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Executive summary
This roadmap is part of the EMILIE project (www.emilieproject.eu), funded by the
“Mediterranean” transnational cooperation programme and aiming to support the growth
potential and capacity for innovation of small and medium enterprises (SMEs) in the field of
energy efficiency in buildings in the tertiary sector.
The document is organised into three major sections. In the first, the purpose and scope of the
roadmap are highlighted, EMILIE project pilot plants are described and legal background and
requirements related to use of energy in buildings are presented. The review of pilot plants
shows the diversity of approaches toward reduction of energy and use of renewables as well it
gives practical examples of advanced energy efficient systems and technologies.
The second section is dedicated to the technology state-of-the-art review in the field of energy
efficiency in buildings. The review of four market available energy efficient building technology
groups (in general related to technologies identified in pilot actions) is focused on description
of the principles of operation, recent market and industry status and potential, existing
problems, their main advantages and deficiencies, perspectives and key promising areas of
research and development (R&D).
The next section provides detailed examination of emerging energy efficient technologies and
related applications (products, services) for the same set of technology groups which most
likely have a potential for future developments and commercialisation in the period until 2020.
A number of market applications have been examined in greater detail, with particular
emphasis on the related, synergistic and competing technologies, the key success factors, the
enablers or barriers, the business considerations, the fields of application and the main
players involved.
The roadmap concludes with brief conclusions and recommendations which will be
supplemented on the basis of further investigation of the pilot actions’ implementation
process. Anyhow this roadmap should be regarded as a work in progress, particularly as the
EMILIE project is being based on implementation of pilot actions, thus it is expected that
feedback gained through demonstration activities will provide the basis for update of this
review.
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1. Introduction
1.1. Purpose and scope of the technology roadmap
Energy efficiency (“EE”) is at the cornerstone of the European energy policy and one of the
main targets of the Europe 2020 Strategy for smart, sustainable and inclusive growth adopted
by the European Council in June 2010. This includes the objective for a 20% reduction in
primary energy consumption by 2020. As energy related emissions account for almost 80% of
total EU greenhouse gas (“GHG”) emissions, the efficient use of energy can make an
important contribution to achieving a low-carbon economy and combating climate change.
Buildings account for approximately 40% of final energy consumption and half of global
electricity consumed there. In most regions of the world, heating and cooling loads represent
the largest building-sector energy end-use. Investing in EE measures in buildings can yield
substantial energy savings, while supporting economic growth, sustainable development and
creating jobs. Greater use of energy-efficient appliances and technologies, combined with
renewable energy, are cost effective ways of enhancing the security of energy supply.
Energy consumption is a dominant component of sustainability cost structure, however current
trends in energy use are not yet sustainable. Without immediate and appropriate actions,
energy-related emissions of CO2 and fossil energy demand will keep increasing. Despite
substantial progress towards meeting the ‘20-20-20’ goals, recent estimations show that
additional measures have to be taken in order to meet its target in due. In changing the
current trend a low-carbon energy technologies will have to play a key role where energy
efficiency and various types of renewable energy will require widespread deployment.
Many of the promising low-carbon technologies currently have higher costs than the fossil-fuel
based. It is only through technology learning from research, development, demonstration and
deployment that these costs can be reduced and the technologies become economic. While
research and development (R&D) will offer improved performance and greater economic
viability, there are many products and technologies that are cost-effective and ready for
deployment today. This roadmap is giving an overview of the currently most promising
technologies and innovative products in the sectors identified by the pilot actions, organised in
the frame of the EMILIE Project, thus facilitating innovation uptake.
The balance between various advanced technologies to be used for enhancement of energy
efficiency in buildings needs to be established at the regional or local level while considering
product availability, cost, climatic conditions and energy prices.
The document has been written primarily for the small and medium enterprises (SME) and
public authorities (PA), assisting them and providing possible solutions in the choice of
specific systems on energy efficiency also maximizing the use of renewable sources. By
identifying the characteristics, (potential) uses, advantages, market status and potential and
R&D priorities, this roadmap will enable users to determine where near-term cost effective
niche markets exist and further support deployment in these areas.
The technology roadmap considers the following aspects:
-

technology state of the art,
market and industry status and potential,
barriers to large-scale deployment,
emerging technologies potential,
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-

R&D priorities and current initiatives.

There are many building related energy efficient technologies and applications, but this
roadmap focuses only on those which are mostly related to technologies identified in targeted
pilot actions (more detailed description in the Chapter 1.2), which demonstrate more mature,
but note yet widely deployed energy efficient technologies for buildings.
Technologies, covered by the roadmap are as presented in Figure 1.

Figure 1: Technology groups, covered by the roadmap

This roadmap should be considered a work in progress, particularly as pilot actions are not yet
in an implementation phase. As results and corresponding analysis will be done, more actions
and conclusions will evolve. Furthermore, as technology, market, and policy environments
shift, additional requirements and areas for analysis and attention will come to light.
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1.2. Presentation of pilot plants and projects
1.2.1. Solar cooling technology lab - SunLab (AREA)
Mission statement and objectives/goals
-

To promote and spread the use of solar cooling technology for building air conditioning in
order to gain an increasing independence from fossil fuels thus promoting a “low carbon
economy”.

-

To generate guidelines useful to adopt a range of new products and / or plants for
conditioning residential and commercial buildings.

-

This site will constitute the “Solar Technology Lab - SUNLAB”, a laboratory based on the
solar cooling technology which will be open to all potentially interested users.

Location and key building/facility data
-

In the Basovizza campus, home to the ELETTRA Synchrotron Light Laboratory, stands a
new building dedicated to cutting-edge biotechnology.

-

The Q2 building is a modern construction, with a high-impact from an architectural point of
view. An inner surface of 7,000 m2, with great flexibility and adaptability to specific security
and functional requirements.

-

Currently there is an existing solar thermal power plant on the roof top of the Q2 building.
This solar plant allows the production of hot water used in the Q2 building and to the postheating treatment in the batteries of air conditioning plant.

-

The technical data of the existing solar power plant are:

-

Vacuum type solar collectors system: 12 collectors (30 tubes each) Thermics DTH 30 and
36 collectors (20 tubes each) Thermics DTH 20; Surface: 100,00 m2; Thermal power: 40
kW

-

Estimated annual energy production 70,00 MWh/a (medium irradiation and environmental
conditions)

-

2 hot water storage tanks of 2.000 litres each

Figure 2: The location (AREA) and the Q2 building
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Technology and principles of operation
Solar energy can be used to cool buildings, since the demand for air conditioning rises and
falls more or less parallel to the amount of solar energy available.
The cooling effect will be provided by an adsorption chiller, where the cold is produced on the
basis of a thermodynamic cycle that exploits mainly heat, but the performance remains
acceptable even if the heat is administered at lower temperatures (50-70 °C). The adsorption
cycles, moreover, have the specific costs attractive as compared to absorption and a smaller
number of active components in the plant. They are also supplied in sizes of lower potential,
therefore suitable for integration with solar thermal systems of a few tens of square meters,
such as those typical of small residential complexes.
Description of pilot plant
On the basis of the thermal power provided by the solar field, taking account of the need to
maintain a share of thermal power for the production of hot water and budget constraints, it is
believed that the power of the chiller refrigerator adsorption may have cooling power of about
15 kW. Regarding the use of the cooling capacity produced, in order to simplify the system, it
is believed this could be used as a supplement to existing cooling plant, in which liquid is
circulated at 10-15 °C.
On the basis of this hypothesis, it may not be necessary to build a cold tank. It is instead a
useful heat accumulation. The volume will depend on the size of the accumulation of the
adsorption chiller and performance expectations. It is believed that a volume of about 5001000 l is sufficient for the application considered. The possibility of use of the chiller in heat
pump mode is also considered, in order to exploit the system even during the winter months.
In addition, any analysis of the use of other sources of heat (cogeneration plants) may reveal
interesting opportunities.
The choice of location chiller unit (adsorption system) should be made taking into account
factors of technical and economy feasibility.

Figure 3: SUN LAB - first hypothesis scheme (upgrade of the existing system is marked)
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Expected outcome and benefits
The main purpose of the SUN LAB pilot action is the exploitation of the solar thermal panels
already installed, able to provide a partial integration to the conditioning system, in order to
ensure a supply of refrigeration to the building from a renewable source and then obtain an
economic saving.
The proposed plant is among the first in Italy to integrate the described technologies and, at
the same time, to provide a platform for testing new components and control strategies.
It will be possible to collect interesting data on the functioning of the system and the potential
of the technology in terms of saving electricity and fuel for cooling and heating.
Some tests in the panels will be conducted concerning the required different flows of heat
transfer fluid and therefore different temperatures of operation. The efficiency of uptake of the
panels and the coefficient of performance of the adsorption cycle will be measured at different
flow rates.
Using other experimental facilities already available in the area, it will be possible to make an
accurate comparison between the performance of the solar cooling with solar thermal
collectors and photovoltaic collectors (that work with compression chiller).

1.2.2. HVAC technology lab for office buildings – HVACLab (IAT)
Mission statement and objectives/goals
The objective of this pilot plant is to show energy saving that can be achieved by means of
improving performance of the HVAC system technology concerning insulation of all
distribution facilities of the installation (pipes, pumps, etc.) and other actions related to COP
improvement.
Location and key building/facility data
The building belongs to the Andalusian Institute of Technology (IAT) and is located at
Leonardo da Vinci 2 in the Cartuja 93 Technologic Park in Sevilla. It was built in year 2000.
The latitude and longitude of Seville city is 37.38º N - 6º E. The building has an exclusive use
as offices for the IAT staff with a summer opening hours from 8 to 15:15 and the rest of the
year from 8:30 to 18:30, Monday to Friday. The main facade of the building is oriented 20° NE. It has a floor area of 484.3 m2 and a height of 16 m. There is a basement of 3.5 m high; a
ground floor is elevated 1.2 m above the ground and three floors of 3.7 m each. The roof
colour is brown, the colour of walls are light brown with a 25% of glazing.

Figure 4: IAT building (Sevilla) - location, view of the main facade and entry

10 / 313

Worldwide Energy Efficiency Technology Roadmap

In the central part of the building there is a courtyard of 96.5 m2 which is covered by a canopy
of light colour to reduce the losses of air conditioning. Next to one of the facades there is a
building of similar height, and is surrounded by vegetation of medium height. The building has
no installation of solar panels for hot water (DHW) because it is not required for an
administrative building.
Technology and principles of operation
The building has two different air conditioning control systems - due to later completion of the
3rd floor it was not possible to use the same one AC system. In the ground, 1st and 2nd floor
there is an installation of four tubes with heat pump and air transfer units of variable flow, the
3rd floor has independent units of variable flow. The basement and the stairs are not airconditioned. Since there are two different cooling systems the building has been divided into
two zones: the first zone comprises the third floor and the second zone the rest of the building.
In the zone 1 there is an air-conditioning central production with air transfer units supplied by
hot and cold water by means of heat pumps of water condensation. In pure cooling mode, the
two heat pumps operate as condensed water chillers. In pure heating mode, it is sufficient that
one of the two heat pump units produces the hot water needed to heat the three floors of the
building covered by this system. When it is required to produce cool and heat simultaneously,
the heat pump units operate under the scheme of condensed water chiller, using the
condensing circuit to produce hot water for the heating circuits, instead of using condensing
heat exchangers. Therefore the two effects of the refrigerant circuit are used (evaporation and
condensation), obtaining higher performances.
In the Zone 2 there are two compact devices (Roof Top) which are autonomous with variable
flow, air-air heat pump, flow pump and lower return installed over the false ceiling, with
enthalpy economizer free cooling. Devices are installed into the ceiling and on the roof of the
building.
Description of pilot plant
The pilot activity includes two different experimental set up that will be adapted or developed
to test the energy performance of HVAC system of IAT building. The pilot plant will consist of
the simulation of innovative solutions into HVAC system to office buildings with assessment of
cost / benefit analysis according to the energy savings obtained by the model. The simulation
will be developed by means of EnergyPlus software, which offer the possibility to analyse both
energy demand and consumption, and also by CALENER, which is official national software
for the energy certification of residential buildings. Once simulations developed, both
insulation of distribution facilities and measures to improve the performance of HVAC system
will be done. Life Cycle Assessment of whole HVAC installation will be performed, defining the
reduction of greenhouse emissions with the innovation developed.

Figure 5: Roof-top (left) and heat pump water-water (right)

The level of improvement achieved by means of measures applied will be checked by energy
grid measurement. The performance of the HVAC installation will be monitored over year
seasons.
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Expected outcome and benefits
An estimated energy saving of this action will result in reduction of greenhouse emissions,
promoting thereby the “low carbon economy”.
As outputs from simulations, the system lay-out for implementing the solution in the office
building will be defined (including indication of the innovation developed, possible suppliers;
assessments of technical and environmental convenience, economics and management of
the proposed solutions).
Once the project ended the pilot plant will be implemented in the IAT office abuilding. This site
constitutes the “HVAC technology Lab for office buildings” which will be open to all potentially
interested users.
This Lab (networked with the other pilot plants) intends to contribute at creating preconditions
for making access to innovative technologies easier on a transnational level.

1.2.3. Phase change materials (PCM) glass - Glassolating (CIRCE)
Mission statement and objectives/goals
This pilot activity includes two different experimental set ups that will be adapted or developed
to test the energy performance of glass windows doped with PCM. Conventional windows of
the CIRCE building will be replaced by commercial PCM glass. Besides, an experimental
room will be designed specifically to test this technology under a controlled environment.
In both cases, the aim is to compare PCM-glasses (composed of tempered safety glass + gap
with PCM-plate + tempered safety glass) with glasses without PCM (composed of tempered
safety glass + air gap + tempered safety glass).
Location and key building/facility data
CIRCE’s head office in Zaragoza is a model of bioconstruction and sustainability, and a
monument to state of the art technology and progress in the field of eco-efficiency and energy
saving. Constructed using building materials of low ecological impact, it is a Zero Emissions
building throughout its Life Cycle, is environmentally friendly and a good example for future
buildings.
The building itself is R&D+i laboratory aiming to lay out the most advanced scientifictechnological foundations worldwide in the development of Zero Emissions Constructions. It
integrates techniques involving bio construction, energy savings, water, renewable energy and
materials, thus obtaining the greatest possible efficiency with the resources available, without
compromising thermal comfort.

Figure 6: CIRCE building (Zaragoza, ES)
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The building consists of a net floor area of 1,743 m2 with a gross floor area of 1,990 m2 and a
total built volume of 9,550 m3. The building has a compact shape and is divided into two
floors. It clearly shows three elements: a round vestibule with a dome, the offices clustered
around it and the laboratories. The laboratories constitute a rectangular building at 36º to the
east-west axis, which acts as a barrier to the prevailing wind (North wind). This avoids the
considerable temperature drops in the winter months. A 13-metre high solar chimney acts as
passive cooling system.
The heating and cooling demand of the building, calculated using the hourly-based Spanish
simulation tool Lider, are 38.5 and 11.8 kWh/m2a (the ratio is expressed in useful, air
conditioned square meter) respectively.
Technology and principles of operation
Passive methods can manage the thermal energy exchanged in a building, which contribute to
downsizing of the heating, ventilating and air conditioning (HVAC) equipment and reducing the
energy demand. In this sense, the thermal storage approach plays an important role in this
process, especially focusing on the incorporation of latent heat storage (LHS) systems by
introducing phase change materials (PCMs) into construction structures. PCMs can passively
cool and heat a living area without including heavy mass or high extra space typically required
by sensible heat storage systems. These materials foster the thermal inertia of the
construction elements leading to lower temperature peaks.
PCM added to construction materials can be based on organic (paraffin, fatty acids and
polyethylene glycol) or inorganic (salt hydrates) compounds. In comparison to inorganic
PCMs, the organic compounds show congruent phase changes, they are not dangerous
because of their chemical stability, they can be recyclable and they have a good nucleation
rate. On the other hand, although salt hydrates present high volume change and supercooling
and segregation phenomena, their main advantages are the high volumetric LHS capacity,
high thermal conductivity and the sharp phase change. Moreover, inorganic compounds as
sulphates are indeed integrated in other building materials.
Additionally, they can be incorporated directly into the walls, ceiling and floor of buildings for
further thermal energy storage. In this pilot activity, the PCM will be added to glazing elements
to be used as windows. In this sense, this insulated glass that incorporates a the PCM will be
implemented into two locations, in one real building and in an experimental set up specially
designed to test the PCM performed deeply.
Selecting the appropriate PCM for the climate condition is essential to improve the heat
transfer mechanism in the building. In this case, where the main goal is the incorporation of
this materials in buildings (commercial or residential), the selected PCM glass should manage
the temperature within the comfort range, 21-24°C.
Description of pilot plant
Taking into account the building configuration and the
glazed surfaces, different potential alternatives have
been analysed to implement the new glass technology.
These options are shown in the Table 1 in bold.
In order to improve the monitoring stage and obtain a
higher representation of the PCM behaviour inside the
room, the PCM glass will be implemented in locations
with a high glazing ratio. In this sense, the performance
of the PCM will be optimized and the influence of other
construction materials minimized.

Figure 7: The experimental set up
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The experimental set up will be designed considering at least 75% of the wall surface
available to implement the PCM glasses. In this sense, the performance of the PCM will be
maximized because other influences in the walls would be highly avoided. If the glazing
surface is very small compared to other material surfaces in the walls that interact with the
outside/inside, it is possible that the thermal influence of the PCM would not be significant
enough. As a preliminary approach, this experimental facility will be a square room of 2x2x2m
to maintain the symmetry and monitoring equally the four wall orientations (N, S, E and W).
The final value of the dimension could be changed if it is necessary depending on availability
of PCM glass sizes.
Table 1: Glazing surfaces in CIRCE building
Type

Location

Surface

Float glass 4 mm

Indoor: doors and windows

22.02

m2

Float glass 6 mm

Laboratories

13.66

m2

Double glazing 4/16/4

Outdoor: doors and windows

83.11

m2

Double glazing 4/14/4

Laboratories

5.60

m2

Single glazing (greenhouse) 6 mm Greenhouse vertical windows

44.33

m2

Laminated Safety glass 6+6

Greenhouse roof windows

51.88

m2

Laminated Safety glass 10+10

Laboratories

3.84

m2

Laminated Safety glass 6/12/4+4

Roof windows in corridors

35.30

m2

Total glazing surface 259.57
Possible surface to implement the PCM glass 214.6

m2
m2
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Locations, CIRCE building and experimental room, with PCM glass will be monitored over
long time periods to analyse the thermal performance inside the room and the elements
including seasonal and daily sunlight hours and night hours to cover the charges and
discharges of the PCM behaviour.
Expected outcome and benefits
Considering its thermal properties, PCM glasses can reduce the building’s heating and cooling
load by 30% approximately. This figure depends strongly on the glazing surface, facade
orientation and shutter geometry. Impact on work conditions and other socioeconomic impacts
associated to the use of PCM technology for windows will be assessed.

1.2.4. Eco-école – SmartEE (CAPENERGIES)
Mission statement and objectives/goals
SmartEE provides a Smart interface to impulse behaviour changes favourable to Energy
Efficiency. It aims at energy (& water) savings from behavioural changes and from other
sources, relying on a specific energy measurement platform for scholarship buildings,
enabling educational energy efficiency applications. Up to 10% of savings are expected from
the SmartEE pilot action.
Beyond energy savings at the pilot site, the project will demonstrate that significant savings
can be achieve through simple behavioural acts, provided that consciousness is awaken and
fun-driven incentives are introduced in the context.

Worldwide Energy Efficiency Technology Roadmap

Location and key building/facility data
The SmartEE pilot plant will be installed in the secondary professional scholarship building
Paul Héraud in the city of Gap, France. The site is subject to a deep thermal renovation
programme with a sustainable approach starting from mid-2015, i.e. in continuity with the
EMILIE project without impacting the pilot action.
The main buildings (A & B) date from the 1960’s whereas workshops (C) were added in the
early 1990’s. The oldest buildings host internship rooms (up to 140 pupils), administrative
offices, classrooms, a canteen and its large kitchen as main functions. A major renovation
took place between 2005 and 2008, encompassing replacement of existing joinery with double
glazing joinery (mainly aluminium 4/12/4) at all buildings. The usable floor area is 12,884 m²,
the heated surface is estimated at 10 900 m².

G
C
885 m
D
B

Ab

A

350 pupils + 90 adults

Figure 8: Paul Héraud school (Gap, France) - location and building

The yearly consumption amounts to 2000 MWh (liquid fuel - 1600 MWh, electricity - 350 MWh,
natural gas - 50 MWh), with the following shares: heating and cooling - 54%, lighting – 16%,
kitchen – 8%, sanitary hot water – 8%, electrical appliances – 6% and auxiliaries’ – 6%.
Many saving measures have already been implemented, which limits the potential savings
without a deep insulation renovation: implementation of a supervision of the heating system
allowing remote monitoring and control of the installation, planning of temperature reduction
periods (night, week-end, holidays), infrared detection light switches in some corridors,
automatic switch off of all classroom PCs, switch off of the whole heating installation during
scholar holidays.
Technology and principles of operation

Figure 9: SmartEE working principle (the last /7th/ step)
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The SmartEE system installation includes measurement equipment, a central box connected
to a web server to receive and store raw data, embedded algorithms that will compute sound
indicators, an administrative supervision device enabling actions on the system and an enduser interface designed for various terminals such as info screens, smartphones and tablets
or PCs.
Description of pilot plant

Figure 10: Zones related to the SmartEE pilot plant setup and measured quantities

Measured quantities (raw data) will be enriched by crossing measurements with other directly
related data; these datasets will be further computed according to customised or standardised
presentations.
Expected outcome and benefits
The energy savings target under the concept of “knowing for acting” is 10%, which will lead to
financial savings of about 10 k€ per year an 7 years of the SmartEE system payback time. An
impact on working conditions (particularly in colder season) is expected by cancelling windows
openings and uncontrolled air draught. Energy savings much of a size are expected from
electricity and thermal energy. Due to low carbon emission content of electricity in France the
environmental benefits will be limited. Awareness on water consumption will be increased.
The involvement of pupils (eco-delegates in charge of monitoring and controlling the system)
will modify relationships toward use of energy among pupils.

1.2.5. Sun as infrastructure – InfraSUN (JSI)
Mission statement and objectives/goals
SHC technologies could play an important role particularly as they are compatible with
majority of conventional heat sources and offer high efficiency when combined into district
heating systems. Besides they have large potential to reduce exposure and sensitivity to
energy price fluctuations, as most costs occur at the initial investment stage and operating
costs are minimal.
A combination of various thermal solar technologies will be used to evaluate, demonstrate and
promote a concept of a new infrastructural economic model to facilitate the use of solar
energy and to cut down expenses for the end users. The infrastructure is considered as »the
fundamental facilities and systems serving a country, city, or area« - in this case infrastructure
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is solar thermal installations which collect solar heat and provide/distribute heat and/or cold to
customers. A comparison with traditional infrastructural facilities (e.g. gas) will be made.
Location and key building/facility data
Building C is located on the northern part of Jožef Stefan institute campus in Ljubljana. K1
department is located in the top floor of building covering 438 m2 of inner surface. Building is
occupied year round, Monday – Friday from 8 am to 18 pm. Constant high-rate (2.000 m3/h)
mechanical ventilation is required due to laboratory activities and safety reasons. Ventilation
system operates 24/7.

Figure 11: The location and the IJS building (Ljubljana)

The external walls of the building are made of 35 cm concrete with combifas thermal
insulation layer of a thickness of 5 cm and the final plaster. Estimated thermal transmittance is
0.5 W/m2K.
Windows consist of aluminium frame and double-layer glazing with estimated thermal
transmittance 1.3 W/m2K. The roof is made of 20 cm concrete plate, a steam barrier layer, 11
cm of heat insulation, vapour barrier layer and of the 5 cm thick concrete element. Estimated
heat transfer of the roof structure is 0.32 W/m2K.
Space heating in K1 is provided by natural gas powered boiler via panel radiators and by
central air conditioning unit in case of laboratories. Existing air handling unit has no heat
recovery, consequently ventilation heat losses are quite high. There are no cooling systems
installed in laboratories.
Technology and principles of operation
Solar thermal systems have proved themselves in the past as a reliable and cost effective
technology for hot water production and space heating using renewable energy source. Solar
heating technology is well accepted among general public and well established in the market.
The biggest drawback of solar heating is lack of solar energy when needed the most. On the
other hand solar cooling is an eminently smart technology because demand and supply of
energy coincide: solar radiation is abundantly available especially in the summer time, where
the need for air-conditioning is the highest.
Solar cooling technologies use harmless cooling fluids (water generally), and less primary
energy than the conventional electrical driven cooling systems. Sorption cooling processes
use heat provided by the solar collectors as “driving energy”. In case of this pilot action a
thermally driven adsorption chiller will use the heat, generated by the solar collector field, for
cooling the chilled water used in HVAC unit for air cooling. In heating period, the heat
produced by solar collectors will by-pass the chiller and will be used to heat the fresh air in the
air handling unit.
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Description of pilot plant
Pilot plant will provide space heating and cooling of laboratories in K1 department of building
C via existing ventilation system.
A sorption chiller with nominal capacity of about 18 kWth is estimated to be enough to lower
the inside air temperature for approx. 7°C in summer peaks. In order to obtain the
corresponding required power of the cooling system and to be able to extend the capacity of
the system, a serial connection of several devices in cascade is selected.
A solar thermal system will be installed on the flat roof directly above K1 premises. Given the
average COPth=0,55 of market available small size adsorption chillers, the evacuated (heat
pipe) collector field is estimated to be approx. 60 m2. Hybrid cooling tower will be installed on
the roof for heat rejection from the chiller re-cooling circuit. The chiller and the heat/cold
storage tanks are foreseen to be installed in existing technical premises.
Existing air handling unit will be upgraded with heat recovery unit. Due to the fact that the feed
and discharge system shall be separated a glycol heat exchanger has been selected.
All the key components of pilot plant and existing HVAC equipment will be controlled with a
common control interface.
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Figure 12: A scheme of the InfraSUN pilot plant

Expected outcome and benefits
The main objective of the pilot action is to create the setup which will serve as an object of
demonstration and testing of emerging or advanced solar thermal technologies which are
entering the Slovenian market. The setup will be evaluated and tested under various operating
conditions.
A model of infrastructural solar heating and cooling will be elaborated and practical guidelines
for policy makers on using sun as infrastructure will be provided. Innovation capacities of
SMEs will be strengthened as well as potential for new jobs will be created.
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The improvement of indoor thermal environment using renewable energy source for cooling
and use of solar thermal system also as a supplementary heating source in heating period will
be achieved and evaluated. The improvement on HVAC equipment including heat recovery
unit shall result in a large decrease in use of fossil fuel (natural gas) and in related savings.
Consequently CO2 emissions will be substantially lower.

1.2.6. Solar cooling technology for public building - SunCool (REA)
Mission statement and objectives/goals
SunCool aims to achieve energy sustainability of the selected building as well as to promote
and support the dissemination of solar cooling technologies for building air conditioning. The
installation will be used for educational and research purposes. One of important goals is to
investigate proper control strategies for solar powered refrigeration in order to achieve as
much efficient performance as possible.
Location and key building/facility data
Premises and existing main equipment of the pilot plant (boiler of 1.7 MW, central air–to–
water chiller of 150 kW) are located in the laboratory building of the Faculty of Engineering in
Rijeka. An equipment of the Laboratories for refrigeration and air-conditioning will be
upgraded with absorption chiller / heat pump powered by solar energy. The system will be
able to use also the heat produced in the boiler room. Cooling and heating of offices,
laboratory spaces and air in the air – handling unit for low temperature chambers will be
possible.
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Figure 13: Main building with laboratory building behind (top left); Laboratory building S-W front (top
right); Connection between the main building and the laboratory building (bottom left); Laboratory building
N-E front (bottom right)
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The boiler room is connected to laboratories by pipelines for heat supply. The heat rejection of
the air–to–water chiller used for water cooling of the HVAC systems of several areas of the
Faculty is made through a dry cooler placed on the roof of the laboratory building. Three heat
pumps (1 x 120 kW and 2 x 50 kW cooling capacity) are installed in the laboratory, having
different possibilities for utilization of their heating and cooling capacities. Laboratories are
used for educational and research purposes. Laboratories are situated in the ground floor of
the building with approximate floor area of 278 m2. The building is occupied all year round,
mainly 5 (working) days per week from 7am till 9pm, with lower occupancy in August.
Technology and principles of operation


Solar cooling using vacuum solar collectors and ammonia-water absorption chiller.



Possibility of operation in a heat pump mode; possibility to achieve temperatures below
0°C.

Description of pilot plant
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Figure 14: A scheme of the SunCool pilot plant (target state)

The pilot plant will be implemented into existing laboratories’ equipment for refrigeration and
air-conditioning and consists of:
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vacuum solar collectors - absorber area of 50 m2;



ammonia - water absorption chiller / heat pump capable for achieving temperatures below
0°C; cooling capacity 18.6 kW at cold water 6/12 °C, cooling water 24/30°C and hot
heating water 85/78°C;



plate heat exchangers;



hot and chilled water storages;



central automatic control and entire monitoring of the system including ISGE (Information
system of energy management).

Expected outcome and benefits


Energy savings: low savings expected.



Impact on work conditions: no significant impact, as entire building has already built-in
heating and air-conditioning systems.



Financial impact: Significant financial impacts by utilization of cooling are not expected.
Solar collectors can be used for hot water production as well, but existing distribution
systems and dislocated consumption do not allow for financially efficient utilization of heat.
Financial savings are expected in planned acquisition of laboratory equipment and
instruments.



Social impact: Increased possibility for education in the area of refrigeration and solar
technology. Increased knowledge about possibilities and limits for feasible application of
solar absorption cooling.
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1.3. Legal background and requirements
1.3.1. EU climate and energy targets for 2020
Europe has a set of three combined climate and energy targets for 2020: 20% GHG reduction,
20% renewable energy sources (RES) and 20% energy savings which is in contrast to the first
two targets not binding. The policy target to save 20% of primary energy in the EU by 2020
originates from the 2005 Green Paper on Energy Efficiency. The target was repeated in the
Action Plan for Energy Efficiency in 2006, politically endorsed at the Spring Council of 2007,
reconfirmed as part of the EU’s Climate and Energy package in 2008/2009 and was finally
adopted by the European Council in June 2010 as part of the new ‘Europe 2020’ strategy.
The European Union committed itself in 2009 to the reduction of its CO2 emissions by
between 80 and 95% by 2050 compared to 1990 levels’. The decarbonisation of the European
power sector, and by turn the economy, (as indicated by e.g. Roadmap 2050 exercise) will not
be feasible by 2050 without significant energy savings strongly contributed by the effective
energy efficiency measures.
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Figure 15: Targets and Directives/Initiatives by the EU (Source: Energy Efficiency Watch)

On 25 October 2012, the EU adopted the Directive 2012/27/EU on energy efficiency
(hereafter called EED). This Directive establishes a common framework of measures for the
promotion of energy efficiency within the Union in order to ensure the achievement of the
Union’s 2020 20 % headline target on energy efficiency and to pave the way for further energy
efficiency improvements beyond that date. It lays down rules designed to remove barriers in
the energy market and overcome market failures that impede efficiency in the supply and use
of energy, and provides for the establishment of indicative national energy efficiency targets
for 2020. Most of its provisions will have to be implemented by the Member States by 5 June
2014. By 30 April 2014 and every three years thereafter Member States will have to submit
their National Energy Efficiency Action Plans (NEEAPs) to the Commission. EED repealed the
Directive 2006/32/EC on energy end-use efficiency and energy services (hereafter called
ESD) which covered the fuel, district heat and electricity consumption in sectors such as the
built environment, transport and smaller industrial installations. The ESD aimed to promote the
efficient end-use of energy by providing energy savings targets on the final energy use for the
period 2008-2016 of those sectors in each EU Member State that are not regulated by the
Emissions Trading Scheme. Implementation of ESD was based on strategies on energy
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efficiency proposed in the form of three national Energy Efficiency Action Plans (EEAP)
provided by each member state (the first on 30 June 2007 and the second and third on 30
June 2011 and 30 June 2014 respectively). In January 2014 the Progress Report on energy
efficiency in the European Union has been released, showing the overview analyses based on
the data provided in 2011 and 2012 by the EU-27 in their second national EEAPs and national
CHP progress reports as required by Directives 2006/32/EC and 2004/8/EC.
The Energy Performance of Buildings Directive (Directive 2010/31/EU, hereafter called
EPBD) is the main legislative instrument to reduce the energy consumption of buildings. The
first EPBD Directive 2002/91/EC has been recast, reaching the final political agreement in
November 2009 and finally published in May 2010. Alongside EED, the EPBD sets out
numerous requirements including energy performance certification of buildings, inspection
regimes for boilers and air conditioning plants, and requirements for new buildings to be
nearly zero energy. Energy performance standards for buildings are the key element of the
Directive. Member States shall ensure that minimum energy performance requirements for
buildings are set at cost-optimal levels.
The Eco-design Directive was adopted in 2005 and revised in 2009 (Directive 2009/125/EC).
The Directive requires producers to make reductions in energy use and other environmental
impacts an integral part of the design process of electrical appliances. The Eco-design
Directive itself does not contain specific requirements for products, but sets boundary
conditions and criteria. The Directive is implemented by a set of ‘implementing measures’ in
which requirements for product groups such as energy efficiency standards are set and laid
down in Regulations.
In 1992, the Energy Labelling Directive entered into force (Council Directive 92/75/EEC).
This Directive was the framework for implementation Directives for seven household
appliance groups: refrigerators, freezers and combinations, washing machines, dryers,
dishwashing machines, electrical ovens, lighting, and air-conditioning units. All appliances
should be provided with an energy label and an information pack when offered for sale or hire,
to provide the consumer with proper information on the energy demand of the appliance. In
November 2009, political agreement was reached to change the energy labelling system
(Directive 2010/30/EU of the European Parliament and of the Council of 19 May 2010 on the
indication by labelling and standard product information of the consumption of energy and
other resources by energy-related products).
The Directive ‘on the promotion of cogeneration based on a useful heat demand’
(2004/8/EC, hereafter CHP Directive) aims to stimulate energy savings and the improvement
of energy security. The Directive sets definitions for high-efficiency CHP (HECHP) and obliges
Member States to, i) identify their HE-CHP potentials, ii) ensure that support for CHP is based
on the demand for useful heat, iii) to reduce the barriers for CHP regarding grid access, tariffs
and administrative procedures, and iv) to set up a system for guarantees of origin for HECHP. Many of the CHP installations, addressed by the Directive, fall under the EU-ETS. The
CHP Directive is different from most of the aforementioned Directives, as it is a technology
specific directive.
The European Union Emission Trading Scheme for greenhouse gases (EU-ETS) was
established as one of the EU-wide measures to ensure achievement of the required emissions
reductions under the Kyoto Protocol. The implementation of Directive 2003/87/EC establishing
the EU-ETS started in 2005 and continued with the second phase (2008-2012, where National
Allocation Plans set an emissions cap that covers power generation, energy intensive
manufacturing industry and, from 2012 on, aviation. During the third phase, as from 2013, the
cap is established centrally for the EU by the European Commission and will be gradually
decreased by a linear factor of 1.74% per year up to 2020. The revised EU-ETS (Directive
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2009/29/EC) includes a shift in phase III of the scheme (2013-2020) from free allocation to
auctioning of allowances.
Directive 2009/28/EC on the promotion of the use of energy from renewable energy
sources (hereafter the Renewable Energy or RES Directive) establishes a common
framework for the promotion of energy from renewable sources. It sets binding national
targets for the overall share of energy from renewable sources in final energy consumption
and for the share of energy from renewable sources in transport: at the EU 27 level, a 20%
RES share in total final energy consumption should be achieved by 2020 with the sub-target
for transport which is 10% renewable energy in final energy demand for transport. Article 4 of
Directive 2009/28/EC requires Member States to submit national renewable energy Action
Plans by 30 June 2010. These plans were prepared in accordance with the template
published by the European Commission (EC) and set out the sectorial targets, the technology
mix they expect to use, the trajectory they will follow and the measures and reforms they will
undertake to overcome the barriers to developing renewable energy. National RE action plans
are accessible on http://ec.europa.eu/energy/renewables/action_plan_en.htm.

1.3.2. Relevant building legislation and strategy on building renovation
Buildings are important to achieve EU's energy savings targets and to combat climate change
whilst contributing to energy security. The recast of the Energy Performance of Buildings
Directive (2010/31/EU, EPBD) aimed to boost sustainable investments and job creation, often
in SMEs, across Europe. The estimated impact of the recast is energy savings of 60-80 Mtoe
in 2020 or the total EU energy consumption will be reduced by 5-6%. Under this Directive,
Member States must establish and apply minimum energy performance requirements for new
and existing buildings, ensure the certification of building energy performance and require the
regular inspection of boilers and air conditioning systems in buildings.
From 2019 on, Member States shall ensure that new buildings occupied and owned by public
administration are nearly zero-energy buildings, moreover, that by 2021 all new buildings are
so-called 'nearly zero-energy buildings'. Member States shall ensure that an energy
performance certificate is issued for any building that is constructed, any building that is sold
to a new owner or rented out to a new tenant (either existing or new building) as well as for
frequently visited buildings occupied by a public authority of more than 500 m2 (later: 250 m2).
In January 2012, the EU adopted the Delegated Regulation (EU) No 244/2012 supplementing
EPBD by establishing a comparative methodology framework for calculating cost-optimal
levels of minimum energy performance requirements for buildings and building elements.
In June 2013, the EC published a report on progress by member States towards Nearly ZeroEnergy Buildings (NZEB), which are to become the norm for all new buildings in the EU by the
end of 2020, and two years earlier for public buildings. The conclusion of the report is that too
little progress has been made by the Member States in their preparations towards NZEBs by
2020. Member States have to significantly step up their efforts to implement the requirements
regarding NZEBs in the EPBD to ensure that the EU's longer-term climate objectives are not
jeopardised and the building sector can take full advantage of the opportunities NZEBs
present.
In February 2013, Buildings Performance Institute Europe (BPIE) published A Guide to
Developing Strategies for Building Energy Renovation, delivering the EED Article 4
requirements on long term strategies for mobilising investment in renovation of national
building stocks.
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2. Energy efficiency in buildings - technology state-of-theart
2.1. The scope of the review
The main purpose of the state-of- the-art review is to describe some market available energy
efficient building technologies, their main advantages and weaknesses, as well as to highlight
areas that with improved design and R&D could result in important gains in the future.
The selected technology groups are mostly related to technologies identified in pilot actions
which are described in the previous chapter; the same groups are evaluated in the next
chapter from the development and utilisation potential point of view in the period to 2020. The
focus of this review is put on description of the principles of operation, recent market and
industry status and potential, existing problems, perspectives and key promising areas of
R&D.
The following technologies are described:


Solar heating and cooling (solar thermal collectors, cooling production systems, thermal
energy storage);



Heating, ventilation and air-conditioning (heat pumps, cogeneration, district heating
and cooling, biomass, condensing boilers, ventilation and air-conditioning, hybrid
applications);



Transparent building envelope (phase change materials for translucent applications,
low-emission coated glass, solar control glass, electrochromic windows, light electrically
variable transmission glass, thermochromic glass, thermotropic glass, photochromic glass,
photovoltaic glass, multifunctional glass);



Energy management systems (smart metering).

2.2. Solar heating and cooling (Active solar)
Solar thermal systems are often part of a more complex heating, ventilation and cooling
(HVAC) system, which in turn is part of a larger system, i.e. the building itself. Technologies
which aid the integration of solar heating and cooling systems into HVAC systems and
building systems are important factors in widespread deployment of solar heating and cooling
systems.
Solar cooling is attractive because solar radiation usually coincides closely with cooling loads,
while many service-sector buildings also have simultaneous heating and cooling
requirements. However, costs will have to come down and a wider range of technology
packages will have to be developed, particularly for single-family dwellings, before solar
cooling is likely to be deployed on a large scale.
The main solar heating and cooling applications:


solar domestic hot water heating in buildings (generally relatively small systems with a
collector size of between 3 m2 and 6 m2, with storage of between 150 and 300 litres);



solar combi-systems for domestic hot water and space heating (larger collector area and
generally larger storage to meet the space heating needs);
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large-scale solar systems and solar district heating (sizes vary from tens to hundreds of
square meters of collectors; an attractive solution for district heating systems, where
typical working temperatures range from 30°C to around 100°C for water storage);



solar industrial process heat (these applications will be limited to areas with good ‘direct
normal irradiance - DNI’);



water treatment and seawater desalination (thermal energy normally comes from
concentrating solar technologies);



swimming pool heating;



solar heat for cooling applications.

An overview of different types of solar heating and cooling technologies and their temperature
ranges, in combination with the working temperatures required for different applications of
solar heat is presented in Figure 16.
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Figure 16: Solar collectors and working temperatures for different applications (Source: IEA)

Many criteria must be taken into account in the complex process of choosing heating and
cooling technologies, including:
a.
b.
c.
d.
e.
f.
g.
h.
i.
j.
k.

annual heating profile for water and/or space heating, and annual cooling profile;
relative timing of thermal and electric loads;
space constraints;
emission regulations;
utility prices for electricity, and availability and prices of other fuels;
initial cost and the cost of financing;
the seasonal efficiency of the equipment;
complexity of installation and operation;
reputation of the manufacturer;
architect/engineer/builder/installer’s knowledge of available technologies;
models.

Since solar thermal heat is often not yet competitive, although the potential of cost reduction is
still vast, since solar thermal technology is still in its early development stage and with low
budget R&D programmes in the majority of the EU countries.
Solar thermal heat costs are mainly determined by the upfront investment consisting of the
solar collector, storage, plumbing, pumps, controller as well as other components, and the
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installation costs. The investment depends on the type and size of system used, varying from
below 300 EUR per kWth for large-scale district heating systems up to 1700 EUR per kWth for
a combi-system. When calculating the average solar thermal heat costs over the lifetime of
the system, financing investment costs, operation and maintenance costs over the lifetime are
also taken into account. Figure 17 shows typical ranges of solar heat costs for different solar
thermal systems in different European regions, representing average heat costs over the
lifetime of the systems of typically 20 years, compared with the costs for useful heat produced
by natural gas and electricity in the year 2011. Solar thermal energy is already in some cases
cheaper than heat from natural gas and is in most cases cheaper than heat from electricity.
However, for some systems solar thermal heat costs are significantly higher than the price for
heat from natural gas, which is mainly used as an alternative.
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Figure 17: Range of solar thermal heat costs for various types of solar thermal systems in Europe (Source:
Strategic Research Priorities for Solar Thermal Technology, RHC Platform)

2.2.1. Solar thermal collectors
Concentrating solar power (CSP)
CSP can contribute significantly to the world’s energy supply. The basic concept of
concentrating solar power is relatively simple: CSP devices concentrate energy from the sun’s
rays to heat a receiver to high temperatures. This heat is transformed first into mechanical
energy (by turbines or other engines) and then into electricity. CSP also holds potential for
producing other energy carriers (solar fuels). CSP is a proven technology. Parabolic troughs
account for the largest share of the current CSP market, but competing technologies are
emerging.
The solar energy that CSP plants use is measured as direct normal irradiance (DNI), which is
the energy received on a surface tracked perpendicular to the sun's rays. CSP developers
typically set a bottom threshold for DNI of 1900 kWh/m2/year to 2100 kWh/m2/year. Below
that, other solar electric technologies that take advantage of both direct and diffuse irradiance,
such as photovoltaics, are assumed to have a competitive advantage.
At present, there are four main CSP technology families, which can be categorised by the way
they focus the sun’s rays and the technology used to receive the sun’s energy (see Table 2).

Worldwide Energy Efficiency Technology Roadmap

Table 2: The main CSP technology families
Focus type
Receiver type

Line

Point

Linear Fresnel Reflectors

Towers (CRS)

Parabolic Troughs

Parabolic Dishes

Fixed

Mobile

Line focus: Collectors track the sun along a single axis and focus irradiance on a linear receiver. This makes
tracking the sun simpler. Point focus: Collectors track the sun along two axes and focus irradiance at a single point
receiver. This allows for higher temperatures. Fixed: Fixed receivers are stationary devices that remain
independent of the plant’s focusing device. This eases the transport of collected heat to the power block. Mobile:
Mobile receivers move together with the focusing device. In both line focus and point focus designs, mobile
receivers collect more energy. (Source: IEA)

Linear Fresnel reflectors (line focus, fixed receiver) approximate the parabolic shape of
trough systems but by using long rows of flat or slightly curved mirrors to reflect the sun’s rays
onto a downward-facing linear, fixed receiver. A more recent design, known as compact linear
Fresnel reflectors (CLFRs), uses two parallel receivers for each row of mirrors and thus needs
less land than parabolic troughs to produce a given output. The main advantage of LFR
systems is that their simple design of flexibly bent mirrors and fixed receivers requires lower
investment costs and facilitates direct steam generation (DSG), thereby eliminating the need
for – and cost of – heat transfer fluids and heat exchangers. LFR plants are, however, less
efficient than troughs in converting solar energy to electricity and it is more difficult to
incorporate storage capacity into their design.
Solar towers (point focus, fixed receiver), also known as central receiver systems (CRS), use
hundreds or thousands of small reflectors (called heliostats) to concentrate the sun’s rays on a
central receiver placed atop a fixed tower. Some commercial tower plants now in operation
use DSG in the receiver; others use molten salts as both the heat transfer fluid and storage
medium. The concentrating power of the tower concept achieves very high temperatures,
thereby increasing the efficiency at which heat is converted into electricity and reducing the
cost of thermal storage. In addition, the concept is highly flexible; designers can choose from
a wide variety of heliostats, receivers, transfer fluids and power blocks. Some plants have
several towers that feed one power block.
Parabolic trough (line focus, mobile receiver) systems consist of parallel rows of mirrors
(reflectors) curved in one dimension to focus the sun’s rays. The mirror arrays can be more
than 100 m long with the curved surface 5 m to 6 m across. Stainless steel pipes (absorber
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tubes) with a selective coating serve as the heat collectors. The coating is designed to allow
pipes to absorb high levels of solar radiation while emitting very little infra-red radiation. The
pipes are insulated in an evacuated glass envelope. The reflectors and the absorber tubes
move in tandem with the sun as it crosses the sky. All parabolic trough plants currently in
commercial operation rely on synthetic oil as the fluid that transfers heat (the heat transfer
fluid) from collector pipes to heat exchangers, where water is preheated, evaporated and then
superheated. The superheated steam runs a turbine, which drives a generator to produce
electricity. After being cooled and condensed, the water returns to the heat exchangers.
Parabolic troughs are the most mature of the CSP technologies and form the bulk of current
commercial plants. Most existing plants, however, have little or no thermal storage and rely on
combustible fuel as a backup to firm capacity. For example, all CSP plants in Spain derive
12% to 15% of their annual electricity generation from burning natural gas. Some newer plants
have significant thermal storage capacities.
Parabolic dishes (point focus, mobile receiver) concentrate the sun’s rays at a focal point
propped above the centre of the dish. The entire apparatus tracks the sun, with the dish and
receiver moving in tandem. Most dishes have an independent engine/generator (such as a
Stirling machine or a micro-turbine) at the focal point. This design eliminates the need for a
heat transfer fluid and for cooling water. Dishes offer the highest solar-to-electric conversion
performance of any CSP system. Several features – the compact size, absence of cooling
water, and low compatibility with thermal storage and hybridisation – put parabolic dishes in
competition with PV modules, especially concentrating photovoltaics (CPV), as much as with
other CSP technologies. Very large dishes, which have been proven compatible to thermal
storage and fuel backup, are the exception. Promoters claim that mass production will allow
dishes to compete with larger solar thermal systems. Parabolic dishes are limited in size
(typically tens of kW or smaller) and each produces electricity independently, which means
that hundreds or thousands of them would need to be co-located to create a large-scale plant.
By contrast, other CSP designs can have capacities covering a very wide range, starting as
low as 1 MW. The optimal size of troughs, LFR and towers, typically from 100 MW to 250 MW,
depends on the efficiency of the power block.
Although CSP currently requires higher capital investments than some other energy sources,
it offers considerable long-term benefits because of minimum fuel costs for backup /
hybridisation. Moreover, initial investment costs are likely to fall steadily as plants get bigger,
competition increases, equipment is mass produced, technology improves and the financial
community gains confidence in CSP. In the near term, the economics of CSP will remain more
favourable for peak and intermediate loads than for base loads. In total, investment costs
have the potential to be reduced by 30% to 40% in the next decade, for solar tower (due to the
fact that industry rapidly matures) even by 40% to 75%.
Non-concentrating solar thermal technologies
A broad variety of non-concentrating solar thermal collectors are available. There are two
main types: flat-plate, which can be glazed or unglazed; and evacuated tubes. There are a
wide range of solar thermal collector designs, but they have a number of components in
common. The absorber is responsible for collecting the incoming near-infrared and visible
solar radiation (and is hence dark in colour to maximise absorption). Most collectors have
selective absorber that also reduces the release of the infrared radiation, ensuring as much
heat as possible is retained. All collectors have a circuit through which the heat transfer fluid
flows. The heat exchange efficiency between the circuit and the absorber must be maximised
in order to minimise heat losses and maximise system efficiency. Most non concentrating
collectors have also a housing which reduces energy losses to the environment from both the
absorber and fluid circuit heat exchanger, and protects both elements from degradation.
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Flat-plate collectors: the housing is a shallow box, comprising a casing (aluminium, steel,
plastic or sometimes wood), insulation material (mineral or rock wool) or vacuum to reduce
thermal losses on the back of the collector, and one or two transparent layers of low iron,
tempered solar glass (sometimes including an antireflective coating which increases
transmissivity of the cover).
Evacuated tube collectors: the housing is a glass tube with vacuum inside, so that the heat
losses to the environment are very low. Evacuated tube collectors can be classified as direct
flow tubes and heat pipe tubes. The most popular direct flow tube is a twin-glass tube or
thermos flask tube. Its main feature is that the vacuum is located between two glass tubes
fused together. The outside of the inner tube is coated with a selective surface. Evacuated
tube collectors that are well insulated perform better where the load requires higher
temperatures and the ambient temperatures are lower. They also work better than flat-plate
collectors in low irradiation conditions, so are likely to be favoured in locations with overcast
skies.

Figure 18: Flat plate collector (left) and evacuated tube collector (right) (Source: Victoria Sustainability)
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2.2.2. Cooling production system
Worldwide, most cooling and refrigeration systems are powered by electricity. Due to growing
cooling and refrigeration demand, peak-load problems in the electricity grid in countries with
high cooling load are forever increasing. Thermally driven cooling technologies represent
promising alternatives and are set to play a key role in the efficient conversion of energy in the
field of building air-conditioning and refrigeration. Today, these technologies are used mainly
combined with waste heat, district heat or cogeneration plants. But thermally driven cooling
cycles can also run with solar thermal energy. In climates where cooling is not required all
year round, solar thermal driven cooling systems can also be used for space heating or
domestic hot water preparation during periods without cooling demand.
An emerging application for active solar thermal systems is solar thermal air conditioning. Two
main technologies can use solar thermal collectors for air conditioning in buildings:


Thermally driven chillers are used to produce chilled water in closed cycles, which may
then be used with any space conditioning equipment: these are thermally driven chillers
which provide chilled water, that is either used in air handling units to supply conditioned
air (cooled, dehumidified) or that is distributed via a chilled water network to the
designated rooms to operate decentralized room installations, e.g. fan coils. Market
available machines for this purpose are absorption chillers (most common) and adsorption
chillers (a few hundred machines worldwide, but of rising interest in solar assisted air
conditioning);
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Open cycles are also referred to as desiccant evaporative cooling systems (DEC) and are
used for direct treatment of air in a ventilation system: these systems allow complete air
conditioning by supplying cooled and dehumidified air according to the comfort conditions.
The “refrigerant” is always water, since it is in direct contact with the atmosphere. Most
common systems are desiccant cooling systems using a rotating dehumidification wheel
with solid sorbent.
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Figure 19: Examples of processes in which solar energy can be used as a regenerative drive heat source
for cooling and air-conditioning. (Source: Fraunhofer ISE)

Thermally driven chillers may be characterized by three temperature levels:
- high temperature level at which the driving temperature of the process is provided;
- low temperature level at which the chilling process is operated;
- medium temperature level at which both the heat rejected from the chilled water cycle and
the driving heat have to be removed. For this heat removal, in most cases, a wet-cooling
tower is used.
A key figure describing the efficiency of a thermally driven chiller is the thermal Coefficient Of
Performance (COP), defined as the fraction of heat rejected from the chilled water cycle
(‘delivered cold’) and the required driving heat, i.e. COPthermal = Qcold / Qheat . This is
different to the COPconv of a conventional electrically driven compression chiller, defined by
COPconv = Qcold / Eelectric, with Eelectric representing the electricity consumption of the
chiller.
This definition of the COPthermal does not include any additional electric power consumption.
A realistic comparison of different technologies thus requires the consideration of the total
energy input for heat as well as for pumps, fans, etc. It has to be noted that the smaller the
COP, the more heat input is required and the more heat has to be removed by the cooling
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tower. Vice versa, a high COP value is of advantage in reducing both heat input and electric
power for the pumps in the heating cycle and in the re-cooling cycle. The required chilled
water temperature depends on the installed cooling system in the rooms. In case that a
dehumidification of the air is required, e.g. falling below the saturation point of the room
temperature by using fan coils, chilled water temperatures in the range of 6°C-9°C are
required. For the removal of sensible cooling loads only, as it is achieved with cooled supply
air or with room installations such as chilled ceilings etc., a chilled water temperature of 12°C15°C is sufficient, allowing to operate the chiller with higher performance.
Table 3: Overview of the most common solar assisted air conditioning technologies. [Source:
Climasol]
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Coupling solar thermal collectors with thermally driven chillers would enable systems to meet
space heating and cooling, as well as hot water demands. The dominant technology of
thermally-driven chillers is based on sorption. The basic physical process consists of at least
two chemical components, one of them serving as the refrigerant and the other as the
sorbent. Many sorption chillers are available commercially at different capacities, but few at
100 kWth or less.
Open cooling cycles (or desiccant cooling systems) as discussed above, are mainly of
interest for the air-conditioning of buildings. They can use solid or liquid sorption. The central
component of any open solar-assisted cooling system is the dehumidification unit. In most
systems using solid sorption, this dehumidification unit is a desiccant wheel, which is available
from several suppliers for different air volume flows. Various sorption materials can be
employed, such as silica gel or lithium chloride. All other system components are to be found
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in standard air-conditioning applications with an air handling unit and include the heat
recovery units, heat exchangers and humidifiers. The heat required for the regeneration of the
sorption wheel can be provided at low temperatures (in the range of 45-90°C), which suits
many solar collectors on the market. Other types of desiccant dehumidifiers using solid
sorption exist. These have some thermodynamic advantages and can lead to higher
efficiency, but place higher demands on the material and the equipment. There is potential for
further R&D work here.
Liquid sorption techniques have successfully been demonstrated. The input air is dehumidified
when it comes into contact with a salt solution, such as water/lithium chloride. The diluted
solution is re-concentrated using low temperature heat that can be provided by solar
collectors. The advantage of liquid sorption is the capacity of the concentrated and diluted salt
solution to store energy, without heat loss. This enables high density energy storage. The
temperature required for regeneration is comparable to that required for solid sorption, and is
thus perfectly compatible with solar collectors.
Closed heat driven cooling cycles have been known for many years. They are usually used
for large capacities, from 100 kW upwards. The physical principle used in most systems is
based on the sorption phenomena. Two technologies are established to produce thermally
driven low and medium temperature refrigeration: adsorption and absorption.
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Figure 20: The main components of a solar assisted cooling and air conditioning system (Source:
http://climatetechwiki.org/technology/solar-cooling)

Absorption chillers
Absorption technologies cover the overwhelming majority of the global thermally driven
cooling market. The main advantage of absorption cycles is their higher COP values, which
range from 0.6–0.8, for single stage machines, and 0.9 –1.3 for double stage technology.
Typical heat supply temperatures are 80–95°C and 130–160°C respectively. The absorption
pair in use is either lithium bromide and water or ammonia and water. For lithium bromide and
water cycles, the evaporator temperature is limited to 4°C and the condenser temperature is
below 35°C. The condenser temperature means that a costly and high water consuming wet
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cooling tower is often required. Ammonia and water cycles allow for designs that can reach
evaporator temperatures of below 0°C, and heat rejection temperatures of up to 50°C.
Therefore, they can be used for deep freezing applications, using dry air-cooled condensers
for heat dissipation.
Absorption chillers are the most distributed chillers worldwide. A thermal compression of the
refrigerant is achieved by using a liquid refrigerant/sorbent solution and a heat source, thereby
replacing the electric power consumption of a mechanical compressor. For chilled water
above 0°C, as it is used in air conditioning, typically a liquid H2O/LiBr solution is applied with
water as refrigerant. Most systems use an internal solution pump, but consuming little electric
power only. In the operation of an H2O/LiBr absorption chiller, a crystallisation of the solution
has to be avoided by an internal control of the heat rejection temperature in the machine.
The cooling effect of an absorption chiller is based on the evaporation of the refrigerant
(water) in the evaporator at very low pressures. The vaporised refrigerant is absorbed in the
absorber, thereby diluting the H2O/LiBr solution. To make the absorption process efficient, the
process has to be cooled. The solution is continuously pumped into the generator, where the
regeneration of the solution is achieved by applying driving heat (e.g. hot water). The
refrigerant leaving the generator by this process condenses through the application of cooling
water in the condenser and circulates by means of an expansion valve again into the
evaporator.
Typical chilling capacities of absorption chillers are several hundred kW. Mainly, they are
supplied with district heat, waste heat or heat from co-generation. The required heat source
temperature is usually above 80°C for single-effect machines and the COP is in the range
from 0.6 to 0.8. Double-effect machines with two generator stages require driving temperature
of above 140°C, but the COP’s may achieve values up to 1.2.
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Figure 21: Schematic drawing of an absorption chiller (Source: Fraunhofer ISE)

A few absorption chillers with capacities below 50 kW are available. In solar assisted air
conditioning systems with absorption chillers, often these small units are implemented. A
machine type, developed newly for small capacities, enables part-load operation with reduced
chilling power already at heat source temperatures of 65°C and with a COP of still
approximately 0.7, which is promising in combination with solar heat. This indicates that there
is still potential for performance improvements of absorption chillers.
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Table 4: Overview of typical absorption chiller characteristics – exact values shall be checked in
manufacturers’ specifications. (Source: Fraunhofer ISE)

Adsorption chillers
Adsorption refrigeration cycles using, for instance, silica gel and water as the adsorption pair,
can be driven by low temperature heat sources down to 55°C, producing temperatures down
to 5°C. This kind of system achieves COP values of 0.6-0.7. Today, the financial viability of
adsorption systems is limited, due to the far higher production costs compared to absorption
systems.
In adsorption chillers, instead of a liquid solution, solid sorption materials are applied. Market
available systems use water as refrigerant and silica gel as sorbent. The machines consist of
two sorbent compartments (denoted as 1 and 2 in the figure below), one evaporator and one
condenser. While the sorbent in the first compartment is regenerated using hot water from the
external heat source, e.g. the solar collector, the sorbent in the compartment 2 (adsorber)
adsorbs the water vapour entering from the evaporator; this compartment has to be cooled in
order to enable a continuous adsorption. The water in the evaporator is transferred into the
gas phase being heated from the external water cycle; here actually the useful cooling is
produced. If the cooling capacity reduces to a certain value due to the loading of the sorbent
in the adsorber, the chambers are switched over in their function.
Under typical operation conditions with a temperature of the driving heat of about 80°C, the
systems achieve a COP of about 0.6, but operation is possible even at heat source
temperatures of approx. 60°C. The capacity of the chillers ranges from 50 kW to 500 kW
chilling power. The large machines are usually used in the industrial refrigeration sector or can
also be used to provide air conditioning for large-scale commercial buildings such as shopping
malls and office buildings. The simple mechanical construction of adsorption chillers and their
expected robustness is an advantage. No danger of crystallisation is given and thus no
limitation in the heat rejection temperatures exists. An internal solution pump does not exist
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and hence only a minimum of electricity is consumed. A disadvantage is the comparatively
large volume and weight. Furthermore, due to the small number of produced items, the price
of adsorption chillers is currently high. A large potential for improvements of the heat
exchangers in the adsorber compartments is expected; thus, a considerable decrease in
volume and weight can be assumed in future generations of adsorption chillers.

Figure 22: Schematic drawing of an adsorption chiller (Source: Fraunhofer ISE)

Table 5: Overview of typical adsorption chiller characteristics – exact values shall be checked in
manufacturers’ specifications. (Source: Fraunhofer ISE)
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Main R&D challenges (thermal cooling)
1. Improving solar thermal cooling systems components
New, highly-porous sorption materials, especially using adsorption chemistry and, possibly,
ionic liquids must be developed to improve the performance of thermally-driven cooling
machines. In addition, new, highly flexible cooling cycles (high temperature lift; double, triple
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stage and new open sorption, including hybrid sorption-compression, advanced ejector
cycles) must be developed to allow solar operation under variable temperature and power
conditions, as well as cooled open solid sorption cycles with a high dehumidification potential
for warm and humid climates.
Novel heat exchanger concepts including micro-fluid systems must be developed for compact,
high efficient heat transfer in the sorption and desorption regimes; as well as sorption heat
transfer matrices, such as metal foams and nano-coated surfaces in heat exchangers for
reduced pressure losses during fluid flow. This will result in highly compact machines and very
small systems with the capacity to cool a single room and which may also be used in the
automotive and transport sector.
Component development will focus on highly-efficient solar thermal collectors, either with a
direct hydraulic connection to the chiller, or even with the generator integrated into the
collector itself. New materials for cold storage at different temperature levels will be developed
to reach high cold storage density, as well as new system controllers to improve system
performance with the target of an overall electrical COP on system level above 10. Finally,
new heat rejection options will be assessed, using the air or ground as a heat sink. Such heat
rejection devices must be adjusted to the various sizes and temperature levels of thermallydriven cooling cycles, and need to focus on low water and power consumption.
2. Improving performance, integration and costs of solar cooling systems
Research on system level must concentrate on reducing parasitic energy consumption
through the integration of highly efficient components (e.g. variable speed pumps, specific
heat rejection units) and optimized control strategies. This requires the development of
advanced simulation tools for system modelling from the molecular to the system scale.
Furthermore, performance analysis tools, such as exergy analysis, lifecycle analysis and
comparison methodologies to assess new concepts, will be developed. Hydraulic concepts
will be elaborated to enhance the cost-performance relation, develop design guidelines and
proven operational and maintenance concepts for overall systems. Solar cooling systems
must be adapted to, and optimized for, industrial process and large-scale solar refrigeration
plants, as well as district heating systems with decentralized cooling units. New
commissioning procedures, guidelines and standards for components and overall systems
must be developed, and appropriate training materials provided for installers and engineers
(see also 3.8 and 3.9, respectively).
3. R&D priorities (by 2020) are focused on development of:
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐
‐

optimized sorption materials (ionic liquids, adsorption materials);
new double- and triple effect cycles with high efficiency;
improved heat exchangers (sorption coated);
optimized controllers for the solar cooling system (leading to system COPel > 10);
new simulation tools for detailed thermodynamic system analysis;
user-friendly design tools for cooling and refrigeration systems;
new high efficient heat rejection units for small / medium scale heat pumps / chillers;
standardized plug-and-function small and medium sized solar thermal cooling kits;
single-package systems cost halved by 2020 (ready installed costs);
highly efficient auxiliary components (pumps, fans, control units) to reduce the parasitic
energy consumption;
hydraulic concepts to improve cost-performance relation, design guidelines and proven
operational and maintenance concepts for overall systems;
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‐
‐
‐

concepts to integrate solar thermal cooling systems in smart cooling grids;
appropriate training materials for installers and engineers;
highly integrated systems for cooling, heating, hot water, process heat.

Besides these actions, long-term field-testing is needed particularly of:
‐
‐

solar thermal cooling systems in different Southern European and Mediterranean climates;
solar driven refrigeration using double and triple effect cooling cycles with different types of
solar thermal collectors (non-tracking and tracking) in sunny regions.

Costs and market development
Total investment costs for a solar cooling installation are based on two important components:
the solar collectors and the sorption cooling device. Collector investment costs were assumed
to equal the solar heating costs (300 to 1.000 €/m2). The additional cooling equipment was
assumed to have an investment cost ranging from 80 to 640 €/m2 with an average value of
260 €/m2. These values were based on different system layouts: relatively cheap are the
systems with a large cooling capacity and a high value of specific collector area (m2/kW
cooling capacity); relatively expensive are the systems with a small cooling capacity and a
small specific area. The assumed specific collector area ranges from 2.5 to 4.5 m2/kW cooling
capacity. Combined, the resulting range in investment costs is 380 to 1 640 €/m2, with an
average value of 890 €/m2. To meet consumer energy needs, both heating and cooling
functions are considered. The minimum energy yield is slightly higher than the heating-only
mode of 300 kWh/m2 per year due to additional cooling energy demand. The average value
was assumed to be 500 kWh/m2 per year. However a well-designed system, located in a
region with high solar irradiation and with high heating and cooling requirements can yield up
to 800 kWh/m2 per year (equal to solar heating). The auxiliary energy needed for solar cooling
is higher than for solar heating and was assumed to range from 3 to 12 kWh e/m2 per year
(average 6 kWh e/m2 per year). For projections out to 2030 it was assumed that the collector
investment cost reduction was equal to the case for solar heating. The additional cooling
equipment cost was assumed to be reduced by 35% to 45% resulting in a range of investment
costs from 210 to 1 080 €/m2 (average 590 €/m2). The energy yield was assumed to increase
by 20% in the period to 2030, resulting in a range of 360 to 960 kWh/m2 per year (average 600
kWh/m2).

Figure 23: Specific total costs of thermal and solar cooling kits (2011) (Source: SolarNext)
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The resulting cost of energy ranges from 11 to 307 €/GJ (average 66 €/GJ) meaning that,
despite a much higher level of investment cost (due to the larger collector surface and the
cooling installation), the resulting cost of energy (for both heating and cooling operation) is
similar to the cost of solar water heating only. Most dominant factor in the resulting solar
energy costs is the capital investment. Based on the expected future cost reductions (for both
collector and cooling equipment), the average costs for solar thermal heating could reduce
from 66 €/GJ in 2005 to 37 €/GJ by 2030 (ranging from 5 - 174 €/GJ).

Figure 24: Comparison of total costs for vapour compression and adsorption chiller (Source: SolarNext)

Dehumidification systems
Dehumidification removes water from indoor air. Active dehumidification is mechanical
moisture removal intended to maintain comfort and protect building materials. There are two
primary ways to actively dehumidify: by condensing moisture using a heat pump —refrigerantbased (“cold–coil”) dehumidification — and by adsorbing moisture using a desiccant based
units — desiccant dehumidification.
While cooling the air is relatively straightforward, removing humidity tends to be costly in terms
of energy consumption and maintenance costs. Conventional A/C systems overcool the air to
dew point to condense moisture from the air, and then reheat to a comfortable temperature.
The design cooling load (or heat gain) is the amount of heat energy to be removed from a
building by the HVAC equipment to maintain the building at indoor design temperature when
worst case outdoor design temperature is being experienced. There are two types of cooling
loads: sensible and latent. The sensible cooling load refers to the dry bulb temperature of the
building and the latent cooling load refers to the wet bulb temperature of the building. Sensible
heat that causes a change in temperature in an object is called sensible heat. Heat that
causes a change of state with no change in temperature is called latent heat. Sensible
capacity is the capacity required to lower the temperature and latent capacity is the capacity to
remove the moisture from the air. Drying air is commonly called latent cooling, while reducing
the temperature of air is called sensible cooling. People are comfortable within a building only
when both the sensible and latent cooling provided by the air conditioner match the building's
sensible and latent loads.
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Figure 25: Refrigerant-Based Dehumidification (source: www.buildinggreen.com)

Figure 26: Desiccant-Wheel Dehumidification (source: www.buildinggreen.com)

Cool-coil systems
The most common method of dehumidification is the use of cooling coils. This method
typically involves a coil in an air stream with a fluid circulated through the coil at a temperature
below the dew point of the air stream. The amount of moisture removed is relative to the
temperature of the fluid (and coil). Typical fluids used are chilled water, refrigerants, glycol
solutions, or engineered fluids. Because the coil temperature is below the dew point of the air
stream, the moisture that condenses on the cooling coils is collected in a pan and removed.
Because this method also reduces the temperature of the HVAC-system supply air, there is
the possibility that the spaces served could be subcooled if the rooms do not have sufficient
internal heat gain to offset the low-temperature air. This traditionally has been accomplished
with reheat coils that maintain space temperature, which can represent a significant energycost penalty, depending on the conditions to be attained. Applications that require air
temperature to be driven down for dehumidification purposes, but do not require the amount of
cooling, can be provided with a heat-pipe run-around system. These systems consist of coils
on either side of the cooling coil and use a refrigerant to economically pre-cool and reheat the
air stream.
Desiccant systems
Desiccant dehumidification systems often are used where the dehumidification requirement is
greater than the cooling requirement. One type, the liquid desiccant system has two primary
components, an absorber and a regenerator. Cooled liquid desiccant flows down into the
absorber, often through a packed bed of particles or other media designed to maximize mass
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transfer between the desiccant and the air. The process air flows upward in the opposite
direction through the bed. Heat and moisture is transferred from the air to the desiccant in the
bed. As the desiccant absorbs water from the air, it becomes diluted and the water flows into
the regenerator. In the regenerator, the solution is heated, than flowed over another media
bed. The hotter solution then releases the moisture that was gathered, transferring the
moisture to the counter-flowing exhaust air stream. The exact conditions can be varied by
changing the concentration of the lithium-chloride solution. One benefit of using systems such
as this is that the desiccant solutions act as a biocide for the conditioned air, which is
beneficial in applications for which bacteria or viruses are least desirable. The solution then is
regenerated by heating it, where it loses its moisture before spraying it across the air stream
again. A hot, moist waste-air stream also is exhausted from the regenerator.
Another type of dehumidification approach employs a solid desiccant, such as silica gel. Moist
air is drawn through the desiccant, which absorbs the moisture. As the desiccant reaches its
capacity, it is moved into a warmer air stream (called the reactivation air stream), where it
rejects the moisture before it is exposed to the moist air stream again. This often is
accomplished by running supply air through a desiccant wheel. Solid desiccants need to be
regenerated, which can be accomplished using waste heat or an exhaust air stream. Solid
desiccant wheels require a constant cycle of excessive heat and re-cooling in their
dehumidification process. Both of these processes waste an exorbitant amount of energy. The
challenge with solid desiccant wheels is that they need to be regenerated at rather high
temperatures (90°C+) in order remove humidity recently captured by desiccant. This allows
the newly dried desiccant to once again grab more humidity as the wheel is rotated back
around to the outside air stream.
The problem of the system is that newly toasted wheel can heat the outdoor air up to 45°C or
more! This heated air has to be cooled back down to 16°C -18°C in one pass. To achieve that
temperature drop more a HVAC system with significantly more reserve tonnage is needed.
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Figure 27: Liquid Desiccant Air Conditioning (Source: Advantix systems)
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2.2.3. Thermal energy storage (TES)
Main features and technologies
Since in almost all heat applications there is a mismatch between solar radiation and heat
demand profile, usually a thermal storage is needed to make solar thermal energy useable.
Depending on the scale of the mismatch and the desired solar fraction, thermal storage is
designed to bridge the gap for only a few hours or days, up to some weeks or months.
However, to store solar thermal energy means additional investment costs and additional
thermal losses, which are increasing with storage size and duration. Therefore, the challenge
is to achieve a specific goal, which could be low solar thermal heat costs or high solar fraction,
with an optimized system design by optimizing collector size, storage volume and other
criteria.
Although not necessarily required for system operation, enabling and related technologies
capable of supporting the deployment of solar heating and cooling systems can play an
influential role in the potential applications, market consideration and perception of solar
heating and cooling technologies. For example, improvements in thermal storage could
extend operational hours and improve market perceptions. Equally, improvements in system
control, particularly achieving reductions in parasitic electrical consumption (electricity
consumed but not contributing to output, see below), have the potential to increase
performance and cost effectiveness.
A heat storage device collects the heat transferred from solar thermal collectors so that it can
be accessed and utilised when the load is required. Storing solar heat – i.e. keeping the fluid
warm enough for domestic space heating and cooling and hot water – for one or two days is a
common practice with acceptable cost for conventional hot water usage. Seasonal heat
storage can be important in climates with prolonged periods of seasonally low solar irradiation
levels, where heat storage would ideally need to be able to bridge several months. In
countries with high irradiation and long summers, seasonal storage could entirely replace any
other heating system. In general, a higher storage capacity enables a higher utilisation of solar
thermal energy (solar fraction).
Thermal energy storage (TES) systems can be charged with heat or cold and hold this energy
over time. The most common example is sanitary hot water tanks, which are usually insulated
to reduce losses. These systems are cheap and can store heat for days or even a week or
two at acceptable cost. But they are bulky and not an ideal solution for long-term storage. The
key parameters of thermal energy stores are their capacity, power rating (ability to discharge),
efficiency (losses over time and with charge/discharge) and cost. In the building sector, there
are three major reasons for using thermal energy storage:


Improving system efficiency by avoiding partial load operation or operation at other
sub-optimal times or by taking advantage of waste energy (e.g. heat released from
chillers). This can involve storage over hours, days or months.



Shifting demand over time to reduce peak loads. This can help improve overall energy
system efficiency, reduce investment in energy infrastructure and reduce costs.
Storage is typically required for hours, or several days.



Facilitating the greater use of renewable energy by storing the energy produced so it
can coincide with demand (storing solar thermal energy over days, weeks or months to
match water and/or space heating demand).

