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Background and global context
Society is facing drastic environmental and geopolitical 

impacts from climate change. There is evidence for significant 
acceleration of global warming, and experts warn of a point of 
no return calling for CO2 emissions to be stabilized. To turn the 
world’s energy infrastructure and systems around in time before 

the most detrimental climate change effects can no longer be 
undone,1 passionate policy makers must meet innovative engi-
neers and entrepreneurs because the implementation of inno-
vative solutions relies heavily on both the economic and the 
political landscape.

First off, climate change must be perceived as a problem 
to create the necessary political pressure needed for policy 
changes. But who makes the public opinion of global warming? 
At the end of the 1980s, the greenhouse effect made frontline 
news following a testimony at a U.S. senate climate hearing.2 
Despite the broad consensus of international experts on climate 
change,3,4 there was a strong, well-organized opposition (think-
tanks, scientists with contrary positions) which began to ques-
tion the mere existence of climate change, effectively stopping 
all efforts of the US government to impose CO2 emission regula-
tions for a decade.5 Many of these activities were directly sup-
ported by the fossil fuel industry, which has a strong interest in 
playing down the effects of climate change. With the current 
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political climate in the US, the same debate has again become a 
topic of great actuality and consequence, and scientist and 
experts worldwide have an obligation to take an active counter 
position in this postfactual age. Given today’s very visible con-
sequences of climate change, e.g., weather extremes6 and arctic 
record temperatures in 2016, most people have by now accepted 
that climate change is real and that it poses a significant risk to 
the continuation of life as we know it, but different groups of 
people worry in different ways about the possible consequences 
(nature and landscape, devastation, resource availability, dis-
eases). For example, most Americans still think the conse-
quences will primarily concern people from other continents or 
wildlife in general.7 Another study on the public perception in 
Europe shows that Northern Europeans are less concerned than 
Southern Europeans, commensurate with an increase in the 
expected comfort or discomfort (desired warmer weather versus 
too hot climate) resulting from global warming. When zooming 
in to a more local resolution, issues linked to effects on daily life 
seem to dominate, namely land erosion, flooding, and inability 
to qualify for insurance coverage etc.8

Second, we must turn our attention toward mitigation, and 
more specifically toward the role of policy and regulation 
changes.9 Generally, policy influences the real world in two 
ways, namely, (i) by providing a long-term roadmap and strategy 
that sets the overall goals of a society and (ii) to implement 
norms and standards needed to put the said strategy into action. 
In reality, political and industrial stakeholders are often closely 
related through political processes and mutual interests. Such 
concentration of power and mutual influencing can lead to seri-
ous adverse effects, e.g., “non-believers” and political stale-
mate situations leading to delayed action. The United States 
plays a central role in the discussion about climate change miti-
gation because of (i) its strong economic position and (ii) the 
role model character for second and third world countries in 
their quest for economic growth and success. This second point 
has a considerable influence on the energy policy of developing 
countries. In that sense, unfortunately, the strong economic 
focus of the US does not always send out the right signals to sec-
ond and third world countries. Europe has been taking the cli-
mate change issue more seriously, most likely due to a stronger 
ecologist and left-wing influence in the political and public 
opinion and less direct influence of the petroleum industry in 
the government’s decision making processes. The effect is seen 
by example of (i) the relatively early policy measures taken by 
the EU government (Table 1), (ii) the wide adaptation of climate 
targets by its membership countries,10,11 and (iii) the promising 
results in the form of CO2 savings, a substantial increase in 
renewable energy production, etc. (Table 2).

The climate change programs in Table 1 target to limit global 
warming to acceptable levels. The opinion of leading experts is 
that the anthropogenic emissions-based temperature increase 
has to be kept below 2 °C if a self-accelerating “runoff” sce-
nario is to be avoided.12 This means limiting cumulative global 
CO2 emissions in the 2000–2050 period to 1000 Gtons or 1440 
Gtons to yield a 50 and 25% probability, respectively, to stay 
within the 2 °C limit.

Since the advent of the Kyoto Protocol, most industrialized 
countries have attempted to reduce their CO2 emissions and oil 
consumption and to increase the fraction of electricity har-
vested from renewable sources. Again, we see the role model 
example of European countries like Sweden, Germany, and 
Spain (Table 2). On average, 2015 CO2 emissions from these 
countries are roughly 15% lower than in 1995. Because of the 
late participation and ineffectual commitment of the American 
continent, both North and South America are still significantly 
lagging behind on their Kyoto protocol targets. Total energy 
consumption has gone up by roughly 20–30% in North America 
and by a factor of two in Brazil. The increased energy consump-
tion of Brazil tracks the strong economic growth over the last 
decade. CO2 emissions in North America are nearing stabiliza-
tion, although some of this “success” must be attributed to the 
subprime economic crisis and its ensuing recession. The effect 
of the 2008 economic crisis on emissions also affects the emis-
sions of the EU and Japan. Asia, as the world’s commodities pro-
duction factory, is experiencing a massive energy infrastructure 
ramp-up with rising energy consumption and greenhouse gas 
emissions, with the exception of Japan. Nevertheless, it must be 
noted that China takes its pollution problems very seriously and 
is making massive investments in electrical energy, vehicles, 
and transportation as well as production from renewable 
sources.14 In Russia, energy consumption is still increasing, but 
CO2 output is stabilizing. In the Middle East, fossil fuel-based 
electrification of infrastructures has led to an almost doubling 
of emissions since 1995.

Policy as a link between political leaders and 
innovative businesses

To better understand the different adoption rates of climate 
action programs such as the Kyoto protocol in different parts of 
the World, one must realize the balance of power between short-
term economic profit taking and long-term socioeconomic 
interest. From an economic point of view, a rebuild of the 
energy sector requires tremendous investments and risks taken 
along the entire value chain, by investors, distributors, and, 
importantly, early adopter consumers. This is particularly 
important for the building and construction sector, which is 
inherently conservative because of the long service life and 
large up-front investments. Policy can help drive the transition 
forward, but often also has unintended consequences. In 
Germany, the federal parliament has set the tone for over two 
decades with a renewable energy policy, often against reluctant 
governments and the vehement opposition from the nuclear and 
coal industry.15 The sustained support for renewable energy, 
including massive subsidies for wind and solar electricity in 
the form of feed-in tariff incentives, has increased the share of 
renewables in Germany’s electricity mix by a factor of more 
than five between 1995 and 2015, leading to a substantial reduc-
tion in CO2 emissions (Table 2). In addition, the emergence 
of a mass market has drastically reduced the cost of PV. The 
record-breaking adoption of wind and PV technology in Germany 
contrasts with the situation in Japan, where the concentration 
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on nuclear energy led to a decline of the Japanese PV market.16 
On the downside, Germany’s top-down focus on short-term 
consumer cost rather than total cost and market formation,17 
left the market too dependent on subsidies, leading to a solar 
industry bubble. In addition to top-down policy measures, 
bottom-up innovation by businesses that couple risk with tech-
nological feasibility, can transform the energy market. For 
example, the success of Tesla Motors, driven by technological 
improvements on key bottle necks (range and charging times) 
and an innovative but risky direct-to-consumer business model, 
has changed the perception of the practicality and viability of 
electric vehicles not only from the general public but also from 
traditional car manufacturers.

global building standards and policy
Buildings account for roughly 40% of the global energy 

demand,18 with changing energy demands due to climate 
change.19 The other two main energy intensive sectors are trans-
portation (∼25%) and industry (∼25%). The transportation 

sector, particularly the automotive business, has been continu-
ously increasing efficiency of drivetrains over the past two dec-
ades so that additional new savings come at a comparably higher 
price. Industry and services also offer only limited potential for 
efficiency gains without compromising competitiveness of first 
world countries with stricter environmental laws. The potential 
for energy demand reduction in buildings is a popular research 
and discussion topic nowadays. Despite a general tightening of 
building energy codes around the world,20 the degree of imple-
mentation of various state-of-the-art technologies and solutions 
varies significantly from continent to continent and from country 
to country. When trying to assess the overall saving potential in 
buildings, the discussion must not always be led by a comparison 
of similar building types (residential, commercial, old, energy 
retrofitted, new) but also must be based on location and climate. 
Generally, buildings in northern climates have a higher overall 
energy demand and CO2 output because of the dominant heating 
demand which is most commonly powered by fossil fuel combus-
tion. In warmer climates, the higher cooling loads are most often 
covered by chillers operating with electrical energy.

Table 1. Climate change programs at global, regional and national levels.

global

UNFCCC UN Framework Convention on Climate Change (1992) Set forth protocols to create binding emission limits

Kyoto Protocol (1997) Legal groundwork to limit greenhouse gas emissions based on  
nations capabilities

Paris Agreement (2017) Cap temperature rise & peak emissions, team up research and  
communication

IPCC Intergovernmental Panel on Climate Change (1998) Scientific panel to analyze and communicate climate change data  
to policy makers

ICAP International Carbon Action Partnership (2007) Platform for governments and public bodies to facilitate  
emissions credit trading

europe

ECCP European Climate Change Programme (2000) Identify, develop and implement framework to reach Kyoto protocol

EU-ETS European Union Emissions Trading System (2005) Regulation of emissions through cap and trade CO2 credit system

UK CCP United Kingdom Climate Change Programme (2000) Regulation of CO2 emissions going beyond Kyoto protocol targets

United States of America

PCAP Presidential Climate Action Plan (2013) Reduce emissions, climate change readiness, influence Global  
policy

Australia

CEA Clean Energy Act (2011) Reduction and regulation of CO2 emissions
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In an attempt to better understand the existing building 
stock in different parts of the world, we summarize the cur-
rently implemented state-of-the-art technical solutions and 
compare them to the respective energy savings potential. Table 3, 
shows a semiquantitative market analysis and suggested energy 
saving measures, based on various national policy studies.21–32 
Efficient building envelopes with double or triple glazing, insu-
lated walls, and a high degree of air tightness are standard in 
Europe, less so on the American continent, and adopted to an 
even smaller extent in Asia and in the rest of the world. Particu-
larly airtight building envelopes are standard for new construc-
tion in Europe but not really for the rest of the world. According 
to Haines et al.,9 potential energy and CO2 savings in the built 
environment on the order of 30% can be achieved by 2020 in 
a cost-effective manner with relatively minor intervention. 

