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A B S T R A C T

The civil engineering area has long been known for not being associated with high tech startup creation. This is a
sign of the low innovation which is confirmed by its low patenting level thus contributing to undermine the
prestige of this area. Still this area has an important role to play given the environmental impacts of the
construction industry that will be exacerbated in the next decades due to the growth in world population, each
day there are about 220,000 new inhabitants which means more than 9,7 billion people by 2050 and 11,2 billion
by 2100. A direct consequence of such growth relates to a steady increase of energy consumption which is the
source of two-thirds of global greenhouse-gas emissions. The building sector is responsible for high energy
consumption and its global demand is expected to grow in the next decades. Between 2010 and 2050 the global
heating and cooling needs are expected to increase 70% in residential buildings and 90% in commercial
buildings. Major energy efficiency measures are therefore crucial to reduce energy consumption and green-
house-gas emissions of the building sector. This includes development of new technologies and materials to
improve greatly energy efficiency. Since information derived from knowledge is critical for individuals to
transform innovative ideas into commercial products and services, this paper reviews recent developments on
nano and bio based innovations important for an energy efficient built environment. This review may contribute
to enhance the innovation and patenting activity in civil engineering. This may help to foster the creation of high
tech startups for an energy efficient built environment.

1. Introduction

Civil engineering is known as an area mainly concerned with
directing the great sources of power in Nature to the use and
convenience of man trough the construction of large and public
infrastructures (bridges, dams, airports, highways, tunnels etc etc
etc) by large construction companies. This area has never been
associated with high tech startup creation. This is a sign of the low
innovation level which is confirmed by its low patenting level. In the
USA the patenting level on civil engineering falls behind other areas
[1]. According to Keefe [2] very few civil engineers take their innova-
tions to the United States Patent and Trademark Office (USPTO), in
contrast with the considerable number of electrical and mechanical
engineers. This author provides data that show that the patenting in
civil engineering area is 7 times less than in mechanical engineering
and 10 times less than in electrical engineering. A recent and world-
wide study [3] confirms the prone patenting nature of other more
innovative areas than civil engineering. This low innovation level
undermines the prestige of civil engineering and contributes to explain
the reduction in undergraduate applications to civil engineering
courses [4–8]. Nedhi [9] stated that civil engineering is not tradition-
ally viewed as “high tech” engineering. Even in India this area is viewed

as a low tech one [10]. As a consequence low starting salaries are
normal in this area [11]. As construction enterprises have low
productivity [12] they have to compete for lower bids with consequent
lower profit margins [13]. They also have to cope with an increasing
and fierce Chinese competition already capable of building a 30-story
in just 15 days [14] which means that construction enterprises will in
future have less and less financial possibilities to offer high and
attractive pay checks to civil engineers. Nevertheless, civil engineering
has an important role to play given the environmental impacts of the
construction industry that will be exacerbated in the next decades due
to the growth in world population. Urban human population will
almost double, increasing from approximately 3.4 billion in 2009 to 6.4
billion in 2050 [15] and recent estimates on urban expansion suggest
that until 2030 there is a high probability (over 75%) that urban land
cover will increase by 1.2 million km2 [16]. Redirecting the focus of
civil engineering from the construction and rehabilitation of grand
infrastructures to high tech built environment related areas and the
needs of individual home users will enlarge the number of future
potential clients creating a market that may foster high tech startup
creation. Information derived from knowledge is critical for individuals
to transform innovative ideas into commercial products and services.
Distinguished Prof. Willian Baumol [17] has stated that promoting

http://dx.doi.org/10.1016/j.rser.2016.12.088
Received 24 August 2015; Received in revised form 8 December 2016; Accepted 18 December 2016

E-mail address: torgal@civil.uminho.pt.

Renewable and Sustainable Energy Reviews  (xxxx) xxxx–xxxx

1364-0321/ © 2016 Elsevier Ltd. All rights reserved.

Please cite this article as: Pacheco-Torgal, F., Renewable and Sustainable Energy Reviews (2016), http://dx.doi.org/10.1016/j.rser.2016.12.088

http://www.sciencedirect.com/science/journal/13640321
http://www.elsevier.com/locate/rser
http://dx.doi.org/10.1016/j.rser.2016.12.088
http://dx.doi.org/10.1016/j.rser.2016.12.088
http://dx.doi.org/10.1016/j.rser.2016.12.088


entrepreneurship and small firms would play a critical role for
economic prosperity. Also in the current context of high graduated
unemployment rates that will be more dramatic in the next decades
[18,19], start-up creation could become a way to solve this serious
problem. This paper reviews recent developments on nano and bio
based materials and technologies. These can not only contribute to a
more eco-efficient construction industry but also to enhance the
innovation and patenting activity in the field of civil engineering
creating a knowledge context important for entrepreneurship. This
review may contribute to enhance the innovation and patenting activity
in civil engineering. This may help to foster the creation of high tech
startups for energy efficient built environment.

