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Abstract

Growing concerns on environmental problems related to current energy use, such as global
warming, have emphasized the importance of "energy saving measures" and the necessity for
an increased ef�ciency in all forms of energy utilization. Being responsible for around 40% of
the �nal energy use in Germany, buildings are major contributors to energy related problems
and a sector where a more rational and ef�cient energy use is absolutely necessary.

By showing the thermodynamic ef�ciency of an energy system, exergy analysis is expected
to be a valuable tool for developing and designing more ef�cient energy supply systems in
buildings, similarly as it has contributed to raise the ef�ciency of power plants. In this thesis,
the usability and added value of exergy analysis applied to different building energy systems
is investigated. Exergy analysis is, herefore, compared to conventional primary energy assess-
ment and the different results and conclusions obtained from both methods are thoroughly
studied and discussed.

The targets of exergy analysis applied to power plants and buildings are very different.
In consequence, many of the simpli�cations and assumptions allowed for power plant anal-
ysis are reviewed and adapted here for exergy analysis of building systems. Dynamic exergy
and energy analysis are, then, performed on a large solar thermal system and a waste district
heating system for space heating and domestic hot water supply. These systems are charac-
terized by different shares of high exergy inputs in their supply. In consequence, it is possible
to extrapolate obtained results to other building systems of similar characteristics.

In this thesis it is shown that exergy analysis is strongly dominated by the high-quality fos-
sil fuel input, similarly as conventional (primary) energy analysis. Thus, for energy systems
with a great share of high quality energy sources in their supply, such as the solar systems
analyzed here, conclusions from exergy analysis are always very similarly to those which can
be gained from conventional energy analysis. This can also be extrapolated to other energy
systems with the same characteristics, such as heat pumps.

In turn, for energy systems with great shares of low exergy �ows in their supply, exergy
analysis provides further insight than mere conventional energy assessment. This is the case
of waste heat based district heating systems. A combined primary energy and exergy analysis
allows highlighting the importance of increasing the use of waste heat for heat supply in
buildings, besides that of increasing the electrical ef�ciency of CHP units. In district energy
systems for communities or neighbourhoods where waste heat from different processes at
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different temperature levels is available, exergy analysis can help to pinpoint the most ef�cient
supply option by promoting cascaded and multiple use of thermal energy �ows.
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Chapter 1

Introduction

1.1 Background

The built environment is responsible for around 40% of the �nal energy use in Germany
[Hauser, 2008]. Space Heating (SH) and Cooling (SHC) and Domestic Hot Water (DHW) rep-
resent the biggest share of energy demands in residential buildings. To satisfy these thermal
energy demands, mainly fossil fuels are used [Erhorn et al., 2008], causing large CO2 emis-
sions and making buildings major contributors to energy related problems. A more rational
and ef�cient energy use in this sector is, thus, absolutely necessary.

Current analysis and optimization methods of energy use in buildings are based on the as-
sessment of primary energy �ows [EnEV, 2009; DIN 18599, 2007], where all energy conversion
steps from the extraction of energy sources (e.g. fuels) to the �nal demands to be supplied are
assessed. The primary energy approach aims at limiting the use of fossil fuels for providing a
given demand, leading to reduce energy demands and maximize the use of renewable energy
sources. It is based, thus, on a distinction between renewable and fossil energy sources, being
renewable energy �ows often not included in the �nal assessment. Thereby, an assessment of
the ef�ciency of renewable energy use cannot be obtained from such analyses.

Primary energy analyses are based on the �rst law of thermodynamics, i.e. on balancing
the energy quantity. This means that the quantity of energy supplied is matched with the
quantity of energy required. Highly ef�cient condensing boilers, with ef�ciencies of up to
98% are a straightforward result of such an analysis framework.

The quality of energy is given, in turn, by a combined analysis of the �rst and second laws
of thermodynamics. From these combined analyses, the thermodynamic concept of exergy is
derived. Exergy represents the part of an energy �ow which can be completely transformed
into any other form of energy, thereby depicting the potential of a given energy quantity to
perform work. In every energy system, some part of the exergy supplied to the system in
question has to be consumed or destroyed during its operation. In the case of highly ef�cient
boilers used to supply low temperature heat, the potential of the fuels fed into the boiler is
almost completely lost in the burning process. Exergy ef�ciencies for such building systems
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Chapter 1. Introduction

are lower than 10%, being, from an exergy perspective, a very unappropriate option to supply
energy demands in buildings.

Low temperature energy demands have low quality, i.e. low exergy content, as it is shown
in the �rst bars of Figure 1.11(labeled as Demand). Substituting the fossil fueled boiler by a pel-
let boiler would allow a greatly renewable supply of SH and DHW energy demands, thereby
reducing largely (fossil) primary energy input. In terms of exergy, though, wood is a high
quality energy source which is being used to supply low exergy demands. As a result, the ex-
ergy ef�ciency of such a supply system would still be lower than 10%. Exergy analysis shows,
thereby, clearly the importance of moving away from direct burning processes for supply-
ing thermal energy demands in buildings, bringing additional information to conventional
primary energy analysis.

Figure 1.1: Energy (continuous line) and exergy (dashed line) demand of a single family house (�rst bars labeled as
Demand (SH+DHW)). Renewable (light grey) and fossil (black) energy (�lled bars) and exergy (striped
bars) supplied for different building systems. Cond. stands for condensing, LNG stands for Lique�ed
Natural Gas, GSHP stands for Ground Source Heat Pump and DH stands for District Heat.

Exergy analysis is a complex thermodynamic method well established and applied since
the early 1970s for power plant analysis with the aim of increasing its ef�ciency. After a period
during which most scienti�c efforts were concentrated on energy analysis and CO2 emission
balances, in the last years exergy has been rediscovered and evenly applied to new scenar-
ios for energy supply both at building and community levels (see for instance the following
�nished or ongoing international research projects [Annex 37, 2003; Annex 49, 2010; COSTeX-
ergy, 2010]). The aim of exergy analysis of building systems is �nding the most rational use
of energy, which means at the same time reducing fossil fuels consumption, increasing the

1The example in Figure 1.1 corresponds to a steady-state analysis performed with the pre-design Annex 49 MS
Excel tool [Annex 49, 2010a] for a single family house with a speci�c heat transmission coef�cient of 0.44 W/(m2K)
equipped with �oor heating system.

2



1.2. Motivation

ef�ciency of energy use and matching the quality levels of the energy supply and demand.

However, the targets of exergy analysis applied to power plants and buildings are very
different. The optimization of a power plant aims at increasing the output, i.e. the electric-
ity produced. The reduction of exergy losses in buildings aims, instead, at decreasing the
exergy input to maintain the required outputs, i.e. the comfort conditions. Additionally,
buildings and power plants are energy systems with very different characteristics in terms
of temperature or pressure ranges, dynamic behaviour, etc. In consequence, many of the
simpli�cations and assumptions allowed for power plant analysis need to be reviewed and
adapted for exergy analysis of building systems. Results from an extensive literature review
[Torío et al., 2009] have shown that no common methodology for exergy analysis of building
systems can be found within the scienti�c community.

1.2 Motivation

By showing the true thermodynamic ef�ciency of an energy system, exergy analysis is ex-
pected to be a valuable tool for developing and designing more ef�cient energy supply sys-
tems in buildings, similarly as it has contributed to raise the ef�ciency of power plants.

Moreover, renewable energy �ows need to be included in the exergy balance, making an
assessment of the ef�ciency of their use possible. Low temperature renewable energy �ows,
such as solar thermal or ground source heat, have low exergy content (see Figure 1.1), being
appropriate energy sources for the supply of thermal energy demands in buildings. Thus,
exergy analysis in buildings is also expected to help raising the renewable energy share of
energy supply in buildings.

The main motivation of this PhD. thesis is to contribute to a more rational and ef�cient
energy use within the built environment. For this purpose, the contribution and main added
value of exergy assessment for the analysis and design of building energy supply systems
needs to be thoroughly investigated.

Low temperature renewable energy systems are able to lower signi�cantly the quality of
the supplied energy in buildings, thereby increasing the (exergy) ef�ciency of energy supply.
The quality of e.g. solar thermal heat is expected to vary greatly depending on outdoor condi-
tions2 and on the dynamic behaviour of the solar thermal unit, i.e. on inlet and outlet collector
temperatures. Thereby, the exergy performance of such supply systems is expected to vary
signi�cantly depending on the solar system design and operation chosen.

Low temperature waste district heat shows the greatest potential of all investigated op-
tions in Figure 1.1 for an exergy ef�cient supply of thermal energy demands in buildings, i.e.
the lowest exergy supply of all supply systems presented in the Figure. Its quality is also
very sensitive to variations of the outdoor conditions and particular operation of the district
heating system.

2In this work outdoor air is chosen as reference for exergy analysis, as explained in chapter 2.
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Chapter 1. Introduction

A solar thermal supply is often combined with a back up boiler (see Figure 1.1). Here-
with, a large part of the energy and exergy is still supplied by means of high-quality energy
sources. A similar situation can be found for the Ground Source Heat Pump (GSHP), due to
the relatively high share of electricity required for its operation. In turn, the share of high
exergy inputs in waste district heat systems is marginal, being nearly completely based on
low quality (i.e. low temperature) energy �ows. By applying exergy analysis to both supply
systems, i.e. solar thermal and waste heat based energy systems, insight can be gained on
the usability and potential of exergy analysis to improve different energy supply systems in
buildings. Results obtained can be, thereby, extrapolated to other energy supply systems with
relatively high and low shares of high exergy inputs, respectively.

1.3 Aim and scope

The main aim of this thesis is to investigate and show the usability and added value of ex-
ergy analysis applied to building systems. Exergy analysis is, therefore, compared to con-
ventional primary energy assessment and the different results and conclusions obtained from
both methods are thoroughly studied and explained.

Both methods are compared here on a system level, i.e. when applied to the analysis of
complete building supply systems. It is at this level at which the environmental impact of
a system can be quanti�ed, and thereby, the behaviour of the energy and exergy ef�ciency
of a given system should also be considered at this stage. In this work different operation
or design conditions investigated for a given component of the supply systems are always
related to their impact on the overall performance of the supply system. A detailed exergy
analysis or optimization of different components within the energy supply chain is not the
scope of this thesis. Thus, results and conclusions of this work apply only to the comparison
of both methods from a system perspective. For a component level, different conclusions
might be obtained [Meggers, 2008].

In order to meet the above stated objective, a number of research questions have been
formulated:

• Development of a suitable method: Which simpli�cations from the exergy method
applied to power plant analysis are suitable for an accurate exergy assessment of build-
ing systems? What is a reasonable compromise between accuracy and complexity of a
method for exergy analysis of building systems? What additional variables (e.g. pres-
sure, humidity) or heat transfer processes (e.g. thermal radiation) need to be regarded
for accurate exergy assessment in building systems?

• Usability of the method: Under which circumstances does exergy analysis show ad-
ditional information or different conclusions than conventional energy assessment on a
system level? When are results from both analyses similar? Is that dependent on the
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characteristics of the energy system (e.g. share of high quality fuels in the supply) or
does it depend on particular assumptions for the operation of the system (e.g. system
design, control strategies)?

As part of this thesis and in response to the �rst research questions mentioned above, a
method for dynamic exergy analysis in building systems has been developed. The method
has been applied to a solar thermal unit with conventional and high shares of solar heat in
energy supply and a waste heat based district heating system. Only SH and DHW demand
and supply is regarded. As stated above, these systems show very different shares of high
quality energy input in the supply. Thereby, the in�uence of this parameter on the usability
and added value of exergy analysis of building systems is investigated. Additionally, thor-
ough sensitivity analyses are carried out for the two building supply systems studied in order
to investigate the in�uence of the system size, design or control strategy on the additional
conclusions that can be gained from exergy analysis.

1.4 Outline

Fundamental concepts related to the exergy method are introduced and applied to building
analysis in chapter 2. Based on simpli�cations obtained from several case studies, a method
for (dynamic) exergy analysis of building systems has been developed and is presented in
chapter 3. The method is particularly oriented to the heating case, corresponding to German
(i.e. central European) climatic conditions. The thermal component of cooling systems, i.e.
without humidity treatment, can also be assessed with the equations presented there. In or-
der to compare both assessment methods (i.e. energy and exergy analysis) in detail, dynamic
simulations are carried out in the TRNSYS [2007] simulation environment. Models for the sim-
ulation of large solar thermal combi-systems and waste heat district heat systems have been
arranged. The equations for dynamic simulation of the exergy �ows have been implemented
in the models.

Main components and particular assumptions used for modeling the systems are de-
scribed in chapter 4. Results showing the correct operation of the systems and describing
the different case studies in detail can be found in chapter 5. Chapters 6 and 7 show the
parameters used for characterizing the energy and exergy performance of the systems stud-
ied and main results obtained from dynamic analysis, respectively. Additionally, in chapter
7 an exergy based parameter proposed for exergy evaluation of district heatings systems is
presented. This parameter could complement conventional primary energy analysis of these
systems. Its usability and behaviour are thoroughly discussed. Main conclusions from this
work and the conducted investigations are summarized in chapter 8.
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Chapter 2

Fundamentals and review of exergy
analysis in buildings

2.1 The exergy concept

Expressions like "energy savings", "energy losses" or "energy consumption" are widely used,
and appear even in scienti�c discussions. However, these claims are contradictory to the �rst
law of thermodynamics, which states that energy in a process is conserved, i.e. is transformed
from one form of energy into another, but it cannot be destroyed or lost [Shukuya, 2009].

On the light of the �rst law of thermodynamics, every energy conversion process might
happen in both reversible directions. This would mean that, e.g. in an adiabatic system com-
posed of a pot with water and an electrical stove connected to the grid, the energy would be
the same before and after heating up the tap water in the pot from tap temperature to, e.g.
80◦C. Thermal energy contained in the water after the heating process could, in principle, be
transformed back into the electricity originally provided by the stove. This process would
not pose any contradiction to the �rst law of thermodynamics. However, it is by no means
possible.

Energy is not being lost in the process. In turn, exergy, which is the thermodynamic mag-
nitude depicting the potential of an energy �ow to be completely transformed into any other
energy form, is the magnitude being lost in every irreversible energy conversion process.

Exergy is the maximum theoretical work obtainable from the interaction of a system with
its environment until the equilibrium state between both is reached [Moran and Shapiro,
1998]. Consequently, it is a measure of the potential of a given energy �ow to be transformed
into high quality energy, and can also be seen as the departure state of one system from that
of the reference environment. Therefore, exergy is a thermodynamic property dependent on
the state of the system under analysis and its surrounding environment, so-called reference
environment.

As stated in [Bejan et al., 1996] if nuclear, magnetic, electric and surface tension effects are
neglected the exergy of a system can be divided into four components: physical exergy EPH ,
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kinetic exergy EKN , potential exergy EPT and chemical exergy ECH .

Potential and kinetic exergy components are not relevant for exergy analysis in buildings.
Physical exergy is associated to any thermal or mechanical1 energy �ow. In consequence,
it is present in most energy processes in the built environment (e.g. heat losses). Chemical
exergy, due to a different chemical composition between the given system and the reference
environment, plays a signi�cant role in exergy analysis of cooling processes if the humidity
ratio of indoor and outdoor air greatly differ from one another [Sakulpipatsin, 2008].

Considering the physical and chemical components, the exergy level of a system is deter-
mined by its temperature T, pressure p and chemical potential of the substances comprising
it μi, as referred to the pressure p0, temperature T0, and chemical potentials μi,0 of the species
in the reference environment [Bejan and Mamut, 1999]. Subsequently, for the assessment of
the exergy �ows, the choice of intensive and extensive properties de�ning the reference en-
vironment is of capital importance. A discussion on the suitable reference environment for
dynamic exergy analysis in the built environment can be found in section. 2.2.

2.1.1 Relevant exergy �ows for this thesis

Buildings are not in movement or change their position over time. Thus, kinetic and potential
exergy do not apply to building systems. In consequence, physical and chemical exergy are
the main exergy �ows present in the built environment.

Chemical exergy: chemical exergy �ows within the building are important if cooling
systems with humidity treatment are analyzed. This is not the case in this thesis and thus,
chemical exergy �ows resulting from different concentration of chemical species between in-
door and outdoor air are disregarded. In addition, chemical exergy determines the exergy
content of different fuels and sources used as input for energy supply systems in buildings.
Values for the chemical exergy potential of fuels have been taken from [Szargut and Styrylska,
1964].

Physical exergy: pressure and temperature are the two physical magnitudes involved
in physical exergy. Pressure differences between indoor and outdoor air are the driving force
for in�ltration losses through the building envelope. In this work, buildings without mechan-
ical ventilation systems are analyzed. Pressure differences between indoor and outdoor air
in naturally ventilated buildings are usually low. For wind speeds of 8-10 m/s the pressure
difference is about 50 Pa [Fitzner, 2008; Usemann, 2005]. As a result of the low magnitude of
this pressure difference, buildings without mechanical ventilation units can be regarded as en-
ergy systems at atmospheric pressure and the mechanical contribution to the physical exergy
can be disregarded [Schurig, 2010]. In�ltration losses are, thus, regarded here exclusively as a
thermal exergy load. With these assumptions only the thermal component of physical exergy
is analyzed in this work.

Electrical work: for the operation of energy systems in buildings auxiliary energy in the

1Mechanical is here referred to energy processes caused by pressure differences
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form of electricity is required (e.g. for pumps, fans, etc.). Electrical work, as any other form of
work, is completely convertible in mechanical work or any other energy form [Baehr, 2005].
The exergy of electrical work is also regarded in the analyses within this thesis.

2.2 De�nition and discussion on the reference environment

The de�nition of the reference environment for exergy analysis in buildings is still a contro-
versial issue [Meggers and Leibundgut, 2009]. The reference environment chosen strongly
determines results from exergy analysis [Dincer and Rosen, 2007]. However, an extensive
literature review on exergy analysis of building systems [Torío et al., 2009] showed that no
scienti�c agreement exists on this issue.

In this section an overview of several de�nitions of the reference environment found in the
literature for exergy analysis on buildings is given. A thermodynamic de�nition of the refer-
ence environment follows. Based on this de�nition, several proposed reference environments
are described and their plausibility and thermodynamic correctness is discussed.

2.2.1 State of the art

Most authors take outdoor air as the reference environment [Shukuya and Hammache, 2002;
Angelotti and Caputo, 2007; Alpuche et al., 2005; Nishikawa and Shukuya, 1999; Szargut,
2005; Xiaowu and Ben, 2005; Chow et al., 2009; Wepfer et al., 1979; Boer et al., 2007; Sen-
can et al., 2005; Khaliq and Kumar, 2007; Izquierdo Millán et al., 1996; Sakulpipatsin, 2008;
Hepbasli and Tolga Balta, 2007; Ozgener and Hepbasli, 2007]. Others use indoor air temper-
ature as the reference tempertaure for exergy analysis of thermal energy �ows in buildings
[Seifert and Hoh, 2009; Henning, 2009; Müller, 2009]. Within the IEA ECBCS Annex 49 group
[Annex 49, 2010] discussions on this issue were conducted. To clarify the methodology for ex-
ergy analysis in buildings agreement must be reached on this issued. Therefore, here different
proposals found and made by the research participants are discussed and analyzed in detail.

2.2.2 De�nition

The thermodynamic reference environment for exergy analysis is considered as the ultimate
sink of all energy interactions within the analyzed system, and absorbs all generated entropy
within the course of the energy conversion processes regarded [Baehr, 2005]. The environment
needs to be in thermodynamic equilibrium, i.e. no temperature or pressure differences exist
within different parts of it (thermo-mechanical equilibrium). Chemical equilibrium must also
be ful�lled. Furthermore, intensive properties of the environment must not change as a result
of energy and mass transfer with the regarded energy system [Baehr, 2005; Bejan et al., 1996].
In addition, the reference environment is regarded as a source of heat and materials to be
exchanged with the analyzed system [Dincer and Rosen, 2007], i.e. it must be available and
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ready to be used by the system under analysis. It can thus act as either an unlimited sink or
unlimited source.

As stated in section 2.1.1, only the thermal component of physical exergy is regarded in this
work. In consequence, the de�nition of the reference environment in terms of its temperature
is suf�cient for the analysis within this thesis.

