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Figure 3.14: Table showing available systems in the Decision Tree tool.



4. LOW EXERGY DESIGN STRATEGIES 

To make exergy analysis reach a wider public of
building planners and decision makers it is impor-
tant to clearly state and summarize the central stra-
tegies that can be derived from this new approach.
A wider use of the method will contribute to a signi-
ficantly more rational and efficient use of fossil fuels,
while promoting the integration of renewable ener-
gy sources in the built environment.

As stated in chapter 2, exergy analysis has already
proved to be successful in optimising power plants
and is making its way into building analysis (see the
tools presented in chapter 3). The targets of exergy
analysis applied to power plants and buildings are
of course different in scope and aims. The optimisa-
tion of a power plant aims at increasing the output,
i.e. the electricity produced. The reduction of the
exergy losses in buildings aims, instead, at decrea-
sing the exergy input to maintain the required out-
puts, i.e. the comfort conditions. 

The core and first principle of the exergy method
applied to the design of energy systems is to match
the quality levels of the energy supplied and the
energy demanded. In this sense, exergy can be

understood as optimisation tool for the use of ener-
gy sources. 

Applying the exergy method to energy systems in
buildings contributes to increase their efficiency
using both fossil and renewable energy sources, as
it is shown for several building and community case
studies in chapters 6 and 7. 

An example showing the additional information
offered by exergy analysis is the use of biomass or
photovoltaic (PV) panels to provide space heating in
buildings, as it is shown in the graphs in chapter 1.
Although both are renewable energy systems and
thus have a low environmental impact and CO2

emissions allocated, the exergy quality of biomass
and that of the electricity output from the PV panels
is very high. Exergy analysis helps showing that
these renewable energy sources should rather be
used for equally high quality applications (e.g. ligh-
ting, mobility, etc.) instead of using them for low
exergy demand heating purposes.    

In this chapter strategies for a general design of
energy supply systems in buildings and communities
are introduced. Based on these strategies, imple-
mentation technologies presented both on a building
and community level. Aspects related to control stra-
tegies and costs of the systems are also briefly
discussed. 

General strategies for building systems 
Buildings are major energy consumers (energy use
for space and domestic hot water heating). Due to
the low temperature level of most of these demands,
their quality is very low (approximately a quality
factor of 7%). The energy approach, in this context,
intends to reduce energy demands in buildings by
increasing insulation levels or increasing the air
tightness of the building envelope, i.e. optimizing
the building shell and later also an implementation
of renewable energy sources. The exergy approach
additionally requires the use of low quality sources
for these equally low quality demands, i.e. by mat-
ching the quality levels of energy demand and sup-
ply (as shown in Figure 1.1). 

Condensing boilers are considered highly efficient
energy supply systems. Their energy efficiency is
close to 100%. However, their exergy efficiency can
be as low as 5-10% because they degrade high
exergy natural gas to rather low temperature heat.
The core conclusion from exergy analysis on this
basic level is that, in an exergy efficient energy
system combustion processes should not be used for
the production of low temperature heat. 
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Figure 4.1: Power plant optimization aims at incre-
asing the exergy output.

Figure 4.2: Building exergy optimization aims at
decreasing the exergy input.



Instead, low quality sources should be used for
space heating and cooling applications in buildings.
Examples of available low exergy sources are solar
thermal heat, geothermal heat or process waste
heat. 

Additionally, low temperature heat flows existing
within the built environment, such as heat in waste
water or exhaust ventilation air, could also be used
to supply a share of the energy demands via heat
recovery systems. The use of these waste heat flows
requires the use of innovative heat recovery con-
cepts. Some examples of such systems are shown in
chapter 6. These concepts already play a significant
role in low energy building concepts. Taking into
account exergy balancing, the mostly electrical auxi-
liary systems become more important. In order to
minimize the high-exergy input in terms of electrici-
ty required for pumps and fans in these concepts,
heat recovery connected to highly efficient energy
systems, such as heat pumps is beneficial10.

However most of the low exergy sources mentioned
are not constantly available and almost important,
are available in very limited power. Reducing ener-
gy demands in buildings consequently reduces the
required peak power for space heating and cooling
applications,  making the use of low exergy sources
more favorable. 

In addition, lower specific power demands for space
heating and cooling also allow the use of surface
heating and cooling systems such as floor heating,
chilled ceilings or thermally activated building com-
ponents. Surface heating and cooling systems ope-
rate at lower temperature levels than conventional
units (radiators or fan coils), thereby making also the
use of low exergy sources more effective. Since these
low temperature heating and high temperature coo-
ling systems deliver the required heating or cooling
energy at temperature levels closer to that of the
energy demand in the building, they can be called
low exergy emission systems. The use of these low
exergy emission systems is a necessary step for a
wider and more efficient integration of low exergy
sources in building supply systems. In consequence,
low exergy emission systems are “more flexible”
since they allow the efficient integration of low exer-
gy sources, but could also be supplied with high
exergy sources. In turn, systems requiring higher
supply and return temperatures such as old radia-
tors with temperature levels of 90/70°C cannot be
efficiently coupled with low exergy systems such as
ground source heat pumps (GSHP) or solar thermal
systems. 

Yet, it is important to stress that the use of low-exer-
gy emission systems is only a prerequisite for a low-

exergy building, since low exergy needs with a high
exergy supply would not improve the outcome from
a standard building solution significantly.

For instance, a low-temperature floor heating system
with a gas boiler would not perform much better
than a high temperature radiator supplied by the
same boiler (Figure 4.3). 

The main focus to achieve an exergy efficient buil-
ding supply is to decrease the quality of the source
used and to find low exergy sources to be exploited
for buildings.

As energy demands for space heating and cooling
are reduced, the share of other uses within buildings
such as domestic hot water (DHW) demands increa-
ses. The exergy quality factor of DHW energy
demand is about 13%, being almost twice as high as
for space heating applications. Energy systems
using low energy sources show lower efficiencies for
these demands on higher temperature levels. Strate-
gies aiming at improving the performance of low
exergy systems for DHW supply are desired and a
promising future research topic. 

In addition, higher and lower exergy demands wit-
hin a building can be supplied one after another, fol-
lowing a cascading principle. This means that appli-
ances needing higher exergy levels are served prior
to appliances with lower exergy demand, making
use of the same energy flow several times. Casca-
ding of thermal energy flows in buildings is also a
promising field which can be directly derived from
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Figure 4.3: Comparison of exergy flow. The lower
exergy need in the floor heating system gives no
advantage since the boiler requires high exergy
input regardless of the emission system.
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the exergy approach and where future research is
also required.   

In addition to the concept and design of systems
making use of appropriate energy sources for low
exergy demands, control strategies of building
systems to minimize exergy losses in the supply pro-
cess are necessary.  The first step is the application
of good building physics to reduce the energy
demand of the building. Here a good insulation
level, air tightness of the building envelope, the use
of daylight and the passive use of solar energy are
important factors.

Economic aspects in Low Exergy building design
Cost efficiency is a key issue in all building projects
and in turn an important part of the development of
low exergy solutions for buildings. Prototype solu-
tions will always be more expensive compared to
common market technologies. The potential of a
new technology to perform better than a standard
system the development of energy prices is a key
factor. The cost efficiency of solutions is, in the long
run, determined by the quality of the system design.
High costs can therefore indicate that maybe better
and more economic alternatives to reach the same
result have been overlooked.

The development of components for low energy and
low exergy buildings has been rather slow in the past.
Solutions such as concrete core heating and cooling,
waterborne solar collector systems and various heat
pump solutions have been commercially successful on
their own merits. There are solutions that have been
commercially successful due to dual functionality such
as floor heating where customers have probably been
more often interested in the increased comfort rather
than the exergy aspects. Waterborne radiative panels
or chilled beams have often been chosen instead of
air heating and cooling because of the comfort
aspects, the reduction of fan electricity and operatio-
nal costs being a positive side-effect.  Offering a more
comfortable system, integrating additional functions
and advantages or positive side-effects (e.g. saved
construction costs by reduced floor heights because of
the integration of thermally activated floor slabs) is a
key issue for the success of new systems. In recent
years, efforts were made to integrate collector panels
into façade or roof structures where the collector ele-
ments replace the normal cladding and, thereby,
some costs can be saved. These technologies are still
mostly in a prototype stage. There is also a known
potential of saving energy by better control and a
variable operation of the energy system in buildings,
especially in commercial buildings. But, the costs of
sensors and actuators and the wiring in residential
buildings were still far too high to motivate private

investment. With further development of the compo-
nents and using wireless technology this could chan-
ge if larger market potentials are identified.

General optimization strategies for communities
At the community level, generally speaking, two
directions can be taken to address building related
energy issues: 
• the first focuses on the single building and aims at

energy self-sufficiency (e.g. by designing zero
energy buildings ZEBs)

• the other direction, characterized by higher com-
plexity, aims at taking advantage of the variety of
demand structures and available energy sources
of a whole city by an integral energy supply and
adjusted use profile

Very often, main efforts are directed to technologi-
cal improvements for low-energy, self-sufficient and
low-exergy buildings (e.g. by the development of so-
called zero energy buildings (ZEBs), but this strategy
can not have the same potentials as using synergies
in communities instead of individual buildings. Com-
munities are intrinsically characterized by a level of
complexity and by a efficiency potential respective-
ly higher than single buildings. At the community
scale, however, it is possible to adopt deep-reaching
changes in the supply structures, enabling the use of
technologies that make a more rational and efficient
energy use possible on a wider scale.

The core of the exergy approach for communities is
similar to the building approach: the quality levels of
the energy demanded and supplied shall match
each other (see Figure 1.1). To accomplish this, the
use of low exergy sources for supplying low exergy
demands in buildings has to be promoted. 

However, additionally to the similarities with the
building level, communities supply strategies can
offer synergies for an exergy optimized supply
system design which can not be found in buildings,
e.g. several demands with different quality levels are
present, several low exergy sources can be linked to
each other more efficiently and economically than in
a decentralized supply, or a more efficient use of
fossil fuels can be promoted more cost effectively
and efficiently on the community scale.