2. The future of civil engineering on the context of
sustainable development

An important sustainable development serious problem which is
directly related to the field of civil engineering concerns resource
inefficiency. Over the 20th century, the world increased its fossil fuel
use by a factor of 12, whilst extracting 34 times more material
resources [20]. During the last century, materials use increased 8-fold
and, as a result, Humanity currently uses almost 60 billion tons (Gt) of
materials per year [21]. The most important environmental threat
associated to its production is not so much the depletion of non-
renewable raw materials [22], but the environmental impacts caused
by its extraction - namely extensive deforestation and top-soil loss,
instead. In 2000, the mining worldwide activity generated 6000 Mt of
mine wastes to produce just 900 Mt of raw materials [23]. This means
an average use of only 0.15%, resulting in vast quantities of waste,
whose disposal represents an environmental risk in terms of biodiver-
sity conservation, air pollution and contamination of water reserves.
Since materials demand will double in the next 40 years, the environ-
mental impacts will therefore increase in a drastic manner [20]. The
global construction industry consumes more raw materials (about
3000 Mt/year, almost 50% by weight) than any other economic
activity, which emphasizes its unsustainable character. For instance,
concrete is the most widely-used construction material on Earth,
currently used at a level of about 10 km3/year [24], compared to
2 km3 of fired clay, 1.3 km3 of timber, and 0.1 km3 of steel (Flatt et al.
[25]) [24]. These astonishing figures show the importance of concrete
in the context of material efficiency. Additionally this industry is
associated to massive carbon dioxide gas emissions. The main binder
of concrete, Portland cement, is responsible for almost 80% of the total
CO2 emissions from concrete, which in turn make up around 6 to 7% of
the planet's total CO2 emissions [25]. This is particularly serious in the
light of the current concerns around climate change. It's important to
mention that 2016 was the first year with atmospheric CO2 concentra-
tions above 400 ppm all year round (Betts et al. [140]) and, more
worryingly still, the fact that the demand for Portland cement is
expected to increase by almost 200% between 2010 and 2050, reaching
a level of 6000 million tons/year [26]. Also, in the next years the
construction industry will keep on growing at a fast pace. China will
need 40 billion square meters of combined residential and commercial
floor space over the next 20 years - equivalent to adding one New York
City every two years [27]. In the US, where about 27% of all highway
bridges are in need of repair or replacement, the needs for infra-
structure rehabilitation alone are estimated to be over 1.6 trillion
dollars in the next five years [28]. Between 2012 and 2017, India will
invest 1 trillion dollars in infrastructures [10]. In Europe, UK's
infrastructure will need over 65–80 billion dollars every year, between
now and 2030 in order to maintain current levels of service [29].
Another very important issue concerns energy consumption that has
been steadily rising in the last decades (Fig. 1) and will keep on rising
no matter what [31]. This is due not only to the increase in world
population but also to the fact that electricity consumption per capita in
low and middle income countries will increase as a consequence of

future higher income and related higher comfort standards. This is
aggravated by the fact that only 21% of world electricity generation was
from renewable energy in 2011 with a projection for nearly 25% in
2040 [32]. As the source of two-thirds of global greenhouse-gas
emissions, the energy sector is therefore pivotal in determining
whether or not climate change goals are achieved. Climate change is
one of the most important problems faced by the Human species being
associated to the rise in the sea level, ocean acidification, heavy rain,
heat waves and extreme atmospheric events, environment deteriora-
tion and wildlife extinction, health problems and infrastructure da-
mage [33]. The building sector is responsible for high energy con-
sumption and its global demand is expected to grow in the next
decades. Between 2010 and 2015 the global heating and cooling needs
are expected to increase by 70% in residential buildings (Fig. 2a) and
90% in commercial buildings (Fig. 2b). Energy efficiency measures are
therefore crucial to reduce GHG emissions of the building sector.
Recent estimates [35] state that energy efficiency concerning buildings
heating and cooling needs could allow a reduction between 2–3.2
GtCO2e per year in 2020. In Europe, buildings are responsible for more
than 40% of the energy consumption and greenhouse gas emissions
[36] and the average energy efficiency improvement at EU level, fell
from 14% in the period 2000– 2008 to 6% in the years 2008–2013
[37]. Fig. 3 shows the energy efficiency trends for households in several
EU countries. The recasting of the Energy Performance of Buildings
Directive (EPBD) was adopted by the European Parliament and the
Council of the European Union on 19 May 2010. The recast set 2020 as
the deadline for all new buildings to be ‘nearly zero energy’; for public
buildings, however, the deadline is even sooner – by 2018. Come what
may, the fact is that new buildings have limited impacts on overall
energy reduction as they represent just a tiny fraction of the existing
building stock [38]. This shows the importance of building retrofitting
for attaining ambitious energy efficiency goals. Building energy effi-
ciency retrofitting is also crucial to tackle the important social problem
of energy poverty. This problem affects between 1.3 billion and 2.6
billion people from underdeveloped regions of the world. Between 50
and 125 million people in Europe alone suffer from energy poverty
[39]. This has important health consequences for children and older
people leading to an increase in medical costs. Infants, living in energy
poor homes are associated with a 30% greater risk of admission to
hospital care. Indoor cold is also highly correlated to premature