Three main types of thermal energy storage technologies can be distinguished: sensible,
latent and thermo-chemical (sorption).
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Sensible heat storage systems
These heat storage systems (water, ground, concrete, etc. e.g. hot/chilled water tanks,
underground thermal energy storage) make use of the heat capacity of a material. When heat
is stored, the temperature of the material increases. The vast majority of systems on the
market are of this type. A very good storage (and transfer) medium for sensible heat is water,
be it in tanks, pits, aquifers (groundwater), caverns, abandoned mines, or other. Also solid
matter can be used, like soil or rock in borehole stores. Storing sensible heat at higher
temperatures than 100°C requires pressurised liquid water or other materials such as
concrete, molten salts, etc. Where air collectors are used, heat can be stored in rock beds or
other thermal mass.
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Figure 28: The most frequently used options for storage of large amounts of sensible heat, in liquid (water)
or solid (soil, rock) matter. (Adapted from: Danish Energy Agency and Energinet.dk)

Underground Thermal Energy Storage (UTES) for low temperature applications (at less than
40 °C) has been demonstrated and is now available in some European markets. These types
of systems, using groundwater-bearing layers, are typically referred to as Aquifer Thermal
Energy Storage (ATES), using wells into the groundwater, Borehole Thermal Energy Storage
(BTES), using borehole heat exchangers in the ground and Cavern storage and pit storage
(CTES), which are based on large underground water reservoirs created in the subsoil to
serve as thermal energy storage systems.
The cost and performance of the underground part of ATES systems did not change much in
the past, and are not likely to improve substantially; well drilling and groundwater behaviour
cannot be influenced much and thus are limiting factors. The main improvement comes from
more accurate and innovative design (including water treatment were necessary) and from
efficiency gains in some components like submersible pumps. ATES already is the most costeffective solution for large sensible heat storage. For BTES, there are more options – all
improvements in efficiency and reduction in cost achieved with Borehole Heat Exchangers
(BHE) in the shallow geothermal sector are direct, immediate improvements to BTES. The
capital cost of a large BTES system can be significant, as a large number of geothermal
boreholes will need to be drilled, compared to just a few thermal wells for an ATES system.
However, the installation cost should be similar to conventional ground source heat pump
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(GSHP) systems, and the higher COP values (4 to 8) will result in a lower total life-cycle cost
than a conventional GSHP system. Both closed-loop geothermal systems will have a lower
life-cycle cost than a conventional fossil-fuel fired HVAC system. The CTES storage options
are technically feasible, but applications are limited because of the high investment costs.
Sensible heat storage is relatively inexpensive, but its drawbacks are low energy density and
variable discharging temperature.
Latent heat storage systems
In latent heat storage, the material (inorganic salts, paraffins, etc. e.g. ice storage, PCM
panels and modules) stores heat while changing phase, thus utilising the phase-change
properties, either melting or evaporation, of a material. The phase change “solid-to-liquid” is
the most used, but also solid-to-solid change is of interest. The main characteristic of this
technology is that during the phase change the materials remain, theoretically, at constant
temperature (real systems show a temperature stabilisation around the melting temperature).
Materials used in latent heat storage are known as phase change (PCM). The best known and
most used PCM is water, but also salt solutions (for low temperature applications), paraffins,
salt hydrates, fatty acids, sugar alcohols (between 0 °C and 130 °C), and inorganic materials
and salts (for temperatures above 150 °C) are used. Above 250 °C salts are the most
interesting materials (nitrates, chlorides, phosphates, sulphates, etc.). If the temperature
range is small, then this type of storage can be more compact than heat storage in water.
Most latent heat storage technologies currently used are for low-temperature storages in
building structures to improve their thermal performance, or in cold storage systems. Inclusion
of thermal storage materials in building elements increases the functionality of the elements,
the possibilities to enhance the storage capacity of the building and reduce thermal cycling of
heat pumps or burners, without the need to fit dedicated thermal energy stores.
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Thermochemical - sorption heat storage systems
The technology of thermo-chemical heat storage offers some notable advancement compared
to traditional sensible heat storage. These technologies are still largely in the development
phase, but some are on the market. For long term heat storage purpose these are mainly a
much higher storage density (i.e. 300 kWh/m3) and even more important minor heat losses. In
principle, sorption heat storage densities can be up to 20 times higher than sensible heat
storage in water, but more common storage densities are eight to ten times higher. Adsorption
processes as well as reversible chemical reaction are subsumed under this technology. The
sorption systems (open or closed) use water vapour uptake by a sorption material. The
material can be either a solid (adsorption) or a liquid (absorption), most often in combination
with water, e.g. inorganic salts and water or ammonium and water.
The adsorption of water vapour on porous media is quite interesting. Commercial adsorbents
like zeolite or silica-gel show good performance and can adsorb huge amounts of water
vapour. The heat of adsorption released during adsorption is up to 4200 kJ per kg of adsorbed
water. The underlying physical processes are well known and have been intensively
investigated by several researchers. During the past years existing adsorption materials have
been improved with the focus on higher performance for thermal energy storage. Furthermore,
complete new adsorptive materials have been developed which show very promising
capabilities. Making use of the heat of reaction of reversible chemical reactions even in the
low temperature application range (below 100°C) receives increasing attention in international
research. Compared to adsorption processes this technology provides the potential of once
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again higher storage densities. Simple chemical reactions for instance the hydration /
dehydration process of inorganic salts are under investigation.
The main principle of thermochemical TES is based on a reaction in which a thermochemical
material (C) absorbs energy and is converted chemically into two components (A and B),
which can be stored separately. The reverse reaction occurs when materials A and B are
combined together and C is formed. Energy is released during this reaction and constitutes
the recovered thermal energy from the TES. The storage capacity of this system is the heat of
reaction when material C is formed.

Figure 29: Processes involved in a thermochemical energy storage cycle: charging, storing and
discharging. (Source: The Open Renewable Energy Journal, 2011, 4)

Table 6: Comparison of Different Types of TES Based on Various Performance Factors, (Source:
The Open Renewable Energy Journal, 2011, 4)
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Thermochemical TES systems have several advantages over other types of TES:


Components (A and B) can usually be stored separately at ambient temperature, after
cooling to ambient conditions subsequent to their formation. Therefore, there is little or
no heat loss during the storing period and, as a consequence, insulation is not needed.



As a result of the low heat losses, thermochemical TES systems are especially
suitable for long-term energy storage (e.g., seasonal storage).



Thermochemical materials have higher energy densities relative to PCMs and sensible
storage media. Because of higher energy density, thermochemical TES systems can
provide more compact energy storage relative to latent and sensible TES. This
attribute is particularly beneficial where space for the TES is limited or valuable.

The different types of TES systems are compared in the following table, considering a range
of relevant performance parameters and factors. For different applications, different TESs can
be the most appropriate choice.
Thermal storage technology development
The main bottleneck in the development of compact, seasonal house-scale heat storage is the
current lack of stable, high-performance, cost-effective storage materials and processes.
Sensible heat storage systems (e.g. hot and chilled water) and some latent heat stores (e.g.
ice storage) are mature technologies. However, developments in advanced phase change
materials (PCM) and chemical reactions are creating new application possibilities, such as
PCMs embedded in building materials (e.g. bricks, wall boards, flooring). PCMs are well
suited to cooling because of the relatively low temperature change required for release of
energy.
In the case of sensible heat storage using water, large scale stores are required to store
enough energy for inter-seasonal use. Although large scale sensible heat storage can already
be deployed (e.g. for district heating systems), the volumes required make it difficult to store
the summer’s heat for use in winter in residential dwellings where space represents a
valuableness. Therefore, developing new, cost-effective, compact season-scale heat storage
technologies is crucial for the commercialisation of solar thermal systems. To meet these
requirements new materials, surface coatings for storage materials and technologies must be
developed. Low-viscosity, non-corrosive fluids capable of storing large quantities of heat and
able to work at low pressure are needed for the next generation of TES systems. Molten salts
could offer the solution.
In order to improve the energy efficiency of TES, it is essential to reduce heat losses, where
development of new insulation materials and new insulation systems (such as vacuum
insulation) is a top priority. As thermal storage efficiency is greatly dependent on the heat
transfer from the heat source to the storage and from the storage to the point of heat use, it
can be enhanced by improved heat transfer techniques. Further R&D is needed on three key
levels: by enhancing the heat exchange, the heat transfer media, and the methods of
transporting these transfer media. To improve the efficiency of TES in active systems, thermal
conductivity must be increased and for this purpose stable materials having high heat capacity
and high thermal conductivity should be developed.
Storage system efficiency of water-based storage will be further improved by R&D activities to
optimize hydraulics with enhanced temperature stratification, supported by numerical
modelling of the flow in such systems.
Phase-change heat storage can be used widely at a reasonable cost. Its main advantages are
higher energy density, simplicity in system design and the delivery of heat at constant
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temperature. But to be applied in heating and cooling systems, the technology should be
improved particularly by increasing the storage density to make it possible to integrate PCMs
into buildings and HVAC systems (for building-integrated applications, encapsulation and
stabilisation, particularly of salt hydrate PCMs will be important), developing new materials
and/or mixtures that adjust the melting temperature, developing heat exchangers that can also
encapsulate the PCM and finding solutions for problems such as sub-cooling, phase
separation and hysteresis, typical when inorganic materials, such as salt hydrates, are used.
The materials in existing systems, based on phase change materials (PCMs) and sorption
should be improved or replaced by better materials. The capacity to operate consistently over
a high number of charging and discharging cycles is critical for most thermal energy storage
applications, so the stability of materials in the systems is very important – not only the
storage medium itself but also materials used in systems components such as containers,
reactors, heat exchangers and pipes.
Basic research in new materials to store large amounts of thermal energy in limited space
(high energy density) is essential, with thermochemical systems being the leading technology
for the most compact systems. To make thermochemical materials useable, the relation
between structure, composition and thermal storage characteristics, as well as the effects of
mixing different materials and of combining active materials with carrier materials, must be
evaluated. R&D is required on materials, improved material synthesis methods and production
technologies, as well as improved suspension and emulsion techniques. Development of
optimised heat and mass transfer devices (reactors) for sorption and thermochemical storage
also needs attention. Additional research activities ought to be conducted concerning heat
storage processes in order to optimise both power and energy, with the design of novel
reactor and heat exchanger principles. Research should focus on process design, control of
the system, predicting annual performance and integration of the storage system in the
building and in the heat/cold distribution system. At high temperature thermochemical systems
(with NH3 or with hydroxide/oxide) reactions need additional pilot validation and cost
reduction. They have high potential for energy storage and upgrading power, for example in
applications where heat is converted to cold or heat at higher temperature. These systems
also offer an opportunity for energy to be transported.
Environment-friendliness is an important parameter to consider in the development of new
TES materials.
Collaboration between sectors should be encouraged and several storage technology
development routes should be followed in parallel, including advanced water, PCM, sorption
and thermochemical systems, integration of PCM in building element materials, as well as
development of other components and auxiliary equipment.
R&D priorities and fields of development by 2020 are as follows:
‐

Cost-effective water storages with increased efficiency, improved insulation and simplified
design

‐

Improved low-cost insulation materials and techniques with lower heat conductivity

‐

Improved heat transfer and transport techniques using emulsions, suspensions, and
slurries

‐

Low-cost and stable phase change materials for thermal storages

‐

Optimized thermochemical materials, composites and reaction processes, including
numerical simulation techniques
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‐

Novel thermochemical storage technologies with an effective storage density of more than
300 kWh/m3

‐

Standards for the measurements
thermochemical materials

‐

New construction techniques for long-lasting, cost-effective large-scale seasonal thermal
storages

‐

New concepts to integrate existing storage volumes, e.g. in the industry, in solar thermal
systems

‐

Demonstration of large-scale seasonal thermal storages with new construction techniques.

of

the

performance

of

phase

change

and

Research priorities at system level
Advanced monitoring and control of storage systems is of great importance to make
operations more efficient for their deployment in the market. Specifically for latent and
thermochemical systems, algorithms and low-cost sensors for control of state, composition
and stage of energy charge are needed. New advanced strategies should be developed that
correctly model the time-dependent and system-dynamic behaviour of systems with TES. The
development of control and measuring elements for TES is also the prerequisite for inclusion
of the thermal devices in the smart electricity grid supervision and control systems where
storing heat or cold would act as response to the cost of electricity. Heat pumps, CHP and
cooling installations could play an important role in smart electricity grids if thermal production
can be decoupled from thermal demand. This could be achieved by integrating short term
TES.
The development of integrated collector storage entails developing a new product with
complete new concepts of collector and storage. This requires optimisation in the design and
geometry of the system, as well as storage concepts with higher power and storage density,
achieving improvements in weight, area, mechanical and chemical stability, etc. Integration of
the system into building components is also an important aspect.
The potential of UTES in densely populated areas and the combination of such systems with
shallow geothermal heat storage should be investigated. For this purpose models of UTES
sub-systems integration into heating systems shall be developed, validated and optimised.
Solar cooling is a technology that can reduce electricity demand during summer, especially in
southern Europe and in Mediterranean area. The need for a cooling tower could be effectively
replaced by storage of rejection heat (in solar cooling process and solar power plants) in TES.
One solution is to store the waste heat during the day to discharge it during the night when the
ambient temperature is lower, which could also lead to more even utilisation of the power
block, allowing it to be smaller and correspondingly cheaper.
A number of research priorities relevant to all TES systems are:
‐

Methods and criteria to transfer research results from laboratories to industry or expected
performance from one scale to another;

‐

Lifecycle Assessment (LCA) of different TES concepts;

‐

Business models for storage (on district and individual level) and contracting issues in
district heating with storage.
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Performance and Costs
TES includes a number of different technologies, each one with its own specific performance,
application and cost. TES systems based on sensible heat storage offer a storage capacity
ranging from 10-50 kWh/t and storage efficiencies between 50-90%, depending on the
specific heat of the storage medium and thermal insulation technologies. Phase change
materials (PCMs) can offer higher storage capacity and storage efficiencies from 75-90%. In
most cases, storage is based on a solid/liquid phase change with energy densities on the
order of 100 kWh/ m3 (e.g. ice). Thermo-chemical storage (TCS) systems can reach storage
capacities of up to 250 kWh/t with operation temperatures of more than 300°C and efficiencies
from 75% to nearly 100%. The cost of a complete system for sensible heat storage ranges
between 0.1-10 €/kWh, depending on the size, application and thermal insulation technology.
The costs for PCM and TCS systems are in general higher. In these systems, major costs are
associated with the heat (and mass) transfer technology, which has to be installed to achieve
a sufficient charging/discharging power. Costs of latent heat storage systems based on PCMs
range between 10-50 €/kWh while TCS costs are estimated to range from 8-100 €/kWh. The
economic analysis of the mobile pilot storage system containing 13 tonnes of zeolite, with a
storage capacity of up to 3 MWh and a charging power of 500 kW shows that applications of
mobile storage systems with more than 200 storage cycles per year allow the system to run
with a final cost of delivered heat of about 55 €/MWh. Of course, the distance between energy
source and demand site, investment costs and energy capacity have a strong influence on the
energy price. In general the economic viability of a TES depends heavily on application and
operation needs, including the number and frequency of the storage cycles.

49 / 313

Figure 30: Storage Capacity vs. Temperature for Sensible, Latent and Thermo-chemical TES (Source:
Source: IEA-ETSAP and IRENA Technology Brief E17)

Table 7: Typical Parameters of Thermal Energy Storage Systems (Source: IEA-ETSAP and
IRENA Technology Brief E17)
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Potential and Barriers
The storage of thermal energy (typically from renewable energy sources, waste heat or
surplus energy production) can replace heat and cold production from fossil fuels, reduce CO2
emissions and lower the need for costly peak power and heat production capacity. In Europe,
it has been estimated that around 1.4 million GWh per year could be saved— and 400 million
tonnes of CO2 emissions avoided—in the building and industrial sectors by more extensive
use of heat and cold storage.
However, TES technologies face some barriers to market entry. In most cases, cost is a major
issue. Other barriers relate to material properties and stability, in particular for TCS. Each
storage application needs a specific TES design to fit specific boundary conditions and
requirements. R&D activities focus on all TES technologies. Most of such R&D efforts deal
with materials (i.e. storage media for different temperature ranges), containers and thermal
insulation development. More complex systems (i.e. PCM, TCS) require R&D efforts to
improve reacting materials, as well as a better understanding of system integration and
process parameters. Market presence, barriers and R&D topics for main TES technologies
are presented in the following table.
Table 8: State of Development, Barriers and Main R&D Topics for Different TES Technologies
(Source: IEA-ETSAP and IRENA Technology Brief E17)
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TES market development and penetration varies considerably, depending on the application
fields and regions. Penetration in the building sector is comparably slow in Europe where the
construction of new buildings is around 1.3% per year and the renovation rate is around 1.5%.
The estimate of the European potential is based on a 5% implementation rate of TES systems
in buildings. TES potential for co-generation and district heating in Europe is also associated
with the building stock. The implementation rate of co-generation is about 10%, while the
implementation of TES in these systems is assumed to be 15%.
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2.3. Heating, ventilation and air-conditioning (HVAC)
2.3.1. Heat pumps
Heat pumps are using renewable energy from their surroundings (ambient air, water or
ground) and "high-grade" energy, e.g. electricity or gas, to raise the temperature for heating or
to lower it for cooling. The heat pump cycle can be used for space heating or cooling;
reversible systems can alternate heating and cooling.
The basic heat pump cycle consist of:


Compression - refrigerant is pressurized and circulated through the system by a
compressor.



Condensation - hot and highly pressurized vapour is cooled and condenses in a heat
exchanger, called a condenser, into a high pressure, moderate temperature liquid.



Expansion - he condensed refrigerant then passes through a pressure-lowering
expansion valve, capillary tube, or possibly a work-extracting device such as a turbine.



Evaporation - the low pressure liquid refrigerant then enters another heat exchanger, the
evaporator, in which the fluid absorbs heat and boils. The refrigerant then returns to the
compressor.
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Figure 31: Typical vapour compression heat pump heating cycle (Source: IEA)

Heat pumps can provide space heating and cooling as well as sanitary hot water with the
possibility of providing all three services from one integrated unit. Most heat pumps use a
vapour compression cycle driven by an electric motor, although other cycles exist and some
heat pumps are driven directly by gas engines.
Heat pumps for heating and cooling buildings are described by the medium from which they
extract energy (air, water or ground), the heat transport medium they use (air or water) and
the service they provide (cooling, space heating and/or water heating).
The following are the most common forms of heat pumps for providing heat and cold for
buildings:


Air-to-air central, split and room air conditioners are the standard technology for air
conditioning. They can be reversible, allowing them to also provide heating.
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Figure 32: Air to air room conditioner and split central heat pump (Source: Merriam-Webster, Delta)



Air-to-water heat pumps, often called air source heat pumps (ASHPs), provide sanitary
hot water and space heating, and can operate down to -25°C.
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Figure 33: Split type Air to water heat pump (Source: Mancon)



Water-to-water and water-to-air heat pumps take advantage of an available water source
as the heat source or sink and are typically more efficient than ASHPs.

Heat sources
The different heat sources that can be used for heat pumps in residential and commercial
buildings are described in the section Heat sources. Hereinafter are described most common
types of heat and cold distribution systems that can be used in buildings.


Ambient air is free and widely available, and it is the most common heat source for heat
pumps. Air-source heat pumps achieve on average 10-30% lower seasonal performance
factor (SPF) than water-source heat pumps.



Exhaust (ventilation) air is a common heat source for heat pumps in residential and
commercial buildings. The heat pump recovers heat from the ventilation air, and provides
water and/or space heating.
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Ground water is stable temperature heat source. Open or closed systems are used to tap
into this heat source. In open systems the ground water is pumped up, cooled and then
re-injected in a separate well or returned to surface water. Problem of open systems is
potential freezing, corrosion and fouling. Closed systems can either be direct expansion
systems, with the working fluid evaporating in underground heat exchanger pipes, or
brine loop systems. Brine systems generally have a lower performance, but are easier to
maintain. A major disadvantage of ground water heat pumps is the cost of installing the
heat source. Additionally, local regulations may impose severe constraints regarding
interference with the water table and the possibility of soil pollution.

Figure 34: Open loop ground Water heat pump (Source: Manitoba Hydro)



Ground-source systems have similar advantages as (ground) water-source systems. Heat
is extracted from pipes laid horizontally or vertically in the soil (horizontal/vertical ground
coils), and both direct expansion and brine systems can be used. Due to the extraction of
heat from the soil, the soil temperature will fall during the heating season.
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Figure 35: Horizontal and vertical ground source heat pump (Source: Manitoba Hydro)



Rock (geothermal heat) can be used in regions with no or negligible occurrence of ground
water. Typical bore hole depth ranges from 100 to 200 metres. When large thermal
capacity is needed the drilled holes are inclined to reach a large rock volume. This type of
heat pump is always connected to a brine system with welded plastic pipes extracting
heat from the rock. The main obstacle is relatively high cost of the drilling operation.



River and lake water is in principle a very good heat source, but has the major
disadvantage of low temperature in winter (close to 0°C). Great care has to be taken in
system design to avoid freezing of the evaporator.

Figure 36: River, lake or sea water source closed loop heat pump (Source: Manitoba Hydro)
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Sea water is an excellent heat source under certain conditions, and is mainly used for
medium-sized and large heat pump installations. At a depth of 25-50 metres, the sea
temperature is constant (5-8°C), and ice formation is generally no problem (freezing point
-1°C to -2°C). Both direct expansion systems and brine systems can be used. Potential
problems are organic fouling in sea water pipelines, heat exchangers and evaporators so
usage of corrosion- resistant heat exchangers and pumps is necessary.



Waste water and effluent are characterised by a relatively high and constant temperature
throughout the year. The major constraints for use in residential and commercial buildings
are, in general, the distance to the user, and the variable availability of the waste heat
flow. Waste water exploitation has big potential in industry.

Table 9: Average available temperature ranges of heat sources (Source: IEA)

Heat Source

Temperature range (°C)

Ambient Air
Exhaust Air
Ground Water
Lake Water
River Water
Sea Water
Rock
Ground
Waste water and effluent

- 10 - 15
15 - 25
4 - 10
0 - 10
0 - 10
3-8
0-5
0 - 10
>10

Heat pump performance
Heat pumps are proven, commercially available technologies and they provide space heating
and cooling, and hot water in buildings. Heat pumps are highly efficient, although their overall
primary energy efficiency depends on the efficiency of electricity production (or other energy
source) they use. Typical characteristics and energy performance of heat pumps are shown in
table below.
Table 10: Key characteristics of heat pumps (Source: IEA)
Typical size
(kW)SFD
Heat
pumps
(electric)
Heat
pumps
(gas-engine
driven)

MFD/servic
e sector

Efficienc
y (%)

Capital
costs (per
kW)

Fuels

Fuel cost

Typical
size
(kW)SFD

2.5-10

10-500

200-600

Low-medium (air
conditioning)/mediumhigh (space/water
heating)

Electricity,

Heat
pumps
(electric)

15

15-150

120-200

Low-medium

Gaseous
fuels

Heat
pumps
(gasengine
driven)
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Figure 37: Heat pump systems performance (Source: IEA)

Research and Development
R&D should be focused into more efficient components and systems for heat pumps for
heating and cooling applications, as well as to reduce first-costs for heat pumps for heating
and cooling. Main recommends and milestones for the following actions on R&D are
presented in tables below.
Table 11: Actions and milestones (Source: IEA)
Actions

Milestones

R&D into more efficient components and systems for heat
pumps for heating and cooling applications, as well as to
reduce first-costs for heat pumps for heating and cooling.

20% improvement in COPs by 2020;
50% by 2030
15% reduction in costs by 2020; 25%
improvement by 2030
Begin deployment in 2015, widespread
deployment from 2020

More efficient integrated heat pump systems (capable of
simultaneous space/water heating and cooling) capable of
meeting needs of low-energy buildings and interfacing with
smart grids/home energy management systems.
Efficient low-temperature space heating systems and hightemperature space cooling systems integrated with heat
pumps.
Development of hybrid heat pump systems (e.g. with solar
thermal) with very high efficiency and CO2 savings

All new buildings capable of accepting
low-temperature
heating/hightemperature cooling by 2020 in OECD
Widespread deployment from 2020-25

Table 12: Cost and performance goals for heat pump technologies (Source: IEA)
2030

2050

Heat pumps

Space/water
heating

Cooling

Space/water
heating

Cooling

Installed cost

-20% to -30%

-5% to -15%

-30% to -40%

-5% to -20%

Coefficient of performance

30% to 50%
improvement

20% to 40%
improvement

40%to 60%
improvement

30% to 50%
improvement

Delivered energy cost

-20% to -30%

-10% to -20%

-30% to -40%

-15% to -25%
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Additional research is needed on the following technical areas:




Equipment and components: Decrease costs and increase reliability and performance
through more efficient components. The key component areas are:
o Heat exchangers;
o Compressors;
o Expansion devices/valves;
o Fans, circulators and drives;
o Heat pump cycles;
o Variable speed compressors;
o Defrosting strategies;
o Advanced system design (including for colder climates);
o Smart controls
Systems/applications: component integration Optimisation and improving heat pump
design and installations.



Control and operation: Develop intelligent control, automatic fault detection and diagnostic
tools; improve communication with building energy management systems and smart
energy grids.



Integrated and hybrid systems: Develop integrated heat pump systems that combine
multiple functions.

2.3.2. Cogeneration
Co-generation or Combined Heat and Power (CHP) is the simultaneous generation of thermal
energy and electricity or mechanical energy by using fossil or renewable fuels, most often
natural gas, coal or wood biomass and biogas. CHP saves up to 30% of energy due to the
simultaneous production of electricity and heat on-site, thereby preventing major losses that
occur at most central electricity production facilities nowadays, as shown in Figure 38.

Source: www.mwm.net

Figure 38: Comparison of CHP and separate electricity and heat generation
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Typical overall CHP efficiencies in operation range from 75% to 85%, with state-of-the-art
plant achieving efficiencies of more than 90%. Major small scale CHP technologies
appropriate for SMEs are shown on the Figure 39.
Gas engine
Internal
combustion
Gas turbine

Stirling engine

Small scale
CHP
technologie

External
combustion

ORC

Steam engine

SOFC
Fuel cells
PEM FC

Figure 39: Small scale CHP technologies
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Intensive recent CHP technology development offers a wide range of efficient technology
solutions for economic applications of CHP and business opportunities in all economic
sectors:


Industry: CHP units can provide a significant share of steam, hot water and hot air in
process industry for process use, heating and cooling and a large share of electricity
demand by use of gas and steam turbines, internal combustion engines, ORC, etc.
Biomass and biogas CHP applications using renewable industrial waste products offer
optimal resource efficiency and economic benefits for the company.



Services: Gas turbines and engines (small and micro) are key CHP technologies for
sustainable supply of electricity, heat and optional cooling (trigeneration or CCHP) in
buildings and other process use in services, especially in health, tourism, education,
agriculture etc. Emerging fuel cells technology with even higher electrical efficiency could
boost the potential for CHP application to unexpected limits.



Households: Fast recent development of micro CHP technologies like gas and Stirling
engines, as well as fuel cells, enable the use of cogeneration for efficient heating and
electricity supply of single and multifamily buildings in accordance with the close to zero
energy building concept (active building).

CHP is an attractive solution, depending on local and national circumstances (support
mechanism), as well as the specific characteristics of businesses. To take advantage of the
CHP process, considerable amount of heat demand (particularly as part of a production
process) is requested on the location (typically at least 4000 running hours per year, threshold
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depends on local market conditions). The utilisation of useful waste heat from on-site CHP
electricity generation is the key advantage which results in economic benefits of high
efficiency cogeneration units.
Key recent development is in the area of fuel cells and micro units with the goal to decrease
the production costs to enable market breakthrough for the wider households and services
application.

2.3.3. District heating and cooling
District heating is a convenient way to heating space and tap water. The fundamental idea
behind modern district heating is to recycle surplus heat which otherwise would be wastedfrom electricity production (CHP), from fuel and biofuel-refining, from different industrial
processes, waste incineration and more and more use of the many kinds of renewables
(biomass, geothermal, solar thermal, etc.).
District cooling is a sustainable alternative to conventional electricity or gas-driven air
conditioning systems. As with district heating, the main idea is to use local resources like
natural cooling from deep sea, lakes and rivers or conversion of surplus heat from industry,
Combined Heat & Power and waste incineration that otherwise would be wasted or difficult to
use or high efficient central cooling devices.
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Figure 40: District heating and cooling concept (Source: http://bbptoronto.ca/new-district-energy)

Figure 41: Local cooling resources for district cooling (Source: http://www.euroheat.org)
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District Heating and Cooling systems (DHC), where based on waste heat utilisation these
systems are more efficient than the direct local use of natural gas and should be economically
attractive for the final users. New technology solution (pre insulated pipes, improved system
control, heat storage, etc. as shown on Figure 42) are decreasing infrastructure costs and
operation losses.

Figure 42: New technology solution are decreasing infrastructure and operation costs of DHC

Energy efficiency results not only in a saving of fuels, but also in a consequent reduction of
environmental pollution. It is an extremely flexible technology (fuel flexibility) and one of key
integrated solutions for substantial progress towards environmental targets, such as those
emerging from Kyoto, EU 2020, etc.
Today's liberalized markets are focused on short-term return on capital. Therefore, investors
do not necessarily consider long-term commitments such as district heating as attractive
options. Utilities will only take the right strategic and technological decisions when society
sends clear signals.
Energy infrastructure planning must be driven by the objective of climate protection.
Furthermore, to ensure an adequate return on investment in the district heating infrastructure,
legislation must provide for fair allocation of the economic value of the benefits to all parties
including to the investor and operator. These benefits- including avoiding energy imports,
price stability and environmental savings - are indeed huge for the local community and the
national economy as a whole.
Several small and micro district heating systems have been recently built to enable
independent local supply from local renewable energy sources like biomass, solar, etc.

2.3.4. Biomass: wood stoves/furnaces, pellet stoves, masonry heaters
Use of wood biomass for heating has a very long tradition. An old technology mainly involves
the use of wood logs for combustion in furnaces and boilers with natural air draught. The
efficiency of old furnaces and boilers was poor, ranging between 55% and 70% measured at
lower calorific value (LCV).
Today modern wood biomass boilers achieve much higher efficiency mainly due to the
development of knowledge in the field of combustion of biomass. That includes gasification
and staged combustion with introduction of separate paths for primary and secondary
combustion air. Most advance biomass boilers includes also forced pre-heated combustion air
supply to control firing rate and oxygen sensor to automatically control air to fuel ratio.
Wood biomass is CO2 neutral but it cause emissions of particulate matter. That is the reason
why biomass boilers are primarily suitable for heating buildings in rural areas and for wood
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processing industries. A maximum effort will be invested in the future in to technology to
reduce emissions of particulate matter (PM).
Wood logs and briquettes boilers
Modern wood gasification boilers for logs and briquettes with a draught fan achieve excellent
efficiency at variable loads (30-100% of rated power). They have a large fuel loading and
primary combustion chamber and a separate secondary combustion chamber. In the first
chamber is taking place drying and gasification of wood. A complete burning of formed wood
gas is taking place in the secondary chamber. This results in lower emissions and high
efficiency (85% to 93% LCV). The market has more vendors boilers rated power between 15
and 250 kW. Boilers generally require dry logs (humidity 20% or less) and the length between
50 to 100 cm. Main disadvantages of this type of boiler is need for manual loading so it is not
suitable for larger heat users.

1.
2.
3.
4.
5.
6.
7.
8.
9.
10.
11.

Oxygen sensor - lambda probe for optimal combustion.
Variable sped induced draught fan
Cleaning unit.
Top quality heat insulation.
Combustion chamber cleaning openings.
Bus control design micro-processor control unit.
Carbonisation gas extraction system at reloading.
Hot cladding for efficient combustion without a build-up of tar.
Large fuel loading chamber.
Automatic heat up with special air ducts for fast heat up and optional automatic ignition device.
Compute designed combustion chamber.

Figure 43: Basic components of the modern wood gasification boiler (Source: Froling)

Despite the efficient operation of modern wood gasification boilers it is recommended to use
heat storage tanks (approximately 70 l / kW). Heat storage tanks compensate the difference
between heat supply and consumption. The boiler can then run within optimal power range
and achieve higher efficiency and lower emissions of PM.
Woodchips biomass boilers
Usage of wood chips as a fuel enables complete automated operation of boilers and high
efficiency (85 to 94% LHV). Although the woodchips boiler operates optimally in the range of
30 to 100% of the nominal power it is suggested that an extra heat storage tank should be
added (approximately 50 l / kW).
On the market there are smaller units of nominal power between 10-300 kW and larger units
that achieve the rated power more than several MW. The disadvantage of these devices is
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primarily a higher initial investment and additional space requirements with respect to fuel
storage and wood chip feed system. Woodchip boiler heating systems are particularly suitable
for larger houses and apartment or business buildings or local district heating.
Woodchip boilers are less demanding about the fuel quality. That is why wood chips could be
of lower quality and higher moisture content (up to 50% - depending on the model).
Woodchips are currently the most affordable biomass fuel and have an excellent energy
footprint. Because of diverse composition and sizes of woodchips an increasing operating
failures could be expected.
Wood pellet boilers
Modern wood pellet boilers are relatively new but mature technology. The main advantages
are the high efficiency (85 to 95%) and full automatic operation. In the design pellet boilers are
more compact but similar to the woodchip boilers. Pellet boiler provides complete comfort,
which is comparable to the use of fuel oil boilers including the delivery.
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Figure 44: Basic components of the modern wood pellet boiler

The disadvantage is the high initial investment and more expensive fuel than woodchips and
logs. Most of the pellet boilers are rated between 3 and 500 kW. Output heat rate can be
modulated in range from 25% to 100%. Similar to the woodchip boilers it is suggested to add
a heat storage tank (approximately 50 l / kW). Pellets have more compacted and standardised
form than woodchips. That is why boiler operation is more reliable and the transport and
storage of pellets is simpler and cheaper.
Pellet boilers are suitable for both residential homes as well as for large commercial or
residential buildings.
It is important to note that in modern biomass boilers, up to 20% of the produced heat is lost to
the atmosphere through waste gases. Recently new condensing biomass boilers reach the
market. Boilers in a combination with secondary condensing heat exchanger which has been
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designed to capture some of this lost latent heat energy, can maintain to achieve an extremely
high efficiencies up to 97% Hs. Such performance indicators of the economizer are achieved
due to the fact that moist wood is burned inside the biofuel boilers and a large portion of
combustion heat is used to evaporate moisture from the biomass fuel.

2.3.5. Condensing boilers
Condensing boilers are highly efficient boilers, running on natural gas EL heat oil or LPG; they
have much lower fuel and running costs than conventional boilers. Condensing boilers work
very efficiently because they also recover latent heat contained in the combustion exhaust
gases.
In a conventional boiler, fuel is burned and the hot gases produced are passed through a heat
exchanger where much of their heat is transferred to water, thus raising the water's
temperature. One of the hot gases produced in the combustion process is water vapour
(steam), which arises from burning the hydrogen content of the fuel. A condensing boiler
extracts additional heat from the waste gases by condensing this water vapour to liquid water,
thus recovering its latent heat of vaporization. A result is that the flue gases of a condensing
boiler are cooler, typically 50-60°C compared with 120-180°C in a non-condensing boiler.
Because of the relatively low temperature of between of the resultant flue gases, flues for their
removal can be made of plastic tubing. As result of exploitation of large part of latent heat,
condensing boilers have higher efficiency up to 99% (Hs) / 109% (Hi) in regard to
conventional boilers. Due to this less fuel is used and consequently CO2 emissions are
reduced. Basic working principle and energy breakdown of the conventional non-condensing
and condensing boiler is showing in the Figures 45 and 46.
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Figure 45: Energy efficiency comparison between conventional and condensing boiler (Source:
Gasregister co UK)
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Figure 46: Energy efficiency comparison between conventional and condensing boiler (Source: Riello)

Condensing boilers cover almost all output ranges needed in a service sector. Compact wallmounted units can deliver up to 120 kW. Connected one in a cascade system, the output can
be increased up to 1.000 kilowatts. Standalone floor standing units can supply nominal
outputs of more than 10,000 kW. Almost all modern condensing boilers have modulating
burners which enables heat output regulation from 25% to 100% of nominal output.
Technology of condensing boilers today is very technically very sophisticated and reliable.
Because of these advantages, condensing boilers are often the first choice both for new
installations and for the refurbishment of existing central heating systems. Europe in 2008,
some 310,000 natural gas-fired condensing boilers were sold. Number of condensing boilers
sold as a proportion of sales of heating units in selected European countries in 2008 is shown
in the figure below.
63 / 313

Figure 47: Number of condensing boilers sold as a proportion of heating units in selected EU countries in
2008 (Source: IEA)
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2.3.6. Ventilation and air-conditioning
Heat recuperation
Heat recovery is a process of continuously preheating incoming cool supply air by warming it
with the outgoing exhaust air. There are three mean common types of heat recuperation
systems. Heat recuperation with rotating heat wheel exchangers, system with two separated
heat exchanger and connected with a brine system and systems with cross or counter-flow
plate heat exchanger.
The basic principle of operation is that outgoing stale air and incoming fresh air pass through
a heat exchanger so that the warm air gives up its heat to the cool airstream. In winter, the
outgoing warm air heats the incoming cold air; in summer, the incoming warm air gives up its
heat to the outgoing cold air. In particular types of heat exchangers also a moister can be
transferred between exhaust and intake air.
Rotating heat wheel exchanger
A heat wheel consists of a circular honeycomb matrix of heat-absorbing material, which is
slowly rotated within the supply and exhaust air streams of an air handling system. As the
thermal wheel, driven by a belt drive and the motor, rotates heat is picked up from the exhaust
air stream in one half of the rotation and is transferred to the matrix material of the
honeycomb. On the other half of the rotation, recuperated heat is given up to the fresh air
stream.
The heat exchange matrix is normally manufactured in aluminium, which has good heat
transfer properties, but can also be manufactured from plastics and synthetic fibres.
Both sensible and latent heat may be transferred. Latent heat when moisture in the outlet air
condensates on the wheel. Moisture may be transferred with heat exchangers using
hygroscopic wheels. For exchangers without hygroscopic wheels, the condensate is drained
out.
The possibility of transfer both latent and sensible heat makes those heat exchangers high
energy efficient, up to 85%. The shallower depth of the heat exchange matrix, as compared to
a plate heat exchanger, means that the pressure drop through the device is normally lower.
The limitations of installation are due to the physical size of the unit as well potential for crosscontamination of the air streams. The principle of course works in reverse and 'cooling' energy
can be recovered to the supply air stream if so desired and the temperature differential allows.
Rotating heat exchanger is illustrated in figure below.

Figure 48: Thermal wheel exchanger (Source: Durr)
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Cross Flow Heat Exchangers
This type of recuperator technology is by far the most common form of air-to-air heat recovery
and is used in a variety of air handling units with different air volumes.
In a cross flow heat exchanger the two airstreams flow through the channels formed between
the flat plates. Heat is transferred directly from the outlet air to the supply air through the
separating walls of the heat exchanger. The flat plates can be made of various materials (e.g.
aluminium, plastic, resin coated paper, etc.). Some flat plate exchangers with special material
of the plate can also transfer latent (moisture) energy from the high-vapour-pressure side to
the low-pressure side of the plates.
At no time do the airstreams mix as the heat radiates through the plates of the exchanger. But
in case of leakages there is a potential possibility of cross contamination.
Heat exchangers efficiency is a function of the direction of the supply and outlet air flow and
how long the air spends in the heat exchanger. There are two main plate heat exchanger
designs: cross-flow and counter-flow. The greater surface area of counter-flow designs makes
them more efficient, and there are three design types within this category: vertical flat panel,
horizontal flat panel, and cellular. Vertical-flat-panel models are the least efficient (50% to
75%), followed by horizontal-flat-panel models (70% to 85%) and cellular heat exchangers
(more than 85%).
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Figure 49: Examples of different types of counter current heat exchangers (Source: Wiki)

Run around coil or Air-Fluid-Air Exchangers
Run around coils are a process where heat or cool energy is removed from one location and
directed to another where the systems cannot be located within the same air handing unit or
to avoid cross-contamination of air. This system can be added retrospectively within existing
and separate air handling units.
A run-around coil heat recovery system consists of at least two coiled heat exchangers. The
coils are connected via pipes to a loop in which a fluid flows. The fluid is usually a mix of water
and an anti-freeze fluid. Heat is recovered from the outlet air to the cold supply air via the
brine fluid. It is also possible to recover cooling energy during the warm days.
Both sensible and latent heat may be transferred. Latent heat when moisture in the outlet air
condensates on the outlet air heat exchanger. Moisture is not transferred.
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The two airstreams are kept separate to prevent contaminants in the outgoing air from tainting
the incoming fresh air. This makes it very suitable for heat recuperation of polluted exhaust air
from premises with contaminated ait such as laboratories, etc.
The use of this system is generally limited to situations where the air streams are separated
and no other type of device can be utilised or for cases where no air cross contamination must
be guaranteed. Main disadvantage of this system is that the heat recovery efficiency is lower
than other forms of air-to-air heat recovery. Gross efficiencies are usually in the range of 40 to
50%, but more significantly seasonal efficiencies of this system can be very low, due to the
extra electrical energy used by the pumped fluid circuit.

Figure 50: Examples of different types of counter current heat exchangers (Source: Dunham-Bush)

Passive cooling systems
Basics of passive cooling are known and been using for a thousands of years such as
breezes flowing through premises, water evaporating from springs and fountains as well as
large amounts of stone and earth absorbing daytime heat. Passive cooling covers all natural
processes and techniques of heat dissipation and modulation without the use or minor use of
energy. By employing passive cooling techniques into modern buildings, mechanical cooling
equipment could be eliminated or at least significantly reduced.
The techniques for passive cooling can be grouped in two main categories:


Preventative techniques - protection and/or prevention of external and internal heat
gains.



Modulation and heat dissipation techniques - to store and dissipate heat gain through
the transfer of heat from heat sinks to the climate. This technique can be the result of
thermal mass or natural cooling.

Preventative cooling techniques
Reduction of the solar heat gains and of internal heat gains includes the following design
techniques:


Microclimate and site impact (sun, wind, etc.) on the building micro location



Solar control - A properly designed natural or artificial shading system, windows
orientation and sizing can effectively contribute to minimizing the solar heat gains.
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Building form and layout - Building orientation and an optimized distribution of interior
spaces can prevent overheating.



Thermal insulation - Insulation in the building’s envelope will decrease the amount of heat
transferred by radiation through the facades or roof.

Figure 51: Examples building micro location preventative cooling (Source: Smarterhomes.org)
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Figure 52: Examples of different types of passive and preventative cooling (Source: Smarterhomes.org)

Modulation and heat dissipation techniques
The modulation and heat dissipation techniques rely on natural heat sinks to store and
remove the internal heat gains. Examples of natural sinks are night sky, earth soil, and
building mass. Therefore passive cooling techniques that use heat sinks can act to either
modulate heat gain with thermal mass or dissipate heat through natural cooling strategies.


Thermal mass - using thermal mass as a heat sink. The thermal mass will absorb and
store heat during daytime hours and return it to the space at a later time.



Natural cooling – ventilation cooling, radiative cooling, evaporative cooling, and earth
coupling.
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Ventilation
By ventilation means using air to remove heat or provide cooling to occupants. In select
cases, ventilation can be used to cool the building structure, which subsequently may serve as
a heat sink.


Cross Ventilation - The strategy of cross ventilation relies on wind to pass through the
building for the purpose of cooling the occupants. Cross ventilation requires openings on
two sides of the space. For effective cross ventilation wind is necessary.



Solar chimney ventilation - Solar chimney ventilation is an alternative design strategy that
relies on the buoyancy of warm air to rise and exit through openings located at ceiling
height. Cooler outside area replaces the rising warm air through carefully designed inlets
placed near the floor.



Night flush Cooling – The building structure acts as a sink through the da. Heat can be
dissipated from the structure by convective heat loss by allowing cooler air to pass through
the building at night.

Radiative Cooling
Using night time net long-wave infrared radiation emitted from roof of the building to a sky for
a cooling purpose. Cloudiness of the sky has significant impact to effectiveness of the building
cooling.
Evaporative Cooling
Using evaporative process of water to cool the incoming air while simultaneously increasing
the relative humidity is known also as adiabatic cooling
The design relies on the. A saturated filter is placed at the supply inlet so the natural process
of evaporation can cool the supply air.
Earth Coupling
Earth Coupling uses the moderate and consistent temperature of the soil to act as a heat sink
to cool a building through conduction. This passive cooling strategy is most effective when
earth temperatures are cooler than ambient air temperature, such as hot climates. Direct
coupling, or earth sheltering, occurs when a building uses earth as a buffer for the walls. In
indirect Coupling a building can be indirectly coupled with the earth by means of berried ducts
in the earth which are used to cool the air flow in the ducts.

Figure 53: Examples of Earth Coupling cooling (Source: Wiki)
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Desiccant evaporative cooling systems (DEC)
Desiccant evaporative cooling systems (DEC) is an open cycle solar cooling technology,
which uses heat in a thermally driven cooling process. It is an open cycle process since the
cooling process utilises water as the refrigerant and a desiccant as the sorbent for direct
cooling the supply air. With open cycle solar cooling humidity management as well as space
cooling can be achieved.
DEC can utilise liquid or solid desiccant material to dehumidify air. After dehumidification the
air is sufficiently dry to enable an evaporative cooling process to cool air well below ambient
temperature conditions. This air is then supplied directly to the building
Solid desiccant cooling uses a desiccant wheel and thermal wheel in tandem to achieve both
cooling and dehumidification Air can be passed over common, solid desiccants like silica gel
or zeolite to draw moisture from the air to allow an efficient evaporative cooling cycle. The
desiccant is then regenerated by using solar thermal energy to dry it out, in a cost-effective,
low-energy-consumption, continuously repeating cycle.
Principle of the operation
Warm and humid air enters the slowly rotating desiccant wheel. The air is humidified by the
adsorption of water (1-2). Since the air is heated up by the adsorption heat, a heat recovery
wheel is passed (2-3), resulting in a significant pre-cooling of the supply air stream.
Subsequently, the air is humidified and thus further cooled by a controlled humidifier (3-4)
according to the set-values of supply air temperature and humidity. The exhaust air stream of
the rooms is humidified (6-7) close to the saturation point to exploit the full cooling potential in
order to allow an effective heat recovery (7-8). Finally, the sorption wheel has to be
regenerated (9-10) by applying heat in a comparatively low temperature range from 50 °C-75
°C and to allow a continuous operation of the dehumidification process.
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Figure 54: Desiccant evaporative cooling system (Source: Eai.in)

Liquid desiccant cooling system is a new technology. It uses a liquid desiccant such as
water-lithium chloride solution as sorption material. This type of systems shows several
advantages like higher air dehumidification at the same driving temperature range of solid
desiccant cooling systems, and the possibility of high energy storage by storing the
concentrated solution. This technology is a promising option for a further increase in
exploitation of solar thermal systems or any other waste heat at appropriate temperature level
for air conditioning.
Since solar thermal cooling, just as any other absorption chiller, does not use refrigerants
(CFCs and HCFCs, used in electric compression chillers) which are harmful greenhouse
gases. However, solar cooling is still in the early stages of market development; costs need to
be reduced through further development and increased deployment. A standardised, effective
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and simplified range of technology arrangements require development – particularly for singlefamily and multi-family dwellings – to enable solar cooling to compete with conventional and
supported renewable technologies and achieve widespread deployment. Quality assurance
and system certification procedures are also needed to help stimulate the market by building
buyer confidence (Mugnier and Jakob, 2012).

Figure 55: Schematic of the liquid desiccant cooling system (Source: solar.org.au - Investigations on solar
energy driven liquid desiccant cooling systems for tropical climates)

2.3.7. Hybrid (integrated) applications
Hybrid systems are defined as systems which provide heating, cooling and/or domestic hot
water through the combination of two or more energy sources in a single system, potentially
overcoming the limitations of individual technologies. Hybrid systems are used in small-scale
applications like heating and cooling systems for single family houses as well as in large-scale
applications suitable for district heating and cooling or industrial processes. The overall
system efficiency depends strongly on the way the different sources are combined. In fact in
order to get efficient hybrid systems several aspects have to fit well together:
‐

Highly efficient individual components

‐

Well-designed hydraulic scheme

‐

Well executed installation

‐

Centralized control unit including an optimized control for the specific components, climatic
area and customer behaviour.

One way to distinguish the hybrid energy systems’ scale is by means of installed capacity. In
literature, systems with capacities higher than 50 kW are often referred to as “large scale”.
However, a definition based on a “fixed” capacity range is very rigid and it does not take into
account the purpose for which the system is used. Additionally, custom-design should be
included in the definition. Following this route, a large-scale hybrid system is defined by these
simultaneous conditions:
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‐

Capacity higher than 50 kW

‐

Systems suitable for applications requiring complex conceptual solutions and tailored
designs.

‐

Systems requiring individual planning non-standardised calculations and often simulation
work.

‐

Systems specifically manufactured for particular applications resulting in single-unit
production rather than off-the-shelf products.

‐

Systems designed by engineers rather than installers.

‐

Typical applications of large-scale hybrid systems for heating and cooling include:

‐

Energy infrastructure like district heating and cooling networks.

‐

Large buildings for commercial or industrial use.

‐

Industrial processes.

Small scale hybrid systems are mostly applied in:
‐

Single-family houses

‐

Multi-family houses

‐

Small buildings used for commercial purposes

Until recently, the most common hybrid application was the combination of a fossil fuel burner
(mainly gas or oil) and solar thermal collector or heat pump. Such hybrid systems represent
an interesting and convenient option to reduce fossil fuel consumption until the transition
towards the next generation of hybrid renewable energy systems will be completed. Smallscale systems using a combination of two renewable energy sources have gained market
share in recent years. The main examples of hybrid renewable energy systems, coupled to a
district thermal grid or functioning on individual basis, are:
‐

Biomass boilers and solar thermal

‐

Electrically driven heat pumps and solar thermal

‐

Thermally driven heat pumps in combination with solar thermal

‐

Thermally driven heat pumps in combination with district heating

Figure 56: Typical setup of a hybrid system for heating and cooling, combining solar, biomass and heat
pump technology (Source: ITW)
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Figure 57: Lay-out of a compact thermal energy storage system with separate reactor and short-term
combi store. (Source: ITW)

Hybrid systems are also possible, for instance plastic PCM nodules can be put into a tank
where the heat-transfer fluid (usually water) melts or solidifies the PCM. The storage density
of this hybrid system is higher than that of water, but less than that of a pure PCM system.
Short-term research activities for the small scale hybrid systems
They should focus on tackling the current drawbacks, which can be summarised as follows:
Cost is too high;
Limited thermal efficiency;
Installation process is too complicated and time-consuming;
Insufficient user-friendliness;
Complexity and high cost of design and modelling, which may prevent optimization
(especially in small systems).

-

To overcome these problems, the following priorities are identified:
I. Prefabrication and integration
Efforts should be put into developing compact / prefabricated hybrid systems with the
following characteristics:
Improved efficiency through:

-

well-designed systems (having small heat or cold store, good hydraulic layout, being
exergetically optimized…);

-

control systems that optimise the energy consumption and take advantage of the
availability of renewable energy (optimise solar gain, increase COP, increase mean
boiler efficiency…);

-

embedded equipment for energy monitoring to have a clear picture of the energy
production, cost of primary energy consumed and amounts of GHG emitted;

-

more rapid failure detection, signalled, for example, by excessive primary energy
consumption and notification of the user and or service company.
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• Simplified installation to reduce breakage in installation and cost.
• Adapted to the various configuration of heating systems (low/high temperature) and
climates.
II. Automation and control
Within the development of such hybrid systems, special attention should be paid to the
automation and control of systems. The scope of this research includes:
-

-

-

Weather forecast, based on local observation and/or services available by Internet;
Heating/Cooling and DHW load forecast, based on the learning of system operation and
occupants’ behaviour;
New processing algorithms to supervise the complete system (adaptive control, learning
process, etc.) while maintaining a high degree of comfort and a low consumption of
auxiliary electricity;
Intuitive user interfaces which are able to provide information on the system to the user in
an understandable language, and which let users adjust the system simply (set point
temperature, etc.);
Monitoring and recording of energy production, cost of primary energy consumed, energy
efficiency and amounts of GHG emitted;
With more data on the behaviour of systems operating under particular conditions it should
be possible to develop performance guarantees;
Fault detection: intelligent analysis of the system behaviour should be included to quickly
detect possible malfunctioning and to alert the end-user or service company.

It is expected that research into these two areas will deliver a 20% cost reduction and a 20%
increase in thermal efficiency in the short term, thus leading to approximately a 40% decrease
of the overall system cost.
III. Development of new standards and testing procedures
In parallel with system development, new standards should be developed. Nowadays,
standards are available for specific components (heat pump, collector, heat/cold store,
boiler…) but do not capture the operation of the complete system. Research is thus needed to
reach a consensus and global methodologies to have new standards which are able to
provide a clear assessment on the efficiency of systems. A standard set of tests for hybrid
systems should be developed to certify their thermal and electrical efficiency and CO2
emissions. Transparent, comparable information will persuade more people to buy hybrid
systems.
IV. Next generation hybrid systems – towards 100% renewables
In the medium to long term, research should focus on hybrid systems based wholly on
renewable energy sources with improved performance/cost ratio. This next generation should
take advantage of:
-

innovation in components (collectors, biomass boilers…) and cross-cutting technologies
(heat pumps, TES, DHC);

-

uptake of R&D results from other fields of research (ICT, material science, production
processes, electricity and/or thermal smart grids, buildings…).

V. Integration of building components in hybrid systems
For new buildings as well as for existing buildings which undergo a deep energy
refurbishment, multifunctional façades and components will become an alternative to
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traditional construction techniques. If buildings with a net or nearly zero energy balance are to
be realised, the intensive integration of solar energy (PV and solar thermal) in the building
envelope becomes necessary. In addition to their primary purpose, components could provide
the dual service of insulation and static stability (passive functions) and solar energy
collection, sun protection, ventilation, hydraulic distribution systems (active). Multifunctional
components can reduce the construction or refurbishment time improving the quality of life of
inhabitants and others nearby.
Research is needed in the field of development, design, simulation and testing of these
components. Only by scaling up the production will it be possible to achieve significant cost
savings. Furthermore the monitoring of demonstration projects and experimental buildings is
needed in order to get feedback on functionality, durability and customer satisfaction.
As the façade is usually more visible than the roof structure, a very important aspect is the
architectural integration of these multifunctional components. This leads to additional
challenges on the technical level. Strong collaboration between designers, architects and
engineers is needed from an early stage of development to reach acceptance among public
opinion and decision makers.
Costs and performances vary widely between hybrid heating and cooling technologies and
also in each individual system because of differences in end-use applications, climate,
technology specifications, user requirements and building occupation profiles. Variations
within each country are even more pronounced at EU level, so it is difficult to present
meaningful results that are directly comparable at highly aggregated level. For these reasons,
unlike in the other chapters of this publication, the following table does not present specific
quantitative targets for R&D activities.
Large scale hybrid systems
They are primarily intended for large buildings, industrial processes and at district level. To
realise the full potential of renewable heating and cooling technologies, it is of utmost
importance to achieve significant advances in large-scale hybrid systems. The importance of
stimulating R&D and demonstration efforts in this field is evident, as large scale systems are
typically found in complexes of buildings, urban areas and industrial applications.
The majority of the world population lives in urban areas and it’s expected that proportion will
increase to 60% by 2030. Already today, approximately 70% of the world’s energy related CO2
emissions are generated in towns and cities with an increasing trend. By 2030, energy-related
CO2 emissions from cities will reach 76% according to a business as usual scenario by the
IEA. In absolute numbers, this corresponds to an increase from around 20 Gigatonnes CO2 in
2006 to over 30 Gigatonnes in 2030. It is thus obvious that it is necessary to develop and
push competitive large-scale hybrid systems based on renewable energies that are capable of
supplying heating and cooling in urban areas with highest possible efficiency and minimum
local and global emissions.
The application of large scale hybrid systems for heating and cooling in the context of urban
areas and industry is very often closely related to each other as industries are often located in
or near urban areas and thus part of an urban infrastructure. It is thus important to employ a
holistic view when designing large scale hybrid energy systems. Obvious examples which are
already often employed today include the use of waste heat of industrial processes for district
heating or the use of combined heat and power on both district and industrial level. However,
when it comes to substantially increasing the share of advanced high-efficiency heating and
cooling systems based on RES in densely populated areas and industrial processes,
additional R&D and demonstration efforts are required. Increasing the overall energy
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efficiency beyond the state-of-the-art and using RES often means introducing new
technologies. These systems are unproven and usually more complex, increasing investment
costs.
Reaching payback targets is particularly challenging in industrial applications where payback
periods smaller than five years are commonly found. While high-efficiency large-scale hybrid
systems based on RHC technologies have already reached competitiveness in terms of
overall lifetime cost, in many cases payback targets are still difficult to achieve. However, the
application of advanced systems offers advantages that will become significant in future. The
high volatility of energy prices is dissuading investors from investing in fossil-driven heating or
cooling systems and driving them to accept a moderately longer payback period from a
system with known running costs.
Research priorities – large scale hybrid systems
Large scale hybrid systems based on multiple fossil fuels or on the combination of fossil and
renewable sources have been in use for years due to the reliability, flexibility and costeffectiveness of these hybrid solutions.
Research, development and demonstration activities need to be focused on the following
areas:
I. Development of tools to support decision-making that allows optimal selection and
configuration of hybrid systems in urban areas
-

Incorporation of hybrid RHC systems including heat pumps and thermal storage into
support tools for decision making to optimize smart cities’ energy planning.

-

Selecting and designing hybrid systems by evaluating the characteristics of spatiallydistributed energy demand and supply.

II. Development of dynamic simulation tools that allow optimal design of hybrid systems
combining energy supply to urban areas and industrial processes
-

Dynamic simulation tools for the design and control of system configurations and hydraulic
schemes.

-

Development and validation of component models for the system simulation tools.

-

Research on advanced control strategies to adapt the operation of heat pumps and hybrid
systems to variable energy supply and demand to achieve optimum annual performance.

III. Development of advanced monitoring methods including function and yield control for
hybrid systems in urban areas and industrial processes
-

Development of methods that allow for a comparison and evaluation of the performance of
hybrid systems in urban and industrial applications.

-

These new methods should promote new financing schemes such as energy service
contracting (ESCO) and new funding schemes.

IV. Development of hybrid system configurations including heat pumps and large thermal
energy storage for operation in low temperature district heating and cooling networks and
industrial processes
-

Combination of heat pumps with direct supply of renewable heat from geothermal,
biomass and solar thermal sources to thermal grids.

-

Upgrade of heat from large thermal stores through heat pumps.
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V. Enhanced interaction of hybrid systems with smart grids (electrical and thermal)
-

Evaluation of “centralized” vs. “decentralized” approaches

-

Development of appropriate system configurations (e.g. integration of heat pumps with
thermal energy stores) and hydraulic schemes

-

Development of communication interfaces that allow for communication with the energy
distribution networks and energy management systems on the demand side

VI. Research on the combination of multiple sustainable heat sources to use hybrid systems in
densely populated areas
-

Exploration of waste heat sources (such as sewage water, waste heat from processes and
buildings, etc.) in combination with RES

-

Investigation and optimisation of the heat transfer characteristics of waste heat sources

VII. Development of highly integrated hybrid systems for heating and cooling in urban areas
-

Development of hybrid system featuring a high degree of building integration (e.g.
integration into façades/building structure/basement)

-

Development of “all-in-one” units (including at small-scale) integrating different RHC
technologies and heat or cold stores for decentralised application in cities

VIII. Research to improve the efficiency and cost of Stirling engines in hybrid heating, cooling
and power refrigeration systems
-

Further development of Stirling-engine systems and their hybridisation to achieve highly
efficient trigeneration.

-

Research on high temperature materials in the hot-end components of the Stirling engine
system.

IX. Research on the next generation of CHP systems combining RES with fuel cells
-

Basic and applied research to reduce costs and improve durability and operational lifetime
through better fuel-cell system design, new high-temperature materials and an improved
understanding of component degradation.

-

Research to reduce the balance-of-plant system costs by improving the power
conditioning system and developing less expensive catalysts, membranes and bipolar
plates.

2.4. Transparent building envelope
2.4.1. Phase change materials for translucent applications
Phase change materials (PCMs) are substances with a high heat of diffusion and were proven
to reduce the energy consumption in buildings. When it absorbs energy, the PCM changes
from solid to liquid and when the energy is released, it changes from liquid to solid.
Application of PCM in envelope buildings includes:
•

PCM in mass walls,

•

PCM in roofs,

•

PCM for under-floor heating,
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•

PCM for fenestrations/translucent applications.

Known as fenestration, the windows, exterior doors, and skylights influence the heating,
cooling, and ventilation of a building. Modern buildings have a large area of glazing. But glass
is a poor insulator and thus, a large amount of energy is wasted trying to keep the interior
comfortable. PCMs can help to incorporate glass in a building envelope. A PCM between two
glass panels in the window is capable of storing and releasing large amount of energy,
meeting the thermal loss standards for building energy performance.
Current products/services
PCM can be incorporated in an insulated glazing unit (IGU) that can be used as transparent
walls and windows and can reduce a building energy consumption by 30─50 % with at least
1/3 coverage on a south-facing façade. The core of this product is a thin layer of a translucent
PCM which stores heat by melting and then radiates it back into the space during night when
the material cools and re-solidifies. In the liquid state, the PCM transmits more than 40% of
the visible light, while when a solid, PCM is translucent but still transmits about 25% of the
visible light. 16 mm of PCM can absorb as much heat as a 250 mm concrete wall, thus it
prevents the overheating in summer and allows natural lighting, making possible the
replacement of concrete/solid walls.
GLASSX Inc., a company which was first developed in Zurich, Switzerland over the past 18
years and is licensed to the international building products company Saint-Gobain (parent
company to CertainTeed which is manufacturing the product in Austria and Germany) offers
glazing which incorporates PCMs. GlassX uses as PCM Calciumchloridehexahydrate
(CaCl2·6H2O) [i] with a melting point at room temperature (29 °C) that is hermetically sealed in
clear polycarbonate containers.
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Figure 58 How the PCM changes with the temperature [ii].

GlassX products include an outer IGU which has a suspended prismatic filter (like a Fresnel
lens) between the panes of glass that reflects higher-angle sunlight out while transmitting lowangle sunlight (Figure 59). This offers a passive solar-control mechanism for south-facing
glass to keep out most of the high summer sun, while benefiting from the lower-angle winter
sun. Sunlight that makes it through this IGU passes into another inner IGU that is filled
with sealed polycarbonate channels into which a translucent salt-hydrate PCM is
encapsulated. So the PCM is positioned closely behind the façade and thus, it absorbs both
external solar input and the internal heat from the building. When the outside temperature
decreases below the melting point of the material, the PCM recrystallizes and contributes to a
reduction of the heating load by up to 150–200 kWh/m² per year. Also two separate low-
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emissivity (low-e) coatings and low-conductivity gas fill in the outer two sealed spaces
glass help to push heat from the PCM inward while slowing outward heat loss. The directbeam light transmission (assuming the sunlight isn't blocked by the prism layer) is up to
45% when the PCM is liquid and up to 28% when the PCM has crystallized. GlassX
achieves thermal energy storage capacity of 1185 Wh/m2 so the PCM will store as much heat
as a 24 cm layer of concrete yet which can be released over a 20 hour period. The U factor is
about 0.48 W/m2K.

Figure 59 Structure of a GlassX product.

GLASSX offers two main product lines based on the PCM technology:
-

GLASSX®store, a modular interior element for curtain-wall constructions, and

-

GLASSX®crystal, an all-in-one façade element with integrated sun protection and
insulation for usage in light construction buildings [iii]. GLASSX®crystal is a translucent wall
element without any mechanical components or electronic devices. Thus the functionality
may be guaranteed over a long lifetime without maintenance. It is for available for both
residential and commercial buildings.

Details about their performances can be found here [iv]. Examples of buildings with GlassX
technology can be found in ref [v].

Figure 60 Examples of translucent glazing with thermal storage capacity [vi].
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Existing advantages and issues/problems
Advantages:
-

-

-

While usual constructions and buildings with a large share of glazing face the problem of
overheating in summer, GlassX products prevent these temperature peaks. GlassX
reduces dependencies on HVAC systems, offering a much more "green" and
environmentally friendly option. By replacing the solid walls with GlassX elements, the
energy consumed in a building can be reduced up to 16 kWh/m2 in comparison to an
opaque R19 wall (e.g., insulated brick, concrete or composite panel systems) [vii]. In plus,
GlassX allows for a soft translucent natural light during the day for additional savings on
artificial lighting.
The interior temperature can be reduced by 4 °C to 6 °C in temperate climates and even
up to 12 °C in warmer climates during summer months, which contributes to occupant
comfort and energy savings through reduction of cooling loads.
GlassX is a technology that can be used to the initial model design of a building to meet
the new thermal loss standards/requirements or can upgrade existent buildings.

Issues/problems:
-

GlassX windows are very expensive: $560─970 /m2. The company states that the payback
period on these windows is expected to be only 5 to 10 years.
With all the layers involved, the thickness of the windows is another obstacle. It is over 8
cm thick and weight nearly 100 kg/m2.

2.4.2. Low-emission coated glass
Glass is one of the most important building materials used in modern buildings. Every
designer and architect wants to use glass as it makes the building lighter and fills the interior
with natural light. Natural light of the sun brings a lot of benefits such as saves money on
lighting costs; it provides us information about the space, time and weather, fresh air, and
thus, a lot of benefits for building occupants. However, there is an urgent need to improve the
building energy performances. Glass is a poor insulator so heat gain and loss through glass
can represent a significant portion of the buildings heating and cooling loads. Almost 1/3 of the
heat loss of a building is through the windows. With the current technological advancements,
the thermal performance of glass is also under continuing improvement. The glass industry
has developed products to reduce energy consumption from heating and air-conditioning in
buildings.
First step in understanding energy efficiency of windows is to know how the heat transfer
takes place. In winter, heat leaves the house, while in the summer the opposite thing happens
so one has to cool down the place. The heat flows through conduction, convection, and
radiation. In a home, most of the heat is lost through conduction. This can be discussed by
using R and U values (see glossary for their description). When heat or light energy is
absorbed by glass, it is either convected away by moving air or reradiated by the glass
surface. All materials, including windows, emit (or radiate) heat in the form of long-wave, farinfrared energy depending on their temperature. The ability of a material to radiate energy is
called its emissivity. Reducing the emissivity of the window surface can improve a window’s
insulating properties. With conventional (no glazing) glass, a significant amount of solar
radiation passes through the window and heat from objects within the space is reradiated
back into the glass, then from the glass to the outside of the window. A glazing for maximizing
the energy efficiency during cold periods would ideally allow all solar spectrum to pass
through, but would block the re-radiation of heat from the inside of the space. Two of the most
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famous glazing solutions are low-emissivity (low-e) and solar control glass. While a normal
glass (uncoated) has an emissivity of 0.84, a low-e coated glass (such as Solarban 70XL) has
an emissivity of 0.2. Low-e coatings can be formulated to have a broad range of solar control
characteristics while maintaining a low U-factor.
Low-e glass is a specially treated glass with a thin transparent coating on one surface. This
coating reflects heat back inside the building and therefore, reducing the heat loss through the
window. The coating also allows large amounts of solar energy to enter the building, heating
it. This coating can be used on glass also on double or triple glazing units.

Figure 61: Low-e glass.

Current products
There are two basic processes for making low-e coatings [viii]:
Sputtered coatings - multi-layered coatings typically comprised of metals (e.g., Ag), metal
oxides, and metal nitrides deposited on glass (also on plastic films) in a vacuum chamber in a
process called physical vapour deposition (PVD) (also called magnetron sputter vacuum
deposition). They often use one or more layers of silver to achieve their heat reflecting
properties. Since silver is a soft material that is susceptible to corrosion, the silver layer(s)
must be surrounded by other materials that act as barrier layers to minimize the effects of
humidity and physical contact. Sputtered coatings were described as soft-coat low-e because
they offered little resistance to chemical or mechanical attack. Most sputtered coatings are not
sufficiently durable to be used in monolithic applications. Sputtered coatings have emittance
as low as 0.02 which are substantially lower than those for pyrolytic coatings.
Pyrolytic coatings – refers to a metallic oxide, most commonly tin oxide (SnO2) with some
additives, which is bonded to the glass while it is in a semi-molten state. The process by which
the coating is applied to the glass is called chemical vapour deposition (CVD). The result is a
baked-on surface layer that is quite hard and thus very durable, and that’s why pyrolytic low-e
is sometimes referred to as "hard-coat low-e." Pyrolytic coatings can be exposed to air and
cleaned with traditional glass cleaning products and techniques without damaging the coating.
Pyrolytic low-e is most commonly used in sealed insulating glass units with the low-e surface
facing the sealed air space.
Current technologies
a) Pilkington offers a series of low-e single, double, and triple glazed units incorporating lowe glass such as [ix]:
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Single low-e glazings:
-

-

-

-

Pilkington K Glass™: is the UK’s best-selling low-e glass. It is a hard coated low-e which is
highly durable. When used in combination with the Pilkington energiKareTM in an IGU, the
U value will get as low as 0.9 [x].
Pilkington K Glass™ S: is their latest high performance low-e soft coated product. It has a
neutral appearance with optimal solar heat gain, and light transmission and provides the
highest thermal insulation when incorporated within an IGU, it can be used in all types of
windows and in a variety of glazing applications from new build, to replacement windows
in existing homes and conservatories.
Pilkington K Glass™ OW: for A-rated windows with improved clarity compared to standard
low-e glass. A development of the original Pilkington K Glass™, it allows better light
transmission, improves solar gain and helps achieve a WER (Window Energy Rating)
band A in most window profiles when used within a Pilkington energy Kare™ IGU.
Technical details can be obtained from [xi].
Pilkington Optitherm™ S4 Plus: is a low coated glass that combines good thermal
insulation with excellent neutrality. It can be supplied in toughened or laminated form for
safety and security applications and has an outstanding U-value of just 1.2 W/m2K so
better reduction in heat loss. It provides very high light transmittance and low reflectance
to give a neutral appearance [xii]. It can also be combined with other Pilkington glass for
additional benefits such as for self cleaning.

Double/triple low-e glazing:
-

-

-

-

Pilkington energiKare™ is glazing which reduces the amount of heat lost through windows
and allows more heat from the sun in. It is the new energy efficient double glazing from
Pilkington for homes which can help to reduce the heating bills by up to 20% per year.
When installed in good window frames, it helps to achieve the requirements of the latest
Government Building Regulations using the WER scheme. It contains Pilkington K
Glass™ (which reduces heat escaping from homes) and Pilkington Optiwhite™ (a special
‘extra-clear’ type of glass that increases the degree of solar heat gain and makes homes
feel warmer using free heat from the sun). The expanded family of Pilkington energiKare™
products lets one get all the energy saving requirements from one source: Pilkington
energiKare™ Classic – The original Pilkington energiKare™ unit. This is capable of
achieving a minimum C WER in most framing systems [xiii].
Pilkington energiKare™ Triple: High performance triple-glazed units optimise the balance
between U values and g values to maximise energy efficiency for low/zero carbon new
homes. It consists of two panes of Pilkington K Glass™ and a third pane of Pilkington
Optiwhite™ with Argon gas fill. Overall thickness of the unit can be optimised to fit a
variety of modern framing and bead dimensions. The mid-pane is toughened as standard
to reduce the risk of thermal breakage. They are suitable for low and zero carbon homes
as well as more traditional new build properties, capable of meeting the requirements of
the Code for Sustainable Homes, now and in the future without the need for soft coat
options. Exceeds WER Band A and Passiv Haus requirements [xiv].
Pilkington Insulight™ Therm: Pilkington Insulight is the name of Pilkington IGUs. Pilkington
Insulight™ Therm has been specially developed to keep the home warmer. The unit
combines either Pilkington K Glass™ or Pilkington Optitherm™. It can be used wherever
there is a need for reduced energy consumption and heat loss from domestic windows and
conservatories, but also for commercial buildings [xv].
Pilkington Spacia™: consists of an outer pane of low-e glass and an inner pane of clear
float, with a vacuum rather than air or another gas in between. This is a cost effective
method to improve the energy efficiency of older homes/buildings where glazing choice is
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restricted or where the original frames are a desirable feature. It can achieve the thermal
performance of modern double glazing in the same thickness as single glass (thickness 6
mm). It is the first commercially available vacuum glazing. Pilkington Spacia™ is ideal for
use in historic buildings or where the use of thinner, low-weight glazing is desirable. Figure
below gives a comparison between Pilkington Spacia™ and conventional glass unit [xvi].