2.2.3 Discussion: possible choices

Several choices for the reference environment are possible. However, in [Wepfer and Gaggioli,
1980] it is clearly stated that the reference environment for exergy analysis, unlike reference
variables for thermodynamic or thermo-chemical tables, cannot be chosen arbitrarily. The
reason is that energy analysis is based on a difference between two states and, thus, the cho-
sen reference levels out in the balance. In turn, in exergy analysis the chosen reference does
not level out in the balance and values of the e.g. absolute temperature chosen as reference
strongly in�uence results from exergy analysis. In this section the physical and thermody-
namic correctness of four following options found in the literature or under discussion in the
scienti�c community is presented.

In order to show the in�uence of choosing one reference environment or another for exergy
analysis, steady-state exergy analyses have been carried out on a building case study. Anal-
yses with the four different options for the reference environment, characterized by means
of their respective (reference) temperatures T0, have been performed with the pre-design An-
nex 49 MS Excel tool [Annex 49, 2010a]. The building is a simple single family house with
a speci�c heat transmission coef�cient of 0.44 W/m2K equipped with �oor heating system
and a condensing boiler. Exergy and energy �ows obtained with the four different reference
environments are shown in Figure 2.1.

Universe, nearly absolute zero (a) The mean temperature of the universe is very low,
around 3 K. This allows radiative energy transfer from the earth and, thereby, discarding
the entropy produced as a result of energy processes on earth [Shukuya, 1996]. The universe
is in�nite and undergoes no variation in its intensive properties as a result of heat and mass
transfer processes within the building. Thus, it could be regarded as the ultimate sink of
energy processes within a building.

However, cool radiation from the universe is not always directly available and ready to be
used by the built environment (otherwise no cooling energy would be required).

In addition, regarding the absolute zero as reference environment for thermal energy in-
teractions makes energy and exergy analysis of thermal energy �ows equivalent, as shown
in Figure 2.1 (a). Differences between the energy and exergy �ows in the condensing boiler
(i.e.“Generation” subsystem in Figure 2.1 (a)) and “Primary energy transformation” subsys-
tem 2 subsystems occur due to quality factors for lique�ed natural gas (LNG) used as input in

2“Primary energy transformation” and “Generation” referred here corresponds to the modular method for
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Figure 2.1: Energy and exergy �ows for a building case study with the four options introduced for the reference
environment; (a): Universe, with an average temperature of 3 K; (b): Indoor air, characterized by a
temperature of 20◦C; (c): Undisturbed ground with a temperature of 8◦C; (d): Ambient outdoor air
with a temperature of 0◦C.

the condensing boiler and regarded as 0.95 [Szargut and Styrylska, 1964]3.

Indoor air inside the building (b) Building indoor air has also been proposed as reference
environment for exergy analysis. However, indoor air is neither an in�nite sink nor is it in

exergy analysis developed by Schmidt [2004] and applied in this thesis. The different subsystems are presented in
detail in chapter 3

3Quality factors in (Szargut and Styrylska, 1964) were derived for a reference temperature of 25◦C. It is expected
that these quality factors tend to 1 if a reference temperature of nearly zero Kelvin is assumed instead. However,
deriving them for 3 K is out of the scope of this thesis. Here, values from [Szargut and Styrylska, 1964] are used to
show qualitatively the trend between energy and exergy
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thermodynamic equilibrium. In addition, its temperature varies as a result of energy pro-
cesses within the building. Therefore, it does not ful�ll the requirements for being regarded
as a thermodynamically correct reference environment.

Results using indoor air as reference environment are shown in Figure 2.1 (b). The exergy
demand of the building (input in the “envelope” subsystem) is zero, for it is regarded as refer-
ence environment. In consequence, this approach does not allow to derive exergy ef�ciencies
for the overall energy supply in buildings since the desired exergy output is always zero.

Undisturbed ground (c) Undisturbed ground can be regarded as an in�nite sink, whose
properties remain unin�uenced as a result of interactions with the building. Yet, the main
contradiction for regarding it as reference environment, similarly as the universe, is that it is
not always directly available and ready to be used by the built environment4.

Outdoor air surrounding the building (d) Most energy processes in the building sector oc-
cur due to temperature or pressure differences to the surrounding air. Thus, the air surround-
ing the building can be regarded as the ultimate sink for most energy processes occurring in
the building. On the other hand, the air volume around the building can be assumed to be big
enough (in�nite sink) so that no changes in its temperature, pressure or chemical composition
occur as a result of the interactions with the building. In addition, outdoor air surrounding
the building is naturally available and ready to be used5.

2.2.4 Conclusions and recommendations

In Figure 2.1 it is clearly shown that main differences arise if the universe and indoor air are
regarded as the reference state: regarding the universe as reference environment makes en-
ergy and exergy analysis equivalent; regarding indoor air as reference state makes the exergy
demands of the building zero, thus making impossible to obtain exergy ef�ciencies for char-
acterizing the performance of different systems. Results using the undisturbed ground as ref-
erence state are very similar to those obtained using outdoor air as reference state. However,
from a thermodynamic point of view the last is the only correct option. Particularly indoor air
does not ful�ll any of the requirements mentioned in the thermodynamic de�nition.

For all stated above, outdoor air is regarded in this work as the suitable option for reference
environment in building exergy analysis.

Thermodynamic equilibrium in the reference environment Outdoor air temperature and
pressure do vary with time and space (as it would also be the case of any of the other envi-

4Directly available in the sense that if a heating load is present having an undisturbed ground temperature
greater than room air temperature would not reduce directly the heating load unless a suitable energy system (e.g.
ground heat exchanger) is installed.

5On the contrary as the undisturbed ground temperature, if a heating load is present, an outdoor air tempera-
ture greater than building air temperature would directly reduce the heating load (by e.g. opening the window).
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ronments proposed above as reference states), i.e. external air is not a homogeneous system
in thermo-mechanical or chemical equilibrium. As stated in [Dincer and Rosen, 2007] “the
natural environment is not in equilibrium and its intensive properties exhibit spatial and temporal

variations. Consequently, models for the reference environment are used which try to achieve a com-
promise between theoretical requirements and the actual behaviour of the reference environment”. In
order to model the outdoor air surrounding a building as a thermodynamic reference envi-
ronment, temperature and pressure are assumed to be uniform for the air surrounding the
building (thermal and mechanical equilibrium). Concentration of different chemical species
in the atmospheric air is also regarded as homogeneous.

2.2.5 Sensitivity of the results

Rosen and Dincer [2004] evaluated the sensitivity of exergy �ows as a function of different
de�nitions of the reference environment. The authors show that the sensitivity of exergy
assessment to changes in the reference environment is greater when the properties of the sys-
tem are close to those of the reference environment. This justi�es that a constant reference
environment has been typically assumed for exergy analysis of power plants and industrial
processes involving high quality energy forms as main inputs and outputs. In turn, in the
built environment, energy demands happen at conditions close to those of the reference envi-
ronment and undergo subsequently strong variations for changing conditions of the reference
environment. In consequence, for exergy analysis of building systems a dynamic (i.e. time-
dependent) de�nition of the reference environment is required. Weather data can be used for
this purpose.

2.3 Thermal exergy

As stated in section 2.1 only the thermal component of physical exergy is regarded in this
thesis. In this section an introduction to the concept of thermal exergy, its physical derivation
and meaning is given. The behaviour of thermal exergy for different heat transfer mechanisms
is explained in detail. Several case studies referred to these issues are also presented. From
the results of the case studies some simpli�cations can be derived and are applied for exergy
analysis in the building supply systems investigated in this work. These simpli�cations are
summarized in section 2.5.

2.3.1 Exergy of heat transfer and Quality Factors

Under steady state conditions, the exergy of a heat transfer Q taking place within two tem-
perature levels T and T0, i.e. the maximum amount of work that could be obtained if a heat
engine would operate following the Carnot cycle among the temperature levels given, can be
expressed as a function of the Carnot factor as shown in equation 2.1.
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ExQ = Q

(
1 − T0

T

)
︸ ︷︷ ︸
CarnotFactor

(2.1)

Carnot factors are valid for analyzing the exergy of an isothermal heat transfer taking
place at temperatures both greater and lower than the reference temperature T0 and are a
particular case of the so-called “quality factors” introduced later in this section. It is important
to remark that in the for obtaining the Carnot factors shown in equation 2.1 the American sign
convention has been applied [Moran and Shapiro, 1998]: heat �ows into the analyzed system
(e.g. heat engine) are regarded as positive and work outputs from the system are regarded as
positive.

For temperatures higher than the reference temperature T > T0 Carnot factors have pos-
itive values. The natural heat �ow Q would be an output from the analyzed system6, i.e. is
negative. In consequence the exergy �ow is also negative, i.e. it represents an exergy output

For temperatures lower than the reference temperature T < T0 Carnot factors have nega-
tive values. With the sign convention adopted the natural heat �ow would be now an input
into the analyzed system7, i.e. Q is positive. The exergy of Q is, thus, negative. Despite the
heat �ow is an energy input into the building, it represents an exergy output. Negative values
of the Carnot factors in equation 2.1 indicate that the exergy �ows in the opposite direction to
the heat �ow.

Exergy associated to the heat transfers in both cases is negative, i.e. those heat �ows rep-
resent an exergy output from the systems, i.e. they tend to level out the properties of the ana-
lyzed system (e.g. building) and those of the environment: as the heat transfers take place, the
building temperature would be more similar to the environment temperature in both cases,
i.e. the exergy content of the building is decreased.

The heat �owsQ can be seen as the net heat losses and gains for the building under heating
and cooling conditions, respectively. In order to keep indoor conditions at comfortable levels
they need to be compensated by an active heating or cooling system. Active heating would
be a heat input into the building, i.e. with a positive value, and active cooling would be
an output, i.e. with a negative value. Exergy of active heating would thus be positive as
long as the building temperature is higher than that of the environment, i.e. if it cannot be
heated up naturally with the environment, and negative otherwise. Active cooling would
be positive as long as the building temperature is lower than that of the environment, i.e. if
it cannot be cooled naturally with outdoor air, and negative otherwise. In this way, exergy
gives information on the available heating or cooling loads, but also on whether they can be
directly supplied by means of the reference environment (i.e. outdoor air) or an active system
is required for that purpose [Jansen, 2010] .

This shows the importance of calculating exergy values with the appropriate signs. The

6e.g. transmission losses from a building during winter conditions.
7e.g. heat gains in a building during summer conditions.
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equations developed in this work and presented in chapter 3 for exergy assessment follow
the American sign convention mentioned above. Exergy inputs are regarded as positive and
exergy outputs are regarded as negative.

Quality factors Quality factors are de�ned as the ratio between the exergy and energy of a
given energy system and will be represented in this work as FQ. The general expression of
quality factors is shown in equation 2.2.

FQ =
Ex

En
(2.2)

From a thermodynamic point of view, quality factors represent the proportion of work
that can be obtained from an energy conversion process which brings an energy system into
equilibrium with its environment as related to the energy present in the system before the
conversion process takes place. Carnot factors are a particular case of quality factors applica-
ble when the heat transfer is isothermal. This would be the case of a heat transfer assuming
steady state conditions, i.e. the state of the system involved in the heat transfer does not vary
over the course of the heat interaction. Thus, it can be argued that exergy in this case is related
to the heat �ow. Therefore, the exergy of such a process (and its related quality factor) is called
“exergy as a quantity of �ow” [Shukuya, 2009] or “exergy of heat” [Jansen, 2009].

In turn, if the temperature of the system changes over the course of the heat transfer,
equation 2.1 cannot be applied. The quality factor related to a not isothermal heat transfer, i.e.
where the state of the system changes, is shown in equation 2.3. In this case, exergy is said to
be “exergy as a quantity of state” [Shukuya, 2009] or “exergy of matter” [Jansen, 2009].

FQ = 1 − T0

Tini − Tfin
ln
Tini

Tfin
(2.3)

2.3.2 Exergy of thermal radiation

Radiative heat transfer represents a signi�cant part of the whole energy transfer in radiative
heating and cooling systems in buildings. In the case of low temperature heating and high
temperature cooling systems radiative heat transfer might represent up to 50% of the overall
energy being transmitted to the room air [Olesen, 2002].

Estimating the exergy of thermal radiation has been a controversial issue and is still a
matter of discussion in many scienti�c papers [Candau, 2003; Wright et al., 2002; Petela, 2003;
Badescu, 1998]. In the following, the derivation of the formula to assess the exergy of thermal
radiation based on [Candau, 2003] is presented. The result is extrapolated and applied to the
particular case of radiative heat transfer in buildings.

The maximum work obtainable from the thermal radiant �ux between an emitting body
of surface A and emissivity ε at a temperature T and its environment at a temperature T0 can
be obtained when the hot side of a Carnot engine whose cold side is in equilibrium with the
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environment at T0, absorbs isothermally the thermal radiation, i.e. at a temperature in�nites-
imally smaller than that of the emitted radiation, T-dT. Naturally, the hot side of the Carnot
engine would emit also a part of the absorbed thermal radiation at its own temperature level
T-dT. This could be again used as input for another Carnot engine absorbing the incoming ra-
diation isothermally, at an in�nitesimally smaller temperature level, T-2dT. Subsequently, the
amount of work obtainable in each in�nitesimally small and reversible step can be evaluated
as a function of the in�nitesimally small heat being effectively available to power the Carnot
engine ∂Qrad, as shown in equations 2.4 and 2.5.

dWrev = ∂Qrad

(
1 − T0

T − dT

)
(2.4)

∂Qrad = ε A σ
[
T 4 − (T − dT )4

] ∼= ε A σ 4 T 3 dT (2.5)

Integrating the maximum work available in each in�nitesimally small step obtained from
the reversible conversion steps of thermal radiation into work dWrev the exergy of the initially
emitted thermal radiation can be obtained. Equation 2.7 is coherent with that presented by
Shukuya and Hammache [2002] for the evaluation of the exergy of thermal radiation being
emitted by the surface of a radiant heating system in a building.

Exrad =
∫ T

T0

dWrev =
∫ T

T0

∂Q

(
1 − T0

T

)
=

∫ T

T0

ε A σ 4 T 3 dT

(
1 − T0

T

)
(2.6)

Exrad = W = ε A σ

[(
T 4 − T 4

0

) − 4
3
T0

(
T 3 − T 3

0

)]
(2.7)

In equation 2.7 two types of irreversibilities are regarded [Petela, 2003]:

• those derived from the conversion of thermal radiation at a temperature T into heat at
the same temperature, T

• and irreversibilities derived from the emission of radiation by the absorbing body at its
temperature (T0 in equation 2.7)

As mentioned in the derivation of equation 2.7, this expression can be used for evaluating
the exergy of the thermal radiation exchange between a surface A at a temperature T and
its environment at a temperature T0. This result can be generalized for two surfaces at two
different temperature levels Tsurf1 and Tsurf2, in an environment with a temperature T0. This
would be the case of a radiant heating surface inside a building which is in radiative exchange
with the other surfaces enclosing the room, emitting radiation at its surface temperature and
absorbing radiation at the respective temperature levels from the other surfaces. The general
expression of the net radiative exergy transfer between two parallel surfaces with the same
area and emissivity is shown in equation 2.8. This is coherent with the conclusions shown in
[Wright et al., 2002].
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Exrad = W = ε A σ

[(
T 4

surf1 − T 4
surf2

) − 4
3
T0

(
T 3

surf1 − T 3
surf2

)]
(2.8)

Building surfaces enclosing a building space are not always parallel with each other and
view factors between them play a signi�cant role in their radiative heat transfer. The general
expression shown in equation 2.8 can be rewritten as a function of the net radiative heat trans-
fer occurring as shown in equation 2.9, where effect of view factors, area and emissivity of the
surfaces is already included in the net radiative heat transfer, Qrad.

Exrad = Qrad

⎡
⎣1 − 4

3
T0(

T 4
surf1 − T 4

surf2

) (
T 3

surf1 − T 3
surf2

)⎤⎦ (2.9)

The present work aims at comparing different space heating and cooling systems from an
energy and exergy perspective, and not at drawing a detailed exergy balance of each element
in the building envelope. Thus for simplicity, the thermal radiant exergy balance between the
active surface and the rest of the building, characterized by means of its operative temperature
Tr,op, is regarded. Equation 2.10 can be used for this purpose.

Exrad,active = Qrad,active

⎡
⎣1 − 4

3
T0(

T 4
surf,active − T 4

r,op

) (
T 3

surf,active − T 3
r,op

)⎤⎦
︸ ︷︷ ︸

FQ,rad

(2.10)

In Figure 2.2 (a) the difference between the absolute values8 of quality factors, corresponding
to a conductive-convective heat exchange, and quality factors associated to a radiative heat
exchange are shown. Quality factors associated to radiative heat transfer, FQ,rad, are always
lower, i.e. losses due to intrinsic irreversibilities associated to the radiative heat transfer pro-
cess, as explained above, are bigger than for a conductive-convective heat exchange.

2.3.2.1 Case study: In�uence of radiant thermal exergy for building systems

In order to study the in�uence of evaluating the exergy of thermal radiation as such in build-
ing applications the multi-family dwelling with radiators described in chapter 4 is taken as
case study. Climatic conditions from Meteonorm [2008] for Würzburg are chosen. The build-
ing object is simulated dynamically in the software TRNSYS [2007] for January. Radiative and
convective heat transfer from the radiators can be obtained separately as an output from the
radiator model. According to the energy simulation, 59% of the total energy output from the
radiators occurs due to convective heat transfer between the room-air and the �oor surface.

8Absolute values of the quality factors are used to ease representation. However, as stated above, the sign
is very important for the coherence of exergy calculations and thus, for exergy assessment natural values of the
quality factor need to be used.
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Chapter 2. Fundamentals and review of exergy analysis in buildings

In turn, 41% happens in the form of radiative heat transfer.
In Figure 2.2 (b) results from the exergetic evaluation of the energy output from the radi-

ators into the room-air are shown. The dark grey area shows the exergy output if all energy
transfer is regarded as convective (named as all convective in the graph), i.e. using the Carnot
factor for evaluating the exergy associated to the total heat transfer (equation 2.1). The light
grey area shows the exergy output when the corresponding radiative and convective parts
of the heat transfer are evaluated as such in exergy terms (named convective+radiative in the
�gure), i.e. using the Carnot factor (equation 2.1) for evaluating the exergy of the convective
part and equation 2.10 for the radiative part.

Figure 2.2: (a): Quality factors associated to a radiative and conductive-convective heat transfer process; (b): Ex-
ergy from the surface of the radiators if all energy transfer is evaluated as convective (with equation 2.1
(Ex-RAD-all convective) and evaluating the radiative and convective parts separately and correctly (with
equations 2.1 and 2.10, respectively (Ex-RAD-convective+radiative). Results for two days of January are
presented.

Exergy input from the radiators and into the room-air9 is bigger if all energy transfer is
regarded as convective, i.e. using the Carnot factor. In turn, exergy input from the radiator
surface into the room-air is 8% lower if the exergy from the convective and radiative parts
of the heat transfer are evaluated correctly. Obviously, the bigger the radiative part on the
whole heat transfer, the greater the difference between both evaluation methods. This allows
to conclude that radiative heating and cooling systems may supply the energy demands with
lower exergy content, being thus a “LowEx” system. Yet, this lower exergy input only occurs
due to bigger irreversibilities associated to the radiative heat transfer, as explained above.
Energy input in the radiators happens mainly due to conduction from the heating �uid. Since
the graph above represents the same emission system, the same energy and exergy is being

9“Room-air” and “emission” subsystems referred here corresponds to the modular method for exergy analysis
developed by Schmidt [2004] and applied in this thesis. The different subsystems are presented in detail in section
3.2
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Figure 2.3: (a):Exergy �ows from the radiators (emission) to the building envelope regarding all energy transfer
as convective (dark grey line) and evaluating the radiative and convective parts separately (light grey
line); (b): Exergy losses in the radiators, room-air and envelope subsystems, depending on whether
exergy of radiative and convective heat transfer process are regarded separately

.

supplied to the radiators by the heating �uid in the radiator pipes, as shown in Figure 2.3
(a). As this conductive energy �ux is converted into thermal radiation in the radiators and
regarded as such, higher exergy losses occur within the radiators (emission subsystem in Figure
2.3)). Following, the exergy output from the radiators into the room-air is lower.