Fig. 1. World energy consumption in the past 150 years [30].
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mortality. Between 30% and 50% of excess winter mortality is
attributed specifically to energy-inefficient housing conditions.
Besides, direct financial help to low income households or the use of
energy subsidies can only tackle this problem in a partial manner
without solving it in a long term, while the funding of building energy
efficiency refurbishment works are also able to generate added value
and economic growth [39]. Renovating existing buildings is therefore a
'win-win' option for the EU economy. Energy renovation is also
instrumental in reaching the EU 2020 goals having implications for
growth and jobs, energy and climate and cohesion policies [40].
Numerous financing instruments exist at the EU level an important
share being devoted to low carbon investments by the EU, European
Investment bank (EIB) and various EU stakeholders [41].

3. Nanotechnology opportunities for energy efficient built
environment

Nanotechnology is a hot topic in current research, defined by
Drexler [42] as the manufacture of products using dimensions and
precision between 0. 1 and 100 nm (1 nm=1×10−9 m). The author
agrees with Zheng et al. [43] when they state that nanotechnology
could also help to convey a new vision for civil engineering. It is a hot
area with an amazing growth potential. So far, more than 2,000,000
articles related to nanotechnologies have been published, and over
1,000,000 applications are lodged in patent offices [44]. Dozens of
countries have already designed national strategies and have begun to
implement national nanotechnology plans [45,46]. Countries are trying
to establish an advantageous position ‘so that when nanotech applica-
tions begin to have a significant impact in the world economy,
countries are able to exploit these new opportunities to the full’ [47].
Europe assigned 4.865 billion euros to ‘Nanosciences,
Nanotechnologies, Materials and new Production Technologies’ as part
of the 7th Framework Programme for the 2007–2013 period. In the
United States, a dedicated nanotechnology act was signed into a law,
which set aside 3.679 billion dollars of funding for the 2005–2008
period [48]. China has identified nanotechnology as a priority area in
its national agenda of science and technology development (2006–

Fig. 2. Trends in the different drivers of energy consumption in residential (a) and
commercial buildings (b) in the world 1980–2050 [34].

Fig. 3. Comparison of energy efficiency trends for households in a selection of EU countries: Left frame shows the countries that outperform the EU average while in the right include
those below energy efficiency average [37].
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2020), and has increased R &D investment in the field. In fact, China
has consequently emerged as one of the key global players in
nanotechnology, producing the second largest number of nanotechnol-
ogy papers after United States [49]. China has made significant
advances and currently has the fastest growing nanotechnology pub-
lications. However it still lags behind publication on leading nanotech-
nology journals. An analysis of papers published in nano related
journals with an impact factor above 20, shows that USA published
1068 papers, Germany (221), UK (193), France (149), Japan (121) and
China only produced 76 papers [50]. Of course this may change in the
coming future because the Chinese one-thousand-talents plan (www.
1000plan.org) to attract its overseas researchers has already recruited
more than 2000 researchers most of them trained in the USA [51].
According to Serrano et al. [52] nanotechnology offers, for the first
time, tools to develop new industries based on cost-effective and cost-

efficient economies, thus seriously contributing to a sustainable
economic growth. However, Shapira and Youtie [53] mentioned that
many sales forecasts were adjusted downwards because some of the
promised scale benefits are unlikely to be realized. On one hand the
LCA of complex nanomaterials may not be very environmental friendly
and may require further investigations. Up to this date the recyclability
of nanomaterials is not being adequately tackled, as well as their
environmental impacts in the end-of-life stage [54,55]. On the other
hand the toxicity of various nanomaterials for human health and for
the environment is still under debate (Kim et al. [56]). Safety
management of nanoparticles and nanomaterials is also a critical
issue [57]. Lopez de Ipina et al. [58] has recently disclosed results of
the European project SCAFFOLD that has addressed itself to the risk
management regarding the handling of nanomaterials in the
construction sector. Those issues are very important because a few