The first step for a more exergy optimized communi-
ty supply is, similar as for buildings, to promote a
wider integration of low-temperature renewable
energy sources, such as solar thermal or ground
source heat. Higher solar fractions are generally
achieved if solar collector fields are used in combi-
nation with heat networks, connecting several supply
systems (e.g. collector or borehole fields) with diffe-
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rent users. As the solar fraction increases, i.e. the
share of low exergy supply increases, the exergy
efficiency of the energy supply also rises. Similarly,
the use of ground source based systems in combina-
tion with heat networks will increase the energy effi-
ciency (i.e. COP) of heat pump units, if demands of
higher temperatures, such as DHW supply, can be
supplied by solar thermal heat. Solar thermal heat
can be used in winter to reduce the required tempe-
rature lift from the heat pump units, allowing signifi-
cant increase of the COP. This way high exergy input
in terms of electricity required for operating the heat
pumps can be reduced. 

On the other hand, a more exergy efficient use of fos-
sil fuels needs to be promoted. Decentralized supply
with individual boilers should be substituted by elec-
tricity driven CHP units, maximizing the exergy output
obtained from the high-quality fuels used. Distributed
or centralised generation with CHP units can reduce
the demand of fossil fuels and thus reduce the use of
combustion processes for heat production in total,
characterized by a high level of exergy losses.

As stated above, heat networks can play a signifi-
cant role in a more exergy efficient energy supply on
community level. They allow combining several
renewable energy sources with waste heat from an
exergy efficient use of fossil fuels. Heat networks
also allow cascading energy flows according to their
temperature, to supply high temperature applica-
tions, such as process heat, first followed by medium
temperature demands such as DHW and finally low
temperature heat can be directly used for space
heating. In this way, pumping energy, i.e. high exer-
gy input, into the network can be minimized and the
exergy efficiency of the energy supply increases. 

Exergy analysis can be a useful tool for improving
the design of heat networks. Coming back to the two
main strategies mentioned at the beginning of this
section, and bearing in mind the main directions for
promoting a more exergy efficient supply at the
community scale, it can be concluded that designing
more “sustainable” buildings could be regarded a
necessary but not sufficient condition for reaching
energy and exergy efficient communities. Innovative
supply structures allowing the application of the stra-
tegies mentioned above are required.

From an exergy perspective pumping energy in
pipes and ducts shall be minimized. This is also
valid for the design of heat networks. For this pur-
pose, the diameter of the pipes in the networks can
be increased. Thereby, lower heat losses can be
found in the network and lower maximum fluid
speeds occur. In turn, as a result of the greater pipe
diameter, thermal losses in the network increase.
First results on the sizing criteria of small scale
district heating systems show that actually a trade
off between the increase of (low exergy) thermal
losses in the network and the decrease in pumping
energy for its operation can be found. While from
the perspective of energy analysis lower target fluid
velocities for sizing the network, i.e. smaller pipes,
seem always advantageous, exergy analysis shows
that an optimum between both criteria can be found
(see Figure 4.4). 

Storage units are also a key component in low exer-
gy supply systems, particularly if based on heat net-
works to integrate a higher share of fluctuating rene-
wable energy supplies (e.g. thermal solar power)
into the system. 
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Figure 4.4: Pumping energy required for the operation of the heat network, thermal losses in the pipes and
resulting required net energy input to supply both demands in energy (a) and exergy (b) terms (Torío, 2010). 
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Economic issues in LowEx community design
Due to the different scale and the large number of
decision makers involved, different technologies
might be cost- efficient at the building and commu-
nity level. 

Considering technical-economic feasibility, solar
photovoltaic and solar thermal systems, if properly
integrated, can be well applied in the urban context.
However, implemented community case studies
show that the cost of these technologies as compa-
red to their energy yield is still relatively high as
compared to other systems such as district heating
systems or heat pumps (Jank, 2009).

For this report the integration of biomass plants has
been investigated in terms of economics and is out-
lined here as an example. The urban scale applica-
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bility of biomass is challenging because of plant fea-
ture problems, their location in the cities and
management difficulties as well as supply and stora-
ge issues. On the basis of the actual conditions, bio-
mass plants are more suitable in low-density urban
environments and as close to the source as possible.
Of course, in all cases with combustion (or pyrolysis
or gasification) processes, CHP are recommended
for improving both the energy and exergy perfor-
mance. This is shown in Figures 4.5 and 4.6.

Figures 4.5 and 4.6 combine the exergy efficiency
and the capital costs of several investigated systems
for the biomass energy use chains. If we are sepa-
rating the areas (1) thermal plants and CHP and (2)
mobility (because the latter shows clearly additional
costs for different reasons) we can observe that there
is a clear trade-off between exergy output (efficien-
cy) and capital costs (for the selected woody bio-
mass chains this is an almost linear relation, for the
selected biogas chains the situation is not that clear).
This shows that there are higher investments neces-
sary for a CHP compared to a thermal plant in order
to make use of the full exergetic potential of biomass
resources. 

If we would follow the objective to gain a highest
possible exergetic use of biomass resources with a
minimum of capital cost, we would have to draw an
envelope line in these figures connecting those
points situated on the left hand and top side of Figu-
res 4.5 and 4.6. This would lead to the conclusion,
that using biomass for transport purposes in any
case is not efficient, both from an exergetic and from
an investment costs point of view. But, biogas plants
feeding biogas into the gas grid and for combined
heat and power production are an efficient option. 

However, if we are considering that currently there is
a high demand for individual transport systems, the
lowest exergy losses result from bio-based e-mobili-
ty models compared to combustion engines. This
would require clearly higher investment costs (which
are partly offset, at least for the case of 2nd genera-
tion liquid biofuels by lower running costs).

Figure 4.5. Exergy efficiency and capital costs (woody biomass)

Figure 4.6: Exergy efficiency and capital costs (biogas)
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10In chapter 6 an example of such an innovative system is shown.



5. EXERGY BENCHMARKING PARAMETERS

To bring the method for exergy analysis of building
systems to the wider public parameters able to cha-
racterize the exergy performance of different
systems are required. 

A great number of parameters can be found in the
literature (Cornelissen, 1997; Dincer and Rosen,
2007; Tsatsaronis, 1993). In this chapter the set of
parameters considered as relevant by the ECBCS
Annex 49 group are presented. These parameters
are used to characterise the performance of the buil-
ding and community case studies found in chapters
6 and 7. The diagrams used for graphically showing
the exergy performance of energy systems in buil-
dings and communities based on the parameters
introduced, are also presented. Additionally, a
benchmarking proposal for characterising the per-
formance of building systems is introduced. 

The main added value of the exergy approach is
shown through the parameters and diagrams pres-
ented. Including exergy assessment in building ener-
gy codes would be an important step towards a
more energy efficient built environment and would
help bringing the exergy approach to the public and
decision makers. Therefore, at the end of this chap-
ter, a proposal on how to include exergy in energy
codes is suggested. 

Parameters for exergy performance 

Quality factors
Quality factors allow depicting the exergy associa-
ted to a given energy flow (i.e. energy transfer) or
the energy content of a given system. They represent
the convertibility of an energy flow into mechanical
work, i.e. high valued energy with high exergy con-
tent. Thereby, they allow high exergy sources and
demands to be characterised and distinguished from
low exergy sources and demands. They allow a sim-
ple yet thermodynamically correct representation of
the matching in the quality levels between energy
supplied and demanded, and are used for this pur-
pose in the “arrow diagrams” presented below in
this chapter. 

Quality factors are defined as the ratio between the
exergy and energy of a given energy system. From
a thermodynamic point of view, they represent the
proportion of work that can be obtained from an
energy conversion process which brings an energy
system into equilibrium with its environment11 as
related to the energy input in the process (i.e. the
energy present in the system before the conversion
process takes place). 

Thermal, chemical, mechanical, potential and kine-
tic exergy derived from different temperature, com-
position, pressure, height and velocity between a
system and its reference environment might be pre-
sent. Exergy flows can be derived from quality fac-
tors related to all of the above items.  

Equation (5.1) shows the general expression of qua-
lity factors which can be applied to any energy flow
or source. 

However, this report, as well as the method introdu-
ced in chapter 2, focuses on thermal exergy. The
most popular expression of quality factors for ther-
mal energy transfers are Carnot factors (or Carnot
efficiencies). Carnot factors can be applied if an iso-
thermal heat flow happens via a heat engine bet-
ween two temperature levels. Equation 5.2 shows
the expression of Carnot factors for a temperature T
of the system and a reference temperature T0. Car-
not factors are used to calculate the so-called “exer-
gy of heat” (see chapter 2).

If the heat transfer is not isothermal, as it is in the
case of, for example, storage processes, Carnot fac-
tors cannot be applied. Instead, the quality factor
shown in equation 5.3 needs to be used12. The so-
called exergy of matter (see chapter 2) can be obtai-
ned using the quality factors defined in equation 5.3.

Exergy efficiency
Exergy efficiencies are a suitable and appropriate
base for comparing the performance and optimisa-
tion of different heating and cooling systems. As any
other efficiency, exergy efficiencies are defined as
the ratio between the obtained output and the input
required to produce it. Exergy efficiencies help in
identifying the magnitude and point of exergy
destruction within an energy system (Cornelissen,
1997). Therefore they allow to quantify how close a
system is to ideal performance or where the energy
and exergy inputs to the system are better used
(Torío et al., 2009). 
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Different definitions of exergy efficiency parameters
can be found in the literature. At least two types of
exergy efficiencies can be identified and differentia-
ted: “simple” or “universal” and “rational” or “func-
tional” (Cornelissen, 1997; Tsatsaronis, 1993). In
(Schmidt and Torío, 2009; Torío et al., 2009) a
discussion on the differences and suitability of these
two efficiencies can be found.

The mathematical expressions of the simple and
rational exergy efficiencies are shown in equations
5.4 and 5.5.

The main difference between both exergy efficien-
cies is the way the exergy output is considered. The
rational efficiency considers the difference between
“desired output” and any other kind of outflow from
the system. In turn, the simple exergy efficiency con-
siders any kind of output as such, be it desirable or
not for the investigated use. In most building systems
undesirable outputs are present, e.g. in a waterbor-
ne heat or cold emission system in a building, outlet
water flows back via return pipes into the heat/cold
generation system. In consequence, the simple exer-
gy efficiency works better when all the components
of the incoming exergy flow are transformed into
some kind of useful output. In turn, the rational effi-
ciency shows how much exergy is getting lost while
providing a specific output. Exergy losses regarded
in the rational efficiency are due to both irreversible
(not ideal) processes present and to unused output
exergy flows. Therefore, the rational exergy efficien-
cy is a more accurate definition of the performance
of a system and can be better used without leading
to false conclusions. 

