be an effective 
means of regulating buildings’ thermal environment by selectively transferring heat 
between the indoor and outdoor environments. To date, some pioneering work has 
been undertaken by researchers to develop variable insulation technologies intended 
for applications in the automotive and aerospace industries (Cui & Overend, 2019). 
The exploration of variable insulation technologies for building envelope applications 
is in early-stage development.
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Fig. 6.1 Categories of responsive building envelope technologies

The variable thermal insulations (VTIs) act as ‘heat valves or switches’ to regulate 
heat flow between the outdoor environment and indoor spaces. They are intended to 
provide beneficial heat flow into (or out of) the indoor space when desired. Based 
on their actuation mechanisms, VTIs may be achieved through the density transition 
of its thermal carrier medium, the creation of an alternative heat flow path (i.e., 
via mechanical contact or suspended particles), or material phase change (Cui & 
Overend, 2019). Some VTIs behave like a ‘binary switch’ with an “on” and “off” 
modes—i.e., their thermal conductivities can change between two discrete states; 
whereas some other types of VTIs can gradually regulate their thermal properties 
based on the desired insulation levels. 

6.2.1.1 Active Vacuum Insulation 

Conductive heat transfer in the insulating material is dictated by the collision between 
gas molecules and solid surfaces. Depending on the mobility of gas molecules and the 
size of the cavity that encloses the gas phase, the heat transfer falls into three regimes: 
(i) the viscous regime, where heat transfer is dominated by the collisions between gas 
molecules, (ii) the molecular regime, where heat transfer is governed by the direct 
collision between the gas molecules and solid surfaces, and the transitional regime 
in between the first two (Yan Feng, 2005). The transition between one heat transfer
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Fig. 6.2 Variable thermal insulations (VTIs) based on: a active/variable vacuum; and b mechanical 
contact (Cui & Overend, 2019) 

regime to another is determined by the Knudsen number, which is the ratio of the mean 
free path (i.e. the average distance traveled between two successive collisions) to the 
characteristic length of the enclosure. Vacuum-based switchable thermal insulation 
works by alternating the heat transfer regime between the conductive viscous regime 
and the insulated molecular regime. This is achieved by reversibly pressurizing or 
evacuating the enclosure with a thermally conductive gas. The vacuum-based thermal 
switch typically consists of a micro-/or nano-porous core, an impermeable seal, and 
a (vacuum) pump controlling the pressure inside the sealed core, see Fig. 6.2a. In 
order to reduce the local Knudsen number and make it easier to achieve the pressure-
sensitive molecular regime, porous filling materials such as aerogel or fumed silica 
(Berge et al., 2015) or fabricating microscale narrow gaps (Krielaart et al., 2015) are  
often used to artificially create small pores or gaps in the vacuum volume. 

6.2.1.2 VTIs Based on Mechanical Contact 

Mechanical contact is perhaps one of the most intuitive means to control the heat flux 
across insulation panels. The switching mechanism works by bringing/or separating 
two solid surfaces through mechanical contact to create conductive pathways. The 
presence/absence of mechanical contact causes a change in the dominant thermal 
transfer mechanism from gaseous convection/conduction to solid thermal conduc-
tion. As a result, rapid alternation in the overall heat transfer rate by orders of magni-
tude can be achieved. A mechanical thermal switch normally consists of three basic 
elements: (1) two solid surfaces, (2) an actuator which separates two surfaces or 
brings two surfaces into contact, and (3) an enclosed cavity filled with insulative gas 
or compressible porous insulative materials. The movement of two surfaces can be 
actuated by several mechanisms including actively controlled mechanical actuators 
(Pflug et al., 2015) and passive thermoresponsive materials (Cui & Overend, 2019).
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Research efforts to improve the performance of mechanical-contact based VTIs 
have mainly focused on the heat transfer efficiency (both insulation and conduction 
capability to increase the ‘switching ratio’) and the actuation mechanisms. 

6.2.1.3 VTIs Based on Suspended-Particles 

The alternation in thermal conductivities of insulation panels can also be achieved 
through liquid-based suspensions—the heat transfer rate in fluidic media can be 
altered by introducing thermally conductive insoluble (typically solid) particles 
(Cui & Overend, 2019). Colloids, which consist of a liquid phase and microscopically 
dispersed suspended particles, have been used to create VTIs (Eapen et al., 2010). As 
the size of suspended particles in colloids is reduced to the nanoscale, the colloidal 
fluid is known as a nanofluid. The dispersed nanoparticles in nanofluids are subject to 
vigorous Brownian motion to form well-dispersed and stable two-phase (binary) or 
three-phase (trinary) mixtures. The effective thermal conductivities of these nanoflu-
idic mixtures can be described by Fourier’s law of heat conduction, which is a function 
of the thermal conductivities of the constituent phases, their volume fractions, and 
the spatial distributions. In nanofluids, microscopic heat transfer mechanisms such 
as microconvection on the particle-liquid interface (Jang & Choi, 2004), the ballistic 
phonon interactions between nanoparticles (Das et al., 2007), and the clustering of 
nanoparticles (Angayarkanni & Philip, 2015), also contribute to the heat transfer in 
the mixtures. Among these mechanisms, the clustering effect—i.e. the connectivity 
of particles, causes significant changes in the mixtures’ thermal concavity by creating 
locally packed clusters with high internal thermal conductivity (Philip et al., 2008). 

Tunable thermal properties can be achieved by modulating the connectivity and 
spatial distribution of clustered nanoparticles in the base fluid, leading to alternation 
in effective thermal conductivity. The formation of such clustering processes can be 
triggered by external fields such as temperature and magnetic fields (Eapen et al., 
2010)—e.g., magnetite nanoparticles suspended in the fluid can align into chain-
like structures when magnetic fields are applied. This process is reversible when the 
external magnetic field is removed, as illustrated in Fig. 6.3. 

Fig. 6.3 Schematic showing 
the principle of suspended 
particle devices (Cui & 
Overend, 2019)
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6.2.1.4 VTIs Based on Material Phase Change 

Another pathway to achieve VTI is through the phase change of thermal carrier 
materials. The phase of substances undergoes physical transitions most commonly 
between solid, liquid and gaseous states triggered by condition changes such as 
temperature and pressure. During phase transitions, part of the potential energy within 
the materials will be converted into kinetic energy, or vice versa. Such reversible 
conversion in the evaporation-condensation cycle enables fluids/gases to transfer 
much more energy during the heat transfer process, leading to very high effective 
thermal conductance (Zohuri, 2011). One way to achieve VTI through material phase-
change is to intermittently interrupt the evaporation-condensation cycle, which will 
lead to an alternation in heat transfer between the conductive state where heat is 
mostly transported by evaporation and condensation processes, and the insulated state 
where the gaseous conduction or single-phase natural convection is dominant. Based 
on this principle, technologies known as the variable conductance heat pipe (VCHP) 
are developed for VTIs. A typical VCHP consists of four elements: a working fluid 
which undergoes phase transition during heat transfer, a sealed container consisting 
of evaporator, condenser and transport section, a wick structure, and a control unit 
which regulates the evaporation-condensation cycle (Faghri, 1995). 

Table 6.1 summarizes several prior research on variable thermal insulation tech-
nologies (Benson et al., 1994; Varga et al., 2002; Kimber et al., 2014; Loonen et al., 
2014; Wu et al., 2014; Park et al., 2015; Pflug et al., 2015, 2018; Tomko et al., 2018). 
In these examples, “on-and-off” thermal switch was achieved by changing material 
thermal conductivity through hydration/dehydration (Tomko et al., 2018); changing 
porosity; changing materials orientation (Wu et al., 2014), or alternating the overall 
insulation through convective heat transfer (Pflug et al., 2015). Continuous thermal 
conductivity change was also achieved by varying the vacuum pressure of vacuum 
insulated panels (VIP) (Berge et al., 2015). Table 6.1 also lists the thermal conduc-
tivity (or R-value) range of the VTIs achieved through different mechanisms along 
with a brief description of the triggering of the heat transfer mechanisms.

6.2.2 Dynamic Shading 

The function of a shading device is essential to shelter a building from undesirable 
solar radiation. The mechanism of a shading system functions on converting direct 
solar radiation into diffuse light and modulating the amounts of light penetration 
into the indoor space. The advancements in software and hardware provide oppor-
tunities for solar shading systems to function dynamically within their context. This 
development has helped dynamic shading systems respond to variable environmental 
parameters such as sun angles and solar insolation. 

Dynamic shading devices are intelligent systems automatically operated in 
response to outdoor or indoor parameters in favor of a high comfort level and 
improved energy performance. The automatic response presents the key feature of
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Table 6.1 Summary of technologies for variable thermal insulation 

Technology Triggering 
mechanism 

Description Thermal conductivity—W/mK 
(R-value Range—m2·K/W) 

λmin (Rmin) λmax (Rmax) 

Active 
vacuum 

Pressure/evacuate the 
filling material (gas) 
or fabricated narrow 
gaps 

Variable pressure VIP 
(Berge et al., 2015) 

0.007 0.019 

Variable pressure 
aerogel blanket 
(Berge et al., 2015) 

0.011 0.017 

Variable conductance 
insulation (Benson 
et al., 1994) 

0.025(0.13) 0.2(1) 

Thermodiode Control direction of 
the heat flow through 
the diodes 

Bi-directional thermo 
diode (Varga et al., 
2002) 

0.07 0.35 

Mechanical 
contact 

Bring two panels into 
mechanical contact 
or separation 

Translucent element 
switchable u-value 
(Pflug et al., 2015) 

0.0175 (0.33) 0.075 (1.43) 

Change thickness of 
air layer 

Adaptive multilayer 
wall air layer 
(Kimber et al., 2014) 

0.005 (0.13) 0.2 (5) 

Roller system Movable insulation 
(Pflug et al., 2017) 

(0.35) (4) 

Suspended 
particles 

Form/break 
chain-like structures 
by external fields 

Suspended particle 
device (Cui & 
Overend, 2019) 

0.14–0.17 0.31–0.56 

Direction of 
nanotubes 

Carbon nanotubes 
suspension in liquid 
(Wu et al., 2014) 

0.4 (0.02) 1.2 

Phase-Change 
Technologies 

Leading to an 
alternation in heat 
transfer between (1) 
evaporation and 
condensation 
processes and (2) 
natural convection 

Variable conductance 
heat pipe (VCHP) 
(Wu et al., 2014) 

N.A N.A 

Integrated flat-plate 
heat pipe (Wu et al., 
2014) 

N.A N.A

dynamic shading systems—e.g., mechanically actuated shading devices have three 
main components: a sensor network to obtain data, a controller to determine the 
suitable action, and mechanical actuators to execute the response. Over the recent 
years, a number of semi-active and passive mechanisms have also been developed 
for dynamic shading. 

The thermal and energy performance of shading systems involves two main 
aspects: (i) light regulation which includes preventing glare and maintaining adequate
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indoor illuminance, and (ii) providing acceptable thermal environments by control-
ling solar heat gains accompanied by direct and diffused solar irradiations (Al-
Masrani & Al-Obaidi, 2019). The modulation of solar radiation can be achieved 
through mechanical actuation or morphing materials or kinetic devices. Some tech-
nologies studied in prior research are summarized in Table 6.2, which include 
dynamic louvers, adaptive kiri-kirigami structures (Tang et al., 2017) that can respond 
to irradiance changes, kinetic shading systems, etc. (Al-Masrani & Al-Obaidi, 2019). 
Some of the systems are self-adaptive to temperature changes (Dewidar et al., 2013) 
while others are triggered by electric (Velikov & Thün, 2013) or shape memory alloy 
(SMA) actuators (Fraternali et al., 2015; Pesenti et al., 2015). Solar shading systems 
have been proved to be effective in shedding intensive solar radiation to reduce 
building energy consumption, especially during peak hours. In addition to energy 
saving, passive shading systems are also effective bioclimatic means to maintain the 
balance between visual and thermal demands.

6.2.3 Adaptive Ventilation 

Controllable ventilation systems (Pujadas-Gispert et al., 2020; Sung, 2016) can also 
behave as heat switches by changing the amount of air flow, and thus convective 
heat flow, into and out of building indoor spaces. Examples to implement adap-
tive ventilation as a form of responsive building envelope include the bio-inspired 
ventilated facade developed by Doris Sung and Ester Pujadas-Gispert et al. (2020), 
Sung (2016), which provides building surface cooling through natural ventilation, see 
Fig. 6.4a. Inspired by the opening and closing behavior of pine cones in response to 
hygroscopic conditions, Reichert et al. (Reichert et al., 2015) developed a responsive 
façade component, named Meteorosensitive Architecture, which harnesses the elastic 
deformation of veneer composite materials to make a tunable, humidity-responsive 
façade opening system, see Fig. 6.4b. An interesting feature of these concepts (or 
similar) is that the material acts as a sensor and actuator at the same time, which 
embeds the adaptive capacity as an inherent feature of the building shell. Another 
example of kinetic ventilation systems includes the mechanically actuated adaptive 
façade developed by Biloria et al. (2009), see Fig. 6.4c.
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Fig. 6.4 Examples of adaptive ventilations: a the ventilated façade by Sung (2016); b meteorosen-
sitive architectural project by Reichert et al. (2015); and c mechanical actuated façade by Biloria 
et al. (2009)
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6.3 Materials for Adaptive Building Envelopes 

Passive systems of dynamic activation that works with intrinsic properties of environ-
mentally responsive smart materials represent a promising pathway for the devel-
opment of adaptive building envelope technologies. Building performance can be 
improved with the use of passive systems to reduce energy consumption, and green-
house gas emissions (Villegas et al., 2020), and provide opportunities to interact 
with outdoor environments. Environmentally responsive, or ‘intelligent’, materials 
play an essential role in achieving these goals. A brief discussion is provided herein 
to introduce some emerging materials used in architectural skins that have been 
explored for controlling environmental variables such as temperature, lighting, and 
humidity. 

6.3.1 Humidity Sensitive Materials 

Hygroscopy refers to the ability of a material or physical system to absorb water 
from the environment or release it back. Materials that attract water or water vapor 
from their ambient environment are hygroscopic. This property is usually seen as a 
disadvantage for conventional building materials. For example, the ability of wood 
to absorb moisture often leads to unwanted deformation of the materials. However, 
expansion and contraction in a specific direction can result from anisotropic defor-
mation controlled by cell wall architecture through cellulose swelling and shrinkage 
(Ministerial & Forum, 2011). In this way, changes in the cellulose volume by 
humidity exchange allow movement of, for instance, the pine cone scales under 
hydrated/dehydration cycles (Marshall, 2015). Inspired by this principle, hygro-
scopic properties of materials have been explored for passive building envelope 
control (Ministerial & Forum, 2011; Ogwezi et al., 2013). For example, laminate 
composite systems with specific fibers direction were reported as principal compo-
nents to achieve moisture response with autonomous movement. Architectural skin 
with closed modules under low humidity conditions and open modules under high 
humidity conditions was reported in (Augustin, 2018). Chen et al. (Villegas et al., 
2020) fabricated a dynamic architectural surface made of a matrix of tiles elabo-
rated with lime veneer, nylon, and plastic with hydro-sensitive capabilities due to the 
different porous densities of the composing materials. 

In addition, synthetic superabsorbent polymers such as hydrogels have been used 
in dynamic envelope systems with two main approaches. The first focuses on the 
ability of the material to retain large amounts of water, and the second path lever-
ages the volume change of super-absorbent polymers after hydration/desiccation. An 
example of the first approach is the hydroceramics proposed by Mitrofanova et al. 
(2014), which consist of a multi-cavity system that catches rainwater. The panels are 
made of clay and filled with hydrogel spheres. The system provides passive cooling
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to buildings through rainwater harvesting by the envelope module, and the long-
term storage of water and moisture released throughout the day improves thermal 
exchanges between the building and the external environment as shown in Fig. 6.5. 
The second approach consists of a force-generating systems (Ayala Castro et al., 
2017). The devices are based on an acrylic piece attached to hydrophobic fabric 
pockets filled with sodium polyacrylate spheres with a mesh in contact with it. When 
the humidity goes through the mesh, the volume change of the pockets is triggered 
to generate movement from one side to another to allow air flow. A different system 
which uses the force-generating hydrogels was reported (Roth, 2015), where a surface 
made of a matrix of silicone scales was fixed by a polyacrylates composite. When the 
surface is in contact with water, the composite net points swell, and the architectural 
scales can open and close when it shrinks. 

The hydration/dehydration of certain materials has also been explored to create 
tunable materials that have reversibly variable thermal conductivities. To that end, 
Hopkins et al. (Tomko et al., 2018) developed topologically networked bio-inspired 
materials for reversible thermal conductivity switching. They propose that by varying 
the network topology, or crosslinked structure, of squid ring teeth-based bio-polymers 
through tandem-repetition of DNA sequences, the thermal switching ratio can be 
directly programmed. This on/off ratio in thermal conductivity switching is promising

Fig. 6.5 The 
‘hydroceramic’ concept 
developed by Mitrofanova 
et al. (2014) 
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in dynamic building envelopes where reversible thermal conductivity switching is 
desired as introduced in previous sections. 

6.3.2 Temperature-Responsive Materials 

Since temperature control is one of the main functional objectives of responsive 
building envelopes, ‘temperature-responsive materials’ have been widely explored 
for RBE applications. Hybrid shape memory materials are a class of stimulus-
responsive components made of two different materials which do not have shape 
memory capabilities (Sun et al., 2012). For example, bi-metallic shape memory 
strips are made of two metallic pieces with different thermal expansion coefficients 
bonded by an adhesive. The system operation is based on the asymmetric stress distri-
bution within the two laminated layers due to the expansion/contraction of each strip 
caused by thermal gradient differences. This phenomenon allows shape changes such 
as bending, triggered by direct or indirect heating. This principle has been applied 
to architectural surfaces with active thermal features triggered by solar irradiation 
as well as ambient temperature changes. An early report that utilized the behavior 
of thermobimetals in architecture was the stimulus-responsive skins by Sun et al. 
(2012), see Fig. 6.6a.

Another class of temperature-responsive materials is based on the use of shape 
memory alloys (SMA) as their active components. SMA has several features 
including superelasticity, shape memory effect, and high damping capacity (Liu et al., 
1999). The shape memory effect has been leveraged to achieve a bi-directional move-
ment by a martensitic reversible transformation because of temperature change (i.e., 
warming or cooling). The use of SMA in architecture either as a dynamic system by 
itself or as a part of a system has shown an important improvement in performance and 
reducing operational energy consumption—i.e., the temperature-responsive behavior 
of SMA can generate passive movements that do not rely on sensors and external 
energy inputs. Nickel-Titanium alloy (NiTi) is the most reported SMA in responsive 
envelope systems because of its reliable mechanical performance (Sun et al., 2012). 
Several responsive building envelopes which focused on heat and lighting control 
used NiTi SMA as an actuator or as components of the actuation mechanisms. These 
systems’ operations are mostly based on prestressed SMA springs or wires trying to 
recover their original shape due to temperature change, which generates mechanical 
force in the process for morphing or actuation. 

Shape memory polymers (SMPs) are stable polymer networks with reversible 
shape transitions triggered by stimuli such as temperature, pH, electricity, magnetic 
field, light, and ions mainly (Meng & Li, 2013). There are numerous molecular 
structures that can drive the shape memory effect in polymers. In the case of thermal-
responsive SMPs, polymers with molecular entanglement, chemical crosslinking, 
crystallization and interpenetrated network may be used. The reversible switching 
transitions can be crystallization and vitrification as shown in Fig. 6.6b. During 
this process, shape change or mechanical force can be generated when the material
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Fig. 6.6 Temperature responsive materials: a the concept of thermo-bimetal; and b temperature 
responsive polymers (Meng & Li, 2013)

is subjected to environmental changes. Commercial temperature-responsive SMPs 
have been used to develop dynamic structures in architectural skins (Beites, 2013). 

6.3.3 Electrochromic Materials and Passive Lighting Control 

The change of optical properties of materials in response to electric current or temper-
ature change has been utilized for the development of a responsive building enve-
lope. The electrochromic effect, for instance, occurs in partially hydrated transition 
metal oxides (Svensson & Granqvist, 1985). Reversible electrochemical reactions 
facilitated by the ion extraction and insertion of metal oxides lead to changes in 
physical properties such as, conductivity, IR absorption, and color. Electrochromic
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materials, in the form of thin coatings, have been widely used for building windows 
and façades. The system shifts from an oxide insulator state to a quasi-metallic one 
when an external potential is applied. The electroactive layers change their optical 
properties between their oxidized and reduced form because of electron flow in the 
system. Tungsten oxide WO3 in its amorphous state is among the most studied elec-
trochromic coatings (Svensson & Granqvist, 1985). The system can be customized to 
obtain different time responses as well as absorbing/reflecting rates as demonstrated 
by many prior researches. 

By using a dielectric elastomeric layer derived from an electro-active polymer 
(EAP) sandwiched between two electrodes, a multilayer system was created by 
Krietemeyer and Dyson (2011). The dynamic behavior is triggered when an electric 
current goes through the laminate which rises electrostatic forces that generate a 
contraction of the elastomer. As a result, a dimensional change occurs going from a 
thick to a flat and thin plate, allowing the components to deform in predicted direc-
tions. This mechanism has been used for daylighting control, where a network made 
of elastomer coated silver electrodes was developed (Decker, 2013). A bi-directional 
movement of the laminated components allows the transition between ‘on’ and ‘off’ 
modes for the passage of sunlight into the indoor space. 

6.4 Future Outlooks 

Responsive building skins represent a promising and evolving paradigm of building 
envelope technologies which will facilitate the co-evolutionary interaction between 
the buildings, the inhabitants, and the environment. The research and development 
of environmentally responsive building envelopes are still in their early stage where 
numerous technological, economic, and implementation challenges are yet to be over-
come. The potential of responsive building envelope technologies to improve building 
energy efficiency and improve thermal comfort is well demonstrated. Meanwhile, 
recent decades have witnessed dramatic advances in the precision and reliability 
of sensors and actuators with falling prices. These technological developments are 
providing unprecedented opportunities to embed programmable components into 
building envelopes to further enhance their performance. However, despite these 
promising trends, many adaptive façade technologies remain designed for, and used 
in, single architectural projects. The widespread commercialization of RBEs for 
either new or existing buildings is still limited. 

With the majority of our current building stock being obsolete and energy inef-
ficient, the development of adaptive facades for building retrofitting may have a 
faster and more significant reduction potential on the energy use and greenhouse gas 
emissions than strategies that solely focus on new buildings. 

Future development of responsive building envelope should focus on: (1) tech-
nologies or products that can be easily integrated into a wide range of existing building 
types, (2) intelligent and scalable control techniques that holistically integrate façade 
technologies/systems performances with the overall building performance, and (3)
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designs or mechanisms that arise from human-centered design. Materials develop-
ment, especially the ones that would enable passive and autonomous responses of 
building envelopes and those that focus on obtaining a higher ‘switching ratio’ while 
meeting the requirements for conventional building insulation are still much desired. 
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Chapter 7 
Energy Performance Analysis of Kinetic 
Façades by Climate Zones 

Chengde Wu 

Abstract Kinetic façades have been often used as a solution to reduce building 
energy consumption. Many researchers have been actively studying on energy reduc-
tion aspect of kinetic façades, but the energy performance of kinetic façades in a 
spectrum of climate conditions has not been systematically studied. This research 
investigated the energy saving aspect of kinetic façades in different climate condi-
tions. Two types of kinetic façades, folding and sliding, were compared to optimized 
fixed-shading façades and a no-shading façade. The simulation results showed that 
the kinetic façades, compared to the no-shading façade, reduced 32–56% of energy 
consumption in ASHRAE zone 1–3, with the folding façade slightly outperforming 
the sliding façade. In zone 4, the sliding façade outperformed the folding façade. As 
an exception, the amount of energy reduction in marine zones was negligible. In zone 
5–8, the kinetic façades did not show a meaningful energy reduction. Compared to 
the optimized static façades, the kinetic façades generally showed noticeable energy 
reduction in hot and warm climate conditions. These simulation results are expected 
to provide basic rules of thumb to designers when considering kinetic façades as a 
means of energy reduction strategy. 

Keywords Adaptive Façade · Kinetic Façade · Energy simulation · Climate 
zones · Responsive architecture 

7.1 Introduction 

Our society has been heavily dependent on fossil fuels, the primary cause for 
increased greenhouse gases in the atmosphere (EPA, 2017). As a chain reaction, 
increased greenhouse gas emissions led to global warming and followed by glacier 
meltdown, sea level rise, and many other negative environmental impacts (Pörtner 
et al., 2022). Minimizing energy consumption is one of the most effective ways to 
reduce greenhouse gas emissions and mitigate global warming. Given the fact that
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the building sector is responsible for roughly 36% of the global energy use and 
40% of energy-related greenhouse gas emissions (IEA, 2018), it is not surprising 
that researchers and designers have been constantly seeking more energy efficient 
building solutions. Adaptive façades have been implemented as a solution to reduce 
building energy consumption. Common adaptive façades can be categorized into 
different typologies, such as kinetic façades, electrochromic façades (Granqvist et al., 
2018), biological façades (Arup, 2013), etc. Kinetic façades regulate the amount of 
solar radiation (visible light and infrared) entering buildings through windows by 
adjusting the shape and/or position of the kinetic shading components. During hot 
summer days, kinetic façades automatically shut down or partially shut down to 
reduce the incoming solar radiation and to lower building cooling load. During the 
cold winter days, kinetic façades open up to maximize passive solar heat gain to 
reduce building heating load. Kinetic façades also operate throughout the day based 
on the sensors that measure the real-time outdoor weather conditions. Typically, 
kinetic façades operate at a set interval instead of in continuous motion to increase 
the longevity of the actuators. For example, Al Bahr towers in Abu Dhabi adjust the 
façade position every 15 min (Attia, 2018). In case of extreme weather events, the 
operation schedule will be overridden. Under this operation schedule, the actuators 
are expected to last 15 years. The kinetic mechanism on the Arab World Institute 
building in Paris is set to perform a maximum of 18 movements per day (IMA, 2022). 

There are numerous studies focused on the energy performance of kinetic façades 
in hot climates. Bacha and Bourbia (2016) simulated the energy savings of the kinetic 
façade of a building in the city of Biskra, Algeria, and concluded that the kinetic 
façade saves 43% cooling energy. Al Bahr towers in Abu Dhabi can save 50% of 
cooling energy through the kinetic façades (Alotaibi, 2015). Many other studies 
showed the benefits of kinetic façades in terms of energy performance (Kolarevic & 
Parlac, 2015). These studies have demonstrated the energy saving benefits of kinetic 
façades in hot climates. 