Figure 62: Pilkington Spacia™ versus conventional glass unit.

b) Saint-Gobain Glass offers a range of low-e glass called PLANITHERM.
It is designed for use in all double glazing applications, in all frame types for both new build
and replacements such as: windows and skylights in residential buildings and housing, doors,
windows and facades of non-residential buildings. It offers enhanced thermal insulation (which
leads to considerable reductions in heating bills, reduces condensation on the inner pane,
lower CO2 emissions associated with reduced energy consumption), neutral appearance (the
new generation Planitherm coatings are remarkably neutral in both transmission and reflection
as opposed to traditional hard coated low-e products which typically have a yellow/brown tint),
and high light transmittance (maximising the entry of natural daylight into the building. These
types of coatings also benefit from a lack of the ‘haze effect’ commonly associated with hard
coated products).
SGG PLANITHERM ONE [xvii]: is a soft low-e glass with a very lowest U value in the market. It
can be used for both residential and commercial new built and renovation solutions. It is
manufactured by a combination of oxide layers on high quality SGG PLANILUX clear float
glass. Combinations: monolithic, toughened, laminated. Depending on the composition of the
transparent coating layers, several SGG PLANITHERM range can be produced such as: SGG
PLANITHERM TOTAL+ and SGG PLANITHERM ULTRA N.
SGG PLANITHERM TOTAL+ [xviii,xix]: can be used annealed or toughened (this significantly
reduces stockholdings, reducing working capital, etc.), it is very durable, has a very neutral
appearance, high light transmittance, optimal solar gain and a U value of 1.2 W/m2K). SGG
PLANITHERM TOTAL+ meets the durability requirements of class C of European standards
EN 1096 and is marked.
SGG PLANITHERM ULTRA N [xx,xxi]: is an advanced performance soft low-e coating from
PLANITHERM family. It can be monolithic glass (of 6-8-10 mm on a substrate of SGG
PLANILUX clear float), toughened glass, laminated glass.
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ACG Glass [xxii] has a range of low-e glass for residential and commercial applications.
‘Planibel LOW-E’ covers both soft and hard low-e coatings for application as single glazing,
insulating glazing, and safety glazing.
-

-

The pyrolytic hard-coated products from ACG are: Comfort E2TM (for commercial
applications, the best choice for offices, skyscrapers, for both warm and cold climates,
provides aesthetics, durability, and energy savings), Comfort E-PSTM (for residential
applications, provides outstanding performances in cold climates, it has the highest SHGC
of a low-e glass of 0.73, high light transmittance, the best option for cold climates),
Sunergy® (for commercial applications, available in clear, green, or azure tints, is offering
outstanding thermal insulation and solar control properties; combines energy efficiency
with aesthetics and durability, can be single, double, triple; can be laminated, tempered,
bent).
The sputtered soft-coated products from ACG are called Comfort TiTM (with a titaniumbased sputter coating): Comfort Ti-AC TM, Comfort Ti-AC 23TM (the lowest SHGC of 0.23, it
has a neutral appearance and a beautiful blue-grey exterior hue, minimizes glare but does
not have a high degree of reflectivity), Comfort Ti-AC 36TM (has the world lowest emissivity
rating – 0.34, for insulation and solar heat blocking, for both commercial and residential
applications), Comfort Ti-AC 40TM (has a low emissivity rating, is the premier solution for
both air conditioning efficiency and interior comfort levels, can be combined with ACG
tinted and low maintenance glass), Comfort Ti-PSTM (it is perfect for colder climates
because maxims the heat gain).

Existing advantages and issues/problems
Advantages:
-

Low-e glass has a low U value and thus, it offers an enhanced thermal insulation which is
associated with reducing heating bills, increasing thermal comfort, lower CO2 emissions
due to low energy consumption.

-

Maximizes the natural daylight and allows heat to enter the house.

-

Reduces the incidence of condensation on the inner pane.

-

Reduces glare.

-

It is believed that over 90 million tonnes CO2 emissions could be saved annually by 2020 if
all Europe’s buildings (new and existent) were fitted with double low-e insulating glass
units.

-

They are durable.

Drawbacks/problems:
-

The cost.

-

It is not simple to decide which type of low-e glass to use because it depends on the
region one lives. For a good thermal insulation, the low-e glass is recommended in cold
climates, in an IGU on pane no. 3.

-

It is also a fact that low-e glass reflects more sunlight, so any concavity in the glass would
turn the glass into a concave mirror concentrating sunlight onto objects such as cars, etc.
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2.4.3. Solar control glass
Solar control glass controls solar radiation by managing reflectance, transmittance and
absorbance. Its main characteristic is to reduce the solar heat gain by reducing the
transmission of solar energy. It consists of a tinted glass or a microscopically thin coating on
one side that reflects heat from the sun (a part of the solar radiation) to the outside and this
helps to prevent overheating in large areas of glazing and reduces uncomfortable glare from
direct sunlight. In general, they have a higher reflectivity than uncoated glass.
Solar control glass can be used to keep the interiors comfortable by preventing the excessive
heating of the building in sunny weather and thus, it reduces or even eliminates the need for
air conditioning on buildings, reducing the running costs of the building and saving energy. It is
recommended for hot climates to minimize the solar heat gain and help control glare.
Solar control glass can be used in any situation where excessive solar heat gain is a problem,
e.g., large facades, atria, etc. This type of glass is also particularly useful for south facing
windows and for roofs.
Solar control glass has a very thin coating on the exterior (Figure 63) which reflects heat from
the sun to the outside, but allows the sunlight to pass through. It also reduces the
uncomfortable glare from direct sunlight.
The ability of a window to transmit solar energy into a room is measured by SHGC (see the
glossary) with values between 0 and 1. The lower a window’s g value, the greater ability of the
glass to insulate against solar heat that builds up.
Solar control glass can be used in a monolithic configuration or can be incorporated into a
double glazing with other type of glass such as low-e, self-cleaning, etc. A lot of commercial
buildings gain their character by coloured and specially selected solar control coatings on the
facade glazing. Blue, green, and silver are very famous building colours. Copper, gold and
bronze are used for high rising buildings. Blue, green, and silver are very famous building
colours. Copper, gold and bronze are used for high rising buildings.
Ad it is described in the figure below, in a double configuration IGU, the solar control coating is
applied on no. 2 of the glass.

Figure 63: Solar control glass is applied on the surface number 2 of the glass.

Products
There are two basic processes of coating the glass:
-

on-line coating or tinted glass (are applied during manufacture of the glass whilst it is still
hot, it offers lower levels of solar control and thermal insulation than the off-line coated
glass, but they are easier to handle and further process, and highly durable) and
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-

off-line coating or sputtering (are applied after the glass has been made, that is onto the
pre-processed glass, have superior properties than the glass with on-line coating, that is
higher selectivity, more neutral color, higher thermal insulation, and light transmittance, but
they require extra care). In this process, a target material is bombarded by ions from a
glowing plasma and atoms ejected from the surface are deposited to form a coating on the
glass. Sputtered solar control coatings are based on hard and durable materials (that can
be sputtered in different atmospheres of argon, oxygen and nitrogen) such as thin films of
stainless steel, titanium nitride or chromium nitride. That allows, in contrast to the
sputtered low-e coatings, the single glazing usage of this coating type. The final solar
control product shows some variety in colour and transmission (the visible transmission is
in the range of 8% up to 50%). In recent years, the coatings were tuned to special and
bright colours and to the addition of one or more dielectric layers like SnO2, ZnO, SiO2 and
Si3N4 to the solar control layers stack.

Technology
a) Pilkington [xxiii]: Pilkington offers a range of solar control glass with different performance
options for building applications. They can also be toughened or laminated for safety and
security, or can be combined with other type of glass:
-

-

-

-

-

Pilkington SuncoolTM Range [xxiv]: off-line coating solar control glass with high visible light
transmittance and low-e. It can be available in a range of colors and performances (e.g.,
Pilkington Activ SuncoolTM, Pilkington Activ SuncoolTM 66/33, Pilkington Activ SuncoolTM
50/25). It is always supplied in a IGU with Pilkington Planar frameless structural glazing
system.
Pilkington EclipseTM [xxv]: Gold and Sunset Gold products with rich gold color, medium
solar control properties.
Pilkington Eclipse AdvantageTM [xxvi]: combines solar control glass with low-e glass. It is a
range of high performance on-line coated glasses offering low SHCG, low reflectivity, high
transmittance, reduced glare and low-e; the products are available in a range of colors:
Clear, Blue-Green, EverGreen, Grey, or Arctic Blue.
Pilkington Solar-ETM [xxvii]: on-line coating with the lowest SHGC, combines medium solar
control properties with self-cleaning properties. Recommended for both commercial
facades and residential applications where high reflectance is prohibited, and where both
neutral aesthetic and energy efficiency is preferred for both summer and winter time at a
reasonable price.
Pilkington OptifloatTM Tint [xxviii]:tinted solar control glass in blue, blue-green, bronze, grey;
are suitable for applications that require solar control without the use of surface coating,
offer low reflections it is recommended for residential or commercial applications, for
achieving insulating properties it can also be combined in an IGU with a low-e glass.
Pilkington InsulightTM Sun [xxix]: is a superior solar control glass. It maintains a high level of
natural daylight, but reduces heat in glazed area during summertime. Combined with a
thermal insulation glass, the unit can reduce heat gain by up to 70%, making it the
optimum choice for year-round comfort throughout the home and highly suitable for use in
conservatories.

b) Saint-Gobain glass [xxx]:
-

SGC ANTELIO® (online coated high light transmittance solar control glass for both
commercial and residential applications, it can be applied on SGG PLANILUX clear glass
or SGG PARSOL body-tinted glass during the manufacture of the glass and the coating is
fused by pyrolysis).
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-

-

SGG COOL-LITE® SKN (it offers four levels of performance depending on the specific
requirement: SGG COOL-LITE SKN 174 / 174 II, SGGCOOL-LITE SKN 165/165 II, SGG
COOL-LITE SKN 154 / 154 II, SGG COOL-LITE SKN 144 II, can be used in both
residential and commercial buildings, they are ideal or facades or overhead glazing suited
for toughened glass, can be used on clear or tinted substrate).
SGG COOL-LITE® XTREME 60/28 and 60/28 II (are the latest innovations in high
performance solar control coatings, UK’s first triple silver solar control coatings with the
highest ratio of visible light to solar heat gain from the Saint-Gobain Glass range, has a
high degree of neutrality, it is suitable for commercial applications as façade or overhead
glazing requiring annealed and toughened heat treated glass).

Advantages and problems/issues
The main benefits:
-

It is suitable for hot climates as it keeps the interior cold/comfortable and thus eliminates
the use of air conditioning, reduces the running costs of the building and saving energy.
Filters the glare of the sun, while lets in enough sunlight.
Solar control glass can be combined with other functions: sound insulation, low-e, antiaccident safety, security, or self-cleaning.
Solar control glass keeps building occupants comfortable and in the same time reduces
the CO2 emissions. It is estimated that in Europe, almost 50-75 % of the total potential
CO2 reductions can be obtained through consistent use of solar control glass.

Problems:
-

Monolithic solar control coatings have a medium emissivity, so winter heat loss is going to
be relatively high as compared with e.
Higher price than normal glass.

2.4.4. Electrochromic windows
Electrochromism is the property of a device to change its optical properties reversibly if an
external potential is applied, associated with ion insertion and extraction processes [xxxi].
Electrochromic windows (ECWs) are windows able to control the solar radiation
passage/transmittance by an applied voltage and thus, allow control over the light and heat
passing through. An electrochromic window configuration consists of a multi-layer assembly
sandwiched between two transparent pieces of glass. The two outside layers are transparent
conductors, next is a counter electrode and an electrochromic layer with an ion conductor
layer in between (Figure 64). In the absence of an electrical load, the window is transparent to
visible and near-infrared light. By applying a low voltage over the two transparent electrical
conductors, a distributed electrical field is set up and coloration ions (most commonly lithium
or hydrogen) will move back and through the electrolyte, between the electrochromic layer
and the counter electrode and change the colour of the electrochromic layer.
Under this burst of electricity, the electrochromic material changes its opacity (from a
transparent state to fully darkened and any level of tint in between. The window operates on a
very low voltage (from 1 to 10 volts) – preferentially supplied by solar cells – and the electricity
is needed only for changing is opacity – once the change has been done, no electricity is
needed to keep the shade which has been reached. The darkening occurs from the edges to
inward in a process which lasts from seconds to minutes depending on window size.
Electrochromic glasses have been first suggested and used for rear-view mirrors and in indoor
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applications such as for protection of objects under glass in museums, but it was also used in
buildings, for privacy, to cut down glare, and to ward off increases in solar heat.
In addition, the sun entering the rooms can reduce the heating demands.
Electrochromic windows (ECWs) offer a great vision of the outside and help save energy. The
amount of energy that can be saved depends on the size and type of the building, its location,
the technical equipment and control of the building. These factors must be taken into account
when using ECWs.

Figure 64: Schematic diagram of a five-layer electrochromic coating (not to scale—the actual thickness is 4
microns). A reversible low-voltage source moves ions back and forth between an active electrochromic
layer and a passive counter electrode. When the lithium ions migrate into the active electrochromic layer,
an electrochemical reaction causes that layer to darken. When the voltage is reversed and the ions are
removed, the electrochromic layer returns to its clear state [xxxii].

Current products and technologies
ECWs modulate the tint and therefore the solar heat gain and visible transmittance properties
of the window. They cannot modulate the thermal properties (the U value). The range of
modulation dictates the ability of the ECW to optimize building performance across a wide
range of interior and exterior conditions. Switching speed is proportional to the size of the
ECW and temperature. Faster switching speeds enable greater responsiveness and reduce
control oscillations.
Commercial ECW are available from several manufacturers listed below.
-

-

-

The first company that provides ECW on the market today is SAGE Electrochromics
from USA [xxxiii]. This is a SAINT-GOBAIN company which has been recognized worldwide
for its electrochromic technology and often was referred as the only one suitable for the
building window industry. It uses WO3 as the electrochromic material. The ECW produced
by this company if the first and only commercial one available for exterior applications
which passed the standard American tests methods (ASTM E-2141-06) assessing the
durability of absorptive electrochromic coatings.
EControl-Glass from Germany is providing electrochromic glass for exterior building
applications [xxxiv] according to the European standard test methods for the durability of
laminated glass for building applications (EN ISO 12543-4). This company has taken over
the electrochromic activities of Pilkington AG (Suisse). It uses WO3 as the electrochromic
material.
Gesimat GmbH from Germany [xxxv] produces ECW in a different procedure. They use two
layers of tungsten oxide and an unknown electrochromic material [xxxvi]. No applicability of
these products was found for building envelopes.
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The lowest U value has EControl-Glass with a value of 1.1 W/m2 K which has become a
standard for European building projects.
Existing advantages/disadvantages/issues
For ECWs, solar radiation glazing factors are one of the most important properties. In addition,
there are also other properties which are crucial for the performance of ECW such as:
-

-

-

-

Electrochromic efficiency – the bleaching and colouring efficiency at a specific wavelength
λ.
Energy consumption – a low energy consumption of about 0.01 mWh/m2 is required for a
whole cycle including both bleaching and colouring.
Memory - the ability of ECW to maintain the bleached and coloured states without any
applied voltage. But the lower the required energy consumption, the less important is the
memory of ECW.
Switching time – the bleaching and the colouring times. The shorther switching times, the
better. Typical switching times are of the order of a half a minute, but it may increase at
repeated cycling.
Durability – it is a very important property which comprises: climate exposure durability (it
covers the resistance for various climate exposure factors such as solar radiation, high/low
temperatures, moisture/rain, microorganisms, time), cycling durability (the ability to be
cycled back and forth between various coloration levels without any significant degradation
– usually for WO3 or PANI is 3745 cycles then with an increased colouring time), and
elapsed time durability (durability of ECW with respect to elapsed time independent of
external strains).
A high transmission is desirable for admitting daylight during overcast periods. Therefore,
the greater the range in transmission, the more able the window is to satisfy a wide range
of environmental requirements.

Studies of the ECWs of SAGE done by the Lawrence Berkeley National Laboratory (USA)
[xxxvii] allowed the quantification of the ECW performances for real conditions. The results
showed that:
-

-

-

Faster switching speeds are desired than the ones found: 6−7 min at 10°C (for windows
with the size of 0.46 × 0.89 m2) and 40−85 min at colder temperatures and low solar
irradiance.
Controlling the ECW such as to maximize daylight and energy efficiency resulted in
lightning energy savings of 44% compared to fully lowered blinds and without daylight
controlled electric lighting and to savings of 26−10% if the tuned daylighting is applied.
ECW can provide large savings on cooling on warm days in hot climates with about
26−19%.

Main advantages:
-

-

The main advantage of ECWs is that they typically only require low-voltage power (0–10
V), remain transparent across its switching range, and can be modulated to any
intermediate state between clear and fully colored.
Possibility to modulate the incoming light and solar heat gains which will lead to lower
energy bills.
Reduction of HVAC (heating, ventilation and air conditioning) equipment.
Reduction of the costs for the static glazing-shade replacement and cleaning, UV fading of
textiles and fabrics.
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-

Even in the darkest states, it is still possible to provide view rather than blocking it
completely with drawn shades or blinds.
If low emitting coatings are applied, then it is possible to reduce heat transfer from this
absorptive glazing layer to the interior.

Disadvantages:
-

Higher initial cost. But this can be offset by the energy savings (energy bills) and increased
comfort.

2.4.5. SPD - glass or plastic with light electrically variable transmission
In the area of light control (which is described as a glass that can change its light transmission
when a voltage is applied), among the polymer liquid crystal devices (PDLC) and
electrochromic devices (EC), the suspended particle device (SPD) is generally the technology
of choice for use in external windows because of its reliability, price, performance, and
manufacturing advantages & aesthetics. These technologies regulate the opacity of glass via
a control method (sensors, remotes, wall switches, etc.). SPDs consist of a liquid suspension
or film within which light absorbing microscopic particles are dispersed. The liquid suspension
or film is then enclosed between two glass (or also plastic plates) coated with a transparent
conductive material.
Suspended films (or coated films) in between two glass panes act as a third glass pane and
thus, can reduce the weight of a building allowing a larger gas cavity than the other multilayer
glazing.
So, SPD light-control windows are made of:
-

Two panels of glass or plastic,
A conductive material - used to coat the panes of glass,
Suspended particle devices - millions of these particles are placed between the two panes
of glass,
Liquid suspension or film - allows the particles to float freely between the glass, and a
Control device - automatic or manual.

How SPD works is shown in Figure 65. This electrically controlled thin film (or suspension)
utilizes a thin fluid layer in which microscopic particles (e.g., polyhalid particles) are
suspended. Transparent electrical conductors are attached to it and allow an electric field to
be applied to the dispersed particle/film. Varying the voltage of the film varies the orientation
of the suspended particles, thereby regulating the tint of the glazing and the amount of light
transmitted. When the power supply is on, the suspended particles (rod shaped in case of
SPD SmartGlass) align and the glass panels become clear so that light passes through. When
the power supply is off, the suspended particles are randomly oriented blocking the light.

Figure 65: How a SPD glass works [xxxviii].
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Current products
Research Frontiers Inc., the developers and licensors of SPD-SmartGlass™, have built an
infrastructure of over 40 licensees worldwide offer smart glass products in automobiles,
homes, buildings, aircraft, boats and display applications. SmartGlass™ can be controlled
through a variety of mediums, such as automatic photosensors and motion detectors,
smartphone applications, integration with intelligent building and vehicle systems, knobs or
light switches. Typical visible transmittance (Tvis) and solar heat gain coefficient (SHGC)
ranges for the film alone are Tvis = 0.22─0.005 or 0.57─0.12 and SHGC = 0.56─0.41 or
0.70─0.50, respectively, with switching times less than one second. The SHGC switching
range is more limited than electrochromic windows. The device requires about 100 volts AC to
operate from the off state (coloured) to the on state (near transparent) and can be modulated
to any intermediate state. Power requirements are 0.5 W for switching and 0.05 W to maintain
a constant transmission state if not off (the most coloured, cobalt blue state).
New suspensions are also under development to achieve several different colors (green, red,
and purple) and to affect up to a 50% change in solar transmittance. Cost remains an issue.
The applications of SPD glass involve from automotive (sun visors, rear-view mirrors) and
aircraft, to architecture (commercial and residential).
Current technologies
-

Serious Materials [xxxix]
Visionwall Solutions Inc. [xl]
SPD Control System Corporation offers SPD SmartGlassTM [xli].

Table 13 Performances of SPD windows.
Manufacturer

Product

Configuration

U (W/m2K)

Tvis, %

Solar factor
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Serious
Materials

1125
Picture
Window
LP,
SeriousGlass
11L [xlii]

Dual pane, 3
low SHG films,
Xenon filling

0.28

39

0.24

Visionwall
Solutions
Inc.

Series 204 4element glazing
system [xliii]

4 pane, 100%
air filled

0.62

50

0.303

Table 14 Transmission data for SPD SmartGlass™ [xliv].
SPD SmartGlass (11.6 mm)
Property

Power on

Power off

Visible Light Transmission

49%

0.24%

UV Transmission

0.5%

0.5%

SPD from SmartGlassTM can be manually or automatically tuned to control the amount of light,
glare or heat passing through the window. Their SPD technology reduces the need for air
conditioning during the summer and heating during the winter. It can also be single, double or
triple glazed including low-e glass and gas filling, resulting in improved thermal performance
and reduced solar heat gain and low U values.
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Configurations Available:
-

Thickness: Various from 8.8mm for laminates and from 20mm for Double Glazed units.
Colour tints: Blue.
Minimum size: 20 x 30 cm, Maximum size: 100 x 280 cm.
Glass types: Gas filled double glazed units (external windows).
Processing: Double Glazed, Drilled Holes, Curved, Shaped, Triple Glazed.
SPD Smart GlassTM Control Methods: wall switch, remote control, movement sensor, light
sensor, timer.

Advantages/disadvantages
SPD is generally the technology of choice for use in external or solar control windows
because of its reliability, price, performance, and manufacturing advantages and aesthetics.
Advantages:
-

SPD glass façades, windows, and skylights can be used to more efficiently reduce the
need for air conditioning during the summer months and heating during winter.
SPD glass facades protect from damaging UV when on or off so eliminates the need of
blinders and shades.
Controls the solar glare.
Reduces the solar heat gain.
SPD glass can regulate natural day lighting.
SPD glass facades protect interior furnishings and artwork from fading.

Disadvantages/durability issues:
-

One disadvantage is that electricity is required to keep the window transparent.
The polymer can degrade over time as the glass as it has to withstand the climate
exposure over the years (because glass does not absorb all UV and short wavelengths).
Relatively low solar factors (that is when a high solar factor is desired) and low Tvis values
compared to the ordinary triple glazing products.
Cost.
In an effort to reduce glare the windows of many commercial buildings are permanently
tinted, therefore are requiring more lighting inside the building than its needed.
They are limited in size.

2.4.6. Thermochromic glass
Thermochromic windows alter their properties in response to changes in the ambient
temperature. The sunlight responsive thermochromic layers darken based on the amount of
direct sunlight on the window. The thermochromic glazing (material) is changing the
transmission continuously over a range of temperatures and thus, it reduces the heat loads
and maximize daylight (especially at peak demand). In addition to the changing from clear to
diffused, the thermochromic glazings also turn white and reflective. This can reduce the air
conditioning costs. In addition to minimizing solar heat gain, maximizing daylight, and reduces
glare, the thermochromic layers also help reducing the fading and noise, and increases safety.
A small disadvantage is that one can longer see through the window once it loses its
transparency, thus this type of glazing is best suited for skylight rather than view windows.
The thermochromic thin film is made of a material which changes its crystal structure as the
temperature increases. At low temperature (usually at room temperature) the material is in a
(monoclinic) state with a semiconducting behaviour – less reflective in the near IR radiation.
As the temperature increases, at a certain value, the material changes to a (rutile) state which
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is like a semi-metal, reflecting a wide range of solar radiation (NIR and far-IR) [xlv]. Most
common and promising TC material used in TCWs is vanadium dioxide (VO2). Discovered
over 50 years ago, VO2 is the most promising thermochromic material; however, related
materials have not been commercialized because of problems related to cost-efficient
preparation, stability and performance. Pure VO2 has the transition temperature to the semimetallic state at 68 °C, which is high. The optimum transition temperature should be between
16 and 21 °C, but considering the actual preparation process of the materials, 21 °C is the
most attainable value. The VO2 transition temperature can be modulated by doping with metal
ions (size and charge of the dopant ion), by films strain, microstructure, crystallinity, etc. This
decrease of the transition temperature opens up the prospect for being used in architectural
glazing that allows heat into a building below the TC and reflects heat away from a building
after the TC has been surpassed. Such intelligent coatings could reduce the use of internal
heating and air conditioning in a building, leading to savings in energy costs.
A drawback of VO2 TCWs is the low luminous transmittance, but it can be solved by
fluorination, by applying SiO2 antireflective coating. Fluorine and tungsten-doped VO2 are
good choices for energy saving windows. Fluorine-doped VO2 has a better transmittance in
the visible range. The changes in transmittance and reflectance are less than the ones of
tungsten-doped VO2. Titanium dioxide (TiO2) and cerium dioxide (CeO2) nanoparticles has
also been used and the films produced have both TC and photocatalytic properties or to
protect against chemical deteriorations.
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Figure 66 Diagram of heat reflectance and light absorption through the thermochromic film.

On a typical sunny day, an insulated glass unit incorporating a thermochromic laminate
changes its visible light transmission from 50% to 10% and then back to 50%. The timing of
these changes depends on the location of the window on the building (based on sun
exposure). The SHGC and shading coefficient vary down to 0.13 and 0.15 respectively, when
there is full direct sunlight.
Current products/services
Several technologies to deposit the thin films are being explored such as PVD (physical
vapour deposition), APCVD (atmospheric pressure chemical vapour deposition), sputtering,
sol–gel, etc. The most promising approach to thermochromic layers for windows involves the
incorporation of a thermochromic material into a plastic film of PVB (polyvinyl butyral). Local
glass manufacturers can buy rolls of thermochromic PVB and process it with local
equipments. This approach allows an easy lamination of any tinted glass and thus, it offers to
the architects the possibility to choose a desirable appearance of a building with
thermochromic windows. Thermochromic PVB became commercially available late in 2010
from Pleotint, LLC and has been successfully laminated between sheets of glass on
conventional lamination lines.
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‘Cloud Gel’ is a product available on the market from Suntek and consists of a thin plastic film
that can be incorporated into almost any window. Cloud Gel transmits 90% of sunlight when
heat or illumination are needed, but turns opaque white and reflects 90% of sunlight when a
room is too warm. For use in skylights, the material is formulated to turn white in response to
outdoor sunlight instead of indoor temperature, thereby transmitting a constant level of
illumination while outdoor sunlight levels vary hourly and seasonally by a factor of 10 [xlvi].
Current tehnologies
RavenBrick’s thermochomic windows [xlvii] - can be applied to virtually any window opening
in many types of structures, from skyscrapers and warehouses to residential housing. The
RavenWindow technology is applied at the window fabricator level on the outboard pane of
glass in an insulating glass unit. The transition temperature can be customized at the time of
the manufacture. For existing buildings, the windows may be retrofitted with RavenWindow
filter to improve the energy efficiency of the building.
Advantages of RavenWindow:
-

It can reduce that cost by 30% or more and deliver a comfort, performance and reliability
for the life of the window.
No electricity needed.
Local compliance.
No added installation cost.
Aesthetics.
High performance.
30-year design life.
Comfort.
Low maintenance.
Lengthens the useful life of HVAC equipment.
The choice of tint color, including neutral grey.
Glare mitigation.
UV control, reducing heat and sun damage to interior furnishings.

Pleotint offers Suntuitive™ [xlviii] - It is made with PVB and it is the first adaptive glazing for
use in an IGU. The SuntuitiveTM Interlayer which must be laminated between two panes of
tempered glass. They can make interlayers of 1.6 m and long of 90 m in a roll. Depending on
the tints and low-e glass selected, vertical IGUs made with Suntuitive Interlayer can produce
visible light transmittance as high as 60% in a clear state and SHGC as low as 0.11 in a
darkened state.’

Figure 67: A Typical Vertical IGU Assembly [xlix].
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Table 15 Performance of thermochromic windows.
Product
Pleotint
window

SRT

Configuration

SHGC

Tvis

R (1/U)

6 mm clear glass//SRT
laminate//6mm PPG-Solarban 60 low
E glass

0.344

50

5.6

Shading
coefficient
0.4

Advantages
-

High energy savings by changing the device’s reflectance and transmission properties and
reducing the solar energy gain.
Minimizes the solar heat gain (especially at peak demand) and maximizes daylighting.
No activation energy/electricity needed.
This windows are recommended for low temperature climates
Help reducing glare, fading and noise and increase safety
Thermochromic layers that adapt directly to changing sunlight intensity do not require
wires, power supplies, control schemes or control equipment.
Windows with these layers can be installed by glazing contractors, just like conventional
windows.
Low cost.
Thermochromic windows very attractive as compared to electrochromic and other electrooptic approaches to variable tinting windows.

Disadvantages (of VO2 – based thermochromic windows)
-

Yellow-green color.
Low visible light transmission of the pure VO2-coated windows
High transition temperature of VO2

2.4.7. Thermotropic glass
Thermotropic glass consists of two panes of glass sandwiching a polymer gel (Figure 68) that
undergoes a transition from clear to cloudy at a threshold temperature. The gel undergoes a
sol–gel phase transition at a characteristic temperature, allowing the glass to autonomously
shade solar radiation while retaining maximum natural light.
Thermotropic systems change their light scattering properties by a variation in the
temperature. At low temperature, the layer appears transparent for solar radiation as the main
components (a scattering material in a polymeric matrix) are homogeneously mixed at a
molecular level or have similar refractive indices (RI). At a higher temperature, a difference
between the RI values of both materials appears. Above the threshold switching temperature,
the components separate and the layer becomes ‘cloudy’ as the scattering domains form and
reflect (backscatter) the incident solar radiation. The thermotropic materials used in solar
control glass show an increased back scattering of the incident solar radiation.
Up to now, four different switching mechanisms have been investigated for thermotropic
systems [l]:
a) Phase separation (e.g., polymer blends and polymer gels),
b) Change of the particle size (e.g., thermotropic nanoparticles),
c) Aggregation (e.g., block copolymers), and
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d) Phase transition (e.g., casting resins with fixed domains).

Figure 68 Schematic representation of the switching principle of thermotropic layer [li].

Phase-Separation
Polymer Blends – a thermoplastic component embedded in a crosslinked matrix. The semitransparent matrix ensures the reversibility of the phase separation and mechanical stability of
the composed layer. Thermotropic polymer blends composed of a chlorinated rubber and
polymethacrylates were first described in 1993. The switching temperature from a transparent
to a translucent state could be varied from 60 °C to 140 °C. Thermotropic polymer blends
consisting of a poly(propylene oxide) and a styrene-hydroxyethyl methacrylate copolymer
thermally crosslinked with a trifunctional isocyanate have a switching temperature between 30
°C and 40 °C and a high reversibility of the switching process. In spite of an investigation into
thermotropic polymer blends for several years, due to technological problems, the
development of smart windows based on phase separating polymer blends was interrupted
and no products were commercialized.
Phase-Separating Thermotropic Gels – are formed from synthetic or natural polymers with
varying amounts of water or organic solvents. Their application utilizes a temperature
dependent transmittance change caused by phase separation processes. Thermotropic
polymer gels for sun protection have been studied very extensively for several years.
Polymers like hydroxypropyl cellulose, poly(benzyl glutamate) and poly(vinyl alcohol) were
intensively studied due to their high solubility in water and their pronounced lyotropic liquidcrystalline behaviour. The switching temperature can be influenced either by copolymerization
or by variation of the water content of the swelling agent. Unfortunately there is a strong
volume reduction during phase transition which prevented a commercial application.
Therefore, only non-sealed glass-gel-glass sandwich constructions could be prepared. A first
attempt of commercialization was done with Cloud Gel offered by Suntek. Besides chemically
crosslinked gels, thermotropic gels with a physical network have been developed. This type of
thermotropic gels consist of polyalkoxides with ethyleneoxide and propyleneoxide monomer
units and salts or other complex forming compounds as crosslinker. The ratio between both
monomeric units as well as the crosslinking agent can be varied and, therewith, it is possible
to adjust the switching temperature between the clear and the opaque, light scattering state in
the range from room temperature to 80 °C. The optical performance of these thermotropic
gels is similar to that of Cloud Gel. However, advantageously, physically crosslinked gels keep
a constant volume during the switching process. The applicability in smart windows is
enhanced substantially. Due to their biodegradability and commercial availability at low costs,
biopolymers are promising in the field of thermotropic materials. Depending on the
composition the crosslinked hydrogels made from cellulose, amphiphiles and sodium chloride
switching temperature between room temperature and 60 °C can be achieved. Here, the
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amphiphiles prevent the irreversible flocation of the cellulose derivatives. A 1 m2 large
assembly of a sun protection glazing was shown to function fine over a period of two years
under practical conditions. Named “Affinity Intelligent Window”, the product was marketed by
its inventor. Furthermore, thermotropic hydrogels based on cellulose derivatives, even without
the addition of amphiphiles, are reported, with a satisfying switching behavior and with
excellent long-term stability. Thermotropic gels possess excellent optical properties, they are
cheap and light stable. However, until now, no technology could be developed to produce an
economically-sufficient surface area in time.
Change of the particle size
Here the thermotropic effect is caused by the variation of the particle size, depending on the
temperature.
Thermotropic Nanoparticles and Aggregate – water dispersed thermotropic nanoparticles with
core-shell structures are hydrophilic when in a gel state at room temperature, but as the
temperature increases, they become highly hydrophobic and the gel structure collapses. This
has a drastic effect on the color and refractive index of the nanoparticles.
Aggregation
A further approach employs the aggregation of a triblock copolymer. E.g., polyethylene oxideco-propylene oxide-co-ethylene oxide, dispersed in water. With increasing temperature, the
homogeneously dispersed polymer molecules firstly form micelles. Further heating leads to
the packing of the micelles into cluster. The addition of sodium dodecyl sulfate (SDS)
influences the formation of the micelles and clusters. Therewith, the switching temperature
can be tuned in the range from 25 °C to about 60 °C by mixing an aqueous solution of this
polymer with varying amounts of the surfactant SDS. However, systems without a constant
thickness layer or any aqueous medium with free water, such as the case using SDS micelles
appear to be more of an academic interest at time.
Phase transition
Phase transition systems for solar control glazing have been almost exclusively described in
the patent literature.
Polymer Blends with Phase Transition - blends composed of two permanently immiscible
polymers with strongly differing temperature dependencies of their refractive indices. In the
off-state, the refractive indices of both polymers are almost equal and the polymer film
appears transparent. With increasing temperature, a difference between the refractive indices
of both polymers arises and light scattering appears. E.g., blends made from transparent
polyamides as matrix polymer with domain forming copolymers from ethylene and glycidyl
methacrylate. The performance properties of this material type are characterized by a broad
transition temperature range from 35 °C to 95 °C.
Thermotropic Casting Resins - Generally, long-chain compounds with a solid-liquid phase
transition in the desired temperature range (e.g., alkanes, fatty acid esters) are used as
domain materials and mixed with casting resins used in laminated glasses. Various switching
temperatures within the range of 10 °C to 50 °C can be realized. Based on the results of the
Fraunhofer, the sun protecting glazing T-Opal® consisting of a double float glazing with
thermotropic casting resin in between was introduced. The thermotropic casting resin is
composed of a UV curing matrix polymer and a partially immiscible low molecular weight
additive. The additive forms a separate phase in the cured matrix polymer and exhibits a
discontinuous change of the refractive index with temperature due to structural
rearrangements. On the other hand, the refractive index of the matrix polymer remains nearly
constant with temperature. By using a pair of matrix polymer and additive, the refractive
indices are equal at low temperatures, and a thermotropic casting resin switching from
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transparent to light scattering on heating is obtained. However, attempts for commercial
production of T-Opal® by Okalux have been deferred.
Products/Services
A glass made by a combination of thermotropic layer (TT + low-e) with low-e coating can
give good results for an office building application, in the summertime. In the winter it is
needed also a heating system as the thermotropic gel does not change its colour due to the
low temperature [li].

Figure 69 Configuration of the [TT + Low-e] glass [li].

b) Another possible combination could be the TT + Low-e + EC layer.
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Figure 70 Configuration of [TT+ low-e + EC] glass [li].

Such a combination (Figure 70) is optimal in the cold season (wintertime). The EC layer could
be controlled reversibly from clear to tint by short-time energizing, which uses little electric
power. Even if the TT gel could not reach the phase-change temperature while solar shading
is required in the cold winter, the TT gel is heated indirectly by absorbed solar radiation at the
nearby tinted EC layer, as required, making it possible to support dimming of the glass. In
addition, the tinted EC layer can provide an alternate to the shade by reducing the direct solar
radiation until the TT gel is clouded.
Technologies
At the moment, thermotropic glass is offered only by Fraunhofer:
FORMGLAS SOLARDIM®-ECO [lii] - Fraunhofer offers these transparent cast resins which
are used multifariously for producing laminated glass for windows in structural engineering
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and vehicle manufacturing applications, façade panels and roof glazing. Specially developed
pigments are added to the cast resins to produce thermotropic laminated glass. Because the
elements of cast resin are usually highly reactive, the pigments must have a high chemical
stability. The thermotropic cast resins reflect the solar rays. The intensity of the cloudiness
and the switching temperature can be adjusted. The laminated windows have long-term
stability and do not need maintenance [liii].
It comes in different configurations [liii]:
Configuration 1 – Laminated glass, 2 x 1 mm clear glass, resin layer = ~ 1.7 mm, medium
doping.
Configuration 2 – Exterior: configuration 1, gap: 16 mm air, interior: clear glass 4 mm.
Configuration 3 – Exterior: configuration 1, gap: 16 mm argon 90%, interior: low-e glass 4 mm.
Advantages of SOLARDIN ECO [liv]:
-

High energy saving with self-regulating solar reflecting windows. For both plane and bent
compound glazing.
Up to 50 % of the solar radiation can be reflected depending on the level of doting
Solar controlled hazing of a laminated glass window.
No external energy source is required.
Haze intensity and switching temperature are freely selectable.
High long term stability and green credentials.
Option of connection to individually adjustable control unit.

They also offer hydrogels with customized thermochromic and/or thermotropic properties. In
terms of their optical properties, these materials are suitable like no other for use in hybrid
light- and heat-regulating solar protection glazing. Such demo windows of up to 1 m² are
currently being tested under practical conditions [lv].
T-OPAL® - Thermotropic Sunshading System [lvi]: are used for solar protection, glare
protection, overheating protection, blinds. T-OPAL® consists of a polymeric layer in the
glazing elements and is a low-cost alternative. The reversible shading mechanism of the
thermotropic layer is based on reduced transmission with rising temperatures. In order to
achieve higher gains from solar energy, this system is transparent in winters and opaque in
summers to reduce energetic radiation.
Advantages:
-

Low costs of manufacturing and installation,
No electric power supply needed,
High transparency in the off-state
High switching range,
Reflection/Backscattering prevents the solar energy entering in the building
Variability of the windows in shape and size, 3-dimensionally curved glasses,
Self-regulation, no need for active control,
Long term stability, no fading, no need for maintenance,
High potential for the substitution of conventional sun protection means,
Chance to transfer existing results to self-supporting plastics like films and multi-wall
sheets.
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Disadvantages:
-

No view outside in the on state is possible. That’s why it is recommended only for parts of
a façade, e.g., in fanlights or in panes alongside clear glazing.

2.4.8. Photochromic glass
Photochromic glass is based on a photochromic material change their transparency in
response to light intensity. Photochromic materials have been used in eyeglasses that change
from clear in the indoor light to dark in the bright outdoors. Photochromics may be useful in
conjunction with daylighting, allowing just enough light through for lighting purposes, while
cutting out excess sunlight that creates glare and overloads the cooling system.
Traditional photochromic eyeglasses are generally alkali boroalumino silicates with 0.01 to
0.1% silver halide and a small amount of copper. Upon absorption of light, the silver ion
reduces to metallic silver, which nucleates to form colloids. This is small enough to keep the
glass transparent, but the colloids are dense enough to make the glass look grey or brown. In
photo chromic eyeglasses, darkening is reversed either by the removal of light (optical
bleaching) or by raising the temperature (thermal bleaching).
Because they react to UV light and not to visible light, there are circumstances under which
the darkening will not occur. As in the car: because the windshield blocks out most UV light,
photochromic windows will not darken. That’s why most sunglasses with photochromic lenses
also have a certain amount of tint already applied to them.
Regarding the photochromic materials, inorganic photochromic glasses based on silver
halides are currently used for sunglasses. Photochromic flat glasses for smart windows
cannot be produced, since the glass compositions are not compatible with the float process
(evaporation of halides).
The preparation of photochromic coatings is of great importance for many flat glass
applications. The latest research and development in organic-inorganic hybrid matrices (the
first incorporation of an organic photochromic dye into SiO2 gels dates since 1986) containing
organic photochromic dyes are very promising and should open a new market and technical
innovation.
Products/services
Although small units have been produced in volume as a consumer product, cost-effective,
large, durable glazings for windows are not yet commercially available.
Technologies
Fraunhofer developed a photochromic window element, which is characterised by deep
colouring even at elevated temperatures [lvii]. When illuminated with sunlight, the photochromic
window sample darkens from a visible transmittance of 60% to 4%. Under illumination, dye
molecules are excited and inject electrons via the titanium dioxide TiO2 into the tungsten
trioxide, WO3 which colours blue as a result. Charge neutrality is maintained by two
processes: positively charged lithium ions from the electrolyte are intercalated into the WO3
and simultaneously, negatively charged iodide ions donate electrons from the electrolyte to
the dye molecules, oxidising the I- ions to I3- ions. The reverse process also occurs when
electrons, primarily from WO3, flow to the I3- ions in the electrolyte. This reverse reaction is
originally very slow but can be accelerated greatly by adding a catalyst such as platinum (Pt).
Appropriate adjustment of the catalytic activity is essential for a marked photochromic effect.
Stronger catalytic action accelerates the bleaching process but reduces the equilibrium
coloration depth.
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Advantages:
-

It needs no electricity to activate into the ‘dark’ state.
They can control glare, reduce transmitted radiation and the most important feature of
them is to obstruct UV radiation.

Disadvantages:
-

-

They reduce the glare from the sun but they don’t control heat gain. So they cannot save
energy. Also, in the winter, the window darkens more intensely in the winter than in the
summer, although more sun heat is needed in the cold season.
Until to date, this technology has been done only on small scale pieces of glass but has
not been successfully applied on large scale commercial windows.
They cannot be manually controlled.
It’s mostly used in sunglasses and cars.

2.4.9. Photovoltaic glass
Solar energy is the main source of energy on earth. In one day, the sun is giving us more than
10000 times energy than the daily use of the earth’s population. The big challenge though is
to collect this free energy at an efficient cost. One of the most promising ways to produce
electricity from sunlight is ‘photovoltaics’ (PVs). PVs are solid-state semiconductor devices in
which free electrons are produced as an electric current when a light is shining on the device.
Building Integrated Photovoltaics (BIPV) refer to photovoltaics which are integral to the
building. The four main options for building integration of PV cells are on sloped roofs, flat
roofs, façades (vision glass) and shading systems. The envelope produces electricity, which
flows through power conversion equipment into the building's electrical system. In this case,
the solar cells provide shading and generate electricity.
What is photovoltaic glass (PV glass)? PV glass is a special glass that is used in PV modules.
Solar cells are embedded between two glass panes and, when used in PV glass application,
and they can be either crystalline silicon or thin film. In the case of crystalline silicon solar
cells, the ultra-clear figured glass is used as cover of solar PV cells, while super clear float
glass is for thin film solar cells.
Current products
BIPVs are receiving increased attention in the last decades that is justified by the promise of a
building envelope that can generate energy in addition to other functional features on the
building façade and replacing traditional building elements.
Semi-transparent BIPV modules are replacing the traditional glazings for energy efficiency
and aesthetic consideration. The current application of PV glass technology is mainly to power
the building. But due to limited availability of sunlight, PV glass is not in any position to be able
to provide sufficient energy for the whole building
Thin film photovoltaic modules produce energy at a low cost. They are ideal for large scale
solar farms and for BIPVs, have good aesthetics, small drop in power output under partial
shadowing when compared to crystalline Si PVs.
Thin film PVs consist of a stack of extremely thin photosensitive layers sandwiched between a
top Transparent Conductive Oxide (TCO) coating and a back contact. The photovoltaic layers
are laminated between a TCO glass such as NSG TEC™ [lviii], and a backing material, such
as standard or thermally strengthened Pilkington Optifloat™ Clear glass [lix]. Pilkington
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Optiwhite™ range of products may also be used as a base for TCO deposition or as a top
cover plate for CIS and CIGS thin film photovoltaics. (Pilkington Optiwhite™ is a range of
ultra-clear float low iron glass, which maximises the solar energy transmittance and, therefore,
the efficiency of the photovoltaic modules).

Figure 71 Configuration of a thin film PV device [lx].

NSG TEC™ can also be used with an amorphous silicon (a-Si), tandem (a-Si/μ-Si) – a
combination of amorphous and microcrystalline silicon, cadmium telluride (CdTe), copper
indium (gallium) diselenide (CIS, CIGS) and dye-sensitised solar cells (DSSC).
Crystalline Si (c-Si) PVs is the most used PV technology.
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Figure 72 Crystalline Si PVs [lxi].

There are two types of c-Si used in PVs: mono-crystalline Si (produced by slicing wafers from
a high purity crystal ingot) and multi crystalline Si (formed by casting Si first into bars and then
into wafers). Mono-crystalline Si solar cells have higher efficiency than multi-crystalline Si
solar cells.
In crystalline Si PVs, solar cells are generally connected together and then laminated under
toughened high transmittance glass. The glass type normally used for this technology is rolled
low iron glass such as Pilkington Sunplus™, often in toughened form, combined with an antireflective coating, to ensure that the maximum solar radiation reaches the crystalline silicon
solar cells. It is also possible to use low iron float glass such as Pilkington Optiwhite™.
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Current technologies
-

Onyx SOLAR [lxii] - Different combinations of photovoltaic (PV) glass: a large choice of
color, pattern, transparency degree, thickness and size. Onyx Solar offer: 100%
customized PV glass, transparent PV glass (for building applications with variable degree
of transparency, e.g., 10%, 20%, or 30%, lets the visible light in and blocks the UV and IR
light), colored PV glass (green, blue, yellow, orange, brown, pink, etc with the same
efficiency rate as non-colored BIPVs), laminated safety PV glass (consists of several
panes of glass bonded together by an interlayer of EVA or PVB), PV double and triple
glazed insulating units (consists of external PV laminated glass of various thickness, an air
or argon chamber of 16 mm, and an inner pane of 6 mm thick. In case of triple IGU, an
additional inner pane of 6 mm thickness glass is incorporated between the two glazing
units), multifunctional PV glass.

-

Pilkington [lxiii]: NSG TEC™ with Pilkington Optifloat™ Clear – photovoltaic (PV) glass
substrate (low iron glass). The NSG Group offers a range of specialised glass and coated
glass products used in solar energy technologies, including thin film PV, crystalline silicon
PV, concentrated solar power technology and solar thermal collectors.

Table 16 Properties of main NSG TEC TM products [lxiv].
NSG TECTM A7

NSG TECTMA9
NSG TECTM A10

NSG TECTM C10
NSG TECTM C10X

NSG TEC™
Sodium Block

Light transmittance

High

High

High

Very high

Conductivity

High

High

High

None

Haze
Sodium blocking
layers

Medium

High

Low

Very Low

Yes

Yes

Yes

Yes

Amorphous silicon
DSSC

Amorphous silicon

Cadmium telluride
DSSC

CIS/CIGS

Technologies

- PPG [lxv] offers two types of glass to be used in PV modules: SolarphireTM and Solar TCO.
SolarphireTM PV is a highly transmissive, soda-lime float glass product that is engineered for
use in a variety of solar applications. For PV technologies that require solar energy in the
350–1200 nm wavelength range, Solarphire PV typically provides total solar energy
transmission of ≥ 91% at thicknesses of ≤ 3.2 mm. This is achieved through ultra-low iron
levels and a unique glass chemistry that boosts transmission in the infrared band. Solarphire
PV glass has mechanical and physical properties similar to other soda-lime float glass. PPG
also can supply this product with anti-reflective, highly reflective and corrosion-retardant
coatings to modify performance for the specific needs of the solar industry.
Table 17 Solar performance values of Solarphire PV glass [lxvi].
Glass
Thickness, mm

Transmittance, %

Reflectance, %

UV

Vis

IR

Total solar

PV range solar

Vis

Total solar

2

88.6

91.4

91.4

91.3

91.3

8.3

8.2

3.2

87.2

91.2

91.1

91.0

91.1

8.3

8.1

4

86.4

91.1

90.9

90.8

91.0

8.3

8.1
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Solar TCO glass is a soda-lime float glass with a transparent tin oxide coating specifically
designed for use with thin-film photovoltaic cells to provide heightened transmittance and
improved conductivity properties. In 3.2 mm thickness, light transmittance is 84.5% and the
haze is < 0.7% as measured with a haze meter.
Table 18 Solar performance values of Solar TCO glass [lxvii].
Glass thickness,
mm

-

Transmittance, %

Coated Side Reflectance, %

UV

Vis

IR

Total
solar

PV range
solar

Haze

Vis

Total
solar

PV range
solar

3.2

56

82

59

68

76

<0.7

11

12

10

4

54

82

57

67

75

<0.7

11

12

10

ACG glass produces as well photovoltaic glass substrates [lxviii].
Arnold glass offers Voltarlux [lxix].

Existing advantages/issues/problems
The BIPV system serves as building envelope material and power generator simultaneously.
This:
-

can provide savings in materials and labour;
can reduce the electricity costs;
increases the importance of water tightness and durability of the BIPV product.

Advantages of PVs panels:
-

-

Provide green, renewable power by exploiting solar energy.
We can use PV panels as an alternative energy source in place of electricity generated
from conventional fossil fuels.
Help reduce our impact to the environment by reducing CO2 emissions into the
atmosphere
Act as UV and IR filters.
Can be combined with thermal insulating.
Allows visible light in providing natural illumination.
Generate consistent power, not only at elevated temperatures, but also on cloudy,
overcast days and at low sun angles.
PV panels can last up to 25 years or more, some with a maximum efficiency loss of 18%
only, even after 20 years of operation.
Require minimum operating or maintenance costs; just performing some regular cleaning
of the panel surface is adequate to keep them operating at highest efficiency levels as
stated by manufacturers’ specs.
Ease of installation and use.
Solar energy peak power generation usually coincides with peak energy demand (e.g., in
hot summer days). Consequently, solar energy systems is one renewable energy
technology that can assist in balancing and smoothing-out the energy load curve and
facilitate increased penetration of renewable energy technologies within the power mix.
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Disadvantages:
-

-

-

-

-

Their limited efficiency levels: PV systems have a relatively low efficiency level ranging
between 12─20 %. PV systems are still limited by the capabilities of the materials used in
PV cells (thin-films PV, mono or polycrystalline cells, etc.).
PV panels produce direct electric current which must be converted to alternating current
(AC) before it can be used for consumption (either to be transferred to the power grid, or
directly for own consumption). To convert DC to AC, PV panel systems use inverters,
expensive electronic equipment and with certain technological limitations, adding to the
overall system’s cost especially at larger power sizes.
PV panels deliver only in direct sunlight and it cannot store excess amounts of produced
energy for later use. This is particularly important when energy is needed for the night
when there is no sunlight or when weather conditions are fluctuating (e.g. sensitive to
cloud shading) conditions under which PV efficiency is further decreased.
PV panels may experience undesirably high temperatures due to part of the absorbed
solar radiation that is not converted into electricity. This heat input can increase the cells’
temperatures thus decreasing the conversion efficiency of solar cells. Open channel
beneath the PV module are commonly used to extract the additional heat.
Its high cost.

2.4.10. Multifunctional glass
The modern low-e coating with insulating property can be combined with other coatings for
solar protection. These glass types with combined coatings are called multifunctional glasses.
Nowadays all of the significant glass producers possess these types and there are many
categories produced by different glass factories. The multifunctional glass types are able to
use well as the component of triple glazing structures.
Any solar control glass or low-e glass, when assembled into double-glazed units, can become
a multifunction glass, for example providing enhanced safety, security or comfort (thermal or
acoustic), self-cleaning properties.
Products and technologies
One example of multifunctional glass is Pilkington Eclipse AdvantageTM Reflective Low-E
Glass [lxx]
Pilkington Eclipse AdvantageTM Reflective Low-E Glass is manufactured by the patented
Pilkington pyrolytic process. In this on-line chemical vapour deposition process, a gas reacts
with the semi-molten surface of a ribbon of float glass to form a reflective coating on clear and
tinted substrates. The result is a product that combines solar and thermal control with the high
visible light transmittance, subtle reflectivity, glare control, and the crisp, consistent colour that
only a pyrolytic can provide.
Also ACG Glass Europe and Saint-Gobain Glass offer a large range of multifunctional glass.
Advantages/issues:
The use of multifunctional glass also enables the building’s utility space to be optimized. As a
result, it enables a cost-saving installation.
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2.5. Energy management systems
It is clear that insufficient or inappropriate monitoring of energy consumption may lead building
owners and operators in a wrong direction and not knowing what potential they have for
profitable energy investments. The European Commission (EC) with its Communication
Addressing the Challenges of Energy Efficiency through Information and Communication
Technologies presented in May 2008, underlined the role of Information and Communications
Technologies (ICT) as an enabler of energy efficiency across the economy. The development
of sustainable and near-zero energy buildings is essential for the transition of developed
nations towards low carbon economies. Energy management in buildings is becoming an
essential aspect of operational management and it is supported by several international
standards or schemes like EN 15232 (Energy performance of buildings - Impact of Building
Automation, Control and Building Management) or ISO 14001 (Environmental management
system) or ISO 50001 (Energy management systems – Requirements with guidance for use).
The complexity of the modern energy management systems in buildings arise from the many
variables that would provide contextual information – some relevant, some not – including
end-user behavior during the usual daily operations. When it comes to energy consumption
problems in buildings, the following technical challenges are identified:
-

Is it possible to identify all the relevant variables that affect energy consumption?

-

Is the problem well posed by nature and supporting some type of structuring?

-

Is the problem computationally solvable in real-time?

Complexity of the different living/working conditions and environments also represents a
challenge in making the necessary measurements:
-

Can energy consumption and/or environmental impacts of the process or activity be
directly measured?

-

Are all relevant external variables available for measuring?

-

Is it affordable to measure everything that is relevant?

A number of modeling approaches and methods have been designed in order to provide
appropriate and accurate background for energy and/or environmental management systems
in buildings. State of the art energy and environmental management systems represent a
customized framework for facilitating inclusion of stakeholder values and multiple economic,
environmental, and social criteria in the decision-making process involved with managing
building operation. Vital part of any building energy and environmental management system
are measurements and data acquisition at all levels, from the different machines to subprocesses and departments, depending on the nature of the analysis to be performed and
user requirements. An excellent understanding of the energy consumption or energy
awareness is the key prerequisite for proper and timely decisions to reduce energy
consumption and negative environmental impacts.
Development of proper energy models is necessary to predict energy consumption in any
application. In real-life applications, energy models are usually derived from continuously
measured data. This means that the models are estimated based on real past data and later
used to predict the future behavior of relevant building variables. Energy consumption patterns
are essential not only for a better understanding of past behaviors of building energy
consumption, but also for forecasting future building energy demand, and particularly for
estimating energy requirements of alternative consumption strategies. The intelligent energy
and environmental management systems in buildings evolved around the core requirements
of context-sensitive energy consumption monitoring, energy modeling and prediction, as well
as emissions calculation and the decision support to different types of users.
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Figure 73: Reference architecture of the intelligent energy and environmental management system.

The respective functional blocks, covering these requirements, form the core of the context
sensitive energy and environmental management system reference architecture, which is
illustrated in Figure 73. The proposed concept is constituted upon four pillars: (1) ambient
intelligent data (AmI) acquisition and context sensitive processing, (2) performance monitoring
system including energy consumption modeling and prediction engine, (3) decision support
services and (4) the knowledge repository. The functionality of the four pillars is enhanced by
a number of supportive components like data access layer, to manage data from different
sources efficiently and user interfaces for setup and administration needed to allow easy
administration of the system. In this case, context variables are variables that affect the
process behavior but that are kept steady for periods that go beyond the process time
constants, for example ambient light or user presence.
The prerequisite for the any energy and environmental management system and its decision
support services is the systematic acquisition of data from different sources as well as a
context-sensitive processing in order to combine and transform the data into a form suitable
for the energy modeling, calculation and prediction functionalities. The information flow starts
from the different sources of information on the shop-floor level like ambient intelligence data
received from various locally installed meters and sensors, data from existing systems like
supervisory control and data acquisition systems (SCADA) or enterprise resource planning
systems (ERP), manual inputs by end-users and goes through the context sensitive
processing, enhancing energy measurement data with context information.
Energy consumption modeling and prediction is the necessary but only the first step in the
process of the performance improvement. Only when performance is quantified, meaningful
discussion about possible improvements may begin. Establishing a system of relevant and
case specific performance indicators (PI) is important for monitoring the operational
performance of any building or any other non-industrial activity. Properly defined PIs are
necessary for monitoring progress toward a target(s) and interpreting causes of good or bad
performance. The applied metrics must indicate identifiable instances of non-standard
performances and provide enough information to interpret what and why has happened. PIs
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have to be expressed as the ratio of measured energy and corresponding activity output over
a defined period of time. It has to be emphasized that the information on PI alone is not
solving the problem and energy management system must incorporate required knowledge on
how to correctly interpret PIs. From that perspective, energy PIs focus on monitoring
operational effectiveness and direct cost savings through more efficient use of energy and
other resources.
Challenges in implementation of energy management system in buildings
To achieve performance improvements, building occupants must change their attitude about
energy use and improve operational practices and routines. This is truly difficult and the most
challenging part in implementation of energy management system in buildings - to change
people’s behavior! Building occupants must share the ownership of energy and environmental
performance problems – no amount of monitoring, measurement or investment in technology
can do the job without the aid and touch of a human hand. When considering energy and
environmental management, most people tend to think of information first (data, monitoring,
measurement, analysis, and decision making), followed by procedures and equipment.
Unfortunately, even with sophisticated equipment and exact information, unless people are
persuaded to change their entire attitude on using energy, vast areas of day-to-day
inefficiency will still remain. Machinery and processes will be operated without concern about
energy efficiency, optimizers will be by-passed, meters incorrectly read, lights left on, taps left
running, and doors and windows left open and, as a consequence, environmental
performance will deteriorate. Information remains inert data unless it is processed and acted
upon by people. Investment in machinery remains lifeless hardware unless people operate it
intelligently and carefully. This is why, for an effective energy and environmental
management, we have to include the third dimension - human involvement - where the main
challenge is to change the people’s attitude to energy use. Implementation of energy
management system in buildings can be viewed as implementing a project of change. To
achieve transformation, i.e. to improve energy and environmental performance, people must
be willing and capable of changes. Willingness has three dimensions:
•
•
•

awareness,
motivation, and
skills.

Awareness means that people know what energy forms are, what may be environmental
impacts from their activities, what energy costs are, and where potentials for energy savings
are. Motivation is necessary to trigger people to change attitude to energy and material use in
order to cut energy costs through more efficient and responsible operation of machines and
other energy uses, providing that they have adequate skills and competencies.
Also, SWOT analysis of energy management systems in buildings (see

Table 19) offers good basis for objective evaluation of future implementation and development
challenges. It shows strengths and opportunities but also negative influencing factors –
weaknesses and treats – that must be taken into account before the installation.
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NEGATIVE

POSITIVE

Table 19: SWOT analysis of energy management systems in buildings
Internal

External

Strengths

Opportunities

 Constant monitoring of energy performance;
 Introduction of additional parameters to
support energy efficiency optimization;
 Context sensitive data to monitor energy use;
 Offers advanced analyses vs. operational
control;
 Prediction engine and energy models to
forecast energy consumption;
 Decision support services for energy savings;
 Add-on to other applications, information
systems;
 Independent platform, internet based.
Weaknesses

 Energy management systems can be
used to reduce costs via higher energy
performance and improved fault detection;
 (Legislative) support for introduction of
energy management systems;
 Supports ICT requirements for energy
management
systems
(EN16001,
ISO50001), environmental requirements,
high energy costs;
 Supports decision making in buildings in
different levels of management (energy
purchase, production, maintenance, etc.);
 Green image of building, energy efficient
companies.
Threats

 Complexity of the installation (communication
with other information systems, additional
meters);
 Measuring equipment needed, often at high
cost for a solution (reducing ROI);
 Expert personnel (energy and ICT experts) is
needed to adapt solution to specific cases;
 Large quantity of data needed for reliable
operation.

 Unclear and often unstable/changing
strategies related to energy and
environment in Europe
 Competition of SCADA and other building
information/data acquisition applications;
 Too complex for buying plug-in solution;
 Low interest by building operators
because of lack of people to deal with
energy problems.

Benefits to energy efficiency
Energy management systems are interactive and comprehensive platforms for exchanging
information in urban areas and can be a powerful tool for monitoring of progress in transition
toward low carbon society. Also, energy management systems in buildings can fill the gap and
help in harmonization of interests between energy utilities and citizens and can become the
first and necessary step in the development of smart urban environment. In the households
and public sectors, information on energy and water consumption is commonly provided on a
monthly or even two-monthly basis. Frequently, the recipient of the information has no
benchmark that might allow them to decide whether their consumption levels are normal or
excessive. It is clear that there is a need for a system that will provide higher-quality, more
detailed information on a more frequent basis. Also, that system should have the capacity to
analyze the information received and act on the parameters available to correct possible
dysfunctions. To overcome these difficulties, only logical solution is installation of energy
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management system enabling effective communication between energy utility, building owner,
operators and occupants with the emphasis on reception of real-time data from intelligent
metering systems. Energy management system can also serve as a hub for future synergic
cooperation of various public and private enterprises (Electricity Distribution Company, District
heating, Natural gas distribution, Waste treatment and Water supply, ESCO companies).
However, installation of energy management systems in buildings must result in energy
savings and reduction of costs. Operational experiences from many applications clearly
confirmed that the installation of modern energy management systems in buildings resulted
with optimized energy performance and reduced energy consumption up to 20% (depending
on the initial conditions).

2.5.1. Smart metering
Smart Metering is a technology where end-use energy efficiency can particularly be
encouraged. Smart Meters can give final consumers, at an affordable cost, clear and
comprehensive information about their energy consumption and, giving them better
information, can help consumers become more energy efficient. Smart Metering is often called
Advanced Metering and term “Advanced Metering Infrastructure (AMI)” is widely used as a
synonym for a system that records energy consumption and other parameters with
bidirectional communication between utility and its clients. Such system gives support for
functions like management of contracts and control of the demanded power. AMI is an
integrated system of smart meters, communications networks, and data management
systems. Customer systems include in-home displays, home area networks, energy
management systems, and other customer-side-of-the-meter equipment that enable smart
grid functions in homes, offices, and factories. Smart Metering is basically the remote and
automatic operation of meters and other devices to improve the efficiency of the power system
and quality of service. It implies a new relation model between the utility and its clients, using
ICT to interchange information between the utility and the devices installed in every supply
and at consumer’s premises. Smart Metering should add value to the service, giving better
information to the customers and optimizing the use of the demanded power and consumed
energy.
ESMA and JRC reports indicate the potential benefits of advanced metering systems for
different stakeholders:
-

Final customers to increase energy awareness and decrease energy use and energy cost;
Energy suppliers who want to introduce new, customer made services and reduce call
center cost;
Metering companies or DSOs to decrease meter operation costs;
Grid operators who want to prepare their grid for the future;
Governments to reach energy saving & efficiency targets and to improve free market
processes.

From this perspective, the investment in AMI is currently mainly justified on the basis of the
expected reduction of DSO’s operational expenditures, typically resulting from:
-

Elimination of meter reading costs;
Reduction of frauds;
Remote activation and deactivation of service;
Faster detection of power outages;
Improved management of bad-payers.
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This investment is also likely to yield additional benefits arising from the provision of dynamic
pricing for consumers. These benefits are usually not considered in the business case for
deployment of smart meters, as they depend on the development of future functionalities and
applications (e.g. in-home displays, smart appliances).
As AMI is a building block of Smart Grids it is essential to identify the final applications of
Smart Grids which are:
-

Safe integration of Distributed Energy Resources (Distributed Generation, Storage,
Electric Vehicles);
Possibility for consumers to respond to prices (Demand Response and dynamic pricing);
Safe integration of large-scale renewables.

From AMI perspective and consumer benefits, the ability to correctly respond to prices is most
important. On the other hand, the deployment of Distributed Energy Resources (DER) is
useful to offer alternatives to large centralized production. It also exploits the potential of
dispersed Renewable Energy Sources (RES) and includes prosumers in the electricity market.
The trend toward decentralization is also encouraged by consumers’ push for more control
over energy consumption.
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Figure 74: Example of Iskraemeco AMI system for residential metering (Source: www.iskraemeco.si)

Benefits to energy efficiency
Developing AMI systems and installing Smart meter without consumer participation and
additional services will, by itself, do nothing to save energy since the meter itself is simply an
“enabler”. Energy savings will only be achieved if installing the meters results in consumers
actually changing their energy consumption patterns (behavior).
There are basically two possibilities for end-consumer to respond to energy prices and
become more energy efficient and both ways can complement each other for best results:

Worldwide Energy Efficiency Technology Roadmap

-

Demand response;
Consumption feedback.

Demand response:
The target of Demand Response is to enable active participation of final consumers in the
market through the provision of consumption flexibility services to different players in the
power system. This is achieved by aggregating consumers’ reduced load into larger amounts
for participation in market sales. This meaning the aggregators will be the key players to
mediate between consumers and the market.
Typical end uses for demand response are:
-

Space heating and cooling systems;
Electrical boilers for water heating (may be accompanied by solar DHW systems);
Regulating the lighting sources and more intensive electric appliances with adjustable
time of operation (washing machines, dishwashers …).

Apart from areas where there are severe supply constraints, the benefits of demand response
are in general not enough to justify large scale smart metering investments alone. However
demand response can be an important part of the business model combined with operating
benefits, energy efficiency and other elements.
The deployment of AMI systems is a key enabler for the increase of Demand Response
initiatives. But gaining consumers trust and participation remains the main challenge in this
field. Potentially, consumers’ benefits are significant. They range from energy savings (up to
10-15%) to a more favourable business case for the purchase of home energy resources
through a direct participation in the electricity market (selling power and/or load flexibility).
A key component of such system is an ICT infrastructure to share information, price and
control signals among distributed users and producers. Smart meters and Energy
management devices (which enable smart home energy services) then represent grid users’
gateways to the ICT infrastructure. With the physical layer in place, consumers, producers and
prosumers are interconnected with two way power and information flows which is a basis for
market activities. Transactions of a wide range of electricity services among them then
become possible.
Consumption feedback
The role of feedback is to make energy visible and to make the consumption of energy visible.
Consumers can see how and how much energy circulates in the household or facility,
including appliance/process specific consumption. Feedback provides an opportunity to offer
consumers a more direct, detailed, comparable and comprehensive information about their
energy consumption pattern. There are two distinct characteristics involved when talking
about consumption feedback. Final consumer can be presented with indirect or direct
feedback.
Important characteristics for indirect feedback are that end-consumers:
-

Have no direct access to actual consumption data;
Respond to previous consumption behaviour (which may have a lower information
value);
Need to switch to another medium channel (e.g. bill, website, monitor, smartphone
applications etc.);
Need a level of commitment regarding regular use and interaction;
Have to rely on processed information.
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There are indications that indirect feedback is more suitable than direct feedback for
demonstrating effects on consumption of changes in space heating, household composition
and the impact of investments in efficiency measures or high-consuming appliances. In other
words, indirect feedback will show up longer term effects best, such as investment in
insulation, use of new appliances, replacement of heating systems and appliances, home
extensions, new members of the household.
The main characteristic for direct feedback is that consumers have an immediate and easily
accessible display monitor, associated to the smart meter. The role of the meter is to provide
a clearly-understood point of reference for improved feedback in combination with a separate,
free-standing or hanging easy to understand display monitor in the building. The consumption
information displayed can either be in kWh, in currency (€) or CO2 and be presented at a total
level or at a more disaggregated level.
Recent developments in domestic communications provide new paths for the data and
destinations creating a Home Automation Network (HAN). For instance, the data can be
transmitted via WiFi, Bluetooth, PLC and Ethernet to a stand-alone display, the TV or a home
PC. New products that control inform and automate the delivery and use of energy can also
use Wireless M-Bus, ZigBee, HomePlug or other proprietary protocol like Z-Wave. All of these
destinations allow the data to be brought somewhere convenient for the consumer. This area
is showing the greatest growth as developers recognize the opportunities presented by the
major national smart meter roll outs and develop links to meter vendors and energy suppliers.
There are indications consumers with a high energy use may respond more to direct feedback
than consumers with a low energy use, because direct displays best show up the significance
of moment-to-moment behaviour.
Depending on the direct or indirect feedback, the consumption can be presented through
different means and can be categorized into one of the following:
-

Informative billing;
In-house displays;
Web pages, e-mail, SMS and smart phone application;
Ambient displays;

More than one feedback type (or mixture of different feedback types) can be offered to final
consumers. This can significantly enhance effect on consumers’ behaviour.
Informative billing
Informative billing is an example of indirect feedback provided by energy provider. Besides
invoice for the actual consumption, Informative billing can also provide either historical
information comparing what the customer used this month to last month or to last year during
the same period.
In-house displays (IHD)
IHDs are displays which hang on the wall or sit on a counter and provide close to real time
and historical information about energy consumption and costs. They also provide a variety of
other data. For example the display can:
-

Allow consumers to set daily budgets for how much they want to spend;
Informs them of their success;
Provide current price of electricity;
Provide monthly consumption in currency;
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-

Peer comparisons (showing the consumption rate of neighbors or consumers with
similar conditions);
Appliance specific consumption (breaking down the energy usage of individual
appliances in the home).

Main focus of the IHD is the home screen. This is the key screen for the dynamic display unit
that the customer always sees when the device is switched on, while further information can
be gained if desired through navigating to other screens.
Ambient displays
Ambient displays differ from IHDs in that they do not provide specific consumption information
but rather signal to the consumer messages about their general level of consumption and/or a
change in electricity prices. Many ambient displays have the attributes of being attractive and
intuitive which adds to their customer acceptance potential. An example of this is the Energy
Orb sold by PG&E in the USA. Originally designed to track stock market prices, the Energy
Orb can also be programmed to change from green to yellow to red depending on the current
electricity price in real-time. For example the orb is blue during off peak periods, green during
daily peaks and red during super peak times. In addition, it can also flash as a warning for four
hours before each critical peak price period. Such ambient displays have the advantage of
being a constant reminder to reduce electricity consumption and if well designed can also be
seen as trendy addition to ambient and deserving a visible and central spot in the living room
for everyone to see.
Web and mobile services
Web pages, e-mail, SMS alarms and smart phone/tab applications offer an alternative and
cheap way to provide the consumer with information about their electricity consumption.
Energy suppliers are starting to provide web sites to allow consumers a consumption
feedback of remotely read data. This can at best be day behind data and present an indirect
feedback. Examples of direct feedback through internet are the consumption feedback web
applications by Microsoft and Google. These can in fact present data collected from local, real
time meters, but they do require access to a computer to view. Unfortunately due to lack of
utilities support, both web applications were discontinued.

Figure 75: Google PowerMeter presentation of used Electricity
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Figure 76: Microsoft My Hohm Center home screen

Other benefits of AMI systems:
More accurate meter reading and billing and fewer customer complaints. Remote
collection of meter data should reduce the cost of data collection, eliminate estimated bills
and provide accurate data for usage information on bills.
- Better service quality as the availability of individual service quality measurements allows
regulators to design new penalties/incentives to improve the performance of distribution
network.
- Easier to change supplier because, as meters can be read at any time on request, it
reduces delays for switching to take effect.
- Increased competition among suppliers as they are able to offer customized contracts and
added-value services.
- Ability to manage consumption as smart metering systems allows consumers to remotely
control devices that are able to communicate with the meters.
- The ability to install micro generation measures without new metering arrangements.
- The possibility for prepaid or post-paid schemes and easier credit, either by phone or
internet for pay as you go meters.
- The possibility for Third-Party Access, where smart metering system can be used to permit
gas, district heating and water utilities, contract meter readers, aggregators and other third
parties to read electrical meters, read gas, thermal and water meters, or control third-party
equipment on consumer premises. Multi utility metering enables cost savings both for
smart metering and services based on it.
Smart metering data integration
-

Data mining combining smart metering results with the contents of other data bases (such as
customer data bases and data bases on building properties) enables retail energy suppliers to
better understand their customers. Products can be designed and targeted more individually.
Detailed information on consumer behaviour can be a threat on confidentiality and privacy.
Thus rules for data mining need to be set in dialogue with consumer bodies.
Benefits to multi fuel and water supply applications and actors
There are distribution networks also for water, heat and gas besides electricity. All of them
need consumption metering. Smart metering brings benefits for all of them. Often
communication with these other meters is done via a smart electricity meter as electricity
meter can provide the power supply for the communication. Sharing the remote
communication channel can also greatly reduce the combined costs of communication.
Metering of all energy forms is needed to offer a complete view of the energy consumption to
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final consumer through comprehensive feedback. It is important to bring together the
measurement results for all the energy forms used by consumers for analysing and improving
energy efficiency.
Consumer Benefits of different Smart Metering applications1 and ESCO involvement
Legend: ✔= some benefit, ✔✔ = significant benefit, ✔✔✔ = much benefit

Applications of smart metering

Consumer ESCO

Settlement and billing

✔

✔✔✔

State estimation of power distribution networks

✘

✘

Monitoring of power quality and reliability

✔✔

✘

Customer service by DSO, RESC and ESCO

✔

✔

Load analysis, modelling and forecasting (for energy markets, network
operation and planning, energy saving etc.)