The rational exergy efficiency is the parameter used
in the “PER-Exergy efficiency” diagram presented
below to characterise the exergy performance of
community supply systems. 

Depending on whether the exergy efficiency refers
to a single component or process of an energy
system, or whether it refers to all processes and com-
ponents constituting the system, so-called “single”
and “overall” exergy efficiencies can be defined.

An example of single and overall efficiencies for the
room air subsystem and complete energy chain in
Figure 2.4 (in chapter 2) is shown in Equations 5.6
and 5.7. Overall efficiencies are derived from an

input/output approach13 for the analysis of a given
energy system and can be calculated as the product
of the single efficiencies of the single processes or
components comprising the system (Torío et al.,
2009). 

Exergy expenditure figure
To clearly show the relation between the exergy
required for supplying a given energy demand, and
the energy demand itself, Schmidt, et al. (2007)
defined the “exergy expenditure figure”. Exergy
expenditure figures can be used to characterise the
performance of components in energy supply
systems. This figure can be seen as an enhanced
version of the quality factors (exergy to energy
ratio), where both the energy and exergy losses in a
certain energy conversion unit are depicted. 

In Equation 5.8, the exergy expenditure figure is
defined for a component i of an energy system. It is
calculated as the ratio between the exergy input (eff-
ort) required to supply a given energy demand and
the energy demand itself (use). Auxiliary energy for
operating the component is also included as input
(i.e. effort) in the parameter. 

For supplying a given energy demand due to ineffi-
ciencies in the supply systems a greater amount of
energy needs to be supplied. Ideally, however, the
energy supplied should have a similar quality as the
demand. Providing smaller amounts of energy with
higher quality would not be sufficient. Therefore, in
the exergy expenditure figure the “use” of a given
component (e.g. heat loads to be supplied by radi-
ators in buildings) are regarded in terms of energy
and not in exergy terms.  

Comparing the exergy expenditure figure to the
quality factor of the demand provided (use) the level
of matching between the quality levels of energy
supplied and demanded can be obtained. 

Figure 5.1 shows the energy and exergy flows used
for the general definition of the exergy expenditure
figure for a component i.
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Energy and exergy losses happening in the compo-
nent are implicitly taken into account by the ratio of
provided output to required input. Energy losses are
taken explicitly into account by means of the energy
efficiency in equation 5.8. Exergy losses are taken
into account by comparing the exergy expenditure
figure of the component with the quality factor of the
final demand to be provided. In consequence, if the
energy losses in the component are high, i.e. low
energy efficiency, the exergy expenditure figure
might reach values higher than 1 (see equation 5.8).

For the particular application of space heating and
cooling of buildings, the quality factors  of the ener-
gy demanded are very low. Figure 5.2 shows that for
space heating applications assuming an ambient
temperature (i.e. reference temperature) of 0°C and
an indoor air temperature 21°C the quality factor of
energy demand is 7%. Therefore, for space heating
of buildings, the closer the exergy expenditure figure
for a given system to 7% , the better the system exer-
gy performance is. Consequently, in space heating
and cooling applications, energy supply systems with
low exergy expenditure figures shall be used. 

The definition of the exergy expenditure figure used
here is not equivalent to the expenditure figure in the
German Standard (DIN 4701-10, 2001), despite
similar nomenclature. The main difference is that the
exergy expenditure figure as proposed here repre-
sents a ratio between an energy output and an exer-

gy input. In the German Standard the expenditure
figure is the inverse of the energy efficiency of a
given component, i.e. a ratio between the required
input and the provided output.

Again, the exergy expenditure figure regards the
quality level of the energy supplied (effort), whereas
the output (use) is regarded in energy terms (i.e.
quantity). Therefore, as long as a certain energy
source with its corresponding quality level is used
with the same energy efficiency, the exergy expen-
diture figure would be the same and the parameter
will not vary. By comparing the exergy expenditure
figures for different steps or subsystems of the ener-
gy supply to the exergy level of the energy demand
(e.g. 7%) the suitability of each component for that
particular use can be checked. Therefore, it is a bet-
ter indicator of the good matching between the qua-
lity level of the energy used by a given component
and the final energy demand, i.e. of the suitability or
appropriateness of the energy system for providing
a given use. In (Schmidt and Torío, 2009) a case
study comparing the exergy expenditure figure and
the single exergy efficiency for different components
of the energy supply chain is presented. Results sho-
wed the suitability of the exergy expenditure figure
for providing insight on the appropriateness of using
a given component for a certain energy use.

Primary energy ratio, PER
Exergy assessment provides information on the mat-
ching between the quality levels of the energy dem-
anded and supplied. It allows a common and scien-
tifically grounded approach for analysing different
energy sources, be they renewable or fossil. In turn,
exergy does not provide any information on the
renewability of a certain energy source. To connect
these considerations with exergy analysis, a further
parameter is required. For this purpose, the prima-
ry energy ratio (PER) is introduced.

PER is calculated as the ratio between the useful
energy output, i.e. the energy demand to be supp-
lied, and the fossil energy input required for its sup-
ply. The analytical expression of PER is shown in
Equation (5.9). High PER values indicate that the
proportion of fossil energy in the supply is low, and,
thus greater share of renewable energy sources is
present in the supply.

PER’s are used in the PER-Exergy efficiency diagram
introduced below in this chapter for characterising
the performance of community systems.
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Figure 5.1:Graphical
representation of the
exergy flows included in
the exergy expenditure
figure for a general com-
ponent of an energy
system (Schmidt et al.,
2007).

Figure 5.2: For a refe-
rence temperature of
0°C, the exergy content
of the energy in the
room air, assuming an
indoor air temperature of
21°C, is 7%.
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Benchmarking for components of building systems
The exergy benchmarking proposed here for compo-
nents of building supply systems is based on the exer-
gy expenditure figure. Here the benchmarking method
and its applicability are presented by means of an
example where several building systems are analyzed. 

The case study consists on a building heating case.
Several building systems are considered for supply-
ing the same space heating demand. In particular,
different heat generation and emission systems are
regarded: condensing boiler (Cond. in Figure 5.3)
without and with solar thermal systems, wood pellet
boiler (Wood. in Figure 5.3), ground source heat
pump (GSHP in Figure 5.3), district heating (DH in
Figure 5.3), radiators (radiator in Figure 5.3) with
supply and return temperatures of 55/45°C and
floor heating systems (floorh in Figure 5.3) with sup-
ply and return temperatures of 28/22°C, respective-
ly (see also Figure 1.2).

A component, e.g. a radiator, is designed to supply
a specified heating power. An appropriate building
system should perform this task with the smallest
possible amount of exergy input. Furthermore, the
use of high quality (auxiliary) energy, e.g. electrical
power, and losses to the environment, should be low.

As described above (see Figure 5.2), the exergy
fraction of the energy needed to heat a room is only
around 7%. This value can be directly compared to
the exergy expenditure figures of the building servi-
ce systems discussed above (Figure 5.3). They satis-
fy the heat demand with a more or less well-adap-
ted heat supply. Heat generators that utilise a com-
bustion process use much more exergy than requi-
red, and are thus less efficient from an exergy per-
spective. As for emission systems, for heating the
same room, the radiator system uses more exergy
than the floor heating system, which is closer to
being ideal in terms of exergy use.

Benchmarking for buildings
All parameters presented until now in this chapter
represent different ratio between effort invested and
use obtained. In consequence, they state the mat-
ching level between energy supplied and demanded,
but do not give any information on the total energy
or exergy demand of a building. For benchmarking
the performance of buildings, similarly as it is done
currently in terms of energy, a limitation of the exer-
gy of the primary energy demand is suggested.  

An ideal line can be drawn based on the real exe-
getic demand of the regarded zone. The exergy
supplied by different building systems should be
compared with the exergy of the demand. Ideally

they should be as similar as possible, i.e. for low
exergy demands such as space heating or domestic
hot water production (DHW) low exergy should be
supplied. To promote the use of building systems
making use of low quality energy sources, i.e. which
require low exergy inputs, the upper limit of the
exergy of primary energy input should be limited
according to the demand of a good building service
equipment solution, similarly as it is done for the
limitation of fossil primary energy demands. The
limit is set here close to the exergy demand of a con-
densing boiler, regarded as an available and ener-
gy efficient state-of the art technology. 
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Figure 5.3: Assessment of the components “heat
generation” and “emission system” with the exergy
expenditure figure for the chosen variants of the
building service system.
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Figure 5.4: Calculated exergy of total primary
demand (fossil and renewable) for the chosen vari-
ants of the building service equipment (steady
state) and a suggested benchmarking classification. 



However, it can be clearly seen in Figure 5.4 that a
condensing boiler demands higher exergy inputs as
needed for satisfying the demand. The exergy input
can only be reduced if building systems which do
not use combustion process are used to provide low
temperature heat.  

As the supply matches the needed demand and the
exergy destruction in the regarded building is kept
to a limit, the building can be regarded as a
“LowEx”-building.

Four main design principles can be extracted from
the examples shown in Figure 5.4:
1. The limitation of the (fossil) primary energy

demand is a useful tool to reduce energy con-
sumption and the related CO2-emissions from
buildings. The exergy approach needs to be com-
bined with the primary energy approach in order
to include insight on the renewability of energy
sources used. This is already mandatory in a
number of European countries (e.g. Germany). 

2. Maximal heat transmission losses through the
building envelope should also be limited (e.g. as
it is done in German regulations by limiting the
mean transmission heat loss coefficient) in order
to ensure a good building envelope construction.
The energy demand should be reduced. Thereby
exergy demands would automatically be reduced. 

3. To assess and use properly the thermodynamic
potential of the utilised energy, the exergy
demand of fossil and renewable sources should
be limited. This limitation could be done in a simi-
lar manner as already known from the procedu-
re of limiting the primary energy demands. 

4. The exergetic demand of a zone should be satis-
fied with a suitable supply system, e.g. the exer-
gy expenditure figure should be oriented to the
actual exergetic demand of the zone.

