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6.5 Shallow ground heat storage with surface
insulation

Main features of the concept

Coupling solar panels and a heat pump with a pipe
system merged into the ground under the building,
either warm or cool exergy can be stored and then
released to the building itself (see Figure 6.13).

By covering large ground surface areas with insula-
tion of sufficient thermal resistance the heat loss from
the storage will be closer to the solution for a semi-
infinite solid heated on the surface. Such storage will
be favourable compared to a single borehole, espe-
cially when heat is supplied and extracted by the
heat carrier in an annual cycle. The aim is to com-
bine such an annual storage with solar collector and
a low-exergy heating system in order to minimize
the use of high quality energy for heating and/or
cooling. The energy carrier can be as an example
air in ducts or in a gravel bed or a fluid in pipes with
high conductivity flanges.

Competitiveness

The cost for a 120 m borehole is in the order of
magnitude of 10,000 €. The cost for 200 m? of 400
mm EPS insulation is in the order of magnitude of
4,000 € Under a new building some insulation is
anyhow needed for the ground floor and such a
thick insulation can also be used to provide forms for
casting the ground plate in a most rational way.
When the pipes are laid into the ground there is also
the possibility to introduce elements for enhanced
transversal heat flow from the pipes to the surroun-
ding masses.

The possibility fo store energy on an annual basis is
also not redlistic for a single borehole. However, in
the case that energy is only extracted without any
recharging, the borehole could be preferable.

Side effects

Positive side effects are the possibility of providing
heating and cooling with a low exergy demand, the
reduced heat loss to the ground and a lower risk for
frost while on the other side special care will proba-
bly be needed for moisture from the ground.

Still to be accurately, the environmental feasibility,
with particular concern to global climate, local cli-
mate, health and comfort, as well as the effects of
the changed conditions for vegetation on top of insu-
lation and the costs of the increased use of insulating
material compared to normal foundation and a dril-
led borehole are evaluated.

Another important issue for this solution to take into
account is the auxiliary power for the energy carrier.

Performance analysis tools

Applications for linear systems with constant flow
and for non-linear systems where the magnirude
and direction of the flow of the energy carrier can
be varied with time have been developed in the FEM
environment COMSOL Multiphysics.

Simulation studies

Studies have been carried out for a constant flow
system and a system with variable flow of the ener-
gy carrier (Lazzarotto, 2008). Figure 6.14 shows
results from simulations with airborne solar heaters
connected fo a 60 m air duct. After the duct, heat is
extracted to provide a source for heating and DHW
in a single family house. The flow has been varied in
time and recirculated in the duct when feasible. The
minimum outlet from the duct is 15-20 °C in winter.

Planned further activities

A two year project for field testing has been granted
to KTH Building Technology (Sweden) and in anot-
her project the plan is to use such storage to provi-
de low-exergy heating to cultural buildings where
additional insulation or other refurbishment measu-
res are not an option.

Present evaluation statement (2008-09)
Simulations of a ground storage coupled to a solar
collector system and a house heating system has
indicated that the storage temperatures can be kept
above 20 °C in the coldest month (J6hannesson,
Lazzarotto, 2008; Lazzarotto, 2008; Noguera,
2007), even in Nordic climates (Stockholm). The
system could provide direct heating for a large part
of the year and then be combined with a heat pump
working under favourable conditions for supplying
heating for the coldest month and the additional
heat for the domestic hot water.
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Figure 6.14: Temperatures in a yearly simulation. The purple line shows the outdoor air temperature. The
blue and red lines display respectively the temperature of the air flowing in and out from the ground stora-
ge system.
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6.6 Exergy recovery from wastewater in small
scale integrated systems

Main features of the concept

In order to create a truly low exergy building the
sources of unnecessary exergy consumption must be
eliminated. These include the exergy consumed by
warm air being released to the external environ-
ment, as well as the warm water. Recovery systems
for exhaust air are already common, but wastewa-
ter is overlooked. Most well insulated high perfor-
mance buildings now have nearly half of their heat
demand coming from hot water production. In the
described system a recovery system is being analy-
sed to maximize the potential of warm wastewater
to augment the performance of a heat pump. The
heat from showers and other hot water demands is
captured at the highest possible temperature and
used fo reduce the temperature lift needed for the
heat pump to produce hot water. Thereby a low lift
compressor can be used in the production of both
low temperature (LowEx) space heating as well as
for hot water production that requires a higher pro-
duction temperature, but now receives a higher
source temperature. The concept is diagrammed
below and the potential change in COP is demon-
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strated in the T-S diagram (see Figure 6.15). This
diagram displays the absolute temperature [K] and
the specific entropy [J/kgK] in the y-axis and x-axis
respectively.

Competitiveness

A public-private partnership is under development
through the Swiss Office for Innovation between the
ETH Zurich (Switzerland) and Geberit AG. Geberit
is the largest sanitary product manufacturer in Euro-
pe and will be able to bring the concept info fruition
as an actual product that will be widely available
through Geberit's extensive market share. The con-
cept is also unique in that there are very few pro-
ducts for domestic wastewater heat recovery readily
available at the scale being studied. The use of exer-
gy also has the advantage of optimizing the system
such that the maximum quality energy is recovered,
providing the most benefit to an integrated heat
pump system.

Side effects

As a part of the system design, new technologies are
being implemented simultaneously at Geberit. This
includes new flushing mechanisms for rapid opera-
tion of the system. Also systems to help very low flow
flushing systems that have proper drainage are hel-
ped by the batch flushing process in this system,
along with ideal integration with new greywater
separation and efficiency improvements.

The heat exchanger used to extract heat also allows
Geberit to expand into simple systems for heat reco-
very, such as those that simply preheat incoming
water before it is heated in the hot water system
instead of a complete integrated low exergy system.
This allows for more simple retrofits to become an
option as well.

This research is also being done in collaboration
with the Technical University of Lucerne in Horw
(Switzerland). There the creation of new low tempe-
rature lift heat pumps with innovative compressor
technologies is being researched.

Proper protection will have to be maintained to
avoid any possible cross contamination in the
system. Also, bacterial build-up and fowling of the
system could increase the likelihood of maintenance
issues and will be important to consider in the initi-
al design.

Performance analysis tools

The performance is evaluated using data for hot
water usage over a year. A simulation tool has been
developed at the University of Kassel (Germany) that
can generate hot water usage data for a variety of
uses. The inputs are taken from realistic statistical



data for hot water usage to generate a random, but
statistically accurate data set. This data set is input
into a Matlab model of a heat exchange tank. The
tank is optimized for different heat exchanger fluid
flow rates and tank sizes and shapes in order to
maximize the exergy captured.

Simulation studies

Initial results from the model for a hot water usage
profile based on statistics from the USA for a four
person home are shown in Figure 6.17. This shows
the exergy extracted over the course of the year in
solid line and the energy extracted in dotted line ver-
sus the flow rate through the heat exchanger (see
Figure 6.17). When studying exergy, there is an
optimal point at about 1.5 |/min, whereas energy
analysis does not provide a clear optimum. This was
also found to be true for the tank size, giving 400 |
as optimal.

Demonstration projects

The first system will be built into the project at Bolly-
strasse 35 in Zurich. This project is managed by
Prof. Dr. Hansjiirg Leibundgut who leads the Buil-
ding Systems group at the ETH Zurich where this
research is being carried out. The project will con-
tain other low exergy systems that are being resear-
ched and optimized in the group (Balini et al.,
2007). The building, rendered in the Figure 6.18,
will be a four flat apartment complex with an office
on the first floor. It will be built over an existing old
water storage tank from the city, providing an infer-
esting 4 m high space to do further experiments on
building systems. The project will begin construction
in 2010 and be finished in 2011.

Monitoring results

The pilot project above will be actively monitored for
performance of the system, as it will be one of the
first implementations. This will include the monito-
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ring of the borehole heat pump system, the low exer-
gy heating, the decentralized ventilation and centra-
lized exhaust recovery, as well as the wastewater
heat recovery. This will also serve the purpose of
giving Geberit data to finalize and upgrade their
product specifications.

Figure &.18: Rendering of the monitoring building.

Planned further activities

The implementation and evaluation in the Bollystras-
se 35 building in Zurich will take place as stated
above. The theoretical approach and analysis will
be expanded and the model improved. The analysis
will be evaluated in conjunction with Geberit to
design a product or product line. The theoretical
research have been presented at conferences in the
fall of 2008 to gather input from experts and to
discuss future work (Meggers, Baldini, 2008; Meg-
gers, 2008; Meggers, 2008a). The final design and
analysis will be submitted for publication in a rele-
vant peer reviewed journal and used as a part of the
PhD thesis of Forrest Meggers.

Internet sites
www.gt.arch.ethz.ch
www.viagialla.ch

www.geberit.com

Energy (Kwhfy)

- - - - 500
a 7 a o w0

Heat exchanger volumetric flow (I/min)

Figure 6.17: Exergy and energy flows.
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6.7 Innovative configuration for cooling purposes:
series design for chillers

Main features of the concept

Although o few companies supply chilled water at
two temperatures, the industry standard design is to
provide a single temperature chilled water supply.
Water cooled chillers are normally configured with
evaporators in parallel and condensers in parallel.
The supply to return temperature differential for both
evaporator and condenser water chiller flows is typi-
cally between 5.6°C and 6.7°C. The industry large
scale chiller plants average approximately 0.267
system kWjeepic/ choohng at 24.2°C ambient tempe-

rature.

The improvement potential achievable with an inno-
vative chiller design consisting on a series connec-
tion of several chillers is investigated here.

Figure 6.19 shows schematically the conventional
design (left) and the innovative configuration propo-
sed here (right). Temperature levels assumed for the
performance of both designs are also shown in the
diagram. Ideal exergy efficiencies for both configu-
rations amount 8.33 and 12.14 respectively. This
represents an improvement of 47%.

Demonstration projects
Such an innovative configuration has been checked
for the cooling supply of a production plant in

Malaysia (Solberg 2010).

In the innovative configuration chilled water is supp-
lied at 7.2°C and 13.3°C with a common return with
11.1°C temperature differential. The design consists
on eight centrifugal refrigeration compressors in
series and has four condensers in series for a tem-
perature differential of 8.3°C. The forecasted electri-
cal energy demand for the chillers is then reduced
from the conventional value of 0.267 system
I(v\/e|e<:tric/choohng to O] 35 I(v\/e|e<:tric/choohng at

24.2°C ambient air temperature.

Increasing the chilled water temperature differential
reduced the total flow of chilled water by 50%, mea-
ning pipes, pumps, and valves were much smaller.
A conventional design for the particular case of the
investigated production plant required 27 pumps;
the innovative design, in turn, required 9 pumps.

In the production facility studied the innovative con-
figuration represents an improvement on the overall
exergy efficiency of the production plant from 0.249
to 0.293.

Conventional vs. Advanced Cooling System Design

Condenser
Condenser Water
T Water T, AT 8.4°C T,
rs8'c . 406°C _‘H 406°c ,H
. AT 5.6°C 85°CTH 385°c Ty
o 4 4
322°C S TH 36.4°C TH
' T 4 T
: | | 343°c H 33'c H
w=833  w=12,14 -
322°C 32.2°C
. Chilled -
W 1 Water 2'C
| sac DT58°C 193°C
T T |
L L 17.5°C T
TL 15.7°C ¥
i 1aec 4
L 1200¢°
L T 105°C ')
Condenser L B9C
Chilled Water T 72
Evaporator AT 13.8°C L

Figure 6.19: Conventional parallel configuration of chillers for cooling energy supply (left) and innovative

series configuration for high efficiency cooling supply (right).