The deep-retrofitting potential on a single building scale can be 
by far higher (65–80%) but with a high initial investment. 
Because many older buildings are built with older technology, 
e.g., poor windows and insulation standards, oil or coal heating 
systems, roughly 80% of buildings nowadays offer a sizable ret-
rofitting potential.

Building envelope
The building envelope constitutes the separation between 

the interior and exterior of a building, i.e., between the condi-
tioned and the unconditioned environment and has three main 
functions: (i) structure, (ii) control, and (iii) aesthetics. In many 
building styles, the envelope is a load-bearing part of the build-
ing and has to be designed accordingly. The building envelope 

Table 2. Primary energy consumption for the years 1995/2005/2015 based on the Enerdata Statistical Yearbook.13

Total  
[Mt oil eq.] Oil [Mt]

gas  
[109 m3] Coal [Mt]

electricity  
[Tw h]

Renewable  
electricity [%]

CO2 emissions  
[Mt]

europe

Sweden 32/35/34 16/14/10 1/1/1 5/5/3 132/135/125 47.6/51.9/64.3 46/48/35

Germany 145/137/121 128/112/97 83/91/80 274/244/232 473/539/521 6.6/11.7/32.2 853/784/713

Spain 32/31/31 52/68/48 9/34/28 43/44/28 146/248/238 15.7/16.1/35.5 234/339/251

America

Canada 349/402/456 79/101/100 81/99/111 53/60/42 467/533/493 61.0/59.6/62.7 457/557/543

US 1655/1632/2012 753/887/751 610/623/783 872/1018/730 3136/3811/3848 11.7/9.4/13.8 5087/5753/5160

Brazil 112/195/280 70/87/118 5/20/41 19/21/31 262/371/514 94.2/87.1/73.5 235/314/455

Asia

China 1065/1764/2640 152/297/505 18/47/188 1349/2646/3732 848/2126/4921 19.2/16.2/24.7 2984/6126/8948

Japan 98/100/98 237/222/171 70/89/129 130/180/190 871/993/921 11.1/10.5/17.9 1094/1168/1132

South- 
Korea

22/46/62 88/88/96 9/30/44 44/83/130 163/358/505 3.1/1.4/2.1 334/448/577

ROw

Russia 970/1203/1341 133/117/143 393/425/456 263/213/207 697/760/870 20.7/18.6/16.3 1611/1527/1620

Middle  
East

1138/1518/1879 163/241/312 132/256/473 9/16/19 297/528/935 3.2/4.3/2.2 857/1274/1948

Australia 187/265/355 33/40/45 20/27/36 102/138/118 151/199/220 9.8/8.9/15.2 280/376/377
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Table 3. Currently implemented technologies and measures with the largest energy savings potential, modified from Ref. 33.

Currently implemented state-of-the-art technologies
energy savings potential (eSP)  

and most effective action

low-e Dg  
Ug ∼ 1.0  
w/(m2 K)

low-e Tg  
<0.8 w/(m2 K)

Air-tightness  
<5 m3/(m2 h)

insulated  
envelope

exterior  
insulation eSP [%]

Actions with largest  
potential

europe 21

Greece *** ** *** *** *** 54 Envelope insulation,  
lighting, water & space  

heating

Germany *** ** *** *** *** 26/37 Envelope insulation,  
fuel switching, heating  

systems

UK *** ** *** *** *** 24 Efficient gas boilers,  
envelope insulation

America

Canada *** * ** *** *** 24 Fuel switching, landfill gas,  
furnaces, envelope

USA *** * ** *** *** 37 Lighting, space cooling,  
space heating

Brazil * * * ** * 41 No recommendations

Asia

China * * * *** ** 23 No recommendations

Japan ** * ** *** ** 28 Water heaters, space  
heating, home appliances

South Korea ** * ** *** ** 17 Lighting, HVAC systems,  
envelope insulation

ROw

Russia ** * * *** * 47 No recommendations

Middle East * * * *** ** No regional study found

Australia ** * * *** – 15 HVAC systems, lighting

–Not implemented/no market.
*Initial market.
**Established market.
***Mature market.
DG: double glazing, TG: triple glazing.
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controls the transfer of some or all of the following, depending 
on location, climate, and culture: heat, light, air, water, sound, 
fire, and inhabitants (safety), and the appropriate regulation of 
all of these factors is necessary to achieve a comfortable indoor 
environment. With respect to the energy usage of the building, 
the first three of those control functions, i.e., heat, light, and 
air, are the most relevant. Finally, the building envelope needs 
to satisfy aesthetic demands with respect to both external and 
internal surfaces. In the last few years, a fourth function of the 
building envelope has emerged, namely, (iv) the production of 
renewable energy through solar panels.

Historical evolution of the building envelope

The building envelope has always served the three main 
functions of structure, control, and aesthetics, but the con-
struction techniques and materials have changed over the 
centuries. A good overview on the historical evolution of energy- 
efficient buildings is given by Ionescu et al.34 The earliest 
known, earth-sheltered, green-roofed buildings from 5000 B.C. 
were found in a Neolithic village on the Orkney Islands,  
Scotland, and similar dwellings existed in other areas with a 
cold climate.35 In warm regions, already in 4000 B.C., the 
Persians used “wind towers” to lead cool air from underground 
water canals over the “building envelope”.36 About 3100 B.C., 
ancient Egyptian builders used the insulating properties and 
heat capacity of thick brick walls to keep their buildings cool. 
They also made use of cavity walls for insulation—an approach 
that was later adopted by the ancient Greeks around 500 B.C. In 
Greece, the orientation of houses, the “Socratic house”, usually 
was toward the South to gain solar energy. About a hundred 
years later, in 400 B.C., the Romans started to use wall heating, 
the so-called “hypocausts”.34 Natural materials like reed, eelgrass, 
straw, etc., were used in many subsequent building styles to 
thermally separate the interior from the exterior. Thus, the 
main functional aspects of the envelope, namely, insulation, 
thermal mass, ventilation, and solar gains, were already estab-
lished in antiquity. The next major conceptual advances came in 
the 19th century with the growing understanding of thermody-
namics in terms of heat transfer and thermal insulation. These 
led to double pane windows as early as 1865,37 the exploration 
of moisture transport in building elements in the 1890s, and the 
employment of the enthalpy–humidity diagram for the descrip-
tion of comfort zones in 1923. The first modern buildings 
focused on passive solar gains were built with the “House of 
Tomorrow” in 193338 and the MIT Solar House #1 in 1939.39 
The 1960s saw the advent of computer simulations to predict 
thermal load and performance of buildings40 as well as the sem-
inal work of Povl Ole Fanger for the development of a standard 
thermal comfort model.41 The oil crisis in 1973 created a strong 
focus on building energy efficiency, taking into account air 
tightness, super-insulation [in the old sense of the definition as 
“extra thick insulation layers”, the modern one referring to 
insulation materials with thermal conductivity values below 
0.02 W/(m K)], heat recovery ventilation, triple glazing, and 
passive solar technologies. The concept of a zero-energy house 

was explored by many prominent projects such as the “Phillips 
Experimental House” (1975), the DTH zero-energy house 
(1975), the “Lo-Cal House” (1976), and the “Leger House” 
(1977).34 Inspired by these advances, the idea of the “Passive 
House”—a building in which heat losses are reduced to a mini-
mum by a highly insulated envelope—was developed in the late 
1980s and implemented for the first time in the “Passive House 
Kranichstein” in 1991.42 Accompanying a high-performance 
building envelope with integrated photovoltaic panels and a 
seasonal energy storage, an energy-autonomous single-family 
house—the Self sufficient Solar House—was realized in 1992 
in Freiburg.43 In 1995, “Passivhaus” became a standard in 
Germany for low-energy use buildings based on an air-tight, 
highly insulated thermal envelope in combination with mechan-
ical heat recovery ventilation systems. Already a year earlier, 
a similar standard, the “Minergie” label, had been created in 
Switzerland.

Construction techniques

Construction types can be classified along a spectrum 
between monolithic and layered building elements, with hybrid 
construction types in between (Table 4). In the first case, the 
envelope or certain parts of it, for example, the walls, consist of 
one homogeneous material, at least on the macroscopic level. 
Common monolithic building materials are concrete, bricks, or 
solid wood. Usually, this monolithic structure accomplishes the 
two functions of structure and control at the same time and 
sometimes also the third function of aesthetics (e.g., fair-faced 
concrete, brick façade, or log house). In the complementary 
approach, the functionally layered construction, the structural 
and the control functions are realized as different layers, e.g., a 
concrete wall with a layer of insulation material on it and a 
separate air tightness membrane, as well as finishing layers on 
both sides. Between these two approaches, timber, steel, and 
concrete frame constructions are often hybrid constructions in 
which the building is neither layered nor monolithic. Here sep-
arate parts of the envelope take over structural and control 
functions, respectively, e.g., part of the wall is constituted of the 
load-bearing structure (e.g., a concrete column) and part is 
made of a wall material (e.g., curtain wall, bricks, concrete 
blocks, and a drywall). In some special cases of framing con-
struction, though, the envelope is layered, namely, when the 
column is not integrated into the envelope but is further inside 
the building.