✔

✔✔✔

Demand response for electricity market and for network operation
support, peak load limitation

✔

✔✔

Ancillary services such as frequency controlled reserve, voltage and
reactive power control

✔

✘

Services for monitoring and improving energy efficiency of end use and
dispersed generation, Consumer information feedback

✔✔

✔✔

Providing information for authorities and researchers

✔

✔✔

End use energy management

✔✔✔

✔✔✔

Energy Saving

✔✔✔

✔✔

Smart homes, home automation, remote control of appliances by
consumer

✔✔✔

✔✔✔

Virtual Power Plant, embedded renewables and cogeneration

✔✔

✔✔

Preventive maintenance

✔

✔

Analysis of failures

✔

✔

Safety, security, telemedicine, social alarm services

✔✔

✘

Prepayment

✔

✘

Meter management

✔

✘

Connect, disconnect, limit load remotely

✔

✔✔

Fraud detection

✔

✔✔

Improving competition and efficiency in energy markets

✔✔✔

✔✔✔

Consumer Benefits and Key Performance Indicators2

1
2

ESMA, Definition of Smart Metering and Applications and Identification of Benefits, May 2008

JRC, Reference Report, Smart Grid projects in Europe: Lessons learned and current development, Annex III
Smart Grid Benefits and Key Performance Indicators, 2011
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Benefits

Potential key performance indicators
•

Enhanced
consumer
awareness and
participation in the
market by new
players

•
•
•
•
•

•
•
•
•

Enable consumers
to make informed
decisions

•

•
•

Create a market
mechanism for
new energy
services such as
energy efficiency
or energy
consulting for
customers

•
•
•
•
•
•

Consumer bills are
either reduced or
upward pressure
on them is
mitigated

•

•
•

Demand side participation in electricity markets and in energy efficiency
measures
Percentage of consumers on (opt-in) time-of-use / critical peak / real time
dynamic pricing
Measured modifications of electricity consumption patterns after new (op-tin)
pricing schemes.
Percentage of users available to behave as interruptible load.
Percentage of load demand participating in market-like schemes for demand
flexibility.
Percentage participation of users connected to lower voltage levels to
ancillary services
Related to their energy to meet the EU Energy Efficiency targets
Base to peak load ratio
Relation between power demand and market price for electricity
Consumers can comprehend their actual energy consumption and receive,
understand and act on free information they need / ask for
Consumers are able to access their historic energy consumption information
for free in a format that enables them to make like for like comparisons with
deals available on the market.
Ability to participate in relevant energy market to purchase and/or sell
electricity
Coherent link is established between the energy prices and consumer
behaviour
‘Simple’ and/or automated changes to consumers’ energy consumption in
reply to demand/response signals, are enabled
Data ownership is clearly defined and data processes in place to allow for
service providers to be active with customer consent
Physical grid related data are available in an accessible form
Transparency of physical connection authorization, requirements and
charges
Effective consumer complaint handling and redress. This includes clear lines
of responsibility should things go wrong
Transparent, robust processes to assess whether the benefits of
implementation exceed the costs in each area where roll-out is considered
are in place, and a commitment to act on the findings is ensured by all
involved parties
Regulatory mechanisms exist, that ensure that these benefits are
appropriately reflected in consumer bills and do not simply result in windfall
profits for the industry
New smart tariffs (energy prices) deliver tangible benefits to consumers or
society in a progressive way
Market design is compatible with the way the consumers use the grid

SWOT analysis of AMI/Smart metering systems
Strengths
1. Available feedback mediums:
-

Internet and existing mobile networks;

-

Utilities billing system.
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2. Demand response technologies:
-

Existing time varying and dynamic pricing algorithms

-

Available end uses for demand response:
o
o
o
o

-

Space heating and cooling systems;
Electrical boilers for DHW;
Regulating the lighting sources;
Electric appliances with adjustable time of operation (washing machines, dishwashers
etc.).

Available remote and automatic load control devices.

3. Available commercial off-the-shelf hardware and software for customizable feedback option
on individual appliances monitoring and consumption data aggregation. Smart appliances are
emerging on the market.
4. Available domestic communications (WiFi, Bluetooth, Wireless M-Bus, ZigBee, PLC/
HomePlug, and Ethernet) for data exchange between different Smart Metering elements
inside individual household (Energy Meters, Appliances, IHD, PC, Load control devices) for
feedback and demand response purposes.
5. Existing electricity grid infrastructure. It can be used in multi energy consumption metering
as power supply and channel for the remote communication.
Weaknesses
1. Demand response options:
-

Integration of domestic consumers who are less motivated by purely economic concerns
(minimal gains);

-

Domestic consumers are generally unable to make precise predictions on their available
load flexibilities; therefore it is difficult for them to offer services in the classical sense;

-

The benefits of demand response are in general not enough to justify large scale smart
metering investments alone.

2. Remote or automatic load control devices and programs are not fully integrated
(interoperability) to take full advantage of time varying and dynamic pricing algorithms
including available end uses of demand response.
3. Available data (Utilities):
-

Historical data for past comparison (Historical feedback);

-

Data for comparative benchmarking (Normative feedback).

4. Insufficient modularity and flexibility of present mass market smart metering products and
lack of full interoperability among available commercial AMI systems.
5. Compatibility and costs of emerging and available commercial off-the-shelf hardware and
software for different Smart Metering elements inside individual household (Energy Meters,
individual appliances consumption monitoring, IHDs, PC, Load control devices) used for
feedback and demand response purposes.
6. Interoperability issues for Third-party participation in offering remote or automatic load
control devices and programs (Energy management devices).
7. In order to capitalize Smart Metering benefits the whole system (infrastructure and market)
needs to be in place.
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8. Benefits for the supply side are mostly explored in ongoing Smart Metering projects.
9. The cost of installation.
10. Savings opportunities of dynamic pricing for consumers are not achievable without utilities
cooperation.
Opportunities
1. Smart Metering is first and essential building brick of Smart Grids.
2. Obligatory installation of Smart Meters by 2020.
3. National plans for Smart Meters roll-out.
4. Many ongoing Smart Metering projects and running (or in planning) pilots on AMI systems.
These pilots can be used for consumer feedback experimentation.
5. Leading role of Electricity in Smart Metering – Electricity meter can have “data
concentrator” role for other energy metering.
6. Energy suppliers can introduce new, customer made services (time varying and dynamic
pricing) for different consumers.
7. Third-party participation in information campaigns accompanying Smart metering
installation and the introduction of additional stimulation which will incite consumers to take
the desired actions - Promoting “Green” attitude.
8. Use of existing billing to upgrade towards informative billing.
9. Savings opportunities
-

Dynamic pricing for consumers;

-

Elimination of meter reading costs;

-

Reduction of power frauds (thefts);

-

Remote activation and deactivation of service;

10. Use of multi fuel (electricity, heat, gas) and water supply applications offer a complete
view of the energy consumption to final consumer through comprehensive feedback.
11. Introduction of aggregators (Third-party access) of consumers loads for participation in
market sales.
12. Integration of DER and RES.
13. Emerging feedback technologies (new web and mobile applications, IHDs etc.)
14. Consumption feedback processing by Third-party (ESCO).
15. Gaining consumers trust and participation.
Threats
1. Leading role of Electricity in Smart Metering can lead to neglect of other energy (heat, gas)
and water feedback options.
2. Interest and benefits for domestic consumers have the second priority as benefits for the
supply side are mostly explored in ongoing Smart Metering projects. Utilities may see
investments in consumer feedback programs non-profitable.
3. Covering too many different topics (Smart Grids, RES integration, Energy efficiency, Energy
savings, integration of EV ...) in one project/experiment.
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4. To high expectations of Smart meters - without consumer participation and additional
services the meter itself is simply an “enabler” of energy savings.
5. The effect of more cautious energy use may erode over time without constant motivation.
6. Gaining or loosing consumers trust and participation.
7. Security of personal information (safety and anonymousness of the data transfer).
8. Monopoly on metering data by utilities (limited Third-party access).
9. Monopoly on metering equipment selection by Utilities (limited Third-party upgrades with
IHDs, appliances consumption monitoring etc.).
10. Partial implementation will not return anticipated results.
11. Benefits of smart metering may accrue to other parties than the ones that bear the costs of
implementation.
12. National plans for Smart Meters roll-out (beyond 2013).
13. Financial incentives will probably have to be introduced to make energy saving measures
more attractive in economic terms.
14. Evaluation of goals (energy savings) regarding the situation before experiment
implementation.
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3. Emerging technologies’ potential
3.1. Introduction
In examining the potential of emerging technologies our objective was to assess the current
state-of-the-art and the likely path and timing of future developments in the commercialisation
of various technologies which we believe will make an important contribution in the field
energy efficiency.
The technology groups we chose to asses are:


3.2 Solar heating and cooling



3.3 HVAC technology



3.4 Transparent building envelope



3.5 Energy management

To set the scene, for each technology group we provide a general description of the main
market opportunities and a visual representation of the opportunities timeline. On this
graphic we indicate the likely path and timing of the future emergence of specific market
applications. For example, in the case of solar heating and cooling the eight market
applications considered are:


1-Integrated solar collectors in building surfaces



2-Double glazed flat plate collectors with anti-reflection coated glazing



3-Stationary CPC collectors



4-Maximum Reflector Collectors - MaReCo



5-PV-T collectors



6-PV/T solar assisted heat pump



7-Solar heating systems combined with biomass boilers



8-New compact thermal energy storage system

The market applications highlighted in the opportunities timeline are then examined in more
depth, with particular reference to the key success factors, the enablers/barriers, the business
considerations and the players involved. These findings are summarized in the
Product/Service Tables which follow.
Each Product/Service Table indicates the technical and functional characteristics of the
product or service, its advantages with respect to the state of the art, the key enabling
technologies, other linked products or services, the fields of application, life cycle,
preconditions, competing products/services and key players.
Also indicated on the opportunities timeline is the likely path and timing of the future
emergence of key enabling technologies, In the case of solar heating and cooling the four
enabling technologies considered are:


1-Optimized thermally-driven cooling cycles



2-Small scale thermally-driven solar cooling technology
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3-Optimized heat and mass transfer devices components



4-Medium temperature storage systems

These enabling technologies are then examined in more depth, with particular reference to the
key success factors, the enablers/barriers, the business considerations and the players
involved. These findings are summarized in the four Technology Tables which follow. Each
Technology Table indicates the uses or potential uses for the technology, its current state of
development, products in which it is applied, other related technologies, preconditions for its
commercialisation (regulatory factors, required resources, general constraints) synergistic or
competing technologies and key players active in developing or using the technology.
For ease of reference this common structure is used throughout this section to illustrate the
opportunities timelines, the market applications and the enabling technologies of the
other three technology groups.
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3.2. Solar heating and cooling systems
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Figure 77: Solar heating and cooling – opportunities timeline
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Opportunity Description
A Solar Cooling System commonly consists of three main plant sections (as it can be seen in
the related opportunity timeline):
A. A plant section related to solar capitation, denominated “solar heating”
B. Another one related to thermal conversion and to cool production, denominated “solar
heating for cooling”,
C. The last one which refers to cold or hot energy storage, called “thermal storage”.
Those three main sections covered some of the products and the technologies that we studied
in deep in this work, with a special focus on future developments.
While Solar Heating is a mature technological system, the Solar Cooling System is particularly
innovative from a technological point of view. It allows cooling and refreshing environments
using the air conditioning system powered by the heat produced by solar panels that are
traditionally used to produce hot water, instead of using electrical energy to power traditional
air conditioners. This type of system, for the way it operates, consumes almost exclusively
solar energy: it exploit an absorption cycle, fed directly by solar energy, which covers up to
98% of energy needs of the equipment, while traditional air conditioning machines commonly
use a mechanical compressor activated by an electric motor. The additional energy required is
therefore very low, with clear environmental benefits.
A typical solar cooling system consists of a common solar thermal system made up of solar
collectors, a storage tank, a control unit, pipes and pumps and a thermally driven cooling
machine. The available solar energy, in the form of solar radiation flux, is utilized by a solar
panel, in order to produce a high temperature fluid (generally water) that is accumulated in a
storage tank. The chiller, the real heart of the process, uses the hot fluid of the storage tank to
produce a cold fluid; the cold fluid can then be used in a normal cooling plant similar to an
electric refrigerator. Another commonly used layout, that is very common for installations on
which the plant has to be utilized during both winter (for heating) and summer (for cooling), is
the one where two tanks are necessary: one for the storage of hot water produced by the
solar thermal panels and a second for the storage of cold liquid produced by the absorption
machine (chiller). One conventional backup heat source (e.g. a natural gas boiler) is also
present. The backup heat source makes the operating hours of the solar cooling plant
independent from the availability of solar radiation.
Cooling from renewable energies, particularly solar cooling (SC) technologies, represents a
key issue within the European Union energy policy. The higher temperatures experienced in
Southern Europe widely attributed to climate change continue to increase the summer energy
demand for air-conditioning. Employing the power of the sun can substantially reduce
electricity peaks during the summer months and at the same time reduce CO2 emissions.
Solar heating, a widely accepted concept for hot water production enjoys a high level of
market penetration and is widely accepted by the general public. Solar Cooling, however,
although a mature technology, has rather low levels of market penetration and public
acceptance. This is due to a number of non-technological barriers such as its relatively higher
initial investment costs compared to traditional air conditioning installations.
Solar powered cooling involves using the high temperature in the middle of the day as the
energy provider to generate a cooling effect. When is a solar powered heating system at its
most effective? And when is the demand for cooling at its highest? The answer to these two
questions is the same: when sunshine is at its most intensive. So, solar energy can be used to
cool buildings, since the demand for air conditioning rises and falls more or less parallel to the
amount of solar energy available.
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Needs
The use of renewable resources for heating and cooling systems is still far below worldwide
potential, but interest is growing as technologies improve and costs decline. Modern biomass
systems account for the majority of renewable heating applications today. Solar-heat
collectors are in use in more than 56 countries, led by China, for water and space heating in
homes, schools, hospitals, and commercial and other buildings. Solar-cooling technologies
are also emerging and seeing rapid growth. Renewable heating and cooling applications
receive relatively little policy support, especially in comparison with the many incentives that
exist for renewable electricity generation worldwide. About 20 countries have explicit
renewable heating targets in place, and a similar number have heat obligations/mandates to
promote renewable heat technologies, according to energy policy group REN21.
The solar-cooling market is still emerging. Only about 500 solar cooling systems were
installed in 2010 (largely in Europe), but annual average growth rates above 40% between
2004 and 2012 suggest significant market interest. Large-scale solar-cooling systems have
the best economics. A major benefit of solar cooling is that it reduces peak electricity demand
and helps consumers lower their costs for traditional air conditioning. The majority of systems
are absorption chillers. Rather than using an electric compressor to pressurize the refrigerant
mechanically, absorption devices use a heat source—in this case a large solar collector—to
evaporate pressurized refrigerant from an absorbent/ refrigerant mixture. Although absorption
coolers require electricity for pumping the refrigerant, the power requirement is small relative
to that of a conventional electric air conditioner or refrigerator.
Product/services (market applications)
See numbers on the opportunities timeline


1-Integrated solar collectors in building surfaces
The viability of building-integrated concentrating systems would depend on the economic
comparison over systems with flat plate or evacuated tube collectors, whose market prices
are decreasing from day to day and offer some important advantages such as easy
replacement of structural elements. The integration is only possible if the design of the
solar technology is included in the design of the building. For building integration,
concentrating systems (CS) applied to solar generation processes can offer several
advantages over conventional thermal collectors, being the most noticeable



2-Double glazed flat plate collectors with anti-reflection coated glazing
Many future applications of solar thermal energy, like space heating with a high solar
fraction and solar heating for industrial-processes or solar air conditioning will require high
collector efficiencies at temperatures above 80°C and/or at a low irradiance level. Today‘s
flat-plate collectors (FPC) are cost-efficient, utilize diffuse solar radiation very effectively
and have a market share of more than 90%. However, in many operational conditions the
efficiency of the currently available products is not satisfactory for the applications
mentioned.



3-Stationary CPC collectors
A special design of flat plate collectors that reduce the heat losses of a solar collector
consists in reducing the area of absorber with respect to the collecting area, since the heat
losses are proportional to the absorber area and not to the collecting (aperture) area. This
concentration can be obtained using reflectors that force the radiation incident within a
certain angle into the collector aperture in direction to the absorber after one or more
reflections.



4-Maximum Reflector Collectors
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The MaReCo (“Maximum Reflector Collector”) is a heavily truncated and non-symmetrical
CPC, extended east-west with a bifacial absorber optimized for northern latitudes.


5-PV-T collectors
Hybrid photovoltaic and thermal (PVT) collectors combine photovoltaic (PV) cells and solar
thermal components and enable the simultaneous conversion of solar energy into heat as
well as into electricity. They provide potentially the most efficient conversion of solar
radiation into useful energy.



6-PV/T solar assisted heat pump
A solar-assisted heat pump (SAHP), which is an integration of a heat pump and solar
collectors, uses solar energy as an evaporating heat source and can achieve high
coefficient of performance (COP).



7-Solar heating systems combined with biomass boilers
Solar heating systems that are combined with biomass boilers can provide 100%
renewable heating systems. The combination is technically straightforward, but is rarely
offered as a standard product, so it requires unique design and production for each
installation. Evaluating the performance of currently existing solar assisted biomass boilers
should lead to development of high-performance kit systems.



8-New compact thermal energy storage system
Thermal energy storage (TES) is a technology that stocks thermal energy by heating or
cooling a storage medium so that the stored energy can be used at a later time for heating
and cooling applications and power generation. TES systems can help balance energy
demand and supply on a daily, weekly and even seasonal basis. They can also reduce
peak demand, energy consumption, CO2 emissions and costs, while increasing overall
efficiency of energy systems. Thermal energy storage (TES) includes a number of different
technologies.

Key technologies
See numbers on the opportunities timeline


9-Adapted concentrating solar technology for heat applications
Concentrated solar thermal systems, with the exception of solar dish systems, have the
benefit of storing energy as heat. In this case, heat that is accumulated throughout the
daytime can continue generating electricity when the sun goes down or clouds reduce
exposure. In most cases, the same fluid used to capture thermal energy is used to store
that energy in thermal storage tanks.



10-Optimized thermally-driven cooling cycles
Solar cooling systems require optimized thermally driven cooling cycles (sorption chillers
and desiccant systems), with higher coefficients of performance (thermal COP and
electrical COPel (2020: COPel >10 for the whole system)), lower cost and easier
hybridization with other waste heat, backup heating and backup cooling technologies.



11-Small scale thermally-driven solar cooling technology
The introduction of solar cooling standards, standardized kits and plug-and-function
systems will reduce, focus and simplify the range of possible solutions into a workable set
covering all major potential applications. Small-scale system design requires R&D effort in
order to develop low-cost systems, integrate them with existing equipment and optimize
operation in new developments.



12-Optimized heat and mass transfer devices components
Thermal energy storage is a key element for effective thermal management in the sector
process heat and power generation, it is indispensable for solar thermal applications. A
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characteristic of thermal storage systems is that they are diversified with respect to
temperature, power level and heat transfer fluids and that each application is characterized
by its specific operation parameters. This requires the knowledge of a broad portfolio of
storage design, media and methods.


13-Medium temperature storage systems
Industrial process heat applications have been identified as a promising new area for
applying thermal energy. Storage systems offer not only the reuse of thermal energy in
cyclic processes which facilitates the integration of solar energy due to the availability of
storage capacity. While the application of phase change materials (PCMs) is
straightforward for isothermal energy storage, no commercial system is available in this
temperature range today. In order to facilitate the uptake of solar heat in industrial
processes, research is needed into new materials for medium-temperature storage.

Field of application
The solar cooling system is in a phase of development, determined by the technology
improvements of the past years focused, both, on the capacity of solar panels to produce hot
water at high temperatures, and on the progress of the absorption machines that can also
work at a very low power scale.
Key Success Factors
Solar cooling takes advantage of the fact that the highest demand for air conditioning in
buildings during the hottest hours of the summer days, matches the maximum solar radiation
availability. Currently, the main request for electrical power is principally during the summer
period, while -until a few years ago, it was typical of the winter season. This is due to the
simultaneous use of thousands of air–conditioners. On the basis of all the considerations
above, and having a look on the trend of energy demand compared to the availability of solar
energy, the main advantages of using Solar Cooling technology can be summarized as
follows:






use of thermal energy otherwise dissipated: the use of thermal energy absorption at low
cost allows a drastic reduction of energy costs, and thus a strong cost- savings ratio for
each user for space cooling. Used chillers can be considered as real recovery of energy;
very low energy consumption: the primary energy used is heat, and electricity is only
committed to operating equipment on the movement of the working fluid;
variable power depending on the heat load through an “intelligent” control;
high efficiency, high reliability and low maintenance;
cut in fixed costs: a lower electricity demand lowers the fixed costs for the electric
transmission cabins and electricity transformation.

Enablers/barriers
Nowadays solar cooling technologies are neither as well known, nor as widespread as they
should be. They have not yet enjoyed a significant level of penetration into the air conditioning
market.





Lack of awareness in potential users (hotels, hospitals, and others) about the possibilities
and benefits of using solar driven cooling plants;
Most of the technical actors are not familiar with SC technologies, and they do not suggest
them as a solution to potential users;
Most engineers are not completely educated in this technology;
The suppliers of the plants are mainly engineering consultants and installers; they need
additional support through training, design tools (software) and control systems in order to
do their job better;
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Lack of packaged solutions is a serious problem not only during setting-up but also during
the life of the installation (maintenance); the installation and M&O need specific knowhow;
Relevant market actors claim that the high investment cost limits widespread application;
Today’s sorption technologies are, still, more expensive in comparison to conventional
chillers; this is more evident in the case of small scale sorption chillers (residential, small
trade centres etc). Significant effort is required to develop the existing technology in order
to reduce the cost of system;
The use of sorption chillers requires in most cases the existence of wet cooling towers,
which are covered by specific legislation to avoid the legionnaire’s disease. The
maintenance of such installations is more expensive and most of the potential users prefer
to avoid them; Although there is an important increase in the size of this market, today
there is limited or no market availability of small capacity systems;
Tax exemptions and other financial incentives for solar thermal systems are limited and
clearly not sufficient to promote the technology.

Business considerations
Solar, compared with other renewable energy sources, is second only to wind in meeting the
global energy demand. The annual energy produced was 68TWh and the cumulative capacity
was 115GW at the end of 2005 for solar heating.
Like many renewable energy technologies, solar water heating is characterized by higher
upfront investment costs and lower operation and maintenance (O&M) costs than
conventional technologies.
Investment costs for solar cooling are difficult to assess due to the emerging status of the
technology – limited experience and a high proportion of demonstration projects, which may
include a large amount of R&D funding. Despite this there are a number of available examples
of solar cooling installations that have been realized without subsidies. Operation and
maintenance costs for solar heating and cooling systems are generally low as the systems
require no fuel and use little electricity (to run auxiliary systems such as circulation pumps).
However regular servicing and light maintenance by a trained technician is required for
absorption and adsorption chillers to maintain vacuum seals. Maintenance for desiccant
systems is simple and unspecialized, usually limited to air filter changes or cleaning, whereas
operation of these systems is subject to more complex control strategies. As a result of the
diverging investment costs for different solar heating and cooling technologies, solar heat
costs will vary widely depending on the technology and the local market conditions.
The ETP 2012 2DS scenario describes how solar cooling can start to deliver considerable
contributions, especially after 2030 when costs of solar cooling technology are expected to
rapidly reduce while electricity costs are expected to continuously increase.
Targets and policies that support solar heating and cooling (SHC) could drive the installation
of 300 gigawatts-thermal of capacity by 2050 in the US.
Players
INTERNATIONAL ENERGY AGENCY – SHC Program), U.S. Department of Energy (DOE),
U.S. Environmental Protection Agency (EPA), the Sierra Club, Environment America,
Business Council for Sustainable Energy (BCSE)
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Table n° 1 – Solar Heating and Cooling (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Integrated solar collectors in building surfaces

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
linked
products:
Field
application:

of

About 80% of energy in the world is consumed within various buildings (homes,
factories, supermarkets, railway stations, offices, gymnasiums, etc). Air conditioning
and heating contribute to about 30-50% of the total building energy consumption.
Integrating the solar heating and cooling systems in the building envelope is a
necessity if the systems are to be economically feasible. Typically, it can be roof or
façade integrations such as wall, balcony, awning or shade of the building. The
integration is only possible if the design of the solar technology is included in the
design of the building. The major component of any such technology is the solar
collector. Solar thermal collectors are often considered as separate elements and
thus building integration is still relatively rare.
There are some recent developments of trigeneration systems to produce
simultaneously electricity, heating and cooling using concentrating solar thermal
collectors installed on the façade or roof and double effect absorption chillers,
reaching a global higher efficiency and higher operating temperatures. These
systems are used for the air-conditioning of the buildings during the whole year.
For building integration, concentrating systems (CS) applied to solar generation
processes can offer several advantages over conventional thermal collectors, being
the most noticeable: better use of space, ease recycling of constituent materials, flux
regulation to achieve variable proper flow conditions, higher levels of power density
and thus higher temperature of the fluid, reduction of the hottest parts areas and
therefore increasing the overall efficiency of the system (reducing the heat losses),
etc. However, the viability of building-integrated concentrating systems would depend
on the economic comparison over systems with flat plate or evacuated tube
collectors, whose market prices are decreasing from day to day and offer some
important advantages such as easy replacement of structural elements.
The building integration categorizes different grades as a function of the impact in the
building appearance and the building functions of the concentrating system. The
lowest level of integration appears when the system is not visible and the highest
when it constitutes in itself an architectural concept.
Considering that a higher concentration factor results in a more cost-effective device
mainly due to the thermal losses reduction and the efficiency increase, it can be seen
that within the concentration range where single axis tracking may be used, the most
desirable concentration factor is the one that approaches or, if possible, exceeds the
upper limit of 20X.
By integrating solar collectors into building envelopes, the cost effectiveness of the
collectors can be increased, as building material and labour costs can be reduced. By
also using concentrating reflectors the cost effectiveness can be further increased.
The major advantage of working with CS for cooling is that the higher operation
temperatures allow the use of double-effect absorption chillers that are much more
energy efficient that the single-effect absorption chillers, which means that the solar
system would need less collectors area to produce the same amount of chilled water.
/
- Concentrating collectors and reflectors
- Flat plate or evacuated collectors
Buildings
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Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:

/
/

To develop new integrated building products by 2020
Two elements need to be considered when establishing the architectural thermal
design: 1) significant effect on the thermal response of the building; 2) parameters
that are directly influenced by architectural design decisions.
Solar systems should be integrated within the composition logic of the whole building
with the following criteria:


The use of the solar energy system as a construction element (facade
cladding, roof covering etc.) should greatly ease the integration design work;



The position and the dimension of the collector field should be defined
considering the building as a whole (not just within a facade or the roof);



The colours and materials of the system should be chosen together with the
colours and materials characterizing the building and the context and finally



Competing
products:
Players:

4) Module size and shape should be chosen considering the building and the
facades/roof composition grids (or vice versa).
Standalone solar plants
Solar Collectors industries
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Table n° 2 – Solar Heating and Cooling (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Double glazed flat plate collectors with anti-reflection coated glazing

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:
Enabling
technologies:

Other
products:

linked

Many future applications of solar thermal energy, like space heating with a high solar
fraction and solar heating for industrial-processes or solar air conditioning will require
high collector efficiencies at temperatures above 80°C and/or at a low irradiance
level. Today‘s flat-plate collectors (FPC) are cost-efficient, utilize diffuse solar
radiation very effectively and have a market share of more than 90%. However, in
many operational conditions the efficiency of the currently available products is not
satisfactory for the applications mentioned. Thus they are aiming to raise the
performance of flat-plate collectors especially for operation at high temperatures.
Therefore it is crucial to increase the insulation of the transparent cover on the one
hand and at the same time to maintain an acceptable level of solar transmittance.
This is achieved by adding a second pane of glass, which reduces the radiative heat
losses between the glass panes by applying a low-emitting coating, a so-called low-e
coating. A high solar transmittance must be ensured by using high-quality glass with
antireflective (AR) coatings and an optimized low-e coating.
The objective was to create a flat-plate collector with high efficiency at temperatures
of around 100°C for process heat and solar air conditioning.
Since most of the heat lost in a flat-plate collector is lost through the front side, the
development of this collector focused on the design of the double-glazing and the
frame.
- Operating temperature level 80°C to 150°C
- Stagnation temperature in the range of 230 to 250°C for well-insulated
collectors.
Collector parameters based on aperture area
Tests were conducted to compare single-glazed collectors and double-glazed
collectors at Fraunhofer ISE’s indoor solar simulator. One collector was exposed to
outdoor conditions during summer 2003. A collector built by ESE was tested for its
thermal performance at Fraunhofer ISE and was tested in an extended exposure test
at ITC’s test site in Gran Canaria.
Fraunhofer ISE measured the following collector parameters of a test collector from
ESE in an outdoor test (Aap=2.325 m²):
0 = 0.76
a1a = 2.66 W/(m² K)
a2a = 0.009 W/(m² K²)
The space between the glass panes is filled with an inert gas to reduce the heat
conductivity.
Due to the high temperature difference between the two plates of glass in the doubleglazing, mechanical stresses resulted that had to be dealt with.
Another important activity was research on collector materials that function at high
temperatures without any problems. Furthermore, it was essential to design the
collector in accordance with the production guidelines in order to achieve industrial,
automated production of high quality units at appropriate cost.
- Single glazed flat plate collectors
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Field
application:

of

The double glazed AR-collector from ESE is being used in a solar driven, energy selfsufficient, stand-alone system for sea water desalination.
It produces about 100 to 150 litres of distilled water per day. The typical operating
collector temperatures are between 50°C to 95°C. The system uses three modules
with an aperture area of 2.325 m² each. The desalination technology is based on the
membrane distillation process.

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:
Competing
products
services:
Players:

/
/

/

Dimensions of the prototype collectors
Testing collectors typically 1 m x 2 m
/

- Single glazed flat plate collectors
- Flate plate collectors
- Evacuated tube collectors
Energie Solaire (Switzerland); ESE (Belgium); Flaberg (Germany); Schueco
(Germany)

Sources: International Energy Agency – IEA; IEA SHC - TASK 33
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Table n° 3 – Solar Heating and Cooling (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Stationary CPC collectors

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:
Field
application:

linked
of

A special design of flat plate collectors that reduce the heat losses of a solar collector
consists in reducing the area of absorber with respect to the collecting area, since the
heat losses are proportional to the absorber area and not to the collecting (aperture)
area. This concentration can be obtained using reflectors that force the radiation
incident within a certain angle into the collector aperture in direction to the absorber
after one or more reflections.
This collector use stationary radiation concentration; It’s usually used to heat liquid
(water or water with anti freeze or diathermic fluid).
This type of collector is characterized by the concentrating ratio, C, which is the ratio
of the collector aperture area to the collector absorber area. Stationary CPC
collectors are provided with two orthogonal axes symmetry and are designed with
acceptance angles greater than 30º to avoid having to track the sun.
Stationary CPC collectors are used mainly for heating a liquid flow at low (50-70 ºC)
and medium temperatures (80-100 ºC). They are provided with two orthogonal axes
symmetry and are designed with acceptance angles greater than 30 º to avoid having
to track the sun, which means that they usually have maximum concentration factors
lower than 2. For example Stationary Collector : C = 1.3
Operating Temperature = 180ºC with =50%
Development of medium temperature collectors necessary (80-250°C)
- Stationary non evacuated CPC collectors have the potential to perform close to
evacuated tubular collectors at high temperatures, yet they can be manufactured
with the simplicity and low cost of good flat plate collectors.
- They reduce heat losses by concentrating reflectors but avoid tracking
- In this panel there is a reduction of convective losses
They derive from the well-established flat plate collector technology
For convection losses minimization:
- Gas rarefaction
- Double cover
- TIM (honeycomb)
- Convection blocking mechanism
For Integrated Low Concentration CPC type Collector:
- Absorber with selective coating
- Integrated solar collectors in building surfaces
- PV-T collectors
- For the industrial sector for solar process heat (hot water to steam). The 25% of
process heat is estimated to use temperatures between 100°C and 400°C.
- Solar cooling
- Desalination
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Life cycle (time of
potential market
entry):

already on the market
Prerequisites
Preconditions
Critical:
Competing
products
services:
Players:

/
/

Challenges consist of material resistance to high temperature levels and durability of
components.
Other types of solar collectors for low and medium temperatures

/
Solarfocus CPC, Austria
Ao Sol collector (INETI, Portugal)
Almeco Solar, Germany
Alanod (Germany)

Sources:
http://www.iea-shc.org/
Fraunhofer Institute for Solar Energy Systems ISE
Pereira et al., ISES Solar World Congress
Mendes, DER/INETI
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Table n° 4 – Solar Heating and Cooling (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Maximum Reflector Collectors - MaReCo

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:
Enabling
technologies:

Other
products:
Field
application:

linked
of

Life cycle (time of
potential market
entry):

For applications where temperatures up to 250°C are needed the experiences are
rather limited and also suitable collectors are missing. Therefore, for these
applications the development of high performance solar collectors and system
components is needed.
The MaReCo (“Maximum Reflector Collector”) is a heavily truncated and nonsymmetrical CPC, extended east-west with a bifacial absorber optimized for northern
latitudes. The annual irradiation for a two dimensional east-west CPC constitutes an
extremely non-Lambertian light source. An optimized truncated CPC for a nonLambertian light source will always be nonsymmetrical, with different lengths of the
reflectors. These are the principals behind the development of the MaReCo design.
MaReCos exist for various applications. All collectors are equipped with bifacial
absorbers with a width of 150 mm.
The ground MaReCo consists of a vertical absorber in the bottom of a long east-west
reflecting trough. The width of the glass cover is 630 mm. The trough has a depth of
400 mm.
The acceptance is extended from 20° to 65°. The collector U-value is about 2.5
W/(m²K). It can be reduced to about 1.7 W/(m²K) if an additional Teflon film is used
around the absorber.
A roof MaReCo design was developed with the aim of a rather slim collector
construction.
A wall MaReCo for vertical collector applications was also developed.
Operating temperature level: 50-90°C
Stagnation temperature: 200-230°C
To improve and optimize solar thermal collectors for the temperature level from 80°C
to 250°C ('medium temperature collectors').
Materials suitable for medium temperature collectors play also an important role and
appropriate durability test tools will be applied to specific materials and components
to allow the prediction of service lifetime and to generate proposals for international
standards.
The MaReCo concept can also be used for the development of PV-thermal collectors
where the absorber consists of a PV module.
Buildings heating and cooling systems
Applications where temperatures up to 250°C are needed
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Prerequisites/
Preconditions
Critical:
Competing
products
services:
Players:

Collector is marketable for northern latitudes
The research activities of Björn Karlsson extensively elaborated the theoretical
design for northern latitudes. 1000 m² of MaReCos were installed, mainly in the
installation shown in the picture. Design considerations were not made for other
latitudes.
The newest developments rely on a steel reflector with a laminated aluminum
reflector. The reflector is bent at the edge and the glass is attached directly on the
reflector.
/
/
Other medium temperature collectors
/
Vattenfall Utveckling AB (Sweden)
Finsun Energy AB (Sweden)

Sources:
University of Lund, Sweden
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Table n° 5 – Solar Heating and Cooling (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

PV-T collectors

Commercial
name:
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Hybrid photovoltaic and thermal (PVT) collectors combine photovoltaic (PV) cells and
solar thermal components and enable the simultaneous conversion of solar energy
into heat as well as into electricity. They provide potentially the most efficient
conversion of solar radiation into useful energy. Traditional (silicon) photovoltaic
modules will produce more electricity the cooler they are. Typically power increases
with 0,2-0,5% per °C decrease of temperature, but when a PV module is integrated in
a facade or roof, it will normally get warmer than a module mounted in free air. It is
thus logical to remove the excessive heat from the module, giving the reason for the
growing interest in “solar co-generation” or photovoltaic/thermal (PV/T) collectors. If
the surplus heat from the PV module can not only be removed, but be used to fulfil
thermal energy needs of the building, an extra added value could be achieved.
The combination of PV and Thermal for the co-generation of electricity and heat is
not a new concept. Since the middle of the seventies, many regular journal articles
have been published on this topic. In spite of the continuous interest in this concept,
still no technological breakthroughs have been made to overcome the fact that with
increasing temperature the electrical efficiency decreases. The best performance
compromise caused by the combination of photovoltaic and thermal technologies is
still to be found.
Many different configurations of PVT concepts have been investigated (different PV
cell technologies, collector types, heat transfer media, heat removal constructions,
system configurations, etc.). However, two main groups of PVT concepts can be
identified: flat-plate PVT collectors (PVT) and concentrating PVT collectors (CPVT).
Although the concept of PVT is not new, there is recent renewed interest in research
and development in this field, not only regarding flat-plate PVT collectors but also
regarding CPVT concepts.
Since PV and thermal components operate under conflicting conditions a
straightforward integration of existing technologies has not resulted in a performance
similar to separate PV and thermal performances. A fundamental analysis regarding
materials, coatings, concepts and systems is currently undertaken for progress in this
field. This includes accurate characterization of the components under various
conditions, and determination of PV and thermal performance variations as a result of
construction, material or geometric changes. Hence, appropriate and sufficiently
accurate testing of the influence of these changes is required.
The most promising designs of the PV/T collectors have been identified as:
- A PV/T water-heating collector with the PV cells acting as absorber in a direct
thermal contact with the metal absorber containing the water piping
- A PV/T Wall where warm air produced by cooling of PV panels being utilised for
space and/or water heating via air/water heat exchanger.
In recent years building integration of photovoltaic modules has become more and
more popular in the industrialised part of the world, where national support
programmes has accelerated the dissemination of grid connected PV systems. The
installation of a building integrated PV (BIPV) systems has certain advantages
compared to a traditional PV system mounted in a separate structure.
Some advantages are:
- The total area used to extract a given amount of electricity and heat may be
smaller than for two separate systems.
- The materials used for a PV/T plant, and thus the total energy and economy
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Enabling
technologies:

Other
products:

linked

Field
application:

of

balance, may be better than for separate units.
- The roof or facade will have a more uniform look.
The efficiency of solar cells is temperature dependent. The temperature of PV cells
which are part of a PVT collector depends partly on ambient conditions (i.e. solar
irradiation, ambient temperature, wind), partly on the way the cells are integrated into
the collector, and also depend on the operating mode of the collector (‘electrical only’
or ‘hybrid’ mode). The electrical performance of the PV cells thus depends on the
operation of the thermal system in which the collector is integrated (e.g. domestic hot
water system or combi-system for example) – whereas operation of a PV module
only depends on its surroundings.
Typical applications to be analysed and optimised are:
- Once-through-flow collectors exclusively for large systems where consumption of
hot water exists all over the daytime (hospitals, factories etc.)
- Pre-heater elements in closed loop configurations – here an additional collector
(with selective absorber or evacuated tube) is necessary coupled in series to
increase the temperature level.
- The above mentioned solutions shall be analysed for the typical consumers in
order to optimise typical systems design with respect to particular load profile
and/or weather conditions. Two typical prototypes should be designed and
realised in co-operation with an industry partner.
- Focus on developing PV cells having a surface with a low coefficient of
emittance, e.g. non-selective absorber, resulting in a higher thermal and electrical
efficiency at higher operating temperatures.
These hybrid collectors are divided in two groups:
- Water PV/T collectors: One example is a conventional flat plate solar heat
collector with integrated PV cells on the absorber, to produce both thermal and
electrical energy.
- Air PV/T collectors. These can be façade or roof integrated PV cells with
ventilation air passed behind or in front of the PV cells.
Furthermore, water PV/T collectors can be divided into groups according to
temperature levels of the heat transfer fluid. This range from low-temperature
applications for e.g. swimming pool and heat pump applications to mediumtemperature applications around 55°C for e.g. domestic hot water applications.

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:

/
/

Developments needed according with PV industries; (2020: PV-T commercially
available
The status of commercial PV modules is that only 10-15% of the incident solar
energy is transformed to electricity. The potential heat production from a given
surface is thus much higher than the electrical performance, but it is an open
question if this heat can be used in a sensible way.
There seem to be several obstacles:
- Most buildings need heating in winter when the solar gain is at its lowest
- The heat is needed at a higher temperature than the surrounding air, leading to
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increased module temperature unless a heat pump is used.
For heating of domestic hot water, a heat exchanger is needed.
The collectors could become very hot and thereby damaged if circulation of
cooling media is blocked.
- The construction may be too complex and thus expensive compared to separate
PV and thermal collectors.
The coefficient of absorptance for the absorber/PV cells influences significantly the
thermal and electrical efficiency of the PV/T collector. Coefficient of absorptance of
crystalline Si solar cells is satisfactory high (mean value about 90 - 94%).
The coefficient of emittance of the absorber/PV cells affects strongly the heat loss
coefficient. Coefficient of emittance of crystalline-Si solar cells is approximately equal
to 0.9 (similar to black-painted absorber). Thus, reaching of low coefficient of
emittance would require special, transparent thin-film layers to be applied on PV cells'
front surface. That can significantly improve the thermal efficiency of energy
conversion at operating temperatures higher than 30°C.
Competing
Separated collectors for electricity and thermal energy production
products:
Other combined heat and power production systems
Players:
Millennium Electric (Israel); Aidt Miljø A/S (Denmark); Conserval Engineering
(Canada); Grammer KG (Germany); Phototronics Solar-technik (Germany); ICEC AG
(Switzerland); Sekisui Chemical Co., Ltd (Japan)
Sources: Fraunhofer ISE, Danish Technological Institute, Solar Energy Centre, Novator Advanced
Technology Consulting, Esbensen Consulting Engineers Ltd.
-
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Table n° 6 – Solar Heating and Cooling (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

PV/T solar assisted heat pump

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
linked
products:
Field
of
application:
Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:

/
/

A solar-assisted heat pump (SAHP), which is an integration of a heat pump and solar
collectors, uses solar energy as an evaporating heat source and can achieve high
coefficient of performance (COP). The hybrid photovoltaic/thermal (PV/T) technology
is another significant and practical technology that uses solar energy. The hybrid
PV/T technology refers to the integration of a PV module and a solar thermal
collector, which can simultaneously generate electrical and thermal energies.
To improve the global system efficiency in large-scale installations of hybrid PV/T
technology, the combined use with other efficient energy systems (such as heat
pump systems) can be promising.
Compared with separately installed PV module and solar thermal collector, the PV/T
collector can reduce the required space and initial costs because a common frame
and bracket are used in the setup. In addition, the collecting area of the effective rate
of solar energy utilization per unit can also be increased. Unlike the conventional
solar thermal collectors, the hybrid photovoltaic/thermal (PV/T) collectors make
possible higher energy outputs per unit surface area because the absorbed solar
radiation is converted into electricity and usable heat simultaneously.
In conventional solar thermal system, external electrical energy is required to
circulate the working fluid through the system. The need for an external electrical
source can be eliminated by using this hybrid system.
Solar assisted heat pumps can reduce the temperature lift that the heat pump will
have to bridge, thus improving their performances. In the case of ground source heat
pumps injecting solar heat into the ground, these can also help in balancing the
underground temperature in cases where the borehole is somewhat shorter than
needed or when there is more heat extraction in winter than recharge from cooling in
summer.
PV/T hybrid technologies
PV/T hybrid collectors
Domestic hot water production and space heating

2015: Solar heat pump hybrid kit systems commercially available
Today, over 90 solar assisted heat pump systems have been identified in Europe, but
their performance has not yet been systematically evaluated (IEA SHC, 2011).
Evaluating performance of currently existing solar assisted heat pump systems
should lead to development of higher performance kit systems and more robust
solutions to the technical challenges.
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Competing
products:
Players:

Traditional heat pumps
Other thermal energy production systems
Heat pumps industries and Solar Systems Industries

Sources: Principal Solar Institute, Neha Energie
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Table n° 7 – Solar Heating and Cooling (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Solar heating systems combined with biomass boilers

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
linked
products:
Field
application:

of

Solar heating systems that are combined with biomass boilers can provide 100%
renewable heating systems. The combination is technically straightforward, but is
rarely offered as a standard product, so it requires unique design and production for
each installation. Evaluating the performance of currently existing solar assisted
biomass boilers should lead to development of high-performance kit systems.
Solar thermal and biomass boilers are combined using a thermal store. The two
technologies work perfectly beside one another and can help in bringing down your
energy costs. Both technologies can be combined to supply hot water and space
heating demands with the use of a thermal store. A thermal store is effectively a
battery of stored thermal energy that can be used to supplement space heating and
hot water demands. The solar thermal collectors are connected to your store via a
solar coil. Heat collected by your solar thermal collector is then transferred to the
central heating water inside your thermal store. This means that your hot water and
space heating is being supplied by the sun’s free energy. Using a thermal store is the
only way of combining these two technologies, as a thermal store is the only form of
stored hot water that can efficiently use the energy generated by an uncontrolled heat
source, such as a biomass boiler.
Solar biomass hybrid solution:
- Reduces the usage of biomass.
- Increases the capacity utilization factor of the plant.
- Lowers the carbon footprint by not burning the biomass.
- Suitable for distributed power generation in any location.
- Efficient in solar thermal energy conversion
Biomass energy conversion
Biomass boilers
Domestic hot water production and space heating

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:
Competing

/
/

2015: Solar biomass hybrid kit systems commercially available
The combination is technically straightforward, but is rarely offered as a standard
product, so it requires unique design and production for each installation. Evaluating
the performance of currently existing solar assisted biomass boilers should lead to
development of high-performance kit systems.
Traditional heat pumps
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products:

Other thermal energy production systems

Players:

Heat pumps industries and Solar Systems Industries

Sources: Division of Energy and Building Design, Department of Architecture and Built Environment Lund
University
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Table n° 8 – Solar Heating and Cooling (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

New compact thermal energy storage system

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
products:

linked

Thermal energy storage (TES) is a technology that stocks thermal energy by heating
or cooling a storage medium so that the stored energy can be used at a later time for
heating and cooling applications and power generation. TES systems can help
balance energy demand and supply on a daily, weekly and even seasonal basis.
They can also reduce peak demand, energy consumption, CO2 emissions and costs,
while increasing overall efficiency of energy systems. Thermal energy storage (TES)
includes a number of different technologies. Thermal energy can be stored at
temperatures from -40°C to more than 400°C as sensible heat, latent heat and
chemical energy (i.e. thermo-chemical energy storage) using chemical reactions.
TES systems based on sensible heat storage offer a storage capacity that is limited
by the specific heat of the storage medium.
TES systems based on sensible heat storage offer a storage capacity ranging from
10-50 kWh/t and storage efficiencies between 50-90%, depending on the specific
heat of the storage medium and thermal insulation technologies. Phase change
materials (PCMs) can offer higher storage capacity and storage efficiencies from 7590%. In most cases, storage is based on a solid/liquid phase change with energy
densities on the order of 100 kWh/ m3 (e.g. ice). Thermo-chemical storage (TCS)
systems can reach storage capacities of up to 250 kWh/t with operation temperatures
of more than 300°C and efficiencies from 75% to nearly 100%.
Phase change materials (PCMs) can offer a higher storage capacity that is
associated with the latent heat of the phase change. PCMs also enable a targetoriented discharging temperature that is set by the constant temperature of the phase
change. Thermo-chemical storage (TCS) can offer even higher storage capacities.
Thermo-chemical reactions (e.g.adsorption or the adhesion of a substance to the
surface of another solid or liquid) can be used to accumulate and discharge heat and
cold on demand (also regulating humidity) in a variety of applications using different
chemical reactants.
For example, the incorporation of micro-encapsulated PCM materials into gypsum
walls or plaster can considerably increase the thermal mass and capacity of
lightweight building walls. The micro-encapsulated PCMs cool and solidify by night
and melt during the day, thus cooling the walls and reducing or avoiding the need for
electric chillers. Other applications for active cooling systems involve the use of
macro-encapsulated salts that melt at an appropriate temperature. The PCM can be
stored in the building’s air vent ducts and cold air can be delivered via large-area
ceiling and floor ventilation systems.
TCSs are able to store thermal energy with high efficiency and to convert heat into
cold (i.e. desiccant cooling) at the same time, which makes these systems very
attractive.
- Sorption materials
- Phase Change Materials
- Thermochemical materials
/
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Field
application:

of

-

Cold storage (buildings, industry, appliances)
Domestic hot water (buffer storage)
Heating (buildings, seasonal storage)
Process heat (industrial heating/drying, appliances)
Waste heat (cement, steel & glass industry)
High temp. storage (>400°C) for CSP & CAES

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:

Competing
products:
Players:

/
/

At present, TES systems based on sensible heat are commercially available while
TCS and PCM-based storage systems are mostly under development and
demonstration.
The storage of thermal energy can replace heat and cold production from fossil fuels,
reduce CO2 emissions and lower the need for costly peak power and heat production
capacity.
The economic viability of a TES depends heavily on application and operation needs,
including the number and frequency of the storage cycles.
However, TES technologies face some barriers to market entry. In most cases, cost
is a major issue. Storage systems based on TCS and PCM also need improvements
in the stability of storage performance, which is associated with material properties.
TES technologies face some barriers to market entry and cost is a key issue. Other
barriers relate to material properties and stability, in particular for TCS. Each storage
application needs a specific TES design to fi t specific boundary conditions and
requirements. R&D activities focus on all TES technologies. Most of such R&D efforts
deal with materials (i.e. storage media for different temperature ranges), containers
and thermal insulation development. More complex systems (i.e. PCM, TCS) require
R&D efforts to improve reacting materials, as well as a better understanding of
system integration and process parameters.
Water thermal storage systems

Datum Phase Change (UK), Dhruva Technologies (India), Environmental Process
Systems (UK), Microtek Laboratories (US), Outlast Technologies (US), PCM
Products (UK), Phase Change Energy Solutions (US), RG Energy Efficiency Systems
(US), Rubitherm Technologies (Germany)
Sources: IEA-ETSAP, IRENA
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Table n° 9 – Solar Heating and Cooling (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses
or
potential
(demand factors):

Adapted concentrating solar technology for heat applications
Since the sun has a low energy density when it reaches the surface of
the earth, optical concentration is a good way to increase the energy
density of the solar radiation. This allows the use of absorbers with small
surfaces, which have lower heat losses, since these are proportional to
the absorber surface. Also, higher temperatures can be achieved under
concentrated conditions, as in CSP and thermodynamics suggests that
the conversion of solar energy into work can be done more efficiently the
higher the temperature. In order to produce the extreme temperatures
required in thermal concentration, systems must maximize efficiency and
solar concentration by tracking the sun’s course throughout the day.
Unlike photovoltaic applications that are typically mounted on a solid
frame, concentrated systems are mounted on axis, around which they
rotate. In the case of power towers and solar dishes, elements of these
systems are mounted on a double-axis frame to directly focus the sun.
Alternatively, parabolic trough systems can be mounted on a single axis
of rotation, typically aligned along a true North meridian, that follows the
sun’s course through the day. In order to achieve the rotation of
concentrated solar technology, computers and advanced sun monitoring
devices must be installed to control each element of these systems.
Concentrated solar thermal systems, with the exception of solar dish
systems, have the benefit of storing energy as heat. In this case, heat
that is accumulated throughout the daytime can continue generating
electricity when the sun goes down or clouds reduce exposure. In most
cases, the same fluid used to capture thermal energy is used to store
that energy in thermal storage tanks. These fluids are often thick oils or
molten salts, which can reach temperatures of 500 to 1,000 degrees
Fahrenheit. Heat-transfer fluids can retain thermal energy for 10-15
hours in storage, which can be drawn upon as needed to generate
steam.
uses

‐
‐
‐

Solar power
Heat production
Desalination processes

Current level of development
(the general state of the art of
the technology):

2020: concentrating solar technology for heat market mature (smaller
scale, adjustable temperature levels and building integrated solutions)
Products in which it is applied:

Thermal solar collectors for heating and cooling

Other related technologies:

‐ Functional coatings
‐ Glass mirror substrates
Concentrated solar thermal technologies, in turn, have barriers that also
significantly diminish efficiency. Although the magnification and reflection

Prerequisites / Preconditions
(general constraints, regulatory
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factors, required resources):

of thermal radiation is relatively efficient, the process of converting such
heat to steam and subsequently electricity brings these levels down.

Synergistic technologies:

Finally, concentrated solar thermal has found a stronghold through
Combined Heat and Power (CHP) systems, also known as cogeneration.
In these systems, thermal energy is used for both electricity production
and heating or cooling applications. By capturing the waste heat or
steam, heating and cooling units can be powered with no additional
energy demand. While solar generation and heating/cooling systems are
relatively inefficient on their own, CHP technologies allow for greater
than 60 percent system efficiencies. CHP systems can be used in
applications ranging from small residences to industrial facilities. This
efficiency leads to lower operating costs, reduced greenhouse gas
emissions, and fewer infrastructure requirements.
/

Competing technologies:
Players:

Research institutes/universities,
SHC industry
Sources: (Links/Bibliography/Experts)
Principal Solar Institute, EERE (US department of energy)
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Table n° 10 – Solar Heating and Cooling (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or
uses
factors):

potential
(demand

Optimized thermally-driven cooling cycles
For closed cycle systems, two types of sorption processes exist: adsorption and
absorption based systems. Based on closed cycle sorption, the basic physical
process underpinning both technologies consists of at least two chemical
components, one of them serving as the refrigerant and the other as the sorbent.
Solar cooling systems require optimized thermally driven cooling cycles (sorption
chillers and desiccant systems), with higher coefficients of performance (thermal
COP and electrical COPel (2020: COPel >10 for the whole system)), lower cost and
easier hybridization with other waste heat, backup heating and backup cooling
technologies. On the component level, this will require R&D into new sorption
materials, new sorption material coatings for heat exchange surfaces and new heat
and mass transfer systems. It will also require the design of new thermodynamic
cycle systems. Increasing use of desiccant, double effect and even triple effect
cycles with storage will enable a wider range of applications to be addressed and
simplified options for end users. These technological developments will need to be
complemented by design guidelines, system certification, labelling and tools
specifically developed for solar cooling systems and applications.
Adsorption and absorption chiller systems can play a key role in increasing the
energy efficiency across a number of different industries by using waste heat or
solar energy in a variety of cooling applications. These applications include:
airports, shopping centres, office buildings, IT and data centres, hotels and
casinos, hospitals, industrial food-and-drink operations, the pulp-and-paper
industry, pharmaceutical processes, the oil-and-gas industry, cool-storage
warehouses, underground mining, heavy industry pre-coolers, and industrial
laundry.

Current
level
of
development
(the
general state of the
art
of
the
technology):
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The efficiency of closed cycle systems can vary depending on the driving
temperature. Beyond thermal efficiency of the chillers, another important figure for
solar thermal cooling efficiency is the COPel, presenting the overall solar cooling
system electrical efficiency: the ratio of “produced” cold per unit of electricity that is
needed to run the full system (mainly pumps and fans). solar cooling is still in the
early stages of market development; costs need to be reduced through further
development and increased deployment. A standardized, effective and simplified
range of technology arrangements require development – particularly for single
family and multi-family dwellings – to enable solar cooling to compete with
conventional and supported renewable technologies and achieve widespread
deployment. Quality assurance and system certification procedures are also
needed to help stimulate the market by building buyer confidence. Neither
absorption chillers nor adsorption chillers are new technologies. In the case of
absorption systems, high cost represents a barrier to widespread adoption. The
low thermal efficiency of single-effect absorption systems also makes them
noncompetitive against other chiller technology, except in situations where waste
heat is in abundance. LiBr absorption chillers are often very maintenance intensive
and contain environmentally toxic materials–lithium and bromine compounds.
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Products in which it
is applied:

A wide range of manufacturers, both absorption and adsorption, are also focused
on combining solar heating systems with absorption and adsorption technology. In
January 2013 SorTech announced its energy-efficient solar cooling concept,
Enertec. Invensor has also designed a solar hot water system that can be linked to
its chiller technology. And in 2012 Mitsubishi, in collaboration with Union, also
started test marketing an easy-to-install compact adsorption chiller, which is
capable of being incorporated into a solar water-heater. Sakura has also recently
produced the Mini Solar Absorption Chiller, which is water-fired and uses a lithium
bromide refrigerant. The chiller can produce chilled water for cooling or hot water
for heating in comfort air conditioning applications.
Aside from a focus towards solar energy integration and a move to produce more
compact chillers, there is also an increasing preference for non-toxic,
environmentally friendly materials and natural refrigerants—such as ammonia
(NH3), carbon dioxide (CO2), water (H2O), hydrocarbons (HC) and air.

Other
related
technologies:

‐
‐
‐
‐

Prerequisites
/
Preconditions
(general constraints,
regulatory
factors,
required resources):

The ability to reduce the size and weight of systems either through
reengineering or the use of lightweight composite materials and new sorbents
is likely to be a key area of technological development.
‐ The success of solar absorption and adsorption technologies may rely heavily
on legislation and subsidies, especially in residential schemes, or in the United
States federal and states tax credits for energy efficiency.
‐ The pressure on energy bills will also be a key factor. Low gas prices in the
United States, as a result of shale production, may make solar cooling
uneconomical. If shale production expands in other regions of the world it may
have a significant impact on the viability of certain renewable technologies in
the short term.
‐ Future legislation around the use of HFCs and other refrigerant materials may
also force a greater uptake in adsorption and absorption technologies because
of the inclusion of natural refrigerants and absorbents. For example the
European Commission is currently trying to phase down, and in some
applications phase out, the use of HFC refrigerants in much of Europe. This
may in turn promote the tie up between absorption and adsorption technology
and solar collectors.
In March 2013 SorTech announced it was developing a new zeolite material as
well as new composite components for its adsorption systems. One such zeolite to
be developed is PST, a novel zeolite-coating technology. According to SorTech the
PST process allows for direct crystallization of zeolite on the surface of a carrier
material allowing for optimal heat transfer and considerably reduces unit weights.
Another advantage of this new technology is that optional designs can be coated to
achieve their best-possible adaptation to a given application; there are almost no
limits to geometric forms. The compact nature of this technology also makes it
suitable for mobile applications—such as air-conditioning units in battery-electric
vehicles, aircraft, trucks, ships and containers.
Compression cooling technologies

Synergistic
technologies:

Competing
technologies:
Players:

Sorption materials
Sorption material coatings for heat exchange surfaces
Heat and mass transfer systems
Desiccant, double effect and even triple effect cycles

‐

Broad (USA), Carrier (USA), Colibri (Netherlands), Daikin McQuay (Japan/USA),
Entropie (France), Kuyungwon-Century (South Korea), LG Machinery (South
Korea), Mitsubishi HI (Japan), Nishiyodo Kuchou (Japan), Process Recovery
Systems (USA), Robur (Italy), Sakura (Japan), Shuangliang Eco-Energy System
(China), Thermax (India), Trane (USA), Yazaki Energy Systems (Japan), York
(USA), GBU (Germany), InvenSor (Germany), Mayekawa/MYCOM (Japan),
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Shandong Mgreenbelt Machinery (China), ShuangLiang (China), SorTech
(Germany), Union Industry (Japan), Weatherite (UK).
Sources: (Links/Bibliography/Experts)


Strategic Business Insights’ (SBI’s) Explorer inquiry service



IEA International Energy Agency, Technology Roadmap – Solar Heating and Cooling
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Table n° 11 – Solar Heating and Cooling (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

Small scale thermally-driven solar cooling technology
The introduction of solar cooling standards, standardized kits and plug-andfunction systems will reduce, focus and simplify the range of possible
solutions into a workable set covering all major potential applications. Smallscale system design requires R&D effort in order to develop low-cost systems,
integrate them with existing equipment and optimize operation in new
developments.
Whereas large scale thermally driven cooling is already available, and is
favored by economies of scale, small scale technology is still emerging and
requires low-cost systems with minimal maintenance requirements. Smallscale technology development should focus on compact machines with higher
COPs at low driving heat temperatures.
For small scale applications, up to few years ago, no appropriate technology
was available on the market. However, recently several companies started
development of water chillers in the power range below 35 kW down to 5 kW
and first commercial systems are now available. But still the further
development of small capacity cooling and air-conditioning systems remains
of high interest.
Domestic Hot Water (DHW) preparation and Space Heating (and cooling) as
well as smaller commercial and office buildings.
Despite a growing interest, the market has nonetheless been slow to develop
with accepted figures pointing to German leadership of the European market
with close to 40% up until 2004, followed by Spain with more than 27% of the
European market. Indeed, by 2008, a total of only 450 to 500 solar cooling
systems had been realized worldwide, the vast majority of which are in
Europe, where the market has increased in the last five years by 50%–100%
annually. Approximately 60% of these systems using absorption chillers, 11%
adsorption chillers and 29% open systems (DEC and liquid sorption systems).
Even so, the total volume of installations reveals that the solar cooling sector
is still a niche market and effectively under starters’ orders.

Current
level
of
development (the general
state of the art of the
technology):

2025: small and medium scale residential solar thermally driven cooling
technology commercially available
Products in which it is
applied:

Solar cooling chillers

Other
technologies:

‐
‐
‐
‐
‐
‐

related

Silica gel coating technology
Vacuum construction technology
Innovative coatings
Optimized subsystem including the re-cooler
Water as refrigerant
Liquid desiccant solar cooling technology
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Prerequisites
/
Preconditions
(general
constraints,
regulatory
factors,
required
resources):
Synergistic technologies:

During the last few years, especially in Europe, various new sorption chillers
with small- and medium-scale cooling capacity have been developed. Many of
these absorption and adsorption chillers have now passed from prototype and
pre-commercial installations into small serial production and consequently a
rising number of products are expected to enter the market in the coming
years.
Absorption/adsorption thermally driven cycles

Competing technologies:

Compression cycles

Players:

SorTech AG (Germany), AGO AG (Germany), InvenSor GmbH (Germany),
Menerga GmbH (Germany), Solar Next AG (Germany), Munters (Sweden),
Yazaki Corporation (Japan), AIL Research Inc. (USA), Solem Consulting
(Australia)
Sources: (Links/Bibliography/Experts)
Fraunhofer-Institute for Solar Energy Systems (ISE), UFE Solar GmbH in Freiburg, Green Chiller
Association (Germany)
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Table n° 12 – Solar Heating and Cooling (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential
(demand factors):

uses

Optimized heat and mass transfer devices components
Thermal energy storage is a key element for effective thermal
management in the sector process heat and power generation, it is
indispensable for solar thermal applications. A characteristic of thermal
storage systems is that they are diversified with respect to temperature,
power level and heat transfer fluids and that each application is
characterized by its specific operation parameters. This requires the
knowledge of a broad portfolio of storage design, media and methods.
Energy storage systems increase the percentage of solar energy produced
by a power plant, improve operating behavior, lead to higher utilization of
the power block and enhance revenues. Through the combined effect of all
these factors, the cost of solar power generation by a solar thermal plant
with integrated storage technology can be reduced compared to operation
without a storage system.
Therefore, energy storage systems are imperative for the successful
positioning of solar power plant technology.
Industrial process heat (temperature range 100-300 °C) and solar thermal
power plants with direct steam generation (temperature range 300-400 °C).

Current level of development
(the general state of the art
of the technology):

153 / 313

Products
applied:

in

which

it

is

Other related technologies:
Prerequisites / Preconditions
(general
constraints,
regulatory factors, required
resources):

2018: first systems demonstrated in a number of sectors.
Research new materials for medium-temperature storage, between 100°C
and 300°C, such as phase change, sorption and thermochemical
materials.
Demonstrate systems in which the new storage technologies are
integrated.
Thermal storage systems
‐ phase change materials
‐ sorption materials
Basic research in new materials to store large amounts of thermal energy
in limited space (high energy density) is essential, with thermochemical
systems being the front-running technology for the most compact systems.
The materials in existing systems, based on phase change materials
(PCMs) and sorption should be improved or replaced by better materials.
Development of optimized heat and mass transfer devices (reactors) for
sorption and thermochemical storage also needs attention. The capacity to
operate consistently over a high number of charging and discharging
cycles is critical for most thermal energy storage applications, so the
stability of materials in the systems is very important – not only the storage
medium itself but also materials used in systems components such as
containers, reactors, heat exchangers and pipes.
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Synergistic technologies:

Competing technologies:

A PCM store a large high amount of heat in a small temperature range and
is therefore especially attractive to be used in connection with two phase
flow heat transfer media such as water/steam.
Candidate materials for latent heat energy storage are low cost technical
salts. The dominant problem for the development of PCM systems is the
limitation of power density resulting from the low thermal conductivity of the
storage material.
Water storage systems

Players:

Research institutes, SHC industry

Sources: (Links/Bibliography/Experts)
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Table n° 13 – Solar Heating and Cooling (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses
or
potential
(demand factors):

uses

Medium temperature storage systems
Industrial process heat applications have been identified as a promising
new area for applying thermal energy. Storage systems offer not only the
reuse of thermal energy in cyclic processes which facilitates the
integration of solar energy due to the availability of storage capacity. The
bulk of process heat applications require steam at pressures between 1
and 20 bar with corresponding saturation temperatures between 100°C
and 210°C. While the application of phase change materials (PCMs) is
straightforward for isothermal energy storage, no commercial system is
available in this temperature range today.
In order to facilitate the uptake of solar heat in industrial processes,
research is needed into new materials for medium-temperature storage.
Thermal storage working on medium temperatures, between 100°C and
300°C, enables the integration of solar thermal technology into industrial
processes and the optimization of these processes. Materials have to be
developed that are more cost-effective than the presently available
technologies such as steam storage. Heat exchangers and reactors
have to be developed for charging and discharging the new materials.
Industry and research institutes should co-operate in the development
and demonstration of solar thermal systems with storage for integration
into industrial processes.
Industrial processes (process heat applications)
‐ Generation of process steam at low or intermediate pressure for
isothermal processes
‐ Food processing
‐ Manufacturing of construction materials
‐ Production of paper, textile industry etc
‐ Water purification and desalination
‐ Double effect sorption cooling

Current level of development
(the general state of the art of
the technology):

Products in which it is applied:
Other related technologies:

2018: first systems demonstrated in a number of sectors
Research new materials for medium-temperature storage, between
100°C and 300°C, such as phase change, sorption and thermochemical
materials. Demonstrate systems in which the new storage technologies
are integrated.
Thermal storage tanks for energy production systems (for example PCM
steam storage concepts)
‐
‐

new materials for medium-temperature storage
advanced water, PCM, sorption and thermochemical systems
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Prerequisites / Preconditions
(general constraints, regulatory
factors, required resources):

Barriers to heat are often sector specific and best tackled as part of
sectorial approach to energy management, integrated with energy
efficiency policies and measures
Renewable heat production should be close to heat sink (limited
transportability, no grid for surplus, limited storage)
Heat demand can be variable over time (space heating is seasonal)
Heat is a heterogeneous commodity: differing temperatures in both
demand and renewable heat supply

Synergistic technologies:

Competing technologies:

lower melting temperature salts for concentrating solar power (CSP)
technology
‐ thermochemical materials (TCM) development
Water storage systems

Players:

Research institutes, SHC industry

‐

Sources: International Energy Agency, SHC program
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3.3. HVAC systems
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Figure 78: HVAC – opportunities timeline

Opportunity Description
The HVAC systems comprise all the systems to provide heat and ventilation and air
conditioned to buildings. There are many different technological ambits in HVAC system
where is possible to make efficiency through innovation processes. In this document we chose
to have a deepest focus on generation and cogeneration systems, with a particular focus on
energy of ventilation recovery systems. The generation systems will be a critical component of
the future energy macro scenario. How to produce heat, cool, electricity in more efficient way,
at competitive cost with actual centralized systems, flexible and efficient at different load, with
remotizable activation by costumer and by energy authority in a smart grid systems context,
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will be the next future challenges for this kind of technologies. The generation systems
comprise some technologies and products that we aspect will be involved in innovation
process in next future and in particular in the period until 2020, our timeline overlook. What we
expect, is not a radical innovation of the actually technologies but surely a performance
growth in terms of efficiency. Furthermore we count that some technologies that are in on-field
validation development phase, will be ready to market until 2020.
A strong driver for future developments are surely the clean technologies includes recycling,
renewable energy use, information technology, electric motors, green, and many other
appliances that are now more energy efficient. It is a means to create electricity and fuels, with
a smaller environmental footprint and minimize pollution, and to make green buildings,
transport and infrastructure both more energy efficient and environmentally benign.
In this context the technologies for heat and cooling generation that will have a role in future
HVAC scenarios are surely fuel cell technologies and heat pump technologies. In the same
direction a major decentralization of primary energy transformation, and a major utilization of
renewables bio fuels (biomass, biogas, biofuel) will transform actuals devices, integrating
engines (new external combustion engines or traditional internal combustion engine) for the
local cogeneration of electricity and thermal energy avoiding lacks of electricity in
transportation.
Energy efficiency of buildings could be reached not only through the more efficient energy
production but also recovering the energy already produced, which in many buildings,
especially commercial buildings with ventilation based heating and cooling systems, are lost
or recovered by old inefficient systems. In this filed the heat pump technologies can play
another important role in future applications.
The cited technologies, and the integration between them, will probably be protagonist in the
future of HVAC systems.
Needs
Commercial and residential buildings consume 38% of the world’s primary energy and 72% of
its electricity. In total, 13% of global primary energy 14.3 trillion kWh is directly used for the
heating, cooling, and ventilation of buildings in the developed world. Going forward, this
situation is only set to worsen as building energy use with HVAC as one of its biggest
components rises with rapid growth in building construction globally. In total, there were more
than 728 billion ft2 of building floor space in the developed world alone in 2010, and that
number is anticipated to grow by approximately 11.3 billion ft2 each year through 2020.
Current HVAC Technologies made their Debut in the Early Part of the 20th Century,
conventional heating technologies like older steam heating systems, hydronic hot water
systems, and forced-air heating. In commercial buildings, the dominant heating technology is
oil- or gas-fired water heaters, where the hot water is then circulated through the building and
transfers its latent heat to the in-flowing air through coils in an air-handling unit. Increasing
concerns over costs, greenhouse-gas emissions, and resource scarcity are pushing buildings
to increase the energy efficiency of new and rehabilitated buildings by implementing efficient
HVAC equipment and components. That mean increase efficiency of primary fuel conversion
for thermal energy production even thanks cogeneration and distributed production of
electricity. Reduce energy leaks in energy transportation to the building, but also in energy
transportation inside de building. But will also mean recycling of all the energy flows that are
waste by the HVAC system of the building.
Product/services (market applications)
According to the information and data we have analysed, one of the field of future core
innovations, for the HVAC system will be in the thermal energy generation and in particular
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electrical and thermal energy cogeneration. We identify some main products that will have a
role in futures HVAC scenarios. Some of these systems are deeply known in other market
sectors, like internal combustion engines, some other, for example external combustion
engines, are perfectly knew but they haven’t industrial developments.
a) Heat and cool generation systems
The compression cycle technologies are knew and adopted from the earliest of the twenties
century. The technology is based on a compression-expansion cycle. The innovation paths we
identify are principally based on integration whit local power generation system, which could
optimize the electrical energy loss by the grid, and on optimization in the internal devices, in
particular in the compressor and in the expansion valve.








Advanced internal combustion engine driven heat pump (ICEDHP). In an ICEDHP the
compressor is directly driven by an internal combustion engine, directly connected with the
drive shaft. The conversion of the primary fuel into mechanical force is really near
(mechanical connected) with the energy utilization point. That will mean more efficient fuel
utilization in comparison with a remote electricity production and transportation till the heat
pump. The use of an internal combustion variable speed engine will improves part-load
efficiency of the system.
Stirling Engine Driven Heat Pump: A Stirling engine is a heat engine operating by cyclic
compression and expansion of air or other gas, the working fluid, at different temperature
levels such that there is a net conversion of heat energy to mechanical work. Heat is also
the waste product of the engine. The Stirling Engine could be alimented by different fuel
and it provides direct mechanical power to the Heat Pump's compressor and
simultaneously provides heat to the heating system of the building. Likely the internal
combustion engine the Stirling engine will be more efficient in fuel utilization in comparison
with a remote electricity production and transportation till the heat pump. Furthermore
using renewable fuels like syngas or biogas or even solid biomass the quote of energy
from renewable fuels, for heat and cool production will significantly increase.
Small High efficiency high temperature heat pump (SHTHP). The High Temperature Heat
Pump is based on compression-expansion cycle. The compression-expansion cycle could
have some particular configuration of its common elements (compressor, expansion valve,
evaporator, condenser) and pipes configuration. Also the refrigerant characteristics have
an important role in temperatures that the heat pump can perform. An SHTHP could reach
temperatures of 75-90°C, temperatures generally not reached by the others actuals
common heat pumps. Thanks to that will be used in high temperature heating systems and
for cool generation thanks absorption technologies.
Natural Gas Heat Pump: Currently heat pumps are used for heat and cool generation in
residential and commercial buildings and industrial facilities. According to Montreal’s
conference protocols and Kyoto’s agreement, the refrigerant used in these systems has to
improve his efficiency in terms of Greenhouse effect and Ozone Depletion Effect. Natural
refrigerants respond to these features. In the next future we aspect a gradual substitution
of actuals refrigerants with more environmental friendly gases. The heat pumps’ internal
device and systems will change to follow the new working gas characteristics and to
maintain or improve the actual efficiency performances.

b) Heat and cool cogeneration systems
Cogeneration, or combined heat and power (CHP), means the use of a heat engine or power
station to simultaneously generate electricity and useful heat. Trigeneration or combined
cooling, heat and power (CCHP) refers to the simultaneous generation of electricity and useful
heating and cooling from the combustion of a fuel or a solar heat collector. In this part of the
document we analyze in particular micro-cogeneration technologies. The definition of “micro”
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in this field is not really clear. According with the goals of the project, we analyze technologies
with electrical power production comprised from 5 to 250 kW. In this way we analyze
technologies able to provide electricity and power from a small single apartment or
commercial activity to big commercial building or multi-apartments structures. We chose to
describe only the CHP technologies and not the CCHP because many of the technologies
involved in trigeneration are already described in other parts of the present document. The
following list doesn’t contain all the applications in the field of micro CHP devices but only the
ones we retain more interesting in a next near future.










Small micro-turbine: Gas microturbines are small electricity generators that burn gaseous
and liquid fuels to create high speed rotation which turns an electrical generator. Presently
the common power size range is from 60 to 250 kW electrical. The small microturbine will
have many field of application. According to our analysis one of more promising is in
independent systems for energy production or as cogeneration system for commercial and
residential building.
Stirling micro CHP: the technology is new for the market, although the principals are
known from the middle of the 19th century. Stirling is a heat engine operating by a cycling
compression and expansion of a working fluid providing heat and the engine rotation
provides torque to an electrical generator and heat to the heating system of the building.
The technology after a long time of research and industrial optimization is in early
commercialization stage by some leading gas burner manufacturing companies.
Gas Fuel Cell: Combined heat and power (CHP) fuel cell systems, including Micro
combined heat and power (MicroCHP) systems, are used to generate both electricity and
heat for homes, office building and factories. The system generates constant electric
power, and, at the same time, produces hot air and water from the waste heat. As the
result CHP systems have the potential to save primary energy as they can make use of
waste heat which is generally rejected by thermal energy conversion systems. A natural
gas fuel cell will be easily integrated with actuals natural gas nets used for traditional or
condensing boiler.
Co-firing Stirling micro CHP: a co-firing system optimize the external combustion chamber
of a Stirling engine to be fuelled by different fuels, solid or gaseous, increasing the
flexibility of the CHP system. The solution will have particular good environmental effect if
it uses solid biomass fuels like wood chips or wood pellet. This kind of CHP system could
be used in stand-alone installation or not reached by a natural gas providing infrastructure.
Proton Exchange membrane fuel cell: are a type of fuel cell developed for transport
applications as well as for stationary fuel cell applications and portable fuel cell
applications. Fuel cells generate electricity and heat as a by-product. The PEMFC are one
of the promising technologies for a cost competitive distributed heat and power
cogeneration with actual heat and cool generation technologies. The future challenges of
this like other fuel cell technologies will be the cost reduction of the system which
installation is actually anti economics

c) Energy recovery systems
Heat recovery ventilation, also known as HRV, and mechanical ventilation heat recovery, or
MVHR, is an energy recovery ventilation system using equipment known as a heat recovery
ventilator, heat exchanger, air exchanger, or air-to-air heat exchanger which employs a
counter-flow heat exchanger (counter current heat exchange) between the inbound and
outbound air flow. HRV provides fresh air and improved climate control, while also saving
energy by reducing heating (and cooling) requirements. A Heat Recovery Ventilation system
reduces the energy requirements for heating and cool the building by re-using the heat that is
normally lost via standard extraction systems. A Heat Recovery Ventilation system is
generally designed to operate continuously at a low rate to minimise electrical energy
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consumption. A novel application is the field of heat recovery is the application of heat pumps
in order to increase the recovery efficiency. Like other compression expansion cycle based
technologies the future challenges will be the efficiency (COP) increase and the working gas
substitution with more environmentally friendly fluids.