Intuitively, kinetic façades can reduce cooling energy load in hot climates while 
the benefits diminish in cold climates and even potentially hurt energy performance 
in a very cold climate. There are currently many buildings with kinetic façades 
in operation all around the world. Some of the examples are Al Bahar Towers in 
Abu Dhabi, Arab World Institute in Paris, Kiefer Technic Showroom in Austria, 
The Gardens by the Bay in Singapore, and many others. We expect that the kinetic 
façade in a hot climate such as in Abu Dhabi reduces more cooling load compared 
to the kinetic façade in a cooler climate such as in Paris. On a spectrum of climate 
conditions, from very hot to very cold, the energy saving benefits of kinetic façades 
may have a breakeven line, a climate condition where the benefits of kinetic façades 
are completely offset by the negative factors of kinetic façades, including the initial 
cost, more frequent maintenance, and higher embodied carbon footprint. In other 
words, in any climate that is colder than the breakeven climate, the embodied carbon 
footprint and the cost of kinetic façades outweigh their benefits in energy saving. 
This breakeven climate condition is unknown, so one of the goals of this research is 
to provide insight into where to draw the breakeven line.
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The energy savings of the kinetic façades in the studies mentioned above are 
compared to the no-shading condition as the benchmark. Well-designed static shading 
façades can block a fair amount of solar radiation during hot summer days while 
admitting passive solar heat during cold winter days. Static façades have no moving 
parts (thus far fewer parts) compared to kinetic façades. Therefore, static façades 
have a lower initial cost, less maintenance, and less embodied carbon. To objectively 
assess the energy savings of kinetic façades, it is important also compare kinetic 
façades with static ones. 

Architects and designers often rely on rules of thumb when making initial design 
decisions, especially in the schematic design stage. However, there are no rules of 
thumb for how much energy kinetic façades can save given a specific project location. 
It is also unknown if a kinetic façade can outperform a static façade well enough to 
offset the higher costs and the embodied carbon. Although energy simulations can 
provide answers, it takes time and resources for architects to build digital models 
and simulate, assuming someone in the team that has the skills and knowledge in 
parametric modeling and energy simulation. The primary goal of this research is to 
set a baseline for architects to understand the impact of kinetic façades so to help them 
make data-driven design decisions on whether a kinetic façade would be appropriate 
for their projects in terms of energy saving. 

7.1.1 Research Questions 

There are three primary research questions: 
Q1: How do kinetic façades perform in different climate conditions? Answering 

this question could provide insight into where the breakeven line is for implementing 
kinetic façades. 

Q2: How much energy do kinetic façades save compared to optimized fixed-
shading facades and a no-shading façade? 

Q3: How much does the geometry of a kinetic façade affect energy saving 
efficiency? 

7.1.2 Research Scope 

The geographical scope of this research is limited to the United States. Ideally, 
studying different climate conditions across the globe would result in more repre-
sentative and generalizable results. However, as a pilot study, this research will focus 
on the cities in the US. Future studies will include cities located globally with a more 
granular distribution. 

Façade orientation in this study is limited to the south façade in the northern 
hemisphere because the south façade typically receives the most solar radiation.
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The energy saving aspect of kinetic façades can be greatly affected by their orien-
tation. Therefore, evaluating the energy performance of kinetic façades at different 
orientations could provide a more holistic understanding. 

Only two different types of kinetic façades, folding and sliding, are used to repre-
sent different kinetic façade typologies. A folding façade can create a partial shading 
device when fully open while a sliding façade can fully reveal the windows to solar 
exposure. 

7.2 Research Method 

To answer these research questions, energy simulation was used as the primary 
research method. A generic shoebox model was used to better control the energy 
simulation results. Parametric modeling was utilized to facilitate the generation and 
the simulation of the façade operations. To understand how kinetic façades perform 
under different climate conditions, 16 US cities were selected, one for each ASHARE 
zone as shown in Table 7.1. The energy performance of the shoebox model with 
optimized fixed-shading façades and a no-shading facade was also simulated using 
the same climate data of the 16 cities, and the results were compared to the results 
of the kinetic façades. 

Table 7.1 ASHRAE climate 
zones and the US cities 
selected for each zone 

Zone City Climate type 

1A Miami, FL Very hot, humid 

2A Houston, TX Hot, humid 

2B Phoenix, AZ Hot, dry 

3A Atlanta, GA Warm, humid 

3B Las Vegas, NV Warm, dry 

3B-coast Los Angeles, CA Warm, marine 

3C San Francisco, CA Warm, marine 

4A Baltimore, MD Mild, humid 

4B Albuquerque, NM Mild, dry 

4C Seattle, WA Mild, marine 

5A Chicago, IL Cold, humid 

5B Boulder, CO Cold, dry 

6A Minneapolis, MN Cold, humid 

6B Helena, MT Cold, dry 

7 Duluth, MN Very cold 

8 Fairbank, AK Sub-artic
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Fig. 7.1 The 16 selected cities on the ASHRAE climate zone map 

The geographic locations of the 16 cities are shown in red dots on the ASHRAE 
climate zone map (Fig. 7.1). The cities show a rather wide spread from east to west 
and south to north across the US. 

7.3 Energy Modeling and Simulation 

7.3.1 Energy Modeling 

For running energy simulations, a 6 × 10 × 4 m (width × depth × height) shoebox 
energy model was defined as shown in Fig. 7.2 The front side of the model was 
set to face the south orientation with a 90% window to wall ratio. The rest of the 
five surfaces of the shoebox were set to be adiabatic. This is a simplification for 
simulating a section of a building to better control simulation results. 

Fig. 7.2 Shoebox for energy 
simulations
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Table 7.2 Simulation 
parameters in Climate Studio 

Program Office 

People density 0.07 p/m2 

Metabolic rate 1.2 

Equipment power density 7 W/m2 

Lighting power density 10 W/m2 

Heating setpoint 20 C 

Cooling setpoint 26 C 

Wall U-value 0.2 W/m2 K 

Window U-value 
(Double-pane clear glass) 

2.69 W/m2 K 

Window SHGC 0.703 

Window visible transmittance 0.774 

Infiltration 0.5 ACH 

Climate Studio V1.5 was used as the simulation software. Climate Studio uses 
EnergyPlus as the simulation engine. Simulation parameters were set up as shown 
in Table 7.2. 

7.3.2 Kinetic Façade Modeling 

There are various ways to categorize kinetic façades typologies (Tabadkani et al., 
2021). In this research, for the purpose of energy simulation, kinetic façades are 
categorized into two different typologies: one that creates a new form of shading 
geometry, such as overhangs or fins, when fully open, and the other type that fully 
reveals the windows when fully open. The kinetic façade of the Kiefer Technic Show-
room in Austria, for example, forms overhangs when fully open and thus partially 
shade the building (Fig. 7.3). On the other hand, some kinetic façades, sliding louvers 
as an example, do not shade the windows when fully open. 

Fig. 7.3 Different modes of kinetic façade operations of the Kiefer Technic Showroom in Austria
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In this research, the two types of façades, a folding façade and a sliding façade, 
were modeled in Rhino/Grasshopper to represent the two different kinetic façade 
typologies. In reality, the opening motion of kinetic façades is continuous. For the 
purpose of simulation, the range of motion is divided into 21 discrete steps from 
fully closed to fully open. Each step represents different opening ratio, i.e., 0%, 5%, 
10%, …, 95%, and 100% open. Figures 7.4 and 7.5 show every other opening step 
of the two types of façades respectively. 

The two types of façades, folding and sliding, were parametrically modeled with 
different numbers of kinetic panels to investigate the relationship between the number 
of panels and the energy performance of the façades. Each of the two façades was 
modeled with the variation of 1, 2, …, and 10 panels. Figures 7.6 and 7.7 show the 
variations with a different number of panels. 

Fig. 7.4 Every other step of the folding façade from fully closed to fully open 

Fig. 7.5 Every other step of the sliding façade from fully closed to fully open 

Fig. 7.6 Folding façade with different numbers of foldable panels
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Fig. 7.7 Sliding façade with different numbers of slidable panels 

7.3.3 Kinetic Façade Simulation 

The term “energy consumption” for the simulation results in this study refers to the 
sum of the energy used for cooling and heating. This is to focus on the fact that kinetic 
façades mostly affect cooling and heating energy load, assuming that the energy used 
for equipment, lighting, and hot water is consistent. The energy used for actuating 
the kinetic façades is disregarded given that it is often negligible compared to the 
building cooling load. 

The motion of the kinetic façades is divided into 21 discrete steps from fully closed 
to fully open. This results in 21 different opening ratios. The cooling and heating 
energy consumption of the kinetic façades was simulated for each of the opening 
ratios on each hour of the year. The opening ratio with the least energy consumption 
on each hour was selected. The sum of the least energy consumption of each hour was 
then used as the yearly energy consumption of the kinetic façade under the optimal 
operation schedule. Table 7.3 demonstrates how the data is processed. Each cell with 
a checkmark denotes the opening ratio with the least energy consumption for the 
hour of the year. The “Sum” column then adds all numbers in the checked cells. The 
grand total cell at the bottom right corner shows the annual energy consumption with 
the kinetic façade. 

The opening ratio of each hour can be represented as an operation schedule. 
Figure 7.8 shows the operation schedule of the folding kinetic façade in Phoenix.

Table 7.3 Kinetic façade energy consumption data processing 

Step Hour 

1 2 3 4 … 8760 Sum 

1
√ √ 

2
√ 

3 

…
√ √ 

21
√ 

Sum Annual 
Cons. 
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Fig. 7.8 Opening schedule of the folding façade in Phoenix 

The X-axis shows the 365 days of a year. Y-axis shows 24 hours of a day. There are 
a total of 8760 pixels in the graph with each pixel representing the opening ratio of 
the kinetic façade on each hour of the year. A white pixel denotes that the façade is 
fully open, and a red pixel denotes that it is fully closed. Any color between red and 
white means that it is partially open with the shade of the pixel proportional to the 
opening ratio. 

The total number of permutations for each type of kinetic façade is: 21 steps × 10 
variations × 16 cities = 3,360 simulation runs. Since there are two types of kinetic 
façades, folding and sliding, a total number of 3,360 × 2 = 6,720 simulation runs 
were conducted in this research. 

7.3.4 Optimized Static Façade 

The simulation results of the kinetic façade were processed with a different method 
to calculate the energy consumption of an optimized static façade. In Table 3.2, 
assuming that each cell is filled with the energy consumption value of each opening 
ratio on each hour of the year, the “Sum” column simply sums up 8760 cells in each 
row. The row with the least “Sum” denotes the energy consumption of the optimized 
static façade at that specific opening ratio. The energy consumption of the shoebox 
model without any shading device was used as the baseline for the comparison with 
the kinetic facades. 

7.4 Simulation Results 

7.4.1 Folding Façade Performance 

Figure 7.9 shows the energy consumption (heating and cooling) of the shoebox 
model across 16 cities under three types of shading conditions, i.e., folding façade, 
optimized fixed façade, and the no-shading model. The cities are arranged in hot
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Fig. 7.9 Energy consumption comparison between the folding façade, fixed-shading façade, and 
no-shading façade 

to cold order from left to right in the graph. In general, the folding façade and the 
fixed shading façade reduce energy consumption in the hot climates (from Miami to 
Atlanta) and slightly increase energy use in cold climates (from Seattle to Fairbanks). 
This is due to the fact that the façades block passive solar heat gain in winter. 

Table 7.4 shows the amount and the percentage of energy savings of the folding 
façade compared to the fixed-shading façade and the no-shading model. Compared 
to the no-shading model, the folding façade reduces energy consumption by 32–56% 
in hot climates (Miami, Houston, Phoenix, Las Vegas, and Atlanta). Although the 
kinetic façade saves 91% in LA and −55% in San Francisco, the amount of energy 
saving (in kWh) is not as substantial as the percentage suggests. The percentages are 
skewed due to their minimal cooling and heating loads in warm climates. Compared to 
the optimized fixed-shading façade, the folding façade reduced 15–25% of the energy 
use in hot climates, with Miami being an exception (1% reduction). The speculation 
for the reason why the folding façade had very limited energy reduction compared to 
the fixed-shading facade is the low latitude. More simulation results for low-latitude 
cities are needed to confirm this speculation in the future. The folding façade always 
performed better than the fixed façade, but it does not make a meaningful difference in 
cold climates because both kinetic and fixed façades are underperforming compared 
to the no-shading model.

Figure 7.10 shows the relation between the energy reduction of the folding façade 
and the cooling/heating loads of the no-shading model. As seen in the graph, there 
is a strong positive correlation, a coefficient of 0.97, between the amount of energy 
saving of the folding façade (red line) and the cooling load. There is a weak negative 
correlation, a coefficient of −0.48, between the energy saving of the folding façade 
and heating load. The percentage of saving (green line) generally shows similar 
results while the data points for LA and San Francisco being the outliers.

Figure 7.11 shows the relation between the energy reduction of the folding façade 
and the cooling/heating loads of the fixed-shading façade. It shows a weak positive 
correlation (a coefficient of 0.5) with the cooling load and a weak negative correlation 
(a coefficient of −0.37) with the heating load.

Given that the folding façades showed the best performance in hot climates condi-
tions, four of the hottest cities were selected to conduct a cross comparison between 
the folding façades with different numbers of foldable panels (as shown in Fig. 7.11).
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Table 7.4 Energy savings of folding kinetic façade 

Energy savings Compared to no-shading Compared to fixed-shading 

Amount (kWh/year) Percentage (%) Amount (kWh/year) Percentage (%) 

Miami 6443 56 55 1 

Houston 3117 39 846 15 

Phoenix 2860 39 829 16 

Las Vegas 2434 35 802 15 

Atlanta 1272 32 924 25 

LA 919 91 150 61 

San Francisco −321 −55 29 3 

Albuquerque 510 17 428 15 

Baltimore 728 14 735 14 

Seattle −128 −3 99 2 

Boulder −235 −7 216 6 

Chicago 133 2 373 6 

Helena −264 −5 142 2 

Minneapolis 127 2 313 4 

Duluth −738 −9 92 1 

Fairbanks −194 −1 144 1

Fig. 7.10 Energy reduction of the folding façade compared to the energy consumption of the 
no-shading model

Fig. 7.11 Energy reduction of the folding kinetic façade compared to the energy consumption of 
the fixed-shading façade
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Fig. 7.12 Energy consumption of the folding façade with different numbers of panels 

Figure 7.12 shows that there is no meaningful trend between the different numbers 
of foldable panels when compared to the no-shading model. 

7.4.2 Sliding Façade Performance 

Figure 7.13 shows the energy consumption (heating and cooling) of the shoebox 
model across 16 cities under three types of shading conditions, i.e., sliding kinetic 
façade, optimized fixed façade, and the no-shading façade. Contrary to the folding 
façade, the sliding façade outperformed the fixed shading façade and the no-shading 
model regardless of the climate condition. In general, the amount of energy savings 
of the sliding façade reduces as the climate gets colder. 

Table 7.5 shows the amount and the percentage of energy savings of the sliding 
façade compared to the fixed-shading façade and the no-shading model. Compared 
to the no-shading model, the sliding façade reduces energy consumption in all cities, 
with 20% or more savings from Miami to Baltimore, on the spectrum of hot to 
cold climates. The sliding façade saves a substantial percentage of energy, 93% in 
LA and 29% in San Francisco, but the amount of energy saving (in KWh) is not 
as impactful as the percentage suggests. The percentages are skewed due to their 
limited cooling and heating loads in warm climates. Compared to the fixed-shading 
façade, the sliding façade reduced 15–25% of the energy in hot climates, with Miami 
being an exception (only 4% reduction).

Fig. 7.13 Energy consumption comparison between the sliding façade, fixed-shading façade, and 
the no-shading façade 
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Table 7.5 Energy savings of sliding kinetic façade 

Energy savings Compared to no-shading Compared to fixed shading 

Amount (kWh/year) Percentage (%) Amount (kWh/year) Percentage (%) 

Miami 5148 44 301 4 

Houston 2529 32 972 15 

Phoenix 2508 35 960 17 

Las Vegas 2211 32 1077 18 

Atlanta 1448 36 1261 33 

LA 942 93 226 75 

San Francisco 167 29 167 29 

Albuquerque 1071 36 1059 36 

Baltimore 1316 25 1315 25 

Seattle 355 9 355 9 

Boulder 665 20 665 20 

Chicago 908 15 908 15 

Helena 630 11 630 11 

Minneapolis 927 12 927 12 

Duluth 264 3 264 3 

Fairbanks 133 1 133 1 

Figure 7.14 shows the relationship between the energy reduction of the sliding 
façade and the cooling/heating loads of the no-shading model. As seen in the graph, 
there is a strong positive correlation, a coefficient of 0.97, between the amount of 
energy saving of the sliding façade (red line) and the cooling load. There is a weak 
negative correlation, a coefficient of −0.49, between the energy saving of the folding 
façade and heating load. The percentage of saving (green line) generally shows 
similar results while the data point for LA being an outlier. 

Figure 7.15 shows the relationship between the energy reduction of the sliding 
façade and the cooling/heating loads of the fixed-shading façade. It shows a weak

Fig. 7.14 Energy reduction of the sliding façade compared to the energy consumption of the no-
shading model 
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Fig. 7.15 Energy reduction of the sliding façade compared to the energy consumption of the fixed-
shading façade 

Fig. 7.16 Energy consumption of the sliding façade with different numbers of panels 

positive correlation (a coefficient of 0.28) with the cooling load and a weak negative 
correlation (a coefficient of −0.36) with the heating load. 

The top four cities with the hottest climates were used to conduct a cross 
comparison between the sliding façades with different numbers of slidable panels. 
Figure 7.16 shows that the façades with different numbers of slidable panels 
performed virtually the same. 

7.4.3 Performance Comparison Between Folding and Sliding 
Façades 

Figure 7.17 shows the energy consumption (cooling and heating) of the folding 
façade and the sliding façade. The folding façade performs better in the top four 
hottest cities, i.e., Miami, Houston, Phoenix, and Las Vegas, while the sliding façade 
performed better in the rest of the cities. Considering that neither the folding nor 
the sliding façade provided substantial energy savings in cold climates, the practical 
advantage of the sliding façade is in Albuquerque and Baltimore, saving 36% and 
25% respectively. Comparatively, the folding façade saves only about 15% in the 
two cities.
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Fig. 7.17 Energy consumption of the folding façade and the sliding façade 

7.5 Discussion 

This study showed that kinetic façades can reduce cooling energy substantially if 
applied properly in appropriate climates. Although energy consumption is a very 
important aspect in architectural design, there are other important aspects of kinetic 
façades that need to be considered. 

Kinetic façades have more components and thus require more resources, main-
tenance, and embodied carbon. In addition, kinetic façades do consume energy to 
operate. Although the amount used for operation is typically negligible compared 
to the reduction in cooling loads, for a more equitable comparison, the operational 
energy use and the embodied energy need to be considered to fully evaluate the 
environmental impacts of kinetic façades. 

Kinetic façades also have a great impact on daylighting aspect of the built envi-
ronment (Mahmoud & Elghazi, 2016). A good daylighting environment can increase 
human performance (Heschong, 2002) and improve human physical health (Aries 
et al., 2015). Therefore the comprehensive benefits of kinetic façades require a holistic 
assessment, including daylighting. 

Another important factor of kinetic façades is view-out. Figure 3.7 shows the 
opening schedule of the folding façade in Phoenix. The schedule shows that the 
façade is mostly closed during work hours for more than half of the year if it is set 
to the optimal energy performance. This means that in many commercial buildings, 
occupants have to sacrifice view-out for energy reduction. To alleviate the problem 
of blocking view-out, many methods have been used as a compromise, such as using 
perforated panels instead of solid panels or adjusting the panel position to gain partial 
view out in exchange for minor performance loss. 

Besides environmental impacts, kinetic façades can provide a unique character 
and identity to a building. This could be an undeniable motivation for architects and 
stakeholders of a building to pursue the unique esthetics of kinetic façades. 

This study used two types of kinetic façades, folding and sliding, to represent two 
of the typologies, one that forms a shading device when fully open, and the other 
can fully reveal the glazing. Although the performance of different sliding façades 
does not show a significant difference, the performance of folding façades differs 
depending on the way that the façades fold or move. To fully evaluate the impact of 
folding façades, more folding mechanisms need to be studied.
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7.6 Conclusion 

This research investigated the energy saving aspect of kinetic façades in different 
climate conditions. Two types of kinetic façades, folding and sliding, were used 
for comparison against optimized fixed-façades and a no-shading façade. The 
comparison studies were conducted using computer simulations. 

The simulation results showed that the kinetic façades, compared to the no-shading 
model, reduced 32–56% energy use in ASHRAE zone 1, zone 2, and zone 3, with 
the folding façade slightly outperforming the sliding façade. In zone 4, the sliding 
façade outperformed the folding façade. The exception is that the amount of energy 
reduced by the kinetic façades in marine zones (San Francisco and Seattle) were not 
as noticeable. In zone 5 to zone 8, the kinetic façades did not show a meaningful 
energy reduction and even showed an increase in energy consumption in some cases 
of the folding façade simulations. 

This study also provided an insight into how much energy kinetic façades can 
save compared to optimized fixed-shading facades. While showing noticeable energy 
reduction compared to the optimized fixed-shading façades in general, the folding 
and sliding façades in Miami showed only 1% and 4% energy reduction respectively. 
This result suggests that applying kinetic façades to reduce energy consumption in a 
climate similar to Miami might not be the best solution. Considering the operational 
energy use, embodied carbon, and more frequent maintenance of kinetic façades, an 
optimized fixed-shading façade might be a better solution for reducing environmental 
impacts. 

The performance difference between the kinetic façades with different numbers of 
panels was investigated. The simulation results showed that there was no clear pattern 
in energy consumption between the variations of kinetic façades. Knowing that the 
number of panels does not make a meaningful difference in energy performance can 
provide designers freedom to decide the number of panels based on other factors 
such as structural stability, cost, maintenance, etc. 

A comparison between the folding façade and the sliding façade showed that the 
folding façade perform better in hot and warm climates while the sliding façade 
performs better in mild climate. Neither of the two types of kinetic façades provided 
a meaningful energy reduction in cold climates. 

The simulation results of this research are expected to provide basic rules of 
thumb to designers when considering kinetic façades as a means of energy reduction 
strategy. By checking the ASHRAE zone of the project site, a designer can get a 
sense of whether a kinetic façade would be a potential solution. 

In this research only 16 cities were selected, one for each ASHRAE climate zone. 
To better generalize the results, more cities with a wider geographical distribution 
need to be investigated in the future. In addition, to validate the speculation for the 
reason that kinetic façades showed negligible energy reduction in Miami is due to 
its low latitude, more simulations with low-latitude cities need to be conducted. 

Lastly, it is important to recognize that energy consumption is not the only factor 
that determines whether a kinetic façade is suitable for a project or not. There are
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many other factors, such as daylighting, view, etc., that need to be considered with 
a holistic approach. 
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Chapter 8 
Integration of Solar Technologies 
in Facades: Performances 
and Applications for Curtain Walling 

Paolo Rigone and Paolo Giussani 

Abstract The building envelope has a dominant impact on a building’s energy 
balance and it plays an essential role towards the nearly Zero Energy Buildings 
(nZEB) target (Commission Recommendation (EU), (2016); International Energy 
Agency, (2013)). In this scenario, adaptive façades are becoming increasingly popular 
because they should provide controllable insulation and thermal mass, daylighting, 
solar shading, ventilation and humidity control, etc. Moreover, they should collect 
and convert available renewable energy (mainly solar) in an adaptive way, to follow, 
as far as possible, the building energy needs. Facing the challenges of decarbon-
isation for the building sector in the EU (target of 80% for 2050), the building 
envelope should integrate active functions in terms of energy production (collect, 
convert, store, distribute). In this regard, building façades are often the largest poten-
tial surface for integration of renewable energy generation components (photovoltaic, 
solar thermal, etc.) in urban areas. According to the definition given in IEC 63092-1, 
the BIPV module is defined as a “Photovoltaic module that provides one or more 
of the functions of the building envelope”. PV is progressively becoming one of the 
distinctive and characterizing sign of contemporary architecture, similarly to any 
other building material or component. The building sector plays a central role in 
an environmental sustainability perspective, contributing for 36% of global energy 
consumption and 39% of carbon dioxide emissions when upstream power generation 
is included (UN Environment and International Energy Agency, (2017)). The BIPV 
production of solar energy is generally near the utility’s peak loads of the building. 
The renewable solar production reduces energy costs for the building during the
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time of its greatest demand. The concept of BIPV refers to the capability of photo-
voltaic systems to be multifunctional and interact with the building, producing free 
energy from a renewable source. The use of PV in the building sector rises many 
questions, for example re-imagining the building envelope both in aesthetics and 
technology, where the photovoltaic element has an additional building functionality, 
namely replacing an element of the building skin. PV modules should effectively 
play the role of traditional building components and their performance is required 
for the integrity of the building’s functionality. 

Keywords Building envelope · BIPV · Building integration · Building integrated 
photovoltaics · Curtain walls · Façade · PV glass ·Windows 

8.1 BIPV Technology 

Since the beginning (mid of last 70’s), solar energy harvesting has been considered 
highly expensive, relatively inefficient and accompanied by a general poor design. 
In the past existing building-integrated photovoltaics (BIPV) have proven to be less 
practical and economically unfeasible for large-scale adoption due to design limi-
tations and poor aesthetics. New tools and technologies, both for building design 
and construction, have come to assist designers and clients in the development of 
buildings able to generate their own energy and to be self-sustaining. 

A Building Integrated Photovoltaics (BIPV) system consists of integrating photo-
voltaics cells into the building skin, such as the horizontal roof or the vertical/inclined 
facades. At the same time, these components serving as building envelope materials 
and power generator. BIPV systems can provide savings costs of electricity, reduce 
use of primary energy (i.e. fossil) and emission while adding architectural goal to 
the building. 

The PV glass panels consist of layers of glass (usually heat-treated safety i.e. 
laminated with polymeric interlayer foils), which include in the middle a certain 
number of PV cells (monocrystalline, polycrystalline or amorphous)—(Figs. 8.1, 8.2 
and 8.3). The characterisation of BIPV modules must be multifunctional, addressing 
both electrotechnical and building requirements.

The cells are linked together following electric schemes based on technology of 
various bus bars connection and plugs (current state of art with 3 or 5 bus bars). 

BIPV glass provides the same performance (thermal and sound insulation) as a 
conventional glass and it can be assembled in Double Glazing Unit (DGU) or Triple 
Glazing Unit (TGU)—Fig. 8.4. Furthermore, PV systems can also be used as small 
stand-alone power units. Thus, the BIPV could be inserted in tailored solutions of 
new glass façades (Fig. 8.5) or replacing old existing glazing into retrofitting of 
curtain walls of buildings, generating free clean electricity and reducing the carbon 
footprint.

“Conventional” PV modules are designed to maximise the photovoltaically active 
area per module, such that non-active areas (opaque or transparent) between and



8 Integration of Solar Technologies in Facades … 169

Fig. 8.1 Amorphous silicon vertical fins—Life Science Building, University of Washington, 
Seattle, USA (courtesy of Onyx Solar) 

Fig. 8.2 Amorphous silicon vertical fins—double skin, DEWA Research center, Dubai, UAE 
(courtesy of Onyx Solar)

around the solar cells are reduced to the minimum dimensions needed to ensure 
electrical insulation. By contrast, those BIPV modules that are intended to transmit 
light and/or solar radiation into a building also include non-negligible transparent or 
translucent areas. (International Energy Agency, 2020). 