6.8 Condusions

Buildings have rather low exergy demand compared
to their energy demand, i.e. the exergy content of
the energy demand is as stated above quite low. The
desirable situation in buildings would be to have low
exergy sources available, which are seldom encoun-
tered. Available energy sources are mostly of high
quality and the mismatch between the quality of sup-
ply and demand results in unnecessary exergy
destruction and low overall exergy efficiencies.
Large exergy savings can be obtained by reducing
the exergy demand in building and supplying it with
a proper energy cascading, which can be cost effi-
cient at a community level (see chapter 7). The pre-
vious case studies show that a decrease of the exer-
gy consumption for heating and cooling processes
in buildings is possible with current technologies,
such as heat storage and heat recovery systems.
Also, the use of cooling technologies such as evapo-
rative and desiccant cooling has the potential to
lower the use of electricity, which is energy with high
exergy content, in buildings. The exergy optimiza-
tion at building level is anyhow the first prerequisite
to be obtained towards the exergy reduction at the
community level.
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The exergy optimization of a complex system such
as a building is not a straightforward process. Seve-
ral processes co-exist and need to be considered at
the same time, making it a parallel rather than a
serial process. As such, a decision that has a positi-
ve impact on one of the processes may have negati-
ve effects on other ones. Similarly, an improvement
on a component can be counterbalanced by an
unfavourable choice in another one. Therefore, a
holistic analysis, considering all components and
steps of energy supply in buildings is required.

However, as Figure 6.20 illustrates, exergy analysis
shows optimization points that may not be found by
a mere energy analysis. This is due to the possibility
of considering the different forms of energy accor-
ding to their thermodynamic value in the calculation
of the exergy demand. The main purpose of exergy
analysis in buildings is to show where the major
exergy losses are located and to reduce them. The
reduction of the exergy losses has a greater potenti-
al for so called energy savings. It is in fact possible
to act on the energy demand, for instance by incre-
asing the insulation of a building and reducing the
required heat emission temperature, but also on the
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energy supply, by matching exergy supply and
demand, which a mere energy analysis doesn’t dis-
close.

To illustrate the effects and the connections of varia-
bles and parameters involved in the process of mini-
mizing the exergy consumed in a building, some of
the most important have been listed and connected

in the Figure 6.20.

Heating & cooling

The exergy approach can reveal its potential to
improve the energy use in buildings if all the related
processes are considered. Usually, to reduce the use
of energy very much attention is paid on generation
systems. The replacement of a conventional boiler
with a condensing boiler or a heat pump often gives
clear improvements in the energy use, due to higher
conversion efficiency.

The scheme in Figure 6.20 stresses the importance
of the generation system in the building climatiza-
tion process but it also underlines how the choice of
a generation system should be dependent on the
emission system. A floor heating/cooling wouldn't
perform exergetically better than a radiator if cou-
pled with a traditional boiler. Much better perfor-
mance is expected from such a system working with
a heat pump. Coupling the different systems must be
done carefully taking into consideration the charac-
teristic performance curves of every system.

Control strategy

The exergy performance of a climatisation system is
deeply influenced by the control system and strate-
gy- The opportunities given by the wireless networks,
cheaper and more reliable than in the past, pave the
way to a radical change in the way systems are con-
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Figure 6.21: Daily building heating and cooling
load for a massive and a lightweight construction

building (Rinaldi 2009).

trolled. Wireless sensors can measure parameters
such as temperature and humidity and detect pre-
sence. As wireless sensors have long stamina, there
is no need to have them connected to the plug and
thus they are suitable for retrofitting of buildings.
Energy wastes due to empty buildings heated
because of scheduling strategy can be largely redu-

ced.

Moreover, a predictive control strategy could further
improve the energy use in buildings. Data gathered
from indoor and outdoor sensors can be merged
with the characteristic parameters of the building
envelope (such as response factor) and of the hea-
ting system (efficiency vs. load factor for boilers or
COP vs. temperature for heat pumps) to have them
working in the highest performance conditions to
comply with the desired effect (i.e. the comfort con-
ditions in the expected time when the room is occu-
pied). The more integrated the control system to the
heating/cooling system and the building envelope
is, the more efficient the energy management results.

Building shell/envelope

The characteristics of the building shell have
undoubtedly a strong influence on the exergy
demand and consumption of the building itself.
Parameters such as insu|cﬁon, thermal mass and
window performance, whose choice is determined
by the climate conditions (temperature distribution
over the year, distribution and intensity of solar radi-
ation — both as heat gains and daylight), firstly
determine the response of the building to the exter-
nal varying conditions. A smart choice of the ther-
mal mass can let the temperature oscillate within the
comfort range, especially in temperate mid-seasons
when the temperature varies closely to the comfort
limits therefore cutting down the energy for heating
and cooling (see Figure 6.21).

Thermally activated building components such as
hollow core systems give the advantage of increasing
the depth at which the energy is stored, that is equi-
valent to say that a larger quantity of mass stores
energy. This has positive effects on the thermal stabi-
lity of the building but needs to be accurately accoun-
ted for when dealing with the control strategy.

The charge/discharge of the thermal mass can be
then done by means of mechanical ventilation, inste-
ad of active heat generation components. This incre-
ases the use of electricity consumed for heat circula-
tion but on the other side exergy for heat conversion
is saved. Which is the most profitable choice
depends, among the other factors, on the tempera-
ture profile, the type and use of the building, the
heat vector and the active components.



Storage and environmental conditions

Storage systems can influence directly and indirect-
ly the exergy consumption in the building. The pos-
sibility to store energy can reduce the exergy direct-
ly destroyed in the generation system by partially
replacing the exergy supplied or by increasing the
performance of active systems such as the genera-
tion system. As an example, we may consider the
cooling demand met by using directly the cooling
energy accumulated during the cold season or using
this storage system as a sink for improving the COP
of a chiller (see Figure 6.20).

The most limiting feature of the renewable sources is
their availability in time while exergy and energy
demand in buildings have a more defined trend.
Those energy sources, such as solar power, are scar-
ce in winter time at higher latitudes (like in Scandi-
navian countries) when they would be very much
needed to cover the heating demand. Still, throug-
hout the year there is enough radiation to virtually
cover the energy demand of buildings. A seasonal
storage unit would make it possible to put to use
renewable sources or waste energy from other pro-
cesses that may be available.

Economy

All those technical considerations have to face the
main decision driver, which is the economical feasi-
bility, which in Figure 6.20 is graphically connected
to all technical fields, as it has a fall-out effect on alll
of them. The challenge is to apply the most cost-
effective solutions and to make them market-appea-

ling.

Also, it has to be kept in mind that due to the long
term life span of buildings an investment which
nowadays has insufficient competitiveness can be
financially rewarding in a close future due to the
quickly changing prices of energy.

As a final remark, some conclusions can be drawn
from this chapter:

* There is not a unique way to design or optimize a
building: waste heat, renewable energies and sto-
rage systems are to be used together and linked.

e Exergy approach is a powerful tool to analyse
and optimise but solutions are to be found accor-
ding to the local conditions, sources availability
and technical and economical feasibility.

® Technical feasibility is an essential point in deci-
sion making. What can currently be seen as a
state of the art solution (solar panel for heating)
can in future be much less appealing or competi-
tive due to the improvements of collecting techno-
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logies that may allow the exploitation of the sour-
ces closer to the theoretical maximum.

* The definition of a reference state and the theore-
tical maximum values, though making the analy-
ses more complex, has the advantage of giving a
more accurate description of the variables and
phenomena.

2This case study has kindly been submitted fo the ECBCS
Annex 49 working group by Xiaoyun Xie and Yi Jiang from
Tsinghua University (China) as guest participants.

%This case study has been kindly submitted to the ECBCS
Annex 49 working group by Xiaoyun Xie, from Tsinghua
University (China] as guest participant.

“This case study was kindly submitted to the ECBCS Annex
49 working group by Tamds Simon from the Budapest Uni-
versity of Technology and Economics, Budapest (Hungary)
as guest parficipant.

*This case study was kindly submitted to the ECBCS Annex
49 working group by Tamds Simon from the Budopest Uni-
versity of Technology and Economics, Budapest (Hungary)
as guest parficipant.
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7. APPLICATION OF THE EXERGY APPRO-
ACH TO COMMUNITY CASE STUDIES

Managing energy supply and costs within a commu-
nity requires that community to have a vision for its
future development. Plans and strategies for develo-
ping energy supply structures for communities would
incorporate the development of programs and pro-
jects that create resilience within the community and
thereby a resistance to the impact of energy market
fluctuations.

In this chapter several community case studies which
have decided to go through such a planning process
and implemented development projects to modify
their energy supply structures are presented. Table
7.1 shows an overview of the community case stu-
dies included in this chapter. Besides a general des-
cription of the community and the innovative supply
systems used, the relevance of the deployed techno-
logies as “LowEx” systems is explicitly stated for
each case.

Prior to the case studies a general introduction on
the community scale is given. Here, the concept of
community as used in this report is introduced, follo-
wed by some words on the operation and develop-
ment of community supply structures.

The Community

Interestingly the term “community” is commonly used
with apparent disregard for a consensus on its mea-
ning. Here, the term community refers to a predeter-
mined study area over which the decision-makers
have authority or influence. For a City Hall this may
be an entire municipality, although the evaluation of
an entire city might be complex or unwieldy: it could
also be a more modest development such as a
downtown rejuvenation project. To enable categori-

Table 7.1: Summary of community case studies.

sation of demands the study area should be hetero-
geneous in its design and contain a mixture of buil-
ding types with a variety of energy uses and
demand profiles. Such mixtures could include such
properties as residential, commercial, retail, institu-
tional, and even industrial uses.

Figure 7.1 shows a scheme for the energy and exer-
gy supply and interactions of a community system
(Solberg, 2010). The dashed line represents the
boundary enclosing the community, characterized
as energy system. Respectively, energy and exergy
inputs and outputs can be found in the diagram.

The planning and decision making process

Figure 7.2 suggests that change in energy use pat-
terns within a community may be initiated at a varie-
ty of levels. At each level the decision-makers are
different. The simplest change is often at the level of
the end-user. For example a manufacturer might
improve the efficiency their refrigerators, his cars or
light bulbs. Each end-user would purchase this new
product based upon anticipated cost savings, but for
significant savings to be made, the number of end-
users purchasing this new product must be large.

On the other hand, @ change in energy fype at the
system level would involve fewer stakeholders and
theoretically should be easier to initiate, but it would
require increased investment. For example, a simple
cycle plant might decide to recover its waste heat
and employ this within a district energy system,
displacing oil heating in community buildings. At the
community level, this change would likely be the
expensive but also environmento”y the most far rea-
ching of the dlternatives. It is at this level of change
towards which the community case studies present-
ed in this chapter are oriented fo.

community country LowEx highlights

Alderney Gate | Canada Sea water cooling coupled with borehole thermal energy storage

Andermatt Switzerland | geothermal energy systems

Heerlen Netherlands | low temperature emission systems, low temperature district heat from old coal mines
Letten Switzerland | geothermal energy systems

Minnesota USA co-generation and district heating

Oberzwehren | Germany utilisation of waste heat from CHP as low exergy supply source

Okotoks Canada solar thermal heating systems coupled with seasonal ground thermal energy storage
Parma Italy Low temperature heating systems coupled with efficient ventilation systems

Ullerod Denmark :;:«:rvn:n&\g;\)//Hd;)s'tricl heating, ground source heat pump (GSHP) and air-to-water heat
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As already stated in this report, exergy is a compre-
hensive measure of the potential for an energy sup-
ply to do work (Shukuya, Hammache, 2002) and
therefore offers the ability for users to manage the
quality of energy. By knowing the characteristics of
the task to be undertaken (demand), one can select
the most appropriate energy stream for it (supp|y).
Energy sources within the community must be sepa-
rated and categorised according to their quality (i.e.
exergy content) before being aggregated to form
specific energy supply groups. Similarly, categories
for energy demand types can be defined. This is
done graphically by means of the “arrow” and
“PRE-exergy efficiency” diagrams shown for each
case studie presented in his chapter.

With an understanding of the capacity and capabili-
ty of each category, supply and demand integration
would follow, linking energy supplies and demands
in the most effective manner and where possible,
using local resources to generate that energy.