Advanced ventilation thermodynamic energy recovery system: the next future ventilation
heat recovery system probably will be integrated with a heat pump. In this configuration
the efficiency of the devices massively increases in comparison with the actual passive
systems. In winter configuration, the internal hot air is extracted from the building and used
for the evaporation phase in the heat pump of the heat recovery system. In summer
configuration the internal fresh air is used in condensation phase of the recovery system,
with a substantial optimization of the performances of the devices.

Key technologies
In the selection of technologies we point a particular focus on the technologies involved in the
compression cycle machines for heat and cooling systems. Heat Pumps in fact represent,
according to JRC studies, one of the possibly large diffusion technologies until 2020. The
challenge for this technology is to improve the efficiency of the cycle reducing greenhouse and
ozone deployment impact of the refrigerant working gas. We identify three main technologies
which will be involved in the innovation process of compression expansion cycle machines:
a) Compression Technologies: it is the highest energy consumption phase of the
compression-expansion cycle of the heat pumps. Improved compressors and variable speed
compressors are becoming increasingly popular as a way to improve the efficiency of chillers
and heat pumps. Variable speed compressors are able to modulate to specific speeds needed
for their intended application, unlike the fixed speeds in many conventional compressors.
Variable or adjustable frequency drives take advantage of alternating-current electric motors’
ability to run at a number of speeds.
b) New refrigerants technologies: a refrigerant is a substance used in a heat cycle usually
including, for enhanced efficiency, a reversible phase transition from a liquid to a gas.
Traditionally, fluorocarbons, especially chlorofluorocarbons, were used as refrigerants. After
the Montreal protocol and the Kyoto agreement the need of new refrigerants not ozone
deployment and reduced greenhouse effect, pushes the companies of the HVAC sector to
develop new refrigerants. Natural refrigerant, like ammonia and carbon dioxide, return on the
market scene after that some regulations and technological issue has been resolved.
Furthermore, some refrigerant producers are starting to produce new gases more efficient in
terms of pollution effect.
c) Expansion technologies: the expansion valve is the core of the control of compression
expansion cycle. Recently, some technology developers have improved the efficiency of these
systems by introducing an electronic expansion valve with sensors and control software,
which reduces leakage and only allows a controlled amount of fluid through to the evaporator.
For instance, using a MEMS-based technology, the company Microstaq claims it can improve
chiller system efficiency by 10% to 20%, resulting in an 18-month payback period. As such,
the technology could become standard for mid- to large-size HVAC systems in the next future.
Other technologies are involved in the document’s described product. These technologies are
largely described and knew. We cited some internet links were is possible to obtain more
specific information about them:
‐

Stirling technologies

‐

Fuel cell technologies

‐

Cogeneration technologies
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Field of application


Industrial efficient heat and cool generation.



New Commercial building HVAC systems



New domestic large or small building HVAC systems



Retrofit of old HVAC tertiary building.



Retrofit of old domestic large or small building HVAC systems.

Key Success Factors:





Cost reduction of equipment to make investment in new technologies more attractive
initially for early adopters costumers and in general for the market. That will create a
constant price reduction due to the production volume increase.
Stringent energy and environmental regulations: all the technologies cited will have a
better environmental impact in terms of CO2 emission and other pollutants production. The
policy in many states drives for the adoption of low environmental impact energy
technologies. Every step in this direction will be an advantage for the technologies cited in
the document.
The new technologies will improve their efficiency performances to reduce the issue of
more expensive initial cost and to become a profitable investment, with returns on extra
investment in a reasonable time.

Enablers/barriers
Cryptic barriers reflect several underlying problems in many states, including regulatory
uncertainty, archaic or legacy regulations and inaccurate ratings and standards. One example
of regulatory uncertainty is contractor reluctance to install a technology not yet familiar.
Archaic or legacy regulations are ones that have not responded to changes in the technology
of the products or building techniques that they regulate. These regulations become cryptic
barriers when inhibit innovation and further development of the technologies that regulate.
The cost of the new and more efficient technologies is another fundamental barrier. Innovative
technologies generally cost much more than mature technologies. Without a policy
strategically oriented to facilitate the introduction of efficient innovative technologies, it’s very
difficult the entrance of new product in the market although the major efficiency can have
interesting return on investment in the middle long period.
Business considerations
The increased energy demand in buildings and the high cost of oil, coupled with potential
regulations calling for lower greenhouse gas emissions, are making building managers adopt
new technologies to improve the efficiency of their HVAC systems. Directives in the EU, New
York City, and California, as well as the U.S. Department of Energy’s more stringent
EnergyStar standards, have already pushed the needle on technology adoption even though
most of these standards are not enforced as law. Additionally, the U.S. government’s stimulus
package in 2010 saw increased investment in building energy efficiency as well as new HVAC
technologies. With government’s adoption of new energy-efficiency and carbon-management
policies, emerging HVAC technologies could see even quicker adoption cycles; however, the
U.S. recently shot down carbon legislation, so this won’t likely happen for a while. Still,
adoption is the biggest hurdle, with little new construction and many old building still in
commission. The efficiency improvements of technologies and the national politics to diffusion
of them will be other two strong drivers for a large commercial development. In HVAC
systems, especially for what concern heat and cool generation devices, the market
competition is very focused on product price strategies. Relatively low price difference
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between technologies could generate BEP and ROI really different, enough to change the
purchase attitude of costumers, even in presence of worst technological solutions in terms of
efficiency or environmental impact.
Players
The market is characterized by a small number or multinational players, especially for the final
commercialization of the systems. The revenue analysis of the industry players identified
Carrier as the leading player, followed by Daikin in 2012. However, Daikin with its recent
acquisition of Goodman is expected to overtake Carrier as the global leader in the near future.
Other important players are Haier, Samsung, LG, and Electrolux. Apart from these global
players, a considerable share of the market is held by different regional and small players.
Collectively, they accounted for more than one third of the global market share in 2012
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Table n° 1 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Natural Refrigerants Heat Pump

Product name
(commercial):
Technical and
functional
characteristics:

Natural Refrigerants Heat Pump

Advantages as
regards
the
state of the art:
Enabling
technologies:

A heat pump is a device which transfers heat energy from a heat source to a heat sink
against a temperature gradient. Heat pumps are designed to move thermal energy in
opposite direction to the spontaneous heat flow. The compressor driven heat pump,
use compression-expansion cycle of working gas to transfer heat from a cold source by
a heat exchanger called condenser to a hot source by an exchanger called evaporator.
The refrigerant (working gas) is one of the elements of the system which influences
performance and technologies features of the devices used in the machine. Currently
heat pumps are used for heat and cool generation in residential and commercial
buildings and industrial facilities. According to Montreal’s conference protocols and
Kyoto’s agreement, the refrigerant used in these systems has to improve his efficiency
in terms of Greenhouse effect and Ozone Depletion Effect. Natural refrigerants respond
to these features. The best natural refrigerant fluids in terms of performance will be:
Carbon dioxide: nowadays it is a well-recognized alternative to synthetic refrigerants in
temperate climates. The use of an evaporative cooling to reduce the air temperature is
a good way to improve temperature and to use the CO2 systems even in warm
climates. Machine configuration is essential to obtain the efficiency performance
required. Main configuration problems are: definition of one or double stage
compression cycle, eventual inter-stage cooling system for the fluid in the compression
expansion cycle, the presence of one or more compressor in serial or in parallel and the
choice between one or two stage expansion cycle. The carbon dioxide has a normal
boiling point at -71°C and a critical temperature of 31°C.
Ammonia: principally used in large application it is probably the most common natural
refrigerant. A heat pump ammonia based system requires an improved pipe system,
more resistant to chemistry characteristics, and a selection of suitable system
components because hydrous ammonia corrodes copper and zinc. Therefore structural
steel and aluminium are the best materials for internal parts of heat pump using
ammonia like refrigerant. Ammonia has a very high specific enthalpy of evaporation
compared to common working fluids for heat pumps, which permit to reduce required
dimension for pipelines and valves typically of 30%-50%. This kind of systems need a
security devices to reduce uncontrolled gas leakages from the system, cause the
toxicity of ammonia. The ammonia has a higher potential efficiency than actual common
refrigerants present on the market whit a critical temperature of 132°C and a normal
boiling point of -33°C.
The choose of a fluid instead another will have consequence in terms of internal device
configuration, presence of supplementary cooler, modification of the size, fluid dynamic
characteristics and electronic configuration of the compressors and expansion valve.
Fluorinated-Gas free devices
GWP - Ground warming potential - Greenhouse gases free.
Device dimension reductions.
Compressor technologies.
Expansion valve technologies.
Joint element’s advanced materials and process. Internal elements will develop in
relation of news refrigerants characteristics.
Advanced materials for pipelines and exchangers.
Ammonia leakage sensor system and recovery systems: the development of security
systems sensor based is necessary for all the indoor application with ammonia.
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Other
linked
products:

Synthetic environmental friendly gas.

Field
application:

HVAC systems
Food refrigeration.
Automotive air conditioning systems.

of

Life cycle (time
of
potential
market entry):

There are present in the market some heating pumps model that use natural
refrigerant, especially CO2 for application inside building and ammonia for outdoor
application. The market is in growth phase, and the technologies are increasing è
performances and application ways. We aspect a growth of natural refrigerant pumps
market in next years.
Prerequisites / Policy drives technology to fluoride-gas abandon and to more restrictive laws in terms
Preconditions / of environmental performance of this gas in line with Montreal and Kyoto protocols’
Critical:
prescriptions.
For ammonia, actually, security laws and regulations represent a barrier especially for
the market where heat pump is installed indoor - this due to their toxicity level.
Competing
Traditional refrigerant heat pumps.
products
/ Advanced synthetic refrigerants heat pumps: development of new synthetic refrigerants
services:
devices, more environmental friendly, could become competing product in futures
market scenarios.
Players:
Mitsubishi Havey Industries, ltd.: producer of a two-stage heat pump whit CO2
refrigerant
Sanden.: leader in automotive air conditioning operate also in HVAC heat pump
production especially for Japanese market
Mayekawa.: multiproduct enterprise which develops heat pump using natural refrigerant
CO2
Thermae Energiesisteme: German manufacturer of high power heating pumps with
CO2 refrigerant.
Sources: (Links/Bibliography/Experts)
Sergio Girotto, Silvia Minetto - Refrigeration Systems for Warm Climates Using Only CO2 as a Working
Fluid – pag 287-301 Proklima international - Natural Refrigerants (2008).
Alex Wilson - BuildingGreen.com 2013 - A Heat Pump Using Carbon Dioxide as the Refrigerant.
Prof. Dr. René Rieberer, Graz University Of Technology, Institute Of Thermal Engineering, Austria Prof.
Dr. Jørn Stene And Petter Nekså, Sintef Energy Research, Norway - Overview and Outlook for the
Application of CO2 in Heat Pumps – pag 145-160 Proklima international - Natural Refrigerants (2008).
James M. Calm – International journal of refrigeration 31(2008) pag 1123 -1133 - The next generation of
refrigerants – Historical review, consideration, and outlook.
enviromentalleader.com – July 2013 - Honeywell Auto Refrigerant Has ‘Lower Global Warming Potential
Than CO2
r744.com - Dynamic and fast growing market for natural refrigerants in commercial refrigeration.
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Table n° 2 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Stirling Engines Driven Heat Pumps

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:
Enabling
technologies:

Other
products:
Field
application:

linked

of

Life cycle (time of
potential market
entry):

A Heat Pump is characterized by a compression and expansion cycle with whom is
possible to transfer heat energy from a heat source to a heat sink against a
temperature gradient. The compression phase is regulated by a compressor,
generally driven by an electric motor. In this product the electric motor will be
substituted by an External Combustion Engine (ECE), like Stirling Engine directly
connected with the crank shaft of the heat pump compressor or with other
mechanical connection. A Stirling engine is a heat engine operating by cyclic
compression and expansion of air or other gas (working fluid) at different temperature
levels such that there is a net conversion of heat energy to mechanical work. Heat is
also the waste product of the engine. The Stirling Engine can be alimented by
different fuel; it provides direct mechanical power to the Heat Pump's compressor
and simultaneously provides heat to the heating system of the building. The solution
will be efficient in particular in winter season, in particular in case of optimal balance
between the heat pump and the external combustion engine according with the
thermal needs of the heating system of the building. In summer season, the heat
produced by the external combustion engine must be discharged with apposite
systems like, for example, evaporative towers. Thanks to the relative high
temperature, the heat could be stored for domestic hot water usage in the summer
season or integrated with an absorption refrigerator connected with the HVAC
system. The external combustion engine is quite flexible to different kind of fuel, solid
or gaseous, changing properly the combustion chamber configuration. The utilization
of biogas, syngas or solid biomass will reduce massively the production of CO2 to
supply the heating and cooling system of the building.
CO2 emission reduction in heat and cold generation.
Energy efficiency especially in heat generation.
Stirling Engines technologies
Compression Technologies.
Expansion Technologies.
Natural refrigerant technologies.
Thermal Energy storage technologies.
External Combustion cogeneration systems.
Heat Pumps
Hot water storage tank.
HVAC systems.
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The technology is in phase of system theoretical and field validation test.
Prerequisites
Preconditions
Critical:

/
/

‐

‐

‐

Competing
products
services:

Traditional systems for provide heat and cool to HVAC system are a pretty
mature market and offer high entry barriers due to the high standardization of the
product and the low cost of the actual solution.
External Combustion Engine cost reduction: actually only a few companies
worldwide produce a few numbers of external combustion stirling engine. An
increase of engine production and a reduction of production cost due to scale
economies could represent the solution to a cost effective production of ECEHP.
Energy policy actions could be a strong driver to overstep the entry barrier in the
field of heat and cold device production market, in particular for what concern
financial incentives for end user to buying the solution

Internal combustion driven heat pumps (ICEHP) are a possible competitor
product. These kinds of heat pump are already on the market produced by
Yanmar, a multinational Japanese company, market leader in engine production.
The Internal Combustion Engine (ICEHP) solution could use synergic scale
economies whit other important industry of the economy like automotive, or
powertrain engines in general. Nevertheless the fuel flexibility of the ICEHP to
different kind of fuel, especially dirty bio fuel is minor in comparison with ECEHP,
and they can’t be used with solid biomass.
‐ The cogeneration systems could be competitors but only for heat generation.
Combined with a chiller, a cogeneration system could provide even cool effect
using the electricity produced locally by the cogeneration system.
‐ Traditional Heat Pump.
‐ Fuel cell.
‐ Microturbines.
Players:
Studies in this technology field are leading by the following institutes and companies:
Global Cooling Inc. : Global Cooling, Inc., is a developer and manufacturer of a new
generation of environmentally friendly ultra-low temperature freezers
Perdue University US university involved in experimental activities with Stirling
engine.
Re/genT: is a Research & Development centre specialized in refrigeration, air
conditioning and heat pumps.
Environ Corporation : science and technology consulting company .
Sources: (Links/Bibliography/Experts)
http://yanmar.com
Patent: US6701721 - Stirling engine driven heat pump with fluid interconnection
David M. BERCHOWITZ, Martien JANSSEN, Roberto O. PELLIZZARI – 2008 - CO2 Stirling Heat Pump
for Residential Use.
Srinivas Vanapalli, M. E. H. Tijani, Simon Spoelstra – 2010 - Energy research Center of the Netherlands
Thermoacoustic-stirling heat pump for domestic applications.
/

‐
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Table n° 3 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Advanced Internal combustion engine driven heat pump (ICEDHP)

Product
name
(commercial):
Technical
and
functional
characteristics:

Gas Heat Pump (Gas Heat Pump)

Advantages
as
regards the state
of the art:
Enabling
technologies:

Other
products:
Field
application:

linked

of

Life cycle (time of
potential market
entry):

A heat pump is a device which transfers heat energy from a heat source to a heat
sink against a temperature gradient. Heat pumps are designed to move thermal
energy in opposite direction with the spontaneous heat flow. The compressor driven
heat pump, use compression-expansion cycle of working gas to transfer heat from a
cold source by a heat exchanger called condenser to a hot source by an exchanger
called evaporator. In an ICEDHP the compressor is directly driven by an internal
combustion engine connected to the same drive shaft of the compressor or with other
mechanical connection like belts. The use of an internal combustion variable engine
significant improves part-load efficiency of the system.
Currently the systems present in the market are principally fuelled with gas, thanks to
the presence of an urban capillary gas net in many nations. We can’t exclude that in
the next future will be developed machines fueled by different fuels, like for example
gasoline, or diesel fuel. In winter season the heat produced from the engine is added
at the heat produced by the compression cycle, increasing the efficiency
performances of the machine. In the summer season the heat produced by the
engine has to be discharged in the air by an evaporating tower.
The new system needs a new measurement unit for efficiency. Some Industries
which produce the few products actually on the market think that COP, the
Coefficient Of Performance, generally used to measure heat pump generation
performance, must be evolved in COP+APF (Annual Performance Factor), which
considers the usage period. That will provoke a deep difference between the
electrical heat pump and the engine driven heat pump in terms of annual efficiency.
Avoid the loss of energy in the electrical grid.
CO2 reduction
Low Maintenance needs.
Could be fuelled by biofuels, in particular biogas.
Internal combustion engine technologies, especially for increase efficiency.
Small engine technologies for improve mechanical and thermal performances.
Compression and expansion control systems technologies.
Heat storage technologies.
External combustion engine driven heat pumps.
Heat pumps.
Internal combustion engines.
Large buildings HVAC systems.
Small buildings HVAC systems.
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The technology, in particular for what concern the system integration, need more
optimizations and is introduced on the market by leading HVAC systems company,
especially in the Asian market. We expect an optimization of the system for small low
power application.
Prerequisites
/ Electrical energy cost.
Preconditions
/ Methane grid development.
Critical:
Local fuels productions.
Policy intervention to promote the technologies.
Competing
External combustion engine driven heat pump.
products
/ Traditional Heat Pumps.
services:
Condensing boilers.
Cogeneration systems.
Players:
Yanmar: leading Japanese company in different industries engine technologies
based (Agriculture machinery, marine, Power generation and Air conditioning,
Construction, engines)
Sounthwest Gas Corporation
Tecogen – US company, natural gas driven heat pump manufacturer.
Ilios Dynamics - US company, natural gas driven heat pump manufacturer.
Oak Ridge National Laboratory – US research center managed by US Department of
Energy
ASIN Seiki Co, LTD – Japanese heat pump manufacturing
Mitsubishi heavy industries, ltd – Japanese enterprise, hvac industry leader, produce
GHP heat pumps for VRF systems.
SANYO Electric Co., Ltd. – Japanese enterprise, HVAC industry leader, produce
GHP heat pumps for VRF systems.
Sources: (Links/Bibliography/Experts)
US Department of Energy – Residential multi-function gas heat pump.
Martin J. Mcdonough, Ilios Dynamics, and Stephen Lafaille, Ilios Dynamics/Tecogen Inc., Waltham, Mass:
Technological advances lead to higher efficiency and lower emissions.
Yanmar - GHP general catalogue.
E. Elgendy, G. Boye, J. Schmidt, A. Khalil, M. Fatouh - Experimental Evaluation of a Gas Engine Driven
Heat Pump Incorporated with Heat Recovery Subsystems for Water Heating Applications.
Arif Hepbaslia, Zafer Erbayb, Filiz Icierc, Neslihan Colakd, Ebru Hancioglue- Renewable & Sustainable
Energy reviews 13 (2009) pp 85 -99 - A review of gas engine driven heat pumps (GEHPs) for residential
and industrial applications.
Bernard Thonon - Intelligent Energy Europe – ProHeatPump project – Deliverable 19: Report on
renewables and heat pumps.
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Table n° 4 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Small High Temperature Heat Pump (SHTHP)

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:
Field
application:

linked
of

A heat pump is a device which transfers heat energy from a heat source to a heat
sink against a temperature gradient. Heat pumps are designed to move thermal
energy in opposite direction with respect the spontaneous heat flow. Thermal energy
in opposite direction with respect the spontaneous heat flow. The compressor driven
heat pump, use compression-expansion cycle of working gas to transfer heat from a
cold source by a heat exchanger called condenser to a hot source by a exchanger
called evaporator. One of the main issues of the heat pumps which transfer heat to a
liquid flow (Ground/air/water-to-water heat pump) is the temperature of the flow.
Actually common heat pumps could reach temperature of 60° or 65°C at the
evaporator, because of working gas thermodynamic characteristics and technological
limits of the internal devices. The technological development lines are directed to
change current common internal fluids and, thanks to that, to review and improve the
base performance of system internal devices (electronic expansion valve,
compressors, pipelines and heat exchangers). Furthermore exchange traditional
configuration of the devices inside the heat pump, could be an alternative way to
improve the temperature levels of outlet water flow from the pump. The introduction
of CO2 as working fluid could elevate, using a transcritical cycle, the temperature of
the evaporator to 100°C or more. Thanks to that, the usability of heat pump will rise
to heat provider of technological industrial process, which needs energy at high
temperatures levels.
An alternative way to obtain high temperature is using a "two-stage evaporator heat
pump" system. A cascade system consists of two independently operated singlestage refrigeration systems: a lower system which maintains lower evaporating
temperature and produces refrigeration effect and a higher system which operates at
_higher temperature. The two stages are connected by a heat exchanger between
the two circuits which operates as condenser during low temperature stage and like
an evaporator during high temperature stage. This kind of configuration can generate
temperature near to 85°/90°C, at the condenser of the high stage with COP equal 3
or more. We expect an optimization of the system thanks to a rise of performance
characteristics which permit to increase the COP of the systems and reduce the
dimensions of the devices in terms of power. Thanks to that will be possible optimize
the system for small power utilities.
An SHTHP could be integrated with current high temperature HVAC systems
(radiators, high temperature fan coils, etc.). Change old heat production systems,
commonly based on fossil fuels boiler, with high temperature heat pumps, could
improve the efficiency in terms of primary fuel per unit of heat produced. Furthermore
SHTHP is integrable with renewables local energy sources like photovoltaic or eolic.
Natural gas heat pump technologies.
Smart cities controls technologies.
Compression technologies
Expansion technologies.
/
HVAC System refitting.
Industrial heat process recovery and regeneration.
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Life cycle (time of
potential market
entry):

The technologies actually present in the market which are in growth market phase for
what concern high power system (100 kW or more). Potential future developments
are reduction of the power of the system (<100kW) and increase the efficiency in
terms of COP.
Prerequisites
/ The SHTHP are in particular indicated for boilers substitution. The actual application
Preconditions
/ concern high power systems, generally residential or tertiary large buildings, or
Critical:
industrial application.
A policy intervention to incentive the technology, in particular for traditional boiler
substitution, in refitting intervention, could be a valid instrument to increase the
market of the SHTHP.
Competing
Condensing boilers.
products
/ Cogeneration systems.
services:
Biomass condensing boilers.
Players:
Rhoss spa – Italian manufacturer that has produced some prototypes of 100 kW
HTHP for residential applications whit double stage cycle.
Veissmann – Italian manufacturer that produce CO2 HTHP system.
Emerson Climate technologies – multinational leader in climate technologies. Has
developed some high temperature application using ammonia like working gas.
Star Refrigeration – UK leading heat pump manufacturer, developing high
temperature heat pumps whit ammonia like working gas.
Termocold costruzioni srl - Italian manufacturer that produce HTHP even with CO2
like working fluid.
Daikin Industries Ltd – Daikin Industries, Ltd. is a Japanese multinational air
conditioner manufacturing company headquartered in Osaka.
Sources: (Links/Bibliography/Experts)
en.wikipedia.org/wiki/Heat_pump
Richard Law, Adam Harvey, David Reay – 2013 - Techno-economic comparison of a high-temperature
heat pump and an organic Rankine cycle machine for low-grade waste heat recovery in UK industry.
P. Brondum, M. Markussen, L. Reinholdt - Utilization of low-grade water heat by means of new emerging
high-temperature heat pumps - 4th IIR Conference: Ammonia Refrigeration Technology, Ohrid, 2011.
K.J. Chua, S.K. Chou, W.M. Yang - Advances in heat pump systems: A review.
Francesco Amato – REHVA Journal (Oct. 2012) - High temperature multifunctional heat pump system for
better overall energy efficiency.
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Table n° 5 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Advanced Proton Exchange Membrane Fuel Cell

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:
Enabling
technologies:
Other
products:
Field
application:

linked
of

Proton exchange membrane fuel cells, also known as polymer electrolyte
membrane (PEM) fuel cells (PEMFC), are a type of fuel cell developed for transport
applications as well as for stationary fuel cell applications and portable fuel cell
applications. Fuel cells generate electricity and heat as a by-product.
For example, a PEMFC fuel cell based micro-CHP has an electrical efficiency of 37%
LHV and 33% HHV and a heat recovery efficiency of 52% LHV and 47% HHV with a
service life of 40,000 hours or 4000 start/stop cycles which is equal to 10 year use.
PEMFC cells operate at relatively low temperatures (below 100 degrees Celsius) and
can tailor electrical output to meet dynamic power requirements. Due to the relatively
low temperatures and the use of precious metal-based electrodes, these cells must
operate on pure hydrogen. A variant of the PEMFC which operates at elevated
temperatures is known as the high temperature PEMFC (HT PEMFC). By changing
the electrolyte from water-based to a mineral acid-based system, HT PEMFCs can
operate up to 200 degrees Celsius. This working temperature permit to operate also
in HVAC system which needs high temperature of working fluid as old radiators
heating plants. Also the balance of energy is particularly good because of high
performances in electricity fuel conversion, compared to heat production. One of the
most important problems for fuel cell market development is machines and systems
high prices. Current prices are highly inflated and don’t represent the cost behind the
manufacturing of these systems. As the technology matures, learning by doing will
allow current prices to naturally fall to the projected levels. However, Japanese
manufacturers began to roll the first units off automated production lines in 2009,
marking the long-awaited transition towards mass production. Fuel cell system cost
structure is structured into components, and then into individual materials and
production stages. A raise of technology efficiency in the production process could
decrease the cost for kW of the CHP fuel cell.
High electricity conversion rate compared to other CHP technologies. For example
PEMFC could reach the 33% efficiency when an internal combustion diesel or other
fuel engine generally efficiency is comprise from 20% to 30%, or also compared to
Stirling engines CHP based technologies.
Fuel Cell Technologies
Hydrogen supply system related technologies.
/
HVAC system
Remote power generation and cogeneration.
Portable Power.
Transport power supply.
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Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:

Competing
products
services:
Players:

/
/

/

The technology is known for a long time. Is in phase of introduction on the market in
an early stage for particular application like telecommunications backup system or in
policy driven diffusion project. The Japan has invested a lot of time and monetary
resource to finance a diffusion project and the installation of 20.000 devices.
The PEMFC use hydrogen like primary fuel. A net of capillary point for refuel Fuel
Cell or hydrogen storage systems for buildings will be a social/political and at the
same time, technological prerequisite. On a hand is necessary identify the
appropriate technologies to build this system to supply the fuel at the devices, on the
other hand the investment for a wide diffused infrastructure couldn’t be private but
necessarily public and policy driven.
Technologically the hydrogen is not a fuel easy to use, in particular conditions is
pretty inflammable and highly explosive.
Stirling engine cogeneration systems.
Internal combustion cogeneration systems.
Methanol fuel cell.
Solid Oxide Fuel Cell cogeneration systems.
‐

‐

‐
‐
‐
‐
‐
‐

‐
‐
‐

ACAL Energy Ltd is a developer of Fuel Cell systems, modules and consumable
chemicals for a range of uses including stationary, residential and automotive
applications requiring larger than 1 kW of power.
Altergy Systems designs and manufactures proprietary proton exchange
membrane (PEM) fuel cell systems, collectively known as Altergy Freedom
Power™ products.
Chugoku Electric Power is a utility company in the Chugoku area in Japan. The
company has developed a 1kW PEM small stationary fuel.
ClearEdge Power acquired UTC Power, a driving force in producing fuel cells
that provide clean, reliable power for buildings and vehicles.
Electrocell was formed by a group of entrepreneurs interested in the
development of fuel cell technology in Brazil.
Hydra Fuel Cell corporation is a PEMFC.
Panasonic has developed Ene-Farm, a small single house fuel cell cogeneration
system.
Pearl hydrogen is the world leader in middle range air cooled fuel cell system and
pearl hydrogen is working on the way to commercialize fuel cell and the related
products.
Power Disc develops high performance PEM fuel cells incorporating patented
flow field plate technology.
Vaillant: lead manufacturer of HVAC generation systems even of a wall small
PEMFC system.
Sefca is an Australian owned company specialising in the design, supply,
installation and support of fuel cells for back up and prime power applications
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Sources: (Links/Bibliography/Experts)
en.wikipedia.org/wiki/Proton_exchange_membrane_fuel_cell
en.wikipedia.org/wiki/Micro_combined_heat_and_power#Fuel_cell_micro-CHP
L. Barelli Corresponding, G. Bidini, F. Gallorini, A. Ottaviano - An energetic–exergetic comparison
between PEMFC and SOFC-based micro-CHP systems.
P. Moçotéguy, B. Ludwig, J. Scholta, Y. Nedellec, D. J. Jones, J. Rozière – Fuel Cell from fundamentals
to systems Volume 10, Issue 2, pages 299–311, April, 2010 (2010) - Long-Term Testing in Dynamic Mode
of HT-PEMFC H3PO4/PBI Celtec-P Based Membrane Electrode Assemblies for Micro-CHP Applications
Fuel Cell and Hydrogen technologies in Europe. Financial and technology outlook in the European sector
ambition 2014-2020. – New Energy world IG publication (2011)
www.fuelcelltoday.com
US department of energy – Fuel Cell technologies program – Comparison of fuel cell technologies feb
(2011).
Iain Staffell and Richard Green Imperial College Business School - 2012 - The cost of domestic fuel cell
micro-CHP systems.
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Table n° 6 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Molten carbon Fuel Cell

Product
name
(commercial):
Technical
and
functional
characteristics:

Direct Fuel Cell

Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:
Field
application:

linked

of

Life cycle (time of
potential market
entry):

Molten-carbonate fuel cells (MCFCs) are high-temperature fuel cells which operate at
temperatures of 600 °C and above. Molten carbonate fuel cells (MCFCs) are
currently developed for natural gas, biogas (produced as a result of anaerobic
digestion or biomass gasification), and coal-based power plants for electrical utility,
industrial, and military applications. The electrolyte is represented by a molten
carbonate salt in a porous ceramic matrix, that avoids the necessity to have a
precious metal as an electrolyte, and operates at 650°C allowing a wide range of
waste heat reuse. Molten Carbon Fuel Cell could be used in domestic, building or
district cogeneration plants but also for multi MW plant. These kinds of Fuel Cell
operate with over 60% efficiency for electricity conversion and over 80% efficiency in
CHP configuration. The high temperature reach by this kind of fuel cell makes the
solution available for CCHP (cogeneration cool, heat and power) and an optimization
of the performance in hot and cold season. The technology use common fuels like
natural gas or propane, but can also use, after opportune treatment, biogas and even
syngas. Future goals for this technologies are to optimize components integration
and industrial production processes in order to achieve concurrency market price in
terms of €/kW for CHP installations.
Not expensive catalyst.
Not critical fuels and fuel flexible technology (natural gas, biogas, syngas). Can use
the present’s gas distribution systems.
Pollutants absence.
High efficiency in relation of other CHP or CCHP technologies.
Optimal heat and electricity balance in CHP configuration.
Reliable power in comparison with electric grid.
Smart Grid technologies
Anti-corrosion technologies,
Catalysis technologies and advanced materials.
Energy system control and balance.
Other fuel cell technologies.
CHP and CCHP systems.
Condensing Boilers
Cogeneration systems.
HVAC Systems.
Electrical energy production.
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The technological sector is in rapid growth. At present time the fuel cell are not
optimized for domestic application but for larger installation facilities.
Prerequisites
Preconditions
Critical:
Competing
products
services:
Players:

/
/

/

Biogas digesters development
Gas quality sensor and testing technologies development
Gas clean-up equipment development and optimization.
Long-term national and state policies supportive gas and biogas fuel cell.
Cogeneration systems and technologies.
Generation systems and technologies.

Fuel Cell Energy Inc. – US enterprise leader in Direct and Molten Carbon Fuel Cell.
DJW Technologies LLC – Us enterprise experienced in fuel cell research fuel cell
manufacturing.
Ansaldo Fuel Cell spa – Italian company controlled by Ansaldo Energia, involved in
research and industrialization activities for MCFC
Sources: (Links/Bibliography/Experts)
www.fuelcelltoday.com – The Fuel Cell Industry Review 2012
http://en.wikipedia.org/wiki/Molten_carbonate_fuel_cell
http://en.wikipedia.org/wiki/Direct_fuel_cell
Fuel Cell Energy - Bio Fuels Processing for Fuel Cell Applications
Fuel Cell Energy – Technology Brochure
Forbes - Distributed Generation Grabs Power From Centralized Utilities
Robert Remick (National Renewable Energy Laboratory) Douglas Wheeler (DJW Technology, LLC) Molten Carbonate and Phosphoric Acid Stationary Fuel Cells: Overview and Gap Analysis
Bartolomeo Marceraro – Development and Industrialization of MCFC system
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Table n° 7 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Stirling micro and mini Combined Heat and Power system

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages as
regards the state
of the art:

Enabling
technologies:

Other
products:

Field
application:

linked

of

Cogeneration or Combined Heat and Power is the use of a heat engine or power
station to generate electricity and useful heat simultaneously. A Stirling engine is a
heat engine operating by cyclic compression and expansion of air or other gas, the
working fluid, at different temperature levels such that there is a net conversion of
heat energy to mechanical work. The mechanical work is converted in electric energy
by an electric engine. There are two principal types of Stirling Engine, kinematic and
free-piston. All Stirling engines have two pistons (functionally speaking), one of which
shuttles the working gas between the hot and cold zones and is known as a displacer,
whilst the other is subject to the resulting pressure changes and does work to drive
the engine. In the kinematic engine, these two pistons are physically connected by a
crank mechanism, whereas in the free-piston engine, there is no physical linkage and
the displacer oscillates resonantly.
A Stirling CHP system usually provides 1 to 35 kW electrical and 5 to 140 kW thermal
according to the power needs of the building. A modular construction system permits
the scalability of the system in more powerful applications composed by multiple
engines not directly connected. The system generates at the same time electrical and
thermal energy. The external combustion could permit the interface with different
combustion chambers and, possibly with different fuels. At present time there are
some applications fuelled with natural gas or propane or biogas.
The current ways to produce heat generally don’t produce electricity in cogeneration
mode.
The current cogeneration systems are less flexible to bio fuels especially solid
biomass fuel the Stirling Engine or synthetic gas.
The use of biofuels especially solid biomass or pyrolysis syngas would have a
balance of CO2 like zero.
Stirling technologies.
Heat exchange technologies
Combustion optimization technologies.
Smart cities energy management technologies.
Heat Pumps
Syngas cogeneration plants
Biogas cogeneration plants
Industrial heat waste recovery systems.
Condensing Boilers.
Domestic boilers or centralized multi apartment power plant.
Commercial or tertiary building power plants.
Single House cogeneration plant.
Agricultural facilities.
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Life cycle (time of
potential market
entry):

The product is in advanced phase of development. There are some field test
applications of the technology. We are in the phase of market introduction for some
special non cost effective applications. We expect 3-5 years for a larger market
penetration.
Prerequisites
/ The existing technologies are not totally industrialized, especially for what concern the
Preconditions / solid biomass applications. The choices in terms of industrial and energy policy could
Critical:
influence in determinant way the diffusion of the technology.
Achieving a large production could solve some issues derived from reduced scale
economies in engine production that should reduce the market price of the system.
Like in other energy efficient technologies even in CHP and Stirling CHP, the
presence of incentives for buying and installing the technology could help to increase
the market and reduce cost of the application. Policy will have a determinant role in
technology development.
Competing
If we consider cogeneration plant with electrical power minor than 50 kW, there are
products
/ multiple technologies that can be consider competitors or substitutive.
services:
‐ Micro-turbines: we expect a development of micro and mini turbine under the size
of 50 kW electrical and possibly under the 10 kW electrical.
‐ Internal combustion engine cogeneration systems already at the state of the art of
technologies for large CHP plants and also small domestic CHP plants.
‐ Fuel Cells: used like CHP systems in domestic or larger application.
‐ Traditional condensing boilers: even if don’t produce electric power thanks to the
low cost for heat production, could be a valid competitor especially for costumers
not early adopter
‐ Heat pump: with a particular plant configuration that comprising an electricity
production with a renewable source (e.g. photovoltaic) could be a valid
substitution of a CHP plant.
Players:
DKStirling – DK – Medium large application in agricultural facilities (25-30kW)
Innovative technological systems – I – Small domestic application or waste heat
recovery system (1-10 kW)
Microgen – US – Free piston Stirling engine used for small domestic application (<5
kW)
Whispergen – NZ - Small domestic application of a four cylinder Stirling engine (<5
kW)
Infinia – US – Free piston Stirling engine principally used for solar application (<5 kW)
Viessmann – I – Condensing boiler Stirling cogeneration system for domestic
application (<5 kW) using Microgen engine.
Buderus – Ger - Condensing boiler Stirling cogeneration system for domestic
application (<5 kW).
Baxi – UK - Condensing boiler Stirling cogeneration system for domestic application
(<5 kW).
Sources: (Links/Bibliography/Experts)
en.wikipedia.org/wiki/Cogeneration

178 / 313

Worldwide Energy Efficiency Technology Roadmap

en.wikipedia.org/wiki/Stirling_engine
www.delta-ee.com
Tie Li, DaWei Tang, Zhigang Li, Jinglong Du, Tian Zhou, Yu Jia - (2012) - Development and test of a
Stirling engine driven by waste gases for the micro-CHP system.
A. Parente, C. Galletti, J. Riccardi, M. Schiavetti, L. Tognotti - Experimental and numerical investigation of
a micro-CHP flameless unit - Applied Energy, Volume 89, Issue 1, January 2012, Pages 203–214
G. Conroy, A. Duffy, L.M. Ayompe - Validated dynamic energy model for a Stirling engine μ-CHP unit
using field trial data from a domestic dwelling - Energy and Buildings, Volume 62, July 2013, Pages 18–26
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Table n° 8 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Co-firing micro and mini Combined Heat and Power system

Product name
(commercial):
Technical and
functional
characteristics:

/

Advantages as
regards
the
state of the art:

Enabling
technologies:

Other
linked
products:

Cogeneration or Combined Heat and Power is the use of a heat engine or power
station to generate electricity and useful heat simultaneously. A Stirling engine is a heat
engine operating by cyclic compression and expansion of air or other gas, the working
fluid, at different temperature levels such that there is a net conversion of heat energy
to mechanical work. The mechanical work is converted in electric energy by an electric
engine. There are two principal types of Stirling Engine, kinematic and free-piston. All
Stirling engines have two pistons (functionally speaking), one of which shuttles the
working gas between the hot and cold zones and is known as a displacer, whilst the
other is subject to the resulting pressure changes and does work to drive the engine. In
the kinematic engine, these two pistons are physically connected by a crank
mechanism, whereas in the free-piston engine, there is no physical linkage and the
displacer oscillates resonantly.
A Stirling CHP system usually provides 1 to 35 kW electrical and 5 to 140 kW thermal
according to the power needs of the building. A modular construction system permits
the scalability of the system in more powerful applications composed by multiple
engines not directly connected.
There are interesting applications of these technologies with poor fuels in term of
carbon concentration, like biogas, or dirty gas, like syngas, or solid fuels, like wood
chips or pellet. The modification and the reconfiguration of the combustion chamber
and of the injection system will permit the direct co-firing of multiple fuels. The new
burners have different feedings line for different fuel injected in the same combustion
chamber. The co-firing burners will be fuelled by solid biomass (wood chip or wood
pellet) and natural gas to optimize the combustion efficiency and also to reduce the
CO2 and other pollution substances, at the same time it increases the quote of energy
produced with a renewable source.
The current ways for produce heat generally don’t produce electricity in cogeneration
mode.
Increased efficiency compared to not co-firing stirling.
The current cogeneration systems are less flexible to bio fuels especially solid biomass
or syngas.
The use of biofuels especially solid biomass or pyrolysis syngas would have a balance
of CO2 like zero.
Increase the energy/fuel cost efficiency of the cogeneration system.
Improve the efficiency of the system mixing high power fuels with low power fuel.
Reduction of SOx emissions.
Stirling technologies.
Heat exchange technologies
Combustion optimization technologies.
Smart cities energy management technologies.
Heat Pumps
Syngas cogeneration plants
Biogas cogeneration plants
Industrial heat waste recovery systems.
Condensing Boilers.
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Field
application:

of

Domestic boilers or centralized multi apartment power plant.
Commercial or tertiary building power plants.
Single House cogeneration plant.
Agricultural facilities.

Life cycle (time
of
potential
market entry):

The product is in advanced phase of study. The system is in phase of study for small
Stirling application. Other markets have yet developed co-firing systems for large
cogeneration plants or cement production plants.
Prerequisites / The existing technologies are not totally industrialized, especially for what concern the
Preconditions / solid biomass applications. The choice in terms of industrial and energy policy could
Critical:
influence in determinant way the diffusion of the technology.
Achieving a large production could solve some issues derived from reduced scale
economies in engine production that should reduce the market price of the system.
Like in other energy efficient technologies even in CHP and Stirling CHP the presence
of incentives for buying and installing the technology could help to increase the market
and reduce cost of the application. Policy will have a determinant role in technology
development.
Competing
If we consider cogeneration plant with electrical power minor than 50 kW, there are
products
/ multiple technologies that can be consider competitors or substitutive.
services:
‐ Micro-turbines: we expect a development of micro and mini turbine under the size
of 50 kW electrical and possibly under the 10 kW electrical.
‐ Internal combustion engine cogeneration systems already at the state of the art of
technologies for large CHP plants and also small domestic CHP plants.
‐ Fuel Cells: used like CHP systems in domestic or larger application.
‐ Traditional condensing boilers: even if don’t produce electric power thanks to the
low cost for heat production, could be a valid competitor especially for costumers
not early adopter
‐ Heat pump: with a particular plant configuration that comprising an electricity
production with a renewable source (e.g. photovoltaic) could be a valid substitution
of a CHP plant.
Players:
DKStirling – DK – Medium large application in agricultural facilities (25-30kW)
Innovative technological systems – I – Small domestic application or waste heat
recovery system (1-10 kW)
Microgen – US – Free piston Stirling engine used for small domestic application (<5
kW)
Whispergen – NZ - Small domestic application of a four cylinder Stirling engine (<5 kW)
Infinia – US – Free piston Stirling engine principally used for solar application (<5 kW)
Sources: (Links/Bibliography/Experts)
en.wikipedia.org/wiki/Cogeneration
en.wikipedia.org/wiki/Stirling_engine
www.delta-ee.com
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Tie Li, DaWei Tang, Zhigang Li, Jinglong Du, Tian Zhou, Yu Jia - (2012) - Development and test of a
Stirling engine driven by waste gases for the micro-CHP system.
A. Parente, C. Galletti, J. Riccardi, M. Schiavetti, L. Tognotti - Experimental and numerical investigation of
a micro-CHP flameless unit - Applied Energy, Volume 89, Issue 1, January 2012, Pages 203–214
G. Conroy, A. Duffy, L.M. Ayompe - Validated dynamic energy model for a Stirling engine μ-CHP unit
using field trial data from a domestic dwelling - Energy and Buildings, Volume 62, July 2013, Pages 18–
26.
Giovanni Mainini, Firing Systems Manager – Ansaldo Caldaie SpA, Italy - Caldaie coal biomass co-firing
testing experience
Luigi Crema, Fabrizio Alberti, Alberto Bertaso, Alessandro Bozzoli - Development of a pellet boiler with
Stirling engine for m-CHP domestic application - Energy, Sustainability and Society November 2011 1:5
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Table n° 9 – HVAC SYSTEM (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Small micro turbine

Product name
(commercial):
Technical and
functional
characteristics:

Small micro turbine

Advantages as
regards
the
state of the art:

Enabling
technologies:

Other
linked
products:

Gas microturbines are small electricity generators that burn gaseous and liquid fuels to
create high speed rotation which turns an electrical generator. Today’s common power
size range is from 60 to 250 kW electrical. A microturbine is constituted by an inlet air
system and a centrifugal compressor where the air flow is compressed. The air
adiabatically compressed flow is preheated by a heat exchanger called recuperator,
after that the air flow is injected mixed with fuel in the combustion chamber where
burns, increasing its volume and temperature. The successive transformation is an
adiabatically expansion in a turbine directly connected on the same shaft with an
electric generator, the compressor is connected on the same shaft as well. Single shaft
model generally operates at 60,000 revolutions per minute (rpm) and generates
electrical power of high frequency, and of variable frequency. This power is rectified to
direct current and then inverted to 50/60 Hz for European/American commercial use. A
microturbine unit is commonly used combined heating and power systems (CHP). That
is possible thanks to exhaust gases heat recovery system, which use the remaining
heat after the recuperator. At present time microturbine can reach from 23% to 33%
electric efficiency and almost 80% system efficiency in cogeneration configuration. The
efficiency of the system decreases constantly from high power system to low power
system. The microturbines currently on the market are generally not less than 60 kW for
the electric power generation. There are some applications of device of 15 kW
electrical. This actual low power application has an efficiency of 23% electrical and 60%
for full power performance at ISO conditions. The microturbine is a very suitable
technology for distributed energy production. The reduction of the power size of the
microturbine should be an effective advantage for the technology especially for the
installation in smart grid systems. A smaller size device could be an effective advantage
for balance the system even for large commercial buildings. A high efficiency modular
solution of more devices should be an optimal solution for balance the system in base
of the instantaneous thermal or electrical needs of the building, turning on or off one or
more small devices.
Small power devices will permit to microturbine technologies to enter in the microcogeneration market, in particular for singular apartments or houses applications.
Low noise levels will permit to install the machinery inside houses or apartments.
High flexibility small turbine has quick times to respond at an activation signal, could be
even monitored and activated from remote position.
Increase multi installation efficiency: with comparable single machine efficiency a multi
machine system is more efficient in the management of partial thermal or electrical
loads thanks to a modular activation of the devices.
IT technologies for control and management especially complex energy network like
smart cities or smart building.
Material technologies: to improve or maintain good efficiency characteristics even
reducing power size of the microturbines.
/
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Field
application:

of

Combined heat and power generation for HVAC systems.
Small biogas power plant.
Small syngas power plant.
Smart grid and smart building heating and cooling systems

Life cycle (time
of
potential
market entry):

For what concern the small power machines the product is in early stage market
introduction phase.
Prerequisites /
Preconditions /
Critical:

Ignition advanced systems to permit the development of smaller devices with
comparable efficiency.
Multi parameter building and smart grid control systems.
A large diffusion of this kind of technology is probably connected with national or over
national policies for incentive market penetration of the technology. Some nations are
starting policies for encourage the cogeneration or trigeneration systems adoption.
Competing
Condensing Boilers.
products
/ Internal combustion CHP systems.
services:
External combustion CHP systems.
Fuel Cell.
Players:
Capstone: Lead enterprise in microturbine market, from not much time produce a 15
kW CHP system.
Turbec: recently acquired from Ansaldo Energy produce a 100 kW CHP system.
MTT: Micro Turbine Technology is a Dutch enterprise founded in 2003 that develop
microturbine technologies in different field of application. Recently has developed a
small microturbine, now on field test, of 3 kW electric and 14 kW thermal.
Blandon Jets: the UK enterprise develop microturbine for power generation and
automotive applications. According to the enterprise has develop 13 kW electric
microturbine for CHP applications.
Sources: (Links/Bibliography/Experts)
Stephen Gillette, Capstone Turbine – www.powermag.com (2010) – Microturbine Technologies Matures
Capstone Turbine – C15 Microturbine Natural Gas technical sheet.
Bladon Jets Limited official site : www.bladonjets.com
Juha Kaikko, Jari Backman – Energy, Volume 32, Issue 4, April 2007, Pages 378–387 (2007) - Technical
and economic performance analysis for a microturbine in combined heat and power generation.
A.M. Pantaleoa, S.M. Camporeale, N. Shah - Energy Conversion and Management Volume 75,
November 2013, Pages 202–213 –
United States Environmental Protection Agency – December 2008 - Technology Characterization:
Microturbines
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Table n° 10 – HVAC SYSTEMS (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Advanced ventilation thermodynamic recovery systems.

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
products:

linked

Like thermodynamic active ventilation recovery system we intend a system which use
a compression expansion cycle to recovery thermal energy in form of heat or cool
from a ventilation flow, generally mechanically forced.
One of the most developed advanced systems, with some application on market are
exhaust air source heat pumps. The exhaust air source heat pump works by taking
the heat from waste air leaving the house and pumping it back in to provide heating
and hot water. The mechanical forced ventilation flow extracted by the buildings are
driven, in winter season configuration, throw the evaporator of the heat pump. In the
evaporator, a heat exchanger permit to recovery a large part of the heat contained in
the indoor/outdoor air flow. In the heat exchanger the inlet outdoor airflow, generally
used for the evaporation of the working fluid, is preheated and permit to evaporator to
work at higher temperature. This procedure makes the system more efficient in terms
of COP of the heating pump.
In summer configuration the intake fresh air is used in the condenser to refresh and
condense the heat pump working fluid. The indoor air is at lower temperature level
then the external temperature that makes the process more efficient. Actually the
system is optimized for inlet and outlet air flows.
According to machine manufacturers’ data, in optimal conditions the machine could
reach COP 9 and EER 7, in comparison to an air to water common heat pumps that
reach COP equal to 3, under same environmental condition. There is some
consideration to do in particular on fluid temperature reached by the two
technologies. This temperature is considerably higher in air to water heat pump,
which permits a use more flexible of the heat in terms of distribution technologies and
devices. The size of the system could be very various from singular apartments
solutions, that generally use a single small compressor of 2/5 kWel, to large
commercial building.
Some manufacturers have developed a different way that comprise an air to water
heat pump that also use the waste heat present in indoor air. Warm exhaust air is
supplied to the heat pump for heat recovery. The heat pump warm up the water of
the heating system of the building with a better COP, or at least give a contribution to
the other hot water production systems installed.
The primary energy consumption of this solution can reduce from almost the 50% in
comparison with condensing boiler.
Reduction or energy consumption for heating and cooling buildings thanks the
recovery of heat and cool.
Optimization, monitoring and control of air quality without open any opening to the
outdoor environment.
Advanced compressor technologies.
New refrigerants technologies.
Expansion technologies.
Natural gas heat pumps
Stirling engine driven Heat pump.
Advanced internal combustion engine driven heat pump
Small high temperature heat pumps.
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Field
application:

of

HVAC systems.
Industrial heating recovery system.
High efficiency heat and cool recovery system.

Life cycle (time of
potential market
entry):

The solution is technologically ready to use and was introduced from some
companies even for small application in 2010 and now is growing its market volume.
Prerequisites
Preconditions
Critical:

/
/

For a real cost effective installation is recommendable the application in building with
high needs to air exchange.
Regulation about energy efficiency in HVAC systems will be a development driver of
the technology.
New high efficiency building are particular suitable for the installation of the systems
Competing
Condensing boilers.
products
/ Water to water heat pumps
services:
Air to water heat pumps.
Players:
Clivet – Italian lead heat pumps manufacturer. Produce a wide range of product to
HVAC system especially for heat and cool generation.
NIBE - NIBE is a UK based enterprise and one of Europe's leading manufacturers in
the domestic heating sector.
IV Produkt – One of the leading companies for the HVAC market in north Europe.
Dimplex – German company that produce and commercialize devices and machinery
for HVAC system.
Sources: (Links/Bibliography/Experts)
http://en.wikipedia.org/wiki/Exhaust_air_heat_pump
Gian Vincenzo Fracastoro, Matteo Serraino - Energy and Buildings - Volume 42, Issue 8, August 2010,
Pages 1283–1289 - Energy analyses of buildings equipped with exhaust air heat pumps (EAHP)
International Conference on Power and Energy Systems, Lecture Notes in Information Technology,
Vol.13, (2012) - Exhaust Air Heat Pump Heat Recovery System for Apartment Buildings - T.A.Koiv, A.
Mikola and K. Kuuskc.
8th IIR Gustav Lorentzen Conference on Natural Working Fluids, Copenaghen (2008) - J. Paul, J.P.G.V.
Santos - Small heat pumps for ventilated houses and domestic hot water production.
Clivet Technical Bulletin – Zephir2 Pachaged Unit for fresh-air with active thermodynamic energy recovery.
Clivet Technical Bulletin - ELFOFresh2 makeup and purification unit with active thermodynamic recovery
for indoor installation.
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Table n° 1 – HVAC SYSTEMS (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or
uses
factors):

potential
(demand

Current
level
of
development
(the
general state of the
art
of
the
technology):

Gas Compression Technologies (refrigeration industry focus)
A gas compressor is a mechanical device that increases the pressure of gas by
reducing volume. There are a lot of compressor types, divided in four main
categories: rotary, reciprocating, centrifugal, axial. In the refrigeration industry
compressors are generally powered by an electrical engine which is directly
connected to the compressor by a shaft or a belt. The compressors could be
divided in other categories based on the hermetical characteristics, so we have:
hermetically sealed compressor were the engine is closed into the same carter of
the compressor and it is affected by pressure and temperature variation, or semihermetic sealed compressor were the compressor is connected to the engine by a
shaft and a gasket guarantees the pressure inside the compressor. This
technology is actually at the state of the art but in recent years we have observed
the development of innovations that will improve performances, energy efficiency
and maintain low production costs. One of the recent breakthrough technologies in
field of compressors for refrigeration industry is the scroll compressor. The scroll
compressor is 10 percent more efficient compared to a normal reciprocating
compressor, mainly for three reasons: suction and discharge process are
separated; compression process is performed over 540 degrees of rotation versus
180 degrees of rotation for a reciprocating compressor that means a fluctuation in
driven torque that are only the 10% of those of a reciprocating compressor; the
scroll compression mechanism enables the elimination of suction and discharge
valves and the connected pressure losses. Over this three main advantages, in
literature are also cited: a better reliability and the capability to work under liquid
slugging conditions. Furthermore the scroll compressor is more flexible to the
partial load and can work under different outlet pressure thanks to the speed
variation. Variable speed compressors are becoming increasingly popular as a way
to improve the efficiency of compression expansion cycle HVAC devices. Variable
speed compressors are able to modulate to specific speeds needed for their
intended application, unlike the fixed speeds in many conventional compressors.
Another compression technology in advanced state of research is the Revolving
Vane (RV) compressor. According to recent studies this new kind of compressors
will be more energy efficient than scroll compressor. The new technology is
actually under validation by research groups.
The compression technologies are used in a lot of application were high pressures
of gases are needed: from pipeline for transportation of natural gas purified, in
turbine combustion systems, industrial air compressed systems and others.
A large part of actual devices to generate heat and cool for HVAC systems are
characterized by a vapour compression refrigerant cycle, where the compressor is
a core element.
The most common compressors used in heat pumps are the reciprocating, the
centrifugal, the rotary screw and the scroll compressors. A way to minimize the
energy consumption of the heat pump is surely the optimization of the energy
consumption of the compressor for a required compression ratio.
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Products in which it
is applied:

Other
related
technologies:
Prerequisites
/
Preconditions
(general constraints,
regulatory
factors,
required resources):
Synergistic
technologies:
Competing
technologies:
Players:

The technology is pretty mature. Nevertheless we aspect an optimization of the
devices due to incremental innovation especially of the scroll compressors for
increase the efficiency of the compressor and for make them compatible whit
different refrigerants. This innovation will provoke a gradual increasing of systems
performance in terms of efficiency, environmental impact and cost reduction.
Small Micro Turbine.
Advanced Internal Combustion Engine Driven Heat Pump.
High Efficiency High Temperature Heat Pump.
Natural Gas Heat Pump.
Stirling Engine Driven Heat Pump.
Injection technologies.
Heat exchange technologies.
All the regulatory factors about refrigerant, noise of the machinery, vibration, will
influence the development of the technology also in main characteristic features.

/
/

Dunfoss – Multinational compressor lead manufacturer.
Emerson Climate Technologies - Multinational compressor lead manufacturer.
Embraco – World leader in cooling and compressor markets.
Kobelko – multinational multiproduct Japanese enterprise. Produce also
compressors especially of high power.
Panasonic - Panasonic Corporation is one of the largest electronic product
manufacturers in the world, comprised of over 634 companies.
It manufactures and markets a wide range of products under the Panasonic brand.
Bristol Compressors – One of the largest compressor manufacturers in the world.
FUSHENG – Lead multinational company for compressor production.
Sources: (Links/Bibliography/Experts)
Pravin K. Katare, Vilayat M. Kriplani (2012) - Decade Developments of Rotary Compressor
K.J. Chua*, S.K. Chou, W.M. Yang (2010) - Advances in heat pump systems: A review.
Teh YL, Ooi KT. Theoretical study of a novel refrigeration compressor – Part I:Design of the revolving vane
(RV) compressor and its frictional losses. Int J Refrig 2009; 32(5):1092–102.
Winandy EL, Lebrun J. Scroll compressors using gas and liquid injection: experimental analysis and
modelling. Int J Refrig 2002;25(8):1143–56.
Teh YL, Ooi KT. Theoretical study of a novel refrigeration compressor – Part II: Performance of a rotating
discharge valve in the revolving vane (RV) compressor. Int J Refrig 2009; 32(5):1103–11.
Luigi Zamana - Heat Pump Compressors Overview – for European Heat Pump Association
European Technology Platform on Renewable Heating and Cooling (2012) - various authors - Strategic
Research and Innovation Agenda for Renewable Heating & Cooling
European Technology Platform on Renewable Heating and Cooling (2012) - Strategic Research Priorities
for Cross-cutting Technology
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Table n° 2 – HVAC SYSTEMS (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses
uses:

or

potential

Current
level
development:

Expansion valve Technologies
In compression expansion cycle the saturated liquid refrigerant passes through
the expansion valve and undergoes an abrupt decrease of pressure. This
process results in the adiabatic flash evaporation and auto-refrigeration of a
portion of the liquid (typically, less than half of the liquid flashes). The adiabatic
flash evaporation process is isenthalpic. An expansion device comes in different
forms, such as capillary tubes, thermal expansion valves, and electronic
expansion valves which allow using it with variable speed compressors. Capillary
tube is simple and not expensive. However, its flow regulation is limited to a very
small range of flow conditions. Thermostatic expansion valves (TEVs) are more
advanced and they use a proportional feedback action control mechanism to
keep evaporator superheat at constant value. However, they are not appropriate
for a wide range of flow conditions because its control system is simple: it is
controlled by springs, bellows, and push rods. On the other hand, the electronic
expansion valve has a much more sophisticated design. Electronic expansion
valves (EEV) provide higher system efficiency, they can be used on different
tonnage systems and controlled more precisely than other types of expansion
valves. In order to use an electronic expansion valve in a system, a controller that
integrates it into the thermal system must be used. Many refrigerating machines
use TEVs for compression-expansion cycle control. TEVs are the most
widespread expansion devices, but they have some characteristics that can limit
versatility and performance of the machines. According to recent studies EEV
cold generates considerable energy savings and efficiency improvement due to
the superior control characteristics. Also microelectronics is entering in expansion
valves market. The US company Microstaq has created a silicon microelectronics
based superheat controller expansion valve. Their newest product is a super-heat
controller that combines the microfluidic chip with a MEMS pressure sensor and
with processing and control circuitry, for accurate flow control for the growing airconditioning and refrigeration markets. We aspect a gradual substitution of
thermostatic valve with electronic expansion valves that will become more
efficient and accurate in control of refrigerant condition in expansion phase. The
introduction of MEMS systems and sensors for detect and control the refrigerant
condition will surely be a way to improve performances of devices and reduce
dimensions.
Heat pumps.
Chillers.
Refrigerant machines.
Car air conditioning systems.
Compression expansion cycle machines in general.

of

The technology is mature and present on the market. The solutions on the market
have different technological complexity and evolution.
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Products in which it is
applied:

Other
technologies:
Prerequisites
Preconditions:
Synergistic
technologies:
Competing
technologies:

related

/

Small High Temperature Heat pumps.
Advanced internal combustion drive heat pump.
Advanced ventilation thermodynamic energy recovery systems.
Natural gas heat pumps.
Stirling Engine Driven Heat Pumps
Compression technologies
New refrigerant technologies.
MEMS Technologies
Regulatory and market needs in terms of energy consumption reduction for heat
and cool generation push also the expansion valves to improve their efficiency
characteristics.
Compression Technologies
New Refrigerant technologies
Traditional low efficiency low cost thermal expansion valve.

Players:

Dunfoss – Multinational expansion valve leading manufacturer.
Emerson Climate Technologies - Multinational expansion valve leading
manufacturer.
Carel - Multinational expansion valve leading manufacturer.
Parker – Multinational expansion valve manufacturer.
Honeywell - Multinational expansion valve manufacturer
Microstaq: is a R&D team in field of semiconductor, automotive and HVAC/R
devices development.
Saginomiya – Japanese expansion valve manufacturer.
Hansen – US expansion valve manufacturer.
Fujikoki – Japanese expansion valve manufacturer.
Boteshun Co.ltd. – Chinese expansion valve manufacturer.
Sources: (Links/Bibliography/Experts)
LuxResearch - Uncovering Attractive Innovations in HVAC Amidst Evolutionary Growth.
MEMS Silicon Expansion Valve Heads Toward New HVAC Applications - Roger Allanelectronicdesign.com
Thermal l Expansion Valve - http://en.wikipedia.org/wiki/Thermal_expansion_valve
MEMS microvalves: the new valve world - M Luckevich - Valve-World, 2007
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Table n° 3 – HVAC SYSTEMS (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or
uses
factors):

potential
(demand

Current
level
of
development
(the
general state of the
art
of
the
technology):

New refrigerants technologies.
A refrigerant is a substance used in compression-expansion cycle machine like a
heat pump and directly responsible for thermodynamic performances and limits of
the machine. The refrigerant has generally a phase transition into the range of
thermodynamics conditions of the compression expansion cycle to increase the
performances of the machine. There are 2 main issues about refrigerant that limit
the uses of one from another: the Ozone Depletion Potential (ODP), and the net
Global Worming Potential (GWP). All natural refrigerants occur in nature's
materials cycles even without human. The synthetic refrigerant fall into two
categories: CFCs and HCFCs (chlorofluorocarbons), which have ozone depletion
potential, and FCs and HFCs (fluorocarbons), which have zero ozone depletion
potential. Moreover, a few from the second group have considerable direct global
warming potential (GWP).
Natural refrigerants we can consider for heat pump application are principally 3:
carbon dioxide or CO2 (R-744), Ammonia NH3 (R-717), Hydrocarbons, especially,
Isobutane (R600a) and Propane (R290) or propene (R1270). The transition to lowGWP vapour compression systems presents technical challenges far more
complex than the transition to zero ODP. Simply changing the refrigerant-lubricant
mixture is not adequate; this transition requires redesign and optimization of all
components because all affect the total equivalent warming impact.
One of the most common problems with actual HVAC system even for refrigeration
is the leakage of the compression expansion circuit pipeline. The ammonia is a
toxic refrigerator; hydrocarbons are highly inflammable so the safety standards for
the heat pumps circuit will rise. On the other hand CO2 is used in super critical
conditions. That means that the physical and chemical properties of the gas
change. The supercritical CO2 may lead to aging effect at an early stage and
consequentially to a breakdown of the heat pump circuit.
The development of technological solutions to make heat pump component
compatible with CO2 will be a sure future development of the related technologies.
Some enterprises are developing synthetic working fluids, which have good
performances in comparison HC and HCFC working fluids but low environmental
impact, the GWP for the L41, produced by Honeywell, for example, is 461, much
minor respect the 2088 of the R410a, actually most common refrigerant, but so
much higher in comparison with CO2 that has GWP unitary. What we expect for the
near future is on one hand a gradual increasing of the demand for natural
refrigeration fluids, on other hand the creation by specialized chemistry industries
of new synthetic fluid that meet the restrictive regulations, and feelings of
costumers in terms of environmental impact.
Small, medium and large size HVAC systems.
Refrigeration systems and devices.
Mobile air conditioned systems.
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Products in which it
is applied:

Other
related
technologies:
Prerequisites
/
Preconditions
(general constraints,
regulatory
factors,
required resources):
Synergistic
technologies:

The utilization of natural refrigerant is in nurture phase for what concern the
utilization in compression expansion cycle machines for large market. Future
development and innovation will be in natural refrigerant gas production process,
storages and transportation for the optimization of supply chain for a mass
production.
Advanced internal combustion engine driven heat pump.
Natural gas heat pump.
Stirling engine driven heat pump.
High efficiency high temperature heat pump.
Refrigerant production technologies.
Gas storages technologies
The sector is very hard driven by regulatory factors. European community purpose
is to reduce and ban gradually until 2030 the refrigerants that have bad
characteristics in terms of ODP and GWP making the street free for other
refrigerators.

Compression Technologies.
Ejector technologies.
Gasket technologies.
Competing
Synthesis’s refrigeration gases: some chemical industries are developing
technologies:
synthesis’s gases which receive the directive of Kyoto protocol and Montreal
Protocol on GWP and ODL. These synthetic gases have different potentials and
thermodynamic efficiency. According to recently performance tests have been
conducted to an array of new refrigerant mixtures namely, R404A, R407C, R410A,
R433A, R32/R134a and R170/R290.
Players:
Honeywell: multi-market, multi-product multi-national giant enterprises in various
fields of technologies. Develop produce and sell refrigerant gas for many
applications.
Dupont: multi-market, multi-product multi-national giant enterprises especially in
chemical materials production. Develop produce and sell refrigerant gas for many
applications.
Linde Group: is a world leading supplier of industrial, process and speciality gases
and is one of the most profitable engineering companies.
Sources: (Links/Bibliography/Experts)
NxtHPG – Review of cases where new heat pumps with natural fluids could have good prospects of
application – delivable D1.1.- Universitat Politecnica de Valencia
Nacer Achaichia (2011) - Working Fluid Developments for HT Heat Pumps and ORC Systems.
Proklima - Natural Refrigerants - Sustainable Ozone- and Climate-Friendly Alternatives to HCFCs –
German federal Ministry for Economic Cooperation and Development.
Lawrence Chin Honeywell (2013) - Recent Developments in Low GWP Refrigerants for Air Conditioning &
Refrigeration Applications
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3.4. Transparent building envelope
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Figure 79: Transparent building envelope opportunity timeline

Opportunity Description
The ever-growing impact of climate change and the shortage of resources show a significant
need for action, especially when it comes to energy and material consumption in building and
utilization of buildings in the next few decades. Windows and facades play a major role in this
context: windows serve an important function in homes and commercial buildings. They not
only let light in to cut down on electricity use for lighting, but the light coming through the
window also provides heat.

Worldwide Energy Efficiency Technology Roadmap

By helping moderate the internal temperature of a residential or commercial property heating,
ventilation, and air conditioning (HVAC) requirements and lighting electricity and lower peak
cooling load can be reduced.
New technologies permit the manufacturing of increasingly energy efficient windows. Already
on the market are "super-windows," boasting triple layer designs, with two low-E coatings and
spaces filled with mixtures of exotic gases, like argon or krypton gases, nevertheless a new
generation of windows, concerning new low-power-consuming technologies and called "smart
windows”, is in the development phase.
These new types of windows will change properties to adapt to varying conditions - like their
shading coefficients and visible transmittances - in response to either an electric charge or an
environmental signal such as a change in light level or temperature. Thus the smart window
sector has the potential to revolutionize how people interact with their surroundings and is
constantly developing innovative technologies to control the extent to which light and heat
passes into buildings.
The ideal window would be one with optical properties that could readily adapt in response to
changing climatic conditions or occupant preferences. The development of smart glass will
have to accomplish the role of adapting to local climate conditions or seasonal variations and
of being controllable, characteristics not fulfilled by passive window-film and coated glass
(already spread on the market and relatively low in cost).
Depending on the mechanism that initiates the change in the window and the
used to produce them, these glass-based thermal management solutions
different categories. The ones selected by this work are “active window glass”
commercially advanced electrochromic (EC) glass, “temperature-controlled
“window based passive energy storage system” and “insulation filled glazing”.

smart material
could fall into
- like the most
active glass”,

Technologies and products taken into account partially derived from the expected evolution of
state of the art know-how and product already on the market (still niche) and partially derived
from the development foresighted in medium and long term of new technologies and products.
The study delivers ongoing assessments of technologies that enable to visualize the future
impact of technology and product development, providing realistic view of emerging
applications, markets, commercial opportunities, forces that probably will define the business
environment and the shifts in consumer demand that will shape the marketplace.
Needs
Traditional building heating and cooling systems are chronically overloaded due to solar gains
of the building envelope and heat loss. Building insulation, cooling, heating, and seasonal
fluctuations can make consistent thermal management remarkably difficult. The largest
component of this energy consumption is from overuse of building heating and cooling
systems, due to heat loss and solar gains of building envelopes. Smart window by helping
moderate the internal temperature of a residential or commercial property assures energy
savings in HVAC, lighting electricity and lower peak cooling load.
Glass-based thermal management solutions have to be highly effective in both summer and
winter conditions, improving daytime and night-time thermal management and guaranteeing,
at least, heat control in summer and a pleasant room climate the whole year. Some systems
require controller electronics to function while others have inherently smart functionalities and
don’t require additional control components.
The high indoor light transmittance value of smart glasses will not limit incoming natural
lighting, ensuring a more pleasing aesthetic experience for building users, by increasing soft
translucent natural light each and every day and year round and moreover saving on artificial
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lighting costs. Smart window provide new solutions to thermal insulation and heat gains that
preserves trusted approaches to solar envelope design, without sacrificing the glass-toopaque-wall ratio (matter of some emerging regulatory standards), seasonal thermal control,
overheating protection or natural daylight transmittance. They can provide unobstructed view
to the outside, variable levels of visibility enjoying shading on-demand, good protection
against dazzling reflections and secondly reducing costs for maintenance of shading systems.
Product/services (market applications)
•

•

•

•

Active window glass: Active phase change glazings that modulate their opacity to light and
other radiation with input from a user. The system adds an electrical charge or a gas to the
glazing unit to induce the change from clear to darkly tinted. The electrically controlled
active glass has benefits in terms of control, whether by the user or via integrated sensors.
[See the following PRODUCT/SERVICE TABLE: Electrochromic (EC) window, Organic EC
window, Gasochromic window, Solar power window (BIPV), Solar Photochromic window,
Suspended Particle Devices (SPDs) window, Coloured SPD window, High transmittance
SPD window, Low power source SPD window]
Temperature-Controlled Active Glass: Passive phase change glazings that change their
opacity automatically when exposed to heat or change in temperature, made of materials
that can naturally change their optical properties in response to an external influence.
They don’t require controller electronics to function and have inherently smart
functionalities. [See the following PRODUCT/SERVICE TABLE: Thermochromic window,
Thermotropic window, Hybrid thermochromic and thermotropic window, Advanced
Multifunctional window]
Window based passive energy storage system: Thermally functional windows that can
store and release thermal energy based on phase change materials (PCMs), which help to
regulate building’s internal temperature by absorbing solar heat gains from direct sunlight.
The system acts as a solar tile stove collecting thermal solar energy during the daytime
and releasing the heat at night. When the energy is released the window directs the
thermal energy towards the interior space. [See the following PRODUCT/SERVICE
TABLE: Phase Change Material (PCM) window, Bio phase Change Material window, Fire
retardant phase change material window, Multifunctional window]
Insulation filled glazing: Highly insulating and transparent windows with insulating
materials like aerogels located between glazing panes. These materials also provide
diffuse light and guarantee a clear view. Because the most thermally efficient gas fill would
be no gas at all, a vacuum-insulated window in which the space between the panes is
evacuated has been developed. [See the following PRODUCT/SERVICE TABLE: Aerogel
filled windows, Advance aerogel filled windows, Evacuated windows, Multifunctional
window]

Key technologies:
•

Electrochromic (EC) materials with dimming capabilities change their transmittance
depending on an electric signal and are capable of controlling the amount of heat and light
that pass. The reaction is reversible allowing repeated dark/light cycles. [See the following
TECHNOLOGY TABLE: Electrochromic material]

•

Gasocromic materials are optically active gases that produce reversible color changes and
are capable of controlling the amount of heat and light that pass. [See the following
TECHNOLOGY TABLE: Gasocromic material]

•

Suspended particle devices (SPDs) are suspension of rod-like nanoparticles that align
themselves when an electric current is applied. Adjusting the voltage adjusts the
orientation of the particles, which regulates the tint of the glazing and the amount of light
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transmitted. The system’s response ranges from a dark blue appearance, with up to full
blockage of light in its off state, to clear in its on state. [See the following TECHNOLOGY
TABLE: Suspended particle devices (SPDs) material, Coloured SPD material, high
transmittance SPD material]
•

Thermochromic materials naturally undergo a change in color (due to a change in
transmissivity) in response to changes in the ambient temperature — enabling them to
control the amount of heat and light that pass. [See the following TECHNOLOGY TABLE:
Thermochromic material]

•

Thermotropic materials naturally undergo a change in opacity (due to a change in lightscattering properties) in response to changes in the ambient temperature — enabling them
to control the amount of heat and light that pass. [See the following TECHNOLOGY
TABLE: Thermotropic material]
Phase change materials (PCMs) are thermally functional materials that can store and
release thermal energy. They work by using latent-heat storage absorbing energy by going
through a phase transition and releasing energy by going through a different phase
transition, remaining at a steady temperature, until all of the material changes phase. [See
the following TECHNOLOGY TABLE: Phase change material (PCM)]

•

•

•

Insulators. Aerogel are materials that can be as much as 99% air, yet still be a solid and
consequently extremely lightweight and very effective insulators. Vacuum also guarantees
thermally efficient insulation. [See the following TECHNOLOGY TABLE: Aerogel,
Advanced aerogel]
Photovoltaic solar cells (PV) that transform sunlight providing voltage for energy saving
devices. The dye-sensitized solar cell (DSSC) is a low-cost solar cell belonging to the
group of thin film solar cells ease to manufacture, functional in low-light-level conditions,
applicable to a wide range of surfaces also as paint or a spray. [See the following
TECHNOLOGY TABLE: Solar cell (DSSC)]

Field of application
Architectural applications (residential, commercial and industrial windows and facades, interior
dividers, office partitions, skylights, home fronts, storefronts...)
Automotive and Transportation applications (sunroofs in cars, rear-view mirrors...)
Most developers of thermochromic and thermotropic systems seem to focus on architectural
applications, whereas EC and SPD suppliers tend to target automotive and aerospace
markets.
Key Success Factors
The future success of smart windows, nanoscale insulation materials and nanoelectronics
appears assured. Less clear, however, is the time frame in which this success will occur. The
widespread adoption of these materials and technologies is strongly dependent on external
factors such as the strength of the economy and energy prices. However, improvements in
technology, the development of global manufacturing and distribution networks, and effective
marketing of the benefits of the technology will also play a significant role in the uptake of
these energy-efficient technologies. Smart window’s success will depend largely on
nanotechnologies’ success. Nanomaterials are already improving housing at the most basic
level—integrating into the structural components of the buildings themselves. Moves to
incorporate nanotechnology into building materials are in their infancy, and the concept holds
great potential in a range of industries across the value chain—including materials suppliers
and construction companies.
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Designers of commercial buildings must choose from a wide range of possible window
materials and assemblies. The commonly used energy-related properties of windows and
insulating glass unit (IGU) are:
•

•

•

Visible light transmittance (VT) that is the amount of light in the visible portion of the
spectrum that passes through a glazing material. A higher VT means there is more
daylight in a space which, if designed properly, can offset electric lighting and its
associated cooling loads.
Insulating factor (U-factor also referred to as U-value), that expresses the total heat
transfer coefficient of the system and includes conductive, convective, and radiative heat
transfer. The insulating value or R-value (resistance to heat transfer) is the reciprocal of
the total U-factor (R=1/U). The higher the R-value of a material, the higher the insulating
value; the smaller the U-factor, the lower the rate of heat flow.
Ability to control solar heat gain through the glazing, energy-performance characteristic of
windows misused by Solar Heat Gain Coefficient (SHGC), which is defined as that fraction
of incident solar radiation that actually enters a building through the entire window
assembly as heat gain. A high coefficient (from 0 to 1) signifies high heat gain, while a low
coefficient means low heat gain.