The two main photovoltaics technologies available for these types of applications 
are made of thick crystal products or thin-film products. In the first family, the solar 
cells are made from crystalline silicon either as monocrystalline or polycrystalline 
wafers (Figs. 8.6 and 8.7).
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Fig. 8.3 Construction phases of GIOIA 22 tower (North/West and North/East elevation)—Crys-
talline Silicon glass BIPV—Gioia 22 Tower, Milan, Italy

Fig. 8.4 Typical vertical section and frontal view of BIPV spandrel unit

In case of the second family the very thin layer of photovoltaically active material 
is placed on a glass or metal substrate using a vacuum-deposition manufacturing 
process similar to the one performed for coating in architectural glass. The main 
semiconductor used in thin-film products is silicium amorphous (A–Si) or based on
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Fig. 8.5 (1) BIPV triple glazing unit applied into slimline all-glass façade on steel substructure. 
(2) Example of splice joint detail. (3) Example of stick-system construction with BIPV (4) Edge 
mounted junction box (courtesy of Onyx Solar)

Fig. 8.6 Left: Polycrystalline panel—Right: Monocrystalline panel (Source www.solarinnova.net)

cadmium telluride (CdTe), or made of indium and copper diselenide (CIS–CIGS) or 
Copper–Indium–Diselenide (CIS). 

Building retrofit offers the opportunity to reduce energy consumption, improve 
energy efficiency and increase the use of renewable energy sources. The photovoltaic 
(PV) technology can be integrated into the building envelope (i.e. ventilated façade), 
where conventional construction materials can be easily substituted by PV modules 
(Fig. 8.8). All this makes BIPV an attractive solution for effectively and sustainably 
retrofitting building envelopes, providing savings in materials and in conventional 
electricity consumption and, at the same time, improving the energy efficiency of the 
buildings (Martín-Chivelet et al., 2018).

http://www.solarinnova.net
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Fig. 8.7 Typical standard size for PV panel (courtesy of Onyx Solar)

Fig. 8.8 PV technology integrated into ventilated facade 

Crystalline silicon PV glass 

Its power capacity is given by the number of solar cells used per glass unit. Crystalline 
Silicon glass (Fig. 8.9) shows a nominal power that usually ranges from 80 up to 
160 Wp/m2, therefore is commonly used in projects seeking maximum power output 
(Onyx Solar, 2019). The nominal power rate depends on the solar cell density required 
by design. The average efficiency is up to 16%.
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Fig. 8.9 Sample data sheet of crystalline silicon PV glass (courtesy of Onyx Solar) 

Amorphous silicon PV glass 

This PV Glass can be fully opaque/dark (higher nominal power), or present different 
light transmittance levels, which enables for the natural light to pass through exte-
rior, while maintaining unobstructed views. Amorphous Silicon glass offers a better 
performance under diffuse light conditions and high temperature (Onyx Solar, 2019). 
The aesthetic integration of the glass panel with this type of PV is uniform (Fig. 8.10). 

Fig. 8.10 Sample data sheet of amorphous silicon PV glass (courtesy of Onyx Solar)
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8.2 Innovation and New Frontiers of BIPV Technology 

Current research in BIPV technology is now oriented to develop the so called 
luminescent solar concentrators (LSCs). 

LSCs (Fig. 8.11) are transparent sheets of plastics doped with chromophores 
which, upon absorption of sunlight, re-emit photons at longer wavelengths. These 
photons are guided by total internal reflection to the edges of the device where they 
are converted into electricity by conventional photovoltaic cells. 

Due to their high integrability in continuous glazing and photovoltaic windows, 
LSCs are considered one of the most promising tools to realise near-zero energy 
buildings in highly urbanised areas where roof surfaces are not sufficient to produce 
all the required electricity. 

Furthermore, in conclusion, it is now possible to have large-area LSCs that are 
stable, non-polluting and with a good efficiency, ready for insertion into photovoltaic 
double glazing units, providing also thermal and acoustic insulation at the same time. 

Aesthetics technology allows the development of photovoltaic insulating glass 
units with a low aesthetic impact that can be integrated architecturally into passive 
buildings, being almost invisible both from the outside and from the inside. The 
degree of transparency of the LSCs can also be determined during production 
according to the customer’s needs, in order to obtain the best compromise between 
absorbed energy and amount of light for indoor natural day lighting. 

Basically, two main technologies have been developed up to now with appreciable 
potential use into integrated applications to the building skin: Inorganic and Organic 
Integrated Photovoltaic. 

The inorganic technology involves the use of nanoparticles as chromophores in 
which, thanks to appropriate engineering, the complete decoupling of the process of 
absorption and emission of light is achieved. In this way, prototypes with good power 
generation efficiencies have been realised, enabling the production of customised 
modules. The nanoparticles are made from inorganic materials such as silicon, which 
are intrinsically stable to solar radiation without danger of degradation, guaranteeing 
continuity and durability of electricity production.

Fig. 8.11 Luminescent solar concentrators (LSCs) 
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Currently It has been possible to achieve light-to-power conversion efficiencies 
of up to 3.0% with a degree of transparency in the visible region of around 80% (i.e., 
only 20% of the light is used to generate electricity while the remaining 80% passes 
through the panel to illuminate interior spaces). The optical conversion efficiency of 
the blue/ultraviolet fraction of the solar spectrum reaches values of around 10%. 

On the other hand, the Integrated Organic Photovoltaics (BIOPV) is made of an 
OPV solar cell type where the absorbing layer is based on organic semiconduc-
tors (OSC)—typically either polymers or small molecules. For organic materials to 
become conducting or semiconducting, a high level of conjugation (alternating single 
and double bonds) is required. Conjugation of the organic molecule results in the 
electrons associated with the double bonds becoming delocalised across the entire 
length of conjugation. These electrons have higher energies than other electrons in 
the molecule, and are equivalent to valence electrons in inorganic semiconductor 
materials (Spooner, 2022). In the last ten years, the highest efficiency obtained from 
organic photovoltaics (OPVs), has risen from 2.5 to 11% (Su et al., 2012). 

OPV cells are categorized into two classes:

● Small-molecule OPV cells
● Polymer-based OPV cells. 

Current research focuses on increasing device efficiency and lifetime. Substantial 
efficiency gains have been achieved already by improving the absorber material, 
and research is being done to further optimize the absorbers and develop an organic 
multijunction architectures (Office of Energy Efficiency Renewable Energy, 2022). 
Improved encapsulation of OPV (Fig. 8.12) and alternative contact materials should 
be adopted to reduce cell degradation and push cell lifetimes to industry-relevant 
values.

8.3 Architectural Integration of Photovoltaics in Façade: 
The Need of Requirements and Performances 
as Building Products 

International research and best practice have already shown many interesting exam-
ples of appreciable and aesthetical integration of PV in contemporary architecture 
as well as in existing built heritage. The building integration of photovoltaics, where 
the PV elements actually become an integral part of the building, often serving as 
the exterior skin with thermal, acoustic and also air permeability and water tightness 
performances, is growing worldwide. The aesthetic integration is also commonly 
discussed, as it is a critical point. 

The PV panel may be incorporated into many different assemblies and part of 
the building envelope. PV can be incorporated into façade completing, or replacing, 
traditional vision areas or spandrel glass.
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Fig. 8.12 Example of OPV stratigraphy with two layers of organic absorber (Source www.heliatek. 
com)

A photovoltaic module, not only produces electricity using sun power, but it has 
to behave as all the other curtain walling components, so it must provide one or more 
of the following performances: 

Safety in use

● Resistance to wind load
● Resistance to dead load
● Resistance to horizontal loads
● Resistance to snow load
● Seismic resistance
● Resistance against impact
● Thermal shock resistance
● Mechanical rigidity or structural integrity. 

Environment

● Air permeability
● Watertightness. 

Fire protection

● Fire resistance
● Reaction to fire of components
● Fire propagation (i.e. to upper levels).

http://www.heliatek.com
http://www.heliatek.com
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Energy saving

● Thermal transmittance
● Water vapour permeability
● Radiation properties
● Shading & daylighting. 

Acoustic

● Airborne sound insulation (Noise protection). 

Durability and Maintenance 

8.4 Performances and Requirements 

As said BIPV module is a PV module and a construction product together, designed 
to be a component of the building. A BIPV module is the smallest (electrically and 
mechanically) non-divisible PV unit in a BIPV system which retains building-related 
functionality. If the BIPV module is dismounted, it would have to be replaced by an 
appropriate construction product (International Energy Agency, 2018). 

Requirements can be listed according to their kind and need for standardization, 
as described below. Building requirements for modules containing glass panes are 
related also to their position in the contest of the building envelope, according to the 
following main topics: 

– General requirements 
– Electrical requirements 
– Building-related requirements 
– Requirements for products with glass panes 
– Requirements for products without glass panes 
– Labelling requirements 
– System documentation, commissioning tests and inspection requirements. 

As first, safety in use shall be provided by assessing the right choice of profile 
material and section in relation to the foreseen actions. BIPV modules must be char-
acterised by the property of post-breakage integrity (the broken panel remain safe 
without fall apart or slip out of its own frame) under a load and for a predefined period 
of time (mainly it depends on the maintenance strategy and time necessary to replace 
the broken part). The mechanical behaviour of a laminated glass depends on the glass 
material as well as the bonding properties of the interlayer. If we take into account 
the higher operating temperature of the BIPV module, the mechanical performance 
changes compared to conventional laminated glass. In terms of mechanical resis-
tance of the glass, these changes are not significant. On the other hand, the bonding 
properties of the interlayer depend on the operating temperature of the BIPV panel. 
The load duration is also the other parameter effecting the bonding properties and
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Fig. 8.13 Efficiency of BIPV systems for different positions 

its mechanical resistance. The interlayer material plays a major role in the mechan-
ical performance of BIPV-laminated glass. Polyvinyl Butyral (PVB) is widely used 
in glass lamination, alternative interlayer materials, such as ethylene–vinyl acetate 
(EVA) or polyethylene (PE) with improved temperature stability, are used. 

The curtain walling and its own components, shall be safe in use by ensuring the 
adequate mechanical stability in relation to the foresee actions, such as wind load, 
dead load, live load and seismic action. The operation level of the curtain walling 
shall be evaluated in relation to the foresee actions, such as wind load. Fundamental 
construction requirements for PV modules in order to provide safe electrical and 
mechanical operation, address the prevention of electrical shock, fire hazards, and 
personal injury due to mechanical and environmental stresses (AInternational Energy 
Agency, 2019). 

Energy-conscious design has to be carefully considered during design stage 
(WBDG, 2016). The use of PV technology should be viewed in terms of life-cycle 
cost and not only initial costs. Often, the installation of BIPV is vertical, reducing 
access to available solar resources (Fig. 8.13) but the large surface area of the building 
can compensate the reduced power. 

The PV efficiencies are largely reduced by high operating temperature. It means 
that design of BIPV should provide an adequate ventilation behind the modules to 
dissipate heat, or use amorphous silicon thin-film (efficiency −0.1%/°C up to − 
0.2%/°C) that perform better with elevated temperature (Aronica & di Torino, 2018) 
compare to crystalline cells (efficiency −0.4%/°C up to a −0.5%/°C). The type of 
connection (i.e., in series or in parallel) could change the level of current generate 
from PV Cells. The series connection allows increasing the voltage levels of the 
cells, while the values of generated current can be increased by means of the parallel 
connection. In order to achieve the voltage and the current values required for a given 
application, the solar cells are interconnected and encapsulated which constitutes a 
module or a PV panel (Perea & Alcocer, 2018). 

Fire protection shall be ensured by designing horizontal and vertical fire barrier 
to limit fire propagation to upper floors and by selecting components and materials 
with a limited reaction to fire. The fire resistance class depends on the type of the 
building and intended use, the building height, curtain walling type, presence of
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alternatively controlling fires system such as water fire suppression, sprinkler, etc. 
generally speaking the curtain wall where BIPV are installed, shall guarantee the 
adequate level of fire resistance and reaction to fire in relation to the project specifi-
cations. Environmental requirements shall be ensured by choosing a facade system 
in relation to the foreseen actions (weather, wind load, etc.). 

Acoustic performances shall be ensured by proper design of the infilling compo-
nents (glazing), by controlling air permeability through frames and infilling parts and 
by the use of proper gaskets and sealing for joints of openable parts (windows and 
doors) and movement and expansion interfaces (butt joints, pressure equalization 
slots, surround, lap and sleeve joints). To ensure adequately the durability of facade 
characteristics and performances, the components shall be maintained resistant to 
UV actions, environment and ageing. 

In order to fulfil the energy saving goals, the curtain walling shall be designed 
by choosing proper components (framing and infills) with adequate thermal trans-
mittance, also known as “Uvalue”. This parameter is the classical parameter that 
measures the quantity of heat that flows through unit area of the facade per unit of 
difference in temperature outer and inner environment. For IGUs, the thermal trans-
mittance is calculated according to EN 673. Typical thermal transmittance values for 
common building fenestration products are as it follows: Single glazing: 5.7 W/m2 K; 
DGU (double glazing) 1.0 W/m2 K, TGU (triple glazing) 0.6–0.5 W/m2 K, complete 
assembled windows 1.3–1.4 W/m2 K and 1.0–1.1 W/m2 K for single skin curtain 
walling. 

In terms of daylight and transparency, the PV panel could perform a certain rate 
of transparency depending on the coating applied on glass or in case of different 
manufacturing process. To increase the transparency of the photovoltaic panel, the 
glass is laser-etched to remove thin lines of active solid cells. Generally, The PV 
active material is black by nature (faces the sun) while the interior of the glass displays 
an aluminium-like colour. However, coloured panel could be manufacturing using 
coloured interlayer (PVB) during the lamination process or other manufacturing 
process such as screen-printing or ceramic-frits too. It is important to underline that 
the color could vary on both sides of the panel depending on the intensity of the light 
(in reflection or transmission). The curtain walling shall provide the adequate level 
of acoustic insulation in order to guarantee the internal comfort. 

Power demands, energy efficiency of the PV system combined with architectural 
requirements claim to develop a consistent design strategy to take into account the 
effective available glazed area. To reach an architecturally pleasing composition, the 
PV modules should be in harmony with the total image of the building according 
to colour, texture, size, and position. Today PV integration is no more typically 
limited to windows and glass facades (curtain walls); solar roofs are designed to 
look essentially indistinguishable from traditional roofing materials such as asphalt 
and slate shingles. PV integration is applied also to other components of the building 
shell, replacing conventional building materials such as skylights, external claddings, 
and glass balustrades too. From this perspective, renewable energy systems can be 
integrated as functional, aesthetic, and cost-effective elements within buildings.



180 P. Rigone and P. Giussani

Fig. 8.14 Monocrystalline horizontal Louvers, Avenida Diagonal 525, Barcelona, Spain (courtesy 
of Onyx Solar) 

Considering mutual obstructions given by buildings, presence of shading devices, 
architectural constraints such as vertical or horizontal fins (Fig. 8.14), the partial 
shading occurs more frequently in PV modules integrated in buildings than in ground-
mounted plants (International Energy Agency, 2020). 

The potential risk of the BIPV technology is the influence of shadings on a BIPV 
System’s Performance. The loss factor in BIPV systems due to the shadings is critical, 
and this should be well investigated and since its preliminary design phase (Fig. 8.15). 
Design considerations for BIPV take in consideration the location and orientation 
of the building itself and the characteristics of the surroundings, any type of utility 
issues, costs, and electrical loads need and its architecture. Different orientation can 
have a significant effect on the annual power output of the BIPV system, therefore 
in the early design phase, it has to be evaluated that solar panel receive maximum 
exposure to the sun and will not be shaded by obstructions (in particular completely 
unshaded during the peak of solar grade).

This type of analysis, that are typically performed in the multidisciplinary 
approach in facade design (Rigone & Giussani, 2019) and energy conscious design 
techniques, are also necessary to investigate the effects of the indirect radia-
tion coming from different angles of incidence that create inhomogeneous power 
generation from the different solar cells. 

Partial shading occurs when one or more PV cells in a PV module receive less 
irradiance than the rest of the panel. The impact of shading on a PV has much greater 
performance effect on the electrical harvest than the footprint of the shadow. Partial 
shading can lead significant reduction of the energy but also temperature increase of 
shaded PV cells (hot spot) that could irreversible get damaged.
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Fig. 8.15 Shading analysis for BIPV

The BIPV System’s Performance could also be influenced by the reflectance 
of a flat-surface PV module under light coming from different angles. This data 
is generally greater than the reflectance at normal incidence at which the electrical 
characteristics of a PV module are commonly supplied (and these are the information 
that we could easily get from the technical sheet of the panel given by the suppliers). 
Reflection losses on an annual basis can become especially significant in those BIPV 
applications in which PV modules are positioned far from the optimum orientation 
regarding sun path or better say sun’s position in the sky. 

The PV panel showed in Fig. 8.16 is fully integrated in the spandrel part of the 
curtain wall. The stratigraphy of the panel (Figs. 8.17 and 8.18) is composed by 
two layers of float glass 6 mm thickness with interlayer foil made in EVA (Ethylene 
Vinyl Acetate) composes the glass thickness of the BIPV. The glass stratigraphy 
has to follow the national regulation in term of safety in use in building for façade 
applications. To increase the light transmission value, the use of specific coating 
is strategically adopted as for example the external pane in low-Iron version with 
higher 90% light transmission coefficient. The BIPV panel are then connected to the 
power line with BOS (inverters, cabling for strings, combiner boxes, etc.). Amor-
phous Silicon panel is places into a laminated panel separated by the glass pane with 
polymeric interlayer foils on both sides.

8.5 Quality Control of BIPV Technologies and Components 

The PV cells laid in the interlayer foils are manufactured following a specific 
quality control plan and by setting in place a specific factory production control 
(FPC) to assess components and their performances. All the controls done for the 
product comply with the reference standards, but they also include additional quality 
levels required by the project. The list of controls (Fig. 8.19) performed during the 
manufacturing process, covers all the scheduled production steps:
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Fig. 8.16 BIPV glass—General view 

Fig. 8.17 Amorphous Silicon PV Curtain Wall (courtesy of Onyx Solar)

● From the incoming materials and components (i.e. raw glass, EVA expiring day, 
gel concentration, visual inspection and electrical tests of PV cells, etc.)

● To final product checks (inspection to detect visual defects such as bubbles, dimen-
sional check like planarity-misalignments, flash test, junction box connection 
polarity test, etc.). 

The quality plan includes also a list of laboratory checks, like durability of lami-
nated glass under high temperature and humidity (according to EN 12543); EL micro 
cracks measurements, electroluminescence testing and IR imaging and flash test, etc. 

For particular installation where the BIPV are curved, it is recommended to test the 
panel under natural sunlight to achieve a realistic variation of incidence angles. In case
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Fig. 8.18 Photovoltaic glass, example of data sheet specifications

Fig. 8.19 Laboratory adhesion test: determining the peel strength of the interlayer film

of large dimensions, it will be necessary to identify a test “representative-size” of the 
modules and then apply extrapolation procedures for the rest of the “product family”. 
To assess the mechanical stability and deformation of the panels it is recommended 
to consider the real mounting conditions and different dimensions affect deformation 
under load, and perform few tests under load with higher temperature (i.e. test on 
laminated—safety—glass to determine dependence of deformation and stress). 

All glass shall be of the quality specified in accordance with standards such as 
EN 572-1, EN 572-4, EN 572-9, EN 1096 (Parts 1, 2, 3, 4) while the glazing shall be 
carried out in accordance with the manufacturer’s written recommendations (several 
quality voluntary protocols and guidelines for glass tolerances are available by glass 
associations). All glass types shall be cut to accurate sizes with clean cut, arisen edges. 
Damage such as shark teeth, serration hackle, sharp flare, flake chips, rough chips,
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Fig. 8.20 Laboratory test on glass specimen (from left to right: fragmentation tests, edge offset 
measurement, local bow and roller wave measurement) 

feathered edges, shells or other imperfections shall not be acceptable if detrimental 
to the visual and performance criteria of the glass (Fig. 8.20). 

Ensure that thermally treated process (toughened or strengthened) does not 
produce iridescence, distortion, roll marks or ripples in the glasses. All toughened 
glass shall be ‘heat soaked’ for a minimum hours in order to minimize the effects 
of nickel sulfide inclusions (this process shall be strictly controlled and carried out 
to standard guideline in regards to minimizing any incidence of spontaneous glass 
failure). 

Prior to the production of PV panels, it is important to demonstrate with docu-
mentary evidence that the glass has been submitted to a factory control including 
traceability of glass, as following:

● Source of supply and evidence of batching
● Dates and records of toughening/heat soaking of all glass
● Certification and laboratory tests report. 

For the type of testing regarding Optical performance (usually spectrally depen-
dent and thermal), Solar heat gain coefficient (gvalue), Thermal transmission (Uvalue). 
The optical properties, especially regarding reflection and spectrum losses, are 
also one of the critical parameters for evaluating the power input on a solar cell. 
These optical properties mainly depend on the angle of incident and zenith angle, 
which affects the reflection loss and spectrum distribution of the solar irradiation, 
respectively. 

To check product compatibility issues between BIPV and its own components 
(i.e. silicon Fig. 8.21, EVA foil, glass, polymeric material of JB, etc.) a certain 
number of laboratory tests should be performed. Thermal cycling and Thermal stress, 
performed with specific boundary condition (i.e. temperature, humidity, adapted IEC 
hot-spot test, increase or decrease the number of cycles compared to Standard) are 
well simulating the effects of a frequent partial shading (by close and distant objects). 
To assess any degradation of the components properties, the aging tests in climatic 
chamber should be conducted under specific condition, i.e. a cycle of 85 °C with 
85% RH (Relative Humidity) for 3,000 h (with continuous visual inspection while 
processing the testing campaign).
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Fig. 8.21 Laboratory test on silicon specimen [from left to right: testing the mixing ratio with 
marble test for homogeneity (2-component products only), Shore A hardness measurement, tensile 
adhesion tests] 

Concerning the life span of the power output, there is no given test by standards 
directly related to the minimum specified power output guaranteed during the term 
of the warranty. Regarding maintenance of the panels is carried out on daily basis 
taking into account the data acquisition software that the electrical installer or owner 
will implement. A well performing acquisition data tool could minimize corrective 
maintenance. Generally speaking, the ordinary maintenance activities should take 
place every six months or at least once a year (it really depends on the surrounding 
areas where the panels are installed i.e. traffic areas, countryside, etc.). The summary 
of the main activities and actions to be considered are:

● Checking cable connections and integrity of electrical junction box and its water 
tightness condition to avoid any risk to produce corrosion

● Checking the integrity of any gasket or sealant applied on the components
● Checking cracks that may appear on the glass (any glass fracture) or in the covering 

panels.
● Checking the condition of the substructure that supports the BIPV
● The cleaning procedure of the PV glazing is similar to equivalent any other glazing 

systems. It is recommended to clean the surfaces with a mixture of neutral deter-
gent and water, in some case it is also suggested to use a mix of 3% in the water of 
ammonia and a surfactant (no pressurized water nor abrasives). To avoid scratch 
on the glass surface the use of typical cleaning tool as per instance rubber soft 
brush could be used. On the other hand, tools must be clean and not contaminated 
by dust, sand, or any other particles that could scratch the outer face of BIPV. 

The expected life span and minimum power output warranties are ensured by 
complying with the given certifications (IEC 61215, IEC 61730–1&2, UL 1703 and 
others) where after passing all the testing flow, and specially aging tests, the estimated 
life span is proven. The aging tests included with these standards are i.e. UV radiation 
degradation test, Damp Heat test, TC200 and HF10 test within others. Theoretically, 
the expectation of durability for BIPV modules may be greater than for conventional
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modules. If we take into account, the procedure to replace a broken or damaged 
BIPV panel is often mechanically more difficult than a conventional freestanding 
PV module. Following this criteria, longer usage times of BIPV should be taken into 
account during the design phase (benchmark criteria), but also for test methods or 
procedure for both functions (electricity generator and facade component). 

8.6 Discussion and Conclusion 

BIPV technology help buildings become self-sufficient from an energy point of view, 
which is key in the struggle against climate change. In fact, buildings are responsible 
for the consumption of most of the electrical energy of the planet. PV technologies 
have got a significant improvement in the last decades and they have reached a 
sophisticated level of efficiency and an adequate expected life span. Today the major 
difficulties are related to PV integration into the façade design to come to a proper 
real integrated system, covering the electrical power demands of the building, but 
also the architectural requirements. 

Power demands, energy efficiency of the PV system and design phase take into 
account main critical topics, such as daily and seasonal sun path, shape, inclination 
and orientation of the different elevations and shading. 
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Appendix 

Standard and Building Codes

● IEC 61215—Crystalline silicon terrestrial photovoltaic (PV) modules—Design 
qualification and type approval

● IEC 61646—Thin-film terrestrial photovoltaic (PV) modules—Design qualifica-
tion and type approval

● IEC 61701—Salt mist corrosion testing of photovoltaic (PV) modules
● UL 1703—Standard for Flat-Plate Photovoltaic Modules and Panels
● AAMA 501.1.05—Standard Test Method for Water Penetration of Windows, 

Curtain Walls and Doors Using Dynamic Pressure
● AAMA 501.4.00—Recommended Static Test Method for Evaluating Curtain Wall 

and Store-Front Systems Subjected to Seismic and Wind Induced Interstory Drifts
● AAMA 501.5.07—Test Method for Thermal Cycling of Exterior Walls
● EN 410—Glass in building—Determination of luminous and solar characteristics 

of glazing
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● EN 572-1—Glass in building—Basic soda lime silicate glass products—Part 1: 
Definitions and general physical and mechanical properties

● EN 572-9—Glass in building—Basic soda lime silicate glass products—Part 9: 
Product standard

● EN 673—Glass in building—Determination of thermal transmittance (U value)— 
Calculation method

● EN 674—Glass in building—determination of thermal transmittance (U value)— 
Guarded hot plate method

● EN 1096-1&2&3&4—Glass in building—Coated glass—Part 1: Definitions and 
classification & Part 2: Requirements and test methods for A, B and S coatings & 
Part 3: Requirements and test methods for C and D coatings & Part 4: Evaluation 
of conformity/Product standard

● ISO 6946—Building components and building elements—thermal resistance and 
thermal transmittance—calculation method

● EN 12543—Glass in building—Laminated glass and laminated safety glass—Part 
1: Vocabulary and description of component parts

● EN 12488—Glass in building—Glazing requirements—Assembly rule
● EN 50530—Overall efficiency of grid-connected photovoltaic inverters
● EN 61730-1—Photovoltaic (PV) module safety qualification—Part 1: Require-

ments for construction.
● EN 61730-2—Photovoltaic (PV) module safety qualification—Part 2: Require-

ments for testing
● EN 61853—Photovoltaic (PV) modules performance testing and energy rating, 

Part 1: Irradiance and temperature performance measurements and power rating, 
part 2: spectral response, incidence angle and module operating temperature 
measurements.