Fig. 4. a) Aspen Aerogels thermal insulation blanket; b) Thermablock narrow strips for thermal bridge minimization in stud wall insulation; c) ThermablokSP Aerogel magnesium
flooring borads; d) SLENTITE high-performance organic insulation board; e) Sto- Aevero ultra interior insulation panel [68].
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years ago the European Union passed regulations concerning the
environmental performance of materials used in the built
environment. On 9 March 2011 the European Union approved
Regulation (EU) 305/2011, the –Construction Products Regulation-
CPR, that replaced Directive 89/106/EEC, already amended by
Directive 1993/68/EEC, known as the Construction Products
Directive (CPD). When comparing the basic requirements of the CPR
and CPD, one can see that the CPR has a new requirement, no. 7
(Sustainable use of natural resources), and also that no. 3 (Hygiene,
health and the environment) and no. 4 (Safety and accessibility in use)
have been refined. Meaning that since 1 of July 2013 environmental
assessment of construction materials in Europe is mandatory for its
commercialization. Very few nanotech applications are currently in use
in the construction sector which, in fact, seems to have been somewhat
neglected by nanotech research to this date [59,60]. A search for the
terms ‘nanotechnology’ and eco-efficient construction in journals listed
in Scopus has revealed only around thirty papers, half of those are
related to cement and concrete. Nanotech research is, therefore, crucial
in helping to identify methods of making concrete more
environmentally friendly. Consequently, the construction industry
should also be at the core of the R&D efforts in nanotechnology
which, as one of the largest and most active sectors in the world, will
continue to grow at a rapid pace over the coming decades. As already
mentioned, building energy efficiency is an issue of crucial importance.
Weinberger et al. [61] compared several environmental technologies
mentioning that the highest market potentials were measured for
technologies in building energy efficiency. The global market for
energy efficient building will go from 68 billion dollars in 2011 to
surpassing 100 billion dollars by 2017. More recent estimates forecast
that nanotechnology based products for renewable energy will generate
as much as 2.5 trillion dollars (Hussein [62]). An important area that
can benefit from nanotechnology research efforts concerns energy
efficiency of the built environment. The development of new
technologies and materials to greatly improve energy efficiency [63]
are of utmost importance. Aerogel is a perfect example of a high
performance thermal insulation material and according to Jelle “may
be the most promising with the highest potential of them all at the
moment” [64]. Aerogel was invented by Samuel Kistler in 1932 [65]
and further developed by NASA in the 1950s and has been known as
‘‘solid smoke’’ (the lowest density solid known). It is composed of air
above 90% and silica nanoparticles having the lowest thermal
conductivity of any solid (around 0.01 W/mK). Aerogel insulation is
non-flammable, not carcinogenic [66] and does not release toxic fumes
during fire [67]. The first and most known aerogel insulation materials
are the insulation blankets produced by Aspen Aerogels (Fig. 4). BASF
developed a polyurethane based aerogel that was used to produce

insulation boards under the commercial name SLENTITE. Super slim
aerogel insulation boards are also commercially available under the
name STO therm In Aevero [69]. Filate [68] showed that the
application of only 50 mm thick SLENTITE Aerogel insulation board
on the external wall of a telegraph building constructed in the years
1906–1907 (Karlsruhe, Germany) has improved the heat loss through
walls by 71%. The floor retrofitting of the aforementioned building also
used a ThermablokSP Aerogel insulation flooring board covered with
rigid magnesium silicate which was developed by Acoustiblok UK
Limited. Aerogel based renders have also merit recent investigations.
Kim et al. [70] have studied the insulation performance of aerogel
cement prepared with aerogel powder and cement paste. A reduction of
thermal conductivity was achieved with only 2% of aerogel. Other
authors [71] showed that the use of a 5mm aerogel based plaster layer
applied to the walls of a building in Italy led to a 2 °C temperature
reduction when compared to the performance of the same building
when using traditional plasters. The render manufacturer Fixit AG with
the help of the Swiss Federal Laboratories for Materials Science and
Technology have developed an aerogel insulating plaster named “Fixit
222 Aerogel” with the thermal conductivity of 28 mW7(mK) [72].
However, the cost of this material is about 80 €/m2 considering a
thickness of 10 mm of the coat. This cost is much higher than the ones
of traditional plasters (Table 1). However, ongoing research is expected
to cut down the cost of aerogel by half in 2020. Since the majority of
energy losses in a building occur through windows the improvement in
windows thermal performance is crucial for building energy efficiency.
Traditional double glazed windows show a thermal transmittance
around U=3 W/m2 K and the best commercial solution can go down
to U=1 W/m2 K. Aerogel based windows are very promising high tech
alternatives. Not only do they have a much lower mass (as much as 10
times lower [74]) but they also show a thermal transmittance of around
0.5 W/m2 K. This value can, additionally, be reduced even further [75].
Fig. 5 compares monolithic aerogel and granular aerogel glazings. The
former has a higher light transmittance and lower U-values. Buratti
and Moretti [76,77] compared the performance of seven different
glazings and found that granular aerogel glazing was the most efficient
system especially for cold climates leading to an annual energy demand
decrease of about 10–20% when compared to the standard glazings.
The advantages in using aerogel glazing have been recently confirmed
by other authors [78,79]. However, as some authors [80] reported that
the cost of an aerogel window could be six times higher than a
conventional window this is a challenge that needs to be overcome. A
very recent study [81] showed that, replacing the double glazed
windows with nanogel glazing in a multi-storey office building
located in Dhahran, achieved a saving of 14% in the annual energy
consumption of the building. It's important to mention that the

Table 1
Price of conventional plasters [73].