Enablers/barriers
A range of factors are driving the adoption of thermal management solutions in building
materials in general and glass in particular.
Rising energy prices will drive an increasingly large section of construction companies to use
more energy efficient materials as consumers become ever more conscious of how a
building’s energy rating can affect monthly outgoings. Regulatory factors may, however, have
an even greater influence on the application of smart windows in new buildings. Governmental
pressure in the form of regulations or financial incentives, most likely to first originate from the
European Union, could encourage construction companies to apply energy efficient windows
in new structures, thus also because of an increasing environmental awareness amongst the
public and image conscious businesses. Another financial factor that could affect the smart
window industry is the speed of the recovery of the real estate market. Additionally, the
attractive nature of enhanced functionality and increased comfort or, alternatively, potential
consumer scepticism toward novel technologies could also have a large effect on the uptake
of smart windows in the near to medium-term future.
Similarly, several barriers exist that are slowing the adoption of particular thermal
management solutions. Some of these barriers include the wide range of competing solutions
that make difficult for one specific technology to dominate the market. Low consumer
awareness of thermal management solutions available, concerns about the lifespan of the
thermal management solutions (for example oxidation of low-emissivity films or delamination
of coatings) and concerns about the price and disruption of replacing pre-existing windows
could effect on the spread of smart windows. Finally issues relating to the optical transparency
of the windows (particularly for reflective glass) could also influence on the application of
smart windows in new buildings.
Business considerations
The potential for commercial gain in the smart windows market is substantial.
Industry analyst firm NanoMarkets claims that the residential smart windows market presently
stands at $458 million and that it expects this figure to grow to $896 million by the end of the
decade. Taking commercial and transport smart window markets into account as well results
in total growth from $2.3 billion to $5.3 billion over the same period.
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Electrochromic glazing is the most promising switchable window technology today. Though
commercialization remains niche after many years, several recent developments suggest the
segment may be on the verge of a step change. EC glass revenues will hit the billion-dollar
mark in 2017.
According to MarketsandMarkets, the global market for phase-change materials (PCMs) will
grow from $300 million in 2009 to $1.5 billion in 2015, at an estimated CAGR (Compound
Annual Growth Rate) of 31.7% from 2010 to 2015. However, Lux Research believes PCMs in
advanced insulation products will be worth much less—about $130 million by 2020. Window
based passive energy storage system incorporating PCM with a melting point of between
26ºC and 28ºC like the one currently in commerce, is primarily targeting warmer regions—
such as Southern Europe, Australia, and North America—as an aide to reducing air
conditioning and cooling energy loads. The buildings occupant/landlord will also only get the
optimal use of the window’s heat storage capacity if there is a big enough temperature swing
throughout the day and night, so that the material has a chance to release the storage thermal
energy to be ready for the following day. In climates where the temperature remains high
through the night the thermal storage capacity of the PCM could be significantly limited.
Potential developments exist for the manufacturer to tailor the window to a particular region’s
temperature profile using different PCM and extend the potential customer based for the
windows. For example, the temperature profile of Northern Europe is very different to the
Caribbean and as such the windows material should reflect this.
Finally the market for smart materials (and components) will continue to grow in the next few
years, but overall growth rates could change significantly if a new and extremely successful
application emerges for these smart materials.
Players
Smart glass developers generally are small specialist companies and start-ups.
The market for active smart glass is much less mature than the market for passive glass.
Advanced window films to provide solar control and improved insulation address growing
opportunities in the aftermarket and for glass lamination, and figures indicate that such
window film can have a short payback period in certain climates.
Developers of smart glass face many of the challenges—in terms of reducing cost—that
developers in the thin-film-photovoltaics business face. Though such active glass can provide
a high degree of comfort and the controllability will appeal to many high-end customers,
unless prices can decrease to nearer $20 per square foot or otherwise demonstrate a short
payback period, commercialization is likely to remain relatively limited. Nevertheless, the large
potential addressable market is attracting investors, and we may yet see more glassmakers
align themselves with smart glass start-ups.
To consider the market growth of smart materials in the next few years, one can assess
estimates for the current smart materials market and then factor in the likely sales growth of
important companies that are developing a broad range of smart materials and smart
materials-based components. Separation of materials from devices is difficult, largely because
players active in smart material technologies often produce complete components. In addition,
smart materials account for only a small fraction of many players' revenues.
Today electrochromic window’s market leader Gentex is the most successful exponent of
smart glass technology – in commercial terms, at least (revenues of about $800 million).
Given that this company has a market share of about 85%, the market for electrochromic
mirrors is likely worth between $1 billion and $1.5 billion. The company's EC glass sees use in
auto-dimming automotive rear-view mirrors. Conversely, the current market for active heat
control in architectural applications is very small. Instead Rockwell Scientific Company LLC
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develops EC smart windows that could see use in energy-efficiency buildings. High-end
architectural glazing applications are mostly electrochromic, but thermoactive film/glass is now
emerging. Electrochromic glass is more advanced commercially than are thermally switching
films and glass. At present, the electrochromic-architectural-window market is probably less
than $40 million, and the thermochromic market seems close to non-existent.
In the future, we will almost certainly see greater commercialization of suspended particle
devices technologies in construction, automotive and aerospace sectors and larger markets of
thermochromic and thermotropic systems in architectural applications—chiefly because we
are now seeing some very large players, such as PPG industries, throw their weight behind
these useful smart technologies.
Currently there’s only one window based passive energy storage system that incorporates
PCMs on the market that is called GlassX. Its manufacturer is Dietrich Schwarz Architeken, a
Swiss company based in Zurich, leads the product’s European distribution arm. Volumes and
revenues are not publicly available.
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Table n° 1 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Electrochromic (EC) Window

Product
name
(commercial):
Technical
and
functional
characteristics:

ECONTROL® , View Dynamic GlassTM

Advantages
as
regards the state
of the art:

Enabling
technologies:

Active phase change glazings. Electrochromic glazings are products already in
development and present in the market in an early stage but with great foresighted
commercial opportunities arising from future enabling technology developments.
They are dynamic dimmable windows in which EC glasses based on inorganic redox
pairs change their transmissivity upon an electric signal. In EC windows, the material
changes between colored (reflecting light of some color) and transparent (not
reflecting any light).
To make an EC window, a thin, multi-layer assembly is sandwiched between
traditional pieces of glass. The two outside layers of the assembly are transparent
electronic conductors. Next is a counter-electrode layer and an EC layer, with an ion
conductor layer in-between. When a low voltage is applied across the conductors,
moving ions (coloration ions, most commonly lithium or hydrogen) from the counterelectrode to the EC layer cause the assembly to change color. Reversing the voltage
moves ions from the EC layer back to the counter-electrode layer, restoring the
device to its previous clear state. The glass may be programmed to absorb only part
of the light spectrum, such as solar infrared.
- typically only require low-voltage power (0–10 Volts DC),
- remain transparent across the switching range,
- can be modulated to intermediate states between clear and fully colored,
- upper visible transmittance range of 0.50–0.70 and a lower range of 0.02–0.25,
- SHGC ranges from 0.10–0.50,
- long-term sustained performance over the typical 20 to 30 year life,
- switching speed is tied to the size and temperature of the window,
- coloring typically takes slightly longer than bleaching (5-10 minutes to switch
across its 90% of its range in moderate to warm conditions, longer if cold).
- can be adjusted to allow varying levels of visibility (in darker states it is still
possible to provide a view rather than blocking it completely with drawn shades
or blinds)
- level of transparency in the bleached (clear) state should be 60% to 70%; in the
colored (dark) state should be 10% to 15%
- you can run a house full of EC windows for about the same amount of money
that it takes to power a single 75-watt light bulb
- dramatic energy savings compared to high rise office up to 20% energy savings
in HVAC and Lighting Electricity and up to 23% Lower Peak Cooling Load.
Compared to skylights up to 35% energy Savings in HVAC and Lighting
Electricity and up to 29% Lower Peak Cooling Load
- outstanding heat control in summer and a pleasant room climate the whole year
- good protection against dazzling reflections and an unobstructed view to the
outside
- costs for maintenance of shading systems can be saved
- natural light/ occupant comfort
- intelligent controls
Electrochromic material
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Other
products:

linked

Field
application:

of

The product is a basis of the subsequent :
- Organic electrochromic window
- Solar Photochromic window
- sunroofs in cars, rear-view mirrors in automobiles and trucks, auto-dimming EC
mirrors, anti-glare car mirrors
- smart windows for use in buildings, glare-reduction systems for offices

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:

Competing
products
services:

Players:

/
/

/

EC glazing is the most promising switchable window technology today. Though
commercialization remains niche after many years, several recent developments
suggest the segment may be on the verge of a step change. Electrochromic glass
revenues will hit the billion-dollar mark in 2017.
High cost: worth close to $100 per square foot or 50 to 100 times higher than the
worth of normal float glass.
Higher initial price is partially offset by up-front savings in HVAC systems and long
term energy savings. EC window can be cost competitive or have a lower initial cost
than the complete alternative solution of "static" glass, additional HVAC equipment,
plus interior window shades/blinds and exterior sunshades – particularly those that
are mechanized and automated. Additional operating costs for the static glazings—
shade replacement and cleaning, UV fading of textiles and fabrics, increased HVAC
maintenance, and reduced life of the HVAC system can also buy down EC glazings.
From a commercial perspective, today the most important current EC device is not
advanced window glass but a mirror.
SPDs window
Gasochromic window
Thermochromic window
Thermotropic window
Phase change materials window
Aerogel filled window
Evacuated window
EControl-Glass GmbH & Co. KG (formerly part of Flabeg GmbH & Co. KG; Furth im
Wald, Germany) with EControl® developed a glass which is variable in its light- and
energy transmittance. Their know-how is based on almost 20 years of development
and on a wealth of experience with modern sheet glass technology. Since September
2009 they have industrialized their EControl technology and will extend and develop
it further over the coming years.
View, Inc. (Milpitas, California) previously Soladigm, is a pioneer in large-scale
architectural dynamic glass and a leading manufacturer of electrochromic glass. Its
first large-scale commercialization of dynamic glass started by the end of 2012.
Rockwell Scientific Company LLC (Thousand Oaks, California), recently acquired by
Teledyne Scientific Company, has developed EC smart windows that could see use
in energy-efficiency buildings.
Saint-Gobain Sekurit (a subsidiary of Saint-Gobain; Courbevoie, France) offers
electrochromic glass for automobile sunroofs and glass canopies. In May 2012, Saint
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Gobain acquired Sage Electrochromics, Inc (Faribault, Minnesota), a longtime leader
in EC windows and announced that the manufacturing plant would begin production
in 2013 with an annual production of 300000 square meters of EC windows.
Heliotrope Technologies Inc. (Oakland, California) is an early stage company
developing new materials and manufacturing processes for electrochromic devices
with an emphasis on energy-saving smart windows. Heliotrope will begin commercial
sampling of the dynamic window coatings in the final quarter of 2013, collaborating
with major glass manufacturers in order to determine the commercial potential of a
new technology developed in conjunction with Energy’s Lawrence Berkeley National
Laboratory. It’s a novel nanomaterial-glass composite that can modulate the
wavelengths of electromagnetic radiation that pass through the glass. The research
details the effects of passing an electric current through a material comprising indium
tin oxide nanocrystals in a glassy matrix of niobium oxide. The composite material,
exhibiting the electrochromic effect, could give almost full control over solar heating
and lighting. In warm temperatures, the thin layer of nanocrystals embedded into the
glass can block NIR radiation that causes heating, while letting visible light pass.
Alternatively, in colder temperatures, users can increase the amount of NIR radiation
that passes and heat, for example, a house. Additionally, the material provides the
possibility of blocking visible wavelengths, giving full autonomy over lighting
conditions to the user. The work recently received a 2013 R&D 100 award, presented
by R&D Magazine to the top 100 technology products of the year.
Aldo researchers in California and Spain recently published work on a material that
promises to reduce energy needs while improving comfort inside buildings by
controlling solar heating. The material is a glass that contains nanocrystals – tiny
particles that react in a specific way to light – and which is adjusted electronically to
ensure that just enough light passes through the glass.
Sources: (Links/Bibliography/Experts)
http://www.d-lite.org/ http://www.econtrol-glas.de/en/home/ http://www.viewglass.com
http://www.rockwellscientific.com http://sageglass.com/ http://www.commercialwindows.org/
http://www.consumerenergycenter.org/home/windows/windows_future.html
http://www.glassmagazine.com http://www.nanomarkets.net/
http://www.nanowerk.com/news2/newsid=31826.php http://www.heliotropetech.com/
http://www.nature.com/nature/journal/v500/n7462/full/nature12398.html
http://finance.yahoo.com/news/heliotrope‐technologies‐brings‐smartwindow‐120000478.html
Strategic Business Insights, Nanomaterials, September 2013 Viewpoints, The Nanohouse: How
Nanomaterials Are Shaping the Buildings People Live In
Strategic Business Insights, Smart Materials , January 2013 Viewpoints, 2012: The Year in Review
Strategic Business Insights, Smart Materials , June 2013 Viewpoints, Smart Materials: Patent Landscape
Strategic Business Insights, Explorer, Smart Materials, Technology Roadmap 2012
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
Strategic Business Insights, Smart Materials , August 2008 Viewpoints, Technology Overview:
Electrochromic Systems
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Table n° 2 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Organic Electrochromic (EC) Windows

Product
name
(commercial):
Technical
and
functional
characteristics:

-

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
products:

linked

Field
application:

of

Dynamic dimmable windows in which EC systems that depend on organic
compounds change their transmissivity upon an electric signal. In EC windows, the
material changes between colored (reflecting light of some color) and transparent
(not reflecting any light).
Organic EC windows are flexible and extremely robust under hot and cold conditions
and under intense sun but less durable than its inorganic counterpart.
- reduced cost because of the use of organic EC materials
- can be adjusted to allow varying levels of visibility
- level of transparency
- dramatic energy savings compared to HVAC
- outstanding heat control in summer and a pleasant room climate the whole year
- shading by dimming the glass instead of mechanical blinds or sunshades
- good protection against dazzling reflections and an unobstructed view to the
outside
- costs for maintenance of shading systems can be saved
- natural light/ occupant comfort
- intelligent controls
Electrochromic material
The product is the result of the development of:
- Electrochromic window
- sunroofs in cars, rear-view mirrors in automobiles and trucks, auto-dimming EC
mirrors, anti-glare car mirrors
- smart windows for use in buildings, glare-reduction systems for offices

Life cycle (time of
potential market
entry):

Under development. The products now on the market use EC systems that depend
on inorganic redox pairs.
Prerequisites
Preconditions
Critical:

/
/

Initial price is partially offset by up-front savings in HVAC systems and long term
energy savings. EC window can be cost competitive or have a lower initial cost than
the complete alternative solution of "static" glass, additional HVAC equipment, plus
interior window shades/blinds and exterior sunshades – particularly those that are
mechanized and automated.
Additional operating costs for the static glazings – shade replacement and cleaning,
UV fading of textiles and fabrics, increased HVAC maintenance, and reduced life of
the HVAC system can also buy down EC glazings.
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Competing
products
services:

SPDs window
Gasochromic window
Thermochromic window
Thermotropic window
Phase change materials window
Photocromic window
Aerogel filled window
Evacuated window
Players:
Polymers based solutions have recently been developed by John Reynolds and
colleges at the University of Florida.
Market-leader Gentex Corporation (Zeeland, Michigan) produces about 15 million
interior and exterior autodimming EC mirrors each year worth about $800 million for
the automotive business. Its proprietary EC technology comprises two organic
electronic compounds – a viologen and a phenazine dye-in a crosslinked polymer
gel.
Sources: (Links/Bibliography/Experts)
http://www.gentex.com/
Strategic Business Insights, Smart Materials , August 2008 Viewpoints, Technology Overview:
Electrochromic Systems
Strategic Business Insights, Smart Materials , January 2013 Viewpoints, 2012: The Year in Review
Strategic Business Insights, Smart Materials , June 2013 Viewpoints, Smart Materials: Patent Landscape
Strategic Business Insights, Explorer, Smart Materials, Technology Roadmap 2012
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
"Black to Transmissive Switching in a Pseudo Three-Electrode Electrochromic Device" John R. Reynolds
et al, doi:10.1021/cm902069k
“Multicolored Electrochromism in Polymers: Structures and Devices”, John R. Reynolds et al.
“Color Combination of Conductive Polymers for Black Electrochromism”, ACS Applied Materials &
Interfaces2012 4 (1), 185-191
“Novel Color-Reinforcing Electrochromic Device Based on Surface-Confined Ruthenium Purple and
Solution-Phase Methyl Viologen”, Roger J. Mortimer and Thomas S. Varley , Chemistry of Materials2011
23 (17), 4077-4082
“Completing the Color Palette with Spray-Processable Polymer Electrochromics, John R. Reynolds et al.,
ACS Applied Materials & Interfaces2011 3 (6), 1787-1795
“Material Strategies for Black-to-Transmissive Window-Type Polymer Electrochromic Devices”, John R.
Reynolds et al., ACS Applied Materials & Interfaces2011 3 (4), 1022-1032
“Navigating the Color Palette of Solution-Processable Electrochromic Polymers”, John R. Reynolds et al.,
Chemistry of Materials2011 23 (3), 397-415
/
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Table n° 3 – Transparent Building Envelope (Product / Service)

PRODUCT/SERVICE TABLE
Product name:

Solar power window (BIPV)

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
products:

linked

Field
of
application:
Life cycle (time of
potential market
entry):

Glass building facades with incorporated solid state dye sensitized solar cell (DSSC)
which is optimised to drive a paradigm shift in the aesthetics, performance and cost
of Building Integrated Photovoltaic (BIPV) systems.
The technology uses abundant and non-toxic organic solar cell materials that are
screen printed directly onto glass, so the manufacturing process is simple, cheap and
extremely scalable both in size of substrate and production volume. Using glass, the
solar cell can be transparent, self-coloured (red, green, black and blue) and ideal for
integration.
From a skyscraper of 220 meters located, for example in Texas and completely
covered with solar glass, the system generate up to 5.3 MWh per day, enough to
power 52,000 iPad for example, that when paired with an efficient lighting system to
the LED, make the building virtually independent.
Aesthetics, performance and cost of Building Integrated Photovoltaic (BIPV) systems.
BIPV vs. conventional photovoltaic (PV):
- Range of transparency options vs. classic PV that is opaque
- Palette of colours and tints vs. blue or black PV
- Sustainable, abundant, organic ingredients vs. PV’s scarce elements and rare
earths
- Simple screen printing manufacturing processes vs. PV’s complex, high
temperature and high vacuum manufacturing
- Low capital cost of manufacturing vs. PV’s high capital cost of manufacturing
- Aesthetically attractive glazing panels integrated into the building envelope vs.
heavy panels physically attached to build
Solar cell (DSSC)
The product is a basis of the subsequent:
- Photochromic window
- Multifunctional window
Façade, cladding of buildings, skyscraper, Building Integrated Photovoltaic (BIPV)

Medium term 2-4 years. Current production is limited to cells of ten square
centimetres; commercialization of a first series production is expected by the end of
2013.
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Prerequisites
Preconditions
Critical:

Competing
products
services:
Players:

/
/

BIPV is still a niche sector, however, primarily because integrated systems are more
expensive than conventional PV. The global recession further slowed BIPV growth.
Industry analysts estimate that BIPV represents only a few percent of total PV
installations.
Western Europe is the largest and most favourable current market for BIPV. Interest
is high in the region because of the aesthetic appeal, and several countries offer
targeted incentives for BIPV. For example, France offers higher feed-in tariffs for
BIPV projects on homes, schools, hospitals, and commercial buildings. Europe is
also an attractive BIPV market because the region has a binding 20% renewable
energy target by 2020 and stringent energy-performance standards for buildings.
BIPV is most applicable to new building construction and requires a commitment to
design that is not necessary in conventional PV installations. Because BIPV costs are
generally higher than those of conventional systems, most projects to date have been
larger, with larger budgets. Broader acceptance will depend to a large extent on
adoption by builders, architects, and designers.
Moreover codes and standards issues are more complex for BIPV than for PV
products.
/

/

Oxford Photovoltaics Ltd (Oxford, UK) is a technology start-up business and spin-out
from Oxford University that has exclusively licensed and is developing this
photovoltaic technology (portfolio of Intellectual Property developed by Dr. Henry
Snaith and his academic team of 17 scientists). Oxford PV is moving swiftly towards
the manufacture and delivery of larger modules that meet internationally accepted
standards and specifications for photovoltaic products.
Its primary objective is to deliver a massively scalable product for the Building
Integrated Photovoltaic (BIPV) market and then, as energy conversion performance
improves further, for other high-volume PV applications.
Oxford PV recently reported a 15.4 percent efficiency for its perovskite solar cells.
Sources: (Links/Bibliography/Experts)
http://www.oxfordpv.com/
Strategic Business Insights, Renewable Energy Technologies , April 2013 Viewpoints, Prospects for
Building Integrated PV
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Table n° 4 – Transparent Building envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Gasochromic Windows

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:
Enabling
technologies:
Other
products:

linked

Active phase change glazings. Gasochromic glazings are switchable insulated glass
units that add hydrogen or oxygen to the airspace between the panes of glass to
change the transparency of a tungsten oxide film.
Gasochromic glazings consist of either two or three panes of glass (typically an outer
pane of tempered 6 mm glass and two inner panes of 4 mm float glass) with one or
two air spaces, sealed at the edges, with connections to a gas supply and an
electronic control unit. The gas piping runs through sealing around the color-changing
cavity. A thin (less than 1 μm) film of tungsten oxide (WO3) is applied to the inner
surface of the outermost pane in the IGU. On top of these film is a layer of platinum,
which acts as a catalyst. If there is a low-e coating present, it is added to the inside
surface of the innermost pane of glass.
The user can switch the glazing from clear to dark blue, though the view through the
glass is retained at all points. Input from the user causes the system to release a low
concentration of hydrogen gas inside the unit (below 3%), mixed with a carrier gas,
such as nitrogen or argon. The hydrogen interacts with the WO3 film, turning it dark
blue and making the transmittance in the visible light wavelengths to drop to about
30%. When a low concentration of oxygen is added to the airspace, the film returns
to clear, and the visible light transmittance goes back up to about 65%. Exact values
depend on the thickness of the film and the concentration of hydrogen.
- The best transmittance values obtained for a coated double-glazed unit with a
moderate film thickness (560 nm) and hydrogen concentrations below the
combustion limit are 76% and 77% for solar and visual transmittance,
respectively, in the bleached state and 5% and 6% for solar and visual
transmittance, respectively, in the colored state. Darker states can be obtained
by applying thicker films of tungsten oxide without reducing the transmittance in
the bleached state.
- Visible transmittance can vary between 0.10–0.59 with a SHGC range of 0.12–
0.46. Transmittance levels of less than 0.01 for privacy or glare control are
possible
- An improved U-value can be obtained with a triple-pane, low-E system (since one
gap is used to activate the gasochromic)
- Switching speeds are 20 seconds to color and less than a minute to bleach.
- Currently the largest glazings available are 1.5 m x 1.8 m.
- Can be switched over 10,000 times in one year without significant loss of
performance.
- higher visual light transmittance in the clear state than EC windows
- rapid switching times
- can change their transmittance over a wide range
- can be used to control glare and solar gains, reduce the load on heating
Gasochromic Material
/
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Field
application:

of

Architectural applications (transparent building envelope, smart glazing, …)

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:
Competing
products
services:

/
/

Short-term 1-2 years. It is gradually becoming commercially available, but there is a
lack of experience and background knowledge to analyze and evaluate it.
Gasochromic windows with an area of 2-by-3.5 feet are now undergoing accelerated
durability tests and full-scale field tests and are expected to reach the market in the
near future.
Cost remains an issue.

Electrochromic window (EC)
SPD window
Thermochromic window
Thermotropic window
Phase change materials window
Aerogel filled window
Players:
Versions of this product are produced by FLABEG GmbH (Nürnberg, Germany) one
of the leading suppliers of fine glass products.
ISE, the Fraunhofer Institute for Solar Energy Systems (Freiburg, Germany) has
developed production technology, prototypes demonstration systems of gasochromic
windows to evaluate and optimize switchable glazing. The Institute develops
systems, components, materials and processes in the areas of the thermal use of
solar energy, solar building, solar cells, electrical power supplies, chemical energy
conversion, energy storage and the rational use of energy.
Sources: (Links/Bibliography/Experts)
http://www.flabeg.com/
http://www.ise.fraunhofer.de
http://www.commercialwindows.org/gasochromic.php
http://www.d-lite.org/
Solar Energy Materials and Solar Cells, Volume 84, Issues 1–4, October 2004, Pages 305–314,
International Solar Energy Society World Congress 2003, “Gasochromic windows” V. Wittwer et al.,
Fraunhofer Institute for Solar Energy Systems, Heidenhofstr.2, 79110 Freiburg, Germany
http://www.sciencedirect.com/science/article/pii/S0927024804001783
High-Performance Windows, Dr. Helen Rose Wilson c/o Fraunhofer ISE,
http://www.aisglass.com/insulated-glass-units/high-performance_windows.pdf
/
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Table n° 5 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Suspended Particle Device (SPDs) Window

Product
name
(commercial):
Technical
and
functional
characteristics:

SPD-SmartGlass™

Advantages
as
regards the state
of the art:

Enabling
technologies:

Active phase change glazing. SPDs are products already in development and
present in the market in an early stage but with foresighted commercial opportunities
arising from future enabling technology developments. They are insulating glass units
that include a SPD film laminated between panes of glass or polycarbonate, an gap
filled with either Argon or another inert gas for thermal insulation, a low-e coating and
possibly other spectrally selective coatings, and a static outer lite.
SPD windows work like a light valves. When electricity comes into contact with the
SPDs via the conductive coating, they line up in a straight line and allow light to flow
through. Once the electricity is taken away, they move back into a random pattern
and block light creating a tinted but not hazy appearance. When the amount of
voltage is decreased, the window darkens until it's completely dark after all electricity
is taken away.
- The device requires about 100 volts AC to operate from the off state (colored) to
the on state (near transparent) and can be modulated to any intermediate state
- Power requirements are 0.5 W/sf for switching and 0.05 W/sf to maintain a
constant transmission state if not off (the most colored, cobalt blue state)
- Visible Light Transmittance: » As low as 99.96% light blockage, » As high as
65% light transmission
- UV rejection: »As high as 99.9% (full-time), Protection up to 400 nm
- Solar Control: » Dark state: As high as 95% heat blockage, » Clear state: As high
as 57% heat transmission. The SHGC switching range is more limited than EC
windows
- Intermediate States: » Infinitely tuneable
- Switching Speed: » 1-3 seconds
- Switching Uniformity: » Completely uniform – no blotchiness or iris effects
- Maximum Power Draw: » As low as 1.8 mA/ft2
- Size: » Length: No limitation, » Width: Up to 1 meter
- Shapes: » Any
- Fastest-switching variable tint products available today and infinitely tuneable
- Block more light than other architectural smart window product – over 99.5%,
eliminating blinds and shades while preserving daytime and night-time views
- Can be adjusted to allow varying levels of visibility, enjoy shading on-demand
- Minimize glare and maximize daylighting
- Reduce heating and cooling requirements
- Energy saving: you can power about 15 large SPD smart windows in your home
for less electricity than it takes to operate a simple night-light
- Protects interior furnishings and artwork from fading
- Offer more control than any other smart window. With a simple switch or
automatically using sensors or timing devices, you can enjoy an infinite number
of shading levels – instantly automatically. You can operate your windows using
a home or building automation system, or even with an iPhone or iPad.
Suspended Particle Device (SPD) material
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Other
products:

linked

Field
application:

of

The product is the basis of subsequent product:
- Coloured suspended particle device (SPDs) window
- High-transmittance suspended particle device (SPDs) window
- Low-power source suspended particle device (SPDs) window
Architectural applications (On/off glasses, exterior glazing, interior partitions and
doors...)
Automotive applications (sunroofs, sun visors, rear-view mirrors, …)

Life cycle (time of
potential market
entry):

Products are now entering the market like niche products. Cost remains an issue.
Prerequisites
Preconditions
Critical:
Competing
products
services:

/
/

Higher costs than other dynamic glazing.

Electrochromic (EC) window
Gasochromic window
Thermochromic window
Thermotropic window
Phase change material (PCM) window
Aerogel filled window
Evacuated window
Players:
Research Frontiers Inc. (Woodbury, New York) developer of SPD-SmartGlass™,
holds about 470 worldwide patents on this light-control technology. It is a technology
licensor with revenue of $1 million. It has outsourced production of the SPD film to
Hitachi Chemical and has licensed the technology to companies including Asahi
Glass, Pilkington, and Daimler. For example Daimler offers an all-glass panoramic
roof using SPD technology on the Mercedes-Benz 2012 SLK.
Though the technology has been around for several years and Research Frontiers
has a wide number of licensing partners, its license revenue remains relatively low,
albeit growing. In the first quarter of 2012, the company had licensing fee revenue of
$0.5 million. Use of a licensing royalty rate of 10% (the company mentions a rate of
between 5% and 15%) implies a market for SPD final glass products of about $20
million per year.
Sources: (Links/Bibliography/Experts)
http://refr-spd.com/
http://www.spd-systems.com
http://www.d-lite.org/
http://www.hitachi-chem.co.jp/
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
/
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Table n° 6 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Coloured Suspended Particle Device (SPDs) Windows

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
products:
Field
application:

linked
of

Life cycle (time of
potential market
entry):

Suspended Particle Device (SPDs) Windows with coloured tinted but not hazy
appearance when unpowered.
[Insulating glass unit that include a SPD film laminated between panes of glass or
polycarbonate, an gap filled with either Argon or another inert gas for thermal
insulation, a low-e coating and possibly other spectrally selective coatings, and a
static outer lite.
SPD windows work like a light valves. When electricity comes into contact with the
SPDs via the conductive coating, they line up in a straight line and allow light to flow
through. Once the electricity is taken away, they move back into a random pattern
and block light creating a. When the amount of voltage is decreased, the window
darkens until it's completely dark after all electricity is taken away].
- Colouring
- Aesthetic design
- Fastest-switching variable tint products available today and infinitely tuneable
- Block more light than other architectural smart window product – over 99.5%,
eliminating blinds and shades while preserving daytime and night-time views
- Can be adjusted to allow varying levels of visibility, enjoy shading on-demand
- Minimize glare and maximize day lighting
- Reduce heating and cooling requirements
- Energy saving: you can power about 15 large SPD smart windows in your home
for less electricity than it takes to operate a simple night-light
- Protects interior furnishings and artwork from fading
- Offer more control than any other smart window. With a simple switch or
automatically using sensors or timing devices, you can enjoy an infinite number
of shading levels – instantly automatically. You can operate your windows using
a home or building automation system, or even with an iPhone or iPad.
Coloured Suspended Particle Device (SPD) material
The product is the result of the development of:
- Suspended Particle Device (SPDs) Windows
Architectural applications (On/off glasses, exterior glazing, interior partitions and
doors...)
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Products are now under development, they will be on the market in short-terms of 2-3
years.
Prerequisites
Preconditions
Critical:
Competing
products
services:
Players:

/
/

/

Higher costs than other dynamic glazing.

Electrochromic (EC) window
Thermochromic window
Liquid crystal devices window
Gasochromic window
/

Sources: (Links/Bibliography/Experts)
http://refr-spd.com/
http://www.spd-systems.com
http://www.d-lite.org/
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
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Table n° 7 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

High-transmittance Suspended Particle Device (SPDs) window

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
products:

linked

Field
application:

of

Suspended Particle Device (SPDs) window with high light transmission.
Insulating glass unit that include a SPD film laminated between panes of glass or
polycarbonate, an gap filled with either Argon or another inert gas for thermal
insulation, a low-e coating and possibly other spectrally selective coatings, and a
static outer lite.
SPD windows work like a light valves. When electricity comes into contact with the
SPDs via the conductive coating, they line up in a straight line and allow light to flow
through. Once the electricity is taken away, they move back into a random pattern
and block light creating a. When the amount of voltage is decreased, the window
darkens until it's completely dark after all electricity is taken away.
- Higher transmittance
- Fastest-switching variable tint products available today and infinitely tuneable
- Block more light than other architectural smart window product – over 99.5%,
eliminating blinds and shades while preserving daytime and night-time views
- Can be adjusted to allow varying levels of visibility, enjoy shading on-demand
- Minimize glare and maximize day lighting
- Reduce heating and cooling requirements
- Energy saving: you can power about 15 large SPD smart windows in your home
for less electricity than it takes to operate a simple night-light
- Protects interior furnishings and artwork from fading
- Offer more control than any other smart window. With a simple switch or
automatically using sensors or timing devices, you can enjoy an infinite number
of shading levels – instantly automatically. You can operate your windows using
a home or building automation system, or even with an iPhone or iPad.
High-transmittance Suspended Particle Device (SPD) material
The product is the result of the development of:
- Suspended Particle Device (SPDs) window
Architectural applications (On/off glasses, exterior glazing, interior partitions and
doors...)

Life cycle (time of
potential market
entry):

Products are now under development, they will be on the market in medium term of
3-4 years.
Prerequisites
Preconditions

/
/

Higher costs than other dynamic glazing.
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Critical:
Competing
products
services:
Players:

/

Advanced aerogel filled window
Electrochromic (EC) window
Phase change material window (PCM)
/

Sources: (Links/Bibliography/Experts)
http://refr-spd.com/
http://www.spd-systems.com
http://www.d-lite.org/
Strategic Business Insights - Smart Materials, March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
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Table n° 8 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Low power source Suspended Particle Device (SPD) window

Product
name
(commercial):
Technical
and
functional
characteristics:

Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:
Field
application:

linked
of

Life cycle (time of
potential market
entry):

Insulating glass unit that include a SPD film laminated between panes of glass or
polycarbonate, an gap filled with either Argon or another inert gas for thermal
insulation, a low-e coating and possibly other spectrally selective coatings, and a
static outer lite.
SPD windows work like a light valves. When electricity comes into contact with the
SPDs via the conductive coating, they line up in a straight line and allow light to flow
through. Once the electricity is taken away, they move back into a random pattern
and block light creating a tinted but not hazy appearance. When the amount of
voltage is decreased, the window darkens until it's completely dark after all electricity
is taken away.
The device requires about 35 volts AC to operate from the off state (colored) to the
on state (near transparent) and can be modulated to any intermediate state
- Low power source
- Fastest-switching variable tint products available today and infinitely tuneable
- Block more light than other architectural smart window product – over 99.5%,
eliminating blinds and shades while preserving daytime and night-time views
- Can be adjusted to allow varying levels of visibility, enjoy shading on-demand
- Minimize glare and maximize day lighting
- Reduce heating and cooling requirements
- Energy saving
- Protects interior furnishings and artwork from fading
- Offer more control than any other smart window. With a simple switch or
automatically using sensors or timing devices, you can enjoy an infinite number
of shading levels – instantly automatically. You can operate your windows using
a home or building automation system, or even with an iPhone or iPad.
To enable this product is necessary a technologies that can permit powering with low
consumptions. This could arise from the development of research activities that are
taking place in the scientific fields of suspended particle device (SPD) materials and
alternative electrical and electronic devices.
The product is the result of the development of
- Suspended Particle Device (SPDs) window
Architectural applications (On/off glasses, exterior glazing, interior partitions and
doors...)
Automotive applications (sunroofs, sun visors, rear-view mirrors…)
Flat-panel displays for computers
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Products are under development
Prerequisites
Preconditions
Critical:
Competing
products
services:

Players:

/
/

/

Higher costs than other dynamic glazing.

Electrochromic (EC) window
Photochromic window
Multifunctional window
Phase change material window (PCM)
Advanced aerogel filled window
Evacuated window
-

Sources: (Links/Bibliography/Experts)
http://refr-spd.com/
http://www.spd-systems.com
http://www.d-lite.org/
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
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Table n° 9 – Transparent Building Envelope
PRODUCT/SERVICE TABLE
Product name:

Solar Photochromic Window

Product
name
(commercial):

/

Technical
and
functional
characteristics:

Photochromic systems obtained by combining active phase change glazings and a
dye solar cell layer that react to the illumination level by colouring and bleaching
reversibly, characterized by deep colouring even at elevated temperatures.
Sunlight provides the energy needed for colouring or lining up suspended
particles, so a voltage supply is not needed.
Previously known systems, such as have primarily been used for sunglasses, are
not suitable for building envelopes as they are too unstable and colour only weakly
at higher temperatures. When illuminated with sunlight, the photochromic window
darkens from a visible transmittance of 60 % to 4 %.
- voltage supply not needed
- deep colouring even at elevated temperatures
- coloration time is independent of the area; this is an advantage compared to
conventional electro chromic windows, in which the switching time is limited by
the conductivity of the conductive film layer and depends strongly on the area.
To enable this product are necessary different technologies that can empower
functional features and characteristics. These could arise from the development of
research activities that are taking place in the following scientific fields:
- Electrochromic material
- Suspended Particle Device (SPD) material
- Colored SPD material
- High transmittance SPD material
- Photovoltaic Solar cell
The product is the result of the development of:
- Electrochromic window
- Organic EC window
- Suspended particle Device (SPD) window
- Coloured SPD window
- High transmittance SPD window
- Low Power Source SPD window
- Solar Power window (BIPV)
Architectural applications (transparent building envelope, smart glazing, …)
Automotive applications (vehicles, mirrors, …)

Advantages
as
regards the state of
the art:

Enabling
technologies:

Other
products:

linked

Field of application:
Life cycle (time of
potential
market
entry):
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long term of 5-10 years; some laboratory samples of photoelectrochromic systems
are under testing.
Prerequisites
/
Preconditions
/
Critical:
Competing products
/ services:

High costs

Advanced Multifunctional window

Players:

Many groups are investigating the possibility of actually using windows to generate
electricity by integrating photovoltaic systems that incorporate nanomaterials.
Fraunhofer Institute for Solar Energy Systems ISE developed a photochromic
system particularly appropriate for glazing applications in buildings or vehicles. It
has been developed to enhance a previously studied photoelectrochromic glazing
with a particularly favourable combination of a dye solar cell and an electro
chromic element based on a glass substrate coated with a transparent, electrically
conductive film (TE - transparent electrode) and an electro chromic WO3 layer.
Under illumination, dye molecules are excited and inject electrons via the titanium
dioxide TiO2 into the tungsten trioxide WO3. The WO3 colours blue as a result.
Charge neutrality is maintained by two processes: positively charged lithium ions
from the electrolyte are intercalated into the WO3 and simultaneously, negatively
charged iodide ions donate electrons from the electrolyte to the dye molecules,
oxidising the I- ions to I3- ions. The reverse process also occurs when electrons,
primarily from WO3, flow to the I3- ions in the electrolyte. This reverse reaction is
originally very slow but can be accelerated greatly by adding a catalyst such as
platinum. Appropriate adjustment of the catalytic activity is essential for a marked
photochromic effect. Stronger catalytic action accelerates the bleaching process
but reduces the equilibrium coloration depth. The optimization depends on the
specifications for each particular application.
Another potential example of building-integrated photovoltaics—under study at the
University of California, Los Angeles—is the use of transparent organic
photovoltaic devices that exhibit maximum conversion rates of over 7%. The
devices, constructed from photoactive plastics, enhance the conversion rate of
traditional cells by using two cells, separated by interfacial materials, in parallel.
The polymer solar cells are transparent or semi-transparent and therefore lend
themselves to integration in novel window designs for energy-efficient buildings.
Sources: (Links/Bibliography/Experts)
http://www.ise.fraunhofer.de/en/areas-of-business-and-market-areas/energy-efficient-buildings/facadesand-windows/glazing/photochromic-windows
http://www.ise.fraunhofer.de/en/areas-of-business-and-market-areas/energy-efficient-buildings/facadesand-windows/glazing/photoelectrochromic-windows
Strategic Business Insights, Nanomaterials, April 2013 Viewpoints, Titania: The Environmental
Nanomaterial
Strategic Business Insights, Nanomaterials, September 2013 Viewpoints, The Nanohouse: How
Nanomaterials Are Shaping the Buildings People Live In
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Table n° 10 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Thermocromic window

Product name
(commercial):
Technical and
functional
characteristics:

Sunlight Responsive Thermochromic™, Suntuitive™

Advantages as
regards
the
state of the art:

Enabling
technologies:
Other
linked
products:
Field
application:

of

Sunlight responsive thermochromic windows use the sun's energy to tint the windows
and block the sun's energy that otherwise would have ended up as heat load in the
building. They are products already in development and present in the market in an
early stage but with foresighted commercial opportunities arising from future enabling
technology developments. They are passive phase change glazings that change their
opacity automatically when exposed to heat regulating daylight by passively
responding to continuously changing climatic conditions (but they can be integrated
with sensor or actuator functionality). In winter, when the outside temperature is low,
the system will constantly have the maximum light transmittance, allowing for solar
gains. In summer, themochromic glass will normally decrease transmittance, protecting
from overheating.
The thermochromic laminated glazing consists of two glass panes joined to a
thermochromic interlayer that changes from light grey or brown to dark grey or brown,
as well as coloured glasses that converts from rosy or yellow to blue or green.
The sunlight responsiveness of thermochromic windows is refined to provide dimming
that is nearly optimum for minimizing heat load while maximizing daylighting. Thus,
unwanted the heat is blocked; especially when the thermochromic layer is combined
with a low emissivity layer to help reject heat to the outside.
During a typical sunny day, a typical insulated glass unit incorporating a thermochromic
laminate changes its visible light transmission from 50% to 10% and then back to 50%.
The timing of these changes depends on the location of the window on the building.
Each day of the year, any time of the day, and for any orientation on the building the
windows simply tint to a desirable level based on sun exposure. 20 year lifetime
expected.
It will take 20-30 minutes of direct sunlight for the window to fully tint. Likewise, it will
take 20-30 minutes for the window to return to the original state.
Reduce SHGC to 0.11 and allows for a VLT range from 69% to 6%
- stand out for applications where a permanent view from the inside out is needed
- pleasing aesthetics with different tints of glass
- minimally sensitive to changing outdoor or ambient temperatures but respond
dramatically to changing amounts of direct sunlight on the windows
- reduce the transmission of solar heat minimizing solar heat gain and maximizing
daylighting
- help to reduce glare, fading and noise, and increase safety
- do not require wires, power supplies, control schemes or control equipment
Thermochromic materials
(in combination with Low-e glass, thermochromic glass can be even more efficient)
This product combined with the characteristics and functionalities of thermotropic
window can generate a hybrid thermochromic and thermotropic window.
Commercial and residential windows. Best suited for skylights rather than view
windows because you can no longer see through the window once it loses its
transparency.
Used in ventilated facades, the system can reduce building energy consumption during
the winter heating season and can reduce solar energy gain during summer.
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Life cycle (time
of
potential
market entry):

Products are now entering the market like niche products but they will be more used in
short-term of 2-3 years. Thermochromic glass revenues will increase dramatically,
climbing from $30 million in 2011 to nearly $197 million by 2017.
Prerequisites / Lower cost and possibility of installing thermochromic window by glazing contractors
Preconditions / just like conventional windows make them very attractive as compared to electro
Critical:
chromic and other electro-optic approaches to variable tinting windows.
Capital can also be saved on HVAC equipment and replacement of furnishings due to
reduced harmful UV rays. You will also save on heating, cooling and lighting costs.
Competing
Thermotropic window
products
/ Electrochromic window
services:
Gasochromic window
SPDs window
Phase change materials window
Aerogel filled window
Evacuated window
Players:
Pleotint LLC (Jenison, Michigan) produces Suntuitive, a thermochromic interlayer or
finished windows. Their glass laminator partners take the interlayer and laminate it
between two pieces of glass. Once the laminate is made a spacer and an additional
piece of glass, preferably with low-e, are added to make a double-pane IGU.
Previously, Pleotint called the technology SRT, or Sunlight Responsive Tinting.
Suntuitive interlayer has earned the 2013 Glass Magazine Award for “Most Innovative
Commercial Window.”
RavenBrick LLC's (Denver, Colorado) approach uses a thermochromic filter comprising
two orthogonal diffractive-type or absorptive-type polarizers that sandwich a
thermotropic liquid-crystal depolarizer. The thermotropic depolarizer changes the
polarization in such a way that the device reflects 50% of the light when it is below the
transition temperature and reflects up to 100% of the light when it is above the
transition temperature. In their tinted state, RavenBrick's devices are still transparent
enough to see through. The company unveiled a product concept that combines a
thermochromic shutter and phase-change materials (PCMs) to block heat in the
summer and allow heat to pass and be stored by the PCM in the winter.
General Glass International (Secaucus, New Jersey) offers in its wild selections of
architectural and decorative glass products in the industry also thermochromic
glazings.
Sources: (Links/Bibliography/Experts)
http://www.consumerenergycenter.org/home/windows/windows_future.html
http://www.commercialwindows.org/thermochromic.php
http://www.pleotint.com
http://www.ravenbrick.com
http://www.generalglass.com
http://www.glassmagazine.com
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Strategic Business Insights, Smart Materials , June 2013 Viewpoints, Smart Materials: Patent Landscape
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
Thermotropic and Thermochromic Polymer Based Materials for Adaptive Solar Control, Arno Seeboth et
al., Materials 2010, 3, 5143-5168; doi:10.3390/ma3125143 ISSN 1996-1944
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Table n° 11 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Thermotropic window

Product
name
(commercial):
Technical
and
functional
characteristics:

ThermoSEE™ Glass

Advantages
as
regards the state of
the art:

Enabling
technologies:
Other
products:

linked

Field of application:

Passive phase change glazings that change their opacity automatically when
exposed to heat. They are products already in development and present in the
market in an early stage but with foresighted commercial opportunities arising from
future enabling technology developments. Thermotropic glazings change their
transparency and light transmittance from mostly transparent to mostly opaque at
an activation temperature that can be set generally between -10°C and 50°C. This
glass provides passive heat-activated solar control by decreasing its transmittance
under more severe heat conditions.
Thermotropic glazing scatter light, so when the sun is shining on it, the light is
scattered and appears as a bright white light, similar to a fluorescent light. When
heated, the glass becomes clear and appears as ordinary glass.
Most thermotropic glazings are composed of a hydrogel layer between two panes
of glass.
- Can display inconsistencies over its surface as it transitions from clear to
opaque
- Total solar transmittance of 63% at 25°C to 3% at 60°C
- Visual transmittances of 79% and 4% at the same temperatures
- Generally have a finite number of switching cycles before they lose their
efficacy.
- passive heat-activated solar control
- enhance the daylighting end allow for natural daylight, letting the sun’s energy
to penetrate, but in a more pleasing way
- help to reduce glare and fading
- do not require wires, power supplies, control schemes or control equipment
Thermotropic material
Not as energy saving devices.
This product combined with the characteristics and functionalities of
thermochromic window can generate a hybrid thermochromic and thermotropic
window.
Architectural applications (skylights, high windows...)

Life cycle (time of
potential
market
entry):

Products are now entering the market like niche products but they will be more
used in short-term of 2-3 years.
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Prerequisites
Preconditions
Critical:

/
/

Thermotropic windows generally have a finite number of switching cycles before
they lose their efficacy.
Theirs applications as energy saving devices seem to be ultimately impractical
because they cannot be manually controlled.
Competing products Thermochromic window
/ services:
Electrochromic window
Gasochromic window
SPDs window
Phase change materials window
Aerogel filled window
Evacuated window
Players:
The first product to use this technology already in 2001 was Pleotint’s (Jenison,
Michigan) ThermoSEE glass. As the temperature of the glass goes above a
threshold point, the glass changes from scattering or frosted, to transparent to
clear.
In addition to the privacy effect ThermoSEE glass can enhance the daylighting of a
skylight. Pleotint says the ThermoSEE material scatters light, so when the sun is
shining on it, the light is scattered and appears as a bright white light, similar to a
fluorescent light. When heated, the glass becomes clear and appears as ordinary
glass. The thermoscattering effect allows for natural daylight, letting the sun’s
energy to penetrate, but in a more pleasing way; yet, when heated, the glass
changes to provide the properties of a traditional clear glass skylight.
RavenBrick LLC's (Denver, Colorado) approach uses a thermochromic filter
comprising two orthogonal diffractive-type or absorptive-type polarizers that
sandwich a thermotropic liquid-crystal depolarizer. The thermotropic depolarizer
changes the polarization in such a way that the device reflects 50% of the light
when it is below the transition temperature and reflects up to 100% of the light
when it is above the transition temperature. In their tinted state, RavenBrick's
devices are still transparent enough to see through. The company unveiled a
product concept that combines a thermochromic shutter and phase-change
materials (PCMs) to block heat in the summer and allow heat to pass and be
stored by the PCM in the winter.
Sources: (Links/Bibliography/Experts)
http://www.pleotint.com
http://www.tilse.com
http://www.ravenbrick.com
Strategic Business Insights - Smart Materials, March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Smart Materials, June 2013 Viewpoints, Smart Materials: Patent Landscape
Strategic Business Insights, Nanoelectronics, July 2012 Viewpoints, Heat-Control Film and Glass
Thermotropic and Thermochromic Polymer Based Materials for Adaptive Solar Control, Arno Seeboth et
al., Materials 2010, 3, 5143-5168; doi:10.3390/ma3125143 ISSN 1996-1944
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Table n° 12 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Phase Change Material (PCM) Window

Product name
(commercial):
Technical and
functional
characteristics:

GlassX

Advantages as
regards
the
state of the art:

Enabling
technologies:

Window-based passive-energy storage system that incorporates a phase change
material (PCM) that helps regulate a building’s internal temperature by absorbing solar
heat gains from direct sunlight. This type of product is already in development and
present in the market in an early stage but with great foresighted commercial
opportunities arising from future enabling technology developments.
PCM has a melting point of between 26ºC and 28ºC and when exposed to direct
sunlight, typically on a south facing façade, slowly melts over the course of 12 to 16
hours collecting and storing the solar thermal energy. As temperatures drop during the
night the PCM cools and re-solidifies releasing the stored thermal energy readying the
PCM for the following day.
- A quadruple-glazed sealed unit made up of three separate insulating glass units
(IGUs), a prismatic solar filter that deflects high-angle sunlight, two low-E coatings,
and a PCM core (inorganic, organic, bio, fireretardant), has similar R-value to
something like concrete and U-factor is about 0.48 W/m2-K.
- PCM material is highly robust with an approximate lifetime of around 100 years
(6000 total cycles, around 60 per year) and allows a broad range of visible light
transmittance.
- when the PCM is in the liquid phase the unit has a direct-beam light transmittance
of between 12% and 44% (+/- 4%); when the PCM is fully crystallized the
transmittance drops to between 8% and 28% (+/- 4%).
- PCM window panels are restricted to 3 meters by 2 meters and depending on the
unit type can range from 34 mm to 86 mm in thickness.
- High Capacity Latent Heat Storage Module with ingenious Passive Energy
Storage: interior temperatures can be reduced by 4 to 6C in the summer months. It
can provide winter heating load reductions of 150 – 200 kWh / m² per year,
reduces dependencies on HVAC systems, thereby slashing energy costs by
between 30 to 50%, comes with no design constraints or strings attached.
- Thin Latent Heat Storage Module: provides significant thermal storage capacity at
a constant temperature with minimal physical footprint / thickness, vastly improved
daytime and night-time thermal management (it will not begin radiating heat into
the interior space until it has reached its maximum thermal storage capacity with a
process much more slow than in all other forms of wall construction). Due to the
PCM, heat will not begin being released until after 12 to 16 hours of absorption,
period longer than a regular daytime cycle. This is key to its superior performance,
as by the time the PCM’s storage capacity is reached, night-time cooling will offset
the higher daytime temperatures with lower night-time temperatures.
- High Indoor Natural Light Transmittance: it allows the majority of natural external
sunlight in the visible spectrum (from 380 to 780 nanometers), saves on artificial
lighting costs by providing more consistent natural lighting capabilities and ensures
a more pleasing aesthetic experience for building users
- Virtually Unlimited Aesthetic Design
- Make large contribution to any LEED, Net-Zero or other GREEN Building
initiatives.
Phase Change Material (PCM)
Bio Phase Change Material
Fire retardant Phase Change Material
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Other
linked
products:
Field
application:

of

The product is a basis of the subsequent :
- Bio Phase Change Material window
- Fire retardant Phase Change Material window
Homes, office buildings, public buildings, modular interior element for curtain-wall
constructions, an all-in-one façade element with integrated sun protection and
insulation for usage in light construction buildings

Life cycle (time
of
potential
market entry):

Prerequisites
Preconditions
Critical:

/
/

Already on the market one unique product (since 2004): GlassX.
In Europe there are at least 25 installations of GlassX, most of them fairly large–on
multi-family housing, office buildings, and retirement homes.
The cost of PCM window is around $600/m2, significantly more than uPVC, which
costs around $140/m2. According to PCM window’s manufacturer, the payback time on
PCM window is between 5 and 15 years. In PCM window’s marketing material the
manufacturer provides an example case study of a recent project on a commercial
property in Southern Germany. The building in question had a third of the south facing
façade (around 100 m2) covered in PCM window. According to PCM window’s
manufacturer using energy efficiency modelling of the building the payback time was
estimated to be around 6 years, excluding the construction costs. At a time when the
construction industry is under pressure to deliver affordable and profitable projects,
materials such as PCM window are a luxury and unless unit cost can be significantly
reduced the number of installations is likely to remain limited.
The melting point of the PCM, to a certain degree, determines the optimal range for the
windows to be most effective. With a melting point of between 26ºC and 28ºC PCM
window is primarily targeting warmer regions—such as Southern Europe, Australia,
and North
America—as an aide to reducing air conditioning and cooling energy loads. The
buildings occupant/landlord will also only get the optimal use of the window’s heat
storage capacity if there is a big enough temperature swing throughout the day and
night, so that the material has a chance to release the storage thermal energy to be
ready for the following day. In climates where the temperature remains high through
the night the thermal storage capacity of the PCM could be significantly limited.
Potential developments exist for the manufacturer to tailor the window to a particular
region’s temperature profile using different PCM and extend the potential customer
based for the windows.
The light transmittance through the window systems is a problem when considering a
direct swap for ordinary windows. When the PCM is in its solid phase the transmittance
can be as little of 8% (+/- 4%), meaning little to no light coming through the panel. In
the case studies highlighted by the manufacturer, standard glass and PCM window
panels are alternated across the south facing façade or PCM window panels are
placed below ordinary glass windows. Even in the liquid phase the PCM’s
transmittance varies greatly [12% and 44% (+/- 4%)]. Potential developments include
using a PCM with a much greater degree of light transmittance, one that when solid
gives a subtle frosting to the window; when liquid is fully transparent. Such a product
could then act as a direct replacement for ordinary windows in residential and
commercial properties.
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Because of cost the majority of PCM window installations will be in luxury modern
design homes. As such the customer is likely to be highly particular about the look of
the window. According to the imagery provided by the manufacturer, when the PCM
solidifies crystal striations chris-cross the window panel. The patterns the crystallized
material makes within the window may not be to everyone’s liking. Developing or using
an amorphous PCM may be more advantageous to making an aesthetically pleasing
product.
Competitor
Electrochromic (EC) window
products
/ Aerogel filled window
services:
Thermochromic window
Evacuated window
Players:
Dietrich Schwarz Architeken AG (formally PCM window - Zurich, Switzerland) develops
and markets façade products that have unique optical and thermal characteristics,
enabling to build energetically sustainable houses that comply with highest standards
in design and comfort. The company was founded in 2002 by Prof. Dietrich Schwarz
targeting the development of novel façade solutions for sustainable architecture.
Through cooperation with renowned research institutions such as ETH Zurich and
Fraunhofer Institute for Solar Energy Systems (ISE), the results of years of
fundamental research were further developed into patented and marketable products.
Its licensees include Dörken GmbH & Co. KG (partner for PCM) and Saint-Gobain that
is manufacturing the product PCM window in Austria and Germany.
The complete window system, the GlassX Crystal, contains 4 components, each of
which are also available individually as well as in various partial combinations:
- An external facing 3 ply insulating glass panel.
- A “Prism Module” that helps reflect sunlight from the high summer sun (over 40º)
and transmits sunlight at lower angles during the winter months (<35º). By
reflecting high-angled sunlight during the summer, the Prism Module helps
maximize the use of the PCM’s thermal storage capacity.
- A non-toxic PCM, calcium chloride hexahydrate, with a melting point of 26ºC to
28ºC.
- On the interior a 6 mm tempered safety glass, which can be printed or etched with
ceramic prints.
Hunter-Douglas, (a US company) in a 2010 press release announced the production of
another trial window product incorporating a water-based gel but up to now the
company is unaware of any such product being commercially available.
Sources: (Links/Bibliography/Experts)
http://www.glassxpcm.com
http://www.schwarz-architektur.ch/#
http://glassx.ch/index.php
http://www.doerken.de
http://www.apartmenttherapy.com/on-the-horizon-building-with-p-124682
http://www.greenliteglass.com/products/energy-saving-glass/glass-x-crystal.html
http://www.sciencedirect.com/science/article/pii/S0378778811006190
http://www.solarfeeds.com/glassx-phase-change-material-windows/
http://www.phasechange.com/index.php/en/applications
http://www.hunterdouglascontract.com/press_release.jsp?release_id=50
Strategic Business Insights, Explorer, Smart Materials, Technology Roadmap 2012
Strategic Business Insights, Explorer, Nanomaterials, Technology Roadmap 2012
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Table n° 13 – Transparent building envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Aerogel filled window

Product
name
(commercial):
Technical
and
functional
characteristics:

Lumira®

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
products:
Field
application:

linked

of

Clear insulating glazings. Insulation-filled glazings with aerogel located between
glazing panes. Silica-based aerogel foam-like material provides diffuse light, but not
a clear view. The microscopic cells of the foam entrap air (or another gas if gasfilled), thereby preventing convection while still allowing light to pass. Long-wave
thermal radiation is virtually eliminated due to the multiple cell walls through which
long-wave infrared radiation must be absorbed and reradiated. The particles that
make up the thin cell walls slightly diffuse the light passing through, creating a bluish
haze similar to that of the sky.
It should be technically possible to produce windows made of aerogel with a centerof-glass U-factor as low as 0.05.
- Unsurpassed thermal insulation
- R-value of 8 per inch / U-value of .64W/m²K per 25 mm’
- Increased natural light transmission 75% per 3/8 inch / 80% per cm
- Superior light diffusion - elimination of glare
- Improved acoustic performance
- Reduced solar heat gain/loss
- Decreased energy consumption (heat, air conditioning, lighting, ventilation,
carbon emissions
- Unmatched moisture resistance – 100% hydrophobic
- Exceptional color stability and insulation performance
Aerogel
The product is the basis of subsequent product:
- Advanced Aerogel Windows
- Evacuated Windows
Architectural applications (skylights, glass blocks, exterior glazing, interior partitions
and doors...)
The use of low-conductance gas fills is far less common in commercial glazing than it
is in residential windows. This results from the fact that solar control technologies are
more important in typical commercial buildings than techniques for reducing heat
transfer by conduction.

Life cycle (time of
potential market
entry):

Products are now entering the market like niche products.
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Prerequisites
Preconditions
Critical:

/
/

European manufacturers have produced double-glazed windows filled with small
beads of aerogel and while the units have good insulating values, they are diffusing
and do not provide a view. Aerogel might find a future application as a component of
a larger window system, such as spacers between insulating panes of glass, or in
skylights or glass blocks.
Competing
Phase change material (PCM) window
products
/ Evacuated window
services:
Electrochromic (EC) window
Thermochromic window
SPD window
Gasochromic window
Players:
Cabot Corporation (Boston, Massachusetts) Daylighting products provide nanogel
insulated-window solutions for in commercial architecture. The transparent nanogel
has an R-value of 8 ft2°Fh/Btu per inch and is coupled to a polycarbonate window.
Cabot produces Lumira® aerogel at its state of the art manufacturing facility located
near Frankfurt, Germany where it began commercial production in 2003.
Sources: (Links/Bibliography/Experts)
http://www.commercialwindows.org/
http://www.advancedglazings.com/
Strategic Business Insights – Nanomaterials , July 2013 Technology Map
Strategic Business Insights - Nanomaterials , March 2010 Viewpoints, Aerogel Insulation
Strategic Business Insights, Nanomaterials, September 2013 Viewpoints, The Nanohouse: How
Nanomaterials Are Shaping the Buildings People Live In
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Table n° 14 – Transparent building envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:
Product
(commercial):
Technical
functional
characteristics:

Advanced-aerogel filled window
name
and

Advantages as regards
the state of the art:

Enabling technologies:
Other linked products:
Field of application:

/
High transparency clear insulating glazings. Insulation-filled glazings with
advanced aerogel (99% air, yet still solid and consequently extremely
lightweight) located between glazing panes. The uniform particles that make up
the thin cell walls slightly diffuse the light passing through, creating a less blue
and more transparent haze.
- transparent haze
- high thermal resistance (R-value)
- unprecedented insulating performance, effective insulators
- extremely lightweight
Advanced aerogel
The product is the result of the development of:
- Aerogel Windows
Architectural applications (skylights, glass blocks, exterior glazing, interior
partitions and doors...)

Life cycle (time of
potential market entry):
229 / 313

Products are under development, they will be on the market in medium-long
term of 5 years.
Prerequisites
/
Preconditions / Critical:
Competing products /
services:
Players:

Phase change material (PCM) window
Evacuated window
Electrochromic window
Aspen Aerogels (Northborough, Massachusetts) is working toward
development of a transparent aerogel material that is sturdy enough to use in
place of windows, which are a major area of energy loss in buildings.
NanoInsulate project (funded by European Commission) plans to develop
"durable, robust, cost-effective opaque and transparent vacuum insulation
panels incorporating new nanotechnology-based core materials (such as
aerogels, aerogel composites and nanofoams) and high-barrier films, that are
up to six times more energy efficient than current solutions." The consortium —
comprising academic and industrial partners such as Acciona S.A.
(Alcobendas, Spain), Kingspan plc. (Dublin, Ireland) and BASF (Ludwigshafen,
Germany) — claims that the use of its materials corresponds to reductions in
heating demand of up to 74% and in CO2 emissions of up to 55%.

Worldwide Energy Efficiency Technology Roadmap

Sources: (Links/Bibliography/Experts)
http://www.aerogel.com/
http://www.acciona.es/
http://www.kingspan.com/
http://www.basf.com/
Strategic Business Insights, Nanomaterials, September 2013 Viewpoints, The Nanohouse: How
Nanomaterials Are Shaping the Buildings People Live In
Strategic Business Insights, Nanomaterials , July 2013 Technology Map
Strategic Business Insights, Nanomaterials , March 2010 Viewpoints, Aerogel Insulation
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Table n° 15 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Evacuated Windows (VIG)

Product
name
(commercial):
Technical
and
functional
characteristics:

Spacia™, EverSealed

Advantages
as
regards the state
of the art:

Enabling
technologies:
Other
products:
Field
application:

linked
of

The most thermally efficient gas fill would be no gas at all—a vacuum. The window
industry is pursuing the development of vacuum-insulated glass (VIG) for use in
window units in which the space between the panes is evacuated. If the vacuum
pressure is low enough, there would be no conductive or convective heat exchange
between the panes of glass, thus lowering the U-factor. A vacuum glazing must have
a good low-E coating to reduce radiative heat transfer—the vacuum effect alone is
not adequate. This principle has been used in the fabrication of thermos bottles for
many years, with the silver coating serving as the low-emittance surface.
The vacuum eliminates conduction and convection but not radiation, so a low-E
coating is necessary on the pane of glass.
- Depending on the type of low-E coating, dual-pane VIG windows can have a Ufactor of 0.20 or less while maintaining a high SHGC.
- VIGs have the advantage of being thin (0.20–0.43 inch) and thus suitable for
many facade designs, including retrofits.
- Vacuum-insulating glass presents an interesting alternative to the standard
heavy, thick triple glass units available today. Particularly in situations where the
use of solar gain is desirable, VIG offers considerable advantages in terms of
energy balance. It has been demonstrated that vacuum-insulating glass with Ug
≈ 0.5 W/(m2K) can be reliably produced.
- R-values of R-10 or higher
- excellent temperature insulation
- sound insulation
- advantages in terms of energy balance
- light weight of the <9mm slim IGU element
- long-term reliability
- performance in any climate
To enable this product is clearly necessary a technology that can guarantee vacuum.
/
Residential windows, commercial windows, skylights, commercial refrigeration,
sliding box sashes, secondary glazing, …

Life cycle (time of
potential market
entry):

Performing products are under development; they will be on the market in medium
term of 3-5 years. In some countries, like Japan and China, VIG is commercially
available. However, all these products use a solder glass edge seal that leaves some
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of the potential of VIG unused.
Prerequisites
Preconditions
Critical:

/
/

Evacuated window assemblies present a number of engineering problems. One
major issue is the structural requirement to resist normal air pressure and variable
pressures caused by wind and vibration. There can be large thermal stresses
between large, window-sized panes of glass. Small pillars or spacers are used to
maintain the separation between the panes. The pillars are very small but are
somewhat visible, reducing the window clarity.
Another issue is the maintenance of an airtight seal around the unit edge. The seal
must be maintained to eliminate gaseous conduction by keeping the air density within
the unit to less than one millionth of normal atmospheric pressure; an air density of
only ten times this amount is sufficient to re-establish conduction to its normal value.
This vacuum seal must remain intact for the life of the window, through manufacture,
transportation, installation, and normal operation, wear, and weathering.
A German VIG with a new edge seal concept is in development. This new flexible
edge seal uses the potential of VIG much better.
The high cost of VIG, technical hurdles, and a potential lack of education and
familiarity with the product within the building industry all would hinder domestic VIG
use.
Competing
Electrochromic (EC) window
products
/ Phase change material window (PCM)
services:
SPD window
Thermochromic window
Gasochromic window
Players:
Fraunhofer Institute for Mechanics of Materials (IWM) and Fraunhofer Institute for
Solar Energy Systems (ISE) are developing a new edge seal concept.
Pacific Northwest National Laboratory is working to develop low-cost, durable and
highly insulating VIG.
Nippon Sheet Glass (NSG) actually began commercial production of its vacuum
glazing product, Spacia, in 1996. It has downstream processing in Europe (mainly in
Germany, Italy, Poland and in the United Kingdom). Their extensive range of
products and services includes merchanting, the manufacture of safety glass, and the
complete range of (Pilkington Insulight™) glass units.
Guardian Industries Corp Ltd. a leading global glass manufacturer with cross-industry
capabilities, has been developing a VIG product for a number of years—in fact, the
company showed a prototype during the 2009 AIA Expo.
EverSealed Windows Inc. (Evergreen, Colorado) is hoping to enter the market in the
next several years with a flexible edge-sealed VIG design. It’s co-founder David
Stark, developer of a number of practical inventions relating to hermetically sealed
windows, thermally insulated containers and metal-to-glass bonded assemblies, has
assembled an impressive roster of industry professionals, scientists, technology
experts and advisors to optimize ESW’s proprietary hermetic sealing technology and
further its business.
Sources: (Links/Bibliography/Experts)
http://www.commercialwindows.org/
http://www.glassmagazine.com/
http://www.grenzebach.com/
https://www.guardian.com/
http://www.eversealedwindows.com/
http://www.nsg.com/en
http://www.pilkington.com/spacia

232 / 313

Worldwide Energy Efficiency Technology Roadmap

http://www.vig-info.de/EN/index.html
“VIG Vacuum-insulating glass - Status of development and availability”
http://www.ift-rosenheim.com/en_presse_iftveroeffentlichungen.php?id=1165
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Table n° 16 – Transparent Building Envelope (Product / Service)
PRODUCT/SERVICE TABLE
Product name:

Advanced Multifunctional Window

Product name
(commercial):
Technical and
functional
characteristics:

/

Advantages as
regards
the
state of the art:

Enabling
technologies:

Other
linked
products:

Multifunctional systems obtained by combining multi-layered systems that results in
multifunctional windows and facades that help regulate temperature, humidity and noise
and thus contribute to living comfort.
They are energy harvesting windows characterized by the integration of components for
utilizing solar energy, like dye solar cell. Thus sunlight provides free extra energy.
The layers that are used can transform UV light into visible light. Materials are also
implemented which allow a reversible heat storage and release. Transmission,
reflection and absorption of light and heat are adapted on both sides of the window to
the desired level of comfort.
One possible evolution of this product in long term is the realization of a self-monitoring
and self-repairing multifunctional window. The combination of materials that are
capable of self-monitoring, self-repairing and self-sensing promises to revolutionize the
way we build, maintain and operate structures.
- Extra voltage supply
- Energy harvesting
- High transparency
- Size scalability for multi-purpose use
- The advantages of self-monitoring and self-repairing systems are quite obvious. The
development of autonomous self-repairing or self-healing materials could have a
massive impact on virtually all industries, from the automotive industry to the energy
sector, lengthening product lifetimes, increasing safety, and lowering product costs by
reducing maintenance requirements. Across these applications, the level of autonomy
that a material needs will depend on the amount of necessary human intervention, the
self-repair–activation mechanism, the level of automatic response to damage, and the
system's capability for self-repair. Advanced self-healing materials could be particularly
useful in situations in which gaining access to perform any kind of repair is currently
difficult - for example, in electronic circuit boards or perhaps even implanted medical
devices.
To enable this product are necessary different technologies that can empower
functional features and characteristics. These could arise from the development of
research activities that are taking place in the following scientific fields:
Thermochromic material
Thermotropic material
Phase change material (PCM)
Aerogel
Advanced aerogel
Photovoltaic Solar cell
Self-repairing, self-monitoring or self-healing materials
The product is the result of the development of:
- Thermochromic window
- Thermotropic window
- Phase change material (PCM) window
- Aerogel filled window
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Field
of
application:
Life cycle (time
of
potential
market entry):

- Advanced aerogel filled window
- Evacuated window
- Solar Power window (BIPV)
multifunctional residential, commercial and industrial windows and facades that help
regulate temperature, humidity and noise and thus contribute to living comfort.

long term 10 years
Prerequisites /
Preconditions /
Critical:
Competing
products
/
services:
Players:

High costs

Solar Photochromic window

Many groups are investigating the possibility of actually using windows to generate
electricity by integrating photovoltaic systems that incorporate nanomaterials.
HarWin is a research project that is funded as part of the Seventh Framework
Programme (FP7) with the goal of fulfilling the EU Commission's objective in making
buildings more energy-efficient by using new materials and technologies. The basis for
the HarWin project was established by the Bavarian Research Association FORGLAS
(multifunctional materials consisting of glass for energy-efficient building technologies),
in which the project partners have researched part of the materials that are used in the
HarWin project. The Research Association was funded by the Bavarian Research
Foundation. The objective of the resulting EU project now is to optimize new materials
for multifunctional and multilayer windows and further the development of laminated
glass panes. The decisive components of the new polymer glass composite materials
are glass particles in ball form, which decrease thermal conduction, facilitate sound
insulation, regulate humidity and increase the mechanical properties of the windows.
The challenge is to combine these functional characteristics into the new window pane
with sufficient transparency.
Another potential example of building-integrated photovoltaics—under study at the
University of California, Los Angeles—is the use of transparent organic photovoltaic
devices that exhibit maximum conversion rates of over 7%. The devices, constructed
from photoactive plastics, enhance the conversion rate of traditional cells by using two
cells, separated by interfacial materials, in parallel. The polymer solar cells are
transparent or semi-transparent and therefore lend themselves to integration in novel
window designs for energy-efficient buildings.
Sources: (Links/Bibliography/Experts)
http://www.bayfor.org/de/eu-projekte/projekt-harwin.php
http://www.centrosolarglas.de/en
http://en.inglas-systeme.de
http://www.iesve.com
http://www.isomatex.be
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http://www.bayfor.org
Strategic Business Insights, Nanomaterials, April 2013 Viewpoints, Titania: The Environmental
Nanomaterial
Strategic Business Insights, Nanomaterials, September 2013 Viewpoints, The Nanohouse: How
Nanomaterials Are Shaping the Buildings People Live In
Strategic Business Insights, Smart Materials , January 2013 Viewpoints, 2012: The Year in Review
Strategic Business Insights, Smart Materials , September 2012, Viewpoints, Technology Overview: From
Functional to Smart: Clever Surfaces
Strategic Business Insights, Smart Materials , April 2009 Viewpoints, Technology Overview: An
Introduction to Self-Healing Materials
Strategic Business Insights, Smart Materials , February 2009 Viewpoints, Technology Overview: Smarter
Infrastructure
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Table n° 17 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

Electrochromic (EC) Material
Electrochromic devices are materials that can change color under the influence
of an electrical potential. This potential or voltage triggers a redox reaction in
which the material gains or loses electrons, undergoing a change in the amount
of light that it absorbs or reflects and hence in its color.
To be useful, this electrochemical reaction needs to be reversible, allowing
repeated dark/light cycles.
Several types of electro chromic material exist, including inorganic materials
(usually tungsten trioxide) and several families of organic EC compounds,
including viologens (which become dark blue or violet when they gain electrons)
and phenazine dyes (which turn blue when they lose electrons). In almost all
cases, the primary electro chromic effect involves a change in absorption.
- reversibly changing color when a burst of charge is applied
- solarfilter
- auto-dimming
- anti-glare
- electro chromic strips as battery state-of-charge indicators
- electro chromic sunglasses and protective eyewear
- re-usable price labels and devices for frozen-food monitoring
- camouflage materials and chameleonic fabrics
- non-emissive controllable light-reflective or light-transmissive display
devices for optical information and storage

Current
level
of
development
(the
general state of the art
of the technology):

Products in which it is
applied:
Other
technologies:

related

Prerequisites
/
Preconditions (general
constraints, regulatory
factors,
required
resources):
Synergistic
technologies:
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High reliability. Though commercialization remains niche after many years,
several recent developments suggest the segment may be on the verge of a
step change.
Electrochromic (EC) window
Organic Electrochromic window
Solar Photochromic window
/
/

Nanoelectronics
Alternative electrical and electronic materials
Nanomaterials
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Manufacturing processes
Competitor
technologies:

SPD material
Thermochromic material
Gasochromic material
Phase change material
Players:
Heliotrope Technologies Inc. (Oakland, California) is an early stage company
developing new materials and manufacturing processes for electro chromic
devices with an emphasis on energy-saving smart windows. Heliotrope will
begin commercial sampling of the dynamic window coatings in the final quarter
of 2013, collaborating with major glass manufacturers in order to determine the
commercial potential of a new technology developed in conjunction with
Energy’s Lawrence Berkeley National Laboratory. It’s a novel nanomaterialglass composite that can modulate the wavelengths of electromagnetic
radiation that pass through the glass exhibiting an electro chromic effect.
ChromoGenics AB (Uppsala, Sweden) has built up a strong patent portfolio
covering essential materials, processes and applications of EC materials and
devices.
Gentex Corporation (Zeeland, Michigan) produces crosslinked polymer gel EC
mirror. The EC mirror darkens, preventing the reflected light from shining into
the driver's eyes.
Competitor Magna Donnelly also uses organic redox pairs in its auto-dimming
EC mirrors, but it immobilizes the compounds in a solid polymer matrix instead
of a polymer gel.
In contrast, Murakami uses inorganic redox pairs—tungsten oxide plus nickel
oxide or a combination of iridium oxide and tin oxide—in its auto-dimming EC
mirrors.
Sources: (Links/Bibliography/Experts)
http://www.heliotropetech.com/
http://www.gentex.com/
http://www.magna.com
http://www.murakami-kaimeido.co.jp/english/index.html
http://www.nanowerk.com/news2/newsid=31826.php
http://www.nature.com/nature/journal/v500/n7462/full/nature12398.html
http://finance.yahoo.com/news/heliotrope‐technologies‐brings‐smartwindow‐120000478.html
Handbook of Inorganic Electrochromic Materials - C.G. Granqvist
Electrochromic Materials - Roger J. Mortimer, Annual Review of Materials Research, Vol. 41: 241-268
(Volume publication date August 2011), First published online as a Review in Advance on March 30, 2011,
DOI: 10.1146/annurev-matsci-062910-100344
Strategic Business Insights - Smart Materials , August 2008 Viewpoints, Technology Overview:
Electrochromic Systems
Strategic Business Insights, Smart Materials , June 2013 Viewpoints, Smart Materials: Patent Landscape
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass

238 / 313

Worldwide Energy Efficiency Technology Roadmap

Table n° 18 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential
uses
(demand
factors):

Solar cell (DSSC)
The dye-sensitized solar cell (DSSC) is a low-cost solar cell belonging to the group
of thin film solar cells. It is based on a semiconductor formed between a photosensitized anode and an electrolyte, a photoelectrochemical system. DSSC mimics
the photosynthetic process that occurs in plants and other organisms.
DSSCs—or Grätzel cells, after Michael Grätzel, who coinvented the device—
comprise three crucial components: titania nanoparticles, a photosensitive dye, and
a liquid electrolyte. DSSCs hold a number of advantages over competing
technologies, including ease of manufacture (including upscale manufacturing using
roll-printing techniques), functionality in low-light-level conditions (overcast skies or
inside buildings), use of low-cost materials, applicability to a wide range of surfaces
(glass, metal, construction materials, plastics), applicability as a paint or a spray.
The next-generation DSSC is made from a hybrid material combining organic and
inorganic materials, based on perovskite minerals already known to convert up to
15% of sunlight to electricity (comparable to current solar cell efficiency).
- renewable energy production
- energy production from sunlight
- competitive technology in thin solar cell fabrication, which can be processed with
solution-based techniques at low-temperatures, leading to the least expensive
technology
- promising low-cost alternatives to conventional solid-state PV devices
- ideal for integration into the facade or cladding of buildings in applications known
as Building Integrated Photovoltaic (BIPV).