● EN 13119—Curtain walling—Terminology
● EN 13830—Curtain walling—Product standard
● EN 12152—Curtain walling—Air permeability—Performance requirements and 

classification
● EN 12154—Curtain walling—Watertightness—Performance requirements and 

classification
● EN 13116—Curtain walling—Resistance to wind load—Performance require-

ments
● EN 14019—Curtain Walling—Impact resistance—Performance requirements
● EN 14351-1—Windows and doors—Product standard, performance characteris-

tics
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Chapter 9 
Interdependencies Between Photovoltaics 
and Thermal Microclimate 

Elisabeth Fassbender and Claudia Hemmerle 

Abstract Climate change can only be reduced to a minimum when increasing the 
share of renewable energies. Thus, the definition of climate protection goals led to 
an increasing number of photovoltaic installations worldwide in recent years. At the 
same time, especially urban areas are already suffering from the consequences of 
climate change: Heat waves during summer months and reduced night-time cooling 
lead to negative impacts on the human organism and health. Within this context, the 
present review investigates interdependencies arising between photovoltaic panels 
and outdoor thermal microclimate, particularly in urban areas. In a first explorative, 
then systematic literature research approach, relevant publications were identified and 
selected based on distinct criteria. The studies were classified into the following main 
categories: (i) impacts of photovoltaics on the thermal microclimate; (ii) impacts of 
thermal microclimate on photovoltaic performance. The literature is then accordingly 
analyzed and main interdependencies, parameters and metrics are identified. The 
results, however, are incongruent, reaching in category (i) from ‘solar cooling’ of 
the surrounding ambient air temperature of up to −1.8 K to ‘solar heating’ of up to 
4 K. Hence, further research, both experimental and simulation-based, is required to 
comprehensively understand the interactions between photovoltaics and its thermal 
surroundings. 
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9.1 Introduction 

Rising global temperatures enhance the need for climate protection measures and 
renewable energies to achieve climate protection goals and to reduce global warming 
to a minimum. In the past few years, photovoltaic (PV) electricity generation faces an 
exponentially increasing rate, rising from 20 TWh in 2008 to 681 TWh worldwide in 
2019 (IEA, 2021). In urban areas, solar energy presents the largest renewable energy 
source that can flexibly be utilized by applying photovoltaic panels on building 
envelopes. 

At the same time, particularly cities are already facing the consequences of climate 
change: They are subject to the Urban Heat Island Effect (UHI), that is defined 
as the difference in ambient air temperature between metropolitan and rural areas. 
The increase in urban population will further foster the UHI, leading to negative 
impacts on human organism and health. Thus, heat waves increase mortality rates 
and morbidity in the elderly population in particular and reduced night-time cooling 
limits sleep-recovery and leads to a reduction in performance (Kuttler, 2011). 

At local scale, the thermal microclimate is particularly affected by surrounding 
surfaces and their materials and physical characteristics. The replacement of conven-
tional building materials with photovoltaic modules in the interest of climate 
protection thus raises the question how the new construction material interacts 
with the thermal microclimate and whether it might contribute to the UHI due to 
enhanced absorption—thus competing with building greenery as a climate adap-
tation measure—or even function as ‘solar cooling’ due to the conversion of the 
absorbed solar radiation into electricity. The topic has only recently gained impor-
tance in urban planning practices and few experimental and simulation-based studies 
have been conducted. Therefore, the chapter aims at presenting an extensive litera-
ture review on the state of research concerning the interactions between photovoltaics 
and thermal microclimate (eventually altered due to the implementation of greenery) 
with the goal of providing an overview about existing knowledge, revealing research 
gaps and incongruences, and pointing towards new research directions. 

9.2 Methodology 

The present work applies the methodologic framework of a literature review as 
described in Ritschl et al. (2016). It combines an explorative and a systematic 
approach according to the ‘Preferred Reporting Items for Systematic Reviews and 
Meta-Analyses’ (PRISMA) (Page et al., 2021), thus allowing to identify most existing 
studies related to the topic.
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Phase 1: Development of research questions 

In a first approach, an explorative literature research provides a broad overview of 
existing literature concerning the topic of photovoltaics in the built environment. The 
explorative approach led to the development of three distinct research questions: 

• Which interdependencies arise between photovoltaics and its thermal environ-
ment? 

• Which metrics are used to describe the interdependencies? 
• Which methods are applied to quantify the interdependencies and what are their 

respective strengths and weaknesses? 

In this review, the term ‘thermal environment’ comprises the thermal microclimate 
and human outdoor thermal comfort that is relevant for evaluating the city climate. 
Moreover, impacts of the implementation of vegetation on the thermal microclimate 
and on photovoltaic performance are considered. 

Phase 2: Search strategy and identification of studies 

In the second phase, a systematic literature research based on keywords and 
a criteria-based selection of relevant studies allowed to identify literature suit-
able to answer the raised research questions. The online database Web of 
Science was screened for studies concerning the interdependencies between photo-
voltaics and thermal microclimate using different combinations of the keywords 
‘photovoltaic/photovoltaics/PV/solar panel’, ‘microclimate/heat island/air temper-
ature/heat flux/heat balance/thermal comfort’ and ‘vegetation/greenery/green’. The 
keywords were applied to title and author’s keywords of the literature. No temporal 
limit was set, assuming that fundamental, physical findings will not be outdated 
regardless of the year of publication. After removing duplicates, 263 articles were 
identified. 

Phase 3: Selection of studies 

In a third phase, the titles, abstracts, and eventually full texts of the identified literature 
were screened, and studies of major interest were selected based on the following 
inclusion and exclusion criteria: 

• Studies should focus on the interdependencies between photovoltaics and the 
surrounding outdoor thermal microclimate or outdoor thermal comfort. The modi-
fication of the outdoor thermal microclimate due to vegetation is considered as 
well. Research concerning the impact of photovoltaics on the indoor environment 
(indoor climate, heating/cooling load) however is excluded from the selection. 

• Studies should focus on experimental or simulation-based research settings 
(primary research). Review articles are excluded. 

• Studies should focus on building related photovoltaics and free-standing photo-
voltaics in open spaces featuring similar constructive settings as installations on 
flat roofs. Research concerning further PV applications such as PV pavements are 
excluded as well as research on concentrating photovoltaics.
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Even though the present work puts emphasis on the interdependencies between 
photovoltaics and the urban thermal microclimate, studies investigating the impacts 
of free-standing photovoltaics in rural areas were selected as well to gain a general 
understanding of the physical impacts. The term ‘building integrated photovoltaics’ 
(BIPV) will be used for all sorts of building related photovoltaics. As the number 
of studies related to the topic is scarce, journal articles as well as conference papers 
were included in the review. However, the quality of the studies has been checked and 
studies with indefinite study design were excluded. After the content- and quality-
related evaluation, 19 studies were selected. In an iterative search approach, the 
bibliographies of the previously identified studies (see phase 2) were evaluated based 
on the titles of the cited literature. Potentially suitable literature was then analyzed 
according to the inclusion and exclusion criteria and its quality and either excluded 
or integrated into the review. This iteration resulted in the selection of further seven 
articles (see Fig. 9.1). 

Fig. 9.1 Identification and selection of studies according to the PRISMA flow chart (Page et al., 
2021)
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Fig. 9.2 Analysis of selected studies: a year of publication; b field of publication 

Phase 4: Classification and analysis of studies 

In a fourth phase, the selected studies were classified based on their focus area: Inves-
tigation of the impacts of photovoltaics on the thermal microclimate or vice versa. 
Articles belonging to category one were further classified according to their study 
environment: Studies in rural environments, studies within a city context and studies 
within a district context. This classification allows to compare the impacts of photo-
voltaics on the surrounding microclimate in different contexts and spatial scales. 
Amongst the studies investigating the impacts of thermal microclimate on photo-
voltaics, two main classifications emerged: The impact of ambient air temperature 
on PV and the interdependencies between greenery and PV. 

A brief analysis of the selected publications provides a contextual background 
for the literature review. The increasing number of published papers in recent 
years is proof of the rising interest in the interdependencies between photo-
voltaics and thermal microclimate in the light of climate change (see Fig. 9.2a). 
Researchers based in the USA and China take particular interest in studying the 
topic. Moreover, the broad spread of publications in various research areas, inter alia 
involving energy fuels, building technology and environmental sciences, underlines 
its interdisciplinarity (see Fig. 9.2b). 

Phase 5: Interpretation and presentation of results 

The results of the literature research (see Sect. 9.3) are described in two parts 
according to the developed classifications (see Table 9.1): First, the impacts of the 
use of solar panels on the thermal microclimate are investigated. Then, conversely 
the effects of the microclimate on the efficiency of the photovoltaic modules are 
analyzed.
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Table 9.1 Identified studies organized according to category, focus and study type 

Category Focus Type of study Sources 
(alphabetically) 

PV → thermal 
microclimate 

Rural environment Experimental Barron-Gafford et al. 
(2016) 

Broadbent et al. (2019) 

Jiang et al. (2021) 

Wu et al. (2020) 

City scale Simulation-based Berardi and Graham 
(2020) 

Brito (2020) 

Genchi et al. (2003) 

Masson et al. (2014) 

Roulet (2001) 

Salamanca et al. (2016) 

Taha (2013) 

District scale Experimental Brown et al. (2020) 

Pham et al. (2019) 

Simulation-based Cortes et al. (2015) 

Scherba (2011) 

Tian et al. (2007) 

Weihs et al. (2018) 

Thermal microclimate → 
PV 

Air temperature Simulation-based Dubey et al. (2013) 

Evans (1981) 

Skoplaki et al.  (2008) 

Greenery & PV Experimental Chemisana and 
Lamnatou (2014) 

Hui and Chan (2011) 

Köhler et al. (2002) 

Ogaili (2015) 

Penaranda Moren and 
Korjenic (2017a) 

Penaranda Moren and 
Korjenic (2017b) 

Simulation-based Berardi and Graham 
(2020) 

Hui and Chan (2011)
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9.3 Results 

9.3.1 Impacts of Photovoltaics on the Thermal Microclimate 

The use of photovoltaics not only contributes to renewable energy production, but 
also has an impact on the radiation balance of the surroundings, thus altering the 
thermal microclimate and outdoor thermal comfort. The alteration of the radiation 
balance is caused by several effects (Barron-Gafford et al., 2016; Genchi et al., 2003; 
Wang et al., 2006) (see Fig.  9.3): 

• Albedo: The albedo of photovoltaic modules is typically lower than the albedo of 
conventional building envelopes or rural surroundings, thus leading to an increase 
of absorbed solar radiation. This effect is desirable for gaining a maximum energy 
yield, but it may also result in higher surface temperatures compared to conven-
tional building envelopes and natural materials, and thus to higher long-wave 
radiation emitted to the sky and the surroundings. 

• Energy conversion: Depending on the efficiency η of the photovoltaic modules, 
part of the short-wave incident solar radiation is converted into electrical energy. 
The energy conversion reduces the increase in module temperatures (TPV) due 
to the higher albedo and, in the case of photovoltaics integrated into the building 
envelope, the surface temperatures of buildings, thus diminishing long-wave radi-
ation. Böer (2001) states that the temperature reduction is typically in the order 
of 10 °C when using cells with an efficiency η = 20% at AM1 insolation. 

• Shading: Free-standing and rack-mounted photovoltaic modules shade the soil 
and rooftops beneath them, thus reducing conductive heat transfer into the building 
or ground as well as the convective and radiative heat transfer to the environment. 
Additionally, the photovoltaic cover lowers the sky view factor of the surfaces 
beneath them, hence reducing night-time cooling.

Fig. 9.3 Interdependencies between building integrated photovoltaics and thermal microclimate
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• Heat storage capacity: Photovoltaic modules have a lower heat storage capacity 
than soil or conventional building surfaces. Therefore, the modules rapidly heat 
up, but also faster release the stored heat back into the environment. 

These theoretical assumptions concerning the impact of photovoltaics on the 
microclimate have been investigated in experimental and simulation-based studies 
in various research environments. 

9.3.1.1 Rural Environment 

In the rural environment, four studies identified a warming effect of photovoltaic 
modules on the surrounding thermal microclimate (Barron-Gafford et al., 2016; 
Broadbent et al., 2019; Jiang et al., 2021; Wu et al., 2020). The authors conduct 
metrological investigations at photovoltaic power plants in rural parts of Arizona 
(USA), Xinjiang (China) and Qinghai (China). They conclude that the operating 
photovoltaic modules increase the day-time air temperatures (Tair) in the immediate 
vicinity of the power plant by 0.2–4 K. Therefore—analogous to the Urban Heat 
Island (UHI)—the term ‘Photovoltaic Heat Island’ (PVHI) has been defined (Barron-
Gafford et al., 2016). The PVHI represents the difference between the air temperature 
close to a photovoltaic power plant and the air temperature in a rural region without 
photovoltaic applications. As the shading of the soil leads to a reduction in night-
time heat release, the PVHI is more pronounced during day-time (Barron-Gafford 
et al., 2016; Broadbent et al., 2019). The studies in China even identified a slight 
cooling effect on the nocturnal ambient air temperatures: In Xinjiang, the temperature 
decreased by averagely −0.24 K (−0.08 K) in two meters (ten meters) height above 
the photovoltaic modules (Jiang et al., 2021). In Qinghai, a maximum decrease of 
night-time air temperature of 1.82 K was measured (Wu et al., 2020) (see Fig. 9.4). 

However, the results of the mentioned studies on PVHI have limited validity 
when investigating the effects of photovoltaic applications on the thermal microcli-
mate in urban environments: A natural environment has a higher albedo than the 
anthropogenically built environment and in urban areas already sealed surfaces are

Fig. 9.4 Impact of photovoltaics on near-surface air temperature in rural areas detected by several 
studies: Solar cooling <0 K, PVHI > 0 K 
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replaced or complemented by photovoltaics. This suggests a lower to non-existent 
PVHI in the built environment. 

9.3.1.2 City Context 

In 2001, Roulet investigated the effects of active solar energy use on roofs and facades 
on the thermal microclimate at city scale based on simplified steady-state calculations 
of the urban energy balance. He hypothesized that the heat dissipated into the urban 
area will decrease as soon as the efficiency η of the photovoltaic modules is higher 
than the average albedo of the city. This hypothesis is based on the theory that, due to 
the conversion of solar radiation into electricity, a smaller fraction of the radiation is 
converted into sensible heat. The reduction of the sensible heat flux leads to reduced 
temperatures in urban areas, thus resulting in urban solar cooling. 

Roulet’s hypothesis was tested several times by means of mesoscale simulations, 
revealing marginal impacts of BIPV on the surrounding ambient air temperature 
(Tair) (Brito, 2020; Masson et al., 2014; Salamanca et al., 2016; Taha, 2013). Unlike 
photovoltaic installations in rural areas (Barron-Gafford et al., 2016; Broadbent et al., 
2019), the use of photovoltaics in urban environments seems leading to a slight 
decrease in urban air temperatures and thus to a reduction of the UHI. 

A simulation-based study relying on the mesoscale climate model uMM5 iden-
tifies a reduction of the ambient air temperature of up to 0.15–0.2 K five meters 
above roof level for the metropolitan area of Los Angeles. The photovoltaic roofs 
are modeled in a simplified way by estimating the effective albedo, thus implic-
itly including the efficiency of the photovoltaic modules (Taha, 2013). In a similar 
research design, the Town Energy Balance model (TEB) is used to conduct studies 
for the metropolitan area of Paris (Masson et al., 2014).  The assumption of a mixed  
installation of photovoltaic modules and solar thermal energy systems on the rooftops 
leads to the identification of an urban solar cooling of up to 0.3 K. The photovoltaic 
modules are modeled based on an energy balance with a simplified calculation of 
the module temperature TPV according to Eq. (9.1): 

TPV = Tair + 0.05 K/
(
Wm−2

) ∗ GT (9.1) 

The approach used by Masson et al. for modeling the photovoltaic energy balance 
and module temperatures is implemented into the Weather Forecast and Research 
Model (WRF). Thus, the summertime impacts of photovoltaic use on the near-surface 
ambient air temperatures in Phoenix and Tucson (Arizona) are simulated, identifying 
a temperature reduction of 0.4–0.8 K (Salamanca et al., 2016). In a further approach, 
the establishment of steady-state radiation balances leads to the conclusion that the 
impact of rooftop photovoltaics significantly depends on the modules’ efficiency. For 
typical albedo values of rooftops (0.3) and PV modules (0.1), the installation of PV 
fosters the UHI as soon as their efficiency is lower than η = 22%. For photovoltaic 
facades, the effect rather depends on the albedo of the surrounding surfaces, espe-
cially the ground albedo. Along bright roads (0.3), there is nearly always a heating
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Fig. 9.5 Impact of photovoltaics on near-surface air temperature within city context detected by 
several studies: Solar cooling <0 K, PVHI >0 K 

effect whereas in the extreme case of a dark road (0.0), modules of any efficiency 
lead to urban cooling (Brito, 2020). 

In addition to the direct impacts on urban climate, the shading of the building 
envelope due to the addition of photovoltaic modules seems to lead to a reduction 
of the summer cooling energy demand of up to 12%, thus reducing anthropogenic 
heat emissions (Genchi et al., 2003; Masson et al., 2014; Salamanca et al., 2016) 
(see Fig. 9.5). However, none of these calculations and simulation-based approaches 
have been validated by measurements. 

9.3.1.3 District Context 

Further studies focus on the effects of energy activated building envelopes on the 
local microclimate within a district and street context. At this spatial scale however, 
the results are inconsistent, ranging from cooling effects of up to −1 K to signif-
icant warming effects. The studies identifying warming effects however expressed 
their results by comparing sensible heat fluxes without conversion into temperature 
differences. 

The effective albedo approach developed by Taha (2013) (see Sect. 9.3.1.2) is  
integrated into the microclimate simulation software ENVImet to assess the impacts 
of rooftop photovoltaics on the ambient air temperature inside a street canyon. 
Compared to the reference scenario with an albedo of the rooftop surfaces of 0.2, 
the application of photovoltaic modules featuring an efficiency of 18%—hence an 
effective albedo of 0.3—reduces the near-surface air temperature by up to 0.09 K 
(Berardi & Graham, 2020). 

Further studies focus on photovoltaic facades. They suggest that energy activated 
facades might have lower surface temperatures than conventional building facades, 
however that the impact on the surrounding ambient air temperature is only slight 
(Cortes et al., 2015; Tian et al., 2007; Weihs et al., 2018): Simulation-based investi-
gation for China affirm that the module temperatures are up to 4.6 K lower than the 
surface temperatures of reference facades with an albedo of 0.1 (Tian et al., 2007). 
By coupling computational fluid dynamic simulations (CFD) with the WRF model, 
the surface temperatures of the building envelope behind the photovoltaic modules
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Fig. 9.6 Impact of photovoltaics on near-surface air temperature within district context detected 
by several studies: Solar cooling <0 K, PVHI >0 K 

were investigated. The simulations suggest a maximum reduction of the surface 
temperature of 0.8 K during day-time and 4.3 K during night-time, thus leading to 
reduction of ambient air temperature of up to 0.4 K at night (Cortes et al., 2015). A 
simulation-based study for Vienna (Austria) additionally investigated the effect of 
photovoltaic modules on human outdoor thermal comfort. Even though the identified 
influence of photovoltaics on the ambient air temperature was slight (±0.2 K), the 
Universal Thermal Comfort Index (UTCI) was reduced by up to 1 K. The decrease 
is caused by a reduction of reflections compared to conventional facades with high 
albedo. Less reflections lead to a decrease of the mean radiant temperature (Tmrt), a 
relevant parameter for the determination of thermal comfort. Yet, validations show 
deviations of up to 30% between metrological investigation and simulation (Weihs 
et al., 2018) (see Fig.  9.6). 

9.3.1.4 Reflection of Studies in City and District Context 

The aforementioned studies indicating an urban solar cooling however might under-
estimate the sensible heat fluxes due to the simplified modeling of photovoltaic 
modules and the neglect of the modules rear side as radiative surfaces (Brown 
et al., 2020; Pham et al., 2019). Hence, further studies refute Roulet’s hypothesis 
of urban solar cooling and identify an increase in air temperature due to urban photo-
voltaic use: Metrological investigations on a significantly down-scaled mock-up of a 
canopy structure with photovoltaic panels in Arizona and the subsequent calculation 
of sensible heat fluxes based on the measured data taking into account both sides of the 
PV modules as radiative surfaces suggest an cumulative, daily increase in sensible 
heat flux by up to 230 W/m2 per day when compared to a canopy with reflective 
materials (albedo of 0.82) (Pham et al., 2019). Similar metrological investigations 
conducted on a down-scaled mock-up of free-standing photovoltaic modules on top 
of a test cube in Arizona identify a cumulative, daily increase of sensible heat flux 
of up to 140 W/m2 per day in comparison to a light-colored roof with an albedo of 
0.63. Studies using the thermal building simulation program EnergyPlus focus on the



200 E. Fassbender and C. Hemmerle

sensitive heat fluxes between roof, photovoltaic modules, and the direct surroundings 
in six different cities in the USA during summer months. The simulations suggest 
that the addition of photovoltaic modules to light-colored or green roofs increases 
the sensible heat flux by 95–120 W/m2. The installation of photovoltaic modules on 
dark-colored roofs however reduces the sensible heat fluxes by up to 11% (Scherba, 
2011). 

9.3.2 Impacts of Thermal Microclimate on Photovoltaic 
Performance 

9.3.2.1 Air Temperature and Photovoltaic Performance 

Inversely, the surrounding thermal microclimate and in particular the ambient air 
temperature has an impact on the photovoltaic cell temperature (Tc). The cell temper-
ature in turn affects the efficiency of the modules. Equation (9.2) represents the 
correlation between efficiency and cell temperature (Evans, 1981): 

η = ηT-ref[1 − βref(Tc − Tref)] (9.2) 

The reference efficiency ηT-ref is determined at so-called standard test conditions 
(STC) with solar irradiation (GT) of 1.000 W/m2, a cell temperature of 25 °C and 
mass of air (AM) of 1.5. The temperature coefficient βref describes the temperature 
sensitivity of the photvoltaic modules, that depends on the cell technology. Usually, 
the temperature coefficient is in the range of 0.2–0.5%/°C (Dubey et al., 2013). 

The relationship between cell temperature and ambient air temperature is 
commonly expressed by means of the NOCT equation defined by IEC 61215 standard 
(see Eq. (9.3)). The nominal operating cell temperature TNOCT used as a reference 
temperature is the cell temperature at a solar irradiation (GT) of 800 W/m2, ambient 
air temperature of 20 °C, wind velocity of 1 m/s and zero electrical load for free-
standing photovoltaic modules (IEC, 2021). TNOCT is individual for each photovoltaic 
module and depends on its characteristics of the materials and construction. 

Tc = Tair + (TNOCT − 20 o C) ∗ (
GT/800 W/m2) (9.3) 

Building integrated photovoltaics however require different equations for the 
accurate determination of cell temperatures (Skoplaki et al., 2008). As the urban heat 
island effect leads to higher air temperature in urban areas, decreased photovoltaic 
efficiencies and thus lower solar yields are anticipated.
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9.3.2.2 Green Infrastructure and Photovoltaic Performance 

Vegetation has a cooling effect on the ambient air temperature. The cooling effect 
primarily relies on the evapotranspiration of greenery and might be beneficial 
for the efficiency of photovoltaic modules. Hence, the interdependencies between 
photovoltaics and greenery are investigated. 

On rooftops, these interdependencies have been evaluated with several metro-
logical investigations and simulation-based studies (Chemisana & Lamnatou, 2014; 
Hui & Chan, 2011; Köhler et al., 2002; Ogaili, 2015). The authors identified an 
increase in solar yield due to plant-photovoltaic interactions ranging from 0.08 to 
8.3%, depending on different factors: In general, plant species with a high evapo-
transpiration rate have the highest cooling impact on the ambient air temperature. 
Moreover, a high albedo of the plant canopy increases the reflected radiation, thus 
leading to an increased solar yield. For the combination of a photovoltaic-green roof, 
extensive green roofs with plant species with low heights are preferable to reduce 
shading losses. Few studies focused on the impact of vertical greenery systems on 
photovoltaic modules in front of the vegetation layer. First results suggest a reduction 
of photovoltaic operating temperatures ranging from 1 to 4 K (Penaranda Moren & 
Korjenic, 2017a, b). However, the constructional complexity is high and the plants 
as living matter might overgrow the photovoltaic modules. 

Compared to vertical greenery systems and green roofs, street strees have the 
highest cooling impact on the local microclimate (Brasche et al., 2017). Yet, the tree 
shading reduces the incident solar radiation on building envelopes depending on their 
height and location. By integrating the effective albedo approach into the microcli-
mate simulation software ENVImet and using a python-based post-processing script, 
it was found out, that the addition of street trees in a specific district in Brampton 
(Ontario) reduces the solar yield of rooftop photovoltaics by up to 32% while the air 
temperature is reduced by up to 0.44 K (Berardi & Graham, 2020). It can thus be 
concluded that the reduction in solar yield due to tree shading and the positiv cooling 
impact of street trees need to be negotiated. 

9.4 Discussion 

9.4.1 Main Findings: Impacts of Photovoltaics 
on the Thermal Microclimate 

The results of studies in rural environments unanimously suggest a day-time heating 
effect, while studies in city and district context mostly identify a day-time solar 
cooling effect. Independent of the research context however, one tendency is evident: 
The low heat storage capacity of photovoltaic modules leads to lower night-time 
module temperatures (compared to the reference surface temperatures within the



202 E. Fassbender and C. Hemmerle

same study) and hence to a lower heating or even to a cooling effect of the surrounding 
ambient air temperature at night. 

Moreover, the efficiency of the photovoltaics and the albedo of the surrounding 
surfaces are relevant parameters influencing the effects of photovoltaic modules on 
the thermal microclimate. Hence, it was found out that the threshold for rooftop 
photovoltaics contributing to urban solar cooling typically lies at a module effi-
ciency of η = 22%. The energy balance for facades is more complex due to several 
surrounding surfaces and is less dependent on the module efficiency but significantly 
depends on the reflectivity of the environment. Generally, installing photovoltaic 
modules in bright environments with higher albedos of the surrounding rooftops, 
walls, and ground as well as lower module efficiency result in higher heating effects. 
Photovoltaic modules with high efficiencies may generate a solar cooling effect. 

Throughout the selected studies, the metrics ‘ambient air temperature’ and 
‘surface temperature’ have consistently been used as relevant indicators for 
describing the impacts of photovoltaics on the thermal microclimate. Later studies 
also include the analysis of sensible heat fluxes. Only one study considers the impact 
of photovoltaics on the outdoor thermal comfort (Weihs et al., 2018). According 
to Chokhachian et al. (2017) however, increasing the albedo of surfaces leads to a 
significant reduction of outdoor thermal comfort. Thus, the neglect of outdoor thermal 
comfort considerations including mean radiant temperature leads to an insufficient 
description of the thermal microclimate when comparing photovoltaic modules with 
surfaces with high albedo. 

Moreover, the reviewed studies show inconsistent results, paricularly when the 
impacts of photovoltaics on the thermal microclimate are analyzed on a smaller 
spatial scale. The discrepancies between different simulation-based studies can 
be primarily attributed to significant simplifications in the applied methods. For 
example, Masson et al. (2014) and Salamanca et al. (2016) apply a photovoltaic 
model that calculates the module temperature using a simple addition of ambient 
air temperature and irradiance at module level multiplied by a constant factor. Thus, 
effects of wind speed and direction and of the modules efficiency on the photovoltaic 
temperatures are neglected. The effective albedo approach used by Taha (2013) and 
Berardi and Graham (2020) is also subject to significant simplifications and assump-
tions and has not yet been validated. Brito (2020) excludes longwave radiation as well 
as diffuse radation from his energy balance calculations, that are only performed with 
the sun being at its zenith and Taha (2013) and Cortes et al. (2015) assume that the 
albedo of the surrounding building surfaces is equal to the albedo of the photovoltaic 
modules. The analyses of Salamanca et al. (2016) are based on the assumption that 
each building disposes of mechanical air conditioning and the waste heat is released 
as sensible heat to the environment. Hence, the identified reduction of the ambient 
air temperature is primarily due to the reduced cooling energy demand and thereby 
reduced anthropogenic heat emissions. Moreover, the different research designs with 
varying reference locations, climates, albedo values and diverging photovoltaic effi-
ciencies lead to a reduced comparability of results. For experimental studies, differing 
measurement concepts and measurement heights further complicate the comparison
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of results. Additionally, not all studies describe the construction type of the photo-
voltaic installations and clarify whether the announced temperature differences are 
the maximally reached impacts or values averaged in time and spatial scale. 