Often it is also possible to align tasks in such a man-
ner that the output energy stream from one task
becomes the input energy stream for another, there-
by cascading through the activities and maximising
the effectiveness of the supply. This line of thinking is
similar in some respects to Pinch Technology (Wall
and Gong, 1996) as used within an industrial pro-
cess where the cooling and heating requirements
are coordinated to minimise the need for external
energy. However, the fundamental difference bet-
ween the use of exergy and energy in Pinch Techno-
logy is that for energy a satisfactory solution is
obtained when supply and demand are balanced or
their difference is minimised. For a satisfactory exer-
gy solution supply and demand not only have to be
balanced, as before, but the exergy level at the final
step has to close to that of the ambient temperature
— a much more demanding condition.

Diagrams for characterising community exergy
performance

The characterisation of the exergy performance of
different case studies and community concepts is
presented here by means of diagrams that enable
visualization of the performance of a given case
study and make different community energy supply
concepts comparable. They are included under the
section “LowEx Diagrams” in the respective case
study. Arrow diagrams (see section 5.3.1) and PER-
Exergy efficiency diagrams (see section 5.3.2) intro-
duced in chapter 5 are used here to characterise
graphically the exergy and energy performance of
community supp|y systems.

There are some projects which have already been
implemented. Therefore monitoring results are avai-
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lable and the contribution of different energy sour-  coaxial energy storage:
ces and technologies used to supply them is known.  heat exchanger design.

In this cases the PER and exergy efficiency figures
are shown for the mix of the different energy sour-
ces used in the supply. Examples of this situation are
the Okotoks Drake Landing Solar Community and
Alderney Gate projects. Some other projects are
still in planning or under development. Here, diffe-
rent options regarded for energy supply are cha-
racterised separately. An example of this situation is
the City of Parma.



Figure 7.3: Alderney gate complex (Canada)
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7.1 Alderney Gate (CA)

7.1.1. General description

This low-exergy project integrates demand side
management within the Alderney Gate Complex in
Dartmouth, Nova Scotia, with a renewable energy
cooling supply (seawater) and in-ground seasonal
thermal storage to eliminate the use of electrically
driven chilling equipment.

The overall project objective is to develop a cooling
system for a municipal building complex that
employs the cooling effect of sea-water either direct-
ly to the building’s cooling system or indirectly
through a Borehole Thermal Energy Storage (BTES)
system.

The project demonstrates a systems approach to
building energy management It successfully demon-
strates the use of borehole thermal energy storage
for cooling purposes for the first time in Canada.

1) Alderney Landing

2) Alderney Gate

3) Dartmouth

4) Dartmouth Ferry
Terminal

5) School Board

7.1.2. Methodological description

Water is drawn from the harbour adjacent to the
project site and passed through a heat exchanger
before being returned to the harbour. The extracted
cold is then passed directly to the building’s own
cooling distribution system or, during periods of low
cooling loads, passed through a series of vertical
borehole heat exchangers and stored in the ground.

7.1.3. Technical description

The in-ground cold storage system consists of a field
of 80 boreholes that will incorporate in each bore-
hole, a coaxial heat exchanger of a design new to
Canada (see Figure 7.5). The technology is called
the Advanced Coaxial Energy Storage (ACES™)
borehole and is calculated to reduce both the num-
ber and depth of boreholes required. Water, cooled
by the seawater, is passed through the heat exchan-
gers during the winter months to create a store of
cold that may be called upon and discharged when
needed (see Figure 7.4). The technology will be
installed in a car park site adjacent to the Alderney
5 Complex.

A peak seawater flow of 181 m?®/h is drawn through
250 mm piping from a point 10 meters info the har-
bour and 3 meters below the low water mark, pas-
sed through a titanium heat exchcmger and returned
3 meters into the harbour and 50 meters south of its
intake. The shore-mounted titanium heat exchanger
increases the seawater temperature by a maximum

of 6°C.

Heat exchanger, pumps and other control devices
are housed in a new building to be located on the
adjacent car park. The building cooling system will
circulate fresh water, cooled by the titanium heat
exchanger. When the seawater is cold enough,

Table 7.2: General project and system data for Alderney case study.

GENERAL PROJECT DATA GENERAL SYSTEM DATA
Municipality Halifax Regional Municipadlity | Building number 5
Constructor High Performance Energy Cooled Area 30,741 m?
Systems Cooling load 1,758.5 kW
Installer High Performance Energy Maximum Seawater Supply | 8°C
Systems Temperature
District Energy High Performance Energy Maximum Seawater Return | 14°C
Systems Temperature
Design Team High Performance Energy Annual cooling load 2,500 MWh (thermal)
Storage volume 864,000 m3
Environment Canada Borehole Storage Thermal | 500 MWh
capacity (thermal)
Hand-over 2008 Borehole COP 16:1:0




freshwater passes directly to the building distribution
network and the installed fan-coil units. Excess chil-
ling is stored by cooling the earth around the bore-
hole storage area. When the seawater temperature
is too high for direct cooling, the fresh water is pas-
sed through the chilled borehole storage field befo-
re being passed to the building distribution network.

The coaxial heat exchanger improves thermal and
exergetic efficiency by cutting the AT (fluid-ground)
to 1-2°C; giving the fluid direct access to the bore-
hole wall and by providing a very low pumping resi-
stance. The design results in a smaller storage volu-
me for the same cooling load and eliminates the use
of mechanical chillers.

A custom designed control system optimises the
system components, the storage temperature distri-
bution and the activities within the Alderney 5 Com-
plex.

7.1.4. LowEx Highlights and Diagrams

7.1.4.1. LowEx Highlights

In the project sea water cooling coupled with bore-
hole thermal energy storage is planned to be used
for cooling purposes. Both thermal energy ground
storage as well as the cooling potential from the sea
water have low temperature levels and are therefo-
re suitable LowEx sources for supplying cooling
demands.

7.1.4.2. LowEx Diagrams

Figure 7.6 shows the Primary Energy Ratio and
Exergy efficiency for the energy mix regarded in the
Alderney Gate complex.

Exergy efficiency [-]

Ground Loop
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Figure 7.7: Energy plan for the new Andermatt Alpine Resort, at 1447 m altitude.

7.2. Andermatt (CH)

7.2.1. General description

Andermatt is an alpine region of Switzerland where
an entirely new tourism resort is being built. The cold
climate implies a high heating demand with a low
cooling demand. One goal of the project is for the
energy use at the resort to be CO,-free.

The energy concept for this resort in the Swiss Alps
considers the high potential of deep geothermal
energy from mountain tunnels. The temperature level
of the heat reservoir is not high enough to supply
building energy demands directly. Instead, the con-
cept is to use this low temperature reservoir to mini-
mize temperature gradients in energy supply
systems, thereby minimizing exergy destruction. By
incorporating new heat pump technologies, much
higher COP’s can also be achieved. The viability of
the projects depends on the evaluation of the value
gained versus the extra infrastructure or transport
required for implementation. These aspects are still
under evaluation in ongoing research.

This case study demonstrates the transport of and
utilization of heat at what would be absolutely low
temperatures (i.e. being low exergy sources availa-
ble locally), but compared to other ambient sources
have relatively high exergetic potential and minimal
environmental impact.

7.2.2. Methodological description

The energy masterplan includes a low temperature
loop around the resort with decentralized heat
pumps. The loop is fed by a seasonal geothermal
storage field of borehole ground heat exchangers of
300m length, with a temperature of 0-5°C. The
other source is the Furka tunnel, which has an ent-
rance located é km away (see Figure 7.7). It sup-
plies a constant flow of drainage water at 13°C,
which can be piped to the resort.

The tunnel water is of special interest in the moun-
tains. Because of the low ambient temperature, the
exergetic value of this relatively low temperature
source is actually quite high.

This project is ongoing and research includes the
feasibility of the low temperature hydronic network
supplying the heat pumps. Also of interest is the
interplay between the two reservoirs and the rela-
tionship between the exergetic value of reservoirs
versus the transport cost from the tunnel.



7.3. Heerlen (NL)

7.3.1. General description

This low-exergy project uses warm and cold water
volumes from abandoned mines. In the Mine Water
Project in Heerlen water from abandoned and floo-
ded mines is used as a new sustainable energy sup-
ply for heating and cooling of buildings. The tempe-
ratures that have been found (16..30°C) are used in
very well insulated buildings, with energy efficient
ventilation systems and low temperature emission
systems, the thermal comfort is excellent during 365
days/year. At the same time there will be a CO,
reduction of 50% in comparison with a traditional
solution.

The project started in February 2006 in Heerlerhei-
de by drilling the warm wells. In October 2007 the
last well was drilled, the cold well.

This project is situated on the concession of the ON
Il pit in a relatively deep mined area with warm
water wells (30..35°C). The area of buildings inclu-
ded in the project are:

* 33,000 m2 dwellings (single family dwellings and
residential buildings)

* 3,800 m2 commercial building

® 2,500 m2 public and cultural buildings

® 11,500 m? health care buildings

® 2,200 m?2 educational buildings

The first new building and construction activities in
Heerlerheide Centre have started in 2006. the total
plan will be realised between 2006 and 2011. Al
planned buildings will be connected to the energy
supply (heating and cooling) from minewater. Al
these buildings are planned in a very compact area,
which is very favourable for energy distribution. The
building location is situated between two warm
wells. Next to it, the planned building functions
require heating as well as cooling. The energy sup-
ply includes the building of an energy station and a
small scale distribution grid from this to the buil-
dings. In the energy station the minewater is brought
to the necessary heating and cooling levels by heat
pumps. In order to facilitate the process and to gua-
rantee all real estate developers, involved in this
building plan, the delivery of energy to the building
the main investor, is realising the exploitation of the
energy supply, including the building and construc-
tion of the energy station and distribution grid. It is
important to realise, that with minor modifications
this energy supply can also be functional and ope-
rational without the application of minewater.

Figure 7.8 shows the primary grid connection bet-
ween the wells and building locations.
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Figure 7.8: The city of Heerlen with the position of
the warm and cold wells, as well as the building
sites to be supplied.
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7.3.2. Technical description

Minewater is extracted in this project from four dif-
ferent wells with different temperature levels. The
primary energy grid transports the extracted mine-
water from the warm wells (~30°C) to local energy
stations. In these energy stations heat exchange
takes place to the secondary energy grid (from the

Location 1 ) Location 2
Summer
[« <
I
Q Summer
0
100 = == =feHe
200
300 Cold water
storage
400
500 A \
600 Warm water
storage

700 "<« 30°C '
800
900 35°C

Depth (m) minus surface level

Figure 7.9: Minewater energy concept: depth and
temperature level of the wells in the project.

Local Energystation

energy station to the buildings). This secondary
energy grid provides low femperature heating
(35..45°C) and high temperature cooling
(16..18°C) supply and one combined return
(20..25°C) to an intermediate well. The different
temperature levels of the wells considered can be
seen schematically in Figure 7.9.

The warm wells (~30°C ) are found on a depth of
800m. On a level of 400 m mining took also place.
Here are the relatively cold wells situated. The com-
bined return water (20..25°C) is transported to an
intermediate well at a level of 450m. The well loca-
tions and energy stations are connected by three
pipelines of 7 km each.

The temperature levels of the heating and cooling
supply are guaranteed in the local energy stations
by a polygeneration concept existing of electric heat
pumps in combination with gas fired high-efficiency
boilers (see Figure 7.10). The surplus of heat in buil-
dings which cannot used directly in the local energy
station can be lead back to the minewater volumes
of storage. DHW is prepared in local sub-energy
stations in the buildings by heat pumps, small scale
CHP or condensing gas boiler, depending on type of
building and specific energy profile. The total system
will be controlled by an intelligent energy manage-
ment system including telemetering of the energy
uses/flows at the end-users.

A

Location 1 25...30°C

35...40°C - Heating =i~
17°C - Cooling =
Return - 20...23°C

Buildings

©

Buildings

<= 35...40°C - Heating \ 4
<= 17°C - Cooling
Return - 20...23°C

Local Energystation

Location 2

17...20°C

Figure 7.10: Energy management system: temperature levels and lifts in the different parts of the energy

supply concept planned in Heerlen.