Control functions and materials

Let us now elaborate on the earlier introduced control func-
tions of the building envelope in more detail in terms of the 
building elements and materials used. The transfer of heat is 
controlled either by the monolithic envelope or by a dedicated 
insulation material. Thermal transmission losses are determined 
not only by the insulation, i.e., the U-value of the construction, 
but also by how well the design avoids thermal bridges. This is 
especially important when superinsulating materials used as 
the insulation thicknesses are smaller and hence thermal 
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bridges have the potential to be more severe because of the 
shorter path lengths. Depending on climate conditions and opti-
mization parameters (e.g., economical, ecological, energy or 
sustainability), different insulation thicknesses are optimal to 
reduce heating and cooling loads and the building operation 
cost.44–46 A comparison of conventional and superinsulation 
materials is given in the Conventional versus Superinsulation 
Materials section. Unlike opaque building elements, windows 
control both the flow of heat and of daylight, with the technology 
for switchable glazing emerging that limits light and/or energy 
transfer (see Window Technology and Solar Transmittance 
Control section). Furthermore, in both cold and hot climates, the 
flow of air through the building envelope should be minimized as 
cracks and leaks usually lead to unwanted heat losses or gains.47 
Also, condensation and related damages can occur when warm 
air impinges on a cold part of a building element. Hence, airtight-
ness is usually included in modern building standards and norms 
and is implemented technically in the form of different air and 
vapor barrier systems.48 Particularly in well-insulated airtight 
buildings, controlled ventilation systems are installed to allow for 
heat recovery from the expelled air to reduce the heating demand 
in cold climates49 and to increase the indoor air quality (IAQ). 
Depending on the climate and construction, e.g., roof overhang, 
the envelope also should be more or less waterproof, especially 
the roof. This is achieved by means of special coatings, renders, 
bituminous waterproofing, or ventilated façades or roofs of 
different materials (wood, ceramic, metal, rubber, etc.). Often 
times, façade and roof systems are not completely waterproof but 
are designed with a ventilation layer that allows for drying of the 
building materials after exposure to rain. Furthermore, the fire 
behavior of the different envelope materials is of crucial impor-
tance for safety in case of a fire. A discussion of the fire properties 
of the structural materials, which mostly fall into the category of 
nonflammable materials, is beyond the scope of this article. Many 
insulation materials on the other hand are flammable (Table 5) 
because they contain combustible organic compounds.50 In case 
of a fire, two main factors need to be considered: they contribute 
to the combustion load and thus accelerate the fire event and 
often produce toxic gases during burning,51 which is the main 
cause of fire-related deaths. Finally, regarding the function of 
controlling who or what can enter a building, with most of today’s 
construction techniques, it is possible to design an envelope that 
offers relative safety against intrusion.

Further envelope elements

Apart from conventional opaque building elements and win-
dows, there are a number of envelope elements that passively 
influence indoor comfort and save energy doing so. A good 
overview is given in Sadineni et al.,47 describing passive solar 
walls, cavity walls, latent heat storage via phase change materi-
als (PCM), ventilated roofs, cool roofs, green roofs, evaporative 
roof cooling, and photovoltaic roofs and façades. Passive solar 
or so-called Trombe walls consist of a massive South-facing wall 
with a glass pane in front to create a greenhouse effect and thus 
transfer heat into the building. In cavity walls on the other hand, 
the stack effect creates a vertical air flow, passively cooling the 
inner wall. PCMs have a high heat storage capacity and can be 
used for both passive cooling and heating applications,52 for 
example, in combination with a Trombe wall. Ventilated roofs 
have a cooling effect similar to cavity walls, reducing heat gains 
in warm seasons. Cool roofs serve the reduction of heat gains as 
well by using materials with high solar reflectance and high 
thermal emittance as a finishing layer to limit the amount of 
energy absorbed on the roof and maximize heat emissions.53 An 
alternative approach is a roof covered with plants, making use 
of the insulation effect of the soil-plant layer, the shading of the 
foliage as well as the evapo-transpiration of the leaves. Both 
mechanisms have been demonstrated to have a significant effect 
on estival heat gains.53–55 Green roofs have the added benefit 
of reducing water runoff from roofs as well as providing some 
thermal insulation in previously uninsulated roofs.56,57 This 
approach has also been successfully applied in façades, where 
similar cooling effects can be achieved.58,59 In tropical regions, 
a roof pond with removable insulation or wetted burlap bag cov-
ers can be used to reduce daily solar gains.47

Thermal comfort

Besides shelter from precipitation, wind, and solar irradia-
tion, thermal comfort is certainly one of the main reasons why 
humans have been creating buildings to live and work in. Since 
the seminal work by Fanger in the 1960s,41 thermal comfort 
models have been developed and used to quantify the satisfac-
tion the building occupants with the interior environment 
conditions. These models are not only used to set the relevant 
building envelope parameters, such as insulation, acceptable 
window sizes, draft, etc., in the design phase of a building, but 

Table 4. Different classical and contemporary construction styles.

Monolithic constructions Hybrid constructions Functionally layered constructions

Rammed earth Timber frame (balloon, platform) Concrete + insulation

Solid wood Steel frame Brick + insulation

Reinforced concrete (insulating) brick Concrete frame CLT + insulation

CLT: cross-laminated timber.

https://doi.org/10.1557/mre.2017.14 Published online by Cambridge University Press

https://doi.org/10.1557/mre.2017.14


8 n MRS eNeRgy & SUSTAiNABiliTy // V O L U M E  4  // e 1 2  // www.mrs.org/energy-sustainability-journal

also operational parameters of building HVAC systems during 
operation to achieve a high thermal comfort inside. Hence, 
thermal comfort models are fundamental for building design as 
well as energy consumption.

There are two different basic approaches to thermal comfort 
in buildings: the rational or heat balance and the adaptive 
approach, respectively.60 The former is based on experiments 
on human comfort in climate chambers in a steady state, most 
prominently represented by the work of Povl Ole Fanger. It 
employs a seven-point thermal sensation scale to determine the 
“Predicted Mean Vote” index, and from that the “Predicted 
Percentage Dissatisfied” is calculated—i.e., how many people 
will be dissatisfied under a given condition, including activity 
level, clothing, temperature, air speed, and relative humidity. 
This approach is suitable for steady-state conditions and 
humans in near sedentary activity levels. It works well in 
air-conditioned spaces, but not in naturally ventilated ones.61 
Furthermore, the PMV seems to overestimate the thermal 
sensation in the tropics.62 The latter (adaptive approach) on the 

other hand is based on field studies on people in buildings and 
includes changes of activity level and clothing of building occu-
pants in response to changes in the indoor environment.61 
Recent research in the field has focused on thermal comfort in 
these transient conditions, identifying a high-energy saving 
potential as thermal comfort zones can be set less, restrictively. 
Adaptive approaches are also more suitable in tropical climates, 
where the PMV approach can lead to overcooling. Kwong et al.62 
estimated that a 2 K rise in the thermostat set point in Malaysia 
would lead to 2150 GW h of annual savings. A recent review of 
adaptive models can be found in Ref. 63.

Yang and co-workers reported that adaptive thermal comfort 
models—which, especially for naturally ventilated buildings, 
describe comfort better than heat balance models—have a wider 
range of comfort temperature and could hence save a consider-
able amount of energy.61 Holopainen et al. studied three par-
ticular adaptive thermal comfort models, the adaptive predicted 
mean vote, a human thermal model, and the adaptive control 
algorithm, finding that all of these allowed for more f lexible 

Table 5. Comparison of conventional and superinsulation materials.

Thermal conductivity  
[w/(m K)] Combustible Max. T [°C]

Service  
life [a]

Material cost**  
[US$/m3]

Conventional insulation

Mineral wool 0.032–0.045 No 600 >50 120

Glass wool 0.030–0.040 No 400 >50 120

Polystyrene foam 0.029–0.037 Yes 80 >30 70

PUR/PIR foam 0.021–0.025 Yes 80 >30 160

Superinsulation

Silica aerogel blanket 0.015–0.018 No 250/650* >50 3000

Silica aerogel granulate 0.018–0.022 No 250/650* >50 2800

Silica aerogel powder 0.020–0.025 No 250/650* >50 2500

Silica aerogel monolith 0.012–0.014 No 250/650* >50 (>10,000)

PUR aerogel board 0.017 Yes 150 >30 (>4000)

Fumed silica board 0.019 No 250/900* >30 1500

Fumed silica core VIP 0.006–0.009 Foil only 50 >30 4500

Glass fiber core VIP No declaration values Foil only 50 >15 2500

*Loss of hydrophobicity above ∼300 °C.
**Estimated bulk retail pricing (2016).
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indoor conditions and hence lower energy use compared to heat 
balance models.64

Indoor air quality

A central aspect controlled by the building envelope that is 
not included in thermal comfort models is IAQ. Today it still 
seems to hold a secondary role to energy efficiency, but it is cru-
cial to health, comfort, and productivity of building occupants. 
Overall, considerations of IAQ are not only relevant in coun-
tries with high technological standards but even more so in 
developing countries with more traditional construction and 
building operation approaches. In developing regions, indoor 
unvented burning of biomass leads to severe health effects and 
is still the fourth most important disease risk factor globally.65 
In developed countries, on the other hand, while radon and 
tobacco smoke are linked to cancer, adverse effects of volatile 
organic compounds (VOCs), particles, allergens, and agents of 
microbial origin on human health are not well understood in 
terms of their mechanisms.66 Nevertheless, there is a high prev-
alence of allergies and sick building syndrome (SBS) in regions 
with modern, air-tight buildings. SBS denominates the acute 
negative effects on health and comfort connected to staying in a 
given building. There is strong evidence linking indoor IAQ 
to lung cancer, allergies, and hypersensitivity reactions.66 Addi-
tionally, perceived low IAQ is associated with SBS67 even when 
controlled for other psychological factors. While it is not clear 
yet how VOCs, particles, and microbial matter influence health, 
an interventional study recently found that a reduction in 
particulate matter resulted in improved respiratory health.68 
Also, ventilation rates have a significant influence on inhabit-
ants’ health. In their review, Sundell et al.69 found that higher 
ventilation rates of up to 25 L/s per person lead to decreased 
inflammation, respiratory infections, asthma symptoms, and 
short-term sick leave. This ventilation rate is higher, though, 
than the required minimum of many building standards.  
Furthermore, dampness in buildings, increases the risk of 
adverse effects on the respiratory system, such as cough, 
wheeze, or asthma.70

Due to the insufficient IAQ not only health is affected but 
also comfort and work performance. In their review, Wargocki 
and co-workers71 found a strong association between ventila-
tion, comfort, and productivity in office work environments. 
Maddalena et al.72 reported that for short exposures of four 
hours, perceived air quality and SBS symptoms were unaffected 
by ventilation rates, but reductions in ventilation rates had a 
significant negative effect on decision making abilities. Park 
and Yoon73 demonstrated a logarithmic increase in addition, 
text-typing, and memorization tasks when increasing ventila-
tion rates from 5 to 10 and 20 L/s per person for an eight hour 
observation period. In a review on studies on “average handling 
time” in call centers, a similar logarithmic association between 
ventilation rates and performance was revealed,74 leveling off at 
around 45 L/s per person. Even a fifth grade student’s aca-
demic achievement could be correlated to ventilation rates.75 
In conclusion, proper ventilation of buildings is of crucial 

importance. Not only energy savings but also comfort, perfor-
mance, and health needs are to be considered when designing 
ventilation systems and settings. Smart and demand-controlled 
strategies, e.g., via CO2-levels, seem to offer better solutions, as 
these can be more energy efficient allowing for high ventilation 
rates and thus high IAQ when it is actually needed.76

Conventional versus superinsulation materials
With increasing demands on thermal barrier properties  

of modern building envelopes, thicker insulation layers are 
needed. In some northern European countries, this has precip-
itated the use of up to 50 cm thick insulation which in some rare 
cases leads to wall strengths approximating 1 m, closely remi-
niscent of a castle wall. Clearly this is no architect’s dream. This 
is why we need insulating materials that offer superior thermal 
performance, i.e., superinsulation materials with a thermal 
conductivity <0.020 W/(m K).77 Note that there exists an old 
definition of superinsulation corresponding to thick, conven-
tional insulation (resulting in a low total U-value and high 
R-value), but in this article, we shall adhere to the modern, 
thermal conductivity-based definition.