It remains thus unclear to what extent and under what boundary conditions large-
scale applications of photovoltaics on façades and roofs can affect the local micro-
climate—in particular ambient air temperature and mean radiant temperature—and 
thus the thermal comfort at district scale. It even remains ambiguous whether PV 
applications lead to a warming of the urban climate—in city or district context—or 
contribute to urban solar cooling and might thus be classified as a climate adapta-
tion measure. To close this research gap, metrological investigations at real scale for 
validation purposes as well as the inclusion of detailed and validated photovoltaic 
temperature models into microclimate simulations are indispensable. 

9.4.2 Main Findings: Impacts of Thermal Microclimate 
on Photovoltaic Performance 

Higher urban air temperatures slightly influence the photovoltaic efficiency. This 
effect can partly be encountered by increasing the amount of vegetation into urban 
areas, thus altering the thermal microclimate. However, as the quantification of 
cooling effects of vegetation remains challenging due to various influencing param-
eters and the living organisms of plants, the examination of interdependencies 
between photovoltaics and plants remains vague. Existing studies only identify slight 
reductions in cell temperatures, hence increasing the solar power yield. 

9.5 Conclusion 

The present review synthesizes existing work concerning the impacts of photovoltaics 
on the thermal microclimate and vice versa with a focus on the urban built environ-
ment. In total, 26 publications reporting on experimental research and simulation-
based studies were selected and analyzed, identifying the interdependencies along 
with metrics to describe and applied methods to quantify them. 

To summarize, the analysis of the impact of photovoltaics on the thermal micro-
climates reveals major incongruences between the studies and diverging results. 
Notably, according to experimental studies, photovoltaic panels contribute to heating 
the surrounding air temperature, while simulation-based studies rather suggest a 
‘solar cooling’, particularly at night-time. 

The diverging results are mainly due to four reasons: (i) Simplified modeling of 
photovoltaic modules (cell temperature and efficiency) within microclimate models 
and (ii) lack of validation of simulation-based studies; (iii) lack of real-size exper-
imental studies in urban environments; (iv) limited comparabilty of studies due
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to differing research designs (different locations, reference values, measurement 
concepts and modelling approaches). All studies identify the parameters ‘photo-
voltaic efficiency’ and ‘albedo’ as relevant. The albedo even needs to be considered 
in a threefold approach: The albedo of the surrounding city and street, the albedo of 
the surface on which the photovoltaic modules are installed and in case of BIPV the 
albedo of the substituted material respectively reference material. 

Studies related to the impact of air temperature and vegetation on photovoltaic 
performance however obtain similar results: Although marginal, the surrounding 
air temperature affects the efficiency of photovoltaic panels. Thus, the UHI leads 
to lower solar yields, while the combination with vegetation might—under certain 
circumstances—negate the negative impacts. 

The obtained results reveal research gaps and indicate future research paths to 
follow: Notably the topic ‘impacts of photovoltaics on its thermal environment’ gains 
increasing relevance within the context of climate change, but to date comprises 
several unanswered questions. Future work needs to assess the effects of photo-
voltaic panels on its thermal surroundings with experimental measurements on real-
size photovoltaic installations in the urban environment and accordingly calculated 
heat balances. Numerical microclimate simulations with detailed and experimen-
tally validated photovoltaic models can furthermore generalize the results gained by 
experimental case studies. 
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Chapter 10 
Material Driven Adaptive Design 
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Envelopes 
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Abstract This chapter discusses material-driven adaptive design (MDAD) as an 
emerging interdisciplinary in material science and design disciplines. The authors 
define MDAD as a design system with a dynamic interrelationship with its envi-
ronmental context. They evaluate prospects and challenges associated with MDAD, 
along with some of the shifts in the design model that it necessitates. Examples as 
research prototypes are provided to demonstrate the potential of integrated develop-
ment processes that combine materials with geometry. Drawing from their research 
on the use of shape-memory polymers authors explore the use of “smart” mate-
rials in adaptive design to produce self-responsive and flexible surfaces. The design 
process includes correlating the micro-scale behavior of materials with macro-scale 
needs in architecture to create surfaces with the ability to change their geometries 
in response to temperature. This design process can pave a path to move beyond 
what is currently used as the primary means of adaptation such as complex mechan-
ical systems (sensors, circuitry, motors, etc.) in architecture. Leading toward a more 
sustainable and more responsive built environment, this approach also can produce 
synergistic effects by bringing together expertise in two fields of study—design, and 
materials science—that are currently divided by differences in terminology, methods, 
and research practices. 
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10.1 Introduction 

This chapter will address the concept of material-driven adaptive design (MDAD) by 
defining its principles and qualities. To better understand, MDAD and its prospects 
and challenges design prototypes have been designed fabricated and tested. The first 
half of the chapter provides a theoretical framework, while the second half presents 
specific processes and methods to create self-transformable surfaces. These surfaces 
have the ability to change their geometries in response to temperature. 

Adaptive architecture in this study can be defined as constructed geometries 
that change in response to environmental stimuli. Such adaptive approaches have 
primarily been used in architectural skins, for example, façade elements that adjust 
to the position of the sun (Persiani, 2019; Yilmaz, 2017). Similar to biological skins, 
these surfaces are well-positioned to interact with a changing environment. While 
often modeled on natural systems, adaptive architecture has primarily used mechan-
ical means (sensors, circuitry, motors, etc.) to respond to environmental changes. In 
recent years, however, designers have started to consider alternative ways to imple-
ment adaptive designs. The current state of the field can be characterized as being in 
transition from a purely mechanical approach toward more “passive” environmental 
response strategies, including material-driven adaption (Kretzer & Hovestadt, 2014; 
Menges, 2015; Hensel et al., 2006). 

Advancements in materials science have been crucial for instigating this tran-
sition, particularly with the increasing availability and fundamental research into 
“smart” materials. These materials are designed at a molecular level to respond 
to environmental stimuli such as moisture, heat, or light by changing their phys-
ical qualities (such as form, transparency, or flexibility). Smart materials can offer 
significant potential advantages in adaptive architecture due to the ability to reduce 
mechanical components, lower construction and maintenance costs, decrease weight, 
and improve reliability (Barozzi et al., 2016; Lopez et al., 2015; Menges, 2015). 
Essentially, molecular properties in these materials can act as a substitute for the 
more expensive and less reliable sensors, wiring, and actuators that characterize 
mechanical-based adaptive architecture. New computational design tools are also 
making an important contribution to this paradigm shift, as readily-available software 
now allows designers to analyze material performance, simulate material responses 
to dynamic environmental conditions, and directly control fabrication tools to imple-
ment materials-based design solutions (Kretzer, 2016; Lopez et al., 2015; Sunguroğlu 
Hensel and Vincent, 2016). 

As has historically been the case in architecture, these new innovations are being 
driven not only by new technologies but also by new concepts, most especially in 
our understandings of nature as a creative inspiration and model for innovation. The 
concept of the natural world as being composed of static, conflicting, individual 
components—an outlook that predominated in earlier centuries—has now been 
replaced by views that emphasize the flexibility and interconnectedness of biological 
structures. Many of today’s adaptive designs are biomimetic—they mirror the func-
tions, and sometimes the design, of biological systems (Kadri, 2012; Persiani, 2019).
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For example, Achim Menges referred to the conifer cone and its repetitive opening 
and closing cycles in response to humidity changes as an inspiration for the adap-
tive qualities of his “HygroSkin Pavilion” (Menges, 2015). Similarly, Doris Sung’s 
design of “Bloom” was inspired by leaf stomata (Sung, 2012), Skylar Tibbet’s and 
Nery Oxman’s projects (Totems, Silk Pavilion for example) mimics natural processes 
of organic growth and expansion (Tibbits, 2021; Oxman, 2015). 

The HygroSkin and Bloom projects mostly make use of materials that have the 
ability to deform and then return to their original shape when a particular stim-
ulus is applied. These are generally called shape memory materials (SMMs). Like 
other types of smart materials, their potential applications in architecture are novel, 
and we are only beginning to explore their potential uses. The Hygroskin Pavilion 
relies primarily on the hygroscopic behavior of wood, demonstrating that SMMs do 
not necessarily have to be manufactured in a lab. By carefully designing bi-layer 
wooden components, Menges was able to take full advantage of wood’s tendency 
to expand when it is wet. Since the expansion of the inner layers is less severe than 
the outer layers, the overall bi-layer wood material bends in response to changes 
in humidity (Menges, 2015; Ugolev et al., 1986; Hensel et al., 2006). The more 
recent direction through which researchers are exploring wood’s responsiveness to 
humidity. In 3D printed wood project Correa and others use 3D-printing technolo-
gies to create specially formulated wood–plastic composite materials and direct the 
response behavior. The 3D-printed composite materials also require a complicated 
analysis and technological fabrication process to be effective for intended purpose. 

The “Bloom” project takes a similar approach to use material for adaptive design. 
Sung uses metal materials and takes advantage of their different responses to temper-
ature. Using more than 400 parabolic-shaped panels made of laminated sheets of two 
metals with different coefficients of thermal expansion, the shell “opens” and “closes” 
in response to the heat produced by direct sunlight (Sung, 2012). 

As these examples demonstrate, architects and designers have been experimenting 
with SMMs for some time. Experiments to precisely measure shape-memory behav-
iors for specific combinations of materials and architectural geometries are few, and 
as a result, the prototype structures that have been created are limited in terms of 
their response time, strength, range of curvature, and ability to repeatedly change 
shape without incurring damage. 

There are significant challenges in this area mainly due to the current disciplinary 
split that exists between the design field and the materials science field—pedago-
gies, practices, and research literature in these disciplines are almost entirely separate 
from one another, which makes it difficult to establish an integrated method or work-
flow that considers both material design and structural design. Often designers lack 
even rudimentary knowledge of current research developments in materials science, 
let alone more sophisticated understandings of current directions in smart-materials 
research. On the other side of the split, material developers typically study transfor-
mations that occur at a scale of one-billionth of a meter. The application of novel mate-
rials to solve design problems and the integration of materials with larger structural 
geometries is often well beyond the research scope of the scientists who create these 
materials (Kretzer, 2016; Carolina Ramirez-Figueroa & Dade-Robertson, 2013).
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To address these challenges, we propose that we recognize a specific research area 
called “material-driven adaptive design” (MDAD), which will stake out a unique 
place in the overall architecture and design firmament. MDAD can be considered 
as a particular process or system for designing, characterized by an integration of 
materials science research into design process. Designers who take this approach 
are likely to focus on inspiration from adaptive features found in natural systems 
that are difficult to mimic in conventional architectural practice, and they will pursue 
new materials development that can make such functionalities possible in the built 
environment. They are also likely to emphasize direct involvement of designers in the 
fabrication process and its parameters. By combining the two fields in this fashion, 
we can expect a synergistic outcome in which large-scale design needs contribute 
more strongly and directly to the direction of materials development, and in which 
a more robust and precise knowledge of new materials informs the possibilities and 
horizons of design. 

10.2 Material Driven Adaptation as a Design System 

Adaptive systems are dynamic. This quality may appear self-evident, but when 
applied to architectural discourses that have long privileged stability, it can entail 
significant cognitive shifts to perceive the ever-changing building/environment 
dynamic as intrinsic to design. This section will discuss some notable aspects of 
that cognitive shift and how they are relevant to materials-oriented thinking. Most 
importantly, since environmental features are dynamic and often unpredictable, a 
truly fluid system has better ability to respond to them in real-time. The building 
skin may need to open or close at varied times or change its transparency or a surface 
may need to transform to another shape when exposed to a specific level of heat or 
humidity. MDAD designers must therefore have a detailed and precise knowledge 
of material response parameters within specific structural geometries, which can be 
developed through prototyping and tested through empirical experimentations. 

10.2.1 Decentralized Control 

MDAD thinking diverges from the centralized perspectives of mechanical adap-
tive systems. Such systems typically operate through the interaction of their three 
main parts: (a) the sensor, which transmits input data, (b) the controller, which 
processes the input and selects a structural activation, and (c) the actuator, which 
generates a change, for example, a physical change in the built environment. This 
model replicates cognitive decision-making in the biological realm, in which an 
input is processed the brain, leading to a decisive response action. An MDAD 
approach is based on a more decentralized or distributed control. The control is based 
on materials-intrinsic, and usually continuous function of environmental response,
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Fig. 10.1 Decentralized control versus Centralized control, illustrated by Paul Baran for network 
typologies 

which can be compared to autonomous biological functions such as sweating in 
warm temperatures or opening and closing in plant stoma to survive environmental 
stress. Such intrinsic functions comprise the majority of the ways in which organic 
materials adapt to environmental changes (Grumezescu, 2016; Rehm, 2013; Tibbits, 
2016). Rather than relying on distinct mechanical components and lines of commu-
nication between them, the parts of an MDAD system are based on decentralized, 
self-responsive, and self-sufficient design (Fig. 10.1). 

10.2.2 Self-Responsiveness 

All biological systems contain self-responsive components, and many parts of the 
natural world (such as plants) rely exclusively on such responses. A flower may 
gradually turn to follow the position of the sun; a rise in humidity can trigger pine 
cones to curl up their scales to prevent ineffective seed dispersal in wet weather. 
An MDAD approach embraces this model, leading to designs in which materials, 
structural elements, and/or entire building programs respond to external stimuli in 
a continuous and dynamic way (Menges, 2015; Hensel et al., 2006). The design 
process as well as outcomes adjust to accommodate a range of environmental condi-
tions, rather than being bound to the static stand-or-fail dichotomy of unresponsive 
structures.
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10.2.3 Self-Sufficiency 

The self-sufficiency of MDAD projects is most notable in terms of energy sources. 
The adaptations have been defined as “passive” in the sense that they do not or have 
minimum rely on external energy inputs, beyond what the materials themselves can 
harness from the immediate environment (Barozzi et al., 2016). Transformations in 
geometry and other structural characteristics are carried out through internal material 
reactions (a process of adaptation or self-adjustment), and both the original and 
altered forms are internally stable. 

10.2.4 Micro–macro Effect 

The properties of the various materials used in an MDAD project can create a 
complex, interrelated network that results in overall system-wide behavior. This is 
often referred to as the micro–macro effect, and it is a vital part of bridging the gap 
between materials science research and architectural-scale applications. The self-
sufficiency of parts and the absence of a top-down governing mechanism in MDAD 
projects does not mean that the parts operate in isolation from one another. Designers 
should be aware of this, and they should generally not expect to use smart materials in 
a monolithic, building-wide fashion. Instead, they should consider the synergies that 
can be created through the interaction of diverse material components. Like other 
aspects of the MDAD approach, this can entail significant shifts in perspective as 
designers learn to think in terms of complex organic development and emergent prop-
erties at various scales (Steiner et al., 2020). One strong advantage of this approach 
is that it can lead to flaw-tolerant designs, in which the system continues to adapt 
and function even when some individual components become damaged or impaired. 

10.2.5 Strength and Flexibility 

In architecture, flexibility has often been perceived as disruptive to the strength of a 
structure and to the designer’s control over the behavior of its elements. While archi-
tecture often favor impermanence, adjustability, and in some cases transportability 
in different scales, it is more common to focus only on the rigid structures and define 
architecture as collections of elements that cannot alter their shape without being 
destroyed. This continues to be true with mechanical-based adaptive approaches, in 
which component mobility is obtained through assemblies of rigid parts (hinges, bear-
ings, gears), and in which the failure of a single rigid part can break the entire system. 
The MDAD approach de-emphasizes rigidity and encourages a productive dialectic 
between flexible and rigid elements. In other words, while some rigid elements are 
needed to ensure the stability of the structure, there is less dependency on the survival
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of such elements. Instead, stability is established through the flexible interconnection 
of many supporting components, as can be seen in natural phenomena such as wood, 
bones, shells, and scales. 

10.2.6 Free-Form Transformation 

Architectural geometries are primarily flat, rectilinear, and orthogonal. There are 
many reasons for this right-angle-centric design, including the standardization 
of mass-produced components; ease of shipping, storage, and construction; and 
simplicity in force calculations. When it comes to adaptive architecture, this has 
resulted in transformations that are mostly based on the sliding and folding of recti-
linear components. However, as Antoni Gaudí famously observed, “there are no 
straight lines or sharp corners in nature” (Crippa et al., 2003). 

Similarly, the transformations that occur in natural structures rarely take place 
along right-angles but are instead smooth and continuous. Such natural forms and 
transformations have evolved to be efficient, stable, and resilient, often resulting in 
various geometries including curved outcomes. MDAD approaches are motivated 
by similar concerns of efficiency and resilience, and they emphasize materials’ 
capabilities to exhibit smooth and continuous transformation behavior. To better 
understate the physics and design possibilities of free-form transformation, MDAD 
designers can benefit from an understanding of curvilinear surfaces and their common 
techniques in architectural design. 

10.3 Experiments 

The use of prototyping and scientific experimentation is fundamental in MDAD, as a 
crucial means of understanding and developing the synergetic relationship between 
materials and geometry. In our lab we have primarily examined the use of SMMs, 
focusing on their ability to: (a) respond to environmental changes without using a 
distinct sensor component, (b) self-adjust into pre-defined forms without the use of an 
external/artificial energy source, (c) embody both flexibility and strength to produce 
stable surfaces, and (d) transform geometrically without tearing or cutting. While 
other adaptive designers have embraced the shape-changing properties of commonly 
used materials in architecture such as metal or wood, we have focused on exploring 
the potential of shape-memory polymers (SMPs) that are currently not widely used 
in architectural research. The research process in our lab begins with tests to eval-
uate the environmental response properties of a particular SMP when fabricated 
into specific geometries. We use a variety of fabrication techniques, ranging from 
conventional SMP mixing and hardening methods to novel 3D-printing approaches. 
We then evaluate possibilities for combining the SMPs with other materials to create 
hybrid self-transforming surfaces.
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10.3.1 Shape Memory Polymers 

There are a variety of shape-memory material options that currently exist, ranging 
from the aforementioned traditional options of wood and metal to more recently 
developed shape-memory alloys and polymers. Among these options, SMPs demon-
strate the greatest ease of formability and workability, and they are usually lower in 
cost compared to other shape-changing materials. Another important aspect of SMPs 
is their ability to readily bond with diverse conventional materials to produce hybrid 
structures (Wei et al., 1998). 

Our investigation into the behavior of SMPs led us to select a temperature-
responsive polyurethane epoxy resin-based polymer, which has been widely used 
as an independent structure, as a coating, and as an adhesive material. Epoxies can 
effectively bond with other materials as a resin, and the temperature required for 
stimulating their shape-memory behavior is within the range that we desired. The 
materials needed to make this type of SMP typically begin their life cycle as liquid 
mixtures and are solidified through an initial application of heat. This means that they 
are very easy to shape; the process is pouring the mixture into a mold or applying it 
with a brush prior to hardening. Once they have gone through the initial hardening 
process, temperature responsive SMPs remain in a rigid state as long as they are 
below their “glass transition temperature” (Tg). When the temperature rises above 
Tg, they become flexible and can be reshaped through the application of force. They 
then retain the new shape after cooling. However, if the temperature rises above Tg, 
the material will rapidly self-transform back into its original manufactured shape 
and no external force is present. Thus, if a flat sheet of SMP is manufactured, it 
can be heated and pressed into, for example, a double-curved dome shape, and then 
cooled in order to retain that shape. Reheating the material in the absence of force 
will lead it to rapidly revert back to its original flat position (Figs. 10.2 and 10.3). 
These transformations between different shapes can be repeated nearly indefinitely 
(Wei et al., 1998).

The formula used in the experiments reported here was based on an epoxy 
called Epon 826, which was mixed with a curing agent (Jeffamine D-230) along 
with a strengthening agent (neopentyl glycol diglycol ether, NGDE). The general 
temperature-mediated shape-memory effect of the resulting material has been widely 
documented in prior materials science literature (Xiao et al., 2012), so we could begin 
our investigation with confidence that its parameters would be similar to the material 
effects that we wished to pursue. 

The self-transformation properties of this material are a result of a reorientation 
of the molecular chains in SMP. The Jeffamine D-230 bonds and hardens the epoxy 
materials to create the shape-memory behavior. The NGDE dilutes the polymer and 
helps to strengthen it against cracking and brittleness. The relative proportions of 
these material components in the mixture determine its specific Tg, the extent of 
flexibility, and other material properties.
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Fig. 10.2 The SMP shape-changing cycle. Illustrated by author 

Fig. 10.3 Prototype A:Initial test of SMP responsiveness: a the deformed shape of a fabricated 
sample after applying heat and pressure, and the shape recovery process when re-applying heat for 
b 2 s,  c 6 s, and  d 8 s (Mansoori et al., 2019)

10.3.2 Testing SMP Surfaces 

Some of our initial experiments and fabrication processes have been discussed at 
length in our previous publications (Mansoori et al., 2019). In short, to fabricate the 
SMP surfaces we combined various amounts of the three components in a plastic 
cup; stirred vigorously with a wooden stick for about 10 s; used a vacuum process 
during the initial heating to reduce air bubbles; and cured the material in an oven 
at 100 °C, using a silicone rubber mold to shape the resulting form (Fig. 10.4). For 
these prototypes, we wanted to achieve a Tg of approximately 40°–60 °C. This range 
allows the material to remain fully rigid at room temperature, while not requiring 
overly excessive heating to reach a flexible/shapable state. Tailoring the Tg is vital 
for design applications, as it directly impacts the range of functional temperatures in 
accordance with the design goals and the intended operating environment. We tested 
multiple samples of the polymer to evaluate this behavior, and determined that for
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Fig. 10.4 SMP fabrication process in the lab. Illustrated by the author 

our purposes a desirable Tg could be obtained with a combination of 1.00 part Epon 
826, 0.63 parts Jeffamine D-230, and 0.60 parts NGDE. 

The resulting material exhibited full rigidity at 20–25 °C (room temperature), and 
a significant ability to deform when above 40 °C. To test the shape-memory behavior, 
a flat sample was heated to 40 °C using a heat-lamp. Pressure was applied to push the 
sample into a curved shape and hold it in that shape after the heat lamp was removed. 
After few seconds at room temperature, the composite material cooled sufficiently 
to become rigid again and retain the new curved form. When once again heated to 
40 °C in the absence of force, the material “remembered” its original flat shape and 
returned to it within 8 s. These initial experiments confirmed the functionality of 
our material mixture and laid the groundwork for subsequent research into using the 
SMP as part of hybrid materials and geometric forms. 

10.3.3 SMP and EcoFlex Composite 

One of our prototyping experiments conducted with the SMP mixture was called 
“SMP + Flex.” In this project we laminated a stretchable silicone material known 
as “EcoFlex” to a structural framework made of SMP. The goal was to leverage the 
shape-memory capacities of the composite to produce a surface that could reversibly 
transform between flat and double-curvature shapes. The stretchable nature of the 
silicone material allowed it to accommodate these transformations, while the SMP 
provided the shape-memory effect and room-temperature rigidity. 

An Archimedean spiral geometry was used in the SMP to assist the shaping process 
and encourage a smooth double curvature (Fig. 10.5). This form gives the composite 
plane surface a desired flexibility and kinematic properties that allow it to transform 
into a dome-like geometry. The spiral-cut SMP was created first and was placed into 
a flat mold. The EcoFlex silicone precursors, which also begin in a liquid state, were 
then mixed together and poured into the mold over the cut SMP. After curing at room 
temperature for 3 h the composite surface was ready for testing. As we had hoped, the
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Fig. 10.5. Prototype B. a The “SMP + Flex” project  began with (a) SMP cut into an Archimedean 
spiral pattern to encourage smooth transitions between flat and dome-like forms. This SMP compo-
nent was then “cooked into” a surface comprised of EcoFlex silicone. b The resulting composite 
integrated shape-memory behavior into the silicone surface. The composite is in its flexible state 
when heated above (40 °C). c The composite can be deformed to double curvature in its flexible 
state. d The doubled curve surface is cooled and fixed in its new position. The double curvature can 
self-transform to the flat surface when heated again to (40 °C). We used infra red lamp to heat the 
surface 

inclusion of the SMP base provided greater rigidity to the resulting material at room 
temperature (compared to EcoFlex alone). The composite regained its full flexibility 
when the environmental temperature was above the SMP’s Tg range (40 °C). In its 
elastomeric state, force was applied and the material deformed smoothly into a dome 
geometry. When cooled again to room temperature it retained this shape. It is difficult 
to fix the composite in its cured position; the material has the tendency to get flat 
when is heated. After being heated once again to Tg, the composite “remembered” 
its original flat form and returned to it within 6 s. This cycle could be continuously 
repeated with no discernable material degradation. 

One outcome that we noted in this project was that the stretching of the EcoFlex 
material in the dome geometry resulted in a latent force that limited the flexibility of 
the SMP in its glass state. It took additional pressure to form the material into a dome 
compared to shaping the SMP alone, and the resulting transformation was somewhat 
less extensive after the material was cooled and the force removed. Correspondingly, 
however, this latent force resulted in the SMP more quickly returning to its original flat 
shape when re-heated in the absence of external force. The experiment demonstrated 
that in pursuing these types of composites, particular attention should be given to the 
interface regions where the SMP bonds to the silicone material, as this interaction will 
be very significant in determining the overall geometric properties of the composite 
as well as being likely points of structural weakness. 

10.3.4 Using SMP with Wood Veneers 

For this experiment we laminated a veneer made of red oak with a layer of SMP. 
The veneer, which is often used for patching, repairing, and restoring common items 
such as doors or shelving, consisted of a very thin (1 mm) sheet of authentic wood.
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It is quite flexible and can be readily cut by hand using scissors. The SMP coating 
was also relatively thin at 0.5 mm for both sides. The combination produced a strong 
bond, especially in comparison to the SMP–silicone composite from the previous 
experiment. We heated the wood–SMP composite to Tg (40 °C), and shaped it into 
a gentle curvature in accordance with the range of flexibility allowed by the wood 
component (Fig. 10.6). 

The hybrid material was quite rigid at room temperature (more so than the wood 
veneer in isolation, and also more so than the SMP–silicone composite from the 
previous experiment). Unsurprisingly, the flexibility range of the wood composite at 
Tg was somewhat less than that of the silicone composite; however the wood was still 
able to form and hold a significant curvature. No cracking or structural deterioration 
of the wood veneer was noted after multiple deformation cycles, though this integrity 
is undoubtedly related to the extent of curvature obtained. 