Exergy fingerprint diagram
The “Exergy fingerprint” diagram depicts the energy
demanded and supplied against the quality of each
energy demand (Jentsch et al., 2009)15. It allows a
quick graphical overview on the matching between
the quantity and quality levels of the energy supplied
and demanded. The calculation algorithm corre-
sponds to a steady-state approach similar to that
implemented on the Annex 49 pre-desing tool (see
chapter 3). The diagram is shown here for comple-
teness but has not been used to characterise the case
studies from ECBCS Annex 49 work. 

Figure 5.5 shows an example of two exergy finger-
print diagrams, for two different energy supply sce-
narios. The grey areas represent exergy losses in the
energy supply. The rest of colours represent the dif-
ferent energy demands considered: electricity, ligh-
ting, process heat, DHW and space heating, respec-
tively. The length of the coloured areas (its value on
the X-axis) represents the share of the respective
energy use on the entire demand. Its height (i.e. its
value on the Y-axis) represents the quality of the
given demand, i.e. its quality factor. By the mere
definition of quality factors (see equation (5.1) with
the product of the quantity of the energy demand
(i.e. value on the X-axis) and its quality (i.e. value on
the Y-axis) the exergy associated to the energy
demand can be obtained. 
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Figure 5.5: (a): Exergy fingerprint diagram for a reference scenario consisting of an average residential
building with an energy supply via a gas fired condensing boiler; (b): Exergy fingerprint diagram for an
improved scenario consisting of a well insulated building supplied with CHP units and district heating.



Graphical representations for characterising the
exergy performance of community supply systems
Graphical representations for characterising the
exergy performance of community supply systems
enable to visualize the performance of a given case
study and make different community energy supply
concepts comparable. The characterisation of the
exergy performance of different case studies and
community concepts is presented here by means of
different diagrams included under the section
“LowEx Diagrams” in the respective case study (see
chapter 7).  

Arrow diagrams
The arrow diagram shows the matching between the
quality levels of the energy supplied and demanded.
The diagram is a qualitative representation of the
quality and quantity of energy demands and supply
in buildings. Figure 5.6 shows an arrow diagram as
an example.

The position of the arrows on the Y-axis (i.e. “Ener-
gy quality, q”, with a scale from 0 to 1) represents
the quality factor of the energy supplied and deman-
ded and thereby depicts the exergy content of the
energy flow. The thickness of the arrows represents
the amount of energy demanded or supplied. By
these means both the quality and quantity of the dif-
ferent regarded energy flows is shown. Thus, simi-
larly as the exergy fingerprint diagram introduced in
the previous section, the matching between the
quantity and quality levels of the energy supplied
and demanded can be seen.
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Figure 5.6: Example of an arrow diagram.
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Exergy losses, associated to the energy losses pre-
sent in the energy supply systems used, are shown at
the right of the diagram for the different energy
demands analyzed.

Figure 5.5(a) shows the diagram for a reference
scenario consisting of an average residential buil-
ding in Germany whose demands are supplied with
electricity from the German grid and a gas fired
condensing boiler.

By comparing the diagram of different supply
options with this reference scenario, improvements
can be recognized. An ideal supply system would
imply firstly a reduction of the demands, i.e. of the
length of the coloured areas (on the X-axis). Further-
more, exergy losses, i.e. grey areas, also need to be
reduced. An improved insulation level for the buil-
ding shell and the use of suitable energy supply
systems, such as CHP units and waste district heat,
allow achieving these aims as shown in Figure 5.5
(b). The better performance is also shown at a
glimpse through the a traffic light complementing the
diagram, where the exergy savings in percentage as
compared to the reference scenario can be read.  

The diagram gives similar information as that deli-
vered by the Annex 49 pre-design tool.  However,
the performance of the different components in buil-
ding supply systems cannot be assessed individually
with this diagram. The Annex 49 pre-design tool
allows to obtain such information on a quick and
easy way. Different building energy demands (e.g.
DHW, space heating or lighting) are also included
in the tool.



PER – Exergy efficiency diagram
The Primary Energy Ratio (PER)-Exergy efficiency
diagram characterises the exergy performance and
use of renewable energy in the supply of a commu-
nity project. Exergy efficiency is represented in the
Y-axis. PER ratio is represented in the X-axis. Each
case study is represented by both factors (white dots
in the diagram). Ideally, high values for the exergy
efficiency and PER ratio should be obtained. White
dots show both parameters for different supply con-
cepts, characterising the performance of the case
study. Dots in the upper right corner indicate good
exergy performance and high use of renewable
energy sources. Supply concepts on the area close
to the upper right corner would correspond to
“LowEx” community concepts. In turn, dots close to
the lower left corner depict case studies with low
exergy efficiency and high fossil fuel share on the
energy supply.

Pre-normative proposals
Buildings are major contributors to the final energy
demands in many industrialized countries (Eurostat,
2007). Therefore, to reduce CO2 emissions from the
built environment and thereby contribute to a more
sustainable development and to international targets
trying to avoid or limit climate change, energy direc-
tives for buildings have been developed. 

Generally all current energy laws are based on
energy (i.e. the first law of thermodynamics), not on
exergy. In this sections some thoughts and sugges-
tions on including the exergy concept in energy
legislation are presented.

There are five important questions to be asked when
designing energy legislation:
Which objectives are to be obtained by this legisla-
tion? 

Which parameters are the right indicators of the
(energy) performance the building in relation to the
foreseen objectives?

Which analysis method should be used?

Which ‘requirements’ should be set to the building?
(e.g. benchmarking against comparable buildings
or set a maximum value to the chosen parameters)

Which administrative instrument could best be utili-
zed? (i.e. energy tax, ‘force’, subsidies)

The following section gives a brief introduction to
current European energy legislation and tries to give
some thought and suggestions on including the exer-
gy concept, hereby also addressing the five ques-
tions mentioned above.

Current status of energy laws and exergy in ener-
gy laws
Reducing energy consumption and eliminating waste
are among the main goals of the European Union
(EU). There is significant potential for reducing ener-
gy demands, thereby limiting consumption of energy
sources. The EU has introduced legislation to imple-
ment energy efficiency measures in the built environ-
ment. According to the Energy Performance Building
Directive (EPBD, 2002) the Member States must
apply minimum requirements as regards the energy
performance of new and existing buildings, ensure
the certification of their energy performance and
require the regular inspection of boilers and air con-
ditioning systems in buildings (EU, 2010). Regarding
the five main questions raised in the previous section,
the following answers can be given related to current
energy legislation on a European level:
Objectives: the final aim is to promote secure and
sustainable energy supply systems for the built envi-
ronment. Related to sustainability this objective is
translated to the aim to reduce primary energy use
and CO2 emissions. This objective should be obtai-
ned by reducing energy demands in buildings and
enhancing the use of renewable energy sources wit-
hin the sector. 

Parameters: the secondary objectives formulated
above already determine primary energy use and
CO2 emission as indicators for the performance of a
system.

Method: The analysis method must be determined
by the member countries. However, it should be
according to some defined standards to allow cer-
tain comparability and based on common frame-
work methodology for all member states. It is also
mentioned that  “the calculation shall also include a
numeric indicator of carbon dioxide emissions and
primary energy use” (van Dijk, 2008).
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Figure 5.7: Example of
an “PER – exergy effi-
ciency“ diagram.



Requirements: the Member States are responsible
for setting their own minimum thresholds and bench-
marks.  

Administrative instrument: compulsory energy per-
formance certificates should be made available
when buildings are constructed, sold or rented.

Including exergy in energy legislation
As it can be concluded from the previous paragraph
there are no exergy requirements (using exergy as a
methodology or as an indicator) in current energy
legislation. 

Some literature about including exergy in energy
legislation (Van Gool 1997; Dincer 2002; Favrat et
al. 2008) can be found. These works mainly focus
on the importance of including exergy in energy
legislation. Favrat, et al. (2008) describe a practical
approach determining fixed exergy efficiencies for
various energy conversion processes. In this work it
is also mentioned that the Canton of Geneva requi-
res that documents from city developers include an
exergy performance evaluation of their project.

In this paragraph the main motivation and contribu-
tion gained by including exergy in energy legisla-
tion is presented. The same structure used in the pre-
vious sections is followed: 
Objectives: the main motivation for including exergy
in building energy regulations is that this concept
can contribute to design and operate more efficient
energy supply systems in the sector since exergy
depicts the real thermodynamic efficiency (and the-
reby the improving potential) of energy systems. This
could contribute to the main objective of the energy
legislations available of achieving more sustainable
energy supply systems. In addition, exergy allows
analyzing all kinds of energy sources on a common
and scientifically grounded basis (be they renewable
or fossil). It can be argued that in the future, when
all energy supply is based on renewable energy, it
will also be important to use renewable energies in
an efficient way, since they are limited in time or
space, and the conversion of energies will never be
free of materials. Therefore it can be argued that a
secondary objective can be to reduce exergy
destruction by designing more intelligent systems,
even if these are based on renewable energies.  

Parameters: exergy is in the first place related to the
thermodynamic performance of a system .  An exer-
gy analysis can, therefore, determine how much
potential has been lost and thus how well the perfor-
mance of an energy supply system really is, compa-
red to the ideal performance. In this way exergy has
an added value to energy:
• Exergy efficiency is always <100% (different from

COP), thus a real improvement potential can be
determined, while energy analysis is only able to
compare systems;

• Exergy analysis shows quality losses that are not
shown with energy analysis, being thereby a true
measure for the thermodynamic efficiency and
performance of a given system or process;

• Exergy assessment is not limited to the consumption
of “primary energy” as in energy from fossil fuels
(as the primary energy approach is), but it also
includes the analysis of the potential of renewable
energy sources used. Therefore it is also a tool to
design intelligent systems using renewable energies.

Method: using exergy analysis as a method to deter-
mine the exergy losses and the improvement poten-
tial is the most obvious application of the exergy
concept, which is already used by many designers
of energy systems. An exergy analysis can support
meeting the objective to reduce the consumption of
primary energy sources by making available more
efficient building systems. Furthermore, by matching
the quality, i.e. exergy, level of the energy supplied
and demanded suitable energy sources and energy
systems can be identified for providing different uses
with different quality levels within the built environ-
ment (e.g. space heating and lighting). At this
moment no standard tool at the level of most natio-
nal energy analysis tools is available. A first idea of
the exergy performance can be obtained with the
Annex 49 pre-design tool (see chapter 3). Alternati-
vely the calculation methods as explained in chapter
2 can be applied. The development of a generally
applicable tool as are the current energy tools will
require additional work.