However, total exergy losses in the emission system as a whole remain the same. Only the
allocation of that losses is different, as it is shown in the left diagram on Figure 2.3 (b). In other
words, from the perspective of the whole system analysis, exergy losses in the space heating
system are the same no matter if the energy transfer to the room happens via convection or
radiation.

2.4 Steady state, quasi-steady state and dynamic exergy analysis

Steady-state and quasi-steady state estimations of the energy demands and �ows in buildings
are proposed and used by building regulations and standards in several European countries
[EnEV, 2007; EN ISO 13790, 2008]. Yet, as stated in section 2.2.5 exergy �ows in buildings
are very sensitive to variations in the properties of the system analyzed or the reference envi-
ronment [Dincer and Rosen, 2004]. In consequence, an estimation of the error of steady-state
exergy assessment as compared to dynamic approaches is mandatory. In this section, results
found in the literature comparing both evaluation methods are presented.

Alternatively a quasi-steady state assessment can be performed. Quasi-steady state rep-
resents a hybrid between fully dynamic and fully steady-state calculation methods. The ex-
ergy �ows are evaluated following a steady-state approach, i.e. storage phenomena are dis-
regarded, over discrete and short time-steps. This simpli�ed quasi-steady state evaluation
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method is also compared by means of two building case studies to a fully dynamic approach.

2.4.1 Steady state vs. quasi-steady state exergy analysis

Angelotti and Caputo [2007] evaluate the difference between steady state and quasi-steady
state analysis for heating and cooling systems in two representative Italian climates, namely
Miland and Palermo. Only thermal exergy �ows are regarded, i.e. the reference and indoor
environments are only de�ned based on their temperature levels and no considerations on air
humidity or pressure are included. For the quasi-steady state assessment a timestep of 1 hour
is chosen. Quasi-steady state and steady state exergy ef�ciencies for a reversible air-source
heat pump and a condensing boiler coupled with direct ground cooling are compared for the
heating and cooling cases.

Steady state exergy ef�ciencies for the heating case using average outdoor temperatures
are very close to those resulting from quasi-steady state exergy analysis. These results are
coherent to �ndings from Sakulpipatsin [2008] who points out that mismatching between
steady-state and quasi-steady state yearly analysis for cold or mild climates are lower than
10%.

However, for the cooling case great differences (of up to 42%) between both assessment
methods are found. The authors remark that the difference is larger for cooling rather than
heating systems and for Palermo rather than Milan. This is due to the greater sensitivity of
the quality factor determining the exergy demand of the building FQ,dem (equation 2.11) to
outdoor temperature variations when the outdoor air temperatures (taken as reference for ex-
ergy analysis) are closer to room air temperatures in the building. Figure 2.4 shows the greater
relative variations experimented by the Carnot factor for summer than for winter conditions
in Milan. These results are also in good agreement with �ndings from [Sakulpipatsin, 2008].

FQ,dem = 1 − T0

Tr
(2.11)

Thus, it can be concluded that steady-state exergy analysis might be reasonable for a �rst
estimation of the exergy �ows in space heating applications, particularly in colder climates.
The error is expected to be bigger the milder the climatic conditions are. Yet, exergy �ows
in cooling applications can often only be assessed by means of quasi-steady state or dynamic
analysis, where variations in outdoor reference conditions are taken into account [Torío et al.,
2009].

The impact of variable climatic conditions is expected to be different in different energy
systems. For example, the exergy input and exergy losses of a condensing boiler are expected
to be rather constant even under varying outdoor reference conditions, since high quality fos-
sil fuels with a constant quality factor of 0.95 is being used. In turn, the temperature of the
heat output from a solar thermal system varies signi�cantly depending on outdoor conditions
and is relatively close to outdoor air temperature. Thus, strong variations in the Carnot factor
associated to the exergy �ow from the solar thermal system are expected and bigger mis-
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Figure 2.4: Dynamic variation of the outdoor temperature (taken as reference T0 and Carnot factor for building
exergy demands FQ,dem under heating and cooling conditions in Milan.

matching between stationary and dynamic exergy analysis can be presumed. Therefore, if the
goal of exergy analysis is to compare different energy systems, quasi-steady state or dynamic
exergy analysis is preferable, so that errors arising from the steady-state assessment can be
excluded and differences between the energy systems can be solely attributed to improved or
optimized performance.

2.4.2 Quasi-steady state vs. dynamic exergy analysis

In this section, equations for quasi-steady state and dynamic approaches for exergy analysis
are presented. In order to better understand and clearly explain the differences between both
approaches an example of the exergy balance of the subsystem room air10 (see Figure 2.5)
within a building is presented.

Figure 2.5: Room air as control mass system being heated up by a radiator.

10A detailed description of the exergy balances of the room air subsystem can be found in section 3.2.3
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2.4.2.1 Dynamic approach

A dynamic exergy analysis implies the assessment of all storage processes within the energy
systems regarded.

Equation 2.12 is the general expression for a dynamic exergy analysis of the room-air sub-
system. Exergy consumption in equation 2.12 refers only to the unavoidable irreversibilities
arising from the temperature difference between the surface of the radiator Th and the room
air temperature Tr, which is the driving force for the heat transfer.

(exergy consumed)dyn = (exergy input) + (exergy output)

- (exergy stored in the room-air)

= Irreversibilities

(2.12)

According to the heat �ows and temperatures shown in Figure 2.5 the exergy input, out-
put and stored in the room-air can be calculated as shown in equations 2.13, 2.14 and 2.15
respectively. Qenvin equation 2.14 represents the net heat losses11 through the building enve-
lope.

Exin = Qh(tk) ·
(

1 − T0(tk)
Th(tk)

)
(2.13)

Exout = Qenv(tk) ·
(

1 − T0(tk)
Tr(tk)

)
(2.14)

Exsto,r(tk) = mr · cpa ·
[
(Tr(tk) − Tr(tk−1)) − T0(tk) · ln Tr(tk)

Tr(tk−1))

]
(2.15)

2.4.2.2 Quasi-steady state approach

Alternatively, a quasi-steady state approach for exergy analysis combined with dynamic en-
ergy simulations could be applied. In a quasi-steady state methodology, exergy �ows are
evaluated assuming steady state conditions for every small timestep assumed for the dynamic
energy simulation. Exergy analysis can be performed, thus, with relatively simple equations
using the results from dynamic energy calculations (i.e. temperature, energy and mass �ows).

The general expression for calculating the exergy losses for the room-air subsystem follow-
ing a quasi-steady state approach is shown in equation 2.16.

(exergy consumed)q−steady = (exergy input) + (exergy output)

= (Irreversibilities)+( exergy stored in room-air)
(2.16)

11i.e. the balance of the transmission and ventilation losses with the internal and solar gains inside the building.
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The main difference between a dynamic and quasi-steady state approach for exergy anal-
ysis is that in the latest storage phenomena are not analyzed separately but implicitly as part
of the exergy consumed. On the contrary, in a dynamic approach exergy consumption would
only be due to irreversibilities and exergy stored would be regarded separately as a further
term (input or output) in the exergy balance (see equations 2.17 and 2.18).

Excons,q−steady(tk) = Qh(tk) ·
(

1 − T0(tk)
Th(tk)

)
+Qenv(tk) ·

(
1 − T0(tk)

Tr(tk)

)
(2.17)

Excons,dyn(tk) =Qh(tk) ·
(

1 − T0(t)
Th(tk)

)
+Qenv(tk) ·

(
1 − T0(tk)

Tr(tk)

)

−mr · cpa ·
[
(Tr(tk) − Tr(tk−1)) − T0(tk) · ln Tr(tk)

Tr(tk−1))

] (2.18)

2.4.2.3 Case study: Room air

To show the disagreement between quasi-steady state and dynamic approaches a case study
has been dynamically simulated in TRNSYS. The multi-family dwelling with radiators pre-
sented in detail in section 4.2.2 and used also as case study in section 2.3.2.1 is used as case
study here. Night setback is considered from 23 h to 5 h.

To estimate the net energy losses through the building envelope equation 2.19 is used.

Qh,r(t) +Qenv(t) = Qsto,r(t) (2.19)

Equations for a dynamic (2.18) and quasi-steady (2.17) assessment of the exergy consump-
tion in the room air of the building are implemented in the model. For the dynamic analysis,
the energy stored in the room-air has been evaluated as a function of its dynamic tempera-
ture change (Tr(tk)-Tr(tk−1)) following equation 2.15. For the quasi-steady state approach,
the exergy of energy stored is not included in the balance (equation 2.17).

In Figure 2.6 the good agreement on the dynamic behaviour of the exergy losses using
both approaches is graphically shown. Exergy stored in the room air is very small, as it is in
energy terms due to the low speci�c heat capacity of air. The difference between the exergy
consumption following both approaches amounts 0.006% on a monthly balance for January
conditions. The net exergy stored in the wall over one month represents 0.0021% of the exergy
input into the room-air from the emission system, being thus negligible. Exergy stored in each
timestep represents usually less than 0.1% of the exergy input into the room air.

Storage is a periodic phenomenon. To avoid the in�uence of cancelling out exergy stored
and released over a long period of time (such as one month) results from both approaches for a
time-scale of 12 hours are compared. For the time between 169h and 180h12 the exergy stored
represents 0.03% of the exergy input in the room air, and the exergy consumed following a

12Night setback operation happens between 168-173h.
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Figure 2.6: Dynamic behaviour of the exergy stored in the room-air (right Y-axis, Exsto) and the exergy consump-
tion following quasi-steady (Excons,q−steady) and dynamic (Excons,dyn) approaches (left Y-axis).

dynamic approach is only 0.088% lower than that estimated following a quasi-steady state
approach.

Following it can be concluded that a quasi-steady state approach for systems without great
storage capacity is suitable. An analytical demonstration of this statement can be found in
[Schmidt and Torío, 2010].

2.4.2.4 Case study: Building wall

Building walls have a much bigger storage capacity than room-air. Therefore, to check the
in�uence of a quasi-steady state assessment on such a building element, a wall of the multi-
family dwelling has been taken as case study, see Figure 2.7 (a). In Figure 2.7 (b) results from
both approaches can be found.

Exergy stored Exsto,wall and exergy losses without accounting the stored exergy as a loss
Excons,dyn (equation 2.21) correspond to the dynamic approach. Exergy losses in the quasi-
steady assessment are represented by the curve Excons,q−steady (equation 2.22). For complete-
ness, energy stored in the wall is also shown Ensto,wall.

Qin,wall(tk) +Qout,wall(tk) = Qsto,wall(tk) (2.20)

Excons,dyn(tk) = Qin,wall(tk)
(

1 − T0(tk)
TA(tk)

)
+Qout,wall(tk)

(
1 − T0(tk)

TB(tk)

)

−
i=n∑
i=1

mici

[
(Twall(tk) − Twall(tk−1)) − T0(tk) ln

Twall(tk−1)
Twall(tk−1)

] (2.21)
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Figure 2.7: (a):Case study of an east facing wall of a building to show the difference between dynamic and
quasi-steady state approaches for exergy analysis.(b):Dynamic behaviour of the exergy stored in the
building wall and the exergy consumed following quasi-steady (Excons,q−steady,wall) and dynamic
(Excons,dyn,wall) approaches. The energy (Ensto,wall) and exergy stored (Exsto,wall) in the wall are also
shown.

Excons,q−steady(tk) = Qin,wall(tk)
(

1 − T0(tk)
TA(tk)

)
+Qout,wall(tk)

(
1 − T0(tk)

TB(tk)

)
(2.22)

Energy stored in the wall can be calculated following equation 2.20. Energy inputs and
outputs in the wall include convective, conductive and radiative energy inputs in the wall.
As shown in equation 2.21, to evaluate the exergy of the energy stored in the wall, the tem-
peratures of each wall layer (i index in the equation) are needed. However, wall models in
TRNSYS use the Transfer Functions Method and a discretization of the wall is not directly pos-
sible (TRNSYS, 2007). Thus, as an approximation it has been assumed that the temperature
of the wall in each timestep is the mean temperature between the inside and outside surface
temperatures (TA and TB, respectively). Peaks in the dynamic approach are due to the strong
in�uence of temperature variations inside the wall, as a result of the storage phenomena.

Despite the simpli�cation, good agreement can be found for the behaviour of the exergy
consumption with both approaches. The difference between the exergy consumption follow-
ing both approaches amounts 0.32% on a monthly balance (January). The net exergy stored
in the wall over one month represents 0.34% of the exergy input into the wall, being about
one hundred times bigger than for the case of room-air (see the previous case study). Exergy
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stored in each timestep represents a very different share of the exergy input into the wall, with
values varying between 1% and 160%.

To avoid the in�uence of the periodicity of storage processes, both approaches are com-
pared on a 12 hour basis. For the period of time between 168 h and 180 h, the exergy stored
represents 0.84% of the exergy input in the room air, and the exergy consumed following a
dynamic approach is only 0.85% lower than that estimated following a quasi-steady state ap-
proach. For the period of time between 180 h and 192 h, the exergy stored represents 2.37% of
the exergy input in the room air, and the exergy consumed following a dynamic approach is
2.38% lower than that estimated following a quasi-steady state approach.

Thus, if the main aim of exergy analysis is to improve, study or optimize a building con-
struction, i.e. the storage system taken as case study in this section, the dynamic behaviour
of the exergy stored and consumed needs to be analyzed dynamically. A quasi-steady state
approach is not accurate enough as to depict the dynamic behaviour of the exergy �ows ac-
curately. However, if the aim is to perform exergy analysis on a system level, the dynamic be-
haviour is not relevant, but total required exergy input over a certain period of time is enough.
A quasi-steady state exergy assessment combined with dynamic energy analysis (including
storage phenomena) is suitable in this case.

Additionally, for exergy analysis of building systems a further simpli�cation can be done:
exergy input into the building wall can be completely regarded as exergy consumed [Schmidt,
2004] (equation 2.23). This simpli�cation would lead to a mismatch of 0.875% on a monthly
basis as compared to the fully dynamic approach.

Excons,q−steady(tk) = Qin,wall(tk)
(

1 − T0(tk)
TA(tk)

)
(2.23)

2.5 Summary on simpli�cations and assumptions for dynamic

exergy analysis

From the general statements and case studies analyzed in the previous sections of this chapter,
several simpli�cations can be derived:

• For heating applications (i.e. without humidity control or humidity treatment) the chem-
ical exergy derived from differences in the humidity ratio between indoor and outdoor
air can be disregarded. This is the case of building systems analyzed here.

• The contribution of pressure differences between indoor and outdoor air to the physical
exergy of buildings without ventilation units is very small. In consequence, pressure
differences can be disregarded. Following, only thermal exergy �ows are assessed here.

• Outdoor air surrounding the building is considered as reference environment for exergy
analysis. For this, it is considered as an in�nite sink in thermo-mechanical equilibrium.
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• A detailed assessment of the exergy of thermal radiation for radiant heating systems
only leads to a shift in the exergy losses between the components of the energy supply
chain (see section 2.3.2). Thus, if the performance of the whole building systems is the
main focus of analysis this detailed assessment is not required, for the performance of
building systems is the same as with a simpler assessment considering radiative heat
transfer as conductive-convective. In consequence, this last simpli�ed assessment is
performed for the case studies in this thesis.

• A quasi-steady state approach allows accurate results for exergy analysis of building
systems on a system level. Thus, in this work quasi-steady state equations are derived
for the building systems analyzed (see chapter 3). Energy storage phenomena in the
building structure are modeled dynamically but they are not assessed separately in ex-
ergy terms. Storage processes are only modeled in detail in exergy terms for the storage
tank in the solar thermal systems. Since a small timestep (3 minutes) is used for all dy-
namic energy simulations presented here, and due to the small disagreement between
fully dynamic and quasi-steady state approaches for exergy evaluation, exergy calcula-
tions in this thesis are regarded from here onwards as “dynamic”.

These simpli�cations are applied to the dynamic exergy analysis of all building case stud-
ies in this work.

2.6 Review on exergy assessment of building systems

Several authors have applied in recent years the exergy concept to the analysis and optimiza-
tion of building systems. Extensive scienti�c literature [Torío et al., 2009] can be found on
the topic. However, different frameworks for exergy analysis have been regarded: most of
the studies found use steady-state exergy analysis while only few authors perform dynamic
assessment [Angelotti and Caputo, 2007; Torío and Schmidt, 2008]. Ambient air surrounding
the building is chosen as reference environment in all papers analyzed in [Torío et al., 2009].
For dynamic assessment the dynamic variation of the temperature of ambient air is regarded.
In turn, for steady-state analysis the reference state can be chosen upon several criteria: sea-
sonal mean values, annual mean values, design conditions, etc. Due to the great sensitivity
of exergy analysis for the particular case of space heating and cooling in buildings, each of
these choices signi�cantly in�uences results from exergy analysis and greatly constrains the
comparison among results from different analyses. Furthermore, depending on the chosen
de�nition for the reference environment signi�cant mismatching between the steady-state
and dynamic assessment of the exergy values can be found.

To the best of the authors knowledge there is no common agreement for a proper de�nition
of the reference environment for steady state analysis. Therefore, future work in this direction
is required [Torío et al., 2009]. These questions are assessed within the case studies analyzed
in this doctoral thesis (see section 7.3.6).
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In several papers reviewed [Torío et al., 2009] the boundaries for exergy analysis are often
not clearly stated by the authors. Ambiguities on the de�nition of the boundaries are typically
found both at the primary energy conversion step and at the heat exchange process within the
building: while some authors regard electricity as an energy carrier following an end-energy
approach [Dincer and Rosen, 2007; Hepbasli and Akdemir, 2004; Esen et al., 2007; Marletta,
2008] others consider the energy ef�ciency for its conversion from other energy sources, fol-
lowing a primary-energy approach [Alpuche et al., 2005]; the �nal output of a building system
is regarded as the output from the emission systems or the indoor air energy and exergy de-
mands [Ozgener and Hepbasli, 2007; Esen et al., 2007; Marletta, 2008].

Particularly, for the analysis of direct solar systems, two different approaches can be found
for choosing the boundaries for exergy analysis: the �rst one (also called technical boundary
[Torío and Schmidt, 2010]) regards the exergy losses from the conversion of solar radiation into
the output of the solar system (electricity or heat), while the second one (also called physical
boundary [Torío and Schmidt, 2010]) disregards this process. A thorough discussion on the
physical correctness of the second approach over the �rst one can be found in [Torío and
Schmidt, 2010]. The chosen approach greatly in�uences results and conclusions obtained from
the analysis of solar systems.

The choice of the boundaries for performing exergy analysis signi�cantly in�uences re-
sults and insights gained from it. This is obviously true also for energy analysis, but it is even
more for an exergy analysis, due to the fact that exergy destruction would happen at each step
of the energy chain even if energy losses were ideally zero (as it is the case of the heat emission
system to the room air13). Therefore, the boundaries chosen should always be clearly stated.

Chapter 3 of this work describes clearly a method, based on the simpli�cations mentioned
above, that can be followed for performing exergy assessment (dynamic or steady-state) of
building systems. In this sense, it represents a contribution towards a unitary method for
exergy assessment in buildings.

2.7 Exergy and sustainable development

Several authors [Cornelissen, 1997; Dincer and Rosen, 2007; Wall and Gong, 2001] have linked
the exergy concept with insights on “sustainable energy supply” and “sustainable develop-
ment”. This link is based on the fact that exergy is a thermodynamic concept that clearly
identi�es the improvement potential of an energy system, thus opening up the possibility of
increasing its ef�ciency [Rosen and Tang, 2008]. For this aim, all energy �ows involved, fossil
and renewable, must be analyzed. This allows showing the thermodynamic ef�ciency of us-
ing 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 ef-

13In previous examples and in the following chapter this conversion step is regarded in the room air subsystem.
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�ciency of their utilization leads to increase the time span in which they can be utilized and
reduce negative environmental impacts derived from their use (such as CO2 emissions), thus
increasing the “sustainability” of energy systems.

However, it must be clearly stated that systems based on renewable energy sources are
more "sustainable" than fossil fuel based ones, even if the exergy ef�ciency of the �rst might
be lower than that of an equivalent fossil-based alternative. The exergy concept does not
distinguish between renewable and not renewable energy sources. This distinction, crucial
for �nding options towards a more "sustainable" energy supply, must always be regarded
additionally to the exergy analysis.