We created two veneer-SMP prototypes. In prototype C-1 the original shape was 
a flat surface. We used this prototype to test self-transformation from double curved 
surface to a flat surface. The original shape for in prototype C-2 was double curved 
surface. The test for this prototype shows how the surface retunes to its curved shape 
from flat against gravity (Figs. 10.6 and 10.7). 

a) Q=35° b) c)     d)    e) Q=0° 

Fig. 10.6 Prototype C-1. Self-transformation from double curved surface (Q = 35°) to flat surface 
(Q = 0°). a the deformed shape of a composite after applying heat and pressure, the other images 
show self-transformation to flat surfaces when re-applying heat for b 2 s,  c 4 s,  d 6 s  e 7 s  

a) Q=0°   b)     c) d)   e) Q=35° 

Fig. 10.7 Prototype C-2. Self-transformation flat surface (Q = 0°) to curved surface. a the flat 
shape of a composite after applying heat and pressure, the other images show self-transformation 
to double curvature surfaces when re-applying heat for b 2 s,  c 5 s,  d 7 s  e 11 s
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10.4 Conclusion 

The experiments explained in this chapter were generative exploratory modes of 
the design process that demonstrate the potential of combining design (in this case, 
geometry) with materiality. While the study has not exhausted all possibilities but 
shows how MDAD makes it possible to (1) achieve predefined self-responsiveness 
without distorting the material, using electrical or mechanical sources, (2) combine 
contradictory properties of flexibility and rigidity and adopt the combination as an 
alternative design solution, (3) employ the dynamism in micro-scale to adaptation 
needed in macro-scale. 

We showed how SMP and hybrid materials based on SMP can morph between a 
flat geometry—useful for ease of manufacturing, shipping, and storage—and curved 
surfaces, which may be useful in a variety of architectural applications such as 
shell surfaces. The use of particular SMP, however, was only one of the potential 
uses of “smart” materials for future adaptive design. More systematic with precise 
measurements of transformations are needed to continue the research which should 
address hybrid material and mechanical properties. Other functionalities are increas-
ingly available for integration into our adaptive design repertoire, ranging from 
two-way polymers to other types of smart materials. While the transformation to 
the intended form as a result of environmental stimuli, its reversal to the previous 
condition required external force in our current experiment. Future studies on two-
way polymers for example allow us to make the whole cycle automatic. There are 
tremendous and diverse research opportunities under the MDAD umbrella, particu-
larly when it comes to scaling-up the applications of material-driven design, rigor-
ously measuring the functionality of specific materials/geometry combinations and 
integrating environmental changes into design. 

The MDAD approach can serve as a means for facilitating knowledge-transfer 
between the materials science and design disciplines. To embrace this process, archi-
tects and designers must recognize that it will entail adjustments to our established 
research and design practices which might need shifting toward different design 
processes such as an open-ended paradigm of prototyping and testing: the design 
process to include innovative ways not only form or the material but their behavior. 
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Chapter 11 
Design Principles, Strategies, 
and Environmental Interaction 
of Dynamic Envelopes 

Pengfei Wang, Junjie Li, and Zehui Peng 

Abstract In the era of sustainable development, the building envelope system has 
gradually become the focus of attention, because of its important function of serving 
as the separation interface between indoor and outdoor. The dynamic adjustment 
mechanism of environmental interaction is an effective strategy for buildings to deal 
with complex external environments. As the dynamic envelope system has technical 
and aesthetic advantages that form unique space experience and functional adjust-
ment, it provides a new way for building development. With the progress of the 
times, it will show more abundant prospects. This chapter takes the practical devel-
opment of the dynamic envelope system as the research object and summarizes the 
current climate-adaptive design strategies, realization forms, problems, and future 
trends by sorting out the categories. Finally, combined with the specific practice, the 
operability application method is proposed, which can provide a reference for the 
design method of the dynamic envelope system combined with buildings. 

Keywords Dynamic envelope · Climate response · Sustainable design · Material 
construction · Design strategy 

11.1 Appearance and Space, Static to Dynamic 

In recent years, the issue of building energy consumption has become increasingly 
prominent. How to adapt the interior of the building to changes in the external 
environment and reduce energy consumption has become one of the issues that 
architects focus on. As the climate boundary, today’s dynamic envelope system can 
perceive external information and respond to changes in the surrounding environment 
through its own adjustment, and gain design autonomy and independence due to 
technological upgrades in architecture, giving full play to the interface effect.
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The dynamic envelope system of a building, including walls, doors and windows, 
and roof, refers to an interactive change system that can implement measures such as 
opening and closing the boundary according to people’s needs for adjusting the indoor 
climate (Moloney, 2011). In 1966, American architect Robert Venturi decomposed 
architectural issues into two levels: space and skin in Complexity and Contradiction 
in Architecture, and pointed out that in addition to the limited creation of space, there 
are infinite and rich possibilities for the creation of skins in architecture (Venturi, 
1977). The architect regards the envelope system which is independent of the space 
more and more importantly, trying to create a two-layer interface that exists at the 
same time. The inner layer solves the function, while the outer layer solves the form. 
At the same time, the dynamic boundary of the outer layer makes the interior space 
of the building no longer isolated from the natural environment. 

On the other hand, the rapid development of technical means and communication 
media has given new meaning to the dynamic envelope system. Due to the dynamic 
characteristics of the envelope system itself, it gets rid of the fixed image of the 
original facade, and has unique advantages in terms of space requirements and user 
experience. With the close integration of mechanical dynamics, parametric design 
and other fields with architecture, the dynamic envelope system integrates various 
technical design methods to become an interface for improving building performance. 
The dynamic environment interaction can become an important fulcrum for architec-
tural mass change and image communication. Buildings are no longer satisfied with 
the limited space framed by walls, and rely on facades for information dissemination. 
These make people feel about the building from the inside to the outside, from the 
whole to the fragments, and from the space to the appearance (Chen & Mo, 2008). 
The design of a dynamic envelope system that interacts with the environment has 
gradually become an important focus of architectural design. 

11.2 The Value Pursuit of the Dynamic Envelope System 

11.2.1 Ecological Value Pursuit: Light, Heat, and Wind 
Environment 

Under the dominant trend of sustainable development needs, building envelope 
systems are closely related to energy consumption. Like the cell membrane that 
controls the entry and exit of substances, it controls the entry and exit of natural 
elements such as indoor and outdoor light, heat, and wind. It is the interface between 
the building and the environment (Fig. 11.1).

The envelope interface is changed according to the comfort of building users, so 
that the building integrates into the natural environment, reduces the dependence on 
the artificial environment, and avoids the energy consumption of the facade during 
the four seasons. It constitutes a sufficient condition for building energy efficiency, 
and therefore has become an important architectural design goal. Among the many
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Fig. 11.1 Interaction between the envelope system and the environment

factors that affect the climate, the most decisive factor is the sun’s light and heat 
radiation (Li et al., 2008). In response to the four seasons of the external environment, 
the interaction requirements inside the building are not fixed, such as the need to 
introduce sunlight to enhance heat preservation in winter, the need to block sunlight 
to enhance ventilation in summer (Feng, 2004), and other conflicting conditions. A 
single design strategy cannot fully satisfy the use or avoidance of natural conditions 
in different seasons or weather conditions. While the dynamic envelope system that 
interacts with the environment gets rid of the fixed passive adjustment style and can 
better exert the climate response advantages to enhance the comfort and energy-
saving effect of the building. 

For example, in the new office building of the Dutch Charity Lotteries company 
(Goede Doelen Loterijen) (Fig. 11.2), the green roof composed of many triangular 
blades can use diffuse reflection to avoid direct glare, guide natural ventilation, and 
also have the effect of collecting rainwater. The roof spans the original building 
volume, turning the old courtyard into a sunny Mediterranean square.

11.2.2 Diversified Spatial Adaptability 

The dynamic interface will have the opportunity to take advantage of some temporary 
architectural functions and rely on enclosures to meet diverse spatial needs. For a 
long time, buildings are often only satisfied with certain specific functional require-
ments, but with the development of multi-functional space requirements throughout 
the life cycle, there are higher requirements for buildings in the new era. Dynamic
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Fig. 11.2 The green roof of the Dutch Charity Lotteries company

buildings can provide conditions for different activities and behaviors by control-
ling the opening and closing of the shape according to the climate or use condi-
tions (Zuk & Clark, 1970). At this time, the dynamic envelope is generally not an 
isolated component unit, but a certain volume that constitutes the building. Due to 
the changing opening and closing of the envelope system, the boundary between 
indoor and outdoor is blurred, forming different spatial effects. 

The typical method of using dynamic envelopes to form a variable space is to 
form a semi-outdoor space by moving the skin. For example, “The Shed” (Fig. 11.3) 
located in Hudson Yards in the United States has the same dynamic principles as 
the sliding house in Suffolk, England many years ago. The telescoping outer shell 
of “The Shed” is separated from the base building and glides along the rail to form 
an iconic space for large-scale performances and exhibitions. The unfolded building 
volume increases the interior area by 1,600 square meters compared to the original. 
The designed kinetic system comprises a sled drive and bogie wheels guided by 
the rails to realize the changing process of retraction and extension. Besides, the 
energy-saving design scheme adopted by "The Shed", through the radiant heating 
system, variable forced air heating and cooling system, provides the most efficient 
environmental regulation for the extended part of the outer skin (Eric Baldwin 2019).
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Fig. 11.3 The Shed 

11.2.3 Improved Aesthetic Feeling 

One of the goals of the dynamic enclosure system is to enhance aesthetics. The 
design puts beauty above the adjustment of environmental factors such as light and 
heat. The form of the envelope structure is relatively obvious, and it is mostly two 
independent logics with the inner space, which breaks away from the modern rule 
of “form follows function”. 

The dynamic envelope system itself has unique aesthetic characteristics (Wang, 
2011), which conforms to the dynamic aesthetic characteristics of the crowd (people 
tend to notice moving objects more easily). Compared with the single form of the 
general building volume, the envelope forms can be rich and diverse, showing the 
complexity of change and the beauty of order. Some pay attention to dynamic changes 
and positive interactions with human senses. The opening and closing of the interface 
satisfy people’s different psychology of being close to or isolated from nature. Just 
as the American ecological psychologist Theodore Roszak put forward the concept 
of ecological subconsciousness in his book “The Voice of the Earth”, he believes that 
people have an instinct to love life (Biophilia) (Roszak, 1992). In the architectural 
practice of recent years, the closeness and the interaction between man and nature 
have become more and more concerned. 

In addition, the use of lights, colors, textures, etc. in the envelope brings users a 
unique sensory experience due to the rich and variable effects they form. For example, 
in the Shanghai Bund Finance Center, the dancing facade refers to the traditional 
Chinese bridal crown decoration. Decorative pillars of different lengths can move
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Fig. 11.4 Facade of Shanghai Bund Finance Center 

Fig. 11.5 Optical illusion appearance of Galleria Centercity department store 

independently. The appearance of the building presents different transparency and 
visual effects according to the rotation and overlap of the interfaces at various levels 
(Fig. 11.4). South Korea’s Galleria Centercity Department Store adopts a double-
layer multimedia facade on the exterior of the building, that is, the vertical sides 
on the glass shell and the inclined sides of the inner skin (UNStudio, 2019). This 
combination forms a wave-like optical illusion effect, which will change according 
to the difference in viewing position (Fig. 11.5). 

11.3 The Changing Principle of the Dynamic Envelope 
System 

The famous 20th-century scholar Gilles Deleuze reflected in his book "The Fold: 
Leibniz and the Baroque" that when the surface of a building has the dual char-
acteristics of construction and material, the surface can replace the spatial struc-
ture and become the dominant of the building, and the dominant of space and time 
(Deleuze, 1993). Based on this, the following section divides the dynamic principle
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of building envelope into three types: variable construction, variable material, and 
variable construction combined with materials (Payne & Firefly, 2013). 

11.3.1 Variable Construction Depending on the Mechanical 
Device 

The variable construction in envelope systems refers to relying on other external 
energy sources such as motors or manual drives to change the spatial position of the 
unit through a mechanical system, and respond to the external environment accord-
ingly. There are no special requirements for the material properties of the compo-
nents, and according to the principle of change (Moloney, 2011), it can be subdivided 
into basic motion forms of rotation, sliding, and compound motion forms, such as 
folding, telescoping, etc. 

(1) Rotation. As a common dynamic change mode, due to the uniform rules of the 
variable unit, most of the components are uniformly repeated geometric shapes. 
Rotation can obtain more varied effects according to different angles without 
changing the shape of the unit. The way of change can be around the central axis, 
around a certain unit frame, etc. (Fig. 11.6), to form a kaleidoscope-like facade 
visual effect, and interactively adjusts environmental factors such as light, heat, 
and ventilation. 

(2) Sliding. The slide rail, which usually contains a two-dimensional plane, is a 
more direct way of opening and closing the interface. In order to reduce the 
influence of gravity on components, most of them move in the horizontal direc-
tion, and interface units are often overlapped or complemented, so as to achieve 
the requirements for versatility in lighting, ventilation, and functional space. 

(3) Folding. The system is usually composed of simple panel components, which 
are controlled by telescopic rods, and the shape changes through unfolding

Fig. 11.6 Schematic diagram of rotation principle of Hazza Bin Zayed stadium envelope system
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Fig. 11.7 Dynamic envelope unit construction of the Conjoined Media Towers 

and stacking to realize the opening and closing for the control of natural light 
and ventilation systems. Because its change method is similar to the principle 
of folding doors, it is sometimes used to meet the functional requirements of 
building internal space expansion and flexible division (Miao & Feng, 2016).

(4) Stretching. It can be understood as a composite form of sliding and folding, 
which is widely used. This principle usually changes in a three-dimensional 
space. For example, the Conjoined Media Towers design scheme for the 
"unending sunlight" in the Middle East. Contrary to the traditional method of 
retracting umbrellas, the retractable sunshade envelope system passes outwards. 
The driving force retracts the umbrella surface, and then the whole is hidden in 
the corresponding structure along with the umbrella handle (Fig. 11.7). 

11.3.2 Variable Materials Based on Their Own 
Characteristics 

The material-variable refers to the interaction between the dynamic envelope system 
and the environment based on the characteristics of the material itself. Building 
regulation in this case often does not require external energy sources such as motors 
to perform work, but it is usually not as precise and controllable as the construction 
method. 

The vertical planting of the building is a typical variable material. Plants are in 
a state of change due to their own growth characteristics. In summer, plants grow 
luxuriantly, which can bring good shading effect, and the transpiration and photo-
synthesis of plants can effectively reduce the surrounding environment temperature 
and improve the environmental quality. In winter, the leaves of plants are fallen, so 
that the building can be fully lighted, and the different types of plants give the facade 
a vibrant scene (López et al., 2015). 

Another example is that under the action of a lower driving voltage or current 
applied to electrochromic materials, the optical properties (reflectivity, transmittance, 
absorptivity, etc.) will undergo stable and reversible color changes (Smart glass [EB &
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OL], 2020). The electrochromic smart glass made from it has the adjustability of light 
absorption and transmission. Selectively absorb or reflect external heat radiation 
and internal heat diffusion, reduce a large amount of energy that the building must 
consume in summer cooling and winter heating, and at the same time play an active 
role in regulating the degree of natural light. 

11.3.3 Combination of Variable Construction and Material 

It not only uses the characteristics of the material itself but also adopts a structural 
method to form a dynamic envelope system that is driven by energy to generate 
climate-responsive adjustments. In the construction method, the appropriate change 
method should be selected according to the value pursuit. In the component materials 
selection, it should be durable and energy-saving or use renewable energy. Because 
it combines the advantages of the above two response methods, it has a wide range 
of application prospects. 

As mentioned above in “The Shed”, the ETFE material used can realize the adjust-
ment of the building environment by means of lamination and so on (Cui & Miao, 
2014). The combination with the sliding strategy enhances the climate response of the 
extended space and makes the indoor environment more selectively controlled. Mean-
while, the energy consumption of equipment is reduced, and the effect of seeking 
benefits and avoiding harm to the natural environment is achieved. 

11.4 Organizational Mode of a Dynamic Envelope Unit 

The unit organization mode is related to the aesthetic feeling of the building facade 
and the way of control. When the unit modules are densely laid on the building 
surface, it is required that the building shape should not be too complicated, and 
the units can be changed in groups vertically or horizontally along the floor. In the 
design process, it is necessary to avoid friction loss, enhance the replaceability of 
components, and consider the influence of natural factors such as wind. 

11.4.1 Unit Form 

In the selection of unit form, regular geometric shapes are often adopted due to factors 
such as cost and construction. The tessellations (Wikipedia, 2020), which have been 
studied as early as the era of Pythagoras, can interpret this well. 

For example, using a single regular polygon to fill the plane: 
The sum of the interior angles of a regular n-sided polygon is (n−2)180°, and 

the degree of each interior angle is (n−2)180°/n. When it meets the dense paving
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Fig. 11.8 Different unit form with the tessellation principle 

condition, there is a positive integer x, which satisfies the equation x(n−2) 180°/n = 
360°. 

Get n = 2 + 4/(x − 2) 

Since n is a positive integer, x = 3, 4, 6, corresponding to n = 6, 4, 3. 
Therefore, except for irregular unit geometries, these methods can achieve 

complete tiling on the plane. In reality, single triangles, rectangles and hexagons 
have also become the choice of most dynamic building envelope systems (Fig. 11.8). 
The regular modular unit method can reduce the cost, is easy to construct, and is 
conducive to the aesthetics of the facade. 

11.4.2 Scale Division 

Judging from the current practice of the dynamic envelope system, the unit size is 
usually selected according to the principle of change and the size of the building 
facade. In addition, the needs of production, transportation and subsequent mainte-
nance and replacement should also be considered. The floor height of the building is 
mostly equal to or an integral multiple of the height of the facade dynamic unit, so 
as to facilitate installation and allow users to control independently according to the 
floor. 

11.5 Design Strategy of Dynamic Envelope Systems 

In the design process of the dynamic envelope system, the unit can be set to a regular 
geometric form, and the changing principles such as rotation and sliding can be 
applied, or new material properties can be actively explored (Table 11.1).

In practice, we divide the building envelope systems into three types according to 
different locations: facade interface, roof interface and atrium interface. The next part
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Table 11.1 Environmental interaction design elements of dynamic envelope systems 

Project name Project picture Value pursuit Changing 
principle 

Specific strategy 

Galleria 
Centercity 
department 
store 

Aesthetic 
feeling 

Material Optical illusion 
material 

Shanghai 
Bund 
Finance 
Center 

Aesthetic 
feeling 

Construction Sliding 

The shed Spatial 
adaptability 

Construction and 
material 

ETFE material 
and sliding 

Residential 
in Suffolk, 
England 

Spatial 
adaptability 

Construction Sliding 

Hazza Bin 
Zayed 
stadium 

Shading Construction Rotation 

Kiefer 
technic 
showroom 

Lighting, 
shading 

Construction Folding 

Conjoined 
Media 
Towers 

Ventilation, 
shading 

Construction Stretching

of the article will discuss the three types of dynamic envelope patterns, each of which 
is detailed with the engineering practice that the author participated in as an example, 
and each of which is different in the value pursuits and changing strategies, in order 
to conduct targeted research on the design strategy of environmental interaction.
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11.5.1 Rotating Roof Interface Based on the Pursuit 
of Ventilation and Shading 

In the project of a green building competition in Changzhou, Jiangsu Province that 
the author participated in, in view of the climate characteristics of the hot-summer 
and cold-winter zone, the natural ventilation of the building becomes the design 
focus. The design strategy applies dynamic envelopes to the fifth facade of the 
building (Fig. 11.9), using the principle of rotating mechanical construction to achieve 
interaction with the environment. 

The design strategy places the roofs on both sides perpendicular to the solar zenith 
angle in winter and summer. In terms of the shape and scale of the unit, in accordance 
with the principles of compactness, reliability, and economy, an isosceles triangle 
with a minimum side length of 1.2 m is selected as the basic unit module. Taking the 
vertical line where the unit’s vertical center is located as the axis of rotation, it opens 
and closes in different amplitudes according to the changes in natural light, thereby 
creating suitable lighting conditions for the interior (Fig. 11.10). The independent 
closed office space inside the building reduces the indoor heat load in summer and 
the penetration of cold wind in winter due to the "protective umbrella" function of 
the roof interface.

The triangular unit cell is combined with the thin-film photovoltaic system 
(Fig. 11.11), and the angle is rotated according to the light intensity in different 
seasons. In the high-temperature season, the angle with the highest solar power gener-
ation efficiency is selected, taking into account the sunshade (Elghazi & Mahmoud, 
2016). In the low-temperature season, the direct glare is reduced while satisfying 
indoor lighting. In addition, the opening of the roof skylight forms the vertical 
through space inside the building, which enhances the effect of buoyancy-driven

Fig. 11.9 Bird’s eye view of the design plan 
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Fig. 11.10 Different rotation angles of dynamic roof units

ventilation. And use software to simulate and verify the effect of different rotation 
angles on indoor lighting and natural ventilation, and find the optimal set of choices 
(Figs. 11.12, 11.13 and 11.14). 

Fig. 11.11 Unit structure design
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Fig. 11.12 The unit rotates at different angles under the control of Grasshopper 

Fig. 11.13 Analysis of summer environmental interaction mode 

Fig. 11.14 Analysis of winter environmental interaction mode
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11.5.2 Folding Facade Interface Based on the Pursuit 
of Shading 

The Miura fold is a folding technology invented by Kōryō Miura, an honorary 
professor of structural engineering at the University of Tokyo, Japan. This tech-
nology is to unfold the items by opening the diagonal ends, and pushing them in the 
reverse direction when they are contracted, so as to realize the rapid expansion and 
stacking of materials and the most intensive storage space (Fig. 11.15). 

The author takes this as a prototype to design the dynamic building envelope 
system that interacts with the environment. A high-rise hollow office building is 
selected, and the proposed column span is 8.0 m and the story height is 3.2 m. Solar 
photovoltaic panels are selected as the material for the upward part, which collects the 
electricity generated by the facade and has the effect of shading. Lightweight1 solar 
panels are selected for the downward part to meet the effects of light transmission, 
ventilation and heat insulation (Fig. 11.16).

From the formula for the effective use of photovoltaic panels, it can be seen 
that the larger Rα, the greater the area of the projection surface, and the higher 
the utilization efficiency of photovoltaic panels. And the utilization efficiency has 
nothing to do with the edge length. The angle α = 60° of the rhombus unit is selected 
comprehensively, and β is combined with the formula to select the best choice for 
each season (Fig. 11.17).

f (β) = x2 sin α ∗ k; k = cot β ∗ cos ϕ + sin ϕ /
1 + cot2

(
arccos cos α 

cos β

)
+ cot2 β

Fig. 11.15 Miura fold 
principle (Wikipedia, 2020) 
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Fig. 11.16 Material selection and connection of double-layer envelope system

Fig. 11.17 Seasonal changes of a double-layer envelope system

In the above formula: α is the interior angle of the rhombus; β is the angle 
between the edge length and the vertical direction; x is the side length of the rhombus 
(Fig. 11.18); ϕ is the solar zenith angle; f (β) is the projected area of the rhombus 
on the plane perpendicular to the light; x2sina is the area of the rhombus; k is the 
utilization rate of the photovoltaic panel. 

Fig. 11.18 Rhombus unit 
schematic
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Table 11.2 The relationship between the dynamic envelope system and the season 

Solar zenith angle Angle β PV panel utilization 
(%) 

Projection length a 
(cm) 

Projection length b 
(cm) 

Winter: 26.5° 19.8° 97.1 37.6 33.9 

Summer: 73.5° 39.6° 82.9 30.6 30.3 

Spring and autumn: 
50° 

32.4° 88.6 34.6 33.8 

In terms of unit form and scale division, the basic modules are combined into a 
plane to meet the best effect of the winter solar zenith angle and make the photovoltaic 
panel reach a larger size. Therefore, the size of each block is set to 4.0 × 3.2 m. 
According to the data calculation, the projection size of the rhombus module on 
the vertical plane is a × b = 37.6 × 33.9 cm, and the number of modules can be 
determined to be 9 × 12. It is calculated from this that the overall facade is reduced 
to 3.67 × 2.72 m at the optimal angle of photovoltaic in summer (Table 11.2). 

This dynamic envelope system uses the changing principle of folding to achieve 
better matching of solar zenith angles in different seasons and improve the use effi-
ciency of photovoltaic panels. In winter, it is completely closed after being unfolded 
to the best angle, and the vents are closed, and the “greenhouse effect” formed will 
further play the role of heat preservation and heat insulation. In summer, when it is 
reduced to the best angle, it will ventilate on the bottom side, forming a “chimney 
effect” with the upper gap, strengthening natural ventilation, and at the same time 
play a certain shading effect. 

11.5.3 Sliding Atrium Interface Based on the Pursuit 
of Spatial Adaptability and Ecology 

As a climate exchange space inside and outside the building, the atrium space plays 
an active role in building energy conservation and improving the indoor environment 
(Li, 2015). However, the climate control effect of the atrium is often a double-edged 
sword. While introducing light and ventilation, and using the greenhouse effect, there 
is also a contradiction between high temperature in summer and large amount of heat 
dissipation in winter (Table 11.3). The existing atrium has designs that incorporate 
dynamic devices, such as operable shading facilities set on the top of the atrium or 
inside and outside the curtain wall (Zhao, et al., 2018). But its function is single, and 
the amount of sunlight in the atrium can only be changed by changing the angle.

Based on the idea of climate control, this research proposes an innovative spatial 
interface regulation model. In response to climate change, through its envelope 
interface-the floor slab, climate regulation is carried out through lifting and lowering 
adjustments, so that the indoors can achieve the purpose of climate resilience.
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Table 11.3 Advantages and 
disadvantages of climate 
control in traditional atriums 

Climate control Advantage Disadvantage 

Atrium interface Natural lighting Excessive 
temperature in 
summer 

Greenhouse effect Excessive heat 
dissipation in winter 

Chimney effect Lack of dynamic 
adjustment

During the winter day, the floor slab is lowered to the bottom of the atrium, and 
the greenhouse effect is used to fully absorb the solar radiation heat to increase the 
temperature of the atrium. At night in the winter, the floor slab is raised to be flush 
with the second floor, and the floor slab with heat preservation ability is converted 
into a building roof to reduce heat loss. During the summer day, the floor slab is also 
raised to be flush with the second floor. It has a shading design to block the excess 
solar heat and prevent the atrium from overheating. At night in the summer, the floor 
slab is lowered to the bottom of the atrium, and the vertical through space of the atrium 
forms the "chimney effect", with the help of windows at the top to form buoyancy-
driven ventilation to obtain a good passive cooling effect (Fig. 11.19). Therefore, 
the dynamic atrium interface integrates multiple functions of climate control such as 
lighting, shading, heat preservation, and cooling. 

At the same time, the floor slab integrates the advantages of lighting and thermal 
engineering, using aerogel glass with low thermal conductivity, long service life, 
high light transmittance, and a thin and light structure (Fig. 11.20), adopting the 
construction method of double-layer 8 mm+ toughened glass, 32 mm+ aerogel parti-
cles, and 8 mm toughened glass. This can not only meet the efficient lighting needs 
of the atrium but also ensure a stable thermal environment in the atrium. In addition, 
the lifting floor slab can also play the role of barrier-free passage and variable space 
(Fig. 11.21).