Historical evolution of insulation materials

Over the last few decades, thermal insulation and hence 
insulation materials have gained critical importance for sus-
tainable, energy-efficient buildings. Bozsaky35 reviewed the 
historical development of insulation materials and distin-
guished five time periods: (i) nomadic lifestyle and temporary 
buildings (before 7000 B.C.) where the same insulation materials 
were used for buildings as for clothing (animal skins, fur, and 
wool), (ii) preindustrial (7000 B.C. to 1870 A.D.) with durable 
materials (earth, wood, and bricks) or plant fibers (straw, 
eelgrass, and reed) as insulation materials, (iii) industrial 
(1870–1950) with natural insulation products (cellulose, boards 
from reed, cork, wood wool, and flax), advancement of bricks 
(ash-filled, hollow) and artificial mineral materials (asbestos, 
rock wool, fiber-glass, foam glass, dross, expanded clay, and 
perlite), (iv) plastics (1950–2000) with a variety of plastic foams 
(polystyrene, polyurethane, polyester, polyethylene, phenolic, 
and melamine based), and (v) sustainability and low-emission 
(since 2000) with a revival of natural materials like cellulose, 
cork, etc. and exploration of new high-performance materials 
such as vacuum panels or aerogel materials. Thus, today, build-
ing professionals have a wide selection of insulation materials at 
hand, with different properties and environmental impacts, 
allowing for the construction of highly insulated new buildings 
and the renovation of existing ones in a flexible fashion.

Conventional insulation materials

An overview of insulating materials and products is given in 
Table 5. Conventional materials feature thermal conductivities 
between 0.03 and 0.04 W/(m K) with the exception of polyiso-
cyanate foams (PU, PIR and PUR), which achieve lower thermal 
conductivities through the use of a heavy, low thermal conduc-
tivity filler gas inside the closed-cell network, e.g., a mixture of 
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Figure 1. (a) Cross section of a vacuum insulation panel, (b) monolithic aerogel board (courtesy of BASF), (c) silica aerogel granulate, (d) silica aerogel 
blanket, (e) silica aerogel board, and (f) silica aerogel render.

CO2 and iso- or cyclopentane. Next to these standard products, 
there exists a variety of insulation materials derived from natu-
ral products, e.g., straw, reed, eelgrass, cellulose fiber-based 
materials, animal furs, sheep wool etc., or inorganic materials, 
e.g., foam glass, foamed clay, pumice etc. These materials are 
attractive from an embodied energy perspective but suffer from 
significantly higher thermal conductivities. Modern construc-
tion in first and second world countries nowadays are insulated 
primarily with polymer foams and glass or mineral wool (>90% 
market share).78 These products are durable, low-cost commod-
ities with the best price per performance ratio. Polymer foams 
(EPS, PU/PIR/PUR) are intrinsically f lammable which nega-
tively affects fire ratings, and environmental concerns have 
been raised for classes of flame-retardant additives.79 Other 
insulation strategies do not use a separate material for insula-
tion but modify the properties of the load-bearing envelope 
materials, for example, the addition of cenospheres to concrete 
to decrease weight and thermal conductivity.80

Superinsulation materials and products

The class of superinsulators consists primarily of fumed 
silica, aerogel-based materials, and vacuum insulation panels 
(VIP). More recently, people have also started to investigate 
gas-filled panels as a possible building insulation solution; how-
ever, no superinsulating products of this type are yet available 
commercially, partly due to the high cost of ultralow thermal 
conductivity filler gases such as krypton.81 VIP and aerogel- 
based superinsulating materials and solutions have been on the 
market for roughly 10–15 years. These products offer superior 
performance (very low thermal conductivity) but are more 
expensive than conventional insulation to reach the same insu-
lation performance (U-value). Fumed silica, aerogel, and VIP 
are known and established niche products in the building and 

construction industry, but their market share is below 1% of the 
total market.77 In Europe, aerogel insulation sales for building 
applications are estimated to lie within the 25–30M US$ range 
for 2016. For the same year, the global aerogel market is roughly 
250M US$, which is on the order of 0.5% of global insulation 
markets which are estimated at 45B US$.78 Vacuum insulation 
markets are of a similar magnitude with 2014 sales on the order 
of 380M US$82 of which roughly 15% of it are used in the build-
ing and construction sector. Both aerogel and VIP markets are 
growing rapidly at a CAGR of approximately 20%.

Superinsulation materials come in many forms: VIPs, 
monolithic aerogels, silica aerogel granulate, blankets, boards, 
and paste-like wet mix formulations such as insulating renders 
(Fig. 1). Most of the development on VIPs is on less expensive 
core materials,83 where the main challenge is to match thermal 
and service life performance of traditional fumed silica cores 
[Fig. 1(a)].84 Monolithic aerogels are not yet commercially 
available due to high production cost, although BASF is in the 
process of scaling up Slentite, which may well be the first com-
mercial polyisocyanate aerogel insulation product [Fig. 1(b)]. 
Aerogel granulate and blankets are today’s most viable indus-
trial materials. Cabot aerogel is manufacturing hydrophobic, 
silica aerogel granulates [Fig. 1(c)], and the aerogel market 
leader Aspen aerogels produces blanket-type products such as 
Spaceloft [Fig. 1(d)]. Both product types are rarely used as-is on 
the construction site but are typically converted into a (semi-)
finished product or solution which will then be applied or 
installed at the building site. Two examples of such aerogel- 
based products are aerogel insulation boards, e.g., Heck Aero 
obtained by gluing several Spaceloft blankets together, or a wet 
applied high-performance render which was especially devel-
oped for retrofitting old historical buildings.85 Aerogel renders 
are insulating render systems which contain a large volume 
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fraction of aerogel granulates as a low thermal conductivity 
filler. They are sold in bags as a dry mix formulation containing 
mineral binders and additives, allowing facile on-site mixing 
with water and direct application on the façade using conven-
tional render projection pumps. Other granulate-based com-
posite materials such as aerogel concrete86 or glued composites 
are also under development.

The use of superinsulating materials today is still very 
restricted in the B&C sector due to the high price, low innova-
tion dynamics of the sector, and large number of stakeholders 
involved in the construction process. However it is clear that 
urbanization and energy policy are huge drivers for the com-
mercialization of superinsulation materials and solutions on a 
broader front. To accomplish this, improved production meth-
ods combined with the economy of scale must bring down 
prices, innovative products which combine all advantages of 
superinsulation must facilitate installation and market entry, 
and communication efforts must educate and inform stakeholders 
about these new possibilities.

window technology and solar transmittance control
Windows visually connect the building interior to the out-

side world and provide a functional and pleasant indoor envi-
ronment. The effect of windows on the energy performance of 
the façade is complex: the thermal transmittance of windows, 
i.e., the U-values, are typically two to five times higher than for 
other façade elements, but the resulting heat losses are typically 
more than offset by solar gains, expressed by the g-value or 
Solar Heat Gain Coefficient of a given glazing unit.87

Heat losses (U-value)

The last six decades have seen a five to ten-fold reduction in 
the U-values of glazing solutions through a variety of technolog-
ical cornerstone developments. The introduction of double 
glazing in the 1950s lead to nearly a two-fold reduction of the 
center of glazing Ug-value from >5 to approximately 3 W/(m2 K) 
and marks the start of insulation glazing as a research field. 
Over the next forty years, the industry again made tremendous 
progress by introducing low-emissivity (low-E) coatings and 
argon as a filler gas as well as the introduction of triple glazing. 
The introduction of low-emissivity (low-E) coatings, which are 
now standard in modern insulated glazing, led to the most dra-
matic improvement of the glazing’s thermal properties, allow-
ing a reduction of the radiative thermal conductance due to 
radiation from approximately 1.5 down to 0.1 W/(m2 K).88,89 
The use of mono-atomic filler gasses with lower thermal con-
ductivity also leads to a significant reduction in the Ug-value: 
replacing air by argon results in a reduction of approximately 
0.5 W/(m2 K), and the use of krypton or xenon can further 
reduce this by an additional 0.2–0.3 W/(m2 K), respectively.88 
Based on cost and availability, argon is by far the preferred filler 
gas, whereas krypton is limited to high-end products only. As the 
center of glazing Ug-values improved due to the use of low-E coat-
ings and low-conductivity filler gases, heat losses through the edge 
have gained relative importance. Significant improvements have 

been achieved by optimizing spacer materials and design: 
replacing aluminum spacers for stainless steel, foam, and ther-
moplastic spacers and optimizing the spacer geometry results 
in a significant reduction of these edge effects.90,91 Further 
improvements have come from optimizing the design and mate-
rials of the sash-and-frame construction in terms of thermal 
conductivity.92 Note that the degree to which the various tech-
nologies have been adopted varies wildly depending on region, 
country, building norms, purchasing power, climate, and envi-
ronmental awareness. Europe is leading the way with respect to 
market uptake: advanced insulated glazing with argon filling, 
high-performance low-E coatings, and optimized spacer and 
sash-and-frame designs with Uw-values for the entire window 
around ∼1.1 and ∼0.6 W/(m2 K) for double and triple glazing, 
respectively, are now the standard solution.