In turn, conventional primary energy analysis is based on the distinction between renew-
able and fossil energy sources. The primary energy approach aims at limiting the use of fossil
fuels for providing a given demand, leading to maximize the use of renewable energy sources.
Since fossil primary energy input is the key parameter to be minimized, renewable energy
�ows are often disregarded in primary energy balances. An assessment of the ef�ciency of
renewable energy use cannot be obtained from such analyses.

From a combined primary energy and exergy assessments advantages of both methods
can be joined and their weaknesses leveled out. A combined exergy and primary energy
assessment allows obtaining conclusions on the environmental impact AND thermodynamic
ef�ciency of an energy system. Thus, exergy analysis should always be carried out besides
primary energy analysis. Exergy is seen in this work as a complementary indicator to primary
energy assessment and not as a substitute for it.

For all stated avobe, exergy can NOT be understood as an indicator able to depict sus-
tainability on its own. Exergy performance and sustainability are not equivalent concepts,
and exergy analysis can only be seen as a further indicator to complement existing analysis
methods in order to develop more "sustainable" energy systems.
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Chapter 3

Method for dynamic exergy analysis

3.1 Input-output approach

The aim of this thesis is to show possibilities for improving the energy and exergy perfor-
mance of the whole energy supply chain in building systems. Thereby, analysis are mainly
focused on a system perspective, where the whole supply chain is assessed, instead of on
a component level, where the performance of single components of that supply chain is ana-
lyzed in detail. Optimization of single components is desirable and required, but the in�uence
of optimizing one component on the performance of the whole supply system should always
be regarded [Torío et al., 2009]. In this way, improvement of single components which might
have a negative in�uence on other steps of the energy supply process is avoided.

Figure 3.1: Energy supply chain for space heating in buildings, from primary energy transformation to �nal en-
ergy, including all intermediate steps up to the supply of the building demand [Schmidt, 2004; DIN
4701-10, 2001].

Energy and exergy analysis on a system level are performed following the input-output
approach found in many building energy regulations [EnEV, 2009; DIN 4701-10, 2001; DIN
18599, 2007], where the supply chain is divided into several subsystems directly related with
each other, as shown in Figure 3.1. This input-output approach can be applied both for steady-
state [Annex 49, 2010a] and dynamic exergy analysis. Equations for a dynamic analysis based
on this input-output scheme are shown in detail in section 3.2 for each of the subsystems in
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Figure 3.1.

3.2 Mathematical models for exergy analysis of building systems

In the following subsections the equations and exergy balances for each of the subsystems in
Figure 3.1 are presented.

The equations for the subsystems are based on those presented in Schmidt [2004]. How-
ever, they have been enhanced for a quasi-steady exergy analysis. Quasi-steady exergy assess-
ment has shown to be a reasonable compromise between accuracy and complexity1. Only for
storage systems (e.g. storage tanks) equations for fully dynamic assessment are introduced.

The analytical de�nition of physical exergy is derived applying energy and entropy bal-
ances to a combined system that consists of the system to be analyzed and the surrounding
environment. The analyzed system can be either a control mass or control volume (i.e. a
closed or open system), whereas the combined system is a control mass where only work
interactions can take place across the boundary [Moran and Shapiro, 1998]. For each subsys-
tem, a Figure shows the boundaries for the combined system (dashed line) and the system
analyzed (dotted line) regarded for the exergy balance.

The equations and subsystems presented here refer to the particular case of DHW and
space heating supply in buildings. For sensible cooling systems these equations can be ap-
plied as long as the same sign convention is considered.

3.2.1 Exergy demand for DHW supply

The exergy demand for DHW supply Exdem,DHW can be evaluated as a function of the re-
quired setpoint temperature for DHW use and the demanded mass �ow, as shown in equa-
tion 3.1, where mDHW is the mass �ow for DHW demand over a given timestep tk, Tsup,DHW

and Tcw are the absolute values of the regarded setpoint temperature for DHW supply and
the cold water temperature respectively.

Exdem,DHW (tk) =mDHW (tk) · cp,w · (Tsup,DHW (tk) − Tcw(tk))

−mDHW (tk) · cp,w · T0(tk) · ln Tsup,DHW (tk)
Tcw(tk)

(3.1)

3.2.2 Building envelope

Qh,b represents the net active heating demand of the building. Storage phenomena in the
building construction are also simulated dynamically and taken into account in the energy

1See case studies for the room air and building wall presented in chapter 2.
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balance. It is assumed that the heat �ow Qh,b takes place at the indoor operative temperature2,
assumed as constant for each timestep. The exergy of the heat �ow out of the building shell
Exout,env is neglected3.

Figure 3.2: Energy �ows, temperature levels and boundaries for the building envelope subsystem.

Exin,env(tk) + Exout,env(tk)︸ ︷︷ ︸
≈0

= Excons,env(tk) (3.2)

With this evaluation framework, the net heat demand Qh,b is transferred to the refer-
ence environment through the building envelope, i.e. it is consumed during the process as
it reaches outdoor air. The corresponding exergy Exdem,SH , which represents the exergy de-
mand for SH supply, is calculated according to equation 3.3.

Exin,env(tk) = Excons,env(tk) = Qh,b(tk) ·
(

1 − T0(tk)
Top(tk)

)
= Exdem,SH(tk) (3.3)

3.2.3 Room air subsystem

The room air subsystem is introduced to account for the exergy losses between the chosen
emission system (at its surface temperature Th

4) and the exergy demand of the building
Exdem,SH(at its operative temperature Top), since these losses should neither be assigned to
the emission system nor to the exergy demand. The energy output from the emission system
equals the energy demand, but the exergy is necessarily different due to the difference in tem-
perature allowing the heat transfer process between the heating system and the indoor air to
take place.

The surface temperature of the heater θh when radiators are used is estimated here by
means of the arithmetic mean of the inlet and return temperatures. This is a suitable simpli�-

2For the building systems analyzed in this thesis operative temperatures are the controlled variable, i.e. they
determine the heat demand. Therefore, for estimating the exergy demand the operative temperature inside the
building Top is used in equation 3.3. Alternatively, room air temperatures Tr can be used.

3This is a suitable simpli�cation, as shown in the case study (room-air) in section 2.4.2.4 of chapter 2.
4The subscript h stands here for heater.
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cation [Recknagel et al. 2007]5. Furthermore, the aim here is not to optimize the radiators, but
the whole system performance. Differences between estimations using the logarithmic mean
temperature difference and the arithmetic mean are very small 6 and, more importantly, they
are irrelevant for the purpose of analysis, since they only shift exergy losses between the room
air and emission systems and do not affect the whole exergy performance of the system.

When �oor heating systems are used, surface temperatures from the building element
with the embedded active layer in TRNSYS [2007] are used.

Figure 3.3: Energy �ows, temperature levels and boundaries for the room air subsystem.

Equation 3.4 shows the exergy balance for the room air subsystem. Equations 3.5 and 3.6
show the exergy going into and out of the room air, respectively. In equation 3.7 these are used
to calculate the exergy consumption occurring during the heat transfer process as a result of
the temperature difference between the heater surface and the room air temperature.

Exin,r(tk) + Exout,r(tk) − Excons,r(tk) = 0 (3.4)

Exin,r(tk) = Exh,b,in(tk) = Qh,b(tk) ·
(

1 − T0(tk)
Th(tk)

)
(3.5)

Exout,r(tk) = Exh,b,out(tk) = −Qh,b(tk) ·
(

1 − T0(tk)
Top(tk)

)
(3.6)

Excons,r(tk) = Exh,b,in(tk) + Exh,b,out(tk) = Qh,b(tk) · T0(tk) ·
(

1
Top(tk)

− 1
Th(tk)

)
(3.7)

3.2.4 Emission subsystem

The exergy balance of the emission system is shown in equation 3.8.

5The arithmetic mean can be used if the condition (θret,ce − θr)/(θin,ce − θr)≥ 0.7 is ful�lled. For design condi-
tions in the radiators, i.e. supply/return and room air temperatures of 55/45/20◦C, this condition is ful�lled.

6on the range of 0.5◦C for the surface temperature, yielding differences in the quality factors of around 1%

34



3.2. Mathematical models for exergy analysis of building systems

Exin,ce(tk) + Exret,ce(tk) + (−Exh,b,in(tk)) = Exirrev,ce(tk) − Exls,ce(tk)

= Excons,ce(tk)
(3.8)

Where the subindex in stands for inlet, ret for return, h for heating , b for building, ls for en-
ergy losses and ce for emission system. The additional exergy demand resulting from energy
losses on the heat transfer process Exls,ce can be added to the exergy consumption resulting
from an irreversible heat transfer Exirrev,ce. In this manner, the total exergy consumption in
the emission system Excons,ce can be obtained.

Figure 3.4: Energy �ows, temperature levels and boundaries for the emission subsystem.

In equation 3.9 the expression for the exergy consumption is given. Equation 3.10 shows
the thermal exergy demand of the emission system7

Excons,ce(tk) = mw,ce(tk) · cp,w

[
(Tin,ce(tk) − Tret,ce(tk)) − T0(tk) · ln Tin,ce(tk)

Tret,ce(tk)

]
− Exh,b,in(tk)

(3.9)

Exce(tk) = Exh,b,in(tk) + Excons,ce(tk) = Exin,ce(tk) + Exret,ce(tk)

= mw,ce(tk) · cp,w

[
(Tin,ce(tk) − Tret,ce(tk)) − T0(tk) · ln Tin,ce(tk)

Tret,ce(tk)

] (3.10)

3.2.5 Distribution system

For evaluating distribution pipes Type 31 in TRNSYS [2007] is used. This component models
the thermal behavior of a �uid or �uid �ow in a pipe using variable size segments of �uid
with a plug-�ow approach. Entering �uid shifts the position of existing segments. The outlet
is then a collection of the elements that are pushed out by the inlet �ow. Outlet temperatures
are a result of the initial inlet temperatures of each segment and the corresponding thermal

7Qls,ce and Qret are considered as negative (energy outputs from the emission system).
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losses while circulating or being contained in the pipe. To model exactly the exergy losses
associated to these thermal losses the dynamic variation of the temperature in each segment
within the pipe would be required (see equation 3.12). The exergy of thermal losses would
then be evaluated as the change in the exergy content of the �uid in the pipes. Equation
3.12 is written for N segments contained in the pipe, being i the index for each segment,
and assuming that water is the �uid circulating in the pipes (subindex w for the speci�c heat
capacity, cp,w).

Figure 3.5: Temperature and mass of i segments within the plug-�ow pipe model used to simulate the distribution
subsystem. Boundaries for exergy analysis of the distribution subsystem are also shown.

Exin,d(tk) + Exret,d(tk) −Excons,d(tk) = 0 (3.11)

Excons,d(tk) =
i=N∑
i=1

mi,w,d(tk)cp,w

[
(Ti(tk) − Ti(tk−1)) − T0(tk) ln

Ti(tk)
Ti(tk−1)

]
(3.12)

However the temperature in each segment cannot be obtained as output from Type 31.
Instead, an average temperature calculated as a mass weighted average of the temperatures
of all segments contained in each timestep can be obtained and is used in the calculations.

Excons,d(tk) = mw,d(tk)cp,w

[
(〈Td(tk)〉 − 〈Td(tk−1)〉) − T0(tk) ln

〈Td(tk)〉
〈Td(tk−1)〉

]
(3.13)

3.2.6 Mixing from return water from space heating

For supplying space heating demands a mixing valve is foreseen as shown in Figure 3.6. The
valve mixes supply water from the boiler or storage tank with return water from the heating
system and thereby, the supply temperature demanded by the heating system is achieved.

In the mixing process no energy losses are present. The outlet temperature from the mixing
valve Tout,mix is a result of the inlet temperatures from the supply and return pipes and their
corresponding mass �ows. In turn, in the mixing process exergy losses arise. Equation 3.14
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Figure 3.6: Mixing valve used in space heating: temperature levels and mass �ows involved in the mixing process.
Boundaries used for exergy analysis are also shown.

shows the exergy balance for the mixing valve.

Exin,mix,sup(tk) + Exin,mix,ret(tk) + Exout,mix(tk) = Excons,mix(tk) (3.14)

Where the single terms in equation 3.14 can be written as follows:

Exin,mix,sup(tk) =min,mix,sup(tk) · cp,w · (Tin,mix,sup(tk) − T0(tk))

−min,mix,sup(tk) · cp,w · T0(tk) · ln Tin,mix,sup(tk)
T0(tk)

(3.15)

Exin,mix,ret(tk) =min,mix,ret(tk) · cp,w · (Tin,mix,ret(tk) − T0(tk))

−min,mix,ret(tk) · cp,w · T0(tk) · ln Tin,mix,ret(tk)
T0(tk)

(3.16)

Exout,mix(tk) = mout,mix(tk)cp,w

[
(T0(tk) − Tout,mix(tk)) − T0(tk) ln

T0(tk)
Tout,mix(tk)

]
(3.17)

3.2.7 Heat exchanger

Heat exchangers are modeled as adiabatic components in this thesis, i.e. no energy losses are
associated to the heat exchange process. Yet, the mass �ows and temperature levels at the inlet
and outlet of the primary and secondary sides are different. Thereby, exergy consumption
during the heat transfer process arises. Equation 3.18 shows the general expression for the
exergy balance of a heat exchanger, being Exin,hx the exergy input from the primary side of
the heat exchanger, Exout,hx the exergy output at the secondary side and Excons,hx the exergy
consumed in the heat transfer process.

Exin,hx(tk) + Exout,hx(tk) = Excons,hx(tk) (3.18)
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The exergy input and output at the primary and secondary sides of the heat exchanger
(shown in equation 3.18) can be written as follows:

Exin,hx(tk) =mprim,hx(tk) · cp,w · (Tin,prim,hx(tk) − Tout,prim,hx(tk))

−mprim,hx(tk) · cp,w · T0(tk) · ln
Tin,prim,hx(tk)
Tout,prim,hx(tk)

(3.19)

Exout,hx(tk) =msec,hx(tk) · cp,w · (Tin,sec,hx(tk) − Tout,sec,hx(tk))

−msec,hx(tk) · cp,w · T0(tk) · ln Tin,sec,hx(tk)
Tout,sec,hx(tk)

(3.20)

3.2.8 Storage subsystem

The main purpose of a storage system is to achieve a time delay between the energy supply
and energy demand. Correspondingly, the energy stored in the system is the most important
variable for the de�nition of the storage system, and, subsequently, the exergy associated
to the storage process cannot be added to the exergy consumption as it is done for other
components of energy systems on a quasi-steady state approach.

Figure 3.7: Energy �ows, temperature levels and boundaries for the storage subsystem.

The general exergy balance for the storage subsystem can be formulated as a function of
the charge and discharge processes (equation 3.21). Equations 3.22 and 3.23 show the expres-
sions for calculating the exergy of the charge and discharge processes in the storage tank.

Exch,s(tk) + Exdisch,s(tk) = Excons,s(tk) + Exsto,s(tk) (3.21)
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Exch,s(tk) = mch,s(tk) · cp,w ·
[
(Tch,in(tk) − Tch,ret(tk)) − T0(tk) · ln Tch,in(tk)

Tch,ret(tk)

]
(3.22)

Exdisch,s(tk) =mdisch,s(tk) · cp,w · (Tdisch,in(tk) − Tdisch,ret(tk))

−mdisch,s(tk) · cp,w · T0(tk) · ln Tdisch,in(tk)
Tdisch,ret(tk)

(3.23)

The energy losses and storage process in the system are time dependent processes and
result in a temperature change of the �uid in the storage tank. Consequently, the dynamic
behaviour of the temperature in each storage layer needs to be taken into account for their
assessment. For a given storage tank with n layers of storage �uid, the exergy stored can be
written as shown in equation 3.24 The exergy stored in a well-mixed tank can be calculated
with one �uid layer (n=1), whereas that of a strati�ed tank can be assessed by increasing
the number of �uid layers. Following the sign convention stated in chapter 2 the exergy
stored is de�ned as positive if it represents an exergy input in the storage system and negative
otherwise (i.e. if it is exergy released from the tank).

Exsto,s(tk) =
i=n∑
i=1

mi(tk) · cp,i ·
[
(Ti,s(tk) − Ti,s(tk−1)) − T0(tk) · ln Ti,s(tk)

Ti,s(tk−1)

]
(3.24)

As for the emission system, the total exergy consumption can be calculated by adding
the exergy consumption associated to thermal energy losses from the storage tank and those
corresponding to irreversibilities in the heat storage and transfer processes (equation 3.25)8.

Excons,s(tk) = Exirrev,s(tk) − Exls,s(tk) (3.25)

The exergy stored in the tank is a function of the initial and �nal temperatures of each
node for a given timestep (see equation 3.24). This depicts the change in the exergy content
of the storage tank over a given time period. Instead, the exergy content of the storage gives
the actual exergy level of the storage tank at a given moment as compared to the reference
temperature at that time. Thus, the latest is a function of the temperature of each tank layer
at a given moment and the chosen reference temperature. The expression for evaluating the
exergy content of the storage tank is shown in equation 3.26.

Excontent,s(tk) =
i=n∑
i=1

mi(tk) · cp,i ·
[
(Ti,s(tk) − T0(tk)) − T0(tk) · ln Ti,s(tk)

T0(tk)

]
(3.26)

8The energy Qls,s and exergy losses Exls,s from the storage tank are regarded as negative values, i.e. outputs
from the storage tank.
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3.2.8.1 Case study

To check the plausibility and correctness of the equations derived for assessing the dynamic
exergy behaviour of the storage system a simple case study has been analyzed. Additionally,
the in�uence of thermal strati�cation on the energy and exergy performance of the storage
unit is analyzed.

For this purpose, a 1500 l storage tank is simulated with a 3-minute timestep and with
constant mass �ows for the charge and discharge processes. Type 340 in TRNSYS [2007] is
used for performing the analysis, since it is also the Type implemented in the building case
studies analyzed in this thesis. A constant reference temperature of 0◦C is assumed for all
calculations here. Under this assumption, and considering also an initial temperature equal to
the reference temperature, the integral of the exergy stored over a given time period is equal to
the exergy content of the storage tank at the end of the time period. This allows crosschecking
the correctness of the equations shown above to calculate both variables (equations 3.24 and
3.26). Constant mass �ows and temperatures for the charge and discharge of the storage tank
are assumed. Main assumptions are summarized in Table 3.1. The charge and discharge
pro�les are shown in Figure 3.8 .

Figure 3.8: Time dependence of the mass �ows for charge
and discharge processes assumed.

Table 3.1: Main temperatures assumed for the simpli�ed
case study studied here.

[◦C]
Initial tank temperature, θs,ini 0
Inlet charge temperature, θch,in 90
Inlet discharge temperature, θdisch,in 10
Surrounding temperature, θs,surr 0
Reference temperature, θ0 0

In�uence of thermal strati�cation Strati�cation in the storage tank in�uences the perfor-
mance of energy supply systems coupled with the storage unit, e.g. solar thermal systems.
Thermal strati�cation inside the tank can be varied by changing the number of nodes9 in the
tank model.

9Nodes are layers of �uid in the tank assumed to be completely mixed. See section 4.7 for a detailed description
of the tank model.
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In Figure 3.9 energy and exergy balances for the storage tank over 10 hours, i.e. after
completing the charge and discharge processes, are shown for 5, 20 and 100 nodes10.

Figure 3.9: Energy (a) and exergy (b) balances over 10 hours for three different numbers of nodes assumed for
modelling the storage tank.

The energy charged, discharged and stored is nearly independent from the thermal strati-
�cation in the tank, increasing only 0.1% and 0.2% with 20 and 100 nodes as compared to the
model with 5 nodes. In turn, the exergy charged and discharged varies signi�cantly with the
number of nodes: with 20 and 100 nodes the exergy charged is reduced by 6.7% and 9.8%,
respectively. On the contrary, the exergy discharged increases in 8.4% and 13.6%, respectively.
Following, A reduction of 34% and 57% in the exergy consumed is found for 20 and 100
nodes respectively, as compared to 5 nodes. In the following paragraphs the reasons for this
behaviour of the exergy �ows during the charge and discharge of the tank are shown in detail.