Product Type Thermal conductivity (W/mK) Price (euro/m2 Rx for s=10 mm) Thickness Rx (mm/m2) Price [€/sqm Rx]

1 Cement based plaster 0.055 3,590 55.0 19.75
2 0.090 5,437 90.0 48.94
3 0.074 3,700 74.0 27.38
4 0.056 4,440 56.0 24.64
5 0.09 5,200 90.0 46.80
6 0.062 3,520 62.0 21.82
7 0.075 4,587 75.0 34.40
8 Cement based plaster 0.111 10,840 111.0 120.32
9 Lime based plaster 0.2 11,500 200.0 230.00
10 0.075 8,550 75.0 64.13
11 0.060 4,800 60.0 28.80
12 0.091 5,840 91.0 53.14
13 0.066 11,080 66.0 73.13
14 Lime based plaster 0.088 5,360 88.0 47.17
15 Aerogel based plaster 0.028 80.0 28.00 224.00

Fixit 222
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economic analysis was based on a cost of 322 USD/m2 for the nanogel
glazing which is just 10% above the cost of double glazed windows.
Furthermore, the eco-efficiency of aerogel windows still remains to be
proven by life cycle assessment investigations. Nanotechnology can
also be used to enhance the performance of phase change materials
(PCMs). These materials use chemical bonds to store or release heat
hence reducing energy consumption. Depending on the air temperature
PCMs can change from solid to liquid or liquid to solid, absorbing or
releasing heat during the process. Therefore, they can absorb heat
inside buildings avoiding excessive heating and reducing cooling needs.
The development of nanoencapsulated phase change materials for

façades components is also important for building energy efficiency.
This research line was mentioned by the High level group on KETs on
the nanotechnology report [82]. Several authors have reported
promising results in this field allowing for enhanced heat transfer
characteristics and energy efficiency [83–87]. Though
nanoencapsulation of PCMs may have a potential to improve PCM
materials it has not yet been used in commercial products [88]. Not to
mention that cost analysis and economic evaluations constitute a gap in
the studies of buildings with PCMs [89]. Besides, this author thinks
that concerning PCM materials the high number of existent
commercial producers and the relatively modest energy efficiency
gains associated to these materials are relevant limitations to startup
creation. Another high priority research line concerns the development
of cool materials incorporating new advanced nano-materials [90].
Cool materials have high solar reflectance (high albedo or low
emissivity) allowing for the reduction of energy cooling needs in
summer. Jelle et al. [91] provides a good review concerning these
materials. Two main limitations characterized cool materials. The
decrease in visible transmittance is one and the other is the
durability of the thermal-optical and radiative properties. A few
nanotech investigations have been made regarding both. Some by
using anti-reflection coatings to increase the visible transmittance [92].
Other authors [93] reported investigations on a reflective geopolymeric
coating based on titanium dioxide hollow glass microspheres with a
reflectance exceeding 90% and high durability. Also the Cool-Coverings
FP7 project [94] whose aim is the development of a novel and cost-
effective range of nanotech improved coatings to substantially improve
near infrared reflective properties constitutes a very interesting ground
for the creation of startups. Also crucial for energy efficient buildings
are switchable glazing technology based materials. This technology
regulates the solar spectrum which is a necessary requisite for
achieving perfect window status (Fig. 6).The perfect window for
summer has no absorbability in solar spectrum while the perfect
window for winter is totally transparent to the entire solar spectrum.
Some authors [96,97] consider switchable windows a promising
technology on the recent concept of climate adaptive building shells
capable of operating in harmony with Nature and others state they have
the largest potential to minimize the energy use in buildings and allow
for the nearly Zero Energy Building target [98]. Switchable glazing
technology refers to materials and devices that make it possible to
construct glazings whose throughput of visible light and solar energy
can be switched to different levels depending on the application of a
low DC voltage (electrochromics) or on the temperature
(thermochromics) or even by using hydrogen (gasochromics).
Electrochromic windows have shown a 54% energy reduction in

Fig. 5. (a) Monolithic aerogel and(b)granular aerogel glazings [76].

Fig. 6. Schematic diagram of the perfect windows [95].
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electrochromic windows when compared to standard single glazed
windows for a 25 years life cycle [99]. Other authors [100] have studied
gasochromics windows reporting a 34% reduction on cooling needs
when compared to standard double glazed windows. Saeli et al. [101]
have studied the performance of several types of thermochromic
coatings: a VO2 film (Th1), such a film with the inclusion of some
gold nanoparticles in order to affect the colour (Th2), a VO2 film with a
growth-directing surfactant (Th3), and a film with both gold
nanoparticles and surfactant (Th4). It has also been studied the glass
with a sputter deposited silver-based “solar control” film which
transmitted most of the visible light but reflected near-infrared solar
radiation (“Suncool Brilliant”, SB) and a blue body-tinted glass (“Arctic
Blue”, AB). Simulations with plain float glass (denoted C) served as a
baseline. The environment was taken to represent Cairo (Egypt),
Palermo, Rome and Milan (Italy), London (UK), Helsinki (Finland)
and Moscow (Russia). Fig. 7 shows the total annual energy
consumption and percent improvement compared to a clear glazing
that peaks at Rome conditions (Th3). Pittaluga et al. [102] have studied
an innovative use of electrochromic glazing in a dynamic wall that in
the winter works like a Trombe wall, and in the summer works as a
ventilated façade. They reported that the use of electrochromic glass
allow energy cooling savings of 22% (Fig. 8). Tavares et al. [103] have
reported savings of about 14% in the annual energy needs resulting by
single glass replacement with double electrochromic glass controlled by
solar radiation. According to these authors for this energy savings, the
maximum permissible additional cost per m2 of EC glass, to a simple
recover period of 10 years is 33.44 € (Table 2). Several comercial
solutions are already available on the market (SAGE Electrochromics-
USA, Econtrol Glas, Saint Gobain Sekurit and Gesimat-Germany,
amongst others) with a service life of 30 years and capable of 100,
000 switching cycles. ChromoGenics was established in 2003 as the
outcome of over 20 years of research on electrochromic materials by