Current level of
development (the
general state of the
art
of
the
technology):
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The technology is now entering the market and is expected to increase renewable
energy production in the medium to long term.
Products in which it
is applied:
Other
related
technologies:
Prerequisites
/
Preconditions
(general
constraints,
regulatory factors,
required
resources):

Solar Power window (BIPV)
Solar Photochromic window
Advanced Multifunctional window
/
DSSCs suffer from a number of detrimental features. The cells exhibit a low solarenergy-conversion efficiency of approximately 11%. This value does not compare
favourably with that of silicon-based photovoltaics, which are capable of achieving
up to 22.5% conversion at a commercial scale. However, the price of producing
energy using DSSCs is five to ten times lower than the price of using silicon
technology.
Another disadvantage is that the electrolyte material freezes at low temperatures.
The electrolyte, in a standard DSSC, must be in the liquid state for the cell to
function. Additionally, the electrolyte is prone to leaking, which corrodes the cell
itself. One potential solution to these problems is the replacement of the liquid
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Synergistic
technologies:

Competing
technologies:
Players:

electrolyte with a solid one. This approach, which still uses dye molecules and titania
nanoparticles for the generation and transport of electrons, is under development at
Northwestern University (Evanston, Illinois). This novel cell is the first all-solid-state
DSSC that has the potential to outstrip the more traditional devices in terms of
performance and durability.
Anyway the potential for growth and market penetration that DSSC technology
possesses has resulted in the generation of significant amounts of funding for both
academic and industrial projects recently. Investment at this scale is a good indicator
that DSSC technology will have a major role to play in renewable energy production.
The European Union Photovoltaic Roadmap anticipates that by 2020, DSSCs will
constitute a considerable percentage of renewable electricity generation. Figures
published by industry analyst NanoMarkets show the total market value of DSSC
devices growing from $40 million in 2012 to over $500 million by 2015 and to in
excess of $4.4 billion by 2019. NanoMarkets anticipates that the market value of
DSSC materials, of which titania nanoparticles play an integral role, could grow from
$12 million to more than $1.2 billion in the same period. The potential widespread
application of DSSC technology means that this form of solar cell is likely to
contribute a significant portion of renewable energy production within the next three
to five years. Most analysts expect this contribution to increase in the medium to
long term. As a result, the supply and development of the materials—such as
nanoparticulate titania—that imparts functionality to the devices will continue to grow
in importance.
Electrolytes (solid materials)
Nanomaterials
Manufacturing processes
Alternative electrical and electronic materials
/

Professor Grätzel, of the École Polytechnique Fédérale de Lausanne (Lausanne,
Switzerland), received the prestigious Albert Einstein Award of Science in 2012 for
his research into DSSCs. The Interdisciplinary Committee of the World Cultural
Council awarded Grätzel this prize largely because his achievements with DSSCs
are of "true benefit and well-being to mankind." This award alone highlights the
significance that scientists believe DSSCs will have on future energy production.
The wide range of companies developing commercial products is evidence that this
technology has undeniably moved out of the R&D phase. Major players in the field
will instigate this growth.
A key player in the commercialization of DSSCs is NLAB Solar (Stockholm, Sweden)
that received in December 2012 a grant from the Swedish Energy Agency of $9.5
million loan to develop the industrial-scale production of its devices. NLAB Solar will
use this investment to construct a production facility that, when operational in 2014,
will have a fabrication capacity of 20 MW per annum. Other public funding has
originated from the European Union in the form of the Energy for a Green Society
program. The three-year project, finishing in May 2014 and with a budget of €25.7
million, brings together 27 industrial and academic partners. One of the program's
initial goals is to demonstrate the commercial viability of printable DSSCs.
Other key developers include Dyesol (Queanbeyan, Australia), where Michael
Grätzel serves as chairman of the Technology Advisory Board; 3GSolar (Jerusalem,
Israel); G24 Innovations (Cardiff, Wales); Oxford Photovoltaics (Oxford, England);
Solaronix (Aubonne, Switzerland); Solarprint (Dublin, Ireland); BASF (Ludwigshafen,
Germany); Merck (Darmstadt, Germany); Umicore (Brussels, Belgium); Tata Steel
(Mumbai, India); Everlight Chemical (Taipei, Taiwan); Timo Technology (Sung-nam
City, South Korea); Fujikura (Tokyo, Japan); and Peccell (Yokohama, Japan).
Sources: (Links/Bibliography/Experts)
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http://exeger.com/ http://www.dyesol.com/ http://www.oxfordpv.com/ http://www.solaronix.com/
http://www.basf.com/ http://www.umicore.com/
http://www.merck-performance-materials.com/en/solar_and_energy/photovoltaics/dssc/dssc.html
http://www.greentechmedia.com/research/report/third-generation-thin-film-solar-technologies
Strategic Business Insights, Nanomaterials, April 2013 Viewpoints, Titania: The Environmental
Nanomaterial
All-solid-state dye-sensitized solar cells with high efficiency, In Chung et al., Nature 485,486–489(24 May
2012)doi:10.1038, Published online 23 May 2012
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Table n° 19 – Transparent building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

Gasochromic Material
Gasochromism is closely related to electrochromism. The process involves the
interaction of an electrochrome, usually a metal oxide, such as tungsten oxide,
with an optically active gas-oxidizing or reducing gas - commonly oxygen and
hydrogen, producing reversible color changes. The gasochromic technology is
used commercially in reversible smart windows and gas sensing, oxygen,
hydrogen, nitric oxide, hydrogen sulphide and carbon monoxide.
The optically active component is a porous, columnar film of tungsten oxide,
less than 1 micron thick. This eliminates the need for transparent electrodes or
an ion-conducting layer
The hydrogen and oxygen are produced by an electrolyser. Only small amounts
of gas are needed for the switching process. The coatings are produced by
sputtering. Water is needed in the WO3 films to allow rapid transport of the
hydrogen. However, this water should not escape when the system is operated
at higher temperatures, which can exceed 60°C. By adjusting the conditions of
the sputtering process appropriately, a large amount of water can be
incorporated in the films, which remains even up to temperatures above 100°C.
Gasochromic coatings can also be deposited easily on plastic substrates and—
because their coating structure is so simple—combined with prismatic
microstructures, which allow light to be redirected. In addition, the gasochromic
systems technology can be used with metal hydride systems.
- Control glare
- Solar filter
- Control solar gains
- Respond to changes in the environment
- Reversible colour changes
- Change the transparency of a tungsten oxide film
- Change the transmittance over a wide range

Current
level
of
development
(the
general state of the art
of the technology):

low reliability, the technology is still under development.
Products in which it is
applied:

Gasochromic window

Other
related
technologies:
Prerequisites
/
Preconditions (general
constraints, regulatory
factors,
required
resources):
Synergistic

/
/

Nanomaterials
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technologies:

Manufacturing processes
Nanoelectronics
Competing
Electrochromic material
technologies:
SPD material
Thermochromic material
Thermotropic material
Phase change material
Aerogel/Advanced Aerogel
Players:
Fraunhofer Institute for Solar Energy Systems (Freiburg, Germany) is studying
switchable glazing, also in the form of gasochromic systems developing
methods to simulate them and integrate them into a building. The effects of this
glazing on user comfort, energy consumption and building technical services,
particularly lighting and air-conditioning, seem to be diverse and complex.
Sources: (Links/Bibliography/Experts)
http://www.ise.fraunhofer.de
Monk, M.S., Mortimer, R.J., & Rosseinsky, D.R., Electrochromism and Electrochromic Devices, Cambridge
UP, UK, 2007. ISBN 978-0-521-82269-5
Solar Energy Materials and Solar Cells, Volume 84, Issues 1–4, October 2004, Pages 305–314,
International Solar Energy Society World Congress 2003, “Gasochromic windows” V. Wittwer et al.,
Fraunhofer Institute for Solar Energy Systems, Heidenhofstr.2, 79110 Freiburg, Germany
http://www.sciencedirect.com/science/article/pii/S0927024804001783
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Table n° 20 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

Suspended Particles Device (SPD) Material
Light-control technology film or emulsion. Liquid-like layer in which numerous
microscopic rodlike particles are suspended. In its unpowered state - when no
electrical voltage is present - the particles are randomly oriented due to Brownian
motion and absorb over 99% of visible light and block it from passing through the
film. When powered with an electric field they align themselves, raising the
transmittance. The system’s response ranges from a dark blue appearance, with
up to full blockage of light in its off state, to clear in its on state. By regulating the
voltage, users instantly regulate the amount of light, glare and heat coming
through products in which the film is applied. Adjusting the voltage adjusts the
orientation of the particles, which regulates the tint of the glazing and the amount
of light transmitted.
Typical visible transmittance (VT) and solar heat gain coefficient (SHGC) ranges
for the film alone are VT=0.22–0.005 or 0.57–0.12 and SHGC=0.56–0.41 or
0.70–0.50, respectively, with near instant switching times (less than one second).
- Minimize glare
- Solar filter
- Optimize lighting
- Respond to changes in the environment
- Change transmittance

Current
level
of
development
(the
general state of the art
of the technology):
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certain reliability
Products in which it is
applied:

Suspended Particle Device (SPD) window

Other
technologies:

The technology is the basis of the subsequent technologies of:
- Colored Suspended Particles Device Material
- High-transmittance Suspended Particles Device Material

related

Prerequisites
/
Preconditions (general
constraints, regulatory
factors,
required
resources):
Synergistic
technologies:

Competing
technologies:

Nanomaterials
Manufacturing processes
Alternative electrical and electronic materials
Nanoelectronics
Electrochromic material
Gasochromic material
Liquid crystal devices
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Thermochromic material
Thermotropic material
Phase change material
Players:
Research Frontiers Inc. (Woodbury, New York) holds about 470 worldwide
patents on this light-control technology and license SPD-SmartGlass to over 40
firms globally including major glass players Pilkington and Saint-Gobain (Daimler,
DuPont, Pilkington, Asahi Glass, SmartGlass International). It is a technology
licensor with a revenue of $1 million. It has outsourced production of the SPD film
to Hitachi Chemical.
Sources: (Links/Bibliography/Experts)
http://refr-spd.com/
http://www.d-lite.org/
http://smartglass.com/company/licensees/
Strategic Business Insights - Smart Materials, March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Nanoelectronics, July 2012 Viewpoints, Heat-Control Film and Glass
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Table n° 21 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or
uses
factors):

potential
(demand

Coloured Suspended Particles Device (SPD) Material
Light-control technology with electrically controlled film or emulsion composed by
liquid-like layer suspensions, able to achieve new several different colors like
green, red, and purple, not only blue. When no electrical voltage is present the
particles are coloured and randomly oriented due to Brownian motion and absorb
over 99% of visible light and block it from passing through the film. When powered
with an electric field they align themselves, raising the transmittance. By regulating
the voltage, users instantly regulate the colour, amount of light, glare and heat
coming through products in which the film is applied. Adjusting the voltage adjusts
the orientation of the particles, which regulates the tint of the glazing and the
amount of light transmitted.
- Colouring
- Minimize glare
- Solar filter
- Optimize lighting
- Respond to changes in the environment
- Change transmittance

Current
level
of
development
(the
general state of the
art
of
the
technology):
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low reliability, they are under development
Products in which it
is applied:
Other
related
technologies:
Prerequisites
/
Preconditions
(general constraints,
regulatory
factors,
required resources):
Synergistic
technologies:

Competing
technologies:
Players:

Coloured Suspended Particle Device (SPDs) window
The technology is a result of development of the:
- Suspended Particles Device material
/

Nanomaterials
Manufacturing processes
Alternative electrical and electronic materials
Nanoelectronics
Electrochromic material
Thermochromic material
Gasochromic material
/

Sources: (Links/Bibliography/Experts)
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http://refr-spd.com/ ; http://www.commercialwindows.org
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
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Table n° 22 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

High-transmittance Suspended Particles Device (SPD) Material
Light-control technology with electrically controlled film or emulsion composed
by liquid-like layer suspensions able to affect up to a 70% change in solar
transmittance. When no electrical voltage is present the particles are and
randomly oriented due to Brownian motion and absorb over 99% of visible
light and block it from passing through the film. When powered with an electric
field they align themselves, rising up the transmittance to high levels.
- Maximize transmittance
- Minimize glare
- Solar filter
- Optimize lighting
- Respond to changes in the environment

Current
level
of
development (the general
state of the art of the
technology):

low reliability, they are under development
Products in which it is
applied:

High-transmittance Suspended Particle Device (SPDs) Windows

Other
technologies:

The technology is a result of development of:
- Suspended Particles Device Material
/

related

Prerequisites
/
Preconditions
(general
constraints,
regulatory
factors,
required
resources):
Synergistic technologies:

Competitor technologies:

Players:

Nanomaterials
Manufacturing processes
Alternative electrical and electronic materials
Nanoelectronics
No competing technology for maximizing transmittance
[Electrochromic material
Thermochromic material
Gasochromic material
Phase change material (PCM)]
/

Sources: (Links/Bibliography/Experts)
http://refr-spd.com/
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
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Strategic Business Insights, Nanoelectronics , July 2012 Viewpoints, Heat-Control Film and Glass
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Table n° 23 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

Thermochromic Material
Thermochromic materials change reversibly their color in response to heat, in
other words they change their transmissivity in response to a change in
temperature.
The majority of commercial thermochromic products comprise either
microencapsulated liquid crystals or gels (that switch from a clear state when
cold to a progressively more diffused, white, reflective state in response to heat)
or complex mixtures of organic dyes.
In thermochromic materials, a change in temperature either induces a phase
change or generates a chemical reaction that alters the material’s color and
light transmission.
Several thermochromic technologies are being explored (ligand-exchange
systems LETC, leuco dye-developer-solvent systems,..) but gel-based coatings
seem to be the most promising.
Producers microencapsulate these materials for use in a variety of applications
for coloration of paints, inks, and plastics for a variety of products, including
textiles, ceramic mugs, glass, toys, and garments (for example, mugs that
reveal a picture when one pours a hot liquid into them).
Indicate defined temperature
Control automatically temperature
Maximize temperature change
Reduce solar transmittance with increasing ambient temperature

Current
level
of
development
(the
general state of the art
of the technology):
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Medium reliability. Materials under development in the past 20 years.
Products in which it is
applied:

Other
technologies:

related

Prerequisites
/
Preconditions (general
constraints, regulatory
factors,
required
resources):
Synergistic
technologies:
Competitor
technologies:

Thermochromic windows.
The development of this technology linked with the development of thermotropic
material can lead to the realization of hybrid thermochromic and thermotropic
material, to be used in hybrid thermochromic and thermotropic window.
Achievement of certain performance is still improving.
Market volumes: very limited

Nanomaterials
Manufacturing processes
Thermotropic material
Electrochromic material

Worldwide Energy Efficiency Technology Roadmap

Phase change material (PCM)
Suspended particle devices material
Players:
There are many industries holding patents on thermotropic materials like Pilot
Ink Co. (Japan) , Kimberley-Clark (United States), Giesecke & Devrient GmbH
(Germany) and Phillips Electronics (Netherlands).
Since 1987 New Prismatic Enterprise Co. Ltd (Taiwan) has been manufacturing
materials that change colors under different temperatures that found
applications in research project, medical devices, toys and 3D products.
New Color Chemical Co. Limited (China) is a leading manufacturer of surface
pigment materials and products that change colors, especially for
thermochromics.
Sources: (Links/Bibliography/Experts)
http://www.colorchange.com.tw/english/
http://www.newcolorchem.com
http://www.gi-de.com/
http://www.pilot.co.jp/
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Smart Materials , June 2013 Viewpoints, Smart Materials: Patent Landscape
Thermotropic and Thermochromic Polymer Based Materials for Adaptive Solar Control, Arno Seeboth et
al., Materials 2010, 3, 5143-5168; doi:10.3390/ma3125143 ISSN 1996-1944
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Table n° 24 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

Thermotropic Material
Thermotropic materials (polymer blends, polymer-based hydrogels, casting
resins, and thermoplastic films) change reversibly their light-scattering
properties in response to a change in temperature.
If the increased scattering is linked with a substantial degree of back scattering
dependent on the temperature increase, the materials are suited for an
application in solar control. Thermotropic effects can be caused by a phase
separation process, by a phase transition between an isotropic and an
anisotropic (liquid-crystalline) state and by strongly differing temperature
dependencies of the refractive indices of domains and matrix. Polymer blends
and polymeric hydrogels have been studied intensively.
Adaptive solar control
Reduce solar transmittance with increasing ambient temperature
Maximize temperature change
Control the infrared emissivity and transmittance of glass
Change the thermal conductivity of the glass

Current
level
of
development
(the
general state of the art
of the technology):

252 / 313

Medium reliability
Products in which it is
applied:

Other
technologies:

related

Prerequisites
/
Preconditions (general
constraints, regulatory
factors,
required
resources):

Synergistic
technologies:
Competing
technologies:

Thermotropic window.
The development of this technology linked with the development of
thermochromic material can lead to the realization of hybrid thermochromic and
thermotropic material, to be used in hybrid thermochromic and thermotropic
window.
Thermotropic material will only change from transmissive to reflective at a
certain temperature, which needs to be set within the human comfort range for
it to have realistic architectural applications. Currently most activation
temperatures of thermotropic materials are not in this range and so research
and development is still required to alter this transition point.
A general disadvantage of passive control systems are also that the
performance is only optimized according to one factor (in this case solar heat
gain), and cannot be manually overrun to take into account other variables such
as the visual light levels.
Nanomaterials
Manufacturing processes
Thermochromic material
Electrochromic material
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Players:

Tilse Formglas GmbH (Hamburg, Germany) is a limited company with focus on
glass solutions for the marine industry that produces thermotropic-nanocapsule
films that manufacturers can laminate between glass panes. These
thermotropic nanoparticles change their structure and light-scattering properties
with temperature. According to the company, visible-light transmittance varies
from 60% to about 2% with a hazy appearance, making the company's
materials more suitable for use in skylights than in architectural windows. Tilse
quotes a solar-rejection figure of 30% in the on state (least transmittance).
Sources: (Links/Bibliography/Experts)
http://www.tilse.com/
Strategic Business Insights - Smart Materials , March 2012 Viewpoints, Technology Overview:
Thermochromic and Thermotropic Materials
Strategic Business Insights, Smart Materials , June 2013 Viewpoints, Smart Materials: Patent Landscape
Thermotropic and Thermochromic Polymer Based Materials for Adaptive Solar Control, Arno Seeboth et
al., Materials 2010, 3, 5143-5168; doi:10.3390/ma3125143 ISSN 1996-1944
Paper Title: Thermotropic Materials for Adaptive Solar Control, Periodical, Advances in Science and
Technology (Volume 77), September, 2012, DOI 10.4028/www.scientific.net/AST.77.124
http://www.scientific.net/AST.77.124
Thermochromic and Thermotropic Materials, Published: August 31, 2013 by Pan Stanford Publishing - 400
Pages Editor(s): Arno Seeboth; Detlef Lötzsch http://www.crcpress.com/product/isbn/9789814411028

253 / 313

Worldwide Energy Efficiency Technology Roadmap

Table n° 25 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential
uses
(demand
factors):

Phase Change Material (PCM)
Phase change materials (PCMs) are thermally functional materials that can store
and release thermal energy. They are substances with high heats of fusion, meaning
that large amounts of energy are released or absorbed when the material changes
state—from solid to liquid or vice versa. A PCM, changing state from solid to liquid,
will initially increase in temperature as it absorbs heat, in the same manner as a
standard material. However, at the melting point of the material it will continue to
absorb large quantities of energy while remaining at a steady temperature, until all of
the material changes phase. The inverse process occurs for a PCM solidifying from
a liquid state. They work by using latent-heat storage absorbing energy by going
through a phase transition and releasing energy by going through a different phase
transition.
PCMs—depending on the material—have melting points that range from ‐100˚C to
885 ˚C and can store considerably more energy per unit volume than other standard
storage materials such as water.
Organic (paraffins and fatty acids), inorganic (salt hydrates), eutectic, hygroscopic
PCMs, each possessing certain advantages and disadvantages, find use in a variety
of different applications. Properties such as heats of fusion, chemical stability,
flammability, thermal conductivity, melting point, and the reversibility of the
freeze/melt cycle, as well as obvious commercial parameters such as availability and
cost, must be taken into consideration when selecting which PCM system is best fit
for purpose.
- PCMs cover an extremely large range of temperatures.
- Many PCMs are non-toxic and cause no deleterious effects to the environment.
- PCMs can be used in stand-alone systems.
- PCMs can result in significant reductions in energy use (with payback potentially
occurring in a matter of only a few years), and therefore cost.
- PCMs do not cause any noise or vibration.
- The efficiency of PCMs depends solely on the flow of thermal energy and is
therefore not subject to unpredictable levels of solar irradiation.
- PCM systems have very few design constraints and can be tailored to fit a wide
variety of different requirements and applications.
- Temperature control and room-temperature stabilization
- Reduce the load on heating, ventilation, and air-conditioning (HVAC) systems
(summertime-heating protection, solar air conditioning, solar heating materials)
- Surface-cooling systems and passive cooling
- Energy storage
- Replacement of mechanical refrigeration equipment

Current level of
development (the
general state of the
art
of
the
technology):

Medium reliability. PCMs already have a wide range of existing uses in mediumscale applications and plenty of potential future uses. Despite the efforts of players,
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the marketing of PCMs remains nascent.
Products in which it
is applied:
Other
related
technologies:
Prerequisites
/
Preconditions
(general
constraints,
regulatory factors,
required
resources):

Synergistic
technologies:
Competitor
technologies:

Players:

Phase Change Material (PCM) window
Advanced Multifunctional window
The Technology is a basis of subsequent ones:


Bio PCMs

 Fire retardant PCMs
PCMs are starting to see commercial success across a number of applications and
are a logical first step in everyday commodity materials—such as plasterboards,
tiles, or fabrics—gaining smart functionality. Nevertheless many potential end users
are currently unaware of the benefits of PCMs, and this ignorance could be limiting
the technology's commercialization.
According to a 2010 report by market-research player MarketsandMarkets (Dallas,
Texas), the global PCM market could grow from $300 million in 2009 to $1.5 billion
in 2015. MarketsandMarkets calculates a CAGR (compound annual growth rate) of
31.7% between 2010 and 2015.
Regulations that surround the energy efficiency of materials and buildings are
increasing, with positive and negative effects on PCMs. The buildings industry has
stringent fire-safety standards in terms of the fire performance of materials. For
example, fire regulations dictate that a construction company cannot use PMCcontaining plasterboards in isolation and must employ a combination of traditional
plasterboard and PCM-containing plasterboard. But a general drive toward energy
efficiency could be an important driving force behind the construction world's
adoption of PCMs for example requiring thermal mass to become part of the solution
for low and zero-carbon buildings. Currently, building and construction is the largest
market for PCMs. This globally increasing demand for cooling buildings is in part
because of the shift from heavy thermal-mass design to lightweight architecture.
Nanoscale polymeric materials
Manufacturing processes (micro- and nano-encapsulation technology)
Aerogel
Electrochromic (EC) material
Suspended particle devices (SPDs) material
Gasochromic material
Liquid crystal devices
Thermochromic material
Thermotropic material
Major chemicals players such as BASF, Ciba Specialty Chemicals, DuPont and
Kuraray are engaging in PCM research and development. Large and small players
alike have seen success by forming strong partnerships with other technology
players, large OEMs (original equipment manufacturers) that have a strong market
presence in a particular application, and even end users. Successful PCM players
have developed "branded" materials. This branding is applicable not only to the
materials but also to the end products.
BASF (Ludwigshafen, Germany) is developing and commercializing Micronal PCM
spheres, capsule-like PCM materials, for incorporation into existing building
materials such as plasterboard, concrete, bricks, or ceiling tiles that can smooth
temperature changes within buildings and rooms.
Outlast Technologies Inc. (Boulder, Colorado) is a market leader in temperatureregulating PCMs. The company's technology originates in a microencapsulation
technology—Thermocules—that NASA developed for space suits in the 1980s. The
company's microencapsulation process involves the capture of small amounts of
PCMs in a protective, shell-like material. Commercial products that already feature
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Thermocules technology include car-seat covers, bedding materials, and clothing.
According to the company, PCM-containing clothing provides the wearer with greater
comfort by trapping and then releasing stored heat.
The major US chemical player DuPont has developed Energain and studied
molecular encapsulation technology for PCMs. However this technology appears to
be at an extremely early stage and the widespread integration of nanoencapsulation
techniques into PCM technology could revolutionize the technology.
Sources: (Links/Bibliography/Experts)
http://www.micronal.de http://www.outlast.com http://www.dupont.com/
Strategic Business Insights, Smart Materials, September 2011 Viewpoints, Introduction to Phase-Change
Materials
Strategic Business Insights, Smart Materials , January 2013 Viewpoints, 2012: The Year in Review
Strategic Business Insights, Explorer, Smart Materials, Technology Roadmap 2012
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Table n° 26 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or
uses
factors):

potential
(demand

Bio Phase Change Material
Bio-based phase change materials (PCMs) engineered from rapidly renewable
plants, or derived from animal base, thermally functional and that that can store
and release thermal energy. They are substances with high heats of fusion,
meaning that large amounts of energy are released or absorbed when the material
changes state—from solid to liquid or vice versa.
Bio-based PCMs are capable of absorbing, storing, and releasing large amounts of
latent heat, similar to conventional paraffin-based PCMs. Compared to the
paraffinic PCMs, Bio-based PCMs are significantly less flammable. Also they have
a major drawback, namely the low thermal conductivity like as the other PCMs.
- Cover an extremely large range of temperatures -20, +90 °C
- Non-toxic and cause no deleterious effects to the environment
- Life cycle exceeds that of typical inorganic phase change materials;
- Have significantly more latent heat storage capacity than encapsulated
petroleum based phase change materials per unit of weight.
- Temperature control and room-temperature stabilization
- Reduce the load on heating, ventilation, and air-conditioning (HVAC) systems
(summertime-heating protection, solar air conditioning, solar heating materials)
- Surface-cooling systems and passive cooling
- Energy storage
- Replacement of mechanical refrigeration equipment

Current
level
of
development
(the
general state of the
art
of
the
technology):

257 / 313

low reliability, bioPCMs are nascent.
Products in which it
is applied:

Phase Change Material (PCM) window
Advanced Multifunctional window

Other
related
technologies:
Prerequisites
/
Preconditions
(general constraints,
regulatory
factors,
required resources):

Bio PCMs are starting to see commercial use in success across a number of
applications and are a logical first step in everyday commodity materials—such as
plasterboards, tiles, or fabrics—gaining smart functionality. Nevertheless many
potential end users are currently unaware of the benefits of PCMs, and this
ignorance could be limiting the technology's commercialization.
Regulations that surround the energy efficiency of materials and buildings are
increasing, with positive and negative effects on PCMs. The buildings industry has
stringent fire-safety standards in terms of the fire performance of materials. For
example, fire regulations dictate that a construction company cannot use PMCcontaining plasterboards in isolation and must employ a combination of traditional
plasterboard and PCM-containing plasterboard. But a general drive toward energy
efficiency could be an important driving force behind the construction world's
adoption of bio-PCMs for example requiring thermal mass to become part of the
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solution for low and zero-carbon buildings. Currently, building and construction is
the largest market for PCMs. This globally increasing demand for cooling buildings
is in part because of the shift from heavy thermal-mass design to lightweight
architecture.
Synergistic
Nanotechnologies
technologies:
Manufacturing processes
Competitor
Aerogel
technologies:
Electrochromic (EC) material
Suspended particle devices (SPDs) material
Gasochromic material
Thermochromic material
Players:
Phase Change Energy Solutions Inc. (based also in Switzerland) was incorporated
in 2008 for the purpose of taking bio-based phase change materials to the building
industry. PCES manufactures all natural, long-life, bio-based phase change
materials that utilize the power of phase change melting and refreezing to actively
absorb and release heat. They manufacture bioPCM in North Carolina from rapidly
renewable and sustainably harvested non-food palm oil by-products as well as
other rapidly renewable plant materials including coconut and soy.
Sources: (Links/Bibliography/Experts)
http://www.phasechange.com/ http://www.pcmeurope.com
http://www.rgees.com/
http://www.researchandmarkets.com/reports/2529833/advanced_phase_change_material_pcm_market_by

Solar Energy Materials and Solar Cells, Volume 117, October 2013, Pages 87–92, Improvement of the
thermal properties of Bio-based PCM using exfoliated graphite nanoplatelets, Su-Gwang Jeong et al.,
Building Environment & Materials Lab, School of Architecture, Soongsil University, Seoul
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Table n° 27 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses (demand
factors):

Fire retardant Phase Change Material
Organic Phase Change Materials blend with fire suppressant and fireretardant additives (ammonium polyphosphate, pentaerythritol,
aluminium hydroxide, expanded graphite, magnesium hydroxide,
chlorinated paraffin...)
Compared to the paraffinic PCMs, they are impressively less
flammable.
- Fire Retardant applications
- Temperature control and room-temperature stabilization
- Reduce the load on heating, ventilation, and air-conditioning
(HVAC) systems (summertime-heating protection, solar air
conditioning, solar heating materials)
- Surface-cooling systems and passive cooling
- Energy storage
- Replacement of mechanical refrigeration equipment

Current level of development
(the general state of the art of
the technology):

Products in which it is applied:
Other related technologies:
Prerequisites / Preconditions
(general constraints, regulatory
factors, required resources):
Synergistic technologies:
Competitor technologies:

Players:

low reliability, industry activity suggests that further development is
necessary.
Phase Change Material (PCM) window
Advanced Multifunctional window
/
The buildings industry has stringent fire-safety standards in terms of the
fire performance of materials and PCM technology must improve to
meet them.
Nanotechnologies
Manufacturing processes
Aerogel
Electrochromic (EC) material
Suspended particle devices (SPDs) material
Gasochromic material
Thermochromic material
Microtek Laboratories Inc. (Dayton, Ohio)—has developed PCMs that
contain fire-retardant additives.
Phase Change Energy Solutions Inc. (based also in Switzerland) uses a
proprietary blend of fire suppressant which has won the highest
environmental product award issued thy the European Union as it is
100 percent non-toxic, biodegradable and sustainable PCM.

259 / 313

Worldwide Energy Efficiency Technology Roadmap

Sources: (Links/Bibliography/Experts)
http://www.phasechange.com/ http://www.pcmeurope.com http://www.microteklabs.com/
Strategic Business Insights, Smart Materials , August 2012 Viewpoints,Japan Kick-Starting Smart
Construction?
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Table n° 28 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or
uses
factors):

potential
(demand

Aerogel
Aerogels are colloids that have a continuous matrix of solid material with air
dispersed throughout pockets that are nanometers in scale. Modern aerogels are
often made from silica, as either a network of submicron silica beads or a dendritic
network of silica fibre. However, several materials—including alumina, tungsten
oxide, ferric oxide, tin oxide, nickel tartarate, cellulose, cellulose nitrate, gelatin,
agar, egg albumen, and rubber—are capable of forming aerogels. The solid matrix
forms from a liquid suspension much as a conventional gel would, following which
the liquid (perhaps an alcohol with relatively low vapour pressure) is displaced by
liquid carbon dioxide under high pressure. The carbon dioxide escapes as the
material comes back to ambient pressure, leaving behind the solid aerogel.
- Can be as much as 99% air, yet still be a solid. They are consequently
extremely lightweight and very effective insulators.
- Silica aerogel lowest-density solid material with 1.9 mg/cm3
- Can be transparent or can be highly refractive, providing a nonreflective matte
finish. The slight color it does have is due to Rayleigh scattering of the shorter
wavelengths of visible light by the nanosized dendritic structure. This causes it
to appear smoky blue against dark backgrounds and yellowish against bright
backgrounds.
- When composed of silica, aerogels can have a thermal resistance (R-value) as
high as 30 ft2·°F·h/Btu per inch thickness of material
- effective insulators
- extremely lightweight
- high compression strength
- extremely brittle
- unprecedented insulating performance for extreme-cold-weather clothing
- extraordinarily high surface-area-per-unit volume that makes them useful in
certain electronics applications such as ultracapacitors or battery electrodes

Current
level
of
development
(the
general state of the
art
of
the
technology):

Products in which it
is applied:
Other
related
technologies:
Prerequisites
/
Preconditions
(general constraints,
regulatory
factors,

Aerogels have been under development for almost 80 years and are only recently
finding use in the consumer market, but further research is necessary before real
commercial applications are possible.
Aerogel filled window
Advanced Multifunctional window
The technology is a basis of a subsequent one:
- Advance aerogel
They clearly possess desirable performance characteristics but have been too
expensive for any use outside very specialized applications, until recent
developments in manufacturing.
A few commercial players are bringing aerogels to the consumer building. As
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required resources):

companies like Cabot, Aspen Aerogels, and Thermablok expand production, they
will build larger markets for their novel materials—perhaps reaching past clothing,
buildings, and sportsware.
Synergistic
Nanomaterials
technologies:
Nanomanufacturing techniques and processes
Competing
Electrochromic material
technologies:
Thermochromic material
Gasochromic material
Phase change material
Players:
Aspen Aerogels (Northborough, Massachusetts) developed a process to
manufacture silica aerogels around a polyester fibre blanket that provides a flexible
skeleton for the aerogel, making it strong, flexible, and still highly insulating. Its
Spaceloft insulator to the building-construction market. The insulator has an Rvalue of 10.3 ft2·°F·h/Btu per inch thickness. The Spaceloft material looks like a
blanket and is fire retardant, water-vapour permeable, and less than an inch thick.
Users can install it behind wall boards, floors, and ceilings to provide insulation in
situations where space is not available for conventional materials (such as during a
remodel). In 2008, Aspen opened a 150 000-square-foot manufacturing facility in
East Providence, Rhode Island, that brought the production costs down to the point
at which Spaceloft is acceptably priced for the construction market but still more
expensive than conventional solutions. However, the cost savings associated with
reduced energy use for heating and cooling provides a payback period of
approximately five years, according to Aspen engineers.
Cabot Corporation (Boston, Massachusetts) manufactures aerogels under the
trade name Nanogel at a facility outside Frankfurt, Germany, for applications
including building materials, industrial coatings, and cosmetics additives. Cabot's
Daylighting products provide Nanogel insulated-window solutions for in commercial
architecture. The transparent Nanogel has an R-value of 8 ft2·°F·h/Btu per inch
and is coupled to a polycarbonate window. In August 2009, Heerema Marine
Contractors selected Cabot's Nanogel Compression Pack to insulate approximately
31 miles of deep-sea pipeline to be constructed for energy giant BP. The pipelines
will be at a depth of 5900 to 6600 feet. Also in August 2009, a specialty contractor
selected a nanogel material as a roofing solution for the Talisman Centre for Sport
and Wellness (Calgary, Canada). The Nanogel-enhanced transparent roofing
system will replace the existing transparent fabric roof and offer an R-value of 12
ft2·°F·h/Btu—five times the value of the current solution.
Tampa, Florida–based Thermablok Thermal and Acoustic Isolation Systems
produces its Thermablok insulating product as part of its thermal and noiseinsulating product solutions. Thermablok has properties similar to those of the
aerogel products from Cabot and Aspen.
In December 2009, chemical company PCAS (Longjumeau, France) announced
production of its own similar aerogel insulation as well, which it will market through
a joint venture.
Airglass AB (Staffanstorp, Sweden) produces Airglass aerogel.
Svenska Aerogel AB (Kista, Sweden) produces recyclable aerogel material for a
range of industrial applications.
Sources: (Links/Bibliography/Experts)
http://www.aerogel.com/
http://www.cabot-corp.com/
http://www.pcas.com/
http://www.airglass.se/
Http://www.aerogel.se/
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http://www.thermablok.co.uk/
Strategic Business Insights – Nanomaterials , July 2013 Technology Map
Strategic Business Insights – Nanoelectronics , September 2013 Technology Map
Strategic Business Insights – Novel Ceramic, April 2013 Viewpoints, Ceramic Nanoparticles
Strategic Business Insights - Nanomaterials , March 2010 Viewpoints, Aerogel Insulation
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Table n° 29 – Transparent Building Envelope (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

Advanced Aerogel
Sturdy, high thermal resistance, superinsulating and transparent silica
aerogels produced by particles with a more uniform size and with reduced
Rayleigh scattering effect, thus making the aerogel less blue and more
transparent.
- Can be as much as 99% air, yet still be a solid. They are consequently
extremely lightweight and very effective insulators.
- Sturdy, transparent, high thermal resistance (R-value)
- effective insulators
- solar filters
- extremely lightweight
- high compression strength
- unprecedented insulating performance

Current
level
of
development (the general
state of the art of the
technology):

under development by different research groups
Products in which it is
applied:
Other
technologies:

related

Prerequisites / Preconditions (general constraints,
regulatory
factors,
required resources):
Synergistic technologies:
Competing technologies:

Players:

Advanced Aerogel window
Advanced Multifunctional window
The technology is a result of development of the previous one:
- Aerogel
They clearly possess desirable performance characteristics but they are very
expensive.

Nanomaterials
Nanomanufacturing techniques and processes
Electrochromic material
Thermochromic material
Gasochromic material
Phase change material
The Aerocoins project (funded by the European Commission), running over
four years to June 2015 and funded to the tune of €4.3 million, is combining
sol-gel science and nanotechnology to develop superinsulation silica-aerogel
materials. Aerogels—mesoporous, nanostructured, and ultralight solids—have
the lowest thermal conductivity of all known materials and consequently are of
extreme interest to the construction industry and to governments seeking to
reduce carbon emissions. The project—a collaboration between several
academic institutions, research centres, and industrial partners (including
major infrastructure and energy-player Acciona)—aims to overcome the twin
obstacles of poor mechanical strength and high cost that are currently proving

264 / 313

Worldwide Energy Efficiency Technology Roadmap

to be barriers to aerogels' widespread use in buildings. Aerocoins hopes to
overcome these obstacles by using polymers to cross-link and strengthen the
structures and by introducing novel, low-cost, fabrication techniques.
The Hipin project—or High Performance Insulation based on Nanostructure
Encapsulation of Air (funded by the European Commission)—involves
research institutes, consultancy firms, and industrial partners ranging in size
from SMEs to large global players such as Dutch specialty-chemicals firm
AkzoNobel and British professional services company Arup. The collaboration
hopes to prepare aerogel materials with "enhanced performance compared
with the state of the art products" and to introduce other functionalities to the
materials such as self-cleaning, sound-insulation, and fire-retardation
properties. Hipin claims that its product will be applicable to the exterior or
interior of buildings in liquid form, reducing costs and application time. The
group hopes to improve heat insulation by a factor of ten (in comparison with
insulation of current materials) and reduce aerogel costs by a factor of 30,
producing large volumes of material at a cost of €5 per liter.
Aspen Aerogels Inc. (Northborough, Massachusetts) is working toward
development of a transparent aerogel material that is sturdy enough to use in
place of windows, which are a major area of energy loss in buildings.
Sources: (Links/Bibliography/Experts)
http://www.aerogel.com/
http://www.acciona.es/
http://www.akzonobel.com/
Strategic Business Insights, Nanomaterials, September 2013 Viewpoints, The Nanohouse: How
Nanomaterials Are Shaping the Buildings People Live In
Strategic Business Insights, Nanomaterials , July 2013 Technology Map
Strategic Business Insights, Nanomaterials , March 2010 Viewpoints, Aerogel Insulation
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3.5. Energy Management Systems
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Figure 80: Energy management systems opportunities timeline

Opportunity Description
Energy management is nowadays a subject of great importance and complexity. Innovative
solutions for building energy management will enable energy saving and energy efficiency.
Energy management systems describe a class of technologies from sensors to smart
thermostats and feedback devices seeking to manage residential energy consumption profiles
to reduce peak electric demand on loads by minimizing losses and costs.
Monitoring, measuring and controlling indoor and outdoor physical parameters are
fundamental actions for the goal of energy efficiency. So in this study we have analyzed in
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particular some innovative solutions that belong to the following main categories of energy
management: Smart metering, Energy management devices and Smart actuators.
These categories, that will have a commercial value in the next 0-7 years, are meant to
capture some key aspects of energy management system without the idea of being
exhaustive. Smart metering is a control system based on sensor technology able of
monitoring water, light, and gas real time consumptions. Data metering with a focus on
environmental sensors and on sensors for smart fluid metering is an important theme of
energy management system.
Real-time information on energy consumption, real-time data streams from smart meters,
building management systems, and other monitoring equipment enable energy users to target
greater efficiencies by looking at their actual, real-time energy use patterns for low and nocost energy savings opportunities.
Most of the currently available energy management systems are concerned with real-time
energy consumption monitoring and the displaying of energy consumption statistical and realtime data. However, the majority of these systems does not automatically adjust energy usage
and leave it to the occupants to respond appropriately to reduce their energy consumption.
Currently, some energy management systems provide general energy saving tips but do not
consider the occupants’ energy consumption profiles and the external physical environmental
conditions (e.g. external temperature and sunlight). Future Energy management systems will
encompass customer-side systems and advanced metering and managing systems
connected and communicating each other, able to react to the changing environmental
conditions.
Depending on household habits use of sensors and actuators can save money and reduce
use of natural resources. Smart actuators such as Actuators for indoor environment control or
self-powered wireless heating valve, connected with a central unit, will be able to be
energetically autonomous, allowing an effective control of heating, ventilation and airconditioning (HVAC) systems for energy efficiency and cost savings (no wires, less energy
consumption). HVAC systems are the most energy-intensive aspect of a home and therefore
offer the largest potential for energy and financial savings.
The enabling technologies of the products we examined are already on the market, but at
different stages of evolution.
Energy harvesting and low power standards are key technologies that are revolutionizing
sensors and actuators. Energy harvesting, the technology that convert energy present in the
environment into usable electric energy, is becoming the crucial technique to harvest the
ambient energy.
In fact energy harvesting technologies probably represent the future in term of self-energy
alimentation of sensors and actuators. The challenge will be in general the development and
widespread of self-powered wireless devices.
The major driving factors for energy harvesting market are energy saving, increasing
government support, and changing technology trends. Building and home automation is one
of the fastest growing application areas of this technology. A wireless sensor network is also a
key application area for energy harvesting technique. Data communication systems and
information technologies are essential components of modern smart buildings.
New standards and protocols of wireless communication are enabling device-to-device
communication within the home and are fundamental in wireless sensor networks. Wireless
sensors are an emerging technology for low cost monitoring of a wide range of environments.
Wireless sensors networks (WSN) are realty used in many different applications: from building
automation, to monitoring of patients vital parameters and even for industrial process control.
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Thus the development of energy harvesting and low power wireless standards such as for
instance Bluetooth low energy, ZigBee green power, Wi-Fi direct and EnOcean technologies
will drive growth of WSN into new area of applications such as energy efficient building.
Wireless control for air heating-conditioning systems is well known, but nowadays, thanks to
new available technologies, fan-coils can cooperate, share information, self-adapt to the
different operating conditions and become a sort of networking infrastructure for smart
handling of sensors, actuators and man-machine interfaces.
Another important process is the miniaturization of various sensing devices that has become a
reality by enormous research and advancements accomplished in MEMS (Micro ElectroMechanical Systems) and VLSI (Very Large Scale Integration) lithography.
Distributed MEMS is a new field of research that will allow by 2020, large scale integration
with other sensors, processing power, wireless link, smart energy sources. We can foresight
the future of MEMS as part of ubiquitous sensor networks.
Machine to Machine (M2M) and Internet of Things are other key technologies in device control
systems of energy management. M2M solutions will support an intelligent network able to
optimize for instance the heating and cooling system of the buildings.
The goal of future development will be a new wireless and energy autonomous sensor
network to monitor heating, ventilation and air conditioning and to reduce energy
consumption.
In the future the electric grid will have to be more similar to a kind of Internet of Energy for
control where every electronic device and microgeneration system will be connected in a
network and will be able to communicate in a proactive way, reacting to events and stimuli
derived from other devices or from the grid. There will be a kind of energetic grid full of
sensors, actuators, communication nodes and monitoring and control systems (the so called
“smart grid”).
Needs
Environmental data metering and energy monitoring together with building energy
management allow energy efficiency and performance of the buildings with the goal of
reduced energy consumption.
About 40% of total energy consumption is currently utilized at the building level in most
countries and energy consumption is growing.
The large amount of usage and waste indicates that the residential sector has significant
energy savings potential. To this end, the development of smart buildings or home automation
technologies promises to make our living environment safer, more convenient, comfortable
and more efficient. Some of the most important functions of smart buildings include
environment monitoring, building security, monitoring and control of power systems etc.
An EU Directive is planning ZEBs (Zero Energy Buildings) to be mandatory in Europe by 2018
in the public sector and by 2020 for all new buildings.
This will create a big change in assessment methods, smart meters, and it will pave the way
for a bigger role of distributed energy systems. New sensor and control technologies facilitate
net-zero energy building goals by enabling the integration of a building’s systems and
reducing equipment inefficiencies.
Product/services (market applications)


Smart metering: Environmental parameters monitored by smart sensors or sensor
networks, where sensor nodes are the combination of sensing and special-purpose
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computing devices tied with wireless communications, consisting of a processing unit with
limited computational power and limited memory, MEMS, a communication device and a
power source usually in the form of a battery or with a self-powered system. Smart
metering devices will be always more “intelligent”, energy autonomous (self-powered),
wireless, miniaturized, capable of big energy saving, contributing to reducing CO2,
ensuring the best comfort in living. [See the following PRODUCT/SERVICE TABLE: Micro
Environmental Sensor Network, Wireless integrated environmental sensor, Wireless
sensors for smart fluid metering, Embedded environmental sensor network, Self-powered
wireless integrated environmental sensor, Self-powered wireless integrated remote fluid
microsensors]
Energy management devices: Remote control of HVAC systems through proactive
solutions such as smart appliances able to responding to signals from the grid or
temperature readings or to communicate to another device. In the next future Energy
management devices will be able to carry out energy monitoring autonomously, getting
data and reacting to change data automatically. [See the following PRODUCT/SERVICE
TABLE: Proactive energy control system, (M2M) Machine to machine devices control
systems]
Smart actuators systems: Control systems providing heating and cooling systems
monitoring for better energy efficiency. The future actuators will be wireless, self-powered,
energy autonomous and proactive. [See the following PRODUCT/SERVICE TABLE:
Wireless self-powered energy flow regulation devices, Wireless self- powered passive
indoor environment control]

Key technologies






Energy harvesting technology: Harvesting technology is useful in converting solar energy,
vibration, motion, electromagnetic, motion fluid into usable electric energy to power
sensors, actuators and wireless communication network devices. Energy Harvesting
application is very new, it requires significant advances and still faces technological
challenges. An energy harvesting device is and will remain for a long time considerably
more expensive than batteries or the main grid. [See the following TECHNOLOGY TABLE:
Energy harvesting]
Low power wireless standards: New standards and protocols are enabling device-todevice communication within the home. In some areas these standards compete with each
other but they also can be complementary, as each other enables different functionality.
New, ultra-low power radio technologies are needed, which will also enhance the practical
application and usefulness of the devices for reliable long-term monitoring. [See the
following TECHNOLOGY TABLE: Low power wireless standards]
MEMS Micro Electro-Mechanical Systems: MEMS is a technology that combines
computers with small mechanical devices such as sensors, valves, gears, mirrors, and
actuators embedded in semiconductor chips. The development of new MEMS applications
is taking best case 4 years to be commercialized from first developments. MEMS
technology is still on growth and in 2020 will be part of ubiquitous sensor network. [See the
following TECHNOLOGY TABLE: MEMS Micro Electro-Mechanical Systems]

Field of application


HVAC systems.



Lightning



Home and industrial controls



Building automation



Home automation
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Smart metering

Key Success Factors
Sensors applications and sensor network seem to be particularly promising for energy
management, transport, industrial applications and intelligence building. Given the utility of
sensor networks in environmental data collection, surveillance, and target tracking, they can
aid numerous applications as their requirements vary along with the time-space-context
continuum.
Sensor technology can be developed successfully with the capacity to upgrade the existing
electrical systems to provide real time monitoring. This technology will increase the energy
efficiency in the built environment and eventually reducing greenhouse gas emissions CO2,
NO2, etc. in the electrical power generation process.
Advanced sensors and controls promise to significantly reduce the payback period of building
energy management system investments for the small building market.
Sensor hardware has recently become economically affordable, wireless networking
technology is robust enough to allow far-flung devices to communicate reliably, and inmemory data handling has made it feasible to process large volumes of information in real
time.
Wireless sensors will replace wired sensors thanks lower costs, more flexible deployments,
better protocols, advantages of dense networks. Ultra-low power radios are crucial for the
deployment of wireless sensor systems with long autonomy and small size across many
markets during the coming years.
The next energy revolution will probably be related to the availability of a complex set of
technologies able to realize real energy-independent solutions. Individuals may be provided
with technologies able to generate the energy they need: an essential contribution to the
energy generation problem coupled to the energy consumption side.
If utility companies install electricity meters with wireless-transmission technology on a
massive scale they could create a situation in which inexpensive energy-monitoring and
energy-management devices become commonplace in homes.
Enablers/barriers
Massive advancements in wireless communications, Micro-Electro-Mechanical Systems, and
optics have opened the new chapter of modern civilization, populated with small, low-power,
cost-effective, autonomous devices, termed sensor nodes, and powerful sensors that can be
embedded and networked in environments which would pervade our society redefining the
way it is at present.
Energy consumption is one of the main obstacles to the universal application of Wireless
sensor networks. In applications for which a long network lifetime and high quality of service
are required, the batteries that power the nodes need to be replaced or recharged because of
environmental constraints, and that is not possible in all cases. Even though energyscavenging mechanisms can be adopted to recharge batteries through solar panels,
piezoelectric or acoustic transducers, energy is a limited resource and must be used
judiciously.
Energy Harvesting application is very new and requires significant advances: need for better
power density, ultralow power electronics, small energy storage devices/high energy capacity,
wireless communication standards and transmission rate improvements.
When moving forward with a wireless, energy-harvesting design, many variables come into
play including the actual harvesting, the storage and budgeting of available energy.
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Perhaps the biggest general barrier to wide-scale deployment of home energy management
(HEM) is that consumers currently need to invest in tools (displays, software, sensors, etc.) to
manage their energy consumption. Consumer research also suggests that the average user is
not yet willing or capable of learning the necessary information to install and navigate current
products.
The complexity of HEM devices impedes their acceptance and effective use by consumers in
multiple ways. This further limits the demand for HEM technology among the general
population, creating a market filled with early adopters and technology enthusiasts.
It is still unclear whether consumers will be willing to invest larger amounts of money in such
products unless incentive is offered or until return on investment can be successfully
demonstrated.
Business considerations
Sensors and controls for building energy management systems provide the intelligent
backbone that interconnects equipment, building subsystems, and analytical tools in near-real
time to foster a proactive, reactive, and sometimes autodidact, energy-efficient building
technology ecosystem. Advanced sensors and control technologies, downward price
pressure, and government incentives will boost uptake of building energy management
systems and building automation systems in the U.S. and Europe.
In the likeliest scenario, experts predict a $2.14 billion market in the U.S. and a $1.93 billion
market in Europe for standard and advanced sensors and controls by 2020. (2012.Lux
Research. Sensors and Controls for BEMS: Providing the Neural Network to Net-Zero Energy)
Global energy harvesting market is expected to reach $1900 million by 2017, at an estimated
CAGR (compound annual growth rate) of 24%. Europe is leading the total energy harvesting
technology market; followed by North America and APAC. In the market of rest of the world,
Middle East, and Africa are the largest contributors.
In the next years there will be probably a possible increase in overall size automated climatecontrol and energy management markets, depending on trends in the cost of energy and a
possible significant increase of in use of remote meter reading if price of solutions declines
greatly. While it is accepted that people react to energy efficiency products and measures very
differently, the cost, ease of use, and product complexity need to be significantly improved
before large-scale adoption is feasible. We see widespread development in device-level home
automation and demand response to mitigate peak loads; areas that will possibly change the
centralized and on-board control consumer markets in a few years.
Players
The main players of the technologies and products examined in the tables are big companies
from Honeywell, Cisco, Netgear, Siemens, to the companies of the Enocean Alliance (more
than 250 companies), but we find also smaller companies producing specialized devices
(niche/early products). The EnOcean Alliance has been founded by several major building
automation companies to form an open standard for interoperability working to further develop
and promote self-powered wireless monitoring and control systems for sustainable buildings
by formalizing the interoperable wireless standard. Other key players in Home Area Network
(HAN) development include Plug Smart, LLC, Tendril, Control4, Energy Hub, Energate.
USA, Japan, Germany and some other European countries are the main players of the
variegated field of energy management systems.
For the sake of completeness see the Players in PRODUCT/SERVICE TABLES and
TECHNOLOGY TABLES.
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Table n° 1 – Energy management systems/Smart metering (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Micro environmental sensor network

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Advances in wireless communications and electronics have enabled the development
of low-cost, low-power, multifunctional sensor nodes that are small in size and
communicate over short distances. A sensor network is composed of a large number
of sensor nodes that are densely deployed either inside the environment or close to
it. A smart sensor node is a combination of sensing, processing and communication
technologies. Each sensor network node has typically several parts: a radio
transceiver with an internal antenna or connection to an external antenna, a
microcontroller, an electronic circuit for interfacing with the sensors and an energy
source, usually a battery or an embedded form of energy harvesting. Powered with
batteries, the sensors can monitor different parameters, and send event or time
controlled telegrams to the receiver according to the most suitable wireless standard.
A Wireless Sensor Network (WSN) consists of spatially distributed autonomous
devices that communicate wirelessly to monitor physical or environmental conditions.
A micro environmental sensor network will be able to monitor different parameters
such as humidity, temperature, atmospheric pressure, CO2 concentration, relative
humidity noise levels, lighting conditions, the presence or absence of certain kinds of
objects or substances, mechanical stress levels on attached objects, and other
properties. Outdoor sensor network that monitor environmental parameters will be
designed to act remote control and monitoring. WSN they are used for collecting,
storing and sharing data, for monitoring applications, surveillance purposes and
much more technology comprising even thousands of autonomic and self-organizing
nodes that combine environmental sensing, data processing, and wireless
networking.
With a network of sensors in the rooms, it will be possible to control the temperature
and air distribution in the various areas of the room. For instance wireless
temperature sensors detecting a higher room temperature would be able to
automatically send a telegram to the unit control in order to regulate it to default
values.
When networked, such sensor nodes would build up the part of larger systems,
providing data, as well as performing and controlling multitude of tasks and functions.
Small size and cost of individual sensor nodes would be the key ingredient for a large
number of applications both in ordinary as well as harsh environments.
The sensing unit senses the change of parameters, signal conditioning circuitry
prepares the electrical signals to convert to the digital domain, the sensed analog
signal is converted and is used as the input to the application algorithms or
processing unit, the memory helps processing of tasks and the transceiver is used for
communicating with other sensors or the base stations or sinks in WSN.
The wireless sensor node, being a microelectronic device, can only be equipped with
a limited power source. The miniaturization process of various sensing devices has
become a reality by enormous research and advancements accomplished in Micro
Electro-Mechanical Systems (MEMS).
The ability to add remote sensing points, without the cost of running wires, results in
numerous benefits including energy, security and material savings, process
improvements, labour savings, and increase of output.
Sensing accuracy: The utilization of a larger number and variety of sensor nodes
provides potential for greater accuracy in the information gathered as compared to
that obtained from a single sensor.
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Enabling
technologies:

Other
products:

linked

Field
application:

of

Connectivity: Multiple sensor networks may be connected through sink nodes, along
with existing wired networks (e.g. Internet). The clustering of networks enables each
individual network to focus on specific areas or events and share only relevant
information. Wireless Sensor Network is increasingly popular in the field of microenvironmental monitoring due to its promising capability.
Operability in harsh environments: Sensor nodes, consisting of robust sensor design,
integrated with high levels of fault tolerance can be deployed in harsh environments
that make the sensor networks more effective
Dynamic sensor scheduling: Implying some scheduling scheme, sensor network is
capable of setting priority for data transmission.
Real-time data transfer. Cable-free energy autonomous instrumentation.Remote
diagnostics.
MEMS Micro Electro-Mechanical Systems: see TECHNOLOGY TABLE
Low power Wireless standards: see TECHNOLOGY TABLE
Computer science: http://en.wikipedia.org/wiki/Computer_science
Telecommunications: http://en.wikipedia.org/wiki/Telecommunication
Embedded environmental sensor network
Self-powered wireless integrated environmental sensors
The applications for sensor networks range from Environmental e.g. Air quality
monitoring, to industrial environments, military uses, health and smart home
monitoring. Early adopters for WSN currently include commercial buildings
(lighting/access control, Temperature sensors for HVAC control, automated meter
reading); industrial users (asset management, process control, energy management;
home automation (security, lighting/heating/access); personal health monitoring
(patient, fitness). Outdoor wireless sensing system enables environmental research,
microclimate studies, smart water management, and precision agriculture.

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:

/
/
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According to IDTechEx research in the new report "Wireless Sensor Networks 20122022", WSN will grow rapidly from $0.45 billion in 2012 to $2 billion in 2022. Ultra-low
power radios are crucial for the deployment of wireless sensor systems with long
autonomy and small size across many markets during the coming years.
The need of maximizing sensor network lifetime is critical issue. Power consumption
constrains for nodes using batteries or energy harvesting.
Optimizing the energy consumption in wireless sensor networks has recently become
the most important performance objective. Energy/Power Consumption of the
sensing device should be minimized and sensor nodes should be energy efficient
since their limited energy resource determines their lifetime.
Size and cost constraints on sensor nodes result in corresponding constraints on
resources such as energy, memory, computational speed and communications
bandwidth. In fact when compared to traditional ad hoc networks, the most noticeable
point about sensor networks is that, they are limited in power, computational
capacities, and memory.
Cost effective MEMS sensors development is an important issue.
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Wireless sensors will have to replace wired sensors.
Competing
products
services:
Players:

/

Wired sensors
Self-powered Wireless sensors
The EnOcean Alliance is a consortium of companies working to further develop and
promote self-powered wireless monitoring and control systems for sustainable
buildings by formalizing the interoperable wireless standard. The EnOcean Alliance
technology is based on wireless technology and energy harvesting solutions for
wireless, battery less and maintenance free sensors (mini solar cells).
http://www.enocean-alliance.org/en/home/
Atheros (USA) is a leading developer of Wi-Fi chipsets and other wireless LAN
technologies for home and portable devices;
Cisco (USA) acquired Linksys a leading provider of home routers and wireless
access points and manufactures wireless media adapters
D-Link (USA) is leader provider of home routers and wireless access points;
Honeywell, (USA) is leading provider of commercial and residential climate-control
systems and provides network interfaces
Intel (USA) participates in standards groups, is leading maker of Wi-Fi
semiconductors
Netgear (USA) is major provider of wireless access points and sells wireless media
adapters
Osram Sylvania (Germany) is vendor of do-it-yourself home-automation products and
kits based on wireless technology from Zensys
Siemens (Germany) is a leading provider of DSL modems some of which include
integrated wireless routers
2Wire (USA) is leading supplier of integrated DSL modems that incorporate wireless
access points and firewall
ViewSonic (USA) is vendor of wireless access points, wireless media adapters and
wireless computer monitors
Zensys (Denmark): originator of Z-Wave wireless technology that competes against
the ZigBee standard.
VTT Technical Research Centre of Finland

Sources:
http://en.wikipedia.org/wiki/Wireless_sensor_network
Self Powered Wireless Sensor Network for HVAC System Energy Improvement Towards Integral Building
Connectivity First Newsletter November 2011- Tibucon Project 7PQ Napaka! Sklicna hiperpovezava ni
veljavna.
Guangjie Han,Lei Shu,Al-Sakib Khan Pathan, Joel J. P. C. Rodrigues, Abdelhamid Mellouk. International
Journal of Distributed Sensor Networks-Volume 2013 (2013) Wireless Sensor Networks Based on
Environmental Energy Harvesting
Power efficient monitoring management in sensor networks. IEE Wireless Networks Communications and
Networking Conference-2004 P. Berman, G. Calinescu, C. Shah, and A. Zelikovsky
Probabilistic Localization for Outdoor Wireless Sensor Networks Rong Peng Mihail L. Sichitiu 2007
Wireless Sensor Networks (WSN) 2012-2022: Forecasts, Technologies, Players -2012
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Table n° 2 – Energy management systems/Smart metering (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Embedded environmental sensor network

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:
Field
application:

linked
of

In the next future we expect the availability of miniaturized sensors possibly
embedded in building materials such as structural members or wall components or
even paint. Thanks to a sensing capability all these building elements will be able to
become functional or smart. Nanomaterials are likely to be a key technology for the
design and development if these microsensors.
The nanocomposite functional sensors will be made of materials that will be mixed
with nanoparticles to make the sensors sensitive to specific parameters such as
humidity, temperature, pressure, etc. At the origin there can be an electromechanical
model: the aim is to make the structural element electrically conducting and
functional. When the sensor is subject to external excitation its electrical properties
are altered and there is a response to the indoor or outdoor input (light, temperature,
airflow etc.).
Embedded sensors will have the possibility to measure different parameters being
part of a sensor network where each sensor node of the network is capable of
different measurements. The sensor networks utilize energy harvesting technology to
draw energy from their surroundings (for example from motion, light or temperature
differences). This principle enables electronic control systems to be used
independently of an external power supply. The small power generation from all
ambient power devices can also then be stored in a capacitor to operate the wireless
sensors. This is the case of Self powered wireless embedded sensors.
These sensors will be characterized by low power consumption, wireless
transmission (low power wireless standards) and capability to both transmit and
receive data packets. Networking of sensors is necessary for building automation.
New diagnostic methods could use embedded sensors for early diagnostics to
prevent equipment failure and degradation of energy efficiency.
Environmental monitoring: an innovative way to easily monitor and control
temperature, humidity, barometric pressure, and/or light in indoor environments.
Energy saving: thanks to the parameters control done by the embedded
environmental sensor network.
Aesthetic furnishing solution: embedded systems would avoid the installation of
traditional sensors that aren’t always aesthetically appealing.
MEMS Micro-Electro Mechanical Systems: see TECHNOLOGY TABLE
Energy harvesting technology: see TECHNOLOGY TABLE. It’s a “hot” R&D topic
because it starts to be a viable solution to power up low power embedded systems.
Nanotechnology: already nanoparticles can increase the sensitivity of MEMS-based
sensors.
Wireless technology. Smart materials.
Micro Environmental Sensor Network
HVAC controls and diagnostics. Vibration, noise and health monitoring of basic
structural systems (for instance there is a research study of a nanocomposite
functional paint sensor where an epoxy resin is mixed with carbon black
nanoparticles to make the sensor sensitive to mechanical excitation). Energy
monitoring systems.
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Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:
Competing
products
services:
Players:

/
/

Though the enabling technologies of these kind of products are mature, there is still
need for more research to reach a development of such devices. It’s realistic that this
kind of solutions will not be available before 2020, depending on the progress of the
enabling technologies.
Cost is an issue. For instance wireless networking will become more important as the
price of wireless chip sets drops and as the power consumption of microsystems
decreases enough to allow long-term remote use.
Traditional environmental sensors

/
Enocean. http://www.enocean-alliance.org/en/wireless_building_automation/
The EnOcean Alliance is a consortium of companies working to further develop and
promote self-powered wireless monitoring and control systems for sustainable
buildings by formalizing the interoperable wireless standard. The EnOcean Alliance
technology is based on wireless technology and energy harvesting solutions for
wireless, battery less and maintenance free sensors (mini solar cells).

Sources:
Osama J. Aldraihem, Wael N. Akl, Amr M. Baz, 2008. Nanocomposite functional paint sensor for vibration
and noise monitoring
http://www.baz.umd.edu/documents/Nanocomposite_Paint_Sensor_Osama_Wael.pdf
B Yoo et al 2010 Smart Mater. Struct. Piezoelectric-paint-based two-dimensional phased sensor arrays for
structural health monitoring of thin panels http://iopscience.iop.org/0964-1726/19/7/075017
Al-Saffar et al 2012 Smart Mater. Struct. 21- Smart paint sensor for monitoring structural vibrations
http://iopscience.iop.org/0964-1726/21/4/045004
Strategic Business Insights MEMS/micromachining 2011
MEMS Markets & Applications Focus on Wireless Sensor Networks & Energy Harvesting Dr. Eric Mounier
MEMS Senior Analyst, Yole Développement, 2012
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Table n° 3 – Energy management systems/Smart Metering (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Wireless Integrated environmental sensors

Product
name
(commercial):
Technical
and
functional
characteristics:

/
Interoperable technology and products, HVAC&R, monitoring and lighting control
systems are readily available and a wide-ranging of wireless sensors exists, based
on an interoperable standard technology together with interfaces to established
automation solutions.
A system of Integrated environmental sensors could enable simultaneous
monitoring of multiple environmental parameters, including for instance
temperature, humidity, light intensity, pressure, wind speed, wind direction,
magnetic field, and acceleration in three axes.
Outdoor or indoor Wireless integrated environmental sensors are beginning to face
the market, but at the moment are still niche products, promising to develop to
even more sophisticated devices. These innovative multi-parameter integrated
sensors are able to monitor different indoor parameters at the same time. We can
already find in the market sensors able to monitor for instance temperature,
humidity and CO2 or temperature, lighting and occupancy or light, humidity and
CO2. Outdoor integrated sensors can for instance monitor pressure, relative
humidity and temperature.
Powered with batteries, the sensors can monitor different parameters, and send
event or time controlled telegrams to the receiver according to the most suitable
wireless standard. Thanks to the temperature sensor, for instance, the integrated
sensor controls the heating and cooling of the room/building where it’s installed.
A lighting control system (smart lighting) incorporates communication between
various system inputs and outputs related to lighting control with the use of one or
more central computing devices. Lighting control system refers to an intelligent
networked system of devices related to lighting control. These devices may include
relays, occupancy sensors, photocells, light control switches or touchscreens, and
signals from other building systems (such as fire alarm of HVAC). Adjustment of
the system occurs both at device locations and at central computer locations via
software programs or other interface devices.
Remote control: by integrating a web server, remote control and monitoring of
lights, windows and room temperature are made possible via web browser on PC
or smartphone.
A presence sensor detects occupancy in the room and measures the brightness
and then this data are distributed to the room thermostat and the switch/dim
actuator. Presence detectors also help saving energy by automatically turning off
the lights when the room is not occupied.
Occupancy and motion detector together with a lightning integrated sensor gives
the opportunity to save even more energy thanks to the constant lightning
monitoring.
The integration of several sensors will need their miniaturization and will have to
answer also to aesthetic needs and be fitting to the particular environment.
Technological progress allows this kind of sensor to be manufactured on the
microscopic scale as microsensors using Microelectromechanical systems
technology.
Depending on the environment where the wireless sensor is located, materials
have a great importance, as the sensors must guarantee their sensing functions,
together with the transmission capacity. In the case of outdoor sensor for instance,
the materials used must protect the sensors by atmospheric conditions,
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Advantages
as
regards the state of
the art:

Enabling
technologies:

Other
products:

linked

Field of application:

guaranteeing the signal transmission.
The integration of different technical functions needs the presence of a peculiar
Electronic board, a receiver and a transmitter able of multiple wireless
communications.
Refining the multi-parameter capability of integrated sensors and at the same time
guaranteeing the multiple wireless communications are the main technological
challenges of these innovative solutions.
Sensor integration can enable significant cost, size, and power savings over
different individual devices and facilitate deployment in novel applications.
For instance in regulating in function of human presence materialized by the
expiration of CO2 (meeting rooms, offices) and air quality (VOC, formaldehyde,
some toxic compounds or odorants), energy savings can be considerable.
Environmental Data metering and energy monitoring (also managing peak
demands) together with building energy management allow Energy efficiency and
performance of the building and the final result is reduced energy consumption.
Some more advantages are: thermal comfort control in buildings equipped with
HVAC (heating, ventilation and air conditioning) and comfort level
parameterization; Ease of installation; Cost-savings in installation, maintenance,
renovation and energy use.
MEMS Micro-electro-mechanical systems: see the TECHNOLOGY TABLE
MEMS is a key technology of integrated environmental sensors: it combines
computers with tiny mechanical devices such as sensors, valves, gears, mirrors,
and actuators embedded in semiconductor chips. It can provide real time
information on consumption and even on the prediction of consumption.
Low power wireless standards: see the TECHNOLOGY TABLE. Low power
wireless standards are the best technologies for sensors wireless communication.
Other technologies:
‐ Sensor technology.
‐ IT Information Technology
Self-powered wireless integrated environmental sensors
HVAC Systems
Industrial control process sensors
HVAC systems. Lightning
Environmental monitoring systems
Home and industrial controls
Building automation
Home automation
Smart sensor network

Life cycle (time of
potential
market
entry):

Although still niche products it’s realistic to foresight a development in the next few
years, thanks to the growing maturity of the enabling technologies.
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Prerequisites
Preconditions
Critical:

/
/

Competing products
/ services:
Players:

Cost effective MEMS sensors development it’s an important issue.
Where used, batteries add a maintenance requirement that does not normally exist
with wired Networks. However, the operational/maintenance overhead can depend
on application if sensors need to be checked at intervals to test working operation,
effectiveness, calibration etc. then this can mean physical visits to sensors, that
are required in any case, so battery replacement may not be such an issue. On the
other hand, as sensor networks become more intelligent with more capability for
remote monitoring (wired or wireless), then this will tend to work against required
maintenance which could include battery replacement schedules.
Wired environmental sensors
The EnOcean Alliance is a consortium of companies working to further develop
and promote self-powered wireless monitoring and control systems for sustainable
buildings by formalising the interoperable wireless standard. The EnOcean
Alliance technology is based on wireless technology and energy harvesting
solutions for wireless, battery less and maintenance free sensors (mini solar cells).
http://www.enocean-alliance.org/en/home/
NanoSense, France: this company (Enocean Alliance) has developed an air
quality sensor in 2012: This probe regulates forced (mechanical) renewal of a
building’s indoor air by optimizing its quality but gas sensors still require external
power.
http://www.nano-sense.com/E4000.php
Pressac Sensing, UK (Enocean Alliance) has developed a CO2 & Temperature
Sensor that requires no batteries and is powered via ambient indoor light.
http://www.pressacsensing.com/PDF/WCO2.pdf
Opus Green net promotes a Temperature Humidity & CO2 Sensor: a Room sensor
with setpoint adjuster
http://www.enocean-alliance.org/en/products/jager-direkt_opus-green-net-roomsensor-slide/
Siemens, Germany: leader in automation systems offers a big portfolio of sensor
systems suitable for diverse industry applications.