7.3.3. LowEx Diagrams

Figure 7.11 shows the Primary Energy Ratio and
Exergy efficiency for the minewater-based supply
technologies considered in the community of Heer-
len (NL).
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Figure 7.11: PER ratio vs Exergy efficiency dia-
gram for the energy supp/y options chosen in
Heerlen (represented by the white dots). For com-
parison, grey dots represent the performance of
conventional technologies.
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Figure 7.13: Matching of
the qucr/ify levels of ener-
gy demand and supply
for the Thermotunnel Let-
ten case study. The diffe-
rent energy supply
options regarded as pos-
sible supplies are cha-
racterised sepctrafe/y.
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7.4. Letten Zirich (CH)

7.4.1. General description

This case study deals with one energy concept being
studied for the supply of the ETH Zurich central cam-
pus. One goal of the Energy Strategy to be imple-
mented is to halve the CO,-emissions of its structu-
res and buildings by 2020. The energy supply con-
cept focuses on the potential exploitation of the tem-
perature differences between a stratified lake and
the mixed river at the lake output. Similarly as case
study 7.2, the temperatures and temperature diffe-
rences are not enough for a direct supply of the

ETH and university campus: %
Heatlng demand =187 MW _'.

f Thermotunnel §
§ Letten

Lake of Zurich:
Intake Depth > 20m
T=6-8C

Figure 7.12: Thermotunnel Letten for the potential
energy plan of the ETH Zurich.
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required energy demands. Again, the idea is to pro-
mote and use this low temperature (low exergy)
sources available to reduce the temperature diffe-
rences in common building supply systems, thereby
reducing exergy consumption in such systems.

7.4.2. Methodological description

The concept considers reopening an old train tunnel
that has been filled in using microtunneling. This tun-
nel passes underneath the campus. This “Thermotun-
nel” (see Figure 7.11) would then connect a down-
stream part of the Limmat river directly with its tribu-
tary, the Lake of Zurich. The temperature difference
between the two would create an exergy potential at
low temperature. Compared to thermal networks
with only one reservoir, this system makes use of the
temperature differences between the two reservoirs.
Due to potential environmental disturbance these
sources are not allowed to have their temperatures
disturbed. Campus heating and cooling systems from
one source would cause a considerable disturbance.
Instead of disturbing one source, the tunnel can be
used to extract or deposit heat between the two tanks
to the temperature grodient between the Fu||y mixed
river current and the stratified layers in the lake.

7.4.3. Technical description

The energy from the water can be used for direct
cooling and for heating with a central heat pump.
With typical extraction temperatures of around 6°C
combined with low femperature emission systems on
the buildings of the campus, high COP systems are
expected to minimize the renewable electricity that
must be supplied.

7.4.4 LowEx Diagrams

A graphical representation of the quality levels of
the energy supply and end-use categories conside-
red in this case study is shown in the arrow diagram
in Figure 7.13.
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7.5. Oberzwehren (GER)

7.5.1. General description

The city of Kassel, situated in the centre of Germany,
is aiming at carrying out an environmentally ambi-
tious housing project within the coming years. The
building site is situated on the estate of the former
School for Horticulture of the University of Kassel in
the city district of Oberzwehren. It is bordered by
access roads and private estates. To the north,
mixed-use area borders the site. To the north-west,
there is a university campus, to the west, multi-fami-
ly buildings, and to the south-west and east, single-
family houses can be found. Floodplains from a
small river can be found to the south. Bus and tram
connections to the city centre exist.

On the agricultural sample area of the site, an eco-
logical nursery was established in 2006. This is to
remain. The new buildings will be developed in two
separate areas, for which different urban and ener-
getic solutions will be developed. The buildings are
to comply with high ecological standards to sensibi-
lize citizens for environmentally-friendly living in the
city of Kassel.

A district heating return pipe from the local utility
company circulates close to the residential area. It is
planned to use this return pipe to supply domestic
hot water and space heating demands. District hea-
ting in Kassel is mainly waste heat from co-genera-
tion power plants.

Thermal energy demands for space heating (SH)
and domestic hot water (DHW) production represent
in Germany about 90% of the total energy demands
in residential buildings. Exergy demands for these
thermal energy demands, in turn, are small due to
the low temperature level demanded for these appli-
cations. Waste heat available e.g. from combined
heat and power production (CHP) plants is a low
quality energy flow suitable for supplying the reque-
sted energy. The use of waste heat with low exergy
content allows a good matching between the exergy
level of the demand and supply sides and repre-
sents, thus, a very efficient manner of supplying
thermal energy demands in buildings.

7.5.2. Methodological description

For the analysis of this case study dynamic energy
and quasi-steady state exergy analysis have been
performed using the simulation software TRNSYS
(TRNSYS, 2007) with a timestep of 3 minutes. For
exergy analysis an input-output approach has been
followed where the exergy of the energy supplied
and demanded is analysed. All energy conversion
steps in between are simulated in terms of energy
but not in terms of exergy. In other words, exergy
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flows are calculated only for the space heating and
domestic hot water demands, and for the exergy
supplied by the primary-side pipe, i.e. return pipe
from the district heating network. Pumping energy
for the secondary distribution network within the
neighbourhood is also simulated dynamically and
included both in terms of energy and exergy. Thus,
the exergy performance is evaluated as a function of
the exergy demands and total exergy inputs requi-
red to supply them. The exergy losses in each com-
ponent of the supply chain are not evaluated sepa-
rately.

7.5.3. Technical description

The single family houses are defined as free-stan-
ding two storey buildings with a net useful area of
184.4 m2. U-values for the external enclosing surfa-
ces of the building are 0.28 W/mK for external
walls and 0.30 W/m for the ground floor and
0.17 W/m for the roof, thus representing a well-
insulated newly constructed building complying with
requirements from the German standard (EnEV,
2009). The specific heat transfer coefficient of the
building H;” amounts 0.35 W/mK. Internal gains
through appliances and occupants are defined with
a constant value of 5W/m? (DIN 4108-6, 2003).
Infiltration rate is regarded as 0.6 h™.

Space heating (SH) is supplied by floor heating
systems operated with supply and return temperatu-
res of 32-27°C. Small DHW storage tanks of 200
litres are considered in each house. This allows
reducing peak loads for DHW supply significantly.
For DHW supply in single family houses a tempera-
ture of 50°C at the outlet of the DHW supply element
must be ensured at all times (AGFW, 2009). An
electric heater located at the outlet of the decentrali-
zed tanks is foreseen for this purpose.

A centralized heat exchanger unit is planned fo sup-
ply heat to the small neighbourhood as shown in
Figure 7.14. In this way, the district heating network
from the local utility company is decoupled from the
building appliances and systems installed, i.e. mass
flow and temperature drop in the district heating
network are not directly determined by the mass
flows and temperature drops in the building systems
(e.g. floor heating systems). All houses are connec-
ted in parallel to the local distribution network
(secondary side of the heat supply), as shown in
Figure 7.14.



Primary side —
District heating
network

ECBCS Annex 49

A

Secondary side —
Local heat
network

t!

-

(i) Base case -

conventional high

temperature supply

8 0r=95°C

em.p Tim,DH

® |

Figure 7.14: Simplified scheme of district heat sup-
ply to the studied neighbourhood of Oberzwehren
(Germany).

Two different hydraulic configurations for district
heat supply are investigated here, aimed at achie-
ving minimum return temperatures to the primary
net and maximum exergy efficiency in the supply.
Furthermore, in order to show the benefits of low
temperature district heating supply, supply via the
return pipe is compared to a conventional supply
using the supply pipe of the district heating network,
with significantly higher temperatures.

Results for the following three options are presented
(see Figure 7.15):

(i) Conventional high temperature district heating
supply (via DH supply pipe).

(i) Low temperature district heating supply (via DH
return pipe), with one heat exchanger for com-
bined domestic hot water and space heating

supply.

combined

(ii) Combined low
temperature supply

8, 0=65-50°C

I

1

Il |

1
Mo el i D

(i) Low temperature district heating supply (via DH
return pipe), with two heat exchangers for sup-
plying domestic hot water and space heating
separately.

Figure 7.16 shows the specific annual final energy
(a) and exergy (b) supplied in the three options ana-
lyzed. Pumping energy for the secondary side and
power demand for the instantaneous electric heater
for DHW supply represent a marginal input as com-
pored to the thermal energy supp|ied to the network.
The energy supply is very similar in the three cases
(Figure 7.16). Differences in the total energy supp-
lied amount only around 2% between the cases stu-

died.

In turn, the exergy supplied is significantly different
for the three systems. Case (i) in Figure 7.15, repre-
senting a conventional high temperature supply at
95°C, has the highest exergy input of the three cases
with 15.3 kWh/m2a. In turn, a supply with the
same hydraulic configuration but with lower supply
temperatures (case (i), 50-65°C) shows an exergy
input of 12.7 kWh/m2a, representing a reduction
of 17% in the final exergy input as compared to case
(i). This shows the importance of reducing supply
temperatures in district heating networks for increa-
sing their exergy performance.

Supplying the DHW and SH demands separately,
i.e. with separate heat exchangers and secondary
networks, allows minimizing primary side return
temperatures to the district heating network. Avera-
ge annual return temperatures for the primary side
are 42.8°C and 37.9°C for cases (i) and (iii)
respectively. Thereby, final exergy input required is
again reduced in case (iii) to 11.6 kWh/m?q, repre-

(iii) Separate low
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Figure 7.15: Simplified hydraulic schemes for district heat supply in the three options studied here. The schemes show the centralized
heat exchanger unit(s) for providing heat to the local distribution network and the configuration of DHW and SH supply in each house.
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senting a decrease of 24% as compared to case (i).
This shows the influence of minimizing return tempe-
ratures for increasing the exergy performance of
district heating systems.

7.5.4. LowEx Highlights and Diagrams

7.5.4.1. LowEx Highlights

In the project the utilization of a low exergy supply
source, i.e. waste heat from CHP units is investiga-
ted. Based on dynamic exergy assessment perfor-
med best case scenarios and hydraulic configura-
tions have been derived. This shows clearly the
added value of exergy analysis against conventional
energy assessment. In order to ensure minimum sup-
ply of high exergy sources for DHW supply, hydrau-
lic configurations which ensure maximum supply
from the district heating network for this demands
have been analyzed. Furthermore, low temperature
heating systems have also been implemented in the
buildings.
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7.5.4.2. LowEx Diagrams

In this section all energy supply options originally
considered for the project are shown. Besides, the
waste district heat supply analyzed above in detail
and proposed as final supply system is shown. Figu-
re 7.17 shows the Primary Energy Ratio and Exergy
efficiency for the different energy supply option. A
graphical representation of the quality levels of the
energy demanded (energy use) and supplied is
shown in Figure 7.18.

Figure 7.16: a) Specific
final energy supplied in
the three cases studied;
b) specific final exergy
supplied in the three
cases under analysis.
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Figure 7.18. Matching of the quality levels of energy demand and supply for the community of Oberzweh-
ren. The different energy supply options regarded as possible supplies are characterised separately.

Figure 7.17: PER ratio vs
exergy efficiency dia-
gram for the different
energy supply options
under consideration for
the community of Ober-
zwehren
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7.6. Okotoks (CA)

7.6.1. General description

The community of Okotoks (Figure 7.19), Alberta, is
more than 1,000m above sea level, but its average
summertime temperature exceeds 20°C. This allows
solar thermal collectors, facing due South at an
angle of 45°, to generate up to 1.5MW (thermal) to
heat the buildings at 55°C. A detailed description of
the installed system is shown in Table 7.3.

Figure 7.19: Okotoks complex (Canadal). The plant started operation in June 2007 and it is
estimated that it will take three years to fully charge
the underground storage to 80°C. Construction of
the 52 homes is complete and all homeowners have
moved in. Performance indications from May 2008
suggest that the solar energy system is performing
as designed and that the 90% solar fraction will be
achieved by year 5.