Charge process Figure 3.10 (a) shows the top and bottom temperatures inside the stor-
age tank. With increasing number of nodes, mixing is prevented and the temperature at the
bottom begins to increase with a delay as compared to the model with 5 nodes. This is co-
herent with the energy �ows shown in Figure 3.10 (c) (thin lines): with 100 and 20 nodes the
temperature difference between inlet and outlet of charging �ow is greater during the �rst
hour, and so greater energy is being charged in the tank.

At 3 hours the tank with 100 and 20 nodes is almost fully charged, and yet there is a
signi�cant charging �ow for the model with 5 nodes, due to the lower temperature in the
bottom which still allows for energy income from the charging �ow. In terms of energy, this
just means a slower charging process, i.e. a time shift in the energy �ow as shown in the

10With the adopted sign convention (see chapter 2) both the energy and exergy discharged represent an output
from the storage as energy system, being, thus, negative. However, to ease representation the discharged energy
and exergy are depicted as positive values in Figure 3.9.
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Figure 3.10: Temperature pro�les at the top and bottom of the tank (a), quality factors (b) and energy and exergy
rates (c) for the charge process with 5, 20 and 100 nodes.

Figure 3.10 (c).

In Figure 3.10 (b) the quality factor for the exergy charged is shown (equation 3.27). As
the bottom temperature increases, the quality factor, i.e. the exergy associated to the energy
�ow, increases. With 20 and 100 nodes the energy �ow at the highest quality factor is very
low, while the greatest part of the energy charge happens at low quality factors. In turn, with
5 nodes a great part of the charging process takes place at that range of high quality factors,
increasing the exergy input from the charge process. This means that higher number of nodes,
i.e. strati�ed charge, allows extracting the same amount of energy from the charge �ow with
lower exergy content (see Figure 3.9). The exergy charged in the storage tank is thus reduced.

FQ,ch,s(tk) = 1 − T0(tk)
(Tch,in(tk) − Tch,ret(tk))

ln
Tch,in(tk)
Tch,ret(tk)

(3.27)

Discharge process In Figure 3.11 (a) the temperature pro�le for the top and bottom
sensors during the discharge process are shown for 5, 20 and 100 nodes. The temperature
at the bottom of the storage tank is quite similar, independently of the number of nodes.
However, the temperature at the top layer differs signi�cantly. With increasing number of
nodes, mixing is prevented and it takes longer to begin cooling down the top layers with the
incoming cold water �ow.

Similarly as for the charge process, with 100 nodes the biggest part of the energy is dis-
charged at the range of high quality factors, i.e. at high temperatures (see thin lines in Figure
3.11 (c)). In turn, with 5 nodes cold water mixes more quickly with hot water in the tank, and
the discharge happens at lower temperatures, i.e. with lower quality factors.

The energy extracted, i.e. discharged, is similar for 5, 20 and 100 nodes as stated above
(and shown in Figure 3.9). However, promoting strati�cation and preventing mixing in the
tank allows extracting that energy more quickly and at higher temperature ranges. Thus, the
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Figure 3.11: (Temperature pro�les at the top and bottom of the tank (a), quality factors (b) and energy and exergy
�ows (c) for the discharge process with 5, 20 and 100 nodes.

exergy extracted increases, as shown in Figure 3.9 (b).

In�uence of the reference temperature in the exergy content The exergy content of the
storage tank (equation 3.26) represents the exergy level, i.e. potential of the energy stored in
the tank, as compared to the given reference temperature at a given moment. If a constant ref-
erence temperature is assumed for the analysis of the storage tank, the difference between the
exergy content at a given timestep and the next represents the exergy stored in the tank (equa-
tion 3.24). In consequence, under this assumption the integral of the exergy stored should be
equal to the exergy content of the storage tank for each moment. This is shown in Figure 3.12
(a).

If, in turn, a variable reference temperature is assumed, the exergy content varies as a
result of the variation in the reference temperature and not only as a function of a change in the
energy stored. In other words, with variable reference temperature the exergy content of the
storage tank (i.e. its potential) varies with varying reference temperatures even if no energy
store or release occurs. In consequence, no matching can be found between the cumulative
of the exergy stored and the exergy content of the storage tank. This is shown graphically in
Figure 3.12 (b), where the reference temperature is assumed to increase from 0◦C to 15◦C at 5
hours.

For analyzing the dynamic exergy performance of storage systems with variable reference
temperatures, the exergy content is not relevant. Instead, the exergy stored shall be used.

3.2.9 Generation subsystem

In this subsystem the exergy performance of energy supply units in buildings shall be as-
sessed. In the following sections, the exergy assessment of energy supply components ana-
lyzed in this thesis is explained in detail.
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Figure 3.12: (a): Cumulative of the exergy stored
∑ ˙Exsto and exergy content ˙Excont assuming a constant refer-

ence temperature of 0◦; (b): Summ of the exergy stored
∑ ˙Exsto and exergy content ˙Excont assuming

a reference temperature of 0◦ until 5h and 15◦C afterwards.

3.2.9.1 Boiler

The thermal exergy demanded by the boiler can be calculated as a function of the energy
content of the fuel used, Qg, and the corresponding quality factor associated to the energy
carrier, FQ,g, which is dependent on its chemical properties, as shown in equation 3.28.

Exg(tk) = Qg(tk) · FQ,g (3.28)

In Table 3.2 quality factors found in the literature for different fuels related to their higher
heating value (HHV) are shown [Kühler, 2008; Ptasinski et al., 2005; Szargut and Styrylska,
1964].

Table 3.2: Quality factors for different fuels related to their higher heating value (HHV).

Fuel FQ,HHV Fuel FQ,HHV

[-] [-]
Brown coal 1.04 Oil 1.00
Wood 1.05 Natural gas 0.95

3.2.9.2 Solar collectors

Solar thermal collectors are energy conversion devices which directly use the energy sup-
plied by incident solar radiation. Direct use of solar radiation instead of degrading other
high quality energy resources found in nature is advantageous. Yet, due to physical inconsis-
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tencies present in the exergy analysis framework commonly found in literature for assessing
direct-solar systems high exergy losses arise in the conversion process of solar radiation in
direct-solar systems. In turn, these losses are disregarded in indirect-solar systems.

As part of this thesis a physically consistent boundary for exergy analysis of direct solar
systems (called physical boundary) has been developed. In the following section this framework
is introduced besides the commonly found approach. A more detailed discussion on this issue
can be found in [Torío and Schmidt, 2010].

Physical inconsistencies in commonly found framework Considering energy processes
on the planet as a whole, the earth is an open system receiving a net energy �ux from the
sun in the form of short-wave solar radiation and emitting more or less the same energy
amount as long-wave thermal radiation [Shukuya and Komuro, 1996]. Other energy forms
and processes present on earth are derived to a large extent from incident solar radiation, e.g.
potential energy in water masses or the energy content of biomass and crops or fossil fuels, as
shown in the energy conversion chains depicted in Figure 3.13 for 12 energy systems [Szargut,
2005; Sorensen, 2004].
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dashed light grey line represents the technical boundary typically used for the analysis of energy sys-
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When analyzing the energy conversion chain of any certain appliance or usage, the con-
version process from the energy inputs into the earth as energy system (energy sources, column
1 in Figure 1) into primary energy sources (column 2) is often left out of consideration. In other
words, the ef�ciency of the conversion from solar radiation into the kinetic energy in the
wind, chemical energy in wood or low-temperature heat in the earth surface (i.e. ground-
source heat) is disregarded: the energy content of these primary energy sources is considered
as existing within the earth-system and ready to be used. Thus, primary energy sources are
regarded as the �rst energy input in the primary energy transformation system (column 3).

This boundary is drawn from a technical point of view (dashed line in Figure 3.13), i.e. it
is place at the �rst step where some form of technical input is required to make use of the
available energy. In the literature, this technical boundary is also kept for the analysis of direct
solar systems (light grey dashed line in the penultimate row in Figure 3.13), e.g. solar thermal,
and photovoltaic (PV) systems.

However, from a physical point of view, an inconsistency arises from this analysis frame-
work: the ef�ciency of the conversion from solar radiation into other energy forms is included
in the analysis of direct solar systems and left out in the rest (i.e. indirect-solar systems). In
consequence, ef�ciencies as well as total energy and exergy losses of indirect- and direct-solar
systems are not comparable, since in direct-solar systems a further energy conversion process
is being regarded.

Proposed boundary for exergy analysis of direct solar systems In order to withdraw
a physically consistent boundary for direct-solar systems, the conversion process from solar
radiation into heat or electricity should be disregarded, similarly as it is done for the rest of
energy systems. Thus, e.g. thermal energy output of a solar collector �eld at its corresponding
temperature level should be regarded as a primary energy source, as shown graphically in the
last row of Figure 3.13 (dotted dark grey line). In this approach, called physical boundary [Torío
and Schmidt, 2010] the energy ef�ciency of solar radiation conversion in direct-solar systems
is implicitly considered, for it determines the available energy and exergy output from the
systems.

Excoll(tk) = mcoll(tk) · cp,coll ·
[
(Tin,coll(tk) − Tout,coll(tk)) − T0(tk) · ln Tin,coll(tk)

Tout,coll(tk)

]
(3.29)

Following the physical boundary, the exergy input from the collector �eld into the building
systems is evaluated as shown in equation 3.29. Following the sign convention adopted, the
exergy output from the system Excoll has a negative value if heat is being generated in the
solar collector �eld.
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3.2.9.3 District heating return line

For the analysis of the district heating return line the relevant magnitude is the exergy input
from the district heating network into the primary side of the district heating heat exchanger
and not the exergy content of the �uid in the district heating pipe. In consequence, the exergy
input from the district heating return line can be characterized similarly as for any other mass
�ow in the previous subsystems presented above. As for the rest of subsystems, only thermal
exergy �ows are regarded. Equation 3.30 shows the exergy input from the district heating
network into the primary side of the district heating heat exchanger.

Exin,prim,DH(tk) =mDH(tk) · cp,DH · (Tin,prim,DH(tk) − Tout,prim,DH(tk))

−mDH(tk) · cp,DH · T0(tk) · ln Tin,prim,DH(tk)
Tret,prim,DH(tk)

(3.30)

3.2.10 Primary energy transformation

Energy losses occurring in the conveyance, processing and transport of energy sources used
to supply building energy demands are taken into account by means of primary energy fac-
tors [DIN 18599-1, 2007]. These are included in the Primary Energy Transformation subsystem
in Figure 3.1. In this way, a complete energy analysis of the whole energy supply chain in
buildings is carried out.

It can be assumed that energy losses occurring in the processes required for providing the
given energy sources to the building, i.e. energy losses in the Primary Energy Transformation

subsystem, are high-quality energy losses. Therefore, exergy assessment of this subsystem
can be carried out in a simple manner by multiplying exergy �ows entering the generation
subsystem in building Exg times the primary energy factors.
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Chapter 4

Description of the models used for
dynamic simulations

In this chapter the program used to model the energy systems studied is brie�y introduced
followed by a description of the main components used and their more relevant characteristics
and behaviour. Sizing criteria or particular assumptions and simpli�cations met for modeling
the energy systems are also described.

4.1 TRNSYS simulation environment

The TRaNsient SYstem Simulation program [TRNSYS, 2007] is a simulation environment
which allows the transient simulation of energy systems. The programming language used
for developing the program is Fortran 77. In this work, version 16.01 of the program is used.
It was originally developed by the University of Winsconsin to perform dynamic simulations
of solar thermal systems. Today, even a multi-zone building model allowing the modeling
of thermally activated building components is available. Currently, the simulation of several
building systems such as ground source heat pumps, photovoltaic systems, complex ventila-
tion systems or solar cooling units is possible.

TRNSYS is based on a modular approach, where the different components in an energy
system are interlinked with each other by means of their respective inputs and outputs. Each
of these modules or components is called Type in TRNSYS and is described by a mathematical
model in the TRNSYS simulation engine.

4.2 De�nition of the reference buildings

4.2.1 Type 56, the TRNSYS Building Model

Type 56 is used in TRNSYS to model the thermal behaviour of a building divided into different
thermal zones. The building model in TRNSYS is a non-geometric balance model [TRNSYS,
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2007a]. Each thermal zone is modeled as a single air node in radiative and convective ex-
change with the enclosing surfaces. Orientation and slope of the exterior surfaces enclosing
the thermal zone are regarded to calculate the radiation incident on the surface, in�uencing
thereby their surface temperatures and heat transfer rates. Interior walls are only relevant for
energy calculations in terms of thermal mass.

4.2.2 Multi-family dwelling (MFH)

The MFH is used in this thesis to check the improvement and best use possibilities of solar
thermal systems based on exergy analysis.

4.2.2.1 Building Geometry

Table 4.1 shows the main geometric details of the multi-family dwelling considered in this
work (MFH Model), which has been taken from [Heimrath, 2004]. Very good agreement can
be found between this building and the building type MFH_I [IWU, 2003] which is represents
38% of the constructed habitable surface of multi-family dwellings in Germany [IWU, 2007].
Figure A.1 in the Appendix shows the geometry of the MFH considered.

Table 4.1: Geometric details for the multi-family dwelling taken as reference building here MFH Model and build-
ing type MFH_I according to the German residential building typology from [IWU, 2003].

Anet Vnet A/V Window
fraction

Nr.
storeys

Nr.
apart-
ments

[m2] [m3] [m−1] [%] [-] [-]
MFH Model [Heimrath, 2004] 929.7 2417.2 0.51 20 3 12
MFH_I [IWU, 2003] 759.0 2971.9 0.49 23 4 12

For all living areas the same user pro�les and set points for space heating are regarded.
In consequence, all �ats in one storey can be regarded as a whole single thermal zone. Yet
transmission losses are strongly in�uenced by the position of the storey, e.g. transmission
losses are expected to be higher in the upper �oor which has a �at roof in direct contact with
outdoor air. Therefore, the building is simulated with three thermal zones, one per each store.
Internal walls separating the �ats from each other are considered (see Table 4.2).

4.2.2.2 Building Envelope

The building envelope strongly in�uences the space heating energy demand. It also has a
great in�uence on the type of building systems that can be used (e.g. radiators, �oor heating
or thermally activated building components) and on the share of space heating and DHW
supply in the total energy demand. Currently strong efforts have been done for improving
the insulation standard, i.e. the building envelope, of newly erected buildings [EnEV, 2009;
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DIN 18599, 2007]. In order to investigate the in�uence of improving the insulation level of the
building envelope, two different building shells are considered:

• Base case with a building shell complying with minimum requirements from German
EnEV [2007] Standard (in the following referred as MFH-07).

• Improved building shell corresponding to a KfW-Ef�zienzhaus 401 (in the following re-
ferred as MFH-KfW-EffH.40).

In Table 4.2 areas and U-values of the building model are shown. For comparison, maxi-
mum allowed U-values for each building envelope element according to [EnEV, 2007] are also
given. Furthermore, the maximum allowed heat transfer coef�cient for the building shell, HT

[EnEV, 2007] and that of the building model used are shown.

Table 4.2: Wall areas and U-values of the building model for the multi-family dwelling (MFH) and minimum U-
values according to the German EnEV [2007] Standard.

MFH-07 MFH-KfW-EffH.40 EnEV [2007]
Area U-Value HT U-Value HT U-Value HT

[m2] [W/(Km2)] [W/K] [W/(Km2)] [W/K] [W/(Km2)] [W/K]
External walls 733.2 0.44 0.11 0.45
Roof 324.6 0.25 0.12 0.25
Ground 324.6 0.40 0.16 0.40
Windows 179.5 1.40 0.50 1.70
Total 0.47 0.16 0.58
Internal walls 58.7 0.65 0.65

4.2.2.3 Internal loads

Internal loads from people and electrical appliances are de�ned according to the mean daily
load of 100 Wh/m2d foreseen in [DIN 18599-10, 2007] for multi-family dwellings. This mean
daily internal load would correspond to a constant load of 4.2 W/m2. In this value, internal
loads from occupants and appliances are included.

Occupancy factors for weekdays and weekends have been de�ned as in [Heimrath, 2004]
and are shown in Figure 4.1.

Occupancy loads from occupants have been de�ned in accordance with [ISO 7730, 2005]
for a person seated at rest (i.e. 60W sensible heat load and 40W latent heat load per occupant).
A total of 29 occupants is assumed [Heimrath, 2004], i.e. an occupancy factor of 1 indicates
that full occupancy occurs (i.e. 29 occupants are present in the building). In addition, internal
heat loads from appliances inside the building are regarded as a maximum peak load of 9.54
W/m2 distributed over the day according to the use factor in Figure 4.1 (b).

Daily loads, including appliances and occupants, amount 97.44 and 100.80 Wh/m2d for
weekdays and weekends respectively.

1A KfW-Ef�zienzhaus 40 is a building whose primary energy demand is at most 40% that of the reference
building de�ned in [EnEV, 2009] and its transmission losses are lower than 55% of the reference building.
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Figure 4.1: Occupancy factors for weekdays and weekends (a) and use factor for appliances in the multifamily
dwelling.

4.2.2.4 Ventilation and in�ltration rates

Ventilation and in�ltration rates for the multi-family dwelling are de�ned in accordance with
the German Standard DIN 18599-10 [2007], which de�nes a minimum external air exchange
due to the occupancy and use of the building as 0.5h−1 for residential buildings without me-
chanical ventilation system. This air exchange rate is to be regarded as dependent on the oc-
cupancy pro�le of the building [DIN 18599-2, 2007]. With these assumptions, the air exchange
rate per person amounts about 40 m3/h.

Additionally, in�ltration losses through the building envelope are regarded in dependency
of the air exchange rate for 50 Pa overpressure inside the building n50. Here, a value of 3h−1

is assumed for n50, corresponding to a newly erected building without ventilation units but
with proof of air tightness. The in�ltration air exchange is then, assuming a standard value
for the wind protection coef�cient of 0.07 [DIN 18599-2, 2007], 0.21h−1.

4.2.2.5 Night setback

Disconnecting the heating and cooling systems or allowing lower temperature levels in the
occupied zone during the night reduces the energy consumption of buildings. Obviously, the
in�uence of this control strategy is lower for increased thermal insulation level of the building
envelope. Oppermann [2003] investigated the in�uence of different setback strategies on the
energy consumption of a single family low energy house, and concluded that savings are on
the range of 8-20% depending on the setback and ventilation strategy chosen. However, for
passive house level, savings might amount as less as 3% of the energy demand [Bier, 2002].

The night setback has been de�ned in accordance with the standard DIN 18599-10 [2007].
Here, the night setback for residential buildings is regarded from 23:00h to 6:00h allowing a
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temperature drop of 4K during those hours. Thus, minimum setpoint temperature for the
indoor air temperature during night operation of the heating system is 16◦C, whereas the
setpoint for daytime operation should be 20◦C.

However, this study intends to compare the energy performance of different heating sys-
tems with different radiative and conductive heat transfer rates. Comfort conditions inside
the building are better assessed by the operative temperature, as indicated in section 4.12,
which is strongly in�uenced by the type of heat emission system (e.g. radiators or �oor heat-
ing system). Therefore, in order to compare on an equal basis different emission systems, the
operative temperature is regarded here as the setpoint and control variable. Setpoint for the
operative temperature during night setback operation is regarded as 16◦C and 20.5◦C during
daytime.

4.2.3 Single family house (SFH)

The SFH is used in this thesis to check the improvement and best use possibilities of a district
heating system based on exergy analysis.

4.2.3.1 Building Geometry

The single family house regarded here (SFH Model in Table 4.3) has a useful area of 184.44
m2. Its main geometric details are in good agreement with building type EFH_J in the Ger-
man building typology [IWU, 2003], corresponding to a newly erected single family house
estimated to represent 3% of all building living area in Germany [IWU, 2007].

Table 4.3: Geometric details for the SFH considered here and building type EFH_J according to the German resi-
dential building typology from [IWU, 2003].

Anet Vnet A/V Window
fraction

Nr. storeys

[m2] [m3] [m−1] [%] [-]
EFH_J [IWU, 2003] 133.2 629.7 0.80 15 2
SFH Model [ZUB, 2009] 184.4 437.9 1.03 16 2

Figure A.2 (in the Appendix) shows the building geometry for the single family house
regarded. The ground �oor is located above an unheated basement, which is not simulated
separately as a thermal zone. Instead, a constant temperature of 10◦C has been regarded.