Requirements: since exergy analysis is relatively new
in the built environment it is difficult to set minimum
standards at this moment. By now, a common scien-
tifically grounded methodology has been developed
and agreed upon by the ECBCS Annex 49 group
(see chapter 2). The next step would be to apply the
methodology to several case studies and define
benchmarks based on the results. For a first idea the
paragraph on benchmarking (chapter 5) can be
considered. In addition, requiring an exergy analy-
sis as is done by the Canton of Geneva (Favrat et al.
2008) can be a good first step, since this will give
insight in the losses and motivate designers to come
up with more intelligent systems. It is also a way of
introducing the concept to many professionals wor-
king in the built environment. 

Administrative instruments: once the benchmarks
are set, administrative instruments to make sure that
they are met can be defined. However, as stated
above, further research needs to be conducted to
reach this stage. Thus, the discussion of possible
administrative instruments is not further treated in
this work
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Exergy as sustainability indicator
Sustainable development can be defined as a deve-
lopment that “meets the needs of the present without
compromising the ability of future generations to
meet their own needs” (Bruntland, 1987). Several
authors have linked the exergy concept with insights
on sustainable energy supply and sustainable deve-
lopment (Cornelissen, 1997; Rosen and Dincer,
2007; Wall, G. and M. Gong, 2001). This link is
based on the fact that exergy is a thermodynamic
concept that clearly identifies the improvement
potential of an energy system, thus opening up the
possibility of increasing its efficiency (Rosen et al.,
2008). For this aim, all energy flows involved, fossil
and renewable, must be analyzed. This allows sho-
wing the thermodynamic efficiency of using different
energy sources, independently of their renewable or
fossil character, and allows a common basis for the
comparison of different energy sources and uses
(Schmidt et al., 2007). Since energy sources, and
particularly fossil fuels, are limitedly available,
increasing the efficiency of their utilization leads to
increase the time span in which they can be utilized
and reduce negative environmental impacts derived
from its use, thus increasing sustainability of energy
systems. 

However, it must be clearly stated that systems based
on renewable energy sources are more “sustaina-
ble” than fossil fuel based ones, even if the exergy
efficiency of the first might be lower than that of an
equivalent fossil-based alternative. The exergy con-
cept does not distinguish between renewable and
not renewable energy sources. This distinction, cru-
cial for finding options towards a more “sustaina-
ble” energy supply, must always be regarded addi-
tionally to the exergy analysis. 

Therefore, within research group of ECBCS Annex
49 consensus was agreed upon that exergy can
NOT be understood as an indicator able to depict
sustainability on its own. Exergy performance and
sustainability are not equivalent concepts, and exer-
gy analysis can only be seen as a further indicator
to complement existing analysis methods in order to
develop more “sustainable” energy systems. 

Main conclusions
Several parameters usable to depict the matching of
the quality levels between the energy supplied and
demanded have been introduced. Through their
application to case studies it has been shown that
exergy analysis adds information to conventional
energy analysis: the supply of high quality exergy in
buildings for space heating and DHW supply purpo-
ses needs to be minimized. This implies avoiding
combustion processes in building supply systems

and substituting them by low temperature systems
and sources. In consequence, the core of the bench-
marking proposal is to minimize the exergy of pri-
mary energy supply. With the parameters and
benchmarking proposal presented in this chapter,
this information is made directly and clearly availa-
ble to building planners on a scientifically grounded
basis. 

Additionally, exergy analysis provides a commonly
and scientifically grounded base for comparing
energy systems using different energy sources, rene-
wable and fossil, giving a true measure of the effi-
ciency of their performance. In this sense, exergy
analysis contributes to promote the efficient use of
renewable energies. Since they are limited in time or
space, and the conversion of energies implies also
material use and process, reductions in the exergy
destruction contributes to design more intelligent
and efficient energy systems, even if these are based
on renewable energies. However, it is important to
remark that, despite the great added value of exer-
gy, it cannot depict the sustainability of an energy
system. 

Including exergy analysis in energy legislation might
be useful for two reasons: it supports meeting the
objective to reduce primary energy consumption,
and it supports the design of intelligent energy sup-
ply systems based on renewable energy, which will
also become important in the future. The practical
implication as to standardised methods and mini-
mum requirements must be further developed.
However, the methodology presented in chapter 2 of
this work and results from case studies presented in
chapters 6 and 7 can be a very valuable contribu-
tion for this purpose.
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11So-called “reference environment”, see chapter 2.

12The quality factor in Equation 5.3 corresponds to a ther-
mal heat transfer, where the temperature of the system chan-
ges from T to T0 reversibly, i.e. via several heat engines
working respectively at temperatures infinitesimally smaller
than T (i.e. T-dT; T-2dT; etc. ) up until T0..

13A description of this input/output approach can be found
in chapter 2.

14For cooling systems the quality factor of the demand to be
provided is even lower due to the closer temperature level
to outdoor air. 

15This diagram has been kindly supplied by the research
group from the Fraunhofer UMSICHT Institute, Germany,
Jentsch, A. et al. (2009).

16By some authors (Wall and Gong, 2001) exergy is also
used as an environmental indicator, meaning it is also a
measure for sustainability in a broader sense than just ‘redu-
cing energy consumption’’. However, this vision is not sup-
ported by the ECBCS Annex 49 group, as it is clearly sta-
ted further below in this chapter.



6. APPLICATION OF THE EXERGY APPRO-
ACH TO BUILDING SYSTEMS

Introduction
In the present chapter, some building case studies
are shown where the general exergy-based design
strategies for buildings presented in chapter 4 are
applied. Emphasis is put on the reduction of energy
use by means of innovative approaches for cold and
heat storage as well as energy recovery. Six case
studies of innovative concepts or technologies are
presented here. Three of them are related to air-con-
ditioning systems, in order to reduce both the ener-
gy required for cooling and for the air circulation to
ensure proper indoor air quality. The need for coo-
ling, in fact, is becoming increasingly high in buil-
dings: since there are less alternatives for producing
cold than for heat generation – cold is commonly
produced with air heat pumps or compression chil-
lers with relatively poor efficiency – the possibility of
using natural ventilation or evaporative cooling
would be beneficial, where ever possible and with
suitable ambient conditions. 

Similarly to the seasonal storage systems, ground
heat helps improving the performance of the buil-
ding system by using a renewable and freely avai-
lable source: its exploitation is particularly intere-
sting with heat pumps, raising their COP to a value
that makes the use of a high exergy source like elec-
tricity convenient. The use of hybrid technologies,
coupling the use of renewable and non-renewable
energy is in fact one of the most promising trade-off
between availability and exergy efficiencies.

Waste heat utilisation can be considered another
type technology particularly efficient form an exergy
point of view: its use in the cogeneration approach
is now widespread but it has to cope with problems
like the matching of heat and electricity demand in
the power plant, the need of an extensive planning
and energy loss due to the heat distribution. An
innovative approach that would partially solve these
issues is the local heat recovery in the building, as it
will be shown in the before last case study.

Two cases are about seasonal storage systems both
for cooling and for heating (see the fourth and fifth
building case studies). They are mandatory for an
effective exploitation of renewable sources but they
are also useful to lower the peaks in the supply
system and to make it work preferentially in the best
possible conditions. By letting the demand and the
supply not being directly matched, they pave the
way for a flexible energy use management. 

A further case is about a waste water system to reco-
ver heat from buildings waste waters similarly to the

heat recovery systems in the Air Handling Units
(AHU): a rational energy use, in fact, would compri-
se the recovery of all valuable types of energy.

The following is the list of the cases presented in this
report:
1. Innovative Concepts for Exergy Efficient Air-con-

ditioning Systems and Appliances in Buildings
2. Temperature and Humidity Independent Control

(THIC) air-conditioning system
3. Adjustment of the ventilation rates based on the

variation in time of the actual needs
4. Seasonal heat storage by Ground Source Heat

Pumps (GSHP) system
5. Shallow ground heat storage with surface insula-

tion
6. Exergy recovery from waste water in small scale

integrated systems
7. Innovative configuration for cooling purposes:

series design for chillers

Innovative building case studies

Innovative concepts for exergy efficient air-condi-
tioning systems and appliances in buildings17

By using outdoor dry air as the driving force, the
indirect evaporative chiller is aimed at providing a
novel air-conditioning concept for public buildings in
dry regions. In this manner, it takes advantage of the
use of “wet” exergy contained in liquid water (which
is very large) in order to produce cool exergy and
subsequently cool the air or water as a cool carrier. 

It produces cold water with a temperature between
~ 15 and 18°C, lower than outdoor wet bulb and
infinitely close to the dew-point temperature of the
inlet air. As the heat carrier of the chiller is water rat-
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Figure 6.1: Principle of the chiller



her than air, the energy consumption for transmis-
sion is greatly reduced. An air conditioning system
is also designed using the indirect evaporative chil-
ler, as Figure 6.2 shows, which can use outdoor dry
air sufficiently by matching the temperature level of
the cold water and the heat sources.

Relevance as low-exergy technology
Exergy use in cooling has two big benefits: the exer-
gy needed for heat conversion and the exergy for
heat distribution and emission. In regards to heat
conversion, cold water is produced at 16-18 °C, or
high temperature and low-exergy cooling. In addi-
tion, it is produced using dry air as the driving force
instead of electricity, as used in common chillers. The
use of water strongly contributes to lowering exergy
losses, with respect to airborne systems, due to bet-
ter heat vector behaviour.