In addition to the above-described mainstream developments, 
even higher performant glazing elements are available for niche 
markets. The addition of a fourth layer of glazing further lowers 
the U-value, but such products have not made an impact in the 
market due to the high cost-to-benefit ratio, high weight, and 
increased thickness.93 More innovative solutions along this line 
are the use of thin glazing layers in quadruple glazing or poly-
mer film multi-chamber glazing units.94 Vacuum insulation 
glazing (VIG) approaches the problem differently and elimi-
nates the gas phase conductance altogether but requires strin-
gent criteria on the edge seal and the use of support pillars to 
keep the panes apart, resisting against the outside atmospheric 
pressure.95–97 In theory, U-values down to 0.3 W/(m2 K) can be 
achieved with a single VIG. Vacuum glazing products have been 
on the market for several decades now, but in general, their 
performance is poor [between 0.5 and 1.1 W/(m2 K)] when 
measured against theoretical limitations, barely keeping up 
with state-of-the-art triple glazing in terms of U-value. Their 
commercial success will eventually rely on the thin design, 
although recent developments by new Chinese manufacturers96 
claim products with U-values <0.6 W/(m2 K). It is the slim 
design (<10 mm) which enables retrofitting of existing frames in 
historical buildings by directly replacing single-paned glass by 
VIG, providing excellent thermal and sound insulation proper-
ties, which is highly desirable for inner-city applications. Trans-
parent aerogel glazing can achieve U-values below 0.7 W/(m2 K) 
for a glazing thickness below 15 mm at the prototype level,98–100 
but upscaling and product development using this technology 
are challenging at a laboratory scale and are virtually impossible 
at an industrial scale due to the brittleness of the aerogel. Trans-
lucent aerogel elements for daylighting applications that typi-
cally consist of a cavity filled with aerogel granulates98,101 
have been introduced in the market, and U-values from 0.3 to 
0.6 W/(m2 K) can be achieved depending on thickness, with an 
optical transmittance of 45–60%.

Solar gains and solar control (g-value)

Due to their transparent nature, windows’ high heat losses 
are offset, by solar gains and windows with a high g-value, 
i.e., with a high solar energy transmittance, can strongly decrease 
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the heating demand. However, solar gain control is required to 
provide glare protection and avoid overheating during warm and 
hot periods, even though the energy reflected back to the envi-
ronment may increase the heat island effect. Passive solar control 
measures include the use anti-reflective (low-emissivity) coat-
ings102 and angular selective window systems that differentially 
reflect the sunlight depending on the incidence angle.103,104 The 
traditional and most straightforward way to actively control solar 
gains is by external blinds and this is by far for the most imple-
mented solution. However, external blinds are prone to wind or 
hail damage and their installation and maintenance cost can be 
substantial. From a materials science perspective, switchable 
glazing is a highly attractive form of active solar control.105 Here, 
the optical transmission and solar gain can be switched between a 
bleached and darkened state by changing the redox state of a thin 
active material layer. Depending on the stimulus, this can be a 
form of active solar control, e.g., electrochromic106 and gasoch-
romic107 glazing or passive solar control, e.g., photochromic108 
and thermochromic109 glazing. All of these are active areas of sci-
entific research, but electrochromic glazing based on tungsten 
oxide, WO3, (Fig. 2) has been most successful in the market.106 
Academic and industrial research actively pursues improved per-
formance by changing from liquid based to solid state electrolytes 
and optimizing the electrochromic material film properties, 
e.g., by improving the sputter-deposition, sol–gel synthesis,110 
and vapor deposition,111 the quest for alternatives to WO3 such as 
VO2/V2O5

112 or NiO,113 the use of polymer electrolytes114,115 or 
the development of infrared selective devices.116 Other proposed 
active solar gain control measures include the use of circulating 
suspensions of light absorbers, where active control is achieved 
by tuning the particle concentration, e.g., FluidGlass.117 Active 
solar gain control systems can be operated manually, i.e., at the 
discretion of the building occupant, or automatically. Together 
with controlled ventilation, automated solar gain control is one 
of the key components that allows the building energy manage-
ment system to dynamically respond to the user demands  
and weather conditions (see also “Dynamic Behavior, Building 
Energy Management and Smart Grids” Section).

lighting
Incandescent lighting has had a tremendous impact on the 

society, so much so that the image of a light bulb has become 
synonymous with a good idea, and Thomas Edison has become 
the archetypal inventor in popular culture. Indeed, incandes-
cent lighting has been the standard technology for nearly the 
entire 20th century. Standard incandescent light sources have a 
luminous efficacy of approximately 15 lm/W. Halogen incan-
descent bulbs have been available since the 1950s and have now 
an efficacy on the order of 30 lm/W. Fluorescent lights (TL) 
have a much higher efficiency on the order of 25–95 lm/W. 
Commercially available light emitting diodes (LEDs) already 
achieve a higher efficacy than that of the fluorescent tubes (up 
to 130 lm/W) with a theoretical limit of 260–300 lm/W.118,119 
The rate of progress in this field is remarkable not only with 
respect to the development of more efficient LEDs but also with 
respect to their adoption in the market place. Their low efficacy 
has finally caught up with incandescent lighting, and incandes-
cent light bulbs have even been banned for most uses by the 
European Union. The energy consumption due to lighting 
has decreased substantially over the last two decades, with, for 
example, a drop from 38 to 17% in the share of lighting to the 
overall electricity consumption of commercial buildings.120 
These savings are not only related to the above-described effi-
ciency increase of the light sources but also to the reduced wast-
age, for example, by automatically switching of the lights when 
a space is not occupied and a better use of natural daylight 
through better architectural planning. Research on improved light 
sources, buildings and illumination automation, and architec-
tural solutions to daylighting is ongoing, but the advances made 
over the last decades have already reduced the impact of light-
ing on the overall energy budget of buildings.

Renewable energy
Once the building envelope is brought up to a certain ther-

mal standard, it is easier to cover the remaining energy demand 
from renewable sources. To become fit for the future, buildings 
must produce a significant fraction of their demand themselves. 
Solar energy is by far the most common renewable energy 
source for buildings through the use of solar thermal collectors, 
photovoltaics, and hybrid121 elements, where the market share 
of the latter remains comparatively small.

Solar thermal collectors

Solar thermal collector technology is a rather mature field, 
and solutions with various degrees of technical complexity are 
on the market.122 Selective absorbers increase the operating 
temperature by having a high ratio of solar radiation absorption 
to thermal radiation emission.123 Building integrated modules 
are typically nonconcentrating collectors, with the same inter-
cepting area as its absorbing area. Concentrating collectors, 
which focus the solar irradiation of a large intercepting area 
onto a small absorbing area using concave mirrors, can achieve 
much higher fluid temperatures and Carnot efficiencies but are 
much less common in buildings. Among the nonconcentrating 

Figure 2. Schematic cross section of WO3 based electrochromic glazing. 
The coloration of the electrochromic layer can be tuned by switching the 
redox state of the active electrochromic material layer, most typically WO3. 
The current is provided through a transparent conductive oxide layer (TCO). 
The device design is an electrochemical cell similar to a battery.
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collectors, flat-plate collectors, which exist for over a hundred 
years, are most commonly used. They consist of an absorber 
(e.g., a painted copper plate) which is welded to a copper pipe 
that acts as the heat transport vehicle. The absorber is then 
enclosed inside an insulated metal trough which is in turn 
covered by a cover glass. Evacuated tube collectors are a more 
recent development with first products appearing on the mar-
ket after the first oil crisis in the seventies. A typical device uses 
a central copper pipe with absorber fins which is welded into an 
evacuated glass tube. The glass tube itself is typically a double- 
walled vessel which is also evacuated and sealed, resulting in 
minimized heat losses through gas conduction, the same princi-
ple which VIPs and vacuum glazing are based on. As a result 
of the lower heat losses, a higher working fluid temperature 
can be achieved. In addition, the specific geometry results in 
the exposure of the absorber to the sunlight for a longer 
period of the day.124 Flat-plate collectors are the solution of 
choice for a majority of climates and user profiles as they are 
roughly 30–40% cheaper than tube collectors for the same 
installed power. Vacuum tube collectors make sense in very cold 
climates, although they are slow to shed a possible snow cover 
and for applications where a higher medium temperature is 
required. Very often, solar thermal collectors are combined 
with heat pumps and/or underground thermal energy storage 
systems.125,126

Building integrated photovoltaics (BIPV)

The development of new solar cell materials is a very active 
area of research and is out of the scope of this review. Record 
efficiencies for single-junction, single-crystal and multicrystal-
line silicon are currently around 25 and 21%, respectively,127 
and silicon is by far the most widely used material. The perfor-
mance, in terms of efficiency, of thin film cells (GaAs, CdTe, 
CIGS), multijunction devices (InGaP/GaAs/InGaAs) can be 
higher than that of silicon, but at the moment, none of these 
materials have made an impact in the building and construction 
sector. Following a continuous and dramatic reduction in cost 
(Moore’s law behavior), silicon solar panels have become a 
commodity and installation, rather than materials, now make 
up the vast majority of the total cost. Historically, solar panels 
have been added on top of an existing building envelope almost 
as an afterthought. In contrast to these building-adopted photo-
voltaics, building-integrated photovoltaics are an integral part 
of the building envelope, offering weather protection as well as 
aesthetic function.128,129 This double function as an energy pro-
ducer and the building skin makes BIPV more cost effective 
because other cladding materials are no longer needed130–132 
and new possibilities for the aesthetics of photovoltaics have been 
developed.130 The vast majority of photovoltaics are installed 
on the roof, but various solutions for the façade are available. In 
the summer, the amount of solar irradiation reaching the façade 
is lower than that of the roofs, as expected, but due to the large 
areas concerned, facades can contribute significantly to the 
solar potential of buildings, depending on climate, building 
geometry, and orientation.133 In the winter, on the other hand, 

façade BIPVs can have higher output than that of PV on the roof 
due to the lower position of the sun. The emergence of printable 
PV technologies opens up renewed opportunities for building 
integration.134

Thermal storage and sorption cooling

Thermal storage

The ability to store energy in various forms for delayed or dis-
tributed use is a topic of increasing actuality. The key parame-
ters defining energy storage systems are the storage time period, 
capacity, and cost. To cover the daily f luctuations in thermal 
energy demand (hot water), a storage period of a few days and a 
relatively small capacity are sufficient. The most straightfor-
ward way to store thermal energy is in the form of sensible heat, 
i.e., by capitalizing on the heat capacity of a given storage 
medium. Hot water reservoirs or boilers are the classical exam-
ple for this type of simple solution. Long-term seasonal storage 
of thermal energy for low-temperature (e.g., f loor heating) 
systems is relatively costly and requires large water storage vol-
umes when operated exclusively on a sensible heat principle. 
For well-insulated low-energy buildings [Uwall < 0.15 W/(m2 K), 
triple glazing], the heating demand during the winter season in 
central Europe can be covered with a typical water reservoir on 
the order of 20–50 m3. Around the turn of the millennium, sev-
eral experimental large thermal storages have been realized and 
tested with solar thermal collector areas up to 5000 m2 and 
water storage reservoirs up to 12,000 m3 in size.135 A more 
recent trend is to use the ground as a thermal energy store 
and deposit excess thermal energy into geothermal boreholes 
either directly or, preferably, through a conventional heat 
pump system.136,137