Since transmission losses are strongly in�uenced by the building elements enclosing the
building and their position, space heating demands are expected to be slightly different in
the upper and lower �oors. The building is simulated with two thermal zones, one per each
store. Internal walls, relevant for energy calculations in terms of thermal mass are regarded
(see Table 4.4).
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4.2.3.2 Building Envelope

The insulation level of the building envelope for the SFH has been chosen in accordance with
minimum requirements de�ned in the German energy saving Standard EnEV [2009]. To com-
pare the in�uence of improving the building shell on the performance of the district heating
system investigated a building shell with better insulation level has also been de�ned. Table
4.4 shows the heat transfer coef�cient for the different building elements in the base case cor-
responding to the minimum insulation level required [EnEV, 2009] and the improved building
shell, corresponding to a KfW-Ef�zienzhaus 40 (KfW-EffH.40).

Table 4.4: Wall areas and U-values of the building envelope for the building envelope according to the German
standard [EnEV, 2009] (SFH-09) and those corresponding to an improved building shell (SFH-KfW-
EffH.40). For completeness maximum values allowed by the EnEV [2009] standard are shown; *Value
taken from project data de�ned by Dipl.-Ing. Michael Ringeler (ZUB).

Area SFH-09 SFH-KfW-EffH.40 EnEV [2009]
U-Value HT ´ U-Value HT ´ U-Value HT ´

max.
[m2] [W/(m2K)] [W/K] [W/(m2K)] [W/K] [W/(m2K)] [W/K]

External walls 194.20 0.28 0.11 0.28
Roof 118.34 0.17 0.12 0.20
Ground 107.54 0.30 0.16 0.35
Windows 31.53 1.40 0.5*
Total 451.60 0.38 0.20 0.40
Internal walls I 97.25 1.81 1.81
Internal walls II 27.03 2.68 2.68

4.2.3.3 Internal loads

Internal loads from people and electrical appliances are de�ned as a constant value of 5 W/m2

according to the standard DIN 4108-6 (2003) for residential buildings. This corresponds to a
mean daily internal load of 120 Wh/m2d, which is signi�cantly above the value of 50 Wh/m2d
de�ned in the standard DIN 18599-10 [2007]. The value assumed corresponds to a building
with conventional electrical appliances instead of with optimized energy ef�cient equipment.

4.2.3.4 Ventilation and in�ltration rates

The German Standard DIN 18599-2 [2007] de�nes the minimum value of the external air ex-
change for residential buildings without mechanical ventilation system as 0.5h−1. This air ex-
change rate is to be regarded as dependent on the occupancy pro�le of the building. However,
a constant occupancy is regarded here. A total air exchange of 0.6h−1, including in�ltration
and ventilation, is assumed in accordance with the standard EnEV [2009], corresponding to a
building with proof of air tightness and ventilated by windows.
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4.2.3.5 Night setback

Night setback operation for space heating systems has shown energy saving potential [Op-
permann, 2003]. However, higher peak loads are also required for the reheating phase after
the night setback. It can be expected that the users in the single family houses have individual
control of their space heating systems. Thus, using the same night setback operation for all
SFH would lead to an overestimation of the peak loads for space heating supply.

On the other hand, the energy saving potential of night setback operation is reduced as the
insulation level of the building shell increases [Bier, 2002], being for a newly erected building
complying with the Standard EnEV [2009] between 3 and 8%. In order to avoid the overesti-
mation of space heating peak loads, no night setback is regarded for the single-family houses.

4.3 Domestic hot water demands

In [VDI 2067, 1999] domestic hot water (DHW) consumption is regarded on a daily basis with
values of 15-120 liters of hot water per person at a temperature level of 45◦C. The German
Standard DIN 4708 [1994] de�nes the daily hot water consumption per person as 50 liters
at the same temperature level of 45◦C. Gassel [1997] shows with measurement data that the
DHW consumption per person and day varies from 26 to 53 liters at 45◦C for different German
cities. Heimrath [2004] evaluated measurement data from twelve solar systems for multi-
family dwellings located in Austria and Germany, and found that a mean value of the daily
draw-off per person of 43 liters at 45◦C matched reasonably good the mean value from the
measurements.

Here, 40 liters draw-off per person and per day at 45◦C are regarded, being a typical value
within the range found in the literature.

4.3.1 DHW draw-off pro�le

Draw off pro�les for DHW consumption have a strong in�uence on the appropriate size of the
storage or heat exchanger for the DHW loop. Simpli�ed draw-off pro�les are unsuitable for
a detailed simulation of DHW supply systems in buildings [Heimrath, 2004]. The great in�u-
ence of DHW draw-off pro�les in the performance of solar thermal systems has been proved
by several authors [Sharia and Löf, 1997; Jordan and Vajen, 2001; Knudsen, 2002].Similarly,
the draw-off pro�le is expected to have also a strong in�uence on the size and performance of
heat exchangers for DHW supply in district heating systems.

In this work DHW draw-off pro�les are generated using the program DHWcalc [Jordan
and Vajen, 2005], developed at the University of Kassel (Germany). This tool generates de-
tailed yearly DHW draw-off pro�les based on probability distributions of four different types
of draw-offs: short and medium draw-offs, bath and shower. For each category a probability
function as well as mean, maximum and minimum �ow-rates and draw-off duration are de-
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�ned by the user [Jordan and Vajen, 2005]. The probability function according to [Weiss, 2003]
is chosen for the case studies analyzed here.

In the Appendix (Table A.1) main assumptions for the DHW pro�le are shown. Differences
in the DHW consumption patterns between the multi-family and single family buildings arise
as a result of different values for the mean daily draw-off volume as well as minimum and
maximum �ow rates. Values for these parameters are speci�ed on sections 4.3.3 and 4.3.4 for
each building case.

4.3.2 Cold water temperature

The seasonal variation of the cold water temperature is de�ned in accordance with DIN EN
12976-2 [2006], as shown in equation 4.1. Here, the sinusoidal yearly variation of the cold
water temperature θcw is described as a function of the average yearly cold water temperature
θave (in ◦C), the average amplitude for seasonal variation Δθamplit, the day of the year DAY,
and the time-shift parameter ds given in days. Following, a constant cold water temperature
is derived for each day of the year. According to [DIN 12796-2, 2006] the average yearly cold
water temperature θave can be assumed as 10◦C, the average amplitude for seasonal varia-
tion Δθamplit as 3◦C and the time-shift parameter ds as 137 days for Würzburg. Cold water
temperatures calculated with this parameters are in good agreement with values in [Weiss,
2003].

θcw = θave + Δθamplit sin
(

360
(DAY − ds) 24

8760

)
(4.1)

The yearly seasonal variation of the cold water net temperature with the assumptions
mentioned above is shown in the Appendix (Figure A.3).

4.3.3 Particular assumptions for multi-family dwelling

As part of the multi-family dwelling case study, the in�uence of different hydraulic concepts
and DHW supply temperatures on the energy and exergy performance of DHW supply sys-
tems is investigated. For this purpose two different supply temperatures of 45◦C and 60◦C are
analyzed and compared. Daily DHW draw-off at a temperature level of 60◦C is considered to
be lower (28 liters per person and day, instead of 40 liters per person an day at 45◦C), so that
in both cases the demand is covered by mixing more cold water from the net with the warmer
water produced. In this way daily energy consumption per person is constant and the systems
can be compared on the basis of the same DHW demand being provided. Hydraulic concepts
investigated for DHW supply are introduced in detail in section 5.1.1.2 of chapter 5.

With a supply temperature of 45◦C mean daily draw-off amounts 1160 l/day and min-
imum and maximum �ow rates amount 6 l/h and 14400 l/h respectively. With a supply
temperature of 60◦C mean daily draw-off amounts 812 l/day and minimum and maximum
�ow rates amount 6 l/h and 8640 l/h respectively. Figure A.4 (in the Appendix) shows the
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draw-off pro�les generated for the two different supply temperatures regarded in this study,
45◦C and 60◦C.

The Standard DIN 18599-10 [2007] gives a value for DHW energy demand of 16 kWh/m2a
for multi-family dwellings. With the assumptions mentioned here DHW demands from dy-
namic energy simulations with TRNSYS amount 16.74 kWh/m2a, showing good agreement
with values from the Standard.

4.3.4 Particular assumptions for the single family house

According to [AGFW, 2009] in small DHW supply systems such as those in single family
houses a constant supply temperature of 50◦C at the outlet of the DHW supply element must
be ensured at all times.

With a supply temperature of 50◦C mean daily draw-off amounts 140 l/day and minimum
and maximum �ow rates amount 1 l/h and 2400 l/h respectively. DHW demand pro�les for
each SFH can be seen in Figure A.5 (in the Appendix).

The Standard DIN 18599-10 [2007] gives a value for DHW energy demands of 12 kWh/m2a
for single family houses. With the assumptions mentioned here DHW demands from dynamic
energy simulations with TRNSYS have a value of 12.9 kWh/m2a, showing good agreement
with values from the standard.

4.4 Hydraulic loops

Hydraulic loops represent a part of the thermal losses in building systems, herewith in�uenc-
ing the energy performance of the given building system. Different supply temperature levels,
e.g. in DHW supply installations or space heating systems have an in�uence on that energy
losses. Therefore, a correct comparison of the systems analyzed here requires an analysis of
the thermal losses in the corresponding hydraulic loops.

Pressure losses in the hydraulic circuits need to be compensated by the installed pump.
Thus, they have an in�uence mainly on the electrical consumption required as auxiliary en-
ergy for the operation of the pump. This is explained in detailed in section 4.4.7.

Type 31 from TRNSYS is used to simulate thermal energy losses in the pipe networks.
This type is a plug-�ow model which simulates the thermal behavior of a �uid �ow in a pipe
or duct using variable size segments of �uid. Entering �uid shifts the position of existing
segments. The temperature of each segment as it reaches the outlet of the pipe depends, thus,
on its initial temperature at the pipe inlet and on the time the segment is kept in the pipe,
being this last a function of the mass �ow. Mixing effect between adjacent segments is not
considered. The inside pipe volume must be chosen in such a way that it allows containing
the maximum mass of �uid circulating through the pipe in one timestep.

Pressure losses in the pipes are not modeled in Type 31. The electric power consumption
of the pumps in the hydraulic loops, which is a function of the pressure losses and mass �ow,
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is expressed in this work as a function of this last parameter (see section 4.4.7).

4.4.1 Pipes for energy supply in multi-family dwellings

Pipes in hydraulic loops are sized in order to keep pressure losses within a certain acceptable
range, i.e. between 100 and 400 Pa/m [Heimrath, 2004]. Further requirements are related to
the noise in the circuit. In order to avoid annoyances, the �uid speed for pipes with an inside
diameter smaller than 50 mm is limited to 1.2 m/s. In turn, for pipes of bigger diameter
pressure losses need to be smaller than 400 Pa/m [Heimrath, 2004; ASHRAE 1993] and the
speed might reach values up to 2.5 m/s.

In a multi-family dwelling pipes for DHW and space heating hydraulic loops might have
considerable length. In the models developed here length and size of the pipes are calculated
in detail. A detailed view of the layout, length and diameter of the pipes for the cases with
�oor heating and radiators is shown in the Appendix (Figures A.6 and A.7 and Tables A.2 and
A.3).

For the �oor heating system copper pipes are considered, whereas for the case with ra-
diators steel pipes are regarded. In both cases a two pipe hydraulic con�guration is chosen,
meaning that each �oor heating loop or radiator is connected to a supply and return pipe in
parallel with the rest of radiators or �oor heating loops [Recknagel et al., 2007]. For the case
with �oor heating system pipes range from 15x1 to 42x1.5, being the �rst number the outside
diameter and the second the wall thickness. If radiators are regarded instead, pipe sizes range
from DN 20 to DN 10.

Thermal insulation thickness is regarded as a function of the pipe diameter according to
[EnEV, 2009] as shown in Table 4.5. Heat conductivity of the insulation layer is regarded as
0.035 W/(mK).

Table 4.5: Thermal insulation thickness for the pipes for different inside pipe diameters [EnEV, 2009].

Inside pipe diameter Insulation thickness
mm mm
until 22 20
22-35 30
35-100 equal to inside diameter
above 100 100

4.4.2 Pipes for energy supply in the single family house

Single family houses are modeled here with a district heat supply. In a single family house
pipes for DHW and space heating hydraulic loops are relatively short as compared to the
distribution pipes from the district heating network. Thus, in the models developed here the
length and size of the pipes inside each SFH is not considered or modeled.
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4.4.3 Pipes for district heating supply

A common criterium for sizing pipes in local heat networks is a target maximum �uid velocity
of 2.5 m/s [AGFW, 2009; UMSICHT, 2010]. This criteria and common sizing method aims on
one hand at reducing thermal losses in the pipes and on the other hand at decreasing system
costs, since lower pipe diameters are expected to yield considerable money savings for the
construction and set up of the network.

From an exergy perspective thermal losses in the pipes, being low temperature heat, rep-
resent small exergy losses. In turn, pumping power for operating the local heat network rep-
resents a high exergy input to the system. It would, thus, be advisable to reduce the pumping
power required to operate the local heat network. This can be achieved by increasing the
size of the pipes, i.e reducing the maximum allowed �uid velocity in the network. A target
maximum �uid velocity in the pipes of 1 m/s is used for sizing the network following ex-
ergy criteria. This allows comparing the energy and exergy performance of a commonly sized
network with that of a network sized following exergy considerations.

In the Appendix (Figure A.8) the detailed layout of the pipes in the local district heating
network for supplying heat to the single-family houses is shown. Hydraulic balance between
the different strings is achieved by means of valves. Nominal diameters and lengths of the
pipes in each of the sizing criteria (i.e. with maximum velocities of 1 and 2.5 m/s) and for the
different hydraulic con�gurations investigated in this thesis are shown in Table A.4.

Thermal insulation for pipes up to DN 40 is regarded as 3 cm of an insulation foam with
a heat conductivity value λ of 0.042 W/(mK). For pipes with greater diameter the insulation
thickness is regarded as 4 cm. In this way a worst-case scenario is modeled, corresponding
to e.g. incorrect installation of the insulation or moisture and condensation problems in it.
Figure 4.2 shows a comparison between the U-Values obtained for the pipes implemented in
the models in this study and values found in the literature [Dötsch and Bargel, 2009] for pipes
in district heating networks. It can be seen that criteria chosen here lead to an overestimation
of the thermal losses in the pipes.

4.4.4 Simpli�cation:“equivalent pipes”

The simulation of detailed hydraulic loops including the description of each pipe diameter
and length would be very time-consuming, for it would require the use of a pipe model to
simulate every single pipe segment with different diameter in the hydraulic loop.

Instead, a simpli�cation can be made following the approach of the “equivalent pipes”
[Heimrath, 2004]. In this approach, pipe diameter and size for the equivalent pipe are cho-
sen in such a way that the outlet temperature and thermal losses in the equivalent pipe are
similar to those from the complex detailed hydraulic loop.

The outlet temperature from the complex hydraulic loop can be calculated with equation
4.2. The length of the equivalent pipe can be estimated using equation 4.3. Insulation for the
equivalent pipe is assessed using equation 4.4.
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Figure 4.2: U-Values for district heating pipes as a function of pipe diameter found in the literature [Dötsch and
Bargel, 2009], labeled as Literature, and those considered for the models in this study, labeled as Models
(3-4cm).

Tout =
∑i=n

i=1 (Tout,i · ṁi)∑i=n
i=1 ṁi

(4.2)

Leq =
∑i=n

i=1 (Li · ṁi)∑i=n
i=1 ṁi

(4.3)

U ·Aeq =
ṁcpΔT

ΔTLMTD
(4.4)

Setting the diameter for the equivalent pipe, the area through which thermal losses to the
surrounding environment happen (Aeq in equation 4.4) is determined, and so the U-value for
the insulation of the pipe can be obtained.

4.4.5 Equivalent pipes for the multi-family dwelling

Inlet and return pipes from the space heating and DHW supply loops have signi�cantly dif-
ferent temperature levels. In consequence, thermal losses in the supply and return pipes are
expected to be very different. In order to simulate the temperature drops and thermal losses
in the inlet and return pipes separately, equivalent pipes for the inlet and return of these hy-
draulic loops have been calculated. Table 4.6 shows the equivalent pipes calculated for the
radiators, �oor heating loops and DHW supply circuits.
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Table 4.6: Lenght, diameter and insulation level regarded for the equivalent pipes in the hydraulic circuits for
space heating (radiators and �oor heating systems) and DHW supply loops.

Diameter Lenght, Leq U-value, Ueq

[m] [m] [W/(m2K)]
System with radiators
Supply pipes inside �ats 0.097 17.242 5.055
Return pipes inside �ats 0.094 18.337 4.003
General supply pipes to �ats 0.196 12.571 0.706
General return pipes from �ats 0.196 12.571 0.639
System with �oor heating loops
Supply pipes inside �ats 0.262 3.833 4.737
Return pipes inside �ats 0.149 11.861 1.800
General supply pipes to �ats 0.256 12.000 2.068
General return pipes from �ats 0.256 12.000 1.548
DHW supply system
Supply pipes 0.117 22.00 1.89
Recirculation pipes 0.034 22.00 4.27

4.4.6 Equivalent pipes for district heat supply (SFH)

Table 4.7 shows the equivalent pipes calculated for the different investigated options for dis-
trict heat supply.

Table 4.7: Lenght, diameter and insulation level regarded for the equivalent pipes in the hydraulic circuits for
district heat supply. Values for separate domestic hot water (DHW) and space heating supply (SH) and
common supply of both demands are shown. Equivalent pipes for cascaded supply of SH and DHW
demands is also presented.

Diameter Lenght, Leq U-value, Ueq

[m] [m] [W/(m2K)]
Separate SH and DHW supply
SH supply, vmax = 1 m/s, 0.106 47.542 1.946
SH return, vmax = 1 m/s, 0.106 47.542 6.622
Cascaded SH supply, vmax = 1 m/s, 0.227 47.542 1.064
Cascaded SH return,vmax = 1 m/s, 0.227 47.542 3.575
DHW supply, vmax = 1 m/s, 0.093 47.542 2.105
DHW return, vmax = 1 m/s, 0.093 47.542 7.575
Common SH and DHW supply
Supply pipe, vmax = 2.5 m/s, 0.212 47.542 0.880
Return pipe, vmax = 2.5 m/s, 0.212 47.542 3.240
Supply pipe, vmax = 1 m/s, 0.212 47.542 1.111
Return pipe, vmax = 1 m/s, 0.212 47.542 3.730

In the district heating system the single family houses are considered to be connected to the
network in parallel. In the supply pipes, the temperature of the circulating water experiences
a temperature decrease only dependent on the thermal losses in the pipes. In turn, in the
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return pipes, water from the return of the different houses joins the common return pipe and
might eventually cool down water circulating in the common return pipe, as would be the
case if water has been standing still in the branches. To simulate this, it has been assumed that
water from different branches joining the return pipe has the same temperature as incoming
water at the joining point. As a result heat transfer coef�cients for return pipes are always
signi�cantly higher than those for supply pipes.

4.4.7 Pumps in hydraulic circuits

In the models developed in this thesis Type 110 is used to simulate a variable speed pump
in TRNSYS. The pump model is able to maintain any mass �ow rate between zero and the
maximum rated value. Neither pump start and stop behaviour nor pressure drops inside the
pump are modeled.

Equation 4.5 shows the expression for calculating the electric power demand of the pump
for the given �ow conditions in each timestep as a function of the control signal sent to the
pump γ and the rated power demand at maximum �ow rate Pel,pump,max. The coef�cients of
the polynomic function can be entered as parameters in Type 110.

Pel,pump = Pel,pump,max

(
a1 · γ2 + b1 · γ̇ + c1

)
(4.5)

To determine the coef�cients of the polynomial relationship between mass �ow or rated
power and the actual electric power demanded by the pump the characteristic curve of the
hydraulic loop where the pump is installed is determined. The characteristic curve is the
relationship between pressure losses in the hydraulic circuit and the mass �ow circulating
in it. It can be determined calculating the pressure losses occurring in the hydraulic circuit
for different mass �ow rates. Following, a pump whose characteristic �ts with that of the
hydraulic loop is chosen. For choosing and sizing an appropriate pump the online tool from
Wilo GmbH [Wilo, 2010] is used in this work.