Temperature and humidity independent control
(THIC) air-conditioning system18 

Temperature and humidity control are the two main
tasks of air-conditioning systems. In most centralised
air-conditioning systems in China, the air is cooled
at the temperature below the indoor dew point tem-
perature, dehumidified by condensation, and then
supplied to the occupied spaces to remove both the
sensible and latent load. The required chilled water
temperature should be lower than the air dry bulb
temperature or air dew point in order to remove the
sensible load (control temperature, covers 50%-
70%) or the latent load (control humidity, covers
30%-50%), respectively. However, the same 7°C
water is used to remove both sensible and latent
load and, as a result, available energy is wasted.
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Figure 6.2: Structure of the air-conditioning system using the indirect evaporative chiller 
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The proposed THIC (Temperature and Humidity
Independent Control) system is composed of two
separated systems, a temperature control system
and a humidity control system, as shown in Figure
6.3. The temperature of chilled water in the tempe-
rature control system is raised from 7°C in the con-
ventional system to about 18°C, which also allows
for the utilisation of some natural cooling sources.
Even if the chilled water is still produced by a
mechanical chiller, the COP (Coefficient of Perfor-
mance) increases greatly.

In the southeast of China, where many large buil-
dings are located, the outdoor air is humid: the main
task of air-conditioning systems is to dehumidify the
air. In this case, the liquid desiccant dehumidifica-
tion method is recommended. In the northwest of
China, the outdoor air is dry and the main task of
air-conditioning systems is to decrease its tempera-
ture. Direct or indirect evaporative cooling is recom-
mended.

Figure 6.3: Device scheme



Relevance as low-exergy technology
This system allows the control of both humidity and
temperature by splitting the management of them
into two independent systems. Due to the increased
temperature for cooling from 7° to 18 °C, much bet-
ter performances in terms of exergy can be obtained.
Referred to an outside reference environment at
25°C, the exergy content is respectively 6.4% and
2.4% of the produced and delivered heat. Similarly,
a chiller ideally working in the same environment
would perform almost three times more effectively.
Consequently, relevant amounts of exergy can be
saved, while still assuring good comfort conditions in
the cooled areas.   

Adjustment of the ventilation rates based on the
variation in time of the actual needs
Ventilation plays a role of key significance in the ove-
rall building performance in terms of energy con-
sumption, indoor air quality and thermal comfort.
Ventilation can be ensured by natural means or by a
mechanical system. The major challenges for the
development of purely natural ventilation techniques
are the uncertainty about practicing real control on
airflows and the unreliability related to the stochastic
nature of its driving forces - wind and temperature
gradients. Mechanical ventilation may result in an

unnecessary use of energy. Hybrid technology repre-
sents the attempt of combining the benefits of both
ventilation strategies in a unique system by promo-
ting interactions between occupants, indoor climate
and outdoor conditions. Hybrid technology urges a
technological development of system components
(supply inlets, exhaust grilles and control algorithms
in order to always make airflow rates consistent with
actual ventilation needs (e.g. amount of fresh air).
The energy required by air conditioning and distribu-
tion also has, of course, to be minimised.

Relevance as low-exergy technology
Energy use for air circulation in air unit systems is a
relevant part of the overall energy balance. To over-
come the pressure drops in air ducts, which implies
slight exergy destruction, electricity-driven fans are
needed as their exergetic efficiency is very low. This
approach limits the electricity consumption for air cir-
culation by making use of the natural pressure diffe-
rences in the environment that would be otherwise
supplied. Furthermore, active systems, such as chil-
lers, can be switched off to maintain IAQ comfort
requirements. As a result, in intermediate seasons, it
is possible to cut off the electricity consumption, that
is exergy, and make use of available environmental
sources. 
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Figure 6.4: Average
humidity ratio of the most
humid month in China.
Southeast of the line: out-
door air is humid. North-
west of the line: outdoor
air is dry enough.

China



Seasonal heat storage with ground source heat
pump system19 

Ground source heat pump (GSHP) systems with ver-
tical ground source heat exchangers can be an
effective solution to heat and cool buildings with
low-exergy consumption. In the case of small buil-
dings the tubes are normally installed satisfactorily
far from each other and utilise the geothermal ener-
gy of the constant temperature of far-away soil volu-
mes. In this way the seasonal energy storage is not
available. However, in the case of larger buildings
where several boreholes have to be installed, a more
effective conception can be used. In this case the
tubes can be installed in a cylindrical branch. If the
number of boreholes increases, the proportion
among the cylindrical boundary surface and the
heat storage soil volume becomes smaller. As a
result, the heat storage soil volumes are in contact
with a relatively smaller surface with the far-away
soil volumes. Consequently the effectiveness of the
seasonal heat storage becomes higher (see Figure
6.5). In order to decrease the exergy loss of the sto-
red energy (the temperature drop can be decrea-
sed), the heat exchangers are distributed into more
groups and used in a suitable sequence during the
heating and cooling periods (Simón, 2008).

Relevance as low-exergy technology
The main precondition to the exploitation of many
renewable sources is the possibility to store energy,
due to their inconsistent availability. The exploitation
of renewable sources is considered as a low exergy
approach. Even though solar radiation has a theo-
retically great exergy potential, the exergy destruc-
tion of the solar radiation would take place anyway,
regardless of human exploitation, and its use repla-
ces high-exergy fossil fuels. 

Seasonal heat storage has a two-fold positive effect
on exergy consumption in buildings: it allows the
massive exploitation of solar energy in an efficient
way – thus collecting freely available exergy - and it
improves the performance of active, electricity-dri-
ven systems, such as heat pumps.   

Shallow ground heat storage with surface insulation
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 6.6). By
covering large ground surface areas with insulation
of sufficient thermal resistance the heat loss from the
storage will be closer to the solution for a semi-infi-
nite solid heated on the surface. Such storage will be
favourable compared to a single borehole, especial-
ly when heat is supplied and extracted by the heat
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Figure 6.5: Estimated heat storage efficiency.

Figure 6.6: General view of the system.
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carrier in an annual cycle. The aim is to combine
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 coo-
ling. 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.

Relevance as low-exergy technology
This technology opens up the possibility of providing
heating and cooling with low exergy supply. The
reduced heat loss to the ground is also a way to
minimize exergy losses in the system. However, spe-
cial care will probably be needed to control the moi-
sture from the ground.

Exergy recovery from wastewater in small scale
integrated systems
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 has been overlooked. Most well insulated high
performance buildings now have nearly half of their
heat demand coming from hot water production. In
this system, a recovery system is being analysed to
maximise the potential of warm wastewater to aug-
ment the performance of a heat pump. The heat
from showers and other hot water demands is cap-
tured at the highest possible temperature and used
to reduce the temperature lift needed for the heat
pump to produce hot water. Thereby, a low lift com-
pressor can be used in the production of both low
temperature (LowEx) space heating as well as hot
water, which requires a higher production tempera-
ture, but now receives a higher source temperature.
This concept is depicted below (see Figure 6.7) and
the potential change in COP is demonstrated in the
T-S diagram (Figure 6.8).

Innovative configuration for cooling purposes:
series design for chillers
Although a 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 kWelectric/kWcooling 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 6.9 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%. 

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 elec-
trical energy demand for the chillers is then reduced
from the conventional value of 0.267 system kWe-
lectric/kWcooling to 0.135 kWelectric/kWcooling 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.

Relevance as low-exergy technology
In this study case, the exergy improvement potential
from a cascaded use of thermal energy flows for
cooling applications is shown. 
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Figure 6.7: View of the system

Figure 6.8: T-S diagram of the heat recovery process

Relevance as low-exergy technology
In this study case, the recovery of waste energy has a
strong influence on the performance of the heat pump,
By increasing the source temperature, and conse-
quently the COP, the demand of electricity decreases.
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17This case study was kindly submitted to the ECBCS Annex
49 working group by Xiaoyun Xie and Yi Jiang from Tsing-
hua University (China) as guest participants.

18This case study was kindly submitted to the ECBCS Annex
49 working group by Xiaoyun Xie, from Tsinghua Universi-
ty (China) as guest participant.

19This case study was kindly submitted to the ECBCS Annex
49 working group by Tamás Simon, a guest participant,
from the Budapest University of Technology and Economics,
Budapest (Hungary).

Figure 6.9: Conventional parallel configuration of chillers for cooling energy supply (left) and innovative
series configuration for high efficiency cooling supply (right).



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-
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.

The planning and decision making process
Figure 7.1 suggests that changes 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, a change in energy type 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 environmentally the most far rea-
ching of the alternatives. It is at this level of change
towards which the community case studies present-
ed in this chapter are oriented.

As already stated in this report, exergy is a compre-
hensive measure of the potential of an energy sup-
ply to do work (Shukuya and Hammache, 2002),
therefore offering users the ability to manage the
availability of energy. By knowing the characteristics
of the task to be undertaken (demand), one can
select the most appropriate energy stream for it (sup-
ply). Energy sources within the community must be
separated and categorised according to their quali-
ty (i.e. exergy content) before being aggregated to
form specific energy supply groups. Similarly, cate-
gories for energy demand types can be defined. 

With an understanding of the capacity and capabili-
ty of each category, supply and demand integration
can 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
manner that the output energy stream from one task
becomes the input energy stream for another, there-
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Table 7.1: Summary of
community case studies.  

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

Ullerød Denmark low energy district heating, ground source heat pump
(GSHP) and air-to-water heat pump (AWHP).



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, but the exergy level at the final step has
to be close to that of the ambient temperature – a
much more demanding requirement.

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 and PER-Exergy efficiency
diagrams introduced in chapter 5 are used here to
characterise graphically the exergy and energy per-
formance of community supply systems. 

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

Innovative community case studies

Alderney Gate (CA)
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 objective of the project is to develop a
cooling system for a municipal building complex
that employs the cooling effect of sea-water, either

directly 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 is the first of its kind
of project in Canada, successfully representing the
use of borehole thermal energy storage for cooling
purposes.

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 energy is then passed directly to the building’s
own cooling distribution system and, during periods
of low cooling loads, passed through a series of ver-
tical borehole heat exchangers and stored in the
ground.
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Figure 7.1: Hierarchy of energy-related decisions
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Figure 7.2: Advanced coaxial energy storage: heat
exchanger design..



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 and utili-
zation of heat at what would be absolutely low tem-
peratures (i.e. being low exergy sources available
locally). However, the sources used in this project
have still relatively high exergetic potential and
minimal environmental impact compared to other
ambient sources. 

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 6 km away (see Figure 7.4). 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.