Detached garages with Two-storey
solar collectors on the roofs single-family homes

=

Solar
collector loop

7.6.2. Methodological description
The solar water heating system uses flat plate solar

collectors and provides at least 90% of the annual

.‘%?“%%% L — — —— ~5~~._  space heating and 60% of domestic hot water
(DHW) for the 52 individual dwellings. This was
Energy Centre l.II I L

with short- S achieved, despite winter temperatures of -33°C. In
term thermal District heating loop . h £ th lar th I
sforage fanks B s (below grade] connects  Figure 7.20 a scheme of the solar thermal system,
homes in the community  the borehole seasonal thermal storage and the
<— Borehole seasonal district heoting |00p is shown.
| thermal storage
1l il (long-term) X L.
7.6.3. Technical description
Figure 7.20: Solar seasonal storage and district In addition to the STTS there is a long-term Boreho-
heating loop used as energy supply system. le Thermal Energy Storage (BTES) which contains

Table 7.3: General project and system data for Okotoks case studly.

GENERAL PROJECT DATA GENERAL SYSTEM DATA
Municipality | Okotoks, Alberta Building Number 52
Constructor | Sterling Homes Installer Heated Area 240 m? (each)
Installer Solar panels Enerworks
" P Specific heat load 5.46 kWh/m®
Fancoils Nu-Air
District Energy | FVB Engineering | Supply Temperature 55°C
Thermal Storage | IFTech Return Temperature 32°C
Natural 6.1 GJ/m?
Annual Solar Resource
Resources (1690 kWh/m?)
International | Design Team Canada Solar Collector Area 2300 m?
SAIC Canada,
Enermodel Solar Peak Output 1.5 MWth
Engineering Annual Collector Efficiency | 29% (60-70% summer)
) 1.6 GJ/m?
Solar Delivered to Storage
(455 kWh/m?)
Hand-over | 2007
) 1.0 GJ/m?
Solar Delivered to Load
(284 kWh/m?)




144 boreholes. Each contains a single U-tube grou-
ted in place. Above them, layers of sand and insu-
lation and a waterproof membrane, are topped by
clay and landscaping. The BTES is connected as 24
strings of six boreholes in series and divided into
four circuits preventing the loss of any string or cir-
cuit from having an impact on storage capacity. By
the end of a typical summer, temperature in the
earth surrounding the boreholes is expected to top
80°C. When the STTS temperature exceeds that in
the BTES, pumps circulate hot water from the STTS
through the boreholes.

Because a power cut may overheat the glycol loop
an additional photovoltaic (PV) array and battery
bank is incorporated to power the pumps. In winter,
with no glycol circulation, parts of the loop can cool
down to below Freezing. On start-up therefore, the
glycol solution is recirculated through a bypass loop
until its temperature exceeds the STTS. This protects
the heat exchcmger in the Energy Centre from free-
zing. In winter, whenever the temperature in the
STTS is lower than of the BTES, the system reverses
and heat is transferred from the BTES to the STTS
and to a heat exchanger and the district heating
loop. This supplies heated water to individual houses
and the specially designed low temperature air-
handler units in the basements (Figure 7.21). War-
med air is distributed through the house via internal
ductwork.

7.6.4. LowEx Highlights and Diagrams

7.6.4.1. LowEx Highlights

In the project solar thermal heating systems coupled
with seasonal ground thermal energy storage are
planned to be used for heating purposes in a resi-
dential area. Both thermal energy ground storage as
well as solar thermal heat have low temperature
levels and are therefore suitable LowEx sources for
supplying heating demands in buildings.

7.6.4.2. LowEx Diagrams

Figure 7.22 shows the Primary Energy Ratio and
Exergy efficiency for the energy mix used at the
Okotoks Drake Landing Solar community.
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Figure 7.22: PER ratio vs. exergy efficiency dia-
gram for the energy supply mix in the Okotoks
Drake Landing solar community.



Figure 7.23: Districts that have been analyzed in
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7.7. Parma (IT)

7.7.1. General description

Parma is located in Northern ltaly’s Emilia-Romagna
region and has a population of approximately
178,000 people and a balanced presence of the
tertiary, industrial and agricultural sectors, a mild
climate and a notable historical buildings stock and
cultural heritage. With these features, Parma repre-
sents a typical city of the Pianura Padana.

Parma in recent years has undergone many initiati-
ves related to energy efficiency, with two energy
plans (the last date back 2006), local regulations for
mobility, and a mandatory building energy regula-
tion with advanced quality certification tools and
incentives for low energy and renewable energy
technologies implementation.

7.7.2. Methodological description

An important aim of the work is to modify energy
choices in order to optimize energy and exergy effi-
ciency. Renewable energies, distributed generation,
micro-cogeneration and micro-frigeneration may
represent important measures fo that end.

In order to evaluate the quality and quantity of ener-
gy uses within the built environment, the performan-
ce of the whole city, sector by sector, must be consi-
dered. This holistic approach implies that during the
design process not only single buildings but the
whole community must be analyzed.

-

the city of Parma (source: Google Earth).

This approach will emphasize the use of low energy
systems and lead to better environmental and eco-
nomic effectiveness, exploiting the potential of distri-
buted local resources. This research project is lea-
ding the way in adapting energy systems to this
changed paradigm.

New energy systems should address the following
issues:

e the use of technologies to minimize primary ener-
gy consumption by reducing end-users demand

e the analysis of the whole energy supply chain,
from generation through distribution and storage
to end-users.

The aim of this study is to provide some representa-
tive experience with these issues.

In the future research will address the city of Parma
as a whole. So far energy fluxes have been analy-
zed in detail for three different districts of the town,
characterized by different energy end-uses:

e a part of the historical city centre
* an urban neighbourhood
e an industrial and agricultural area.

These districts are outlined in Figure 7.23.

Exergy loss minimization will be one of the most
important objectives of this study. Here, exergy ana-
lysis focuses only on the urban neighbourhood
because of its large potential for energy system opti-
mization.

In a distributed poly-generation system electricity,
high and low temperature heat and refrigerated
water are produced locally. In order to efficiently sup-
port the transition fowards such a system the interac-
tion among customers’ demands for energy services,
available generation technologies, available renewa-
ble energy sources and utility tariffs has to be investi-
gated. For this reason, natural gas and electricity use
data were mapped in a GIS to visualize energy use
pattern and identify land-use constraints that can pre-
vent the implementation of distributed generation
(Figure 7.24). Based on these real data and cons-
traints we performed the energy and exergy analysis
in order to define a realistic scenario.

For this purpose, energy demands were split info six
main categories based on statistical data: electricity
only end-use (appliances, lighting, etc.), electricity
for refrigeration and building cooling, natural gas
for water heating, building space heating, process
heat (industrial sector) and natural gas only end-use
(cooking, efc). Alternative strategies to supply ther-



mal, electrical an cooling energy demands, in a
poly-generation framework, were highlighted to
suggest system concepts that improve energy effi-
ciency, exergy efficiency and reduce emissions and
costs. Starting from these first evaluations, hourly
load profiles for electricity (utility statistical data)
and thermal energy (simulated hecting and coo|ing
demand of buildings) were determined.

A multi criteria procedure, currently in development,
will take info account economic, energy and exergy
goals in energy systems design and optimization.

In this work three scenarios, shortly described as fol-
lows, have been analyzed for the town:

Scenario 0: Parma 2007. State of the art.

The scenario Parma 2007 is mainly based on fossil
fuels used for electricity generation and heating. In
fact, currently in the city of Parma fossil fuels are the
only energy source. Renewable energies aren't
used. The average energy demand to be assumed
for further planning was based on assumption of
total heat demands and heat loads. With these pro-
cessed data, we were able to evaluate measures to
adopt in the planning scenarios. Tables 7.4 and 7.5
present the energy characteristics and energy
demands of the three analyzed districts.
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Figure 7.24: GIS tool view showing the distributed
generation structures foreseen for Parma city.

Table 7.4: Energy characteristics of the three analyzed districts.

Natural gas | Electricity gas | Residential hea- | Residential Total heated
[MWh] [MWh] ted area [m2] | units number area [m?]

Historical centre 163.531 59.971 776.78 8.301 990.975
Urban 156.109 23.47 545.667 6.511 736.65
neighbourhood
Industrial and

. 61.454 11.164 165.615 1.956 190.457
agricultural area

Table 7.5: Energy demand by end-use of the buildings in the three analyzed districts.

Heat demand Electricity demand
Space Domestic Process Other uses | Electric appl., .
. . e Cooling

heating hot water heat (cooking, etc.) lighting [MWH]

[MWh] [MWh] [MWh] [MWh] [MWh]
Historical centre 88.146 12.271 15.149 33.984 25.986
Urban 87762 | 9.207 11.882 16.206 7.263
neighbourhood
Industrial and 20627 | 2787 18.69 3.569 6.094 5.069
agricultural area
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Scenario 1: Parma 2020.

Here, the objective is to find a redlistic path to reach
the 2020 European goals® by introducing mandato-
ry regulation for local energy planning concerning
urban planning and buildings refurbishment.

Table 7.6: Scenario 1 Features and its goals.

Scenario 1 Features Percentage
Low temperature heating systems 20%
Electricity by PV 25%
DHW from solar thermal 40%
Electricity by CHP (fossil fuelled) 25%
Renewable fraction of electricity from national grid 25%

Scenario 2: Parma 2050.

The target is to transform Parma in a renewable
city® by the year 2050 adopting today best availa-
ble technologies and practices as a benchmark.
Here, the optimization of exergy fluxes will also be

taken into account.

Table 7.7: Scenario 2 Features and its goals.

Scenario 2 Features Percentage
Low temperature heating systems 100%
Electricity by PV 33%
DHW from solar thermal 60%
Electricity by CHP (50% fossil fuelled and 50% renewable energy) 67%
Renewable fraction of electricity from national grid 40%

Table 7.8: Scenario 2 Features and its goals.

DISTRIBUTED GRID DEMAND SIDE
GENERATION/ RESOURCES RESOURCES

ENERGY

TRANSFORMATION

Internal Combustion . .

Engines Increased grid capacity | Low exergy HVAC systems

Micro-turbines Decreased grid losses

Energy efficient Buildings

Fuel cells Distributed storage

Solar architecture

Biomass cogeneration

Efficient lighting

Photovoltaics

Efficient electrical engines

Wind turbines

Load shifting

Mini-hydro

Efficient appliances

Heat pumps

Absorption cooling

7.7.3. Technical description

Today, natural gas and electricity are sold to custo-
mers by utility companies, but in a near future priva-
te investors will be increasingly involved in providing
energy services. On the other hand, goals of optimi-
zing community energy system have to be set first
and must be formulated in terms of distributed ener-
gy resources potential. This can be divided into three
main categories: (1) Distributed generation/energy
transformation, (2) grid resources and (3) demand
side measures (see Table 7.8). Measures within these
categories focus on the implementation of new tech-
nologies as well as the integration of renewable
energy, reduction of exergy losses in the supply chain
and dynamic interaction between generation techno-
logies and the electricity grid.

In this context, distributed poly-generation could be
the new paradigma to be followed and energy effi-
cient districts are the ideal test bed. Distributed poly-
generation can be defined as the efficient combined
generation, distribution and storage of energy vec-
tors to serve different energy services demands wit-
hin a district. Since the residential, commercial,
industrial and agricultural sectors can be simultane-
ously present in a community, and specific needs
have to be properly taken into account.

7.7 4. LowEx Highlights and Diagrams

7.7.4.1. LowEx Highlights

In the building energy regulation developed here use
of “LowEx” technologies is strongly encouraged. Low
temperature heating systems close to room tempera-
ture will be used, meaning that the energy supply will
be very efficient, with minimal losses. Presently, usual-
ly high quality energy sources like oil and gas are
used for heating buildings. These sources produce
high process temperatures and therefore contain high
levels of exergy. This exergy is wasted by using it for
heating purposes that generally only demand tempe-
ratures of up to 60°C. There are, however, renewable
energy sources available in large quantities that sup-
ply energy at low or moderate temperatures, like
solar energy and the heating and cooling potential of
underground heat exchangers. The latter In particular,
have the potential to satisfy demands of buildings and
can be used cost-efficiently. To utilize these sources,
the overall building system has to be adjusted to low
process temperatures in accordance with the Low
Exergy approach. Radiant heating and cooling
systems, ground and ground water heat exchange,
solar thermal, as well as building envelope perfor-
mance improvement (insulation, thermal capacity and
natural ventilation) are suggested and economically
sustained. The new building energy regulation is an
example of the promotion of “LowEx” design princi-
ples at the community level (see also 5.2).