Professor Claes-Göran Granqvist and his team at the Ångström
Laboratory at Uppsala University in Sweden. Using a laminated
electrochromic plastic foil, ConverLight™, rather than coating the
glass itself ChromoGenics can contribute to more scalable and cost-
effective smart glass manufacturing [104]. The most challenging point
of smart windows at the moment is their higher cost compared to the
other glazing technologies [105]. Hee et al. [106] states that due to the
higher costs of dynamic glazing, it is more suitable to be installed in
building which needs high performance in terms of daylighting and
energy saving such as commercial buildings. However, it is expected
that in the next years, higher performance and lower cost switchable
glazing windows will be available [107]. Recent investigations [108]
show promising new cost-effective methods to fabricate
thermochromic VO2 films for smart windows. It's important to stress
that the market for this products is predicted to increase from current $
84 million to $700 million by 2020 [109].

4. Biotechnologies for energy efficient built environment

Biotechnology is one of the world's fastest growing industries. As
such, it could become, in the future, a hot area allowing for radical
changes in the eco-efficiency of construction materials and technolo-
gies. As biotechnology is one of the six Key Enabling Technologies-
KETs that will be funded by the EU Framework Programme Horizon
2020 [110] this can also foster the development of start-ups in the field
of bio materials and technologies for energy efficient built environ-
ment. These may include the use of admixtures based on renewable
bio-based feedstocks and or capable of biodegradation to replace
chemical admixtures. Last years have been marked by a tremendous
increase in the number of publication citations on bio based polymers
(around 1000% in the last 10 years). However, these materials still
constitute a very small fraction of the polymer industry [111].
Biopolymers include polymers from agro-resources (polysaccharides,
cellulose, starch, chitin, chitosan and alginates), from microorganisms
by fermentation (polyhydroxyalkanoates, PHA, PHB) and from bio-
technology via conventional synthesis (Polylactides, PBS, PE, PTT,
PPP) [112]. Biotech admixtures processes made in fermentation
processes by employing bacteria [113] or fungi seem to receive an
increasing attention. Furthermore, their biosynthesis rate is about 2–4
times higher than that of plant based biopolymer [114]. Although,
some are biodegradable that is not always the case like, for instance,
biopolyhethylene (PE). Investigations concerning the use of renewable
energy for the production of biopolymers are needed to reduce the
environmental impact of the production stage [115]. It is clear that the
farming practices used to grow bio based feedstocks including the fuel
required for plowing, harvesting, manufacture, transport and the use of
herbicides and pesticides can also have high environmental impacts as
high as those of petrochemical based polymers [116,117]. However,
biopolymers are not associated to armed conflicts nor are they
responsible for large environmental disasters that so often occur in
crude oil extraction and transportation. Besides, the reuse of agricul-
tural and biomass waste will also contribute to enhance the environ-
mental advantages of biopolymers over traditional petroleum-based
polymers [118,119]. The nanotech advancements that have occurred in
the last decade will allow for the development of new and improved
biopolymer based materials. Investigations on cellulose nanocrystals
(cellulose elements having at least one dimension in the 1–100 nm
range) are an important and recent nanotech field that will enable the
development of eco-efficient high performance materials [120,121]).
The potential of nanocellulose materials can be perceived from the
increase in the number of papers published in this scientific field.
According to Mariano et al. [122] the number of papers in this area is
expected to increase by a further 500% at least by 2017, leading to an
increase in perspective production in the range of 1000% in the next
two years. However, the transition from advanced research to practical
applications for the built environment is likely to take several years to