The coaxial heat exchanger improves thermal and
exergetic efficiency by cutting the temperature diffe-
rence between the fluid and the ground to 1-2°C,
giving the fluid direct access to the borehole wall
and providing very low pumping resistance. Figure
7.2 shows schematically the coaxial heat exchanger
used. The design results in a smaller storage volume
for the same cooling load and eliminates the use of
mechanical chillers.  

A custom designed control system optimises the
system components, the storage temperature distribu-
tion, and the activities within the Alderney 5 complex. 

LowEx highlights
Sea water cooling coupled with borehole thermal
energy storage is planned to be used for cooling
purposes in the project. 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. 

LowEx diagrams
Figure 7.3 shows the Primary Energy Ratio and
exergy efficiency for the energy mix used in the
Alderney Gate complex.  

Andermatt (CH)
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 CO2-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
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Figure 7.3: PER ratio vs
exergy efficiency dia-
gram for the energy sup-
ply mix in the Alderney
Gate complex.

Figure 7.4: Energy plan for the new Andermatt
Alpine Resort, at 1447 m altitude.



Heerlen (Netherlands)
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 CO2

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
III 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 m² health care buildings
2,200 m² 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. All
planned buildings will be connected to the energy

supply (heating and cooling) from minewater. All
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-
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Figure 7.5: Minewater energy concept: depth and
temperature level of the wells in the project.
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Figure 7.6: Energy management system: temperature levels and lifts in the different parts of the energy
supply concept planned in Heerlen.



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.

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
energy station to the buildings). This secondary
energy grid provides low temperature 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 7.5

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 7.6). 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 gas fired condensing boiler, depending on
type of building and specific energy profile. The

total system will be controlled by an intelligent ener-
gy management system including telemetering of the
energy uses/flows at the end-users.

LowEx highlights
In this project, low temperature heating and high
temperature cooling systems are being used in com-
bination with highly insulated buildings. As stated in
the design strategies mentioned in chapter 4 for
buildings and communities, this makes possible the
use of a low exergy source such as minewater at low
temperature level for space heating and cooling. 
Furthermore, as back-up system to guarantee the
supply whenever the minewater temperature is not
enough to provide direct heating or cooling, heat
pumps operating at high COPs are used. These
energy systems allow, as stated also in chapter 4,
minimizing the high exergy input required to supply
the demands.  

LowEx diagrams
Figure 7.7 shows the Primary Energy Ratio and
Exergy efficiency for the minewater-based supply
technologies considered in the community of Heer-
len (NL).  

Letten (CH)
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 CO2-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 “Andermatt”, the temperatures and tempera-
ture differences are not enough for a direct supply of
the required energy demands. Again, the idea is to
promote 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.

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 7.8) 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 distur-
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Figure 7.7: PER ratio vs Exergy efficiency diagram
for the energy supply options chosen in Heerlen
(represented by the white dots). For comparison,
grey dots represent the performance of conventio-
nal technologies. 



bance. Instead of disturbing one source, the tunnel
can be used to extract or deposit heat between the
two thanks to the temperature gradient between the
fully mixed river current and the stratified layers in
the lake. The energy from the water can be used for
direct cooling and for heating with a central heat
pump. With a typical extraction temperature of
around 6°C combined with low temperature emis-
sion systems on the buildings of the campus, high
COP systems are expected to minimize the renewa-
ble electricity that must be supplied.

LowEx highlights
This project also makes use of a strategy mentioned
in chapter 4, namely the reduction of the high exer-
gy input in highly efficient energy systems such as
heat pumps. This is achieved by minimizing the tem-
perature difference in the thermodynamic cycle of
the heat pump by exploiting the potential of water in
a lake as low exergy source.

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 7.9.

Oberzwehren (GER)
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 property 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, a
mixed-use area borders the site. To the northwest,
there is a university campus, to the west, multi-fami-
ly buildings, and to the southwest 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. 

A district heating pipe from the local utility compa-
ny circulates close to the residential area. The plan
is to use the return line of this district heating con-
nection to supply domestic hot water and space hea-
ting demands. District heating in Kassel is mainly
waste heat from co-generation power plants. Waste
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Figure 7.8: Thermotunnel Letten for the potential
energy plan of the ETH Zurich.
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Figure 7.9: Matching of the quality levels of energy demand and supply for the Thermotunnel Letten case
study. The different energy supply options regarded as possible supplies are characterised separately.



heat available, e.g. from combined heat and power
production (CHP) plants, is a low quality energy flow
suitable for supplying the requested energy
demands. The use of waste heat with low exergy
content allows suitable matching between the exer-
gy level of the demand and supply sides and thus
represents a very efficient manner of supplying ther-
mal energy demands in buildings.

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. 
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 a
significant reduction in peak loads for DHW supply.
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 tank is fore-
seen for this purpose.

A centralised heat exchanger unit is being planned
for the supply of heat to the small neighbourhood,
shown in Figure 7.10. In this way, the district hea-
ting network from the local utility company is decou-
pled from the installed building appliances and
systems, 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 buil-
ding systems (e.g. floor heating systems). All houses
are connected in parallel to the local distribution net-
work (secondary side of the heat supply), as shown
in Figure 7.10.

LowEx highlights
In the project, the utilisation of a low exergy supply
source, i.e. waste heat from CHP units, is being inve-
stigated. Best case scenarios and hydraulic configu-
rations have been derived based on dynamic exer-
gy assessment performed. This clearly shows the
added value of exergy analysis in comparison to
conventional energy assessment. In order to ensure
a minimum supply of high exergy sources for DHW
supply, hydraulic configurations which ensure maxi-
mum supply from the district heating network for
these demands have been analysed. Furthermore,
low temperature (floor) heating systems have been
implemented in the buildings. 

LowEx diagrams
Here, all possible supply options considered at the
beginning of the project are analysed. Thereby, the
simple graphical representations show, at a glimpse,
how well the final supply chosen (district heating
return pipe) performs, as compared to other supply
options. A graphical representation of the quality
levels of the energy demanded (energy use) and
supplied is shown in Figure 7.12. The height of the
arrows gives an idea of the degree of matching bet-
ween the energy supplied and demanded. In an
ideal case, supply and demand arrows would be
equally thick (no energy losses) and equally high (no
exergy losses). In Figure 7.11, primary energy ratio
and exergy efficiency for the different energy supply
options regarded for the community of Oberzweh-
ren are shown.

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 in Germany), as
well as typical supply temperatures for the technolo-
gies, sources and demands under regard. Supply
and return temperatures for the solar thermal collec-
tors and district heating return pipe are assumed to
be 70/50°C and 50/30°C, respectively. Approxi-
mate quality levels under these assumptions are
displayed close to the corresponding arrows in the
diagram.  

report
ECBCS Annex 49PAGE 61

Figure 7.10: Simplified scheme of district heat sup-
ply to the studied neighbourhood of Oberzwehren
(Germany).

Figure 7.11: PER ratio vs exergy efficiency dia-
gram for the different energy supply options under
consideration for the community of Oberzwehren



The solar water heating system uses flat plate solar
collectors and provides at least 90% of the annual
space heating and 60% of domestic hot water
(DHW) for the 52 individual dwellings. This was
achieved, despite winter temperatures of -33°C. In
the scheme (Figure 7.14) of the solar thermal
system, the borehole seasonal thermal storage and
the district heating loop is shown. 

Okotoks (CA)
The community of Okotoks (Figure 7.13), Alberta, is
more than 1,000 m 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.

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.
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Figure 7.12. 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.
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Figure 7.14: Solar seasonal storage and district
heating loop used as energy supply system.

Figure 7.13: Okotoks complex (Canada)

The array is mounted on garages, at the rear of the
houses, and uses a propylene glycol/water solu-
tion, pumped through an underground pipe net-
work to a heat exchanger and a high temperature,
short-term thermal store (STTS) located within the
‘Energy Centre’.

Two unpressurised epoxy-lined cylindrical steel
water tanks form the SSTS and internal baffles
encourage thermal stratification. The Energy Centre
also houses most of the pumps and controls.

In addition, there is long-term Borehole Thermal
Energy Storage (BTES) which encompasses 144
boreholes. Each contains a single U-tube grouted in
place. Above them, layers of sand and insulation
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
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Figure 7.16: PER ratio vs. exergy efficiency dia-
gram for the energy supply mix in the Okotoks
Drake Landing solar community.

Figure 7.15: Heat emission: low temperature coo-
ling air fan coils

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. Figure 7.14 shows an sche-
me of the supply system.

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. Therefore, on
start-up, the glycol solution is recirculated through a
bypass loop until its temperature exceeds the STTS.
This protects the heat exchanger in the energy cen-
tre from freezing.

In winter, whenever the temperature in the STTS is
lower than that 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 7.15). Warmed air is
distributed through the house via internal ductwork. 

LowEx highlights
In the project, solar thermal heating systems, cou-
pled with seasonal ground thermal energy storage,
are planned to be used for heating purposes in a
residential area. Both thermal energy ground stora-
ge as well as solar thermal heat have low tempera-
ture levels and are therefore suitable LowEx sources
for supplying heating demands in buildings. 

LowEx diagrams
Figure 7.16 shows the Primary Energy Ratio and
exergy efficiency for the energy mix used at the
Okotoks Drake Landing solar community.  

Parma (IT)
Parma is located in Northern Italy’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.

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

An important aim of the present study is to modify
energy choices in order to optimize energy and exer-
gy efficiency. Renewable energies, distributed gene-
ration, micro-cogeneration and micro-trigeneration
may represent important measures to 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.

This approach emphasises the use of low energy
systems and leads 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:
• the use of technologies to minimize primary ener-

gy consumption by reducing end-users demand
• 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 represen-
tative 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:
• a part of the historical city centre
• an urban neighbourhood
• an industrial and agricultural area.

Exergy loss minimisation will be one of the most impor-
tant objectives of this study. Here, exergy analysis is
only focused on the urban neighbourhood because of
its large potential for energy system optimisation. 

In a distributed poly-generation system, electricity,
high and low temperature heat and refrigerated
water are produced locally. In order to efficiently
support the transition towards such a system the
interaction among customers’ demands for energy
services, available generation technologies, availa-
ble renewable energy sources and utility tariffs have
to be investigated. For this reason, natural gas and
electricity use data was mapped in a GIS to visuali-
se energy use pattern and identify land-use cons-
traints that can prevent the implementation of distri-
buted generation. Based on this real data and cons-
traints, an energy and exergy analysis has been
performed in order to define a realistic scenario.