The “LowEx” measures, in this case study, include:

* Low energy demand for heating, good insulation
and air-tightness

* Radiant heating systems like floor and wall hea-
ting, slab heating, capillary tube systems

* Solar energy systems for DHW

® Heat pumps

7.7 .4.2. LowEx Diagrams

A graphical representation of the exergy efficiency
and PER of the different supply options considered in
the optimisation study is shown in Figures 7.25 and
7.26 for scenarios 1 and 2 in winter conditions.
Qudlity levels of the demands and energy supplies
are calculated by using simplified steady state equa-
tions assuming a room temperature of 20°C for hea-
ting and 28°C for cooling as well as typical supply
temperatures for the technologies, sources and
demands evaluated.

All calculations are done assuming a reference tem-
perature of 5°C for winter and 32°C for summer.
Supply and return temperatures considered for the
solar thermal collectors and district heating return
pipe are assumed to be 70/50°C and 50/30°C,
respectively. Supply and return temperatures for the

district cooling return pipe are assumed to be
18/25°C.
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Figure 7.27: St. Paul
District Energy Steam
Turbine Cooling Tower-
Winter.

Figure 7.28: Minneapolis
District Energy Cooling
System Cooling Tower-
Winter Operation.
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7.8. Twin Cities Community of Minneapolis and St.
Paul, Minnesota (USA)

7.8.1. General description

The energy supply of the Twin Cities of St. Paul and
Minneapolis, located in Minnesota (USA) has been
analyzed on the light of exergy principle. The ener-
gy demands regarded include electrical power
generation, home heating and cooling, and auto-
mobiles. Besides the analysis of energy flows,
harmful emissions and ground water use were also
considered. Figures 7.27 and 7.28 show how usea-
ble low quality heat is being rejected in St. Paul and
Minneapolis during winter. This same practice is
pervasive throughout the Twin Cities community.

Minneapolis and St. Paul receive most of their elec-
tric power from three Xcel Energy district electric
power plants Riverside, Highbridge, and Black Dog.
Riverside and Highbridge are natural gas fired com-
bined Brayton and Rankine cycle plants. Black Dog
is coal fired Rankine cycle. All condensing heat
energy is rejected to the Minnesota and Mississippi
Rivers. 25 MW of additional electric power is also
generated by Evergreen Energy which supplies
downtown St. Paul with electric power, district steam
heating, and chilled water cooling. Evergreen Ener-
gy currently heats 80% of the commercial, residenti-
al and industrial buildings in downtown St. Paul and
provides cooling for 60 % of downtown Buildings.

Minneapolis has district heating and cooling provi-
ded by NRG and Hennepin County, and the Univer-
sity of Minnesota also has district heating and coo-

ling for their buildings. Hennepin County burns
1,000 t/d of municipal waste to produce 40 MW of
electric power in downtown Minneapolis. No heat is
being recovered at the Hennepin County garbage
burning facility. Rock-Tenn, a paper recycling plant
is in St. Paul, is generating 9 MW for cogeneration.
A study (HVAC S.T., 2009) of Rock-Tenn facility indi-
cates that 20.2 MW of heat energy could be reco-
vered from the Rock-Tenn paper exhaust stack.

As a rough approximation, automobile transporta-
tion is considered essentially 100% powered by
gasoline, and home heating is considered to be
100% from indirect fired natural gas furnaces.

7.8.2. Methodological description

The assessment methodology is based on a quasi-
steady state model integrating thermodynamic per-
formance of the systems analyzed. Performance is
based on the set of scarce resources (energy and
mass flows) required to produce all useful energy
and mass flows within the community over a one
year time period. All energy and mass flow interac-
tions within the system and through the boundary
are considered in terms of energy and exergy, i.e.
on the light of the 2 law of thermodynamics. Furt-
her details on the analysis methodology used for the
Twin cities can be found in (Solberg, 2010).

7.8.3. Technical description

Based on exergy analysis several recommendations
and modifications of the existing energy supply
system as explained above have been derived. As a
result, a different supply scenario based on electric
cars and the use of waste heat from the power plants
for district heating purposes has been developed.
The main technical characteristics of this supply
option are stated below.

Approximately 341 m’/hour of water would be
distributed through new distribution piping to homes
and buildings throughout the city. With an average
yearly temperature of 9.4°C, the Twin Cities requires
heating for most of the year. In the winter all the heat
rejected to the Minnesota and Mississippi Rivers by
Xcel Energy power plants (1049 MW) would be
used to heat 300,000 homes (with average loads of
4.4 kW). The power plant steam turbines would pro-
duce 41.7 MW less electric power due to increasing
condensing temperature from 21.1°C to 71.1°C.
Hot water would be distributed at 71.1°C and retur-
ned at 26.7°C.

In the summer low exergy cooling technologies such
as adsorption chillers or liquid desiccant systems
would be used to produce 331,000 MW of cooling.
The steam turbine condensing temperature would be
increased from 21.1°C to 54.4°C reducing electrical



power output by 26.1 MW. Chilled water would be
distributed at 7.2°C and returned at 21.1°C. District
cooling would be significantly more efficient than air
cooled home direct expansion condensers, creating
an increase in peak electric capacity of 91 MW,
representing 6% of the current capacity.

District electric would charge 88,200 automobiles
batteries for 12 h/d at a rate of 1.04 kW/car. This
is based on 9.7 km/litre gasoline and an efficiency
of 22% fuel/engine power.

Potential heat recovery from Evergreen Energy, Hen-
nepin County, or Rock-Tenn energy plants is not
regarded in this retrofit scenario of the energy sup-
ply in the communities. Detailed data showing the

loads, supply and performance of the Twin cities can
be found in (Solberg, 2010).

7.8.4. LowEx Highlights and Diagrams

7.8.4.1 LowEx Highlights

The performance assessment simulation of the Twin
Citiess Community of Minneapolis and St. Paul
demonstrates that major reductions in energy input
and ground water and environmental harmful emis-
sions could be achieved by using electric cars and
modifying local power plants to recover waste con-
denser heat for a district heating and cooling system.

The Twin Cities community systems exergy perfor-
mance can be increased by 64% from 0.465 to
0.762. Annual carbon emissions can be reduced by
39% or 1,676,000 t/a and ground water use redu-
ced by 73% or 15,870,000 t/a. Reductions in sul-
phur dioxide and nitrous oxides would be of similar
magnitude as carbon. A substantial amount of the
emissions reduction is because power plants have
significantly less emissions than do automobile engi-
nes and home furnaces.
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7.8.4.2. lowEx Diagrams

In Figure 7.29 Primary Energy Ratio and Exergy
efficiency for the district heat and electric power
supply regarded for the Twin cities are shown. The
exergy efficiency figure shown corresponds to a
combined analysis of heat and power generation
together, with the corresponding heat and electrical
demands supplied. A graphical representation of
the quality levels of the energy demanded (energy
use) and supplied is shown in Figure 7.30. The
height of the arrows gives an idea on the degree of
matching between the energy supplied and deman-
ded. In an ideal case supply and demand arrows
would be equally thick (no energy losses) and at
equal height (no exergy losses).

Quality levels of the energy supplied and demanded
are calculated by using simplified steady state equa-
tions assuming a reference temperature of 9.4°C
(average annual outdoor air temperature at the
investigated locations), as well as typical supply and
return temperatures for the district heating system
planned (71/21°C). Resulting quality levels under
these assumptions are displayed close to the corre-
sponding arrows in the diagram.
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7.9. Ullered (DK}

7.9.1. General description

The focus on energy efficiency and savings is incre-
asing globally. The European Union energy policy
gives high priority fo energy savings and use of
renewable energy. 40% of all energy consumption
takes place in buildings, so this is one of the main
target areas. In Denmark, the government has deci-
ded that energy use in new buildings must be redu-
ced stepwise by 25% in 2010, 2015 and 2020.
With the increasing number of new low-energy hou-
ses the question is: "What kind of heat supply is eco-
nomically and environmentally most attractive2" In
urban areas with DH, it might be reasonable to con-
nect some new low-energy houses. But in new sub-
divided areas with many or only low-energy houses,
it is interesting to know if it is feasible to use DH.
Today in Denmark, low-energy houses located in DH
districts can be exempted from connection obliga-
tion to the DH network. Therefore, it is relevant to
research if DH is a good alternative to other heating
technologies, e.g. heat pumps.

The low heat demand in low-energy houses means
that the network heat loss may be a very significant
part of the total heat demand with a traditional net-
work design. To solve this problem, the network heat
loss and involved costs must be reduced. The solu-
tion seems to be a low-temperature DH network with
high-class insulated twin pipes in small dimensions

(Svendsen, et al. 2005; Svendsen, et al. 2006).

An area with
| 92 low-energy
= houses

Figure 7.31: Selected area for district heating net-
work in Ullered-byen (Denmark).

The advantages of a low-energy DH system are:

e DH is a flexible system suitable for all kinds of
energy sources

* renewable energy (RE) sources can be used direct-
ly or in combination with large-scale heat storages.
This means that DH can be an important part of the
future energy supply system fully based on RE

e great potential for utilisation of waste heat from
CHP plants, refuse incineration and industrial pro-
cesses

 DH covers a large part (60%) of Denmark's hea-
ting supply and is a well-known technology

e DH is reliable and easy to operate for the consum-
ers.

7.9.2. Methodological description

The selected area is located in a new district called
Ullerad-byen in Hillered Municipality, Denmark (see
Figure 7.31). The area has a great focus on energy
efficiency regarding both buildings and energy sup-
ply. This area consists of 92 low-energy houses with
an energy demand of 42.6 kWh/m% including
space heating, domestic hot water, cooling and elec-
trical auxiliary energy.

7.9.3. Technical description

The philosophy with the DH storage unit is that lower
DH temperature is required, and only a constant
very low DH supply (flow) is necessary. The flow for
the DH storage unit to cover the heating of spaces
and domestic hot water is illustrated in Figure 7.32
for 8 different energy demand rates. The diagram
represents a sort of discretized duration curve for
the building under analysis.

The lowest interval covers the summer period, when
there is only demand for domestic hot water. Remai-
ning is about 7.5 months with space heating
demand - "the heating season". Again, to illustrate
the influence of the indoor temperature, it could be
mentioned that in the theoretic case with only 20°C,
the heating season is calculated to be about one
month shorter.

The heat-flow rates and water flows on Figure 7.32
are very small compared to traditional units and
houses. This is because the heat-flow rate to the
domestic hot water is levelled out to constantly being
about 0.26 kW. All fluctuations are absorbed in the
tank. The low heat-flow rate at 0.26 kW corre-
sponds to about 9 I/h in a district heating system
with 50°C supply temperature and 25°C return tem-
perature. That is only 0.15 |/min, which can be des-
cribed as "one cup per minute".

The network for low-energy houses cannot be made
exactly in the traditional way, because this will result



in relatively large network heat losses. Lower heat
losses can be accomplished through the following
parameters:

* Smaller pipe dimensions

* Larger insulation thickness

¢ Highly-efficient PUR insulation

e Cell gas diffusion barrier

* Diffusion-tight flexible carrier pipe
e Twin pipes (double pipes)

* Reduced pipe lengths, if possible.

To optimise the pipe system with respect to costs, it
has been important o look at the piping. Besides the
lower heat loss, the usage of twin pipes further has
the advantage of reducing the material and con-
struction costs.

Two types of pipes are selected for the network: Fle-
xible pipes and (bonded) steel pipes. Both types are
twin pipes, which are supply and return in one
casing pipe. The flexible pipes are available with
dimensions of the service pipes of 214-32 mm. Steel
twin pipes in straight length of 12-16 metres are
used for larger dimensions. They are available in
service pipe dimensions up to 2200 mm. It should be
mentioned that the @14 mm flexible pipe is not on
the Danish market yet, but will be developed and
produced for testing in this project by a Danish
manufacturer.