Fig. 11.19 Principles of climate control in the dynamic atrium 
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Fig. 11.20 Atrium dynamic system and aerogel floor construction method 

Fig. 11.21 The construction process and actual effect of the dynamic atrium interface 

11.6 Conclusion 

As important focuses of architectural design, the ecological, spatial adaptability and 
aesthetic value pursuits of dynamic envelope systems gradually emerge in a large 
number of architectural practices. As an exchange interface inside and outside the 
building, its ecological value significance has unlimited potential in the context of 
today’s environment. The realization of the dynamic form of the envelope systems, 
that is, the principle of change and the way of unit organization, will develop more 
possibilities, so that the construction design will be more integrated into the building 
facade. Therefore, regional climate adaptability and adjustability of the facade are 
achieved. 

In the future, explore new breakthroughs from the perspective of sustainability 
between people and the environment, to better combine manual control, passive



240 P. Wang et al.

control, and automatic control, so that the dynamic envelope system has more adjusta-
bility. With the improvement of intelligent control technology, new materials, and 
innovative construction practices, the problems of energy drive and maintenance, 
and renewal are bound to be solved. The dynamic envelope system of environmental 
interaction will be widely used in a variety of building types under different climatic 
conditions. 

Notes 

1. It was first proposed by Louis Sullivan, a modernist architect of the Chicago 
School, in “The Tall Office Building Artistically Considered”, with the original 
text “That form ever follows function. This is the law.” 

2. Theodore Roszak. The Voice of the Earth [M]. New York: Simon & Schuster, 
1992. 

3. “Biophilia” refers to people’s natural and inherent emotional connection with 
other people and creatures. 

4. Optical illusions, refer to judgments and perceptions that are differentiated from 
objective reality when people observe objects based on psychological factors 
such as empiricism or false references through geometric arrangements and the 
laws of visual imaging. The geometric optical illusion phenomenon is the most 
common. 

5. The tessellations refers to the non-overlapping and gap-free merging of one or 
several polygons in the same plane, which satisfies the sum of the internal angles 
of all common vertices to be 360°. Tessellations can be divided into periodic and 
non-periodic types. 

6. The chimney effect, or stack effect, refers to the strong convective ventilation 
of indoor air along the vertical space inside the building, using the temperature 
and density differences formed at different heights. The intensity of the chimney 
effect is related to the vertical height and the temperature difference in the space. 
The upper part of the building is equipped with exhaust vents to exhaust the dirty 
hot air from the room, while the fresh outdoor cold air is sucked in from the 
bottom, thus creating a comfortable and healthy indoor environment. 
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Chapter 12 
Aesthetics and Perception: Dynamic 
Facade Design with Programmable 
Materials 

Dale Clifford 

Abstract Technology is often defined as the application of science to solve prag-
matic human problems. Etymologically, the roots of technology are closely related 
to artful and skillful, and entwined with the idea of beauty. Much of technology 
teaching and professional architectural practice focus the former definition, with 
emphasis on energy reduction, measurement and building physics. While technical 
building metrics are important, they often overshadow the prospect for building tech-
nology to appeal to the imagination, engage the senses, and support emotive human 
connection with the environment. In fact, most building technology is designed to 
separate us from the environment. Smart materials, those which adjust their prop-
erties according to environmental stimulus, have the potential to physically index 
subtle changes in the environment, generating human awareness of environmental 
flux. It is proposed that by integrating the properties of smart materials within the 
façade and interior building surfaces, building technology can become a dynamic 
link between environmental changes and human sensory experience. Design exper-
iments that expand the thermal and aesthetic properties of dynamic facades, with 
phase change materials and shape memory polymers, are presented. 

Keywords Building performance · Aesthetics · Shape memory materials ·
Programmable matter · Architecture 

12.1 Introduction 

It’s easy to fixate on technology. Especially if we are working toward a goal with 
quantifiable metrics, such as computing thermal transfer through a given wall section. 
Often these metrics become primary drivers in the early stages of the design process 
and significantly influence, the form and aesthetics of a building, and by extension, 
all those that come into contact with the building. While there is no single definition 
of building performance, the quest for performance increasingly impacts the design
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of the built environment through an ever-widening array of simulation tools targeted 
to optimize flows of heat, light, sound, air, and information. As such, the building 
envelope has become a locus for innovation, and a shift from viewing the façade 
as a wrapper to a medium of exchange between interior and exterior. Architects 
and engineers are beginning to apply computational tools, emergent materials, and a 
host of sensing and actuation technology, not just in service of building science, but 
to advance the role of the sensorial and qualitative aspects of building technology 
and search for ways that buildings can communicate their operation to building 
inhabitants. 

A position is taken that the built environment can and should more effectively 
respond to nuances in local environmental conditions and that humans should be 
aware of how a building adapts in real time. Adaptive technology is becoming more 
prevalent as the building industry shifts from relatively static materials such as glass 
and steel, to dynamic materials that exist in multiple equilibrium states or non-
equilibrium states and can respond autonomously to their environment. Still in their 
emergent stages, programmable materials, when applied to the building envelope, 
have the potential to lower the complexity of dynamic and responsive envelope 
systems by consolidating the sensing and actuation systems that more mechanical 
dynamic systems require to operate. 

Two projects are presented that bridge material science and architecture through 
the application of programmable materials. The projects contribute to the current 
trajectory of work that challenges the notion of fixity in the design and operation of 
buildings, in favor of relatively simple means of dynamic environmental response. 
Each project has technological roots in programmable matter, but the architectural 
applications are consciously low-tech. The projects are intended to lower energy 
consumption by actively responding to fluctuating environmental conditions, but 
importantly, they are intended tap into the human need to be connected to the envi-
ronment. Design examples are given of recent work with an emerging class of organic 
phase change materials (PCMs) and with shape memory polymers (SMPs) that 
demonstrate the prospect of dynamic materials to make architecture more thermally 
and visually responsive to local temperature variation. 

12.2 Engaging the Senses 

In Thermal Delight in Architecture, Lisa Heschong gives a compelling history of 
cultural development through human engagement with thermal sources. She speaks 
to the sensory engagement and human connection that occur through direct contact 
from thermal sources. Whether a group of humans are immersed in a thermal bath 
or sitting in a circle around a fire, Heschong proposes that we gather around thermal 
sources to satisfy our physical need to warm ourselves, our emotive need to be 
physically engaged, and our cultural need to exchange ideas and tell stories. 

Heschong’s book is informational and not as immediately apocalyptic as Rachel 
Carson’s truth-based fable Silent Spring, but it carries a foreboding message in terms
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of blind reliance on technology. Specifically, Heschong warns of the cultural damage 
brought about by the designed and progressive separation of humans from nuances 
in the environment. She insinuates that we care less for our surroundings if we 
are disassociated from them. In thermal terms, if we do not know where the heat 
in a building is coming from or how it is produced, this lack of connection can 
beget carelessness. It is arguable that social and sensorial impoverishment can result 
from environmental detachment, leading to a coarseness with which we relate to 
our surroundings. As we are sensing creatures, once our physiological response 
to the environment is stunted, so too is our cognitive awareness. Heschong does 
not advocate a return to the campfire but is in favor of building technology that 
enhances social interaction by engaging the user sensorially and emotively. While 
contemporary building technology is the result of thought, engineering, and skill, in 
general, it is designed to detach the user from the operation of a building, in favor 
of semi-autonomous control systems that are often acoustically masked and hidden 
from view. This following work is part of a resurgence of projects that seek to make 
environmental technology both visual and visceral. 

12.3 Keeping the Good Stuff in and the Bad Stuff Out 

Buildings are often designed as a static barrier condition, isolating inhabitants from 
the environment. This approach approximates that tactic of a latex glove; a strategy 
designed to keep the good stuff in and the bad stuff out. In the case of buildings, the 
bad stuff is the environment, even though studies have shown that interior air quality 
often contains significantly more pollutants than exterior air (U.S. Environmental 
Protection Agency 1987). This is a concern as the global population is becoming 
domesticized and spends an increasing amount of time indoors (Wallace, 1987). 
Intuitively, we know that connection with the environment has been fundamental to 
our evolution and is central to our physiological and psychological health. Though 
there is little professional agreement on what connotates good design, researchers 
have studied the direct and indirect effects of buildings on human health, psyche, 
and well-being (Evans, 2003). Designers are also beginning to challenge the prac-
tice of defaulting to highly insulated air-tight buildings in favor of responsive and 
dynamic building envelopes that are meet the needs of occupants by adjusting to the 
environment. 

Researchers and practitioners have proven Winston Churchill’s observation that 
“We shape our buildings; thereafter they shape us.” R.A. Ulrich, a researcher of 
evidenced-based health care design, has provided a direct link between design and 
well-being through study of the acoustic and visual environment on patient stress, 
anxiety, and recuperation times. In one project, Ulrich studied patient reports from 
a Pennsylvania hospital, where rooms on a double loaded corridor either had unob-
structed views of a stand of trees, or a view of a monotonous brown brick wall. He 
found that the patients with a view received fewer negative evaluative comments, 
required less pain medication, and were released earlier, than those subject to the
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monotony of a brick wall (Ulrich, 1984). Many other studies have shown that 
increasing occupant awareness of variations in daylight levels within buildings leads 
to better and longer sleep patterns, positive mood effects, and increased cognitive 
functioning (Boubekri et al., 2020). 

The projects that follow focus on the prospect for architecture to continually attune 
itself to its surroundings, and visually index thermal environmental change through 
variations in opacity and surface texture. The objective is to apply the attributes of 
programmable materials to combine aesthetics and performance, thereby recoding 
our relationship with the environment through the variability of the building envelope. 

12.4 Project 1_ Phase Change Materials 

Architectural materials are generally static and designed for stability and dura-
bility. Responsive materials, also known as reactive or ‘smart’ materials, vary their 
properties in response to external stimuli. These materials are controllable and 
reversable, and some are programmable. A common property of these materials is that 
sensing and actuation are embedded withing the material itself, lowering mechan-
ical complexity in comparison to dynamic systems that rely on external sensors and 
actuation methods. PCMs and SMPs are part of an emerging class of responsive 
materials with programmable properties that can be tailored to trigger or switch in 
response to specific environmental stimuli such as magnetism, light, temperature, or 
humidity. 

It makes all the sense in the world to use mass, as opposed to air, to moderate 
temperature in buildings. Massive materials have long been used to store or release 
energy to mediate diurnal temperature swings. Historically, these materials have 
functioned as sensible heat storage (SHS) systems that proportionally absorb or 
release heat according to increasing or decreasing temperatures. This approach, 
used in Trombe walls and concrete slabs exposed to the sun, comprise effective 
and uncomplicated thermal storage banks, though a lot of material is required to 
stabilize internal temperatures. In SHS systems, thermal storage capacity generally 
increases with density. Unlike conventional SHS materials, however, when PCMs 
reach the temperature at which they change phase, referred to as their set point, they 
absorb or release large amounts of energy and maintain an almost constant tempera-
ture. The PCM continues to absorb heat without a significant rise in temperature until 
all the material is transformed to the liquid phase. When the ambient temperature 
around the liquid PCM falls, the PCM solidifies, releasing its stored latent heat, as 
depicted in Fig. 12.1. Water, the PCM we are most familiar with, changes phase 
(liquid/solid) at 0C. As liquid water crystalizes, it takes on a more ordered struc-
ture and absorbs energy from the surrounding environment. As solid water melts, 
it assumes a less energetic state and releases energy. The reverse is true as water 
freezes, making water a highly effective thermal storage material as the material 
changes phase. In both cases, the material maintains a near constant temperature as 
it proceeds through phase transition. This property is especially useful in moderating
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temperature swings, whether in buildings or a cold glass of water. Organic PCMs, 
such as the soybean oil used in this study, operate with the same principle, though the 
melt/freeze point can be targeted to ambient room temperatures, making the organic 
oils effective materials for thermal stabilization in buildings. 

PCMs in building technology are generally micro-encapsulated or macro-
encapsulated. The process of micro-encapsulation entails enclosing phase change 
particles within a polymer shell. The shell effectively contains the PCM core through 
its freeze-melt cycles. Micro-encapsulated PCM can be added to building prod-
ucts such as plaster, drywall, concrete, or composite roofing systems to increase 
their thermal storage capacity. PCMs generally exhibit low thermal conductivity, 
and micro-encapsulation is a step towards overcoming this limitation. Macro-
encapsulation refers to enclosing substantial amounts of PCM within a single 
container, a process that is becoming more technically and economically feasible 
with the emergence of organic PCM. Organic materials are generally preferred as 
they exhibit lower corrosive properties than inorganic salts or metallic compounds, 
making container composition less exacting and container degradation less of an 
issue. These properties open the door for more creative and effective packaging 
solutions. The following projects encapsulate PCM in containers that augment the 
thermodynamic attributes of the material and to make the phenomena of phase change 
visible.

Fig. 12.1 Phase change cycle. This figure shows the cyclical thermal process of a phase change 
material beginning in a solid state, liquifying as energy is absorbed, then returning to a solid state 
as energy is released 
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12.4.1 Rethinking PCM Placement and Operation 

Commercially available PCMs are most often packaged in opaque plastic and located 
above acoustic ceiling tiles or behind drywall. In these locations, the material miti-
gates internal temperature fluctuations, but it remains hidden from view. The ‘Tile’ 
project is an effort to rethink the placement of PCM within a building and the existing 
methods of packaging to better promote the conduction of thermal energy between the 
phase change material and the surrounding air and to visually exhibit the freeze/melt 
transitions to building users. The soybean oil used in this study has relatively low 
thermal conductivity (0.2 W/m/K) and tile designs with a high ratio of PCM to 
container surface were made to manage this issue. The first series of tiles (Fig. 12.2) 
are constructed from thin glass with an interlayer of PCM. The high surface area 
of the container accelerates the transfer of heat between the environment and PCM. 
The transparent nature of the tile also exhibits the crystalline structure of the oil as 
it solidifies and absorbs energy from the surrounding environment. The oil varies 
optically from opaque when frozen to near clear when melted. 

It was observed that the tile acted as a temperature dependent optical switch, 
registering the thermal condition where the tiles were located. To a building user, 
the tiles index the relationship between the optical aspects of material change and 
the thermodynamic conditions of a given space. The tiles are designed to make

Fig. 12.2 PCM tile. This figure shows the encapsulation of PCM within a glass container. The fill 
tube and expansion chamber are seen at the upper right of the tile. The images at left demonstrate 
the spectrum of material opacity, from near clear to opaque, during the freeze/melt cycle 
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invisible temperature changes visible and alter one’s perception of a building as a 
static entity, in favor of recognizing the energetic exchange between interior and 
exterior conditions. The intent of the project is to change the way buildings are 
experienced by communicating through its operations. 

12.4.2 Application_ Expanded Wall Section 

The tiles were assembled into an array that expanded the ‘space’ of the façade as they 
are located directly adjacent to the interior of the glass surface. This zone undergoes 
significant diurnal temperature swings, and the placement of tiles enables the façade 
to serve as a thermal storage bank and heat recovery system. Arrayed vertically 
and horizontally, a thermal bank of 360 tiles was designed to help the Frick Park 
Environmental Center, in Pittsburgh, PA meet the energy petal of the Living Building 
Challenge and to explore the communicative potential of sustainable technology 
(Fig. 12.3). Early energy analyses showed that total building energy consumption 
would be reduced by 25% with the PCM system proposed. 

The following iterations of the PCM tile depart from the planar container and are 
shaped to increase the volume of PCM per tile and to increase the velocity of airflow 
across the container surface (Figs. 12.4 and 12.5). The design intent is to increase 
the effectiveness and the thermal storage capacity of the system by increasing the 
convective heat transfer to the surrounding air (Clifford et al., 2017). The thermo-
formed container is filled with PCM with a variety of set points, to further enhance 
the reading of the interior facade’s response to temperature variation.

Fig. 12.3 PCM tile application. The image at left shows the placement of the PCM tile array 
perpendicular to the interior of a glass façade as designed for the Frick Park Environmental Center, 
Pittsburgh, PA. The image at right is a test for a multi-cellular PCM tile and an installation system 
that places the tile parallel to the glass façade 
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Fig. 12.4 Increasing Airflow. The image at left is a drawing for a PCM filled container designed 
to increase airflow when arranged in a field (center image) on the interior of a glass façade. The 
image at right shows a prototype module filled with frozen soy oil based PCM 

Fig. 12.5 PCM Tile Array. The drawing at left shows a plan and elevation of a PCM containment 
system that clips onto vertical cables. Three container types were designed with different surface 
curvature and volumes. The image at right shows the PCM wall system with tiles in different stages 
of their freeze/melt cycle due to volumetric difference of the tile. The thermal operation of the 
system is registered in the patterns of translucency 

12.5 Project 2_ Shape Memory Polymers 

Continuing the intent to enable the façade to adjust to thermal fluctuation in the 
local environment, this project applies the properties of shape memory polymers to 
vary the façade surface area and texture. The shape memory polymer tile developed, 
predictably varies its shape in response to heat and applied air pressure. Operating 
as a field, the tiles form an articulated surface designed to reduce the transmission of 
solar radiation through adaptive shading. The tile system is designed to respond to 
multiple solar insolation states rather than a single optimized state. A secondary goal 
is to develop a computational design tool capable of determining the local mechan-
ical actuation and thermal activation mechanisms to morph the tile into a shape 
that maximizes the desired solar-tile interaction with minimal total morphing energy 
cost. Initial physical models are presented that incorporate knowledge exchange 
between partners at the University of Pittsburgh that specialize in applied compu-
tational mechanics, researchers from the University of Dayton Research Institute 
with expertise in materials science, and a team from the Cal Poly Department of 
Architecture that specializes in design process.
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12.5.1 Shape Memory Effect 

Shape memory refers to a class of materials that can be deformed and then recover 
to its previous shape when subject to stimuli. Shape memory effect was coined from 
the study of alloys and was first observed in the 1930’s. Shape memory research with 
synthetic resins dates to 1941 and is attributed to a patent issued to Vernon et al. 
(1941) who developed a thermoplastic that exhibited elastic memory when heated. 
Vernon’s discovery introduced a body of research into shape memory materials and 
shape memory effects. Most shape memory research has been with metals, known as 
shape memory alloys (SMAs) and shape memory polymers, although less studied. A 
wide variety of organic materials such as wood (Zhang et al., 2021), hair (Wortmann 
et al., 2021), and collagen also exhibit shape memory properties. Among the shape 
memory materials under development, SMPs have characteristics that are particularly 
applicable to building technology and differ from their alloy counterparts as they have 
a lower density, exert less force upon recovery, and can undergo significantly higher 
strains. Polymers can be designed to respond to a range of stimuli, including, light, 
electricity, magnetism, moisture, and ph, but the most studied stimulus is heat. Other 
desirable properties of SMPs include that they are programmable, exhibit variable 
stiffness, undergo large recoverable deformation without fatigue damage, and require 
minimal actuation force to change shape. They also possess good shape fixity and 
have a relatively low time to recover to their programmed shape (Kang et al., 2018). 

12.5.2 Temperature Activated Shape Memory Polymers 

The SMP used in this study is a temperature activated polyurethane polymer that 
can be programmed to attain a single, yet reversible, programmed shape. Above its 
glass transition temperature (Tg), the polymer softens and can be easily deformed. 
If cooled, the material stiffens, holding the deformed shape. Upon reheating above 
the Tg, the material will assume it’s programmed shape which is set into the material 
upon fabrication. The programmed memory shape is achieved either through casting 
or printing, for example, if a tile with a curved surface is printed, and deformed, the 
tile will recover to the printed shape upon heating. In our experiments the polymer 
reached a limit and could undergo the strain of approximately 200% before rupturing, 
which set a range of maximum surface areas to work within. Temperature activated 
polymers were used in this study due to their availability and relative ease of fabri-
cation technique. To deform the tiles, heat was applied externally with a heat gun, 
a significant source of external energy. If the tiles were intended for production, a 
more ideal SMP would be a light activated polymer which has been shown to use 
far less energy for activation. Another possibility is to tune the Tg of the polymer 
more closely to the ambient air temperatures hot environments, thus decreasing the 
energy cost of activation. In some design iterations, dark mass was applied to the 
polymer surface to concentrate heat in targeted areas. And further options include
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Fig. 12.6 Composite tiles. Variable stiffness composite tiles made from shape memory polymer 
and ABS plastic showing sequential actuation. Tiles were heated just above the glass transition 
temperature with constant air pressure. The lower series of drawings indicate the deformed tile 
shape 

the application of multi-stimuli-responsive shape memory polymers programmed to 
respond to both heat and light. 

Two fabrication techniques were used to better understand the dynamic qualities 
of SMP’s, with an end goal of fabrication consistency and gaining predictive control 
of the deformed state of the tile. The first series of tiles (Fig. 12.6) were cast from a 
two-part resin with a Tg of 25C with materials purchased from SMP Technologies. 
They were combined with a stiffer inner material to generate a variable stiffness 
tile intended to influence overall deformation. The composite tile exhibits variable 
stiffness as the SMP has a lower elastic modulus than the printed ABS. This effect is 
pronounced when the tile is heated above the Tg and the polymer enters the plastic 
state. 

The second series of tiles (Fig. 12.7) were made from SMP filament with a Tg of 
55C and printed with variable thickness along the cross-section. The tile composed 
in successive layers oriented 45 degrees from the previous layer forming a cross-
laminated tile. Three layers form a 0.06'' base layer and three more layers form a 
1.2'' region noted by the shaded area in the drawing and in the more deformed area 
in the physical model. The thinner regions reach Tg more quickly and thus deformed 
earlier, exhibiting greater deformation than the thicker region. This experiment gave 
control over asymmetrical shape generation with even surface heating and constant 
air pressure. Tiles were arrayed into a larger matrix and air pressure was regulated via 
a microcontroller to a series of four tiles (Fig. 12.8). Pressure was controlled with 
a temperature sensor that released air to the tiles when they reach their transition 
temperature. As noted previously, there is a lot of kits associated with the current 
experimental setup and the end goal is to rely less on mechanical sensing and actuation 
devices and more on the inherent responsive properties of the materials.

12.5.3 Applications and Issues 

The proposed application is an external shading device activated by air pressure 
when the Tg is reached. The intended source of heat ideally comes from the sun,
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Fig. 12.7 Variable thickness tile. At left is a section elevation drawing of a variable thickness shape 
memory polymer tile with the shaded region thicker than base thickness. At right is a deformed 
variable thickness printed tile. Varying the tile thickness gave the team insight into control over tile 
surface curvature

necessitating a Tg targeted towards specific thermal microclimates. It is anticipated 
that through selective application of dark mass, the SMP would reach the transition 
temperature, become plastic and inflate, providing shade to the façade surface. Like 
shape memory alloys, SMPs require a bias force to reset them to their original 
preprogrammed shape. This condition requires additional energy input, increasing 
the cost of operating the system. Energetically, reheating is not viable, and therefore 
the preferred tile would be composed of light activated polymers. 

While two-way shape memory materials are promising in laboratory studies, mate-
rials with these properties are not yet commercially available. As described above, 
the polymer used in this study is a ‘one-way’ system where a shape is thermally 
set. Current research teams have produced polymers that can be programmed to 
attain multiple shape shifting states (Chen et al., 2010). Application of a material 
with multiple programmed shapes would potentially increase the fidelity of dynamic 
facades constructed from SMPs and significantly reduce or eliminate the complexity 
of the actuation system. It is speculated that a façade composed of materials with 
multiple shape shifting states could operate solely from thermal input from the sun. 

12.6 Conclusion 

For decades, the directive of environmental control systems in buildings has been 
directed at human comfort and convenience, and convenience generally meant 
rendering invisible the systems responsible for internal climate control. An arguable 
point behind the work presented is that separating humans from the technology that 
produces comfort has exacerbated our distance from nature, dulled the senses, and 
by extension, diminished the imagination. This argument supports an expanded defi-
nition of building performance to include cognitive, emotive, and communicative 
aspects of design. This is an old idea, as buildings have long had the ability to 
communicate to their people through their form, and in some cases, their operation.
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Fig. 12.8 Schematic of pneumatic inflation and control system. Schematic drawing of a 4 × 4 tile 
layout. Compressed air is distributed to the SMP tiles once their transition temperature is reached, 
causing the tile to deform. Upon cooling, the tile retains the deformed shape, and the air supply is 
no longer needed to retain the shape. Upon reheating to the transition temperature, the tile recovers 
to its’ programmed shape



12 Aesthetics and Perception: Dynamic Facade … 255

Ornamentation is often viewed as gratuitous, though it can contribute meaning to a 
building through its symbolism and impart delight, wonder, and sometimes reveal 
to us that we are part of a larger story. Programmable materials offer a step towards 
active and functionalized ornamentation that visually and thermally convey their 
response to local environmental changes. It seems valuable to consider the semiotics 
of emerging adaptive building technologies as the activated façade can become the 
literal performance of the building, calling into question the way in which we visually 
and thermally relate to architecture. The projects presented are a step toward the work 
of a confluence of artists, engineers, material scientists, and architects that no longer 
view architecture as a static backdrop which we live our lives against, but a dynamic 
and communicative condition that continually engages us with environmental flux. 

To suggest that architecture alone can change the way one thinks or acts, is 
overreaching, but the potential for responsive design technology to inspire one 
to change their associations and relationships with the natural world is possible. 
Herbert Marcuse argues that “Art cannot change the world, but it can contribute to 
changing the consciousness … of the men and women who could change the world.” 
(Marcuse, 1979) Taking a conceptual leap, we could apply Marcuse’s thinking 
towards aesthetics and ecology, and propose that awareness of environmental fluc-
tuations, through the filter of responsive architectural systems, may contribute to a 
shift in our attitude towards the energy we use and the world we inhabit. 
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Chapter 13 
Design Research on Climate-Responsive 
Building Skins from Prototype and Case 
Study Perspectives 

Zhenghao Lin and Yehao Song 

Abstract As low-carbon and sustainable development has become a global trend, 
climate-responsive building envelopes still gain traction in the architecture world. 
However, relevant design and research remain too disconnected to drive further break-
throughs. Thus, this chapter explores an integrated design-research approach for 
climate-responsive building skins, especially for the continental climates in China. 
The study begins with a practical case in China’s Cold Zone to demonstrate how 
architects consider climate responsiveness when designing building skins and reveal 
the challenges the static structures might face in responding to external dynamic 
climates. A research prototype of climate-responsive skin was extracted from the 
Cold Zone case and materialized in a full-scale test platform. A series of compara-
tive experiments are performed to identify the optimal solution for each of the four 
key design features and their optimal combinations for summer and winter, respec-
tively. The thermal performance impact of each design feature and the energy-saving 
behaviors of the seasonal optimal configurations are also evaluated quantitatively. In 
order to integrate the highly differential summer and winter configurations for maxi-
mized climate responsiveness, a novel dynamic skin prototype with rotatable trian-
gular blades is further presented. Overall, the study aims to bridge the gap between 
the research and design of climate-responsive building skins, thereby providing a 
reference for their application in similar climates. 
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13.1 Climate-Responsive Building Skins 

As one of the core topics in architecture, climate responsiveness remains relevant in 
the context of the global endeavor to cope with climate change and pursue sustainable 
development (Papadikis et al., 2019). Discussions about the climate responsiveness 
of buildings involve the impact of climatic elements on indoor environments and 
comfort levels, requirements for structural safety and material durability, and the 
possibilities of adjusting user behaviors responding to the environment (Hao, 2016). 
Among all building components, envelopes play an essential part in allowing build-
ings to respond to the changing climate. It is because they are the main interface 
separating the indoor and outdoor environment, a shield or buffer against light, heat, 
humidity, wind, rain, snow and other climatic factors, and an important carrier for 
human factors engineering (HFE). In this context, such concepts as “climate respon-
sive skins”, “bioclimatic skins”, “smart skins” and “adaptive building envelopes” 
emerge. Currently, research on the climate responsiveness of transparent envelopes 
represented by double-skin facades has been evolving due to the springing up of high-
rise office buildings, while opaque envelopes are relatively less studied (Ibanez-Puy 
et al., 2017). For most building types, however, the latter tends to cover a better part 
of the surface area, and their role in climate regulation cannot be ignored. Therefore, 
this paper selects opaque envelopes as the main object of design and research. 