In the space heating and district heat supply loops studied, all users or energy demands
(i.e. houses in district heating system and radiators or �oor heating loops in the multi-family
dwelling) are connected in parallel. Thus, for sizing the pumps only the most unfavorable
hydraulic loop is regarded. In district heating supply this corresponds to the supply pipes of
house H-3.5 in STRING 3 of Figure A.8. For sizing the pump for space heating supply with
radiators in the multi-family dwelling pressure losses in the pipes leading to radiator 21 in
Figure A.7 are regarded. To size the pumps with �oor heating supply pressure losses in the
pipes to �oor heating circuit 5 in Figure A.6 are considered.
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4.5 Heat emission systems

4.5.1 Radiators

To simulate a water based radiator Type 362pro is used. The model is based on Type 162
[Holst, 1996] which simulates the dynamic behavior of a radiator unit as a dynamic �rst or-
der model, i.e. speci�c heat capacity of the radiator and its water content is concentrated in
one single thermal node. Conductive and radiative parts of the heat emitted are calculated
dynamically and separately as a function of the radiator temperature.

The radiator model is connected to a PID controller (Type 23) which calculates the required
mass �ow as a function of the difference between the set point (20.5◦C) and the actual opera-
tive temperature of each thermal zone inside the building in each time step.

Figure 4.3: Set point for inlet and outlet temperatures in the radiators as a function of the outdoor air temperature.

Radiators need to be sized so as to cover the peak heating load of the building (see section
5.1.1.1 in chapter 5). Nominal inlet and outlet temperatures of 55 and 45◦C respectively are
regarded for peak load conditions (corresponding to an outdoor design temperature,Tdesign of
-12◦C, see section 4.11). Yet, required inlet and outlet temperatures are controlled and varied
as a function of the outdoor temperature, as shown in Figure 4.3.

In the Appendix (Table A.5) main assumptions for sizing the radiators for the multi-family
dwelling with both building envelopes (MFH-07 and MFH-MFH-KfW-EffH.40) are shown.
Data related to the design performance of the radiators are taken from [BUDERUS, 2007].

4.5.2 Floor heating system

A �oor heating system can be modeled in TRNSYS by adding an active layer to the �oor con-
struction. An active layer simulates the dynamic behavior of a pipe layer immersed in the
building element. Convective heat transfer coef�cient between the active surface and building
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indoor air is calculated as a function of the surface temperature. The pipe in the active layer
is divided in several segments. Heat transfer is calculated for each segment as a function of
its particular temperature. The necessary number of segments depends on the minimum al-
lowed mass �ow, which needs to be higher than the minimum value acceptable by the model
in order to avoid wrong results. This limitation is due to the correlations used in the active
layer model, which are based on experimental results.

To de�ne the active layer several geometric parameters such as the distance between pipes,
pipe thickness, outside diameter and pipe wall conductivity are required. Table A.6 in the
Appendix shows the values assumed for these parameters.

Both in the multi-family and single family houses the �oor heating system is connected
to a PID controller (Type 23) which calculates the required mass �ow as a function of the
difference between the set point and the actual operative temperature in the thermal zones of
the building for each time step.

The German Standard DIN EN 1264-2 [1997] allows determining the speci�c heating curve
for a given �oor heating system, i.e. its power output q̇, depending on the constructive details
and materials regarded (see equation 4.6). The overtemperature of the heating �uid Δθoverh

represents the logarithmic temperature difference between the �uid and the room air temper-
atures.

q̇ = B · aB · amT
T · amu

u · amD
D Δθoverh (4.6)

The �oor heating systems regarded here consists of a heating layer (pavement) of 7 cm.
No covering or coating is regarded over the �oor heating pavement layer. Therefore the ther-
mal resistance of the coating Rcover required for estimating the coef�cients which determine
the heating curve of the system in [DIN EN 1264-2, 1997] is regarded as zero. The thermal
conductivity of the pavement heating layer λE

2 is 1.4 W/(mK). With these assumptions, the
coef�cients according to [DIN EN 1264-2, 1997] are shown in Table 4.8.

Table 4.8: Coef�cients for estimating the heating curve for the �oor heating system regarded, in accordance with
the Standard DIN EN 1264-2 [1997].

Parameter Unit Value Parameter Unit Value
aB [-] 1.122 B [W/(m2K)] 6.70
aT [-] 1.230 mT [-] -1.67
au [-] 1.051 mu [-] -1.50
aD [-] 1.046 mD [-] 0

The heating curve obtained with the parameters in Table 4.8 is shown in Figure 4.4 (a).
Required mean overtemperatures for the heating surface in the different building case studies
analyzed here are also shown in the Figure. Resulting design inlet temperatures in the �oor
heating systems as a function of outdoor air temperature are shown in Figure 4.4 (b).

2“E”from the German word “Estrich”
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Figure 4.4: (a): Heating curve for the �oor heating system regarded as a function of the overtemperature of the
heating layer [DIN EN 1264-2, 1997]. Mean overtemperatures for the heating surface required in the
different building case studies are also shown; (b): Inlet temperatures required for the �oor heating
systems in the single- and multi-family buildings as a function of the outdoor air temperature.

4.6 Heat exchangers

Several types of heat exchangers are used in the models developed in this work. To supply
DHW demands in the MFH an instantaneous heat exchanger is used. District heating supply
to the SFH also succeeds via heat exchangers which decouple the district heating network
from the local heat network distributing heat among the buildings. In any of both cases, the
heat exchanger is to be operated in such a way that a given outlet temperature is reached at the
secondary side (which goes to the demand to be supplied). To model these heat exchangers
Type 805 is used in TRNSYS.

Type 805 is a non standard TRNSYS Type developed by Heimrath and Haller [2007]. It
models a counter �ow heat exchanger where the mass �ow of the primary side is controlled
depending on the inlet temperatures of both (primary and secondary) sides and the setpoint
temperature which needs to be reached at the secondary side. Variable values for the overall
heat transfer coef�cient (UA) for different regimes of mass �ows and temperatures can be
de�ned. The heat transfer is assumed to happen adiabatically and without phase changes on
the primary or secondary sides.

Depending on the characteristics of the heat exchanger for each application (i.e. DHW
production or district heating supply) UA values have been de�ned as a function of the sec-
ondary mass �ow (e.g. see Figure 4.5).
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4.6.1 Flow-through heat exchanger for DHW supply

For DHW supply in the multi-family dwelling a �ow-through instantaneous heat exchanger is
foreseen. In this way, decentralized storage of DHW in each of the apartments is avoided. This
supply concept has proved to be more energy ef�cient than decentralized DHW storage, since
thermal losses in the decentralized storage tanks are avoided [Heimrath, 2004]. A recirculation
loop aiming at keeping the temperature in the secondary side (i.e. demand side) at 55◦C is
foreseen3 [AGFW, 2009].

Data corresponding to the RATIOFresh 800 heat exchanger from Wagner & Co. have been
taken [Wagner, 2007]. Table 4.9 shows the equation for calculating the UA value of the �ow-
through heat exchanger as a function of the secondary side (i.e. demand) mass �ow.

Table 4.9: Type, temperature range and analytical expression of the UA value for the �ow-through instantaneous
heat exchanger for DHW production in the MFH as a function of the secondary side mass �ow.

Demand Type Temperature range UA-Value
[kJ/(hK)]

DHW RATIOfresh 800 θin,prim = 70◦C -0.0015·ṁ2
sec+19.341·ṁsec+2872

4.6.2 Heat exchangers for district heat supply

Return temperatures achieved at the primary side of the district heat supply heat exchanger,
as well as required primary side mass �ows and achievable temperature difference at the
secondary side depend on the heat transfer within the supply heat exchanger. Thus, heat
exchangers assumed for district heat supply are expected to have a strong in�uence on the
performance of the district heat supply system.

In order to simulate realistic systems, UA values, areas and performance �gures from real
heat exchangers have been chosen. The program GEA BRAZED Select 2009.3 [GEA, 2009] is
used for sizing the heat exchangers required for each supply con�guration investigated, i.e.
common supply of DHW and SH demands, separated supply of DHW and SH demands and
cascaded supply of SH after DHW supply 4.

Figure 4.5 shows the UA value chosen for the heat exchangers for district heat supply as a
function of the secondary mass �ow.

In Table 4.10 the equations for calculating the UA value in each timestep as a function
of the secondary mass �ow are shown. In order to model more accurately the behaviour of
the heat exchangers different equations for different ranges of secondary side inlet tempera-
tures are chosen for those heat exchangers whose behaviour varies signi�cantly for different
temperature ranges.

3see section 5.1.1.2 for further details
4see Figure 5.10 in section 5.2.4.2 of chapter 5 for a detailed description of each con�guration.
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Figure 4.5: UA values for the heat exchangers chosen for the different hydraulic con�gurations studied for district
heat supply as a function of the secondary side mass �ow.

Table 4.10: Type and analytical expression of the UA value for the heat exchangers foreseen for DH supply in
the SFH as a function of the secondary side mass �ow for different ranges of secondary side inlet
temperatures.

Demand Type Temperature range UA-Value
[kJ/(hK)]

SH+DHW WP 757 H-90 θin,sec ≤ 40◦C -0.0008·ṁ2
sec+18.740·ṁsec+6572.5

θin,sec > 40◦C -0.0001·ṁ2
sec+10.683·ṁsec+14142

DHW WP 757 H-90 θin,sec ≤ 40◦C -0.0008·ṁ2
sec+18.740·ṁsec+6572.5

θin,sec > 40◦C -0.0001·ṁ2
sec+10.683·ṁsec+14142

SH WP 10U-201 all -0.0042·ṁ2
sec+71.892·ṁsec+4475.6

SH cascaded WP 7L-60 θin,sec ≤ 20◦C -0.00001·ṁ2
sec+2.097·ṁsec+4769.2

θin,sec > 20◦C -0.00002·ṁ2
sec+2.445·ṁsec+ 5219.4

4.6.3 Heat exchanger for solar loop

A heat exchanger is also used to transfer the thermal energy yield from the solar collector loop
into the storage tank. In this work large solar thermal systems with collector areas on the range
of 100-300 m2 and storage tanks ranging from 4000-21000 liters are simulated. For this systems
size external heat exchangers are typically used. To model the external heat exchanger Type
5b in TRNSYS is used. This standard Type simulates a zero capacitance sensible counter �ow
adiabatic heat exchanger. Mass �ows at the primary and secondary side are known 5. For the
given mass �ows and inlet temperatures at both sides, and for a given overall heat transfer
coef�cient (UA) Type 5b calculates the outlet temperatures of both (primary and secondary)
sides.

In Type 5b variable values of the overall heat exchange coef�cient (UA) determining the

5i.e. primary-side mass �ow is not calculated as a function of a given setpoint as it is the case of Type 805

67



Chapter 4. Description of the models used for dynamic simulations

heat exchange coef�cient for different regimes of mass �ows and temperature levels could also
be de�ned (similarly as it is done for Type 805). However, the performance of solar thermal
systems is very insensitive to variations in the UA value of the solar loop heat exchanger
[Heimrath, 2004]. Therefore, in this thesis constant values are taken. Heimrath [2004] showed
that a linear relation can be found between the UA values of the solar heat exchanger (in W/K)
and the collector area (equation 4.7). In this work for solar systems of different size UA values
are chosen according to this equation.

UA = 88.561 · Acoll + 328.19 (4.7)

4.6.4 Internal heat exchanger for decentralized DHW supply

In the district heat system decentralized DHW supply to each SFH is foreseen. Small storage
tanks of 200 liters with internal heat exchangers are considered for this purpose. The internal
heat exchanger can be directly de�ned in the storage tank model (Type 340, see section 4.7).
Water is regarded as heat transfer �uid inside the heat exchanger. An internal serpentine heat
exchanger sized according to [Recknagel et al. 2007] is regarded.

For the decentralized DHW supply a constant mass �ow of 200 kg/h is assumed for each
single-family house. A constant UA value of 1762.1 W/K is considered for the internal heat
exchangers in the decentralized storage tanks.

4.7 Storage tanks

Storage tanks are a key component in solar thermal systems since they allow decoupling in
time the available solar energy offer and the demands to be supplied, thereby increasing sig-
ni�cantly the solar fraction (i.e. the substituted fossil fuel use). Storage units are also used
in district heat supply to accumulate a small amount of DHW, thereby reducing the peak
loads that need to be supplied by the district heat network. In both cases, storage tanks in the
models in this thesis are simulated using Type 340 in TRNSYS.

Type 340 is a multiport storage model which simulates a strati�ed �uid storage tank with
(at most) four internal heat exchangers and a maximum of 10 doubleports for direct charge
or discharge. An internal auxiliary heater is also included in the model and can be activated
by the user. Thus, the model has a great �exibility making possible to simulate very different
types of storage tanks (in size and con�guration).

The model is divided in nodes, which are layers of �uid assumed to be completely mixed.
Heat transfer between the nodes happens due to mass �ows circulating between the nodes
and vertical conductivity of water between nodes at different temperature (which is a function
of the heat conductivity of water, the storage wall and, if available, the internal heat exchang-
ers). However, no inversion layers are modeled. Instead, they are simulated by natural mixing
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between adjacent nodes. Ideally strati�ed charge and discharge through the doubleports can
also be easily modeled.

For solar systems only direct charge and discharge through doubleports is foreseen. In
the small decentralized DHW tanks for each single-family house in the district heating model
internal heat exchangers have been considered, so that DHW (drinking water) is hydraulically
separated in the tank from water in the local heat network (as stated section 4.6.4).

The number of nodes strongly in�uences thermal strati�cation in the tank (as shown in the
previous chapter, see section 3.2.8.1). A value of 20 l/node allows a good strati�cation inside
the tank and can be used for big and small tanks indistinctly [Heimrath, 2004]. However,
in Type 304 a maximum number of 190 nodes is possible. For solar thermal systems with
storages greater than 3.8 m3 190 nodes are assumed.

The size and control strategy of the storage tank in�uence, for instance, its storage capacity
or thermal energy losses, determining thereby its effectiveness and performance as energy
storage system. In the following sections size and operation strategy for the storage tanks
regarded in the different models are presented.

4.7.1 Centralized storage tank for MFH

4.7.1.1 Storage tank for DHW supply with condensing boiler

In order to determine several parameters related to the performance of solar thermal sys-
tems, a reference model consisting of the same building and DHW demand pro�les but being
supplied only with a conventional boiler is required. Here, the multi-family dwelling with
standard building envelope (i.e. MFH-07) with radiators and a condensing boiler is regarded
as reference model. The condensing boiler supplies directly the space heating demand, i.e.
no storage is foreseen for this purpose. A centralized storage tank is foreseen for DHW sup-
ply. DHW demands of the 12 living units are supplied via the instantaneous heat exchanger
described in section 4.6.1.

Size The size of the centralized storage tank for DHW supply is calculated in accordance
with [Recknagel et al. 2007]. For a system with instantaneous heat exchanger for supplying
DHW demands, i.e. without individual storage units in each apartment, assuming a heating
time of 1 hour and a temperature difference within the tank of 40 K, the storage volume is
1325 liters. Here, a storage volume of 1500 liters, corresponding to a storage unit available in
the market6 is considered. The tank has a height of 2.32 m and a diameter of 1 m. Surrounding
the storage tank, 15 cm of thermal insulation with a heat conductivity of 0.042 W/(mK) are
considered.

Con�guration and control The inlet from the boiler is considered to be at 90% of the tank
height, i.e. 2.09 m, and the outlet at 5% of its height, i.e at 12 cm from the bottom. Inlet and

6Flamco PS/R 1500 [Flamco, 2010]
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return from the instantaneous heat exchanger for DHW supply are located at 95% and 10% of
the tank height, respectively.

A differential controller connected to a temperature sensor at 50% of the total height of the
tank ensures that the temperature in the 50% upper part of the tank is always kept between
65◦C and 70◦C.

4.7.1.2 Storage tank for SH and DHW supply with condensing boiler and solar thermal
system

The height to diameter ratio of a storage tank strongly determines the strati�cation within the
tank, thereby in�uencing the performance of the solar thermal system. Similarly the position
of the temperature sensors or inlets and outlets from the energy demands to be supplied are
also crucial factors for the performance of the solar thermal unit. Heimrath [2004] showed
that increasing the relative inlet height for the return from space heating supply from 10% to
60% reduces the solar fraction in almost 10%.

In this section, main parameters describing the storage units regarded for the models with
solar thermal systems are presented.

Size Storage units in solar thermal systems can be divided in two main parts: the solar
volume and the auxiliary volume, which includes the stand-by and switching volumes [Fink
and Riva, 2004] and that is heated up by the auxiliary heater.

Solar volume: Heimrath [2004] found that a speci�c volume of 75-85 l/m2
coll per squared

meter of collector area yields maximum solar energy savings. In this thesis the in�uence
of different speci�c storage volume on the exergy and energy performance of solar thermal
systems is also investigated. For this aim, the storage volume is varied between 30-300 l/m2

for a given collector area. For the base case, however, a speci�c storage volume of 75 l/m2 is
chosen.

Auxiliary volume: The size of the stand-by volume is determined according to [Fink and
Riva, 2004] for the building with higher peak loads, i.e the building with radiators. This
sizing method follows the heating requirements de�ned in [DIN 4708, 1994]. In this thesis an
auxiliary volume Vaux of 1000 litres is considered for all models with a solar thermal system.
In Table A.7 (in the Appendix) the the main parameters and variables used for estimating it
are shown.

Con�guration and control The total size of the storage unit in each model is made up
by the auxiliary volume and the solar volume. As stated above, the solar volume is varied
resulting in different storage sizes. To describe the height of the storage tank as a function
of the total storage volume equations 4.8 and 4.9 taken from [Heimrath, 2004] are used. The
storage volume Vs in both equations needs to be stated in m3.
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Hs = 4.698 + 0.09302 · Vs, 2m3 ≤ Vs < 20m3 (4.8)

Hs = 1.65 + 0.32 · Vs, Vs ≥ 20m3 (4.9)

The diameter can be easily obtained as a function of the given height Hs and storage vol-
ume Vs. Unless explicitly stated otherwise, a layer of 15 cm of thermal insulation with a heat
conductivity of 0.042 W/(mK).

The height of the inlets and outlets for energy charge and discharge as well as the position
of the temperature sensors are de�ned as a function of the relative height of the storage tank
(from 0 to 100% in percentage, or from 0 to 1 in absolute value). Relative heights are kept
for the different storage sizes investigated. In consequence, absolute height of the inlets and
outlets and temperature sensors varies for each storage size. In Figure 4.6 relative heights
for the inlets, outlets and temperature sensors used to control the charge of the storage tank
with the boiler zT.sens,boil and solar system zT.sens,colls are shown. The temperature at the
lower part of the auxiliary volume zT.sens,boil is controlled with a differential controller, to
be kept at all times between 65 and 70◦C. The charging process from the solar collectors is
controlled also by means of a differential controller. Solar charging starts if the outlet collector
temperature is 7◦C higher than the temperature at the lower part of the tank zT.sens,colls. The
charging process stops if this temperature difference is lower than 4◦C. zT.sens,protect represents
the height at which a temperature sensor is located in the storage tank to protect it from too
high temperatures from the solar loop in summer.

An ideally strati�ed return from DHW and space heating supply is foreseen in all cases.

The outlet from the storage tank to the boiler and the inlet from the collector loop are
positioned at a relative height dependent on the total volume of the storage tank and the
auxiliary volume as shown in equations 4.10 and 4.11. The outlet to the space heating system
in the building is positioned right above the outlet to the boiler (equation 4.12), i.e. on the
lower part of the auxiliary volume. This ensures that even in periods of low radiation and
low energy output from the solar thermal system, space heating demands can be properly
supplied.

zout,boil = 1 − Vaux

Vsto
(4.10)

zin,coll = 1 − Vaux

Vsto
− 0.05 (4.11)

zout,SH = zout,boil + 0.05 (4.12)
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Figure 4.6: Relative heights (from 0 to 1) for the different inlets, outlets and temperature sensors used to control
the charging processes in the storage tank.

4.7.2 Decentralized DHW storage tanks for SFH

4.7.2.1 Small storage tanks for DHW supply

In order to reduce peak power demand for DHW production, 200 liters storage tanks are
regarded as decentralized DHW storage systems in each single family house (see also section
5.2.1.3 in chapter 5). The charging process succeeds via an internal heat exchanger immersed
in the storage volume (see section 4.6.4). In this way, hydraulic detachment is ful�lled between
the heat �uid inside the local heat distribution network and the drinking hot water inside the
tank.