Latent heat storage uses the enthalpy of fusion or evapora-
tion of a storage medium and is a promising alternative to sensi-
ble heat storage, especially if the space is limited. It offers a 
2–5 times higher volumetric energy storage density (Table 6) 
and furthermore delivers the thermal energy at a constant tem-
perature level, i.e., at the specific phase transition temperature 
of the storage medium, rather than at progressively lower tem-
peratures such as in the case of a sensible heat storage system. 
Both liquid and solid latent heat storage materials and systems 
are known. Latent, seasonal heat storage devices could offer 
significant potential to reduce the heating demand in colder 
climates with reduced space demand. Pure latent heat storage 
devices work at a constant composition/mass, the typical exam-
ple being phase change material (PCM) storage.138

Alternatively, thermochemical storage involves the storage 
and release of thermal energy in a chemical form, e.g., salt 
hydration or water sorption which means a sorbent or “rea-
gent” is added thus changing the mass and composition. Such 
systems have received increasing attention for their potential 
use as space-saving, seasonal heat storage solutions. For exam-
ple, a novel promising system currently under development at 
our institute (Empa) is a high ettringite CSA solid cement sys-
tem which uses hydration/dehydration of ettringite type phases 
that offers up to 500 MJ/m3 storage capacity in a temperature 
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range between 40 and 120 °C with material cost comparable 
to other types of high-performance concrete.139 Other types of 
more classical solid thermochemical energy storage systems 
(zeolites, silica gels, hybrid zeolite/salt systems) have also been 
studied for seasonal heat storage140,141 with storage energy den-
sities similar to that of the ettringite but at a higher materials 
cost. Even higher storage densities are possible when a dilution 
or sorption process is combined with the condensation of the 
sorbate. When using an aqueous system, for example, one 
can then capitalize on the latent heat of water evaporation/
condensation by operating in a partial vacuum. One of the more 
promising systems in this category uses a concentrated sodium 
hydroxide solution,142 which stores its energy in the form of 
potential dilution and latent heat of water vapor condensation 
(added later during the discharging cycle). This latter system 
offers a very high theoretical storage density up to 1350 MJ/m3.143

By far, the most common use of latent heat storage materials 
at the single building level is the incorporation of PCMs into the 
building envelope. Selected application examples have been 
discussed in the building envelope section. In this way, thermal 
energy can be stored during the daytime (solar gains) and 
released during the night thus reducing the heating demand 
during wintertime. Typically the active temperature window of 
a PCM material is rather narrow and must be adapted to a spe-
cific building/use case scenario since it corresponds to a phase 
transition (melting/solidification) with a well-defined tem-
perature level. Generally, two types of compounds are used as 
the active material, namely salt hydrates (potassium fluoride, 

calcium chloride) and “wax-like” long chain fatty acids and 
hydrocarbons (butyl stearate, octadecane, propyl palmitate 
etc.). Mixtures are often used to adjust the melting point to the 
specific application needs. Typical heats of fusion of PCMs 
are in the 150–200 kJ/kg range.144 Note that the organic, 
hydrocarbon-based PCMs are highly flammable which may render 
building integration challenging. Much of today’s research & 
demonstration activities are centered on encapsulation, pack-
aging, and integration into building components and archi-
tectural elements. The development and testing of PCMs for 
building applications have been a topic of great research activ-
ity in the past twenty years,144–146 but the market uptake in the 
built environment is still rather hesitant.

Heating systems

Despite advances in envelope performance, including the 
optimized use of solar gains (see above), most buildings in cold 
and temperate climates require active heating during winter 
and hot water supply around the year. For highly-insulated 
buildings, the energy needed to provide hot water can even 
become the dominant part of the overall yearly energy demand. 
The most common heat sources for buildings fall into one of the 
three categories of combustion, heat pumps, and solar thermal. 
Electric direct heating is very inefficient in terms of primary 
energy and hence will not be discussed in the following. Com-
bustion heating systems for buildings are typically based on oil, 
gas, or coal as nonrenewable energy sources with wood as a 
renewable alternative. The most common heat pump systems 

Table 6. Overview of common heat storage materials.138,139

Materials T range [°C]

Storage capacity

Typical implementation[kJ/kg] [MJ/m3]

Based on heat capacity

Water (for ΔT = 30 °C) 0–100 126 126 Tanks, borehole storage

Granite (for ΔT = 30 °C) 10–200 24 65 Borehole storage

Based on heat of fusion

Water–ice 0 334 334 Ice/water tank

Salts and salt hydrates 8–900 125–450 250–900 Building integrated PCM

Hydrocarbons 4–140 90–250 90–200 Building integrated PCM

Thermochemical storage

Ettringite cement (de)hydration 40–120 250 500 Under development

NaOH dilution/concentration 10–50 900 1350 Under development
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for buildings are brine–water, air–water, and water–water systems. 
Brine–water systems are usually operated as ground-coupled 
heat pumps, i.e., heat is extracted from the ground and trans-
ferred to water used for heating. For that, brine is circulated 
either in vertical, u-shaped pipes in ground boreholes of depths 
between 50 and 300 m, where the ground temperature is more 
or less constant all year long or in horizontal pipe arrangements 
at a depth of about 1–4 m, where the ground temperature is 
dominated by solar irradiation and precipitation and hence var-
ies with the seasons.147 The second approach is usually more 
cost-effective but can only be used if sufficient space is available 
around the building and hence is not well suited in cities. In 
water–water heat pump systems, f lowing water, often times 
ground water, is used as the heat source; whereas, in air–water 
systems, heat is extracted from the surrounding air. There are 
also hybrid systems, which combine, for example, a ground- 
coupled heat pump with an air heat pump or a solar collector 
system.126,148 With ground-coupled heat pumps, depletion of 
the ground heat can occur after a few years, so a so-called ther-
mal “regeneration” of the soil surrounding the borehole might 
become necessary. This can be achieved by circulating warm 
water from solar collectors in the borehole126 or by using the 
borehole as a heat sink for building cooling.148 Finally, solar 
thermal systems can be used to provide hot water and heating. 
Depending on the solar irradiation in the winter, these systems 
can be either used as an additional heat source, in combination 
with a heat pump system, or as the main heat source in combina-
tion with seasonal heat storage.

The presented systems can be evaluated with respect to costs—
installation and operation—environmental impact, availability, 
and compatibility with the planned or already available heat 
delivery system to find an optimized solution for a given building. 
An evaluation of the cost of the different systems is beyond this 
discussion because cost strongly depends on location, and future 
trends are hard to predict. With respect to environmental impact, 
fossil fuels are characterized by high net CO2 emissions; whereas, 
the CO2 impact is considerably lower for wood fuels.149 Other 
emissions and their toxicological impact depend on the type of 
wood fuel and can be minimized by filtration to levels below those 
of oil combustion.150,151 For heat pump systems, the environmen-
tal impact depends on the coefficient of performance (COP) 
and on how the electricity they consume is generated. If 
renewable sources of electricity are used, heat pumps have a 
low-environmental-impact. Solar heat systems generally have a 
very low environmental impact.152 While combustion heating 
systems are widely available, ground-coupled and water-coupled 
heat pump systems cannot be used in every location, and air–air 
heat pumps can be problematic due to noise emissions. The feasi-
bility of solar thermal heating systems depends on the climatic 
conditions. Finally, the heat delivery system limits how efficiently 
the generated heat can be distributed. Radiators require high-
flow temperatures (∼60 °C) and thus favor the use of combustion 
heating as heat pumps are not very effective for such high tem-
perature differences. Floor or wall heating, on the other hand, can 
be operated at considerably lower temperatures (∼30 °C) and also 
heat pumps and solar thermal are effective in these cases.

Finally, it should be noted that the discussed heating systems 
can also be implemented on a larger scale as district heating—
usually with corresponding increases in efficiency and reduc-
tion in emissions for combustion systems. Furthermore, in 
district heating plants, other combustion fuels can be used, and 
the waste heat of industrial processes can be utilized. Hence, 
district heating often offers a low-environmental-impact heat 
supply.

Sorption cooling

With increasing global temperatures and comfort needs, 
cooling and dehumidification demands are expected to rise 
roughly ten-fold by 2050 from today’s level, whereas the heat-
ing demand will plateau.153 At the same, a recent review esti-
mates the global waste heat at “low”-temperature levels below 
100 °C at 156,000 PJ154 or roughly 27% of the global energy 
consumption. For waste heat at low temperatures, carnotiza-
tion, e.g., the conversion into other energy forms using, for 
example, a steam turbine, is clearly inefficient and the tremen-
dous pool of unused waste heat is contrasted by the lack of suit-
able use scenarios. “Thermally driven” sorption heat pumps 
are flexible and scalable (from kW to MW power) systems which 
allow facile valorization of waste heat or solar thermal energy 
and thus offer a unique way to make better use of untapped ther-
mal energy sources. More specifically, sorption heat pumps can 
be used to convert currently worthless, low-grade heat into pre-
cious cooling power with a COP around 0.5–0.6, potentially 
massively contributing to reducing the global electricity con-
sumption. In a second mode of operation, sorption heat pumps 
can upgrade waste heat from a higher to a lower temperature 
level to provide the warm water required for low-temperature 
floor heating in buildings with a COP around 1.5.

Sorption heat pumps with liquid sorbents such as alcohol- 
water, ammonia etc. have been widely studied.155–157 More 
recently, solid sorbents have been investigated due to the signif-
icantly lower cycled thermal mass.158,159 In comparison with a 
conventional heat pump in which a mechanical compressor 
drives the cycle, adsorption heat pumps make use of adsorption/
desorption cycles of a sorbate, most often water, onto a porous 
solid sorbent to provide a temperature lift. Current R&D is 
targeting primarily the development of more efficient sorbents 
with tailored hierarchical porosity as well as a heat exchanger 
design and fast/smart assembly techniques. Preferred materi-
als160 have steep, step-like adsorption isotherms in the applica-
tion-relevant pressure range relevant to maximize the amount 
of cycled adsorbate. Adsorption heat pumps are commer-
cially available from a few suppliers worldwide, but significant 
improvements in their efficiency and space requirements are 
needed to allow a more widespread market penetration. Innova-
tive manufacturers such as Sortech in Germany have recently 
developed the so-called hybrid compressor driven/sorption 
heat pump machines which offer added flexibility and extremely 
high efficiency under a partial cooling load.