In terms of design practice, architects in different parts of the world have been 
exploring ways to make building skins more climate-responsive. Considering the 
tropical climate of Africa, Jean Prouvé equipped his prototype Maisons Tropicale 
with continuous, adjustable louvered aluminum sunscreens to reflect the intense 
sunlight, as well as the double roof structure and central roof vent to remove heat 
quickly. Built in the Chesapeake Bay in the United States, KieranTimberlake’s 
Loblolly House is covered with overlapping cedar boards, which serve as a “filter for 
rain, wind and solar radiation (Kieran & Timberlake, 2008)”. In response to China’s 
hot summer and cold winter, Shanlong Tan used semi-transparent polycarbonate 
materials to wrap the building at Xiuning primary school, balancing ventilation and 
insulation through some air vents. Facing the Spanish Mediterranean climate, H 
Arquitectes and DATAAE adopted polycarbonate shutters as the bioclimatic skins 
of the ICTA-ICP research center. Controlled by environmental sensors, the shut-
ters automatically shut down during cold and wet weather, and open to increase 
ventilation when the weather is hot and dry. 

In terms of academic studies on the climate responsiveness of opaque building 
envelopes, researchers focus more on opaque ventilated facades (OVF) and have 
come a long way. It is observed that most studies about OVF focused on the hot 
temperate climates in southern Europe and the Mediterranean region (e.g., Italy and 
Spain), which can be further categorized as a temperate oceanic climate (Cfb type) 
(Fantucci et al., 2020; Labat et al., 2012) and the hot-summer Mediterranean climate 
(Csa type) (Aparicio-Fernández et al., 2014; Peci Lopez et al., 2012) according to the 
Köppen–Geiger classification (Kottek et al., 2006). With the rapid development and 
global spread of OVF, the research field has gradually expanded to other climate zones
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like tropical and subtropical areas (Zhang & Yu, 2017; Fernandes Maciel & Carvalho, 
2019; Gregorio-Atem et al., 2020) and some particular application scenarios like 
extremely windy climate (Mammadova et al., 2021). However, studies for continental 
climates (D type) with hot, humid summers and cold, dry winters, such as in the cold 
zones in China, are still rare. 

Secondly, As a result, most current studies devoted themselves to investigating the 
thermal behavior of OVF in the dominant hot seasons (Marinosci et al., 2014; Stazi 
et al., 2014), and it is widely agreed that the shading effect of the external skin and the 
natural convection of the ventilated air duct can help to remove part of the heat load 
cross the facade, thus reducing the indoor heat gain in the summer period. Although 
papers about the winter behavior of OVF are relatively more minor, they have drawn 
more attention in recent years (De Masi et al., 2021; Peci Lopez & de Adana Santiago, 
2015). Some authors proved that installing an OVF brought positive winter energy 
savings by preventing the outdoor cold winter or recovering the heated air in the cavity 
for indoor warming. However, winter investigations still acted like supplements for 
the summer studies due to their less significant energy-saving rates. The winter 
configurations of OVF often inevitably give way to their summer versions, resulting 
in nonoptimal performances in the cold seasons. Consequently, the annual benefits 
of OVF cannot be fully discovered, leading to restrictions on further popularization, 
especially in regions with significant seasonal variability. 

Thirdly, these OVF studies are centered on such typical commercial systems 
as rainscreen ventilated facades (Marinosci et al., 2014) and open-joint ventilated 
facades (Sánchez et al., 2017). Less exploration of more skin structures has led to 
the failure to meet the increasingly diverse needs for design. Furthermore, the gap 
between practice and research is widened by the fact that architects and researchers, 
which are by nature two different professions, do not necessarily have shared values, 
expertise and work methods. 

In order to bridge this gap, and with the advantage of being both architects and 
researchers, the authors aim to explore an integrated design-research approach to 
climate-responsive building skins, aiming to expand their application border to conti-
nental climates with hot, humid summer and cold, dry winter. This paper begins by 
introducing a practical case in the Cold Zone of China, and elaborating on how the 
building skin was designed to respond to the dynamic climate, thus revealing the 
gains and limitations of architects’ efforts. On this basis, the authors extracted the 
opaque ventilated facade with louver cladding as the prototype, materialized it in a 
Cold Zone-specific test platform, and then conducted comparative experiments on its 
key design features to obtain the optimal configurations suited to summer and winter 
conditions respectively. Finally, to integrate the highly differentiated skin structures 
for summer and winter, the authors propose a new triangular blade prototype with 
a variable structure, which is expected to outperform traditional static skins and 
achieve maximum climate responsiveness.
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13.2 A Case Study in Continental Climate 

13.2.1 Project Description and Climatic Features 

Located in Shunyi District, Beijing, CSC Zero-carbon Pavilion (CSC Pavilion), 
serves as a small community center. It is also a Nearly Zero Energy Building with 
BREEAM Outstanding and LEED Platinum certifications. The building is composed 
of three b-shaped building units around the sunken courtyard in the center, which 
function as the meeting room, exhibition hall and gym respectively, with a total 
construction area of about 157 square meters (Fig. 13.1). 

The CSC Pavilion was developed to respond to the continental climates in China, 
characterized by hot, humid summers and cold, dry winters. In determining the main 
building structure, the design team used the prefabricated laminated timber struc-
ture and the light-timber framed insulated envelopes, aiming to reduce the embodied 
carbon in material uses and to restrict the environmental impacts of on-site construc-
tion or the potential demolishing in the future. Moreover, to improve the energy 
efficiency during the operation stage, the CSC pavilion was further designated as 
an integrated platform for various passive architectural design strategies and active 
energy-saving building technologies. As one of the promising passive solutions, 
the concept of climate-responsive building skin was introduced from the very early 
design stage and successfully implemented in the construction phase, especially for 
the opaque parts.

Fig. 13.1 The meeting and exhibition units of CSC Pavilion 



13 Design Research on Climate-Responsive Building … 261

Beijing is a typical city located in China’s Cold Zone, which has a humid conti-
nental climate, or Dwa type (Fig. 13.2). In this zone, temperatures vary greatly in 
different seasons; it is hot and rainy in summer, and cold and dry in winter. The 
average outdoor temperatures in the two seasons are 27 and −2.9 °C respectively, 
and the prevailing winds are S and N respectively. This shows that responding to the 
Cold Zone’s climate is more complex and challenging than other climates that were 
only dominated by hot or cold seasons (Fig. 13.3). 

Moreover, Beijing is located in the Normal Zone regarding solar radiation 
resources in China, with cumulative solar radiation averaging around 1550 and

Fig. 13.2 a Climate zones for building thermal design and b Solar resource zoning of China 

Fig. 13.3 Climatic features of a typical city in the Cold Zone (Beijing) 
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710 MJ in summer and winter, respectively. However, this relatively intense solar 
radiation will differently impact the building performance according to the season. 
During the summer, it usually causes the penetration of undesired solar heat into 
buildings, bringing indoor overheating risks; during the winter, it turns to serve 
as a positive heat source for reducing heating demands. As the interface directly 
contacting with the external climatic factors, the building skin’s dynamic regulation 
capacity for solar radiation becomes a challenging issue. 

13.2.2 Design of the Climate-Responsive Skin 

The design team defined the south facade of CSC Pavilion as the primary inter-
face for indoor lighting, ventilation, and visual access, meaning that the full- or 
semi-transparent envelopes were mainly adopted, such as the highly insulated single 
glazed facades in the gym and meeting units, and the double-glazed ventilated facade 
integrated with thin-film photovoltaic modules in the exhibition unit. Nevertheless, it 
should be noted that, as the climatic responsiveness of these transparent-type facades 
had been explored in the previous studies (Lin, 2018), this paper mainly focuses on 
the opaque ventilated facade, which was applied to the east, west and north facades 
of each unit, and a small number of such modules were used on the south side of the 
gym unit. 

In more detail, this OVF system consists of three layers. The external skin is 
formed by carbonized timber battens and anchored to the internal base wall through 
a supporting steel frame. The internal light-wood framed wall provides basic thermal 
insulation, water- and air-tightness. These two layers are separated by a 150 mm-
width air cavity, serving as a buffer zone or a ventilation duct. 

Considering the inherent difficulties of static skin structures in responding to the 
changing external climate, the ventilation state of the OVF cavity was changed by 
adjusting the timber batten’s openness for different facade orientations to enable a 
response to both summer and winter climates in the Cold Zone. For the east, west 
and south facing facades exposed to direct solar radiation, the utilization of a closed 
cavity will cause overheating inside and provide cavity temperature even higher than 
the ambient one, thus bringing extra cooling loads in summer. In this regard, the team 
learned from the working principle of ventilated facades, opening multiple groups 
of wooden battens at the bottom and top of the external skin to form air inlets and 
outlets. By introducing the solar chimney effect, the vertical airflow driven by the 
thermal buoyancy was successfully established and exhausted the undesired hot air 
in the cavity. The timber louvers at the vents were opened by rotating at particular 
angles (40–80°), guaranteeing sufficient areas for air exchange between the cavity 
and the outdoor environment. As shown in Fig. 13.4, the varieties in angle, number, 
and position of the rotated timber batten provided more aesthetic possibilities for 
the whole facade system. It even created icon shapes representing different building 
functions, like the beating-heart icon beside the entrance of the gym unit (Fig. 13.5).
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Fig. 13.4 Patterns for CSC Pavilion’s timber louvers

However, it should be noted that, further evaluations for the thermal and energy 
impact of the ventilated facades in the cold winter are also essential. 

For the north facing facade, free from direct solar radiation and acts as the primary 
windward side in winter, a thermal buffer formed by the closed cavity helps prevent 
heat loss through the internal walls. Thus, in this orientation, the timber louvers are 
no longer opened but are closely connected to create a continuous interface. 

In terms of the physical implementation, the external skin of CSC Pavilion, with a 
total area of 369 square meters, was divided into 64 prefabricated modules (Fig. 13.6). 
These modules were supported by a steel frame while the carbonized timber battens 
were attached to the frame through wood angle adjusters.

For time-saving, the team initially planned to prefabricate the whole skin module 
in the factory. However, the 1:1 mock-up showed that the regular shape of the modules 
would be broken when integrated with the timber battens, especially the rotated ones. 
This not only occupied more transportation resources but was also more prone to 
damage during the transportation and installation process due to its more complex 
and fragile structure. Therefore, the architects separated the timber battens, which 
were carbonized and trimmed only in the factory, from the steel frame, which was 
prefabricated and integrated along with the angle adjusters. After the prefabricated 
steel frame was hoisted and fixed on-site, skilled workers would nail the timber 
battens onto the adjusters in a very short time (Fig. 13.7). This “moderate prefabrica-
tion” strategy worked as it capitalized on the complementary advantages of factory
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Fig. 13.5 The western facades of the a exhibition and b gym units of CSC Pavilion

Fig. 13.6 Structure of CSC Pavilion’s skin module

prefabrication and on-site assembly. It was a cost-efficient solution that it took only 
five workers one week to complete the whole installation.
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Fig. 13.7 Prefabrication and assembly of the skin modules a mock-up module; b steel frame; c 
wood adjuster; d–e installation of steel frame with adjusters; f installation of timber battens 

13.2.3 Limitations and Challenges 

The practice of the CSC Pavilion shows how Chinese architects make building skins 
more responsive to the continental climate. Their specific design strategies, construc-
tion methods, and performance presentations will provide references for future prac-
tice in similar climates. However, exploring climate-responsive skins simply based 
on practical cases has its limitations. 

Firstly, the fast construction pace in China leaves construction teams little time for 
systematic prototype studies. Their understanding of skin-specific climate respon-
siveness comes primarily from their knowledge base of thermal engineering and 
limited meteorological insight. 

Secondly, such practical factors as aesthetics, cost, construction time, and the 
owner’s preference often come into play in the design process. The preference for 
static structures in most projects, for example, results in a skin system that can 
only respond to the ever-changing external climate in a limited or moderate manner. 
Even if the testing process is carried out after construction, it will be, more often 
than not, reduced to the verification of the original design plan due to temporal and 
spatial constraints: it is difficult to conduct long-term comparative experiments with 
multiple variables to discover how the building skin responds to the external climate 
or to reach specific strategies for structure optimization. 

Based on this, the authors recognize the necessity of shifting the exploration of 
climate-responsive skins from sole reliance on case design toward integration with 
prototype research. Fortunately, the authors’ team, which comprises both researcher
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and architect members, is well-positioned to explore an integrated design-research 
approach to climate-responsive building skins. 

13.3 Prototype Research 

13.3.1 Prototype Extraction 

Based on the previous practice in China and the analysis of other existing cases, 
the prototype of opaque climate-responsive skin is not complex and mainly consists 
of three parts: the internal wall, air cavity and external skin. The innermost wall 
is responsible for fundamental functions such as thermal and sound insulation, fire 
prevention, waterproofing and air-tightness, serving as the ultimate barrier between 
the indoor and outdoor environments. The intermediate cavity acts as a buffer or 
coupling zone for different environmental factors (heat, moisture, wind, solar radi-
ation, etc.) between the internal wall and the external skin, usually with structural 
components connecting the two. And the external skin, which may be composed of 
multiple materials, is directly exposed to the ambient climate, severing for light and 
solar radiation filtration, wind and rain prevention, thermal and sound insulation, 
and determines the overall visual image of the building. However, when it comes to 
the specific configuration for each layer, a multitude of variables could emerge: (1) 
the material, color, smoothness, opening ratio, inclination, the opening position of 
the external skin; (2) the geometry of the air cavity, the connection with the indoor 
and outdoor environments, the internal division, and the application of mechanical 
ventilation devices; (3) thermal resistance and inertia of the internal wall, as well 
as its surface material, color and roughness settings. The variation and combina-
tion of different parameters offer a wealth of possibilities for the forms and climate 
responsiveness of the opaque building envelope with a double-layer structure. 

On this basis, the authors extracted a simplified skin prototype from CSC 
Pavilion’s timber-batten facade for the following experimental investigation. Its 
reasons can be attributed to three: First, as one of the general facade techniques, 
the batten skin shares a worldwide application, making this study more practical and 
typical; Second, the practice of CSC Pavilion can provide direct guidance and refer-
ence on implementing prototype skin physically; Finally, few performance investi-
gations of batten skin are conducted under the typical continental climates, which 
determines the necessity of prototype exploration. 

To simplify the research boundary conditions, the external battens of the prototype 
skin are no longer rotated but uniformly set parallel to the internal wall. For this 
prototype, four key design features are further extracted by a comprehensive analysis 
of previous studies and relevant practices: (1) the color and (2) the joint opening ratio 
of the external skin; (3) the air vents openness and (4) the cavity depth. From the 
performance perspective, the first two features are more related to solar radiation 
control, while the latter two are associated with cavity ventilation regulation. From
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the design perspective, these four features have the most significant impact on the 
overall form of the skin, and are thus the focus of architects’ attention. 

13.3.2 Prototype Experiments 

Based on the extracted skin prototype and its key design features, the research team 
planned to conduct a systematic study of the climate responsiveness of the prototype 
skin under real climate, so as to reach its optimal design and operation strategies. 
Supported by Tsinghua University and Tsinghua Redbud Innovation Institute, the 
team built a full-scale test platform in Tianjin (Fig. 13.8),  a city  only 90 km away  
from Beijing with a very similar climate. Consisted of two identical (3000 × 3000 
× 3200 mm) and non-interfering (distance >7 m) test rigs, the platform enables 
comparative experiments and analysis of control variables under the same external 
climatic conditions. On this basis, the research team materialized the extracted skin 
prototype as follows: 

The eastern and western walls of the test rigs are constructed of a wooden frame 
with a depth of 140 mm and filled with foam polyurethane insulation. They are 
covered with oriented strand boards with a thickness of 9 mm, as well as white 
breathing membranes. With a comprehensive heat transfer coefficient of about 
0.22 W/m2·K, these walls provide the basic thermal insulation.

Fig. 13.8 Comparative test platform & structure of the timber batten skin 
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The external skin consists of three demountable skin modules of the same size 
(3000 × 920 × 50 mm), which, after being mounted to the rectangular steel frame 
on the outer side of the internal wall, can be slid and stopped freely perpendicular to 
the internal wall by means of hanging rails with stop devices, thus creating cavities 
of different depths ranging from 50 to 350 mm. It is worth noting that the other 
faces of the steel frame are covered with polycarbonate sheets to avoid unorganized 
connectivity of the cavity with the ambient air. 

Each skin module consists of uniform horizontal wooden battens (820 × 125 × 
10 mm) combined with a timber frame. Three design features can be adjusted by 
changing the patterns and assembly methods of timber battens: The joint opening 
ratio of the skin can be controlled (0/6.25/12.5/25/50%) by adjusting the distance 
between adjacent battens; The air vents openness can be changed by retaining or 
removing battens at the top and bottom; The external cladding color (white or wood) 
can also be altered by wearing a different coat. 

Based the test platform and its variable facades, the research team conducted a 
series of comparative experiments on the skin prototype under summer and winter 
conditions (Fig. 13.9). 

Firstly, in-field experiments were performed to measure the outer and inner surface 
temperatures of the internal wall. With the measurement of the internal walls’ thermal 
conductance (Cwall), their penetrating heat flux were successfully calculated and 
transformed into the daily cumulative thermal gain (Egain) and thermal loss (Eloss) 
values for each tested configuration. Through comparing these thermal performance 
metrics, the optimal solution for respective design features were determined. 

Secondly, the impact of different design features on the envelope’s thermal perfor-
mance was compared. As shown in Fig. 13.10, a normalized analysis involving all

Fig. 13.9 Various skin configurations under experiments 
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skin configurations was conducted using the Egain value of Facade B and the Eloss 

value of Facade A* as the summer and winter thermal benchmarks. In the summer 
tests, the thermal influence of four design features on resisting heat gain were ranked 
as follows: joint opening ratio (30.6%) > external cladding color (17%) > air vents 
openness (7.8%) > cavity depth (4.8%). It is evident that the former two design 
features are directly linked to the design of external skins, with the joint opening ratio 
of 6.25% and bright color being the optimal solutions. In other words, it is suggested 
to maximize the shading effect of the external skin and reduce its solar radiation 
absorption. The latter two features are tied to the cavity ventilation state, with a cavity 
depth of 200 mm and additional top and bottom vents promoting vertical airflow as 
the optimal solutions. Therefore, for the skin to respond to summer climates, the 
design team should prioritize the resistance to direct solar radiation and optimize the 
structure to facilitate thermal exchange between the cavity and the external environ-
ment. In the winter tests, the thermal influence of four design features on resisting 
heat loss was ranked as follows: joint opening ratio (19.8%) > cavity depth (12.5%) 
> cladding color (2.2%). Among them, 0% is the optimal solution for joint opening 
ratio, aiming to minimize the contact between the external cold air and the internal 
wall, no additional air inlets and outlets on the skin are needed. In addition, a medium 
depth for the sealed cavity is best for thermal insulation. Moreover, in winter, the 
adoption of external skins with dark color and a high absorption rate in solar-rich 
areas will slightly improve thermal performance. Therefore, under winter conditions, 
the closed cavity should be used on a priority basis to create an insulation buffer.

Thirdly, the best solutions for four key design features were systematically inte-
grated to obtain optimal configurations responding to summer and winter climates. 
These optimal configurations with double-layer structures were further compared 
with the conventional single-layer facade to verify their performance advantage and 
connect to the actual application scenario. It should be noted that these tests were 
conducted with the air conditioners activated, and their daily energy consumption 
data were collected by power meter plugs. Based on the energy use comparison, it 
is found that the optimal skin configurations, when applied only to the east and west 
facades of the test rigs, can bring a considerable saving of cooling energy (11.4%) 
in summer and heating energy (6.7%) in winter. 

13.3.3 Prototype Integration 

The two optimal combinations discussed above have proven effective in addressing 
the hot summer and cold winter in China’s Cold Zone, improving climate respon-
siveness from the energy perspective. However, its construction is markedly different 
in summer and winter. If the skin system is restricted to static structures, it can only 
be designed to respond to the region’s prevailing climate. For example, although 
the energy-saving ratio of the winter-specific skin prototype is relatively low, its 
absolute energy saving is 2.3 times higher than that of the summer solution. The 
optimal combination for winter use should thus be prioritized in optimizing the skin,
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Fig. 13.10 Impact of key design features on thermal performance and respective optimal solutions

which, however, will also lead to weakened responsiveness to the summer climate. 
Therefore, introducing variable or dynamic structures might be an effective alterna-
tive. Nevertheless, new technical difficulties could arise, including the need to (1) 
integrate all design features on the same skin system; (2) make each feature indepen-
dently controllable; (3) build a variable structure that is stable and easy to operate; 
and (4) meet basic performance requirements such as waterproofing, rain proofing, 
airtightness, and structural durability. 

The conventional slatted wooden skins cannot meet the above objectives due 
to their differentiated structural requirements for summer and winter applications. 
Inspired by the Roman architect Vitruvius’s Periaktoi, a kind of wooden prism device 
designed to rapidly change theatre scenes in ancient Greek and Rome (Fig. 13.11), 
the authors propose a variable triangular blade skin system for use in different climate 
scenes. Unlike Vitruvius’s design, these triangular blades are installed horizontally 
and arranged from top to bottom to form a complete climatic interface. Their inner 
sides and the internal wall create the cavity space as a climatic buffer. At the same 
time, each side of the blade can be made of different materials, and the axial rotation
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Fig. 13.11 Plan of a roman theater using Periaktoi (Harrison et al., 2013) 

of the blade allows the climatic interface to be freely switched, thus making the skin 
much more climate-responsive and diverse in its appearance. Furthermore, due to 
the unique cross-section of the triangular blades, when all of them rotate together, 
changes in their distance will bring different joint opening ratios. 

Based on this triangular blade prototype, the research team integrated the summer 
and winter optimal skin configurations obtained in Sect. 13.3.2. As shown  in  
Fig. 13.12, the three sides (Sa, Sb, Sc) of a triangular blade can be made of dark-
colored wood, bright-colored wood and heat reflective materials (e.g., aluminum foil) 
respectively. Different blades are connected to each other by a hinged drive rod, and 
synchronously rotated from 0 to 90° around the axis by an electric push rod. And 
their position is controlled by a baffle fixed at the junction of the Sa and Sc side.

In winter, the Sc faces of the blades are tightly connected to form an interface 
parallel to the internal wall. In addition to a sealed cavity, the heat-reflective mate-
rials on the Sc faces will also enhance the insulation performance of the skin. At 
the same time, the dark-color material on the Sa side is also rotated to a position 
that directly faces the sunlight, thus absorbing heat from solar radiation to further 
warm up the air cavity. In summer, the blades can be rotated 90° inward along the 
axis. In this case, their light-colored sides turn to face the sunlight and help reduce 
heat gain by directly reflecting the intense sunlight. The mutual shading effect of the
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Fig. 13.12 Structure and climate responsiveness of triangular blades

adjacent blades can also prevent solar radiation from entering the cavity. The gaps 
between the rotated blades also connect the cavity and the ambient air, creating an 
open-joint ventilated facade (with a joint opening ratio of about 12%). Addition-
ally, to strengthen buoyancy-driven ventilation within the cavity, it is also possible 
to remove the Sa and Sb sides of the top and bottom blades, leaving the remaining 
Sc sides to ensure the closure of the cavity in winter and work as vents in summer. 
Overall, the above triangular blades enable changes in the joint opening ratio, external 
cladding color and cavity ventilation state under different climatic conditions. More-
over, in winter, the limit plate between the blades equips the skin with an airtight and 
watertight structure; in summer, its equilateral triangular section forms a rainproof 
structure, thus ensuring the weather resistance of the prototype. As to the cavity size, 
it has been proved that the same 200 mm-deep cavity simultaneously brings the best 
thermal performance in summer and winter, which this triangular blade skin system 
can directly adopt. 

Therefore, the final summer and winter modes for this triangular blade skin were 
obtained and presented in Fig. 13.13.

13.4 Conclusion 

As China pledges to peak carbon emissions by 2030 and achieve carbon neutrality 
by 2060 (Jia & Lin, 2021), its building sector has contributed to the national decar-
bonization efforts through active reduction of energy consumption in the operational
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Fig. 13.13 The a summer and b winter modes of the triangular blade skin

phase. In this process, passive design and technology solutions, including climate-
responsive skins, have an essential role to play. However, while both architects and 
scientists have worked to explore the climate responsiveness of building skins, the 
differences in their approaches have led to a gap in design and research, making it 
difficult to realize the full potential of the skins. To narrow this gap and focus on the 
typical continental climates in China, the authors have tried to explore an integrated 
design-research approach to climate-responsive building skin through case studies 
and prototype research. 

The case in Cold Zone of China shows how architects have consciously taken 
climate responsiveness into account in the whole process of constructing the skin 
system, from planning and design to construction and operation. However, these 
seasonal climatic differences have become too much for static skin structures to 
response simultaneously. Architects have no other choice but to resort to such 
compromise strategies as layered and origination-based controls to make the skin 
responsive to the prevailing climate, which will inevitably cost the overall optimal 
performance. 

In this context, the authors extracted the prototype of louver skins from the Cold 
Zone case and materialized it in a full-scale test platform, where comparative exper-
iments were performed to identify the optimal solutions for four key design features 
(joint opening ratio, cladding color, cavity depth and air vents openness) and their 
optimal combinations for summer and winter. The team also evaluated the impact of 
each feature on the thermal performance of the skin quantitatively. The experimental 
results show that climate-responsive skins help save much more energy than conven-
tional single-layer skins, with energy-saving rates increasing by 11.4 and 6.7% in 
summer and winter, respectively. In addition, the highly variable structure of the 
skin, which was designed to respond to climates in different seasons, has confirmed 
the limitations of traditional static structures and provided guidance on the design of 
dynamic skins. Driven by the prototype research, architects should try to do more, 
using their expertise and experience to construct a reliable, operable and afford-
able skin system that responds dynamically and intelligently to the ever-changing
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climates. In this regard, the authors proposed a novel skin prototype with triangular 
blades, and integrated the optimal solutions for summer and winter use by means of 
the blades’ diverse materials and rotatable structure. 

Based on a Chinese case, this research attempts to demonstrate the feasibility 
and necessity of a design-research approach that collects the wisdom of architects 
and scientists to create more climate-responsive skin solutions and even drive the 
sustainable development of buildings, with a view to providing some reference for 
similar work in the future. In the authors’ view, the research serves as a point of 
departure for future exploration of more topics, such as the multi-climatic factor 
coupling mechanism of the skin system, methods of improving the responsiveness 
accuracy, the determination of the threshold for dynamic skin operations, and the 
application of new intelligent materials to dynamic skins. 
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