Several designs of flexible pipes are on the market,
but in this project, it was decided to focus on a type
with a service pipe of the multi-layer type containing
aluminium and PEX (cross-linked polyethylene). The
manufacturer uses the name "AluFlex" for this type
of DH pipe. This type is combining the advantages
of the smooth surface of the plastic pipe with the
durability and tightness of the welded aluminium
pipe. The service pipe is a sandwich construction,
consisting of an aluminium pipe, coated inside with
PEX and outside with PE. The aluminium core pro-
tects 100% against cell gas diffusion into the media
and water vapour diffusion info the insulation. It furt-
her makes the pipe dimensionally stable during
installation in the trench and during installation of
the force transmitting press-couplings. Flexible DH
pipes with regular PEX service pipes do not have the
tightness property to avoid cell gas and water
vapour diffusion.

The other type of pipe is a steel pipe, which has a
pipe of steel as service pipe, which is diffusion tight
itself.

The flexible twin pipes in the dimensions & 14 mm to
32 mm as well as the straight pipes in larger dimen-
sions are chosen as the continuously produced type
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with low-lambda PUR insulation and an aluminium
diffusion barrier between the insulation and the PE
casing. Because the insulation is encased between
the outer diffusion barrier and the diffusion-tight
media pipes, there will be no loss or contamination
of the cell gas. The very low heat conductivity will
therefore remain unchanged over time.

@ heat flaw rate (kW)
|l water 1ow (liter/min)

Heat flow rate [kW]
Mass flow rate [I/min]

246 1007

384 1007

966 1032 3281

Hours per year (totally 8760)

Figure 7.32: Average hourly values for heat-flow
rates and water flows for the DH unit in the refe-
rence house during the year.

The DH consumption in the network depends very
much on the type, size and number of connected
houses. In addition, also the number of people living
in the houses and their behaviour have influence on
the heating consumption and network design.

It was selected to use a 145 m2 one-storey house as
reference house in the network. This is not a very
large house, many new houses are larger, but the
idea was that if it is possible to make a cost-efficient
district heating system to this size of houses, then the
concept will be suitable for most new houses in
general. Smaller houses are being built, but they are
often terraced houses, which are built closer toget-
her. That gives a higher heat density in the network
system, shorter pipe lengths and smaller network
heat losses per house compared to individual hou-
ses.

The selected house is a low-energy house Class 1,
which refers to the building standard in the Danish
Building Regulation with the so far strictest require-
ment fo energy consumption. The space heating
demand of the reference house was calculated with
the simulation program "Bsim". The model of the
reference house in Bsim is illustrated in Figure 7.33.
Normally in theoretically calculations and for docu-
mentation of compliance with the definition (given
above), an indoor temperature of 20°C is used in all
heated rooms. For the reference house, it gives a
theoretical heating demand of 3028 kWh per year
(20.9 kWh/m2a). In practice, the conditions often
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are different, though. More redlistic temperatures
are assumed to be 24°C in bathrooms and 22°C in
the rest of the house. This may not seem like a big
difference, but in a low-energy house, it gives a sig-
nificantly increased heating demand compared to
the total demand. With the higher room temperatu-
res, the energy demand for space heating in the
house is 4450 kWh per year (30.7 kWh/m2a),
which is almost 50% higher than for the case with
20°C in all rooms.

Figure 7.33: Bsim-model of reference house..

To get the total district heating demand for the refe-
rence house, it is necessary also to define the dome-
stic hot water demand. Based on statistics and expe-
rience, the demand is specified to be 2300 kWh per
year, which corresponds to about 155 litres per day
of 45°C hot water.

In total, the yearly average heating demand of the
reference house is calculated to be 6750 kWh (see
Table 7.9), where space heating accounts for 66%
and domestic hot water for 34%.

—

3000 4000 5000 6000 7000
Hours per year

8000 8760

Figure 7.34: Duration curve with the hourly avera-
ged space heating demand in the reference house
(145 m?) for the local Danish climate.

Table 7.9: Total heating demand for the reference
house.

Heating consumption kWh/a
Domestic hot water 2300
Space heating 4450
In total 6750

The range of space heating demand during the year
is illustrated in Figure 7.34.

It is seen that the peak demand (coldest day of the
year) is 3.4 kW. Daily averaged values would be a
little lower and could be acceptable for houses with
floor heating, because such a building construction
can accumulate the heat and therefore counteract
large indoor temperature drops. In order not to lock
the concept on houses with floor heating in all rooms,
it was decided to use the hourly averaged values.

Table 7.10: The method and the main overall
assumptions used for calculating the socio-econo-
my are given by the Danish Energy Authority.

Main overall
assumptions

Economy calculated
for a 30-year period

Real interest rate 6%
District heating price 9,304 €/GJ

in 2008 (33,285 €/MWh)
Electricity price

(household) in 2008 97,686 €/MWh
Electricity price 87,636 €/MWh

(company/plant) in 2008

Table 7.11: Specific assumptions for low-energy
DH.

Main overall Economy calculated
assumptions for a 30-year period
Real interest rate 6%

District heating price 9,304 €/GJ

in 2008 (33,285 €/MWh)
Electricity price

(household) in 2008 97,686 €/MWh
Electricity price

(company/plant) in 2008 87,636 €/Mwh
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Table 7.12: Component prices and data for the heat pumps are delivered by a Danish manufacture. Costs
of DH plant and power plant capacity are included in the energy prices. National values from the Danish
Energy Authority are used to calculate the costs of fuels, taxes and emissions.

Specific assumptions for ground coil heat pump

Specific assumptions for air-to-water heat pump

Season Performance

Factor 31

Season Performance
Factor

2.5

30 years with 50%
re-investment every

10 years (2,690 €)

Lifetime, consumer unit
and house installations:

Lifetime, consumer unit
and house installations

30 years with 50%
re-investment every

10 years (2,690 €)

The socio-economic results for comparison are given
in Table 7.13. The calculation is made for a 30-year
period, and assumed necessary re-investments are
therefore added to the investments.

Table 7.13: Socio-economic costs in a 30-year period for three scenarios [€].

Scenarios
Costs per 30 years [€]

Low-energy DH unit | Heat pump, ground coil | Heat pump, air-to-water
Investment and re-investment 1,187,194 1,708,212 1,443,88
Maintenance and operation 25.254 0 0
Fuel, taxes, emissions etc. 454.205 337.75 337.753
In total 1,666,654 2,046,670 1,862,690
per house 18.115 22.25 20.246

With the used assumptions, it is a fact that low-ener-
gy DH is competitive with the heat pump technology.
The first results of this project indicate that an opti-
mized DH system for low-energy houses is competi-
tive with other heat sources from a socio-economic
point of view.

Main parameters for traditional DH system design
have been reviewed and in some cases adjusted.
The case study illustrates that in theory it is possible
to obtain a low network heat loss despite the low
heat demand of the buildings regarded.
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7.9.4. LowEx Highlights and Diagrams

7.9.4.1. LowEx Highlights

In the project three “LowEx” technologies are com-
pared: low energy district heating, ground source
heat pump (GSHP) and air-to-water heat pump
(AWHP). Furthermore, these technologies are app-
lied to buildings that accomplish to the requirements
of low-energy Class |, according to the Danish Buil-
ding Code.

7.9.4.2. lowEx Diagrams

A graphical representation of the quality levels of
the energy demanded (energy use) and supplied is
shown in Figure 7.35.

Sources Energy supply

A
B 1 Fossil fuels,

1 electricity

o

=

- o
> Air-to-water HP
|| > (=042 (AWHP, 8 °C)
= § =0,34 Ground source HP
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=0,12 Low-temperature
district heafing
0 » 50/22°C
District heating
50/22°C
AWHP
COP=2.5 GSHP
COP=3.1
2 3 4 5

PER (Primary Energy Ratio) [-]

Quality levels of the energy supplied and demanded
are calculated by using simplified steady state equa-
tions assuming a reference temperature of 0°C (typi-
cal winter space heating conditions) as well as typi-
cal supply temperatures for the technologies, sour-
ces and demands regarded.

The temperature of the ground for the GSHP system
is assumed to be 8°C, equal fo the mean annual out-
side temperature of the air in Denmark. The same
temperature of the source is considered for the
AWHP system, since the heat pump is used both in
winter season (for space heating and domestic hot
water) and in summer season (only for domestic hot
water). Supply and return temperatures assumed for
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the district heating network are assumed to be 50°C
and 22°C, respectively. Approximate quality levels
under these assumptions are displayed close to the
corresponding arrows in the diagram.

Under these assumptions, the different systems
which can be used to provide the given demand can
also be represented in the Exergy efficiency vs. PER
below (Figure 7.36). Systems on the light grey areas
of the diagram represent the best solutions from an
exergy and renewable energy perspectives.



7.10. Conclusions

In this chapter results from several community case
studies with innovative supply structures have been
introduced. The absolute values of the exergy and
energy performance of all the systems presented can
not be directly compared with each other due to the
different reference temperatures and operating con-
ditions assumed in each case. However, the order of
magnitude of the PER and exergy efficiencies can
still be compared with each other to obtain a gene-
ral picture on the best performing technologies for
community supp|y systems.

Many of the cases presented use low temperature
waste district heating systems as supply option.
Often, waste heat from CHP plants is considered in
these case studies as it is the case of Oberzwehren,
Parma, Ullered, Heerlen or the twin cities of St. Paul
and Minneapolis.

Due fo the low temperature level of waste heat, @
great level of matching between the energy
demands in the buildings and the energy supplied
can be found. As a result, high exergy efficiencies,
with values between 60% and 80% can be found for
this technology. The exergy efficiency of this techno-
logy is, therefore, around 10 times better than that
of conventional energy efficient supply systems such
as condensing boilers.

Yet, also compared to other low temperature rene-
wable options such as solar thermal systems the
exergy performance of waste-heat based district
heating is very promising: exergy efficiencies shown
for solar thermal supply options with solar fractions
of 40 to 60% are on the range of 15 to 20%. This is
due o the still relatively high share of fossil fuels that
need to be used besides the solar thermal systems.
Only if very high solar thermal fraction are achie-
ved, such as the 90% solar fraction obtained in the
Okotoks project, high exergy efficiencies (of around
80%) are achieved.

With exergy efficiencies between 10% and 30%
GSHP can neither compete with waste district heat
or solar thermal supply with high solar fractions in
terms of exergy performonce. Only if heat pumps
are used in combination with very low temperature
lifts, i.e. with low temperature environmental energy
sources or reservoirs (such as minewater or lake
water, as the projects of Heerlen, Letten and Ander-
matt) comparable exergy efficiencies can be expec-
ted for this systems.

This shows the great potential that waste heat has as
a supply technology for energy demands in buil-
dings. Exergy analysis also shows that heat pump
technologies should be used in innovative designs
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maximizing the exploitation of low temperature
environmental sources or heat reservoirs available,
in order to achieve high exergy efficiencies. Additio-
nally, the strong necessity and importance of aiming
at high solar fractions (above 60% or even on the
range of 90%) is also clearly highlighted with the
exergy performance figures.

%Reach 2020 goals for EU countries means cutting green-
house gas emissions by 20% from 1990 levels; a 20%
share of renewable energies in EU energy consumption
(17% for lialy); cutting energy consumption by 20% through
improved energy efficiency.

%Not totally renewable but almost entirely fuelled by rene-
wable energy.

“This case study has been kindly supplied fo the Annex 49
working group by Sven Svendsen from the Department of
Civil Engineering of the Technical University of Denmark as
guest participant.
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8. CONCLUSIONS

The thermodynamic concept of exergy allows depic-
ting how the potential of a given energy flow is used,
or lost, respectively, in the course of an energy con-
version. Thereby, inefficiencies within energy supply
systems can be pinpointed and quantified. Applying
the exergy method to energy systems in buildings can
contribute to increasing their efficiency significantly.