Fig. 7. Total annual energy consumption (a) and percent improvement compared to a
clear glazing (b) for different glazings. Color coding: black (Cairo), red (Palermo), dark
blue (Rome), light blue (Milan), violet (Paris), orange (London), green (Moscow) and
yellow (Helsinki) [101]. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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be effective. For instance, the production of nanocellulose aerogel
thermal insulation materials is an important biotech feature for
building energy efficiency [123]. Nguyen et al. [124] reported the
production of cellulose aerogels from paper waste. As this material is
repellent to water, it can be applied onto the exterior sides of the walls
to protect buildings from moisture attack. Paper waste based cellulose
aerogels showed a thermal conductivity of 0.029–0.032 W/(m K). This
is an excellent performance better than current commercial thermal
insulators based on polystyrene or polyurethane. Needless to refer that
polystyrene, for example contains anti-oxidant additives and ignition
retardants, additionally, its production causes the generation of
benzene and chlorofluorocarbons. On the other hand, polyurethane is
obtained from isocyanates, which are widely known for their tragic
association with the Bhopal disaster [125]. Besides, it releases toxic
fumes when subjected to fire [125,126]. Another important biotech
feature for energy-efficient built environment concerns the production
of bio-energy trough microalgae photo-bioreactors (PBRs) integrated
in façades or roofs. Photosynthetic microalgae use sunlight as their
energy, water as their electron source and CO2 as carbon source. The
use of microalgae for biofuel production goes back to the 80's [127] and
has gained increasing attention due to the need of renewable energies.
Contrary to other biofuels sources microalgae have a high oil content
and most important show an extremely rapid growth. It doubles their
biomass within 24 h being the fastest growing organisms in the world.
This is about 100–200% higher than any other energy crop [128]. This
of course depends on the type of microalgae species [129]. Table 3
shows that microalgae outperform the oil yield of other crops making it
an excellent biodiesel source. Also its very low area as percentage of
arable land mass means that microalgae production will not be a food
competitor as other biodiesel based crops like soybean or rapeseed. It's

important to bear in mind that the global biodiesel market average has
an annual growth rate of 42% being estimated to reach about 168
billion litres by 2016 [130]. Still the major constraint to the commer-
cial-scale algae farming for energy production is the cost factor. Even
the simplest open pond systems including harvesting and algae
biomass processing equipment would cost at least $100,000 per
hectare [130]. Microalgae have the ability to assimilate nutrients like
nitrogen and phosphates (which are present in wastewaters) into the
cells for its growth (Fig. 9). Therefore, the application of microalgae for
wastewater treatment can be an interesting option to enhance its
economic value and at the same time to solve environmental problems

Fig. 8. Comparison of the total energy consumption in the three models (normal wall-NW, Trombe wall-TW, and electrochromic wall-EW) [102].

Table 2
Simplified economic analysis of possible additional costs for electrochromic glass [103].

Heating energy saved from the use of EC glass 700 kWh
Cooling energy saved from the use of EC glass 8911.27 kWh
Annual energy savings resulting from the use of EC glass 9611.91
EC glass area 402.46 m2

Annual energy saved per unit area 23.88 kWh/m2 EC
glass.year

kWh price 0.14 euro
Without considering power rate and taxes
Maximum additional allowable costs (euro/

m2) to recover the investment in EC
windows in:

1 year 3.34 euro

5 years 16.72
10 years 33.44
15 years 50.15
20 years 66.87

Table 3
Comparison of crop dependent biodiesel production efficiencies from plant oils [130].

Plant source Bio-diesel
L/ha/yr

Area to produce
global oil
demand (10E6
ha)

Area required
as % of global
land mass

Area as % of
arable land
mass

Cotton 325.0 15.00 100.7 756.9
Soybean 446.0 10932.0 73.4 551.6
Mustard 572.0 8524.0 57.2 430.1
Seed 952.0 5121.0 34.4 258.4
Sunflower 1190.0 40.97 27.5 206.7
Rapeseed 1892.0 2577.0 17.3 130.0
Jatropha 5950.0 819.0 5.5 41.3
Oil palm 12,000.0 406.0 2.7 20.5
Algae (10 g-

2 day-1 at
30%TAG)

Algae (50 g-
2 day-1 at
50%TAG)

98,500.0 49.0 0.3 2.5

Fig. 9. Bacterial–algae relationship [131].
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related to wastewater management. In addition its potential as CO2

abating technology will also increase its cost-efficiency relation. The
production of 1 t of algae biomass results in avoiding 0,5 t of CO2

[132]. Microalgae cultivation can take place in raceway ponds or closed
PBRs. The later are less expensive to build and operate but have lower
productivity when compared with PRBs. Those can include flat plates,
vertical columns, stirred tanks, plastic bags, tubular and even other
configurations [133]. Architectural PBRs, are similar to the industrial
ones, and in the same way, fulfil the function of cultivating microalgae,
the innovation is its integration into architecture [134]. Different types
of microalgae with different colours, flat panel PBR with different algae
concentration or with different water levels (Fig. 10) can provide
dynamic shading for buildings. Since low light conditions lead to
negative biomass production due to an effect termed dark respiration
this means that during the night PBRs require artificial light. Since
maximum productivity is attained with a temperature of 20–30 °C this
means that PBRs for buildings located in countries with warmer
temperatures will require cooling while heating will be needed in
countries with colder conditions. Buzalo et al. [135] analysed the
problem of shape optimization of an architectural shell with photo-
bioreactors using an algorithm that takes into account shading from
neighbouring buildings and provides the maximization of the specific
growth of microalgae biomass. Algae production technologies are quite
mature but presently only its application for bio-fixation, especially
wastewater treatment is economically feasible. A recent study shows
that the use of alkaline media has much higher cost-effectiveness than
previous techniques (Fig. 11). Biofuel production from microalgae will

become competitive in the medium term if considered along with
production of higher value co-products such as bio-fertilizers, biopo-
lymers and others like nanocellulose [130]. Also when associated with
carbon intensive operations such as power plants it could reap the
advantages of being a carbon-negativ process. Still some recent LCA
shows that biofuels generated via cultivation of microalgae in PBR
require upgrading [138,139]. As to architectural PBRs it will also
contribute to increase the add-value of microalgae production. Fig. 12
shows the waste incineration processing plant with 300 m2 biofacade
PBR in Nantes. Although more investigations are needed to optimize
(PBRs) integrated in facades or roofs this has high potential for startup
creation for the energy efficient built environment.