Sources:
Roozeboom, C.L. ; Dept. of Mech. Eng., Stanford Univ., Stanford, CA, USA ; Hopcroft, M.A.;Smith, W.S.
;Joo Yong Sim 2013 Journal of Microelectromechanical Systems.Integrated Multifunctional Environmental
Sensors
Strategic Business Insights, MEMS/Micromachining 2011; Viewpoints 2011. MEMS/Micromachining
Viewpoints 2013
http://videos.analog.com/video/products/rf-ics/1981886942001/Building-Technologies-and-WirelessSensor-Networks/

279 / 313

Worldwide Energy Efficiency Technology Roadmap

Table n° 4 – Energy management systems/Smart metering (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Self-powered wireless integrated environmental sensors

Product
name
(commercial):
Technical
and
functional
characteristics:

/
Self-powered MEMS sensor modules are on study: they can be installed
ubiquitously in residential, commercial, distribution and transmission electrical
circuits for measuring electrical quantities such as current, voltage, and
instantaneous power.
Power generation and low power electronics have progressed a lot. While solar has
been widely used for years to power remote devices, several other types of energyharvesting approaches have emerged for micro-power applications including
vibration, thermal, mechanical, and RF. Of these technologies, RF energy is the only
one that can provide either an intentional or ambient power source for wire-free or
battery-free applications.
Self-powered wireless integrated sensors will enable environmental energy
monitoring, thanks to simultaneous monitoring of multiple environmental
parameters, including for instance temperature, humidity, light intensity, pressure,
wind speed, wind direction, magnetic field, and acceleration in three axes.
The integration of several sensors will need their miniaturization, will have to answer
to aesthetic needs and will have to be fitting to outdoor or indoor environment.
The integration of different technical functions needs the presence of a peculiar
Electronic board, a receiver and a transmitter able of multiple wireless
communications. Refining the multi-parameter capability of integrated sensors and
at the same time guaranteeing the multiple wireless communications are the main
technological challenges of these innovative solutions.
With almost any energy-harvesting device, it is possible and probable that the
source of ambient energy will not always be present. For instance, in the case of
solar harvesting, light may not always be available. Thus, a means of storing energy
is necessary. The stored energy is used to bridge the gap during the time when the
ambient energy supply fades away. There are various means of storing electrical
energy: capacitors, primary (non-rechargeable) and secondary (rechargeable)
batteries, supercapacitors, etc. An increasingly popular energy storage reservoir for
energy-harvesting applications is the supercapacitor or ultracapacitor. These have e
characteristic of relatively large volumetric energy density as compared to traditional
capacitors. They are routinely used in a wide variety of applications ranging from
automobiles to cameras to wireless, battery-less sensors, particularly those based
on the EnOcean wireless standard.
Some of the solutions we have analyzed are wireless integrated sensors with an
occupancy and light sensor all at once, powered through solar cells. The light
sensor transmits an RF telegram to a receiver module. The light sensor measures
the light level continuously and compares it with the RF telegram transmitted earlier.
In the future self-powered integrated sensors will be able to monitor more than the
actual two parameters, and send event or time controlled telegrams to the receiver
according to the most suitable wireless standard. These systems will enable to
monitor indoor and outdoor environment for efficiently managing energy in buildings
and in industrial applications.
The energy autonomy makes it possible to imagine a system easily applied in any
context with the simple attachment to the environment to be monitored. There are
different sort of technological problems: related to the implementation of the
identification system for energy harvesting to its miniaturization; related to the ability
of self-sustaining energy of the system and technology to ensure charge and control
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Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:

Field
application:

linked

of

of the electric charge present on the device and able to guarantee the performance
of monitoring and data transmission.
Sensor integration can enable significant cost, size, and power savings over
different individual devices and facilitate deployment in novel applications. Wireless
Sensor Network (WSN) is increasingly popular in the field of micro-environmental
monitoring due to its promising capability.
The market growth of low-power wireless devices particularly sensors is driving
tremendous interest in using energy sources that can power the devices
autonomously. The cost of running wires and the future cost of replacing batteries
have discouraged users from widely deploying various sensor-based devices.
Technology is based on wireless technology and energy harvesting solutions for
wireless, battery less and maintenance free sensors (mini solar cells). For instance
wireless lighting control systems provide additional benefits including reduced
installation costs and increased flexibility over where switches and sensors may be
placed.
The combination of miniaturized energy harvesting modules with ultra-low power
radio technology is the basis for innovative maintenance free wireless sensors.
Some more advantages of the development of these devices will be: energy
savings, lower low maintenance of devices with the probe (no batteries to change),
compact portable power generators, helping to make sustainable buildings, costsavings in installation, renovation and energy use, cost savings not using wires (till
80 % of the global cost of a HVAC system). In fact a self-powered automatized and
remote sensing network, it completely avoids the use of cables and removes the
need of disposable batteries, thereby minimizing environmental and economic costs
and enabling the deployment in old and new buildings.
Energy scavenging technologies have the potential to make wireless sensors much
more competitive against wired sensor approaches, in terms of operational and
running costs.
Micromachining and MEMS Micro-electro-mechanical systems: see the
TECHNOLOGY TABLE
Low power wireless standards: see the TECHNOLOGY TABLE. Low power wireless
standards are the best technologies for sensors wireless communication. Sensors
used for energy monitoring use the suitable standards for wireless communication.
Energy harvesting technology: see the TECHNOLOGY TABLE
Other technologies: Smart materials and nanotechnology. Some applications of
smart materials include self-powered sensors and electronic devices. This is a
relevant topic because many energy-harvesting approaches rely on advancedmaterials technologies such as piezoelectrics, thermoelectrics, and smart polymers.
Better efficiency and performance of devices will be reached also using
nanomaterials and nanotechnology.
Wireless integrated environmental sensors
Energy harvesting micro systems.
Micro system charge storing systems
HVAC Systems
Industrial control process sensors
Energy metering
HVAC systems. Lightning
Environmental monitoring systems
Home and industrial controls
Building automation
Home automation
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Smart sensor network
Remote industrial process control systems.
Energy building management control systems.
Life cycle (time of
potential
market
entry):

Prerequisites
Preconditions
Critical:

Competing
products
services:
Players:

/
/

/

There are still important technological challenges to win, from optimal energy
harvesting performances, to miniaturization that will determine the future
development of this innovative product. This solution will probably achieve the best
performances from 2017 onwards.
The development of perpetually powered systems avoiding periodical battery
replacement and/or recharge is one of the ultimate goals in sensor network design.
Alternatively, if battery technology and life can be improved from the typically
realistic 6 months-3 years to 5-10 years for a given application, then sensors
become closer to a ‘fit and forget’ solution with maintenance periods of the same
order as major system maintenance/upgrade/replacement cycles.
Energy harvesting still faces technological challenges but the main challenge to
build an energy-harvesting self-powered sensor is energy consumption. The other
important issues are:
‐ Electromagnetic devices: often bulky
‐ Electrostatic systems: only produce tiny amounts of energy in tiny sizes
‐ Piezoelectric films: difficult to deposit
‐ Thermal systems: often costly; requires high volume production to get low cost
Remaining challenges: cost reduction, standardization, system integration
Optimization of the performance of energy harvesting systems is a prerequisite:
there is also the need of monitoring the charge present on the device.
The demand for portable devices and storage of energy is increasingly urgent in the
industrial areas of significant importance, ranging from robotics to mobile phone to
the vehicle, electronics and "smart homes"
Wireless integrated environmental sensors: in some contexts there is still need for
batteries for instance to power the sensors.
Wired sensors: the devices that need significant power must have a power
connection or batteries that need recharging.
Siemens, Germany
The EnOcean Alliance is a consortium of companies working to further develop and
promote self-powered wireless monitoring and control systems for sustainable
buildings by formalizing the interoperable wireless standard. The EnOcean Alliance
technology is based on wireless technology and energy harvesting solutions for
wireless, battery less and maintenance free sensors (mini solar cells).
Peha by Honeywell, (USA) produces a solar powered occupancy sensor: it switches
off the light if nobody is present or the desired brightness is guaranteed by daylight.
http://www.enocean-alliance.org/it/products/peha_sensolux0/
OPUS green Net (Enocean Alliance) produces for instance Temperature- Humidity
& CO2 Sensor with setpoint adjuster powered from indoor light
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Sources:
Xianghui Cao, Jiming Chen,Yan Zhang, Youxian Sun. Development of an integrated wireless sensor
network micro-environmental monitoring system. 2008 ISA Transactions.
http://www.sciencedirect.com/science/article/pii/S0019057808000050
Energy Environ. Sci., 2011, 4, 3359 Self-powered environmental sensor system driven by
nanogenerators. Minbaek Lee, Joonho Bae,Joohyung Lee, Churl-Seung Lee, Seunghun Hong and Zhong
Lin Wang
RF energy harvesting and wireless power .Cutting the cord and eliminating battery replacement by Harry
Ostaffe Vice President of Marketing and Business Development. Powercast.2011.
http://www.rfwirelesssensors.com/
-Robert Thomas, Strategic Business Insights – Technology map: MEMS/Micromachining, 2011
-Kyle M. Whitman, Strategic Business Insights - Technology map: Connected Homes, 2012
- en.wikipedia.org/wiki/Energy_harvesting
Self-Powered Wireless Sensor for Air Temperature and Velocity Measurements With Energy Harvesting
Capability. Emilio Sardini, Member, IEEE, and Mauro Serpelloni IEEE Transactions on instrumentation
and measurement, Vol.. 60, N. 5, May 2011
I Paprotny, E Leland, C Sherman, R M White, and P K Wright Self-powered MEMS Sensor Module for
Measuring Electrical Quantities in Residential, Commercial, Distribution and Transmission Power Systems
IEE 2010
Energy Harvesting and Power Balance in Wireless Sensor Networks. Martin R. Johnson, Illumra and
Eugene You, ENOCEAN 2010
Strategic Business Insights. Smart Materials- April 2013 Viewpoints
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Table n° 5 – Energy management systems/Smart metering (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Wireless Sensor for Smart fluid Metering

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:

linked

The metering sensors sector for energy vectors flows comprise a wide range of
sensors for measure energy vectors flows (gases, harsh, viscous or fluid liquids).
For instance actually we find wireless fluid pressure sensor (for both liquids and
gases) that allows easy relocation of the sensors and the easy addition of additional
sensors as compared to more conventional wired pressure sensors.
MEMS are interesting technologies in this particular sector due to the simplicity of
installation and the small interference of MEMS measurement systems in the flow
features. A MEMS metering system for water or water/glycol for example is
composed of flow and temperature sensors based on the principle of vortex
shedding behind a bluff body. At present time this sensors are fully compatible with
wet, aggressive media and are almost ready for a high-volume production and can
measure the energy carried by a liquid vector. The MEMS sensors are also used for
gases flows measurement like propane and methane, and hydrogen, too.
Some integrated environmental sensors, based on MEMS technology, such as flow
and temperature sensors are beginning to face the market. One of the MEMS gas
flow sensor analyzed detects, the difference, which appears as a differential voltage
between the two sets of thermopiles, thanks to a thermopile and is directly
correlated to the direction and mass flow rate of the flow. The actual wireless
technologies miniaturization permits the installation of wireless data transmitter on
sensor board and a continuous remote monitoring of the energy flows.
Generally the sensors and the wireless transmitting system are alimented by
batteries or wire power connection.
The availability of multiparameter sensors, monitoring different parameters at the
same time will be able to give real time informations on energy consumption
fundamental for an energy efficiency management.
Ease of installation
High-precision gas flow-rate measurement
Measure different environmental parameters all at once
IT-based smart metering
The Nano Coating Technology offers a direct contact with the media
Contribution to energy saving
Integrated chip circuitry enables compact and advanced designs
Remote monitoring and data storage.
Contribution for energy saving
MEMS Micro-electro-mechanical systems: see the TECHNOLOGY TABLE
Low power wireless standards: see the TECHNOLOGY TABLE
Other technologies:
‐ Wireless micro transmitter technologies.
‐ Sensing technology
Self-powered and wireless remote fluid micro sensors.
Other products:
‐ Mass flow sensors
‐ Velocity/filter sensors

284 / 313

Worldwide Energy Efficiency Technology Roadmap

Field
application:

of

Energy Flow metering
Thermal management in solar heating systems
Cooling and temperature control (e.g. manifold systems within machine tools)
Floor heating/radiant and valves systems
Monitoring of pumps, valves and filters
Flow rate detection for pump controls
Industrial process flow control
Burner control in domestic gas boilers
Heat metering (solar-heat pumps)

Life cycle (time of
potential
market
entry):

According to some analysts the global installed base of smart gas meters will
increase from 10.8 million in 2012 to 71.2 million by 2020.
Prerequisites
Preconditions
Critical:
Competing
products
services:
Players:

/
/

The need of a mean and correct measurement technology and a real-time meter
consumption verification could be solved with smart flow meters. Battery provides
power for the flow sensor/transmitter.
Self-powered Wireless flow sensors

/
Omron corporation, Japan
http://www.omron.com/media/press/2012/10/e1005.html
STMicroelectronics, Switzerland
Grundfos Sensor A/S, Denmark
Memsic Inc., USA
http://www.memsic.com/flow-sensors/
Honeywell, USA
Optoi Microelectronics, Italy
http://www.optoi.com/en/products/details/chemical-physical-sensors-mems)
Sensirion, Switzerland
http://www.sensirion.com/en/products/mass-flow-meters-for-gases/

Sources:
Pike Research Smart Gas Meters Report-2012 http://www.navigantresearch.com/research/smart-gasmeters
Strategic Business Insights, MEMS/Micromachining 2011; Viewpoints 2011. MEMS/Micromachining
Viewpoints 2013
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Table n° 6 – Energy management systems/Smart metering (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Self-powered and wireless remote fluid microsensors

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages as
regards the state
of the art:

Self-powered Integrated wireless remote fluid microsensors will enable the
measurement of a wide range of vectors flows (gases, harsh, viscous or fluid liquids).
Miniaturization will be necessary to build microsensors integrated in the same
devices, using MEMS technology. Pressure, temperature and flow are some of the
parameters that could be monitored by these type of sensors, both in thermal and
hydroelectric systems.
Different types of energy-harvesting approaches have emerged for micro-power
applications. Energy Harvesting solutions make use of energy created from slight
changes in motion, pressure, light, temperature or vibration. A part for solar energy
that has been widely used for years to power remote devices, there is a particular
interest on the use of the thermoelectric effect for powering sensors. This is made
possible by a Peltier element an electronic component that generates electric current
when there is a difference in temperature between its two sides. Thermoelectric
energy harvesting widens the scope of applications to include those that operate in
the dark. Pipes and ducts, for example, frequently exist in dark places that are not
appropriate for light- or motion-based energy harvesting.
Thermal energy harvesting can capture the power from the temperature differentials
that are abundant in those dark spaces, enabling its use to power HVAC controls
such as water valves, variable air volume vents (VAVs), and diffusers. In Wireless
energy-harvesting devices, where minuscule amounts of energy are harvested, it is
often necessary to store the harvested energy in a reservoir for later use. An
increasingly popular energy storage reservoir for energy-harvesting applications is the
supercapacitor or ultracapacitor.
At the moment self-powered integrated fluid sensors (for water and gas) for
monitoring and control are still on study and we can find just prototypes. For instance
we have analyzed the solution developed from Enocean, a concept demonstrator of a
wirelessly controlled heating valve powered by the radiator temperature instead of
batteries. This is a prototype system of flow accounting and control inside the terminal
heat but we expect to find these innovative solutions in the future market.
EnOcean developed the patented ultra-low-voltage DC/DC converter enabling lowcost standard Peltier elements to power battery-less EnOcean wireless modules by
harvesting thermal energy.
Smart Fluid-flow metering enables Data Energy metering. Thanks to the presence of
multiparameters integrated sensors, there will be the possibility to give real time
informations on energy consumption. Sensors used for energy monitoring use the
suitable standards for wireless communication.
Sensor integration can enable significant cost, size, and power savings over differentindividual devices and facilitate deployment in novel applications.
The self-powered wireless integrated sensors will help make buildings smarter, safer,
more comfortable and more energy-efficient.
The use of these innovative devices will produce a reduced consumption and energy
costs, lower emissions and waste in buildings and less invasive implant. It will also be
a more flexible, wireless infrastructure, with hybrid power sensors to more reliable,
greater well-being due to real-time monitoring of the temperature, and in general a
more efficient system.
Autonomous sensors working without batteries reduce the problem of environmental
impact.
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Enabling
technologies:
Other
products:

linked

Field
application:

of

Energy harvesting technology: see the TECHNOLOGY TABLE
Low power wireless standards: see the TECHNOLOGY TABLE
MEMS Micro-electro-mechanical systems: see the TECHNOLOGY TABLE
Wireless sensors for smart fluid metering
Mass flow sensors
Velocity/filter sensors
Energy Flow metering
Thermal management in solar heating systems
Cooling and temperature control
Floor heating/radiant and valves systems
Monitoring of pumps, valves and filters
Flow rate detection for pump controls
Industrial process flow control
Burner control in domestic gas boilers
Heat metering (solar-heat pumps)

Life cycle (time of
potential market
entry):

This product is still in experimental stage, some companies have developed
prototypes, close to enter the market.
Prerequisites
Preconditions
Critical:
Competing
products
services:
Players:

/
/

Versatility, ease of use, durability, and cost of manufacturing are important
parameters for fluid sensors. A real-time meter consumption verification could be
solved with smart flow meters.
“Traditional” flow sensors.

/
Enocean Inc., USA. The EnOcean Alliance is a consortium of companies working to
further develop and promote self-powered wireless monitoring and control systems for
sustainable buildings by formalising the interoperable wireless standard. The
EnOcean Alliance technology is based on wireless technology and energy harvesting
solutions for wireless, battery less and maintenance free sensors (mini solar cells).
STMicroelectronics Switzerland
Grundfos Sensor A/S , Germany
Memsic Inc., USA http://www.memsic.com/flow-sensors/
Honeywell, USA
http://www.optoi.com/en/products/details/chemical-physical-sensors-mems
Sensirion, Switzerland http://www.sensirion.com/en/products/mass-flow-meters-forgases/

Sources:
Strategic Business Insights, MEMS/Micromachining 2011; Viewpoints 2011. MEMS/Micromachining
Viewpoints 2013
Pike Research Smart Gas Meters Report-2012. http://www.navigantresearch.com/research/smart-gas-
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meters
Chunyan Ma, Gengxin Li. 2010 IEEE International Conference on Progress in Informatics and Computing,
(Vol.1). Research on a self-powered wireless ultrasonic flow sensor system.
Energy Harvesting Thermoelectric Energy Harvesting June 1, 2011 Jim O'Callaghan, EnOcean Inc.
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Table n° 7 – Energy management systems/ Energy management devices
(Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Proactive energy control system

Product
name
(commercial):
Technical
and
functional
characteristics:

/
HVAC systems are the most energy-intensive aspect of a home and therefore offer
the largest potential for energy and financial savings.
Like other energy controls, smart HVAC systems can also be controlled remotely,
though internet-controlled thermostats. This can save money and energy by allowing
the homeowner to remotely control their home’s energy use.
The smart thermostat, a thermostat for intelligent HVAC management can be
considered an innovative solution. It’s a product already in development and present
in the market in an early stage.
In fact smart thermostat is still a niche product of home automation for intelligent
buildings, but with great foresighted commercial opportunities. This product for HVAC
can play a large role in better management of heating and cooling.
For instance Zero Computing has developed a prototype of smart thermostat, a
proactive device that will be able to integrate the normal mechanism for operation of
home thermostats with sensors made available by the home automation system, and
also with the weather information obtained by an internet connection (monitoring
actual and future weather conditions). The thermostat will be responsible for HVAC
energy management integrated with domotic Knx systems.
The smart thermostat is able to program the heating and cooling system taking into
account three factors:
1. current and expected weather conditions thanks to internet weather forecast
services;
2. temperature programming, thanks to a mechanism of self-learning of the times
of use in the home (the system learns when the house is occupied thanks to the
presence sensors connected to the bus Knx);
3. variation of the time needed to reach the optimal temperature in the house on
the basis of an algorithm that takes into account of the historical data of the time of
heating and cooling of the house (also using outdoor environmental sensors).
The heating and cooling systems will switch off automatically if the presence sensors
don’t detect anybody at home saving energy.
This device will be able to get used to the habits of the inhabitants of the house and
will adapt to their needs keeping the comfort temperature.
Some companies are conducting pilot projects on smart thermostat: for instance in In
the Dallas-Fort Worth area of Texas, a pilot program is underway that regulates
HVAC with smart thermostats. The thermostat, which operates through the Internet,
not as smart meter, automatically turns heat or air conditioning on and off in response
to signals from the grid or temperature readings. The system monitors temperatures
within the home, as well outdoors to keep occupants comfortable. It also tracks
weather reports. For EcoFactor, the software provider, the program can make an
HVAC system 20–30% more efficient than a conventional thermostat.
Schneider Electric, specialists in energy management, offers The Wiser Smart
Thermostat. The Wiser™ Smart Thermostats are programmable communicating
thermostats that manage HVAC home energy use. These thermostats allow
homeowners to be actively engaged in home energy use by displaying energy usage
information and pricing alerts via color changing background screens. When the
thermostat is combined with the Wiser energy management system, additional
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Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:

linked

Field
application:

of

features such as load control devices and demand response programs become
available to the consumer.
The possibility of controlling the heating and cooling remotely via the Internet and the
smartphone app is one of the features of these innovative products.
Smart HVAC systems are in the testing and development phase, but are expected to
play a growing role in new home and retrofit design.
Also known as programmable communicating thermostats (PCTs), smart thermostats
utilize integrated technologies that surpass the basic sensing and control functions of
traditional thermostats.
Energy and cost-savings: smart thermostat can save money and energy by allowing
the homeowner to remotely control their home’s energy use reducing wastage. The
smart thermostat saves more energy than reactive systems and sacrifices less
comfort.
Internet-controlled thermostat. Optimal indoor comfort.
Low power wireless standards: see the TECHNOLOGY TABLE
Wireless sensor network
Sensor technology
Internet of things
Smart metering: occupancy sensors, environmental sensors
Home energy management system: HVAC control and management
Home automation

Life cycle (time of
potential market
entry):
290 / 313

Prerequisites
Preconditions
Critical:

Competing
products
services:

/
/

/

Market research firm Navigant Research released a new report predicting that 32
million smart thermostats will have been installed worldwide by 2020, a giant leap
from the less than 1.4 million currently installed today. According to report the global
smart thermostat market could be worth nearly $1.4 billion by 2020, up from about
$100 million
Unlike products and solutions that are driven by government-sponsored utility smart
grid programs, smart thermostats have remained largely in the commercial sphere,
where individual energy efficiency awareness and cost savings determine purchasing
decisions.
Consumer-facing technology: includes adoption or deployment of technologies
intended to expedite consumer behaviour change, such as smart thermostats, or
rebates for smart appliances.
Convergence of mobile phones and thermostats is making these products much
more attractive for customers.
Marketing strategies are critical.
Traditional thermostats

Worldwide Energy Efficiency Technology Roadmap

Players:

Verizon, USA
4Home Connected Solutions, USA
Cisco, USA
Control4, USA
NV Energy, USA
Schneider Electric, Germany
Honeywell, USA
Siemens, Germany
Zero Computing, Italy
Nest Labs, USA
In 2011 the USA companies Verizon, 4Home Connected Solutions, Cisco, Control4,
NV Energy, started smart energy pilot projects on Home energy automation.

Sources:
Kamin Whitehouse, Juhi Ranjan, Jiakang Lu, Tamim Sookoor, et al. Towards Occupancy-Driven Heating
and Cooling. IEEE Design & Test of Computers. 2012
http://www.greentechmedia.com/articles/read/is-32-million-smart-thermostats-by-2020-a-lowball-estimate
http://www.greentechmedia.com/research/report/home-energy-management-systems-2013-2017
Business Insights 2011. Smart Home, smart Grid, Smart City. A rapidly shifting market place.
Business Insights 2011.The Future of Home Automation. Emerging trend and technologies for smart
home energy, entertainment, security, and health.
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Table n° 8 – Energy Management systems/Energy management devices
(Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Machine-to-Machine (M2M) devices control systems

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Machine to machine refers to technologies that allow both wireless and wired
systems to communicate with other devices of the same type.
New standards and protocols are enabling device-to-device communication within the
home (including Zig-Bee, Z-wave, Insteon and HomePlug).
M2M solutions wirelessly connect millions of diverse devices to a network, enabling
two-way communication for instance. The basic M2M operation is that remote
sensors gather data and send it to a network, where it gets routed, through the
Internet or cellular network, to a centralized server. On the server, the data gets
analyzed and acted upon according to specific software in place but data could be
both uni-directional or bi-directional.
There are two types of applications of M2M:
1. Solutions able to get date (remote monitoring, telemetry...).
2. Solutions able to get data and be proactive (telemonitoring).
Future device control systems would be customized M2M solutions of wireless and
connected accessories with peculiar technical functions able to monitor different
parameters, linked to an “energy homebox”. This could be a device potentially
installed in every residential household that provides the “intelligence”, possibly
remotely through cloud-based services, for an efficient energy management of smart
domestic appliances, A/C, heating and ventilation systems, etc.
While the smart meter will act as the main gateway into a home, home appliances
and other household applications will be under the control of a home box which
provides decentralized data storage, embedded functionally and connectivity.
The home box links a wide range of accessories including security (camera,
door/window opening sensor, motion sensor, remote control or smoke detector) and
domotics (power plug relay, window shutter control and heating control) with energy
management accessories (monitoring of electricity, water and gas usage) to be
added. The system provides range of features such as:
-real time alerts across all media (SMS, MMS, e-mail, voice call or fax);
-remote control from any mobile phone, PC or Mac;
-visualization of the home via a camera integrated into the HomeBox.
Users of the homebox can view real-time video on a PC, or a mobile phone, and are
allowed to monitor the automated or security sensors.
Sensor data from sources in the home network such as switches, gas meters, home
appliances, video cameras, electricity meters, and water meters need to be
centralized at one place. Monitoring could typically be of state, temperature, current,
condition, location and alarms among other parameters. The format, frequency and
medium of transmission need to be carefully thought about. There will be also
scenarios where one needs to transfer images, videos and audios for real-time
monitoring and control.
Remote control
Real time data transmission and quick response
Increase efficiency and buildings performance
Energy and cost savings
Machine-to-machine technology enables machines to communicate with each other
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Enabling
technologies:

Other
products:

linked

Field
application:

of

without human intervention so could play a big role in sensor network systems.
Transmitting information wirelessly at its source from a vehicle, instrument, house or
business and receiving valuable feedback automates manual processes.
Low power wireless standards: see the TECHNOLOGY TABLE
Wireless communications technology
Sensor technology
IT-Cloud computing
IOT (Internet of Things) The explosion of IoT activity over the next few years will be
driven by the nexus of low-cost sensors, cloud computing, advanced data analytics,
and mobility
Machine-to-machine technology: M2M technologies transfer data on the condition of
physical assets and devices to a remote central location for effective monitoring and
control. The objective of M2M communications is to increase the level of system
automation in which the devices and systems can exchange and share data.
Proactive energy control system.
Micro environmental sensor network
Self-powered wireless integrated environmental sensors
Embedded environmental sensor network
Monitored and managed remotely, M2M automates processes in industries from
transportation to healthcare.
HVAC system
Energy management (water, gas, electricity) measure/control energy
Home automation
Smart home
Smart metering and Smart grid
Security
Appliance monitoring
Lightning
Sensors
Industrial process control

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:
Competing
products
services:

/
/

/

Prices of end devices, platforms, network operators, and connectivity costs are all
declining in recent times. As these continue to drop, M2M solutions will become more
mainstream and established. By 2020, more devices will be connected to the Internet
than human beings.
Actually cost is an issue for M2M devices control systems. The diffusion of the
concept of smart building will help the development of devices able of communicating
and responding to different kind of inputs.
Traditional control systems
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Players:

AT &T Inc., USA
M2M Solution, FRA
Myxyty, FRA

Sources:
Business Insights July 2011.Smart Home, Smart Grid, Smart City. A rapidly shifting marketplace
2012.Tata Consultancy Services.White paper.Technology Review and Trends in M2M Communication
Dusit Niyato, Lu Xiao, and Ping Wang. Machine-to-Machine Communications for Home Energy
Management System in Smart Grid. Recent progress in machine to machine communications- IEEE
Communications Magazine- April 2011
Chao-Yang Lee and Chu-Sing Yang- Distributed Energy-Efficient Topology Control Algorithm in Home
M2M Networks, International Journal of Distributed Sensor Networks Volume 2012
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Table n° 9 – Energy management systems/Smart actuators systems
(Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Wireless self-powered energy flow regulation devices

Product
name
(commercial):
Technical
and
functional
characteristics:

/
In modern buildings heating, ventilating and air conditioning (HVAC) systems are
becoming more and more sophisticated with increasingly complex system
configurations. Mechanical systems such as valves are used in fluid control systems.
A flow control valve regulates the flow or pressure of a fluid. Control valves normally
respond to signals generated by independent devices such as flow meters or
temperature gauges. Control valves can also work with hydraulic actuators also
known as Automatic Control Valves. Control valves are normally fitted with actuators
and positioners. Remotely controlled heating valves generally need a cable on which
the controlled power supply is fed to their motor actuator. Wireless solutions are also
possible, but at the moment we can find just prototypes of battery-less or selfpowered wireless solutions.
We have analyzed the prototype of a self-powered wireless heating valve developed
by Enocean. It’s a concept demonstrator of a wirelessly controlled heating valve
powered by the radiator temperature instead of batteries. Battery-less or selfpowered wireless solutions mean that the energy needed is derived from the process
itself or the environment. In this case it’s made possible by a Peltier element, an
electronic component that generates electric current when there is a difference in
temperature between its two sides. The energy obtained from the temperature
difference is low and is then collected in a capacitor. A temperature difference of
about 2 degrees and more on the Peltier element will enable it to function. An
electronic contact cuts in the actuator as soon as sufficient energy is collected. The
power produced by the thermogenerator depends firstly very much on the
temperature difference on the Peltier element and thus on the volume of the heat sink
that is used. The load consists of the motor actuator for valve control on the one hand
plus the electronic circuitry to receive the control signals and drive the motor. Both
the motor and the wireless receiver require a relatively large amount of energy in
operation.
On demand the valve is speedily adjusted, and then the actuator returns to its
energy-economizing sleep for a certain time. The overall energy requirement of this
actuator is minimal as long as the sleep phases are substantially dominant as a
function of average time. This kind of system can also be applied to air-conditioning
plant and/or mixed Systems with Air-conditioning with thermo powered air flap
control. In general the thermo generator requires a temperature difference to produce
energy. For cold the voltage polarity is simply reversed. An appropriate polarity
reversal circuit for alternating cold/warm operation is currently being developed.
If a ventilating flap is to be driven instead of the fluid valve, the process of obtaining
energy and control can be very similar. For a ventilating flap on the ceiling the light is
also a good energy source.
Smart actuators have the capacity to measure fluid flow and temperature for instance
We have also studied the prototype of a self-powered radiator valve developed by
Seitron. This prototype of valve is energetically autonomous without need of batteries
or other kind of power supply. The thermostat is able to monitor the indoor
temperature and thanks to the wireless communication it’s possible to switch on/off
the valve and integrate the valve with the thermoregulation.
In this case the alternator that powers the internal rechargeable battery is driven
directly by water flow through a nano turbine generator. The nano turbine is able to
convert flow energy into electric energy, exploiting the fluid pressure, and allowing
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Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:

linked

Field
application:

the valve alimentation.
The micromachining technology can provide micro sensors and actuators. These
micro transducers are able to be integrated with signal conditioning and processing
circuitry to form micro-electromechanical-systems (MEMS) that can perform real-time
distributed control. Thermal energy harvesting can capture the power from the
temperature differentials that are abundant in pipes, enabling its use to power HVAC
controls such as water valves, variable air volume vents (VAVs), and diffusers.
It is expected to find these innovative solutions in the near future market.
Smart Fluid-flow regulation enables flow accounting and control giving the possibility
to give real time informations on energy consumption.
The use of Self-powered wireless energy flow regulation devices will produce a
reduced energy consumption and costs,
Energy and water savings: use of actuators can save money and reduce use of
natural resources.
Self-powered devices don’t need batteries so there will be a Lower environmental
impact and an important cost saving
Unlimited functional autonomy
Energy harvesting technology: see the TECHNOLOGY TABLE
Low power wireless standards: see the TECHNOLOGY TABLE
Players should keep an eye on development in wireless power especially for
powering of sensors and small actuators.
MEMS Micro-electro-mechanical systems: see the TECHNOLOGY TABLE
MEMS can be applied in the construction of micro and nanoturbine for instance, that
enable the exploitation of fluid flow to produce energy to power smart actuators
systems
Advanced actuators for indoor environmental control
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of

HVAC control
Industrial process flow control
Monitoring of pumps, valves and filters
Flow rate detection for pump controls

Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:
Competing
products
services:

/
/

Self-powered wireless devices are technologically ready to be applied in smart
actuator systems. Still in experimental stage, early products will be on the market
from 2014 onwards.
Versatility, ease of use, durability, and cost of manufacturing

No-networked traditional solutions such as powered Energy flow regulation devices
/

Worldwide Energy Efficiency Technology Roadmap

Players:

Seitron, Italy
Enocean Inc., USA. The EnOcean Alliance is a consortium of companies working to
further develop and promote self-powered wireless monitoring and control systems
for sustainable buildings by formalizing the interoperable wireless standard. The
EnOcean Alliance technology is based on wireless technology and energy harvesting
solutions for wireless, battery less and maintenance free sensors.
Badger Meter, Inc. USA
Johnson Controls Inc., USA
Pentair , USA

Sources:
www.enocean.com
Strategic Business Insights Smart Materials April 2013 Viewpoints Energy Harvesting: Market Progress?
Dr Eric Mounier (2012) - MEMS Markets and application- Focus on Wireless Sensor Networks & Energy
Harvesting.
Strategic Business Insights, MEMS/Micromachining 2011; Viewpoints 2011. MEMS/Micromachining
Viewpoints 2013
MICRO-ELECTRO-MECHANICALSYSTEMS (MEMS) AND FLUID FLOWS Chih-Ming Ho, Yu-Chong Tai
Annu. Rev. Fluid Mech. 1998.
2010 IEEE 3rd International Conference on Micro Electro Mechanical Systems (MEMS ) Bistable silicon
microvalve with thermoelectrically driven thermopneumatic actuator for liquid flow control
Huesgen, T. Lenk, G. ; Lemke, T.;Woias, P.
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Table n° 10 – Energy management systems/Smart actuators (Product/Service)
PRODUCT/SERVICE TABLE
Product name:

Wireless self-powered passive indoor environmental control

Product
name
(commercial):
Technical
and
functional
characteristics:

/

Advantages
as
regards the state
of the art:

Enabling
technologies:

Other
products:
Field
application:

linked
of

The observations regarding control behaviour tendencies imply dependencies both
on indoor and outdoor environmental conditions, thus contributing to the derivation of
realistic user action models for building performance. The indoor environmental
condition could be controlled and modified by passive systems, like solar shading or
thanks to the activation of internal air flows using the automatic opening of doors and
windows. An actuator is a type of motor for moving or controlling a mechanism or
system. It is operated by a source of energy, typically electric current. The control
system can be simple (a fixed mechanical or electronic system), software-based (e.g.
a printer driver, robot control system), or a human or other agent. At present time
exist a wide range of electro-mechanical devices for accomplish shading control and
windows openings. The present time solutions generally need a wire connection to
provide current to the device. At the state of the art, there is a wide range of wireless
controlled system that could be activated by.
We expect that technology progress in wireless low energy consumption protocols
and in energy harvesting technologies will generate independent shading system and
windows opening system, wireless controlled by a central Building Management
Systems. Some applications already exist, those combine a rigid chain mechanical
actuator, and a solar energy harvesting system, and a human remote controlling or
even from a smartphone application to open and close windows and doors.
Also the shading systems can be used to control the indoor environmental conditions
in buildings. Nowadays products are generally low automated, without a remote
control. The actuator can move the shading system to reduce or increase the light
entrance. Actually there are early products starting to integrate wireless technologies
and being controlled by a central electronic device that is able to elaborate lighting
and temperature data. Energy harvesting powered solutions will generate some
advantages in terms of reducing electrical building plant complexity and will give the
chance to provide plug-in solutions. We expect that a self-powered solution could be
developed in the next future. The first energy harvesting energy source will be quite
surely based on photovoltaic cells.
A total remote control could integrate and optimize the use of natural air flows and
shade systems in energy balance of the building, in particular for what concerns the
thermal performance of the building, especially in the summer season, reducing the
active cooling needs. An energy independent solution, not wired connected with the
electric building power plant, thanks to energy harvesting technologies, will permit to
avoid the installation of electrical connection for every window of the building
producing economical savings in construction or refitting operations.
Energy harvesting technology: see the TECHNOLOGY TABLE
Low power wireless standards: see the TECHNOLOGY TABLE
Network technologies.
Building management system technologies
Machine-to-Machine control systems
Wireless self-powered environmental sensors
Building involucres solutions
Building sensor and actuation networks.
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Life cycle (time of
potential market
entry):

Prerequisites
Preconditions
Critical:

Competing
products
services:
Players:

/
/

/

The market is quite mature for the standard actuators for this kind of environmental
control systems. The component base technologies for the product are mature and
need only to be integrated in an advanced solution.
There are no technological issues to the development of this application (wireless
energetically independent actuators). A wide range of base application, without
energy harvesting system and without a remote automation control in the same
device, is already present on the market.
For what concern the automatic openings of windows and doors, an advantage could
derive from the policy building regulation for smoke natural ventilation system in case
of fire especially for the development of the technology.
Traditional fixed shade systems
High performance windows.
The present list will not be an exhaustive listing of the entire market players but
represent some of the players of this kind of products:
Comunello Groups, Italy: automatic opening vents production.
AXA Stenman Industries, Netherlands: automatic opening solutions for windows and
doors.
TOPP movement technologies, Italy: automatic opening solutions
Gresh-Unitas group, Italy: the leading suppliers of window and door technology,
automatic entrance systems and building management systems.
Venset, Denmark: the company produces electrical furniture for doors and windows
openings.
Lutron, USA: the company produces shading systems with wireless integration.
Qmotion, Italy: the company produces shading systems with wireless integration an
smartphone remote control.
Mechosystems, USA: the company produces manual, motorized and automated
solar shading.

Bibliography:
Integrating Automated Shading and Smart Glazings with Daylight Controls - Stephen Selkowitz Eleanor
Lee Lawrence - (2005) - Berkeley National Laboratory
A Control Algorithm for Optimal Energy Performance of a Solarium/Greenhouse with Combined Interior
and Exterior Motorized Shading – 2012 - Diane Bastien, Andreas K Athienitis
Intelligent Facades in Low-Energy Buildings – 2012 – Amir Hosein GhaffarianHoseini, Umberto Berardi,
Ali GhaffarianHoseini, Nastaran Makaremi
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Table n° 11 – Energy management systems (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential
uses
(demand
factors):

Energy Harvesting Technologies
Energy harvesting technologies convert energy present in the environment into
usable electric energy. There are many ambient energies that mean many different
conversion technologies and a wide range of usage mode. In the paragraph are
listed some technologies that can produce electricity using ambient energy.
The ambient radiation systems use the radiations of the ambient to produce
electricity through an induction system, like for example the RFID technologies. The
potential information storage and the computing capacity in the device will be
increased.
Photovoltaic effect: convert direct or indirect light into electrical current or voltage
difference. The wave length of the light leads to the photovoltaic material choice.
Piezoelectric effect: convert mechanical strains into electrical current or voltage.
Pyroelectric effect: change a temperature change into electric current or voltage.
Some studies show how this effect could reach 92% efficiency of Carnot cycle.
Thermoelectric effect: a gradient of temperature between two different conductors,
made of opportune materials, produces electric current or a voltage difference.
Magnetic induction: a changing of a magnet field into a conductor produces electric
current or voltage into the conductor. Magnets wobbling on a cantilever are sensitive
to even small vibrations and generate micro-currents by moving relative to
conductors due to Faraday's law of induction. At today state of the art the devices
are too big to be integrated in much of the actual electronic portable devices or
sensors.
Energy harvesting still faces technological challenges:
‐ Electromagnetic devices: often bulky
‐ Electrostatic systems: only produce tiny amounts of energy in tiny sizes
‐ Piezoelectric films: difficult to deposit
‐ Thermal systems: often costly; requires high volume production to get low cost
Energy harvesting technologies probably represent the future in term of self-energy
alimentation of a wide range of technologies like, sensor technologies, actuators
technologies, wearable devices power technologies. The large spectrum of methods
to produce electrical energy by different ways permit to imagine different potential
uses.
Ambient radiation systems: develop RFID from passive RFID to active RFID. The
potential use is in mobile payment system, remote on demand wireless sensors,
tracking products conditions, animal identification, Human identification, passports,
telemetry, logistics and transportation.
Photovoltaic effect: the new PV materials like organic PV, flexible PV, thin film PV,
Dye Sensitize Solar Cell DSSC, has some important characteristic like the use of
non-direct sun radiation, or the extreme application flexibility. Uses or potential uses
are in portable power, remote power generation, wearable power system for power
alimentation of biomedical devices and sensors, remote sensors, remote actuators
and wireless communication network devices.
Pyroelectric effect: all the applications where there is a heat variation in term of time.
Some possible applications are the wearable breath power energy generation to
aliment biomedical sensors, remote wireless sensors in ambient where the needs of
temperature variation are achieved, remote actuators power supply.
Piezoelectric effect: is usable in all the applications were a mechanical strain is
verified. The human body movement, all mechanical component vibration can
provide electric power to sensors and actuators in remote positions, in industrial or
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domestic environment. Also wearable applications are possible.
Magnetic induction: similar to piezoelectric effect, it’s possible to imagine
applications in every system that produces vibration or repetitive local movement.
Current level of
development (the
general state of the
art
of
the
technology):

Products in which it
is applied:
Other
related
technologies:

Prerequisites
/
Preconditions
(general
constraints,
regulatory factors,
required
resources):

Synergistic
technologies:

Competing
technologies:
Players:

The harvesting technology still faces technological challenges. Applications are new
but according to a November 2011 Pike Research (Boulder, Colorado) report, "unit
shipments for energy harvesting enabled devices will experience strong growth over
the next few years, increasing from 29.3 million units in 2010 (mostly kinetic
wristwatches and wireless sensor networks) to 235.4 million units by 2015
(comprising a much greater diversity of consumer and industrial applications)."
Thermostatic valve, bicycles, remote telecommunication facilities, wearable power
generation gadgets, watches, radio devices, laptop.
Communication technologies.
Sensor technology
Smart materials: specifically in terms of piezoelectric materials, this development
highlights growth in an important competing technology
Industrialization and cost reduction of devices for energy harvesting: current energy
harvesting devices are more expensive than batteries (batteries are typically $0.30
to $1).
Optimization of software application to monitoring and control remote technology
systems and managing energy harvesting power production.
New regulations in technology system monitoring and control (e.g. HVAC systems
automatic monitoring and control, mandatory continuous control for maintenance in
dangerous technological systems).
In many applications energy harvesting won’t replace batteries but it’s a secondary
power source of high interest to reduce size of primary battery.
Low power wireless standards: see the TECHNOLOGY TABLE
MEMS Micro-Electro-Mechanical Systems: see the TECHNOLOGY TABLE
Other technologies:
‐ Super
conductors
and
super
capacitor
technologies:
http://en.wikipedia.org/wiki/Supercapacitor
http://en.wikipedia.org/wiki/Superconductivity
‐ Electric energy storage systems and micro storage systems: energy storage
systems enhance the performance of distributed renewable generation systems
and increase the efficiency of the entire power system.
Traditional wired technology to provide electricity.
Wireless electricity transmission.
EnOcean, Germany – Peltier cells and magnetic induction
Thermo Life, USA – Thermoelectric generator.
Micropelt, Germany- Peltier cells
Nextreme, USA – Peltier cells
Fraunhofer IIS, Germany – Vibration, photovoltaic, solar heat.
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Morgan electro, UK– Piezoelectric Materials
TPL micropower, USA – Energy harvesting system management, super capacitors.
Lumedyne Technologies, USA - Vibration Energy Harvester
HGS IMIT, Germany – Kinetic Harvester (mechanical, magnetic, piezoelectric)
Asahi Glass – Japan – photovoltaic nanodeposition
IMTEK Univ Freiburg, Germany- light, heat, movement, chemical energy harvesting
Brother Industries, Ltd. Japan
Perpetuum: technology spin-off from the University of Southampton (UK)
Sources:
Sebald, Gael; Pruvost, Sebastien; Guyomar, Daniel (2008). "Energy harvesting based on Ericsson
pyroelectric cycles in a relaxor ferroelectric ceramic". Smart Materials and Structures
Dr Eric Mounier (2012) - MEMS Markets and application- Focus on Wireless Sensor Networks & Energy
Harvesting.
Research and Markets - Energy Harvesting Materials – The road Ahead – www.researchandmarkets.com
Robert Thomas, Strategic Business Insights – Technology map: MEMS/Micromachining, 2011
Kyle M. Whitman, Strategic Business Insights - Technology map: Connected Homes, 2012
en.wikipedia.org/wiki/Energy_harvesting
Strategic Business Insights Smart Materials April 2013 Viewpoints Energy Harvesting: Market Progress?
Strategic Business Insights Smart Materials August 2010 Viewpoints Brother: packaging Energy
Harvesting
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Table n° 12 – Energy management systems (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Low power Wireless Standards
Emerging radio frequency solutions for managing power consumption, can be
easier to install and less expensive than wired systems. Sensors used for energy
monitoring, sometimes use wireless technology. Standards suitable for wireless
applications are critical for communications and the main Network interface
standards used in Wireless Sensor Network communications are:
‐ Bluetooth: an important standard for mobile phones, a wireless technology
standard for exchanging data over short distances (using short-wavelength
radio transmissions in the ISM band from 2400–2480 MHz) from fixed and
mobile devices.
Medium: RF;Maximum data rate 721 kbit/s (version1);2.1 Mbit/s (version 2);24
Mbit/s (version 3);200 kbit/s (version 4)
Range:10 meters typical; greater distances possible using increased transmit
power.
Remarks: the high data rate possible with Bluetooth requires a concurrent
802.11data link. Version 4 of the Bluetooth specification includes an ultra-lowpower mode-Bluetooth low energy-that has very low data rates
‐ CEBus or EIA-600: a communications protocol for home automation, suitable
for electronic devices to transmit commands and data; for utility interface and
light industrial applications, but product availability is poor.
Medium: RF, ACPL,TP,Coax,IR,RF,FO; Maximum data rate: 10 kbit/s (all
media). Range: not specified, but for in-home use on the order of 30 meters
Remarks: EIA IS-60 established the standards for CEBus
‐ LonWorks plays a significant role in electric-power meter reading and in
networked industrial applications. The platform is built on a protocol for
networking devices over media such as twisted pair, powerlines, fibre optics,
and RF. It is used for the automation of various functions within buildings such
as lighting and HVAC.
Medium: RF,ACPL,TP,Coax,IR,FO;Maximum data rate: depends on
implementation;typical maximum rates: 5.4 kbit/s for ACPL and 1.25 Mbits/s for
TP
Range: depends on data rate; typical application to serve a building
Remarks: worldwide standard complies with safety regulations of many nations
‐ Wi-Fi (IEEE 802.11) is a technology that allows an electronic device to
exchange data or connect to the internet wirelessly using radio waves.
Medium: RF; Maximum data rate: 11 Mbit/s (b version); 54 mbit/s (a, g, and j
versions)
Range: 30 meters typical; greater range possible using directional antennas or
using reduced bandwidth
Remarks: RF spectrum assignments vary in some countries
‐ Wireless USB is a short-range, high-bandwidth wireless radio communication
protocol. It is used in game controllers, printers, scanners, digital cameras,
portable media players, hard disk drives and flash drives.
Medium: RF;Maximum data rate: 480 Mbit/s
Range: 10 meters; Remarks: Wireless USB relies on WiMedia UWB
specifications
‐ ZigBee is a low-power, wireless mesh network standard developed as an open
global standard to address the needs of low-cost, low-power wireless M2M
networks. Targeted towards applications such as smart meters, home
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Uses or potential
uses
(demand
factors):
Current
level
of
development
(the
general state of the
art
of
the
technology):

Products in which it
is applied:

Other
related
technologies:
Prerequisites
/
Preconditions
(general constraints,
regulatory
factors,
required resources):
Synergistic
technologies:
Competing
technologies:
Players:

automation and remote controls, the ZigBee standard operates on the IEEE
802.15.4 physical radio specification and operates in unlicensed bands
including 2.4 GHz, 900 MHz and 868 MHz. Widely deployed in wireless control
and monitoring applications (illumination and temperature control for HVAC
systems and refrigeration).
Medium: RF; Maximum data rate:250 kbit/s. Range: 10 meters; greater range
possible using built-in mesh-networking protocol or lower bit rates RF power.
Remarks: ZigBee is for low cost, low-duty-cycle applications
‐ Z-Wave: designed specifically for control, monitoring and status reading
applications in residential and light commercial environments for low-power
applications such as basic home automation.
Medium: RF ;Maximum data rate: 40 kbit/s. Range: 30 meters; greater range
possible using built-in mesh-networking protocol.
Remarks: Z-Wave is for low-power applications such as basic home
automation.
Wireless sensor networks: environmental sensors, occupancy sensors, energy
vectors flow sensors. Smart Building Energy Management Systems (BEMS).

There is a competition to establish standards, and the cited standards will see a
different success in the market. ZigBee will probably make up about half of the
global home energy management market in 2014. New ultra-low power radio
technologies are needed, to consolidate and enhance the practical application and
usefulness of the devices for reliable long-term monitoring.
Applications concerning power and energy monitoring systems: Smart
energy/smart grid, AMR (Automatic Meter Reading), lighting controls, building
automation systems, HVAC control, wireless sensor network.
In other fields: medical devices, fleet applications, tank monitoring, Fleet
applications.
Sensor technology, Actuator technologies, User Interfaces Technology, Mobile
technology, Mobile computing
Many low power applications are constrained by critical key requirements: ultralow-power, low cost, and physical size. Energy consumption is one of the main
obstacles to the universal application of Wireless sensor networks.

MEMS Micro Electro-Mechanical Systems: see the TECHNOLOGY TABLE
Energy harvesting technology: see the TECHNOLOGY TABLE
Wired technologies: despite the promise of wireless technology, users cannot
avoid wiring in many circumstances (devices that need significant power must have
a power connection or batteries that need recharging).
Atheros (USA) is a leading developer of Wi-Fi chipsets and other wireless LAN
technologies for home and portable devices;
Cisco (USA) acquired Linksys a leading provider of home routers and wireless
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access points and manufactures wireless media adapters
D-Link (USA) is leader provider of home routers and wireless access points;
Honeywell (USA) is leading provider of commercial and residential climate-control
systems and provides network interfaces
Intel (USA) participates in standards groups, is leading maker of Wi-Fi
semiconductors
Netgear (USA) is major provider of wireless access points and sells wireless media
adapters
Osram Sylvania (Germany) is vendor of do-it-yourself home-automation products
and kits based on wireless technology from Zensys
Siemens (Germany) is a leading provider of DSL modems some of which include
integrated wireless routers
2Wire (USA) is leading supplier of integrated DSL modems that incorporate
wireless access points and firewall
ViewSonic (USA) is vendor of wireless access points, wireless media adapters and
wireless computer monitors
Zensys (Denmark): originator of Z-Wave wireless technology that competes
against the ZigBee standard.
Sources:
Strategic Business Insights – Connected Homes, 2012; Connected Homes July 2013 Viewpoints
http://www.zigbee.org/About/AboutTechnology/MarketLeadership.aspx
http://www.z-wavealliance.org/member_companies
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Table n° 13 – Energy management systems (Technology)
TECHNOLOGY TABLE
Technology name:
Short description:

Uses or potential uses
(demand factors):

MEMS Micro Electro-Mechanical Systems/micromachining
MEMS is a technology that combines computers with tiny mechanical devices
such as sensors, valves, gears, mirrors, and actuators embedded in
semiconductor chips. For instance they can provide real time information on
consumption and even on the prediction of consumption. They can be used as
the basis of: Process control systems for energy conservation systems in building
and industrial facilities. MEMS covers also many non-electromechanical systems
such as microfluidic, biological, chemical systems built on silicon, glass and
plastic substrates using technology involving micromachining, photolithography,
and thin film technologies. The size covered in MEMS also varies from
nanometre to millimetre.
MEMS sensor and actuator functions: from sensing (voice/sound;
motion/position;
pressure
monitoring)
to
actuating
applications
(projecting/receiving Light; RF related functions; managing fluids; emerging
MEMS: µ-Displays, MEMS, auto-focus actuators, IR sensing). Industrial
applications: the largest opportunity is likely to be in the current development of
Wireless sensor nodes and networks. Process control: micromachining is used in
producing pressure and flow sensors, mainly valves and regulators to control gas
and fluid flow (early uses in scientific measuring equipment).
MEMS include accelerometers, pressure sensors, micromirror array for projection
display and optical networks, etc.
Wherever there is a need for measurement or sensors, there is a usable
application for MEMS. The future of MEMS is integration of larger numbers of
diverse components into systems of increasing complexity.

Current
level
of
development
(the
general state of the art
of the technology):

Products in which it is
applied:
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Crossing the gap from development to industrialization is still challenging.
Consumer and mobile applications are the fastest growing areas for MEMS,
having a strong impact on many developments happening at the moment. MEMS
is still on dynamic growth path, targeting US$ 22.5B in 2018.
In 2020: MEMS part of ubiquitous sensor networks; Large scale integration with
other sensors, with processing power, with wireless link, with smart energy
sources
Energy: portable power, remote powering. Industrial: sensing and remote-plant
monitoring. Industrial applications for sensors are numerous, particularly in the
HVAC business and building automation.
HVAC: pressure and airflow sensors are finding their way into advanced HVAC
controls supplementing standard temperature sensors. Industrial-process control
requires a large number of pressure sensors, mass-airflow sensors, and
temperature sensors typically in the form of transmitter products in which the
sensor is part of a control system.
Gas flow sensors (flow metering: pressure and flow sensors), accelerometers
micro-valves, micro-pumps.
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Other
technologies:

related

Prerequisites
/
Preconditions (general
constraints, regulatory
factors,
required
resources):

Synergistic
technologies:

Competing
technologies:

Players:

MEMS-Based user Interfaces: the rapid growth in popularity of smart phones and
tablets has introduced consumers to new forms of interfacing with their devices
and increased their expectations.
Other products: ink-jet print heads, hard-disk-drive components and flat-panel
television and computer displays. Automotive: air bags. Consumer Electronics
and wireless devices: mobile phones and gaming consoles. IT and Computing.
Health-care and Pharmaceutical. Defence. Security.
Low power wireless standards: see the TECHNOLOGY TABLE
Wireless technology: networking of sensors and other microsystems is necessary
for use in the automotive industry, process control and building automation.
Synergistic developments in wireless networking technologies like ZigBee and
Zenzys and remote powering will be important for the success of MEMS sensors
for consumer applications.
Nanomaterials:
nanoparticles
can
increase
the
sensitivity
of
nanoelectromechanical systems (NEMS)-based sensors.
A key constraint for the adoption of MEMS components is cost. Other
preconditions are: ease of integration of micromachined components with the rest
of the system,(compatibility), high volume devices, high- quality devices for
specific uses. The effect of regulation is probably most marked in the sensor
industry, which is the most important market to date for micromachining
technology. Demand for many new MEMS sensors will likely be driven by new
government requirements in safety and security.
IC Technology: there is a similarity between the IC-manufacturing equipment and
the equipment used in micromachining, though micromachined components differ
from conventional ICs. This similarity has sped the development of silicon-based
microsensors such as pressure sensors and accelerometers.
SOI (silicon on insulator) Wafers for high temperature and low-power
consumption electronics applications have proved useful to the micromachining
business.
Packaging is a key technology for the development and commercialization of
MEMS devices representing about 80 % of the total cost of production of a
MEMS device.
Energy harvesting: piezoelectric microelectromechanical systems have been
proven to be an attractive technology for harvesting small magnitudes of energy
from ambient vibrations. This technology promises to eliminate the need for
replacing chemical batteries or complex wiring in microsensors/microsystems,
moving us closer toward battery-less autonomous sensors systems and
networks.
MEMS is an important enabler for some energy-harvesting devices, just as
energy harvesting is one potential enabler for powering MEMS.
E.g. self-powered MEMS sensor modules installed in residential, commercial,
distribution and transmission electrical circuits for measuring electrical quantities
such as current, voltage and instantaneous power are on study
Nano Electro-Mechanical Systems o NEMS: new nano particle-based MEMS
sensors will be probably available for health–care and environmental-monitoring
applications.
Many infrastructure projects call for embedding sensors into smart bridges, smart
building and smart grids based on MEMS or nanoparticles on MEMS
Nanotechnology. New nanomaterials.
No-micromachining/conventional technologies: in many applications conventional
approaches are still sufficient.
Akustica Inc. Germany
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Amkor Technology, USA
Analog Devices USA
Asia Pacific Microsystems Inc. Taiwan
Avago Technologies USA
Borealis Technologies Ltd. Gibraltar
Robert Bosch, Germany
Cavendish Kinetics BV, Netherlands
Colibrys SA Switzerland
DALSA Semiconductor, Canada
Discera Inc. USA
Denso Corporation, Japan
GE Sensing, USA
Hewlett Packard, USA
Honeywell USA
IBM Corp. USA
IDT Inc. USA
Infineon Technologies Germany
Innovative Micro Technologies Inc. USA
Kionix Inc. USA
Kuite Semiconductor products, USA
Knowles electronics, USA
LG Electronics Korea
Measurement Specialties Inc., USA
MEMSCAP S.A. France
MEMTronics Corp. USA
Micralyne Inc. Canada
microfab service, Germany
MicroStrain Inc., USA
Moog Crossbow Inc.USA
Murata Manufacturing Co., Ltd. Japan
Nagano Keiki Co., Ltd.,Japan
Nanostructures Inc., USA
Omron Corp.,Japan
Panasonic Corporation Japan
Qualtré Inc.,USA
Radant MEMSInc. USA
Sagem, France
Samsung, South Korea
Sand 9 Inc. USA
Seiko Epson corporation, Japan
Sensata technologies, USA
Sensonor technologies AS,Norway
Silicon Light machines Inc. USA
Silicon microstructures, Inc. USA
Sony Semiconductor Kyusyu, Japan
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SRI international, USA
STMicroelectronics, Switzerland
Taiwan Semiconductor Manufacturing Company, Taiwan
TDK Corp. Japan
Texas instruments, USA
Tower Jazz, Israel
Tronics Microsystems SA, France
United microelectronics corporation, Taiwan
Vectron International, USA
VTI technologies Oy, Finland
X-Fab Semiconductor Foundries AG, Germany
WiSpry, Inc. USA
Yokogawa Hokushin Electric Corp. Japan
Sources:
Self-powered MEMS sensor module for measuring electrical quantities in residential, commercial,
distribution and transmission power systems, Paprotny, I. Leland, E. ;Sherman, C. ;White, R.M.;Wright,
P.K IEE- 2010
Strategic Business Insights, MEMS/Micromachining 2011; Viewpoints 2011. MEMS/Micromachining
Viewpoints 2013
Status of the MEMS Industry 2013 Yole Développement
MEMS Markets & Applications Focus on Wireless Sensor Networks & Energy Harvesting Dr. Eric Mounier
MEMS Senior Analyst, Yole Développement, 2012
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4. Conclusions and recommendations
The increase of energy efficiency and energy savings at lower cost than is today could be
achieved by the use of new building and energy technologies and materials. Obviously, new
and innovative materials and technologies will play an important role in saving energy. To
develop new technologies into market available products and achieve their commercialisation,
appropriate policies will be required along the entire market maturity path. Such policies are
essential to encourage the development of innovative technologies by fostering research and
development (R&D), case studies and market incentives, and by making system benefits
visible, e.g. through pilot actions.
The risk of investing in cutting-edge technologies and related R&D could be reduced by
governmental sponsorships. Government R&D priorities should be determined in consultation
with industry leaders, as an industry perspective can increase the chances that governmentsponsored or supported R&D innovations will ultimately make their way into commercial
products.
For energy-efficient technologies and solutions to become standard practice, more work is
needed to reduce costs and increase performance so that more cost-effective applications are
available on the market. Today, especially in more mature markets, most advanced
technology alternatives are cost-effective over a long-term investment period but require
greater initial capital financing. Reducing this cost and increasing annual savings that result in
a greater overall improved return on investment will enable greater market uptake of
advanced solutions.
As a rule most advanced energy efficient products or technologies are beginning to enter the
market in various niche applications. Cost is often a primary barrier to greater application and
in some cases there are also concerns about long-term performance. There also is a lack of
knowledge about innovative applications, and detailed design guidelines are limited. Greater
effort is needed to highlight applications that are viable in market terms.
Infrastructure and human capacity have to be built as well. There is a large array of technical
requirements to enable the installation of more energy efficient building systems. Skilled
labour is essential to promote energy efficient building policy, conduct tests, install new
products and systems, conduct inspections and ensure compliance. Workforce development
programmes and qualification schemes for building energy related systems practitioners is to
be developed. It is also vital to make available general education materials such as guidelines
or best practice codes. Effective policy will articulate the benefits beyond energy efficiency
such as job creation, energy security, lower CO2 emissions and less pollution.
Obviously, public authorities (governments) and industry need to pursue energy technology
innovation through a number of parallel and interrelated pathways, because most new
technologies will require, at some stage, both the “push” of research, development and
dissemination as well as the “pull” of market deployment.

310 / 313

Worldwide Energy Efficiency Technology Roadmap

5. References
Technology Roadmap, Energy efficient building envelopes, IEA, 2013
Technology Roadmap, Energy storage, IEA, 2014
Technology Roadmap, Solar Heating and Cooling, IEA, 2012
Technology Roadmap, Energy Energy-efficient Buildings: Heating and Cooling Equipment, IEA, 2011
Thermal Energy Storage, Technology Brief E17, IEA-ETSAP (Energy Technology Systems Analysis
Programme) and IRENA, 2013
Strategic Research Priorities for Cross-cutting Technology, RHC Platform, 2012
Strategic Research Priorities for Solar Thermal Technology, RHC Platform, 2012
Planungsleitfaden Solare Kühlung, Fraunhofer ISE, 2013
i
http://glassx.ch/index.php?id=577
ii
http://glassx.ch/uploads/media/2013_GLASSX_en_ISO.pdf
iii
http://glassx.ch/index.php?id=5733
iv
http://www.glassxpcm.com/products/glassx-crystal/
v
http://glassx.ch/index.php?id=571
vi
http://glassx.ch/uploads/media/2013_GLASSX_en_ISO.pdf
vii
http://www.greenliteglass.com/products/energy-saving-glass/glass-x-crystal.html
viii
http://www.commercialwindows.org/lowe.php
ix
http://www.pilkington.com/europe/uk+and+ireland/english/products/bp/bybenefit/thermalinsulation/ener
gikare/what-is-energikare/low-emissivity+glass.htm
x
http://www.pilkington.com/Europe/UK+and+Ireland/English/Products/bp/bybenefit/thermalinsulation/kgl
ass/product-range/k-glass/default.htm
xi
http://www.pilkington.com/Europe/UK+and+Ireland/English/Products/bp/bybenefit/thermalinsulation/kgl
ass/product-range/k-glass-ow/
xii
http://www.pilkington.com/europe/uk+and+ireland/english/products/bp/bybenefit/thermalinsulation/optit
herm/default1.htm
xiii
http://www.pilkington.com/europe/uk+and+ireland/english/products/bp/bybenefit/thermalinsulation/ene
rgikare/default.htm
xiv
http://www.pilkington.com/europe/uk+and+ireland/english/products/bp/bybenefit/thermalinsulation/ene
rgikare/energikare-range/triple/default.htm
xv
http://www.pilkington.com/assetmanager_ws/fileserver.aspx?cmd=get_file&file_id=1102&digest=q5Kp
sSOHBdFyn4F9KuWCGg==&ct=pdf
xvi
http://www.pilkington.com/europe/uk+and+ireland/english/products/bp/bybenefit/thermalinsulation/spa
cia/default.htm
xvii
http://uk.saint-gobain-glass.com/product/669/sgg-planitherm
xviii
http://uk.saint-gobain-glass.com/product/791/sgg-planitherm-total
xix
http://ememento.saint-gobainglass.com/app/webroot/img/assets/19/products/pdffiles/19_1368697090_1.pdf
xx
http://uk.saint-gobain-glass.com/product/798/sgg-planitherm-ultra-nnii.
xxi
http://ememento.saint-gobainglass.com/app/webroot/img/assets/19/products/pdffiles/19_1368706106_1.pdf
xxii
http://www.agcglasstools.com/Category.aspx?id=410
xxiii

http://www.pilkington.com/europe/uk+and+ireland/english/products/bp/bybenefit/solarcontrol/default.htm

311 / 313

Worldwide Energy Efficiency Technology Roadmap

xxiv

http://www.pilkington.com/europe/uk%2Band%2Bireland/english/products/bp/bybenefit/solarcontrol/s
uncool/default.htm
xxv
http://www.pilkington.com/northamerica/USA/English/products/bp/bybenefit/solarcontrol/eclipsegold/literature.htm
xxvi

http://www.pilkington.com/europe/uk%2Band%2Bireland/english/products/bp/bybenefit/solarcontrol/ecli
pseadvantage/default.htm
xxvii

http://www.pilkington.com/europe/uk%2Band%2Bireland/english/products/bp/bybenefit/solarcontrol/sola
r-e/default.htm
xxviii
http://www.pilkington.com/northamerica/USA/English/products/bp/bybenefit/solarcontrol/optfloattint/literature.htm
xxix

http://www.pilkington.com/europe/uk%2Band%2Bireland/english/products/bp/bybenefit/solarcontrol/insu
lightsun/default.htm
xxx
http://uk.saint-gobain-glass.com/commfunction/265/372/solar-control
xxxi
R. Baetens, B. P. Jelle, A. Gustavsen. Properties, requirements and possibilities of smart windows
for dynamic daylight and solar energy control in buildings: A state-of-the-art review. Sol. Energy Mater.
Sol. Cells 94 (2012) 87−105.
xxxii
http://www.commercialwindows.org/electrochromic.php
xxxiii
http://sageglass.com/
xxxiv
http://www.econtrol-glas.de/en/econtrol-minusglass/econtrol-live/about-econtrol/
xxxv
http://www.gesimat.de/
xxxvi
http://www.gesimat.de/data/produktinformation-ec-kl.pdf
xxxvii
http://www.lbl.gov/Science-Articles/Archive/sabl/2007/Jan/Advance-EC-Windows.pdf
xxxviii
http://www.smartglassinternational.com/electric-switchable-glass/
xxxix
http://www.seriousenergy.com
xl
http://www.visionwall.com/#home
xli
http://www.spdcontrolsystems.com/spdglass.htm
xlii
http://www.ecobuildingstore.ca/sites/default/files/Passive%20House%20Package.pdf
xliii
http://btus.lbl.gov/sites/all/files/lbnl-5304e_0.pdf
xliv
http://www.smartglassinternational.com/spd-smartglass/
xlv
M. Kamalisarvestani, R. Saidur, S. Mekhilef, F.S. Javadi, Performance, materials and coating
technologies of thermochromic thin films on smart windows, Renewable and Sustainable Energy
Reviews, Volume 26, October 2013, Pages 353-364, ISSN 1364-0321,
http://dx.doi.org/10.1016/j.rser.2013.05.038.
xlvi
http://suntekllp.com/18.php
xlvii
http://www.ravenbrick.com/what-are-smart-windows/how-it-works/
xlviii
http://www.pleotint.com/index.html
xlix
http://www.pleotint.com/technology-explanation.html
l
A. Seeboth et al. Thermotropic and Thermochromic Polymer Based Materials for Adaptive Solar
Control. Materials 3 (2010) 5143-5168.
li
T. Inoue et al. Thermotropic glass with active dimming control for solar shading and daylighting.
Energy and Buildings 40 (2008) 385–393.
lii
http://www.thermotropic-polymers.com/content/dam/thermotropekunststoffe/de/documents/Solardim_ECO_Seeboth_EN_2012.pdf
liii
http://www.thermotropic-polymers.com/content/dam/thermotropekunststoffe/de/documents/Solardim_ECO_Seeboth_EN_2012.pdf

312 / 313

Worldwide Energy Efficiency Technology Roadmap

liv

http://www.tilse.com/tilse/en/glas/solardim-eco.php
http://www.iap.fraunhofer.de/en/Forschungsbereiche/Funktionale_Polymersysteme/chromogene_poly
mere/thermotrope_hydrogele.html
lv

lvi

http://www.ibp.fraunhofer.de/en/Product_Development/Thermotropic_sunshadingsystem.html#tabpanel
-2
lvii
http://www.ise.fraunhofer.de/en/areas-of-business-and-market-areas/energy-efficientbuildings/facades-and-windows/glazing/photochromic-windows
lviii
http://www.pilkington.com/products/bp/bybenefit/solarenergy/tec/default.htm
lix
http://www.pilkington.com/products/bp/bybenefit/thermalinsulation/optifloatclear/default.htm
lx
http://www.pilkington.com/products/bp/bybenefit/solarenergy/applications/thin+film+photovoltaics.htm
lxi
http://www.pilkington.com/products/bp/bybenefit/solarenergy/applications/crystalline+silicon+photovolt
aics.htm
lxii
http://www.onyxsolardownloads.com/docs/OnyxSolar-Corporate-Brochure-BIPV-Bureau-EN.pdf
lxiii
http://www.pilkington.com/products/bp/bybenefit/solarenergy/default.htm
lxiv
http://www.pilkington.com/products/bp/bybenefit/solarenergy/tec/literature.htm
lxv
http://www.ppg.com/en/solutionbyindustry/energy/solar/Pages/default.aspx
lxvi

http://www.ppg.com/en/solutionbyindustry/energy/solar/Documents/FinalSolarphirePVproductdatasheet
.pdf
lxvii

http://www.ppg.com/en/solutionbyindustry/energy/solar/Documents/SolarTCODatasheetdraftFINAL.pdf
lxviii
http://www.abakussolar.com/fileadmin/user_upload/Datenblaetter_Module/a2peak/PeakIn_P210_60_Factsheet_2010_en
glish.pdf
lxix
http://www.voltarlux.de/index.php?clang=1
lxx
http://www.pilkington.com/assetmanager_ws/fileserver.aspx?cmd=get_file&file_id=1955&digest=swsr/
ZQ6yfZ7d6AYGKqBLQ==&ct=pdf&file_name=EclAdvUS.pdf

313 / 313