Within the ECBCS Annex 37 low exergy systems were
defined as “heating or cooling systems that allow the
use of low valued energy as the energy source” with
a focus on space heating applications. However, the
scope of ECBCS Annex 49 includes the various ener-
gy demands in buildings as well as the integration of
multiple buildings in communities or neighbourhoods.
Thus, within the course of research activities in ECBCS
Annex 49 the definition has been extended to apply
to this broader context. In this sense, low exergy
systems are defined as “systems that provide accepta-
ble thermal comfort with minimum exergy destruc-
tion”. This allows to find the optimal match between
quality (i.e. exergy) levels of supply and demand for
any use or appliance within buildings.

The basis for exergy analysis in buildings is a com-
monly accepted and scientifically grounded methodo-
logy. Developing such a methodology was one of the
main working items within ECBCS Annex 49 activities.
Results are presented in chapter 2 including a detailed
description of the methodology that can be applied to
both, heating and cooling processes analysis.

To obtain coherent and meaningful results, the sign
convention adopted for energy and exergy analysis is
of great importance. We argue that the thermodyna-
mic reference environment for exergy analysis in buil-
ding systems should be the ambient air surrounding
the building. Climatic data on a time dependent basis
are required for dynamic as well as quasi-steady state
assessments. Average outdoor air femperatures
during the heating season can be used for first estima-
tions on the thermal exergy performance of heating
applications following a steady-state method. Simple
Input-output approaches (in terms of sources and
demands) can also employed to perform exergy ana-
lyses at the community level.

Quasi-steady state approaches for exergy analysis
performed on the basis of results from dynamic ener-
gy simulations (or measurements) have proven to be
reasonably accurate. They require less input data
than a fully dynamic approach and, being simpler,
are less time consuming. Thereby, quasi-steady state
exergy analysis represents a reasonable compromise
between accurateness and complexity. It can be used
in exergy calculations in buildings aiming at analy-

zing the performance of whole building systems.
However, if the main goal of the analysis is to optimi-
ze or study the performance of storage components
dynamic assessments are required.

In any application steady-state exergy assessment can
only be used to show the the approximate performan-
ce of a given system or get first comparisons between
systems. Steady-state analysis has proven to be
inadequate to obtain the absolute value of the perfor-
mance of building systems, even for space heating
applications. Therefore, quasi-steady state or dyna-
mic exergy analyses are required for an accurate
comparison of building energy supply systems.

Space heating and cooling systems in buildings aim
to provide comfort for the occupants. Thus besides the
energy efficiency, thermal comfort within buildings is
the main requirement that they must meet. Due to the
importance of human thermal comfort in the built
environment, a whole section is devoted fo the exergy
assessment on thermal comfort in chapter 2.

To make the exergy approach and calculation metho-
dology available to the public, several tools have been
developed within the project. A further important step
in this direction would be the development of pre-nor-
mative proposals including exergy as a performance
indicator for building systems. In such a standard, the
total exergy input required by a building should be
limited according fo state-of-the-art technologies avai-
lable. In chapter 5 several concrefe proposals on stra-
tegies for characterising the performance of buildings
and building systems are presented.

The energy approach, both on a building and com-
munity level, infends to reduce energy demands in
buildings by increasing insulation levels or increasing
the air tightness of the building envelope, i.e. optimi-
zing the building shell. The exergy approach at both
levels focuses on matching the quality levels between
the energy supply and demand. Therefore, it requires
the use of low quality sources for low quality demands
like space heating. Demands requiring higher quality
levels, such as lighting, electrical appliances or mobi-
lity, would in turn need the use of high quality sour-
ces.

Exergy analysis shows that combustion processes
should not be used for providing the low temperature
heat demands in buildings. Fossil fuels have a high
energy quality and in intelligent energy systems
should be used more rationally and efficiently with
respect to exergy. CHP units, providing equally high
exergy outputs such as electriciiy, are a great exam-
ple of an appropriate use of these energy sources.
Similar conclusions to for biomass-based fuels: alt-
hough being renewable, their exergy efficiency if



directly used for space heating is extremely low. Inste-
ad, low exergy sources should be promoted for heat
and cold demands in buildings. Examples of such
sources are solar thermal or ground source heat.

For the exploitation of low exergy sources often high
quality energy is also required, e.g. pumping or fan
power, electricity for powering heat pumps, efc. These
high exergy inputs also need to be minimized.

Several case studies in this report highlight the diffe-
rences between energy and exergy performance of
building systems such as boilers or heat pumps. They
demonstrate the necessity of designing new system
concepts based on the use of low temperature heat
sources for low temperature applications such as
space heating or cooling. Wastewater heat recovery,
waste heat in district heating networks or solar ther-
mal heat are some of the sources that should be used
for meeting these demands. However, the availabili-
ty of these sources varies strongly with time and often
is not coupled with demand. Intelligent storage con-
cepts, with maximum stratification and minimum
mixing are therefore a key component of low exergy
supply systems in buildings.

On the other hand, as energy demands for space
heating and cooling are reduced, the share of other
uses within buildings such as domestic hot water
(DHW) demands increases. The exergy quality factor
of DHW energy demand is about 13%, almost twice
as high as for space heating applications. Energy
systems using low exergy sources show lower efficien-
cies for these demands at higher temperature levels.
Further research is required to design system concepts
for an exergy efficient supply of DHW.

In addition, higher and lower exergy demands within
a building might be supplied in sequence, following
cascading principles. Cascading of thermal energy
flows in buildings is a promising approach that can
be directly derived from the exergy analysis. Here
future research is required.

District heating grids are a promising solution for
cascading available heat flows to supply different
energy demands in an intelligent way. The coordina-
ted management and control of district heating and
electricity networks together with state-of-the-art sto-
rage systems can be used fo maximize the exergy effi-
ciency of the supply. How to design and manage such
systems will require further research.

CHP units and heat pumps are very efficient energy
systems which allow bridging heat and electricity pro-
duction, making them promising technologies for futu-
re energy systems. Further research is required to
develop suitable storage concepts in combination with
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local heat and electricity networks on a community
scale in order to reduce CO, emissions and primary
energy use within the built environment using these
technologies. The integration of solar thermal systems
in local district networks is also a very promising low
exergy fechnology, as shown in the Canadian case
study for Okotoks (chapter 7).

Low temperature heating and high temperature coo-
ling systems increase the efficiency of low-exergy
sources. Thus, improving building envelopes allows
using surface heating and cooling systems and there-
fore enables the efficient and cost-effective use of low
exergy sources available. Therefore the choice of
emission system restricts the options for low exergy
sources of energy in buildings. For example, the exer-
gy approach shows that water-based systems are
able to provide the same thermal comfort as airborne
systems. However, they require much lower exergy
input for pumps and fans and exergy losses in the
emission process are also lower since the emission
system and the desired room temperature are very
close for water-based system. An exergy efficient
design in such cases would necessarily begin with a
change of the emission systems — an important insight
especially in countries with a strong tradition of air-
borne systems like the USA or Canada. In turn, in
countries using mainly waterborne systems, e.g. most
of European, the important choices for exergy effi-
cient building design in the choice of energy sources.

In either case, it has been shown that the exergy per-
formance of a building does not increase significant-
ly if the energy demand is reduced and surface hea-
ting systems are used without changing the supply
structures and sources used (see chapter 4).

Within this report the methodology for exergy assess-
ment of building systems, which was one of the main
items within ECBCS Annex 49 activities, is described
and applied to several building and community case
studies. This represents a significant step towards a
wider application of this method for building related
energy uses. The application of this assessment
method to further technology concepts (e.g. storage,
control, cascading concepts) will help identifying opti-
mum and suitable uses of the analyzed technologies
and represents a promising field where further rese-
arch needs fo be conducted.

Designing energy systems with the exergy approach
would increase the use of environmental heat and
renewable energy sources, leading to lower primary
energy consumption and CO, emissions. To promote
all benefits shown in this report and summarized
above, exergy should be included as a further indica-
tor in building and energy regulations.
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9.6 Subtask structure and leaders

Research activities in Annex 49 are divided in four
main subtasks. In each subtask participants from dif-
ferent countries cooperate under the coordination of
a subtask leader. Table 9.1 shows an overview of the
topics covered in each subtask and the countries and
institutions leading them. In Figure 9.1 the four sub-
tasks of Annex 49 and their interdependence is
shown graphically.

Table 9.1: Subtask topics and leaders in Annex 49.

Subtask | Topic

Subtask leader

A Methodologies Finland (VTT Finland)
B Exergy efficient community Canada (NRC Canada) /
supply structures The Netherlands (CHRI)
C Exergy efficient building Sweden (KTH)
technology
D Knowledge transfer and Germany (Fraunhofer Institute for

dissemination

Building Physics)

Exergy analysis methodologies

Exergy supply and Low exergy
renewable resources systems
Knowledge transfer and dissemination

Figure 9.1: Graphical structure of the Annex 49.



9.7 ADDITIONAL INFORMATION FROM
ECBCS ANNEX 49

Brochure

The brochure gives an overview of the activities of
the Annex 49 working group and a short introduc-
tion of the exergy concept and its utilization within
the built environment. The brochure is available in
English and German.

Annex 49 guidebook: full version

A printable .pdf version of the full and extended
Annex 49 guidebook, the final report of this project,
is available for those who prefer to get more detai-
led information.

Annex 49 guidebook: summary report

The summary version of the Annex 49 guidebook,
the full and extended version of the final report is
available on the CD-ROM

A framework for exergy analysis at the building
and community level

The Annex 49 midterm report entitled: “A frame-
work for exergy analysis at the building and com-
munity level” gives an overview of the basic princi-
ples of exergy analysis within the built environment
and about the used models for the tool development.
Furthermore, some case study examples are given.

Human-Body Exergy Balance and Thermal Com-
fort

The Annex 49 working report on Human-Body Exer-
gy Balance and Thermal Comfort outlines the rese-
arch work with in the field of exergy and comfort.
This report gives detailed information about the
basics and about the modelling and the developed
calculation tool.

Annex 49 newsletters

All seven issues of the biannual Annex 49 newslet-
ter can be found on the CD-ROM. Starting from the
first description of the work in the newsletter no. 1 in
March 2007 to the summary of the results of the
Annex 49 work in newsletter no.7 in March 2010.

Conference proceedings: The Future for Sustaina-
ble Built Environments

- Integrating the Low Exergy Approach

This conference about the future of sustainable built
environments was focusing on providing front-edge
results on the field of exergy analysis of buildings
and communities. It was held in Heerlen/The
Netherlands on April, 215t, 2009.
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Conference proceedings: The Future for Sustaina-
ble Built Environments with High Performance
Energy Systems

This conference about the future for sustainable built
environments and energy systems integrating a
maximum amount of renewable energies provided
front-edge technologies and solutions for buildings,
communities and energy supply. It was the final
Annex 49 conference and took place in
Munich/Germany on October 19th-21 st, 2010.

Tools

In total, six different tools have been developed
during the Annex 49 project. Ranging from a deci-
sion support tool, via a tool for a pre-design of a
buildings or the assessment of a community district
heating structure to a detailed building information
model (BIM) based platform. Five of them are enclo-
sed in the CD-ROM, the DPV tool has been develo-
ped to a commercial available tool, and you can
find an animation about this tool on the CD-ROM.

Tool manuals
User-Guides for the enclosed five tools are available
on the CD-ROM.

Technical presentations

A series of technical presentations were prepared
for the biannual ECBCS Executive Committee (ExCo)
meetings during the working time of Annex 49. The
related presentations can be found on the CD-ROM.

Published articles

A list of the exergy related articles published by
members of the Annex 49 working group during the
course of the project is given on the CD-ROM.

The Network of the International Society for Low
Exergy Systems in Buildings (LowExNet)

The International Society for Low Exergy Systems in
Buildings (short LowExNet) has been founded on the
13th September 2003 to keep the members of the at
that time ending ECBCS Annex 37 together. The
main objective of this network is to formulate our
interest in the regarded topics beyond the working
time of the ECBCS Annex 37 and ECBCS Annex 49
itself. A large number of workshops in connection
with other infernational events have been organised.
During this often industry related workshops techno-
logies and applications of LowEx systems on a buil-
ding and community level have been presented and
discussed in detail. LowExNet is intended to cover
also applications in countries outside the IEA. Al
information about this network is available on a
website (http://www.lowex.net/).
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