5. Conclusions

The civil engineering area has long been known for not being
associated with high tech startup creation. This is a sign of the low
innovation which is confirmed by its low patenting level thus con-
tributing to undermine the prestige of this area. Still this domain has
an important role to play given the environmental impacts of the
construction industry that will be exacerbated in the next decades due
to the growth in world population, each day there are about 220,000
new inhabitants each day and that means there will be more than 9,7
billion people by 2050 and 11,2 billion by 2100. A direct consequence
of such growth relates to a steady increase in energy consumption
which is the source of two-thirds of global greenhouse-gas emissions.
The building sector is responsible for an high energy consumption and
its global demand is expected to grow in the next decades. Between
2010 and 2050 the global heating and cooling needs are expected to
increase 70% in residential buildings and 90% in commercial buildings.
Major energy efficiency measures are therefore crucial to reduce energy
consumption and greenhouse-gas emissions of the building sector. This
includes development of new technologies and materials to greatly
improve energy efficiency. Since information derived from knowledge
is critical for individuals to transform innovative ideas into commercial
products and services, this paper highlights recent developments on
nano and biotech innovations important for energy efficient built
environment. This review may contribute to enhance the innovation
and patenting activity in civil engineering that may help fostering the
creation of high tech startups for energy efficient built environment.
Aerogel is a perfect example of a nanotech high performance thermal
insulation material and some aerogel based renders are already
available in the market. However, they have a cost which is much
higher than the ones of traditional plasters. Also aerogel based
windows constitute a promising high tech alternative to traditional
windows. Not only do they have a much lower mass (as much as 10
times lower) but they also show a much lower thermal transmittance.

Fig. 10. Flat panel PBRs with different stages of transparency [136].

Fig. 11. Production cost in USD per kilogram calculated for the alkaline system and
compared with values reported in literature for regular pH [137].

Fig. 12. Waste incineration processing plant with 300 m2 biofacade PBR in Nantes.
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However, the cost of an aerogel window could be up to six times that of
a conventional window being the main barrier that need to be over-
come in the near future for a wide-scale use. Also the eco-efficiency of
aerogel windows still remains to be proven by life cycle assessment
investigations. The development of cool materials incorporating new
advanced nano-materials is an important area concerning building
energy efficiency. Two main limitations characterize cool materials. The
decrease in visible transmittance is one and the other is the durability
of the thermal-optical and radiative properties. The recent Cool-
Coverings FP7 project which aims at the development of a novel and
cost-effective range of nanotech improved coatings to substantially
improve near infrared reflective properties constitutes a very interest-
ing ground for the creation of startups. Switchable glazing technology
based materials are also important for building energy efficiency and
start up creation. Several commercial solutions are already available on
the market with a service life of 30 years and capable of 100,000
switching cycles. However, its most challenging aspect is their higher
cost. Therefore some authors state that in the meantime this technol-
ogy should be installed in the buildings which need high performance
in terms of daylighting and energy saving such as commercial build-
ings. The Swedish company ChromoGenics started using a laminated
electrochromic plastic foil rather than coating the actual glass thus
being able to contribute to more scalable and cost-effective smart glass
manufacturing. Also recent investigations show promising new cost-
effective method to produce thermochromic VO2 films for smart
windows. Therefore it is foreseeable that in the next years, higher
performance and lower cost switchable glazing windows will be
available. Another important biotech feature for energy-efficient built
environment concerns the production of bio-energy trough microalgae
photo-bioreactors integrated into facades or roofs. Photosynthetic
microalgae use sunlight as their energy, water as their electron source
and CO2 as carbon source. Algae production technologies are quite
mature but presently only its application for bio-fixation, especially
wastewater treatment is economically feasible. Biofuel production from
microalgae will become competitive in the medium term if considered
along with production of higher value co-products such as bio-
fertilizers, biopolymers and others like nanocellulose and also asso-
ciated to carbon intensive operations such as power plants it could reap
the advantages of being a carbon-negative process. So far many nano
and bio based materials and technologies for energy efficient built
environment have been developed. Nanomaterials are associated with
occupational risks that still need to be tackled. Also the LCA of most is
not environmental friendly and for some it is still an open issue.
Furthermore, cost effectiveness is still far from being attained.
Therefore, development of scalable nano and bio based materials and
technologies are essential to overcome that gap. Startup creation may
be used as a means to raise the dynamics and obtain the funding
needed to achieve that goal.
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