In conclusion, thermal storage and adsorption cooling are 
not yet widely implemented, primarily due to the low energy 
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cost, comparably high initial investment, and long payback 
times of such solutions. Nevertheless, technologies focusing on 
more efficient usage of waste heat such as seasonal storage and 
thermally driven heat pumps are expected to play an important 
role in energy networks at the district and energy hub scale as 
well as at the cradle, the producer of thermal waste heat, in the 
coming decade.

electrical energy storage
In the previous section, we emphasized the ability of thermal 

technologies to reduce the electrical demands for heating and 
cooling. With the installation and production of renewable 
energy sources on the rise, temporal production-demand 
matching is recognized as the central challenge. Undisputedly, 
battery storage can increase the photovoltaic self-consumption 
in buildings.161 Various types of electrical energy storage solu-
tions exist which can be used from a single building (kW h) to 
district (MW h) to megacity (GW h) scale.162 Energy storage 
solutions combined with energy district networks and smart 
grids are likely to see a massive increase in implementation in 
the coming decades. Amongst all the direct electrical energy 
storage systems, the most relevant ones for the built environ-
ment are those with an intermediate storage period on the order 
of hours to single days. In the following, we shall briefly sketch 
available technologies in the order of decreasing the storage 
capacity.

Highest capacity and low-cost, low-tech, easy to implement 
solutions are based on mechanical potential energy storage. 
Hydropower pump storage systems are typically massive instal-
lations in the 500–15,000 MW h capacity range which are used 
as large scale buffers for the electric grid and are not of specific 
relevance to the built environment.163 Compressed air storage 
(CAES) employs underground caverns as reservoirs to deposit and 
release pressurized air which is then converted to mechanical/
electrical energy through a compressor/turbine assembly.164 
Typical installations are of medium to high capacity in the low 
GW h range. Storage times of several hours to one day are typi-
cal and determined by the ratio of volume to total leakage of the 
cavern system. Until now, several CAES pilot projects have been 
realized. The overall storage efficiency depends on the type of 
gas expansion process, with the most advanced adiabatic con-
cepts such as ADELE in Strassfurt aiming to achieve 70% over-
all storage efficiency. The Hydrostor project in Lake Ontario, 
Canada employs an alternative, novel, and rather elegant design 
with submerged air balloons acting as storage vessels for the 
compressed air,165 thus potentially expanding the range of 
applications of this technology which is currently limited by 
location and availability of high-quality natural storage caverns 
to large lakes and easily accessible offshore locations.

Batteries are the most promising medium for low to interme-
diate capacity buildings and district storage needs.166 Perhaps 
the most widely used batteries are of lead–acid type given their 
wide availability, established low-tech technology, and a very 
low cost of around 100 $/kW h installed capacity. Newest gener-
ation “gel-type” and “flooded-type” lead acid batteries have 

significantly improved on both aspects but still are far from 
ideal for stationary high-volume storage given their need for 
regular maintenance (replenishing lost water) and poor service 
life (only a few hundred cycles).167 Nickel-cadmium batteries 
and the more advanced nickel metal hydride (NiMH) cells have 
significantly higher life span than lead acid batteries but are 
considerably more expensive. Modern cylindrical NiMH cells 
offer roughly twice the volumetric energy density (in the 
250–300 W h/L range) compared to NiCd batteries. This high- 
energy density, combined with low maintenance, good storage 
efficiency, and long lifetime (3000 cycles at 100% depth of dis-
charge), makes them ideal for stationary applications. The top-
tier class of batteries is based on the Lithium-ion technology. It 
offers superior gravimetric and volumetric storage densities as 
well as excellent cycle stability. Various technologies exist, but 
cells employing inorganic oxide type solid state cathode materials, 
e.g., lithium iron phosphate (LiFePO4), lithium ion manganate 
(LiMn2O4, Li2MnO3), and lithium nickel manganese/cobalt 
oxide (LiNiMnCoO2), are generally more stable than, for exam-
ple, lithium polymer (LiPo) cells and hence seem better suited 
for stationary storage. Just a few years ago, the cost of lithium ion 
batteries were still significantly higher at around 1000$/kW h 
capacity, but rapid advances and commercialization of electric 
vehicles (EVs) have driven prices down to the 300$/kW h 
range168 and insider analysts even cite 190$/kW h, which 
makes them competitive for stationary storage. A possible sce-
nario pursued by Tesla Motors is the refurbishing of Li-ion cells 
from used EV battery packs for domestic storage needs, thus 
extending the life cycle of those batteries to be used in wall-
mounted modules for domestic electrical storage.

High-temperature batteries typically use alkali metal anodes 
in liquid form. Common systems are sodium sulfur (Na/S) 
and sodium/nickel chloride (ZEBRA battery) systems. High- 
temperature batteries offer excellent efficiency (>85%), lifetime 
(2500–5000 cycles at 80% depth of discharge), and relatively 
low-cost components. At the system level, however, thermal 
and safety management are issues which render this technology 
less competitive. Although in principle a highly attractive sta-
tionary battery storage concept, the market prospects of Na/S, 
Li/S, and Zebra batteries are being challenged by the rapid 
capacity increase and drop in prices of lithium ion cells. A more 
recent adaptation of the thermal battery concept typically used 
in military applications is the so-called liquid-metal battery 
developed by AMBRI, an MIT spinoff. The concept is based on 
liquid metal electrodes and a molten salt electrolyte and was 
developed for medium-scale stationary storage applications.169 
Despite the somewhat lower energy density, the technology 
uses low-cost components and a design that can yield lifetimes 
>10,000 cycles, assuming that cell sealing and material durabil-
ity issues can be solved.

The most recent addition to the battery family, redox f low 
batteries, are based on liquid anode and cathode materials which 
are converted in a dual flow cell type setup.170 Redox flow batter-
ies offer not only relatively low energy densities but also  
the advantage of decoupled redox and conversion systems, 
thus also enabling long-term (seasonal) storage solutions. 

https://doi.org/10.1557/mre.2017.14 Published online by Cambridge University Press

https://doi.org/10.1557/mre.2017.14


MRS eNeRgy & SUSTAiNABiliTy // V O L U M E  4  // e 1 2  // www.mrs.org/energy-sustainability-journal n 17

This decoupled design also results in outstanding cycling stability 
which makes it a promising solution for stationary applications.

Chemical electrical energy storage, for example, in the form 
of hydrogen or syngas (synthetic methane) is less relevant at the 
single building level but can add great long-term storage flexi-
bility to energy district networks and is expected to find more 
widespread use in mobility applications.171

Dynamic behaviour, building energy management and 
smart grids

Efficient operation of modern buildings is a challenge, par-
ticularly when implementing renewable energy production. The 
problem of building energy management is clearly multidimen-
sional.172 A summary of the use of a full set of metaheuristic opti-
mization methods for finding the optimal operation of energy 
systems including electric and thermal storage as well as a heat 
source is given in Ikeda and Ooka.173 The occupants display a 
dynamic range of behaviors with strong temporal variations at 
diurnal, weekly, and seasonal length scales in terms of thermal 
comfort, light intensity, and air quality requirements. At the same 
time, buildings are only partially insulated from the weather out-
side. Furthermore, energy cost, supply, and demand are expected 
to fluctuate dramatically in a world of renewable energy. The goal 
is to find the right compromise between the conflicting demands 
of users’ comfort, energy consumption, and cost and CO2 emis-
sions. The management system then implements the selected 
strategy in terms of the input and storage of renewable energy 
(thermal and electrical), solar gains, controlled ventilation, and 
the operation of household appliances. Smart homes are equipped 
with sensors that not only feed into the building energy manage-
ment system but also improve the safety of, e.g., elderly occu-
pants.174 There is an extensive literature on optimization 
algorithms and strategies, such as whole building simulations,175 
model predictive control,176 evolutionary programming177 and 
genetic algorithms,178 artificial neural networks,179 and particle 
swarm optimization.180 Taking into account the weather predic-
tion and its associated uncertainties further increases the comfort 
and lowers energy consumption.181 Other building energy manage-
ment systems include real-time variations in energy prices.182,183

As buildings become energy producers as well as consumers, 
integrating these decentralized energy systems at the neighbor-
hood and at the district scale enables a further reduction in 
energy consumption and CO2 emissions.184 This integration 
requires the modification of district heating networks185 and 
smart grids that can deal with decentralized electricity produc-
tion, consumption, and storage, including those associated with 
electric vehicles.186 There is a strong need for standardization 
to ensure the compatibility of the various technical installations 
at both the building and the district level, and this is an area 
where policy can make a difference.

energy demand of buildings
To understand the energy demand of buildings and how  

it can be potentially changed, it is important to consider 
three different aspects, namely, (i) building energy efficiency, 

(ii) rebound effects, and (iii) occupant behavior, which we will 
do in the following.

Building energy efficiency

By using renewable energy sources, such as heat pumps, 
photovoltaics, or solar thermal energy, even a building with a 
suboptimal building envelope can be run sustainably. However, 
given the control function of the building envelope and the 
possibility to incorporate passive heating or cooling elements, a 
well-designed envelope can greatly increase a building’s energy 
efficiency and its indoor thermal comfort. Pacheco and 
co-workers187 evaluated the best design options for a number of 
building parameters, including orientation, shape, envelope 
system, passive heating and cooling mechanisms, shading, and 
glazing, to optimize the energy consumption. Passive design 
strategies were also studied in Ref. 188 for plus energy houses. 
Furthermore, the design of the building envelope can be opti-
mized with respect to its embodied energy, for example, with 
respect to the ideal insulation thickness as discussed by  
Wolgemuth et al.44 Considering primary energy, global warming 
potential, and environmental impact points, the optimal insula-
tion thickness is higher when outdoor temperatures are lower, 
indoor temperatures higher, the building smaller, and the 
environmental impact of the heat generation higher. For 
Switzerland, 20 cm of conventional insulation with a U-value 
of ∼0.15 W/(m2 K) is considered optimal for most cases. Cop-
iello189 shows that the embodied energy of building materials 
can be predicted by their production costs and shows how the 
embodied energy increases from low-energy buildings, to 
passive houses and self sufficient buildings, while the operating 
energy goes to zero at the same time. The combined energy opti-
mum is reached for passive houses. Besides a well-designed 
building envelope, the proper operation of all energy relevant 
building services is a necessary condition for a low-energy 
building (see Dynamic Behavior, Building Energy Management 
and Smart Grids section above). Regarding this aspect, modern 
machine learning algorithms have found applications in build-
ing performance optimization problems.