For this purpose, energy demands were split into six
main categories based on statistical data: electricity,
end-use only (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, etc). Alternative strategies for supply-
ing thermal, electrical and cooling energy demands,
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in a poly-generation framework, were highlighted to
suggest system concepts that improve energy and
exergy efficiency, and reduce emissions and costs.
Starting from these initial evaluations, hourly load
profiles for electricity (utility statistical data) and
thermal energy (simulated heating and cooling
demand of buildings) were determined.

A multi criteria procedure, currently in development,
will take into account economic, energy and exergy
goals in the design and optimisation of energy
systems.

In this work, three scenarios have been analysed for
the town:
- Scenario 0: Parma 2007. State of the art
The scenario Parma 2007 is based mainly 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 are not
used. The average energy demand to be assumed
for further planning was based on assumptions of
total heat demands and heat loads. With this pro-
cessed data, we were able to evaluate measures to
adopt in the planning scenarios.
- Scenario 1: Parma 2020 
Here, the objective is to find a realistic path to reach
the 2020 European goals20 by introducing mandato-
ry regulation for local energy planning concerning
urban planning and the refurbishment of buildings.
- Scenario 2: Parma 2050
The target is to transform Parma into a renewable
city21 by the year 2050, adopting today’s best avai-
lable technologies and practices as a benchmark.
Here, the optimisation of exergy fluxes is also taken
into account.

LowEx highlights
In the building energy regulation developed here,
the use of “LowEx” technologies is strongly encoura-
ged. Low temperature heating systems close to room
temperature will be used, meaning that the energy
and exergy supply to the indoor building spaces will
be very efficient, with minimal losses. Low tempera-
ture renewable energy sources like solar energy and
the heating and cooling potential of underground
heat exchangers are also considered as supply sour-
ces. As stated in chapter 4, to utilise these sources,
the overall building system has to be adjusted to low
process temperatures. Radiant heating and cooling
systems, ground water heat exchange, solar ther-
mal, as well as building envelope performance
improvement (insulation, thermal capacity and natu-
ral ventilation) are suggested and economically
sustained. The new building energy regulation is an
example of the promotion of “LowEx” design strate-
gies mentioned in chapter 4 for both the building
and community levels.



Quality 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.

Twin cities Minnesotta (USA)
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, harm-
ful emissions and ground water use were also con-
sidered.

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 genera-
ted by Evergreen Energy which supplies downtown
St. Paul with electric power, district steam heating,
and chilled water cooling. Evergreen Energy current-
ly heats 80% of the commercial, residential and indu-
strial buildings in downtown St. Paul and provides
cooling for 60 percent 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
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Figure 7.17: Diagram of exergy efficiency of the
systems vs. primary energy ratio for scenario 1 -
Parma 2020 in winter conditions.

Figure 7.18: Diagram of exergy efficiency of the
systems vs. primary energy ratio for Scenario 2 -
Parma 2050 in winter conditions.

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

LowEx diagrams
A graphical representation of the quality levels of the
energy supply and that will be considered in the opti-
misation study is shown in Figures 7.17 and 7.18. 

The scenarios Parma 2020 and Parma 2050, in
which district heating and cooling have been plan-
ned, refer to hypothetical energy plans that are cur-
rently being defined. 



summary

Figure 7.19: PER ratio vs Exergy efficiency dia-
gram for the investigated supply of the Twin cities
of St. Paul and Minnesota, based on district heat
supply from the power plant.
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gasoline, and home heating is considered to be
100% from indirect fired natural gas furnaces.

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 m3/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).

LowEx Highlights
The performance assessment simulation of the Twin
Cities 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.

LowEx Diagrams
In Figure 7.19 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 7.20. 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.



Ullerød (Denmark)22

In Denmark, the government has decided that ener-
gy use in new buildings must be reduced step by
step by 25% in 2010, 2015 and 2020. With the
increasing number of new low-energy houses, the
question is: "What kind of heat supply is economi-
cally and environmentally most attractive?" In urban
areas with DH, it might be reasonable to connect
some new low-energy houses. Yet, in new subdivi-
ded areas with lots of 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, with a traditional network design, the network
heat loss may be a very significant part of the total
heat demand. To solve this problem, the network
heat loss and involved costs must be reduced. The
solution seems to be a low-temperature DH network
with high-class insulated twin pipes in small dimen-
sions, reference (Svendsen, et al. 2005; Svendsen,
et al. 2006). 

The advantages of a low-energy DH system are:
• DH is a flexible system suitable for all kinds of

energy sources
• renewable Energy (RE) sources can be used

directly 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

• 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

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

An urban area has been selected for reference. The
area is located in a new district called Ullerød-byen
in the municipality of Hillerød, Denmark. The area
has a great focus on energy efficiency regarding
both buildings and energy supply. This area consists
of 92 low-energy houses with an energy demand of
42.6 kWh/m2a including space heating, domestic
hot water, cooling and electrical auxiliary energy.

LowEx highlights 
In the project, the following “LowEx” technologies
are compared: low energy district heating ground
source heat pump (GSHP) and air-to-water heat
pump (AWHP). Furthermore, these technologies are
applied to buildings that fulfil the requirements of
low-energy buildings, being already suitable for
using low exergy sources in their energy supply.

LowEx diagrams
A graphical representation of the quality levels of
the energy demanded (energy use) and supplied is
shown in Figure 7.21. The height of the arrows gives
an idea of the degree of matching between the ener-
gy supplied and demanded. In an ideal case, sup-
ply and demand arrows would be equally thick (no
energy losses) and equally high (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 0°C (typi-
cal winter space heating conditions), as well as typi-
cal supply temperatures for the technologies, sour-
ces and demands taken into consideration. 
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Figure 7.20: Matching of the quality levels of energy demand and supply for the Twin cities of St. Paul and
Minneapolis for the described energy supply scenario.



The temperature of the ground for the GSHP system
is assumed to be 8°C, equal to 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 (for space heating and domestic hot water)
and in summer (only for domestic hot water). Supply
and return temperatures for the district heating net-
work are assumed to be 50°C and 22°C, respecti-
vely. Approximate quality levels under these
assumptions are displayed close to the correspon-
ding arrows in the diagram. 

The different systems which are assumed to provide
the given demand are represented in the exergy effi-
ciency vs. PER below (Figure 7.22). 
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Figure 7.22: Diagram of exergy efficiency of the
systems vs. primary energy ratio.

Figure 7.21: Matching of the quality levels of energy demand and supply.

20To reach 2020 goals for EU countries means cutting
greenhouse gas emissions by 20% from 1990 levels; a
20% share of renewable energies in EU energy consump-
tion (17% for Italy); cutting energy consumption by 20%
through improved energy efficiency.

21Not totally but almost entirely fuelled by renewable energy.

22This case study has been kindly supplied to the ECBCS
Annex 49 working group by Sven Svendsen, a guest parti-
cipant, from the Department of Civil Engineering of the Tech-
nical University of Denmark. 



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 thermody-
namic reference environment for exergy analysis in
building systems should be the ambient air surroun-
ding the building. Climatic data on a time depen-
dent basis are required for dynamic as well as
quasi-steady state assessments. Average outdoor air
temperatures during the heating season can be used
for first estimations on the thermal exergy perfor-
mance of heating applications following a steady-
state method. Simple Input-output approaches (in
terms of sources and demands) can also employed
to perform exergy analyses at the community level.

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

analyzing the performance of whole building
systems.  However, if the main goal of the analysis is
to optimize or study the performance of storage com-
ponents dynamic assessments are required.

In any application steady-state exergy assessment
can only be used to show the the approximate per-
formance 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
performance of building systems, even for space
heating applications. Therefore, quasi-steady state or
dynamic exergy analyses are required for an accu-
rate 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 to the exergy
assessment on thermal comfort in chapter 2. 

To make the exergy approach and calculation
methodology available to the public, several tools
have been developed within the project. A further
important step in this direction would be the deve-
lopment of pre-normative proposals including exer-
gy as a performance indicator for building systems.
In such a standard, the total exergy input required
by a building should be limited according to state-
of-the-art technologies available. In chapter 5 seve-
ral concrete proposals on strategies for characteri-
sing the performance of buildings and building
systems are presented. 

The energy approach, both on a building and com-
munity level, intends to reduce energy demands in
buildings by increasing insulation levels or increa-
sing the air tightness of the building envelope, i.e.
optimizing 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 qua-
lity demands like space heating. Demands requiring
higher quality levels, such as lighting, electrical
appliances or mobility, would in turn need the use of
high quality sources. 

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 electricity, are a great exam-
ple of an appropriate use of these energy sources.
Similar conclusions to for biomass-based fuels: alt-
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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, etc.
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 effi-
ciencies 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 wit-
hin a building might be supplied in sequence, follo-
wing cascading principles. Cascading of thermal
energy flows in buildings is a promising approach
that can be directly derived from the exergy analy-
sis. 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 to maximize the exergy
efficiency 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
production, making them promising technologies for
future energy systems.  Further research is required

to develop suitable storage concepts in combination
with local heat and electricity networks on a commu-
nity scale in order to reduce CO2 emissions and pri-
mary energy use within the built environment using
these technologies. The integration of solar thermal
systems in local district networks is also a very pro-
mising low exergy technology, 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
assessment of building systems, which was one of
the main items within ECBCS Annex 49 activities, is
described and applied to several building and com-
munity case studies. This represents a significant step
towards a wider application of this method for buil-
ding related energy uses. The application of this
assessment method to further technology concepts
(e.g. storage, control, cascading concepts) will help
identifying optimum and suitable uses of the analy-
zed technologies and represents a promising field
where further research needs to be conducted.  

Designing energy systems with the exergy approach
would increase the use of environmental heat and
renewable energy sources, leading to lower prima-
ry energy consumption and CO2 emissions. To pro-
mote all benefits shown in this report and summari-
zed above, exergy should be included as a further
indicator in building and energy regulations.
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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.
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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
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Netherlands on April, 21st, 2009. 

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-21st, 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
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The International Society for Low Exergy Systems in
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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
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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. All
information about this network is available on a
website (http://www.lowex.net/).
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