However, high-energy saving potential lies not in the optimi-
zation of building elements and its operation alone but also 
in the target settings for thermal comfort. As mentioned in the 
Thermal Comfort section, heat balance models of thermal com-
fort might be too conservative for the definition of the desired 
parameter range of thermal comfort. That implies that the heat-
ing or cooling devices are used more than actually necessary to 
achieve thermal comfort of the occupants.

The rebound effect, the energy savings deficit & the energy 
performance gap

Energy efficiency in buildings is not sufficient, though, to 
reach goals on energy use and climate change containment. 
Undoubtedly, buildings have become much more energy effi-
cient in the last decades, but this development has been accom-
panied by the so-called “rebound effect” on different levels. An 
increase in energy efficiency of a product or service can lead to a 
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lower price and, with that, to an increased demand for it. The 
partial or complete offset of the initial energy efficiency increase 
by this ensuing demand increase is called a rebound effect. 
When the efficiency is more than offset, the effect is sometimes 
called the “Jevons” paradox. Greening et al.190 describe the 
rebound effect for different energy-related products. For the 
case of space-heating, the authors find it to be around 10–30%, 
i.e., any technological improvement will only be 70–90% effec-
tive in reducing energy consumption. Similar results are pre-
sented in a review by Sorrell and co-workers.191 Regarding 
energy consumption in buildings, the increased consumption 
described by the rebound effect stem from an increase in ther-
mal comfort and air quality, e.g., by higher inside temperatures 
in the winter, longer heating periods during the year, and higher 
ventilation rates, as well as from an increase in the living area in 
many countries. For example, a significant increase in living 
space per person has been observed in Switzerland, with an 
increase from 30 to 41 m2/person from 1970 to 2013 in the city 
of Zürich192 or in Germany, with an overall 13% increase 
between 1996 and 2006.193 Hence, the improvement of build-
ing thermal efficiency, i.e., by lower U-values, heat pumps, 
solar thermal collectors, etc., has been partially compensated 
by warmer and bigger flats and offices.

There are two more similar effects, described by Galvin,194 
that are sometimes confused with the rebound effect but which 
have different mechanisms. The first is the “energy savings defi-
cit”, defined as the shortfall of energy savings as a proportion of 
expected energy savings of a building retrofit. Earlier, Sunikka- 
Blank and Galvin call it the “prebound effect”. Examining 
existing data of 3400 homes in Germany, the authors found 
that, prior to the retrofit, the energy consumption was on an 
average 30% less than what was calculated. Hence, the saving 
potential of a retrofit measure was overestimated for these 
buildings. The second effect related to the rebound effect is the 
“energy performance gap”. This denotes the ratio between the 
overconsumption of energy and the design consumption of a 
building, i.e., it shows a discrepancy between planned and real 
energy consumption.

User behavior

The existence of these two last effects, the energy savings 
deficit and the energy performance gap, points toward the last 
of the three aspects influencing building energy demand, 
namely user behavior. User behavior can radically alter the 
energy performance of a given building. This is shown, for 
example, in a California building and monitoring project, 
where a new settlement of near-zero-energy homes was built 
besides a conventional settlement. The electricity bills of the 
occupants of the two different settlements were compared. 
The evaluation showed that while the mean energy use of the 
near-zero-energy inhabitants was considerably lower than their 
neighbors’ in the conventional homes, the distribution of energy 
use of both groups was fairly similar: both had inhabitants that 
used very little energy (or sometimes even had a surplus in case of 
the near-zero-energy homes) and others that had bills multiple 
times higher.195 This shows that purely architectural measures 

are necessary but not sufficient conditions for low energy use in 
buildings. Kathryn Janda gives an overview on the pivotal role 
of occupants in building energy use.196 Unfortunately, this role 
is often neglected and is still poorly understood. According 
to Janda, energy intense user behavior can be explained (i) by 
a lack of information about how to save energy—this is the 
so-called information deficit model—or (ii) by habits, practices, 
and norms. Focusing on the first explanation, she calls for a bet-
ter education of building users. One measure can be feedback: 
direct user feedback, e.g., through real-time consumption mon-
itors, can bring improvements of up to 15%, with indirect feed-
back, e.g., bills, being less influential with savings of up to 10%. 
The impact of feedback is limited, though, as many users—
outside the group of building professionals—seem to not have 
sufficient knowledge on how to improve energy use. Hence, 
Janda suggests that either the existing group of building profes-
sionals, like architects and planners, or a new professional 
group should take up the responsibility for public education on 
“building literacy”, i.e., how buildings can be operated with low 
energy use. A complementary approach is presented by Stevenson 
and Leaman who propose to more thoroughly take into account 
user feedback for the improvement of housing from an energy 
perspective.197 In either case, it is clear that the problem of high 
energy use and carbon dioxide emissions cannot be solved on a 
technological level alone but that a strong focus on building 
users is a complimentary necessity.

Building retrofit
As building codes become more stringent and new buildings 

more energy efficient, retrofitting the existing building stock 
has gained more prominence for the reduction of overall energy 
consumption. For example, in the canton of Zürich, Switzer-
land, in 2013, more than 70% of the existing building stock had 
a total yearly energy consumption of more than 100 kW h/m2 
and was built before 1990, whereas many new buildings use less 
than 50 kW h/m2.198 That means that further improvements of 
new buildings only have a marginal effect on the energy con-
sumption of the entire building stock. Taking into account the 
energy savings deficit (see above), the energy savings that can 
be realized by retrofitting these older buildings will most likely 
be smaller than expected, as the actual energy use of old build-
ings tends to be less than the calculated values. Nevertheless, it 
is crucial to address the issue of old, poorly insulated buildings 
with outdated building technology to reduce the energy con-
sumption of the building stock as a whole.

An overview on building retrofitting is given by Ma and 
co-workers.199 The authors note the very low renovation rate 
as well as the strong potential to increase the environmental 
performance of existing buildings. They illustrate the different 
phases of a retrofit with the concomitant retrofit activities and 
describe how the most suitable options for a retrofit can be 
selected. For that, it is crucial to take into account a retrofit of 
the whole building, i.e., for both the building technology and 
the thermal envelope. Kumbaroğlu and Madlener used Monte 
Carlo simulations to find the economically optimal set of retrofit 
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measures, maximizing the net present value of the building.200 
They reported that the economic appropriateness of retrofit 
measures strongly depend on energy prices, indicating that 
these might be the most important influencing factor of renova-
tion rates. The authors also state that volatile energy prices 
make postponing the retrofit measure the more profitable option. 
Taking into account three target parameters, namely energy 
consumption, retrofit cost, and thermal discomfort hours, 
Asadi et al.201 showed that genetic algorithms combined with 
artificial neural networks solve the optimization problem much 
faster than conventional approaches. The optimization results 
can be used to evaluate the impact of individual retrofit meas-
ures and to facilitate decision making in a retrofit project.

Even though the optimal retrofit solution for a given build-
ing can be well understood in terms of technology, barriers to 
the successful planning and execution of an energy retrofit exist 
on several levels as described by Girod and co-workers202:  
(i) structural (institutional or market related), (ii) behavioral 
(risk, availability of information, habits), and (iii) availability 
(capital, products, proper installation and use of the technol-
ogy). The authors identified profitability and uncertainty with 
respect to costs and savings, access to capital, lack of informa-
tion as well as correct installation as the most important barriers.  
A survey of more than 400 house owners203 finds access to 
capital, profitability, and furthermore a favorable opportunity 
(such as the need for replacement of a heating system) as 
requirements for a retrofit. This shows the importance not only 
to consider the technical but also the financial, behavioral, and 
political context of building retrofits to increase retrofit rates.

Conclusion
Various aspects of the science and technology of reducing 

energy demands of buildings are now well understood, and new 
materials and solutions are continuously developed for the build-
ing envelope and systems: airtight envelopes, superinsulation 
materials, triple and vacuum insulation glazing with switchable 
g-values, low-cost solar cells and modules, building integrated 
photovoltaics, heat pumps, heat and electrical storage, building 
energy management systems, and smart grids. Equally important 
is the continuous reduction in cost for these energy systems, which 
is a driver of intense R&D. In addition to technology, user behav-
ior affects the energy performance, sometimes to an even larger 
extent than the technology, and research is ongoing on how to 
modify this behavior. In fact, a more detailed knowledge about 
user behavior patterns may guide future developments on the 
materials and technology side. Variations in climate, economic 
power, building traditions and, perhaps most importantly, pub-
lic perception and attitude toward climate change, have resulted 
in vastly different adoption rates of energy-efficient materials 
and technologies for different parts of our planet. Thanks to a 
coherent energy policy, the enforcement of strict building codes 
and the adoption of new materials and technologies for energy 
savings (building envelope), energy generation (renewables), 
and energy storage, the energy consumption and greenhouse gas 
emissions per square meter of new buildings have been reduced 

dramatically in many areas of Europe during the last few dec-
ades, although these gains are offset by the per capita increases 
in the living area. As a result, the focus within Europe is shifting 
toward the retrofit of the existing building stock with its poorly 
insulated, nonairtight building envelopes and outdated build-
ing technology. For new construction, a decent energy perfor-
mance is required to obtain a building permit and research 
efforts now also target thermal comfort, IAQ, and user behavior, 
in addition to energy efficiency and energy technology alone. In 
contrast, different perceptions of the risks and consequences 
of climate change in the United States have resulted in a less 
coherent energy policy and less stringent building codes. As a 
result, the adoption of energy saving materials and technolo-
gies is lagging behind Europe and this inertia is magnified 
globally because of the exemplary role of the United States, par-
ticularly with second and third world countries. The growth of 
the middle class in the countries like China, Brazil, and India, 
and their increasing demand for thermal comfort, will precipi-
tate a strong increase in cooling energy demands, unless effi-
cient and sustainable solutions can be implemented readily and 
quickly.
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