Size The storage height and diameter are 754 mm and 581 mm, respectively. Around the
tank, an insulation layer of 5 cm with a thermal conductivity of 0.042 W/(mK) is regarded.

Con�guration and control Charging of the storage units is controlled by a differential con-
troller with a hysteresis of 7◦C. The temperature sensor for starting or stopping the charge
process is located at 10% of the tank height, so that 90% of the tank volume is kept between
47 and 54◦C.

4.8 Condensing boiler

Condensing boilers are simulated as auxiliary heating system to the solar thermal system.
Type 700 in TRNSYS is used to simulate this component. Type 700 models an auxiliary heater
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of limited capacity (see size of the boiler chosen in Table 4.11). A constant thermal ef�ciency
of 0.95 is regarded in all cases. A changing ef�ciency for partial load operation of the boilers
is not considered. Since the main goal and focus of the investigations within this thesis is the
operation and improvement of the solar thermal system, this simpli�cation for modeling the
behaviour of the boilers can be regarded as suitable. If, in turn, the operation of the boiler
would also be a main goal of this study, its behaviour would need to be described in detail.

Boilers have been sized according to the maximum peak loads for DHW and space heating
supply (in chapter 5 peak loads are described in detail). An oversize factor of 10% is regarded.
In Table 4.11 maximum peak loads to be supplied in the different cases studied, as well as peak
power of the boilers considered in each case are shown. Differences in the peak loads with
radiators and �oor heating are due to the different reheating time foreseen, corresponding to
1h and 3h respectively7. Peak loads for DHW demand are calculated in accordance with the
Standard DIN 4708 [1994]. Peak loads for DHW production refer to the power that needs to
be supplied by the boiler to the storage tank in order to cover solely DHW demands. Thus,
these values are signi�cantly lower than the instantaneous power that needs to be delivered
by the DHW �ow through heat exchanger (see Table 5.2 of chapter 5).

Table 4.11: Values of the peak loads for DHW and SH supply and rated power of the boilers considered in the
buildings with standard (MFH) and improved (MFH-KfW-EffH.40) building envelope.

Peak loads Rated power boiler
SH DHW

[kW] [kW] [kW]
MFH-07, Radiators (1h) 64 36 110
MFH-07, Floor heating (3h) 47 36 91
MFH-KfW-EffH.40, Radiators (1h) 35 36 78
MFH-KfW-EffH.40, Floor heating (3h) 32 36 75

4.9 Solar thermal collectors

For the simulation of the solar collector �eld Type 832 in TRNSYS is used. This is a model
developed by [Perers and Bales, 2002] and is based on the “Hottel-Whillier-Bliss” equation
for �at plate collectors [Duf�e and Beckmann, 2006] . The dynamic behaviour of the collector
is included in the model.

Main parameters used to describe the performance of the solar collectors used in this work
are shown in Table 4.12, where F(τ α)en is the zero loss ef�ciency, c1 and c2 are the coef�cients
for temperature dependent heat losses, c5 is the effective thermal capacitance of the collector,
b0 is the incidence angle modi�er determined from collector tests and Kϕdiff is the incidence
angle modi�er for diffuse radiation.

7See section 5.1.1.1 for further details
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Table 4.12: Values for the parameters used for de�ning the solar collectors using Type 832 in TRNSYS.

Parameter F(τ α)en c1 c2 c5 Kϕdiff b0

Unit [-] [W/(m2K2)] [W/(m2K2)] [J/(m2K1)] [-] [-]
Value 0.8 3.5 0.015 7000 0.9 0.18

Similarly as it is done in [Perers and Bales, 2002] the collectors are modeled without wind
or long-wave dependency and with the sky radiation factor set to zero. The data chosen for
de�ning the solar collector correspond to a �at-plate collector with selective surface [Heimrath
and Haller, 2007].

4.10 Characterization of district heat return line

In order to characterize the energy available in a district heating return line, the circulating
mass �ow and its temperature are required. For the simulations performed in this thesis the
minimum mass �ow is regarded (as constant value in the models), representing, thereby, a
worst-case scenario. Minimum mass �ow rate available from the district heating pipe is es-
timated to be 35.3 m3/h, corresponding to a minimum �uid velocity of 0.2 m/s circulating
through a pipe of DN 250. For the dynamic assessment a temperature pro�le for the district

Figure 4.7: Temperature pro�le for the return district heating line. Pro�les for the maximum, minimum and mean
values are shown besides the pro�les for the higher and lower values of the standard deviation (STD+
and STD-).

heating return temperature (which is the supply of the neighbourhood) has been developed
[Kaiser, 2009]. Using this temperature pro�le allows to get a realistic �gure of the utilization
potential of low temperature district heating networks for supplying space heating and DHW
demands in buildings. In Figure 4.7 maximum, minimum and mean values for the tempera-
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ture pro�le available from the district heating network are plotted as a function of the outdoor
air temperature.

The average temperature pro�le has been considered for dynamic simulations in TRNSYS.
The pro�le has been implemented in the models in TRNSYS as the step function shown in
Figure 4.7.

4.11 Weather data

Weather data have a strong in�uence on the heating load, behaviour and performance of
building systems used. Climatic data for Würzburg are considered to be representative for
German climatic conditions [DIN 18599, 2007]. In all simulations performed in this work,
weather data for Würzburg generated with METEONORM [Meteotest, 2006] are considered.

Figure 4.8: Mean monthly outdoor air temperature (right Y-axis) as well as direct and diffuse radiation on hori-
zontal plane (left Y-axis) for Würzburg generated with METEONORM [Meteotest, 2006].

Using the same climatic conditions for the simulation of the solar thermal system used in
the multi-family dwellings and the district heating system used for the single family houses
means assuming the same reference temperature for exergy analysis in both case studies. In
consequence, the exergy performance of the building systems analyzed can be compared with
each other.

Figure 4.8 shows graphically monthly values of outdoor air temperature, direct and diffuse
radiation for the weather �le used in the simulations.
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4.12 Comfort criteria in buildings

Buildings are not erected to save energy or to make them more ef�cient, but to provide a
comfortable shelter to their occupants. The energy demand and performance of a building
strongly depends on the setpoints and control strategies �xed for its operation, which are
based on the comfort level to be provided to the �nal users. Therefore, any statement of the
energy demand or performance of a building needs to come along with the corresponding
comfort and indoor environment indicators. Any comparison and optimization of building
systems needs to be based on a common basis of thermal comfort conditions kept indoors.

The standard DIN EN 15251 [2007] de�nes several indicators to evaluate the quality of
indoor air environment:

• Thermal criteria for summer and winter: characterized by the operative temperature

• Air quality: characterized by the concentration of several species in indoor air

• Humidity: characterized by the indoor air relative humidity

• Lighting: characterized by the light intensity over a given building area

• Acoustic: characterized by the noise level

In this work different building systems are analyzed and compared based on their thermal
performance. Neither humidity treatment units nor lighting equipment are considered and
the noise level and air quality inside the studied buildings are out of the scope of this thesis.
Therefore, of all criteria mentioned above, only criteria for thermal comfort are relevant.

Thermal comfort: Operative Temperature

In [DIN EN 15251, 2007] ranges for the hourly values of operative temperatures inside
the buildings to be used for dynamic energy calculations are de�ned (see Table 4.13). Mean
values for the given ranges should be used as setpoint target value in energy calculations.
Yet, variations of the operative temperature within the given range are allowed for energy
saving reasons. In this thesis a setpoint of 20.5◦C and 21◦C has been chosen for the operative
temperature in the multi-family dwelling and single-family houses during the heating hours,
respectively.

Table 4.13: Recommended values for indoor operative temperatures for hourly energy demand calculation of
buildings and building systems according to DIN EN 15251 [2007].

Type of building Category Temperature
range heating
[◦C]

Temperature
range cooling
[◦C]

Residential buildings I 21.0 - 25.0 23.5 - 25.5
II 20.0 - 25.0 23.0 - 26.0
III 18.0 - 25.0 22.0 - 27.0
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For comparing the energy performance of different building systems the number of hours
out of the comfort range needs to be documented. To evaluate thermal comfort conditions
within the buildings range II in Table 4.13 is considered. In the following chapter the comfort
level is expressed for both buildings with the different building systems considered in each
case in terms of the hours outside range II per annum. Additionally, following the concept
of “overtemperature-hours” introduced by Hauser [1997], the degree-hours under the comfort
range for each of the systems analyzed is evaluated and presented.
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Chapter 5

Description of case studies

In this chapter the case studies investigated for solar thermal and district heat supply based
on the components presented in the chapter before are introduced in detail. Additionally, the
correct operation of the building systems studied is shown.

5.1 Solar thermal system for centralized supply of MFH

5.1.1 The multi-family house, MFH

The multi-family building model described in section 4.2.2 is used for performing dynamic
simulations of large solar thermal systems. The main aim of such dynamic analyses is to
compare the behaviour of the energy and exergy performance of solar systems for different
hydraulic con�gurations and control strategies. By these means, insight on the usability and
applicability of the exergy concept for the improvement, sizing or optimization of large solar
thermal systems can be obtained.

From the building geometry, orientation and envelope assumed and presented in section
4.2.2 and the DHW consumption pro�les obtained as stated in section 4.3.3 energy demands
and peak loads of the building can be estimated. The operation of the emission systems used
(�oor heating and radiators) is also presented.

5.1.1.1 Space heating load - Peak load

According to [DIN V 18599, 2007] a night setback of 7 hours a day can be regarded for energy
saving reasons (see section 4.2.2.5), assuming a maximum temperature drop of 4K (from 20◦C
to 16◦C indoor air temperature). Peak heating load for the building is evaluated here follow-
ing [DIN EN 12831, 2008], which also foresees a factor for estimating the additional power
required for reheating the building after a given night setback. Heating loads according to
[DIN EN 12831-1, 2008] are used for sizing the heat emission systems inside the building.

The building is assumed to be mid-heavy/heavy (50 Wh/m3K) and the resulting time
constant is 129.5 h. Temperature drops calculated with these assumptions are 2 K for a night
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setback of 6 h and a re-heating period of 1 h, corresponding to the control strategy assumed
for the radiators, and 1 K for a night setback of 4 h and a re-heating period of 3 h, which
corresponds to the control strategy of the �oor heating system.

TRNSYS allows a steady-state estimation of the heating load without regarding a night
setback. Very good agreement can be found between this simpli�ed stationary approach and
peak loads from [DIN EN 12832, 2008] without re-heating factor, as shown in Table 5.1.

Table 5.1: Values of the peak heating load according to [DIN EN 12831, 2008] and calculated using stationary and
dynamic methods with TRNSYS. * Values here are referred to useful building area; **w. stands for with
and wo. stands for without.

Calculation method Heating load
MFH-07 MFH-KfW-EffH.40

[kW] [W/m2]* [kW] [W/m2]*
DIN EN 12831 wo. additional factor for reheating 36.59 39.35 20.99 22.58
TRNSYS stationary wo. night setback 35.28 37.95 20.49 22.04
DIN EN 12831 w. additional factor for reheating, 1h 63.86 68.68 34.63 37.24
DIN EN 12831 w. additional factor for reheating, 3h 46.33 49.83 31.71 34.10

The use of a night setback implies an increase of 70% and 26% in peak loads for the MFH-
07 with re-heating periods of 1h and 3h respectively, and of 65% and 51% for a re-heating
period of 1 hour or 3 hours in the building with improved building shell (MFH-KfW-EffH.40).

Monthly energy balances for the multi-family dwelling with the two building shells are
shown in Figure B.1 in the Appendix.

5.1.1.2 Con�gurations for DHW supply

Energy demand for DHW use represents a signi�cant part of the energy requirement in build-
ings. The importance of DHW energy demands grows as the building shell turns more ef�-
cient. Fink and Riva [2004] estimate that the energy demand for DHW applications in central
European climates represents between 10% (old buildings) and 50% (low energy houses) of
the total energy demand in multi-family dwellings.

Pro�les for DHW energy demands are typically calculated with supply temperatures of
45 or 60◦C [Heimrath, 2004]. However, the �nal temperature required for DHW supply is
around 30-40◦C and is usually achieved by mixing warm water supplied with cold water
from the local distribution net. Ideally, exergy losses in the DHW supply process could be
reduced by supplying hot water exactly at the requested temperature level (30-40◦C). Yet, in
order to comply with the technical rule DVGW W 551 [2004] referring to protection against
legionella growth, a temperature of at least 60◦C must be ensured at the outlet of the drinking
water heater system in centralized large DHW systems with a water volume greater than 3
liters in the supply pipes. If the volume in the pipes is smaller than 3 liters supply might occur
at temperatures lower than 60◦C but heating of the whole water volume up to 60◦C must be
ensured once a day [DVGW, 2004].
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Figure 5.1: Simple schema for the three hydraulic con�gurations considered for DHW supply side of the multi-
family dwelling.

As part of this thesis, and to investigate the in�uence of lower supply temperatures and
different hydraulic con�gurations for DHW supply on the energy and exergy performance of
DHW preparation systems, three different con�gurations for centralized DHW supply of the
multi-family dwelling are studied (see Figure 5.1):

• Option (i) is composed of the light grey components in Figure 5.1. It represents a very
simple hydraulic loop without recirculation, i.e. instantaneous heating of domestic hot
water takes place whenever energy demand is present. The supply temperature for the
secondary side of the instantaneous heat exchanger is set constantly to 60◦C.

• Option (ii) is composed of the recirculation loop (dark grey in Figure 5.1), compulsory
for buildings with a useful area greater than 500 m2 [DIN 4701-10, 2003] and the light
grey components in Figure 5.1. The system is sized and operated so that the maximum
allowed temperature drop of 5K in the recirculation loop is not exceeded [DVGW, 2004].
For energy saving reasons, the recirculation system is turned off 8 hours a day (from
18pm to 2am), according to [DVGW, 2004]. The set point for the outlet of the secondary
side in the heat exchanger was also set constant to 60◦C. From the comparison between
systems (i) and (ii) insight on the recirculation losses and the pumping energy required
for this purpose can be obtained.

• Option (iii) includes all components shown in Figure 5.1. The DHW supply temperature
is set to 45◦C. The recirculation loop is operated as in (ii), i.e. with 8 hours setback and
5K as maximum temperature drop. However, once a day secondary side water volume
must be heated up to 60◦C [DVGW, 2004]. To ful�ll this aim, the bypass circuit at the
primary side has been designed (dotted dark grey lines in Figure 5.1). By this means,
the temperature set point of the storage can be lowered to 55◦C, since heating of the
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secondary circuit to 60◦C is done directly by the boiler. This case allows investigating
the potential of lowering DHW supply temperatures in the performance of the systems.
It is important to remark that case (iii) would only be in compliance with the technical
rule [DVGW, 2004] if the secondary side water volume would be lower than 3 liters.
Therefore, it represents a theoretical analysis of energy and exergy saving potential for
planning concepts able to ful�ll this aim. Furthermore, it might also help pinpointing
the energy saving potential from other forms of protection against legionella such as
UV-�lters, which prevent the necessity of using higher supply temperatures.

5.1.1.3 DHW Supply - Peak load

The energy demands and peak loads for DHW supply in each con�guration are shown in
Table 5.2. High values of the peak load for DHW production are due to the use of an instan-
taneous heat exchanger for heating cold water from the net according to the instantaneous
demand.

Table 5.2: Energy demands for supplying DHW consumption for the three different hydraulic con�gurations an-
alyzed.

Hydraulic con�guration Energy demand Peak loads
[kWh/a] [kWh/(a person)] [kW]

(i) - Tsupply = 60◦C, without recirculation 17296.6 596.4 187.9
(ii) - Tsupply = 60◦C, with recirculation 22047.9 760.3 187.9
(iii) - Tsupply = 45◦C, with recirculation 20274.9 699.1 150.5

Monthly balances for DHW and SH energy demands with the two building shells and
for option (ii) are shown in Figure B.2 in the Appendix. DHW energy demands for case (ii)

represent 33% of the space heating load in the case of a standard building envelope (MFH-07)
and 69% of the annual space heating loads in case of improved insulation level (MFH-KfW-
EffH.40), being in good agreement with estimations from Fink and Riva [2004] for different
building standards.

5.1.2 Emission systems used

5.1.2.1 Radiators

Radiators are sized to cover the heating load of the building in Table 5.1 assuming a re-heating
time of 1 hour, i.e. 63.86 kW for the MFH-07 and 34.63 kW for the MFH-KfW-EffH.40. State of
the art radiators have moved in the last years from conventional high temperature radiators
to low temperature systems. These lower temperature operation allows a reduction of the
thermal losses in the distribution pipes and better integration of renewable energy sources.
As stated in chapter 4, design supply and return temperatures of 55 and 45◦C, respectively,
are chosen in this work.
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Figure 5.2 shows the good agreement between the set point for inlet and return tempera-
tures and the inlet and return temperatures simulated under dynamic conditions. Simulations
in TRNSYS are carried out with a time step of 3 minutes. A display of yearly data for the oper-
ation of the radiators would therefore be very comprehensive. Thus, results for the operation
during one winter month are presented as an example. Results in Figure 5.2 correspond to 3
minute-wise dynamic conditions in January.

Figure 5.2: (a): Design and simulated heating load as a function of the outdoor temperature in January for the
MFH-07 with radiators; (b): Set point and simulated values for the inlet and outlet radiator tempera-
tures of the ground �oor in the MFH-07 in January.

Inlet temperatures lower than the demanded set point are due to cooling down of water
in the pipes at times where no mass �ow, i.e. no heating demand, is present. Return temper-
atures are always slightly above the given set points. This is due to the overestimation of the
heating load required to re-heat the building after the night setback, as shown graphically in
Figure 5.2 (a).

5.1.2.2 Floor heating system

The �oor heating systems in the multi-family dwelling are sized to cover the heating load of
the building in Table 5.1 assuming a re-heating time of 3 hours, i.e. 46.33 kW for the MFH-07
and 31.71 kW for the MFH-LEH.

Figure 5.3 shows the good agreement between the set point inlet temperatures and the
inlet temperatures simulated under dynamic conditions. Results in Figure 5.3 correspond to
3 minute-wise dynamic conditions in January. Similarly as with radiators, design peak loads
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Figure 5.3: Design and simulated heating load as a function of the outdoor temperature in January for the MFH
with �oor heating system (left); Set point and simulated values for the inlet temperatures for the �oor
heating system in January (right).

are overestimated as compared to the actual dynamic power supplied in each timestep, as
shown in Figure 5.3 (a).

5.1.3 Thermal comfort

Figure 5.4 (a) shows operative temperatures in the three thermal zones used to simulate each
storey in the MFH-07 with radiators, named Ground, First and Second in the diagram, as a
function of outdoor air temperature. The diagram shows values for each timestep, i.e. 3
minutes, in January. The dynamic behaviour of operative temperatures is shown in Figure
5.4 (b) for the coldest week of the month, which is also the coldest of the year. Operative
temperatures for the three thermal zones are between 20 and 21◦C during the hours without
night setback. This shows the good ful�llment of thermal comfort conditions in the building.
A temperature drop of about 2 K can be observed during the night setback.

Figure 5.5 shows the good agreement between the dynamic behaviour of the operative
temperatures for the thermal zone Ground with both emission systems, i.e. with radiators
and �oor heating system. For the radiators a re-heating period of 1h between 5:00 and 6:00
is considered. Radiators have lower thermal mass, allowing a much faster increase of the
operative temperature after the nigh-setback. In consequence, they are also easier to con-
trol, being able to keep almost constantly the required setpoint for the operative temperature
(20.5◦C). In order to achieve similar operative temperatures with the �oor heating system a
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Figure 5.4: (a): Operative temperatures in the three thermal zones of the MFH, named Ground, First and Second in
the diagram, as a function of outdoor air temperature in January; (b): Dynamic behaviour of operative
temperatures in the three thermal zones and outdoor air temperature for the coldest week of the year.

longer re-heating period is required. Due to the high thermal mass of the �oor heating system,
re-heating must happen longer before the setpoint for the operative temperature increases to
20.5◦C (i.e. at 6:00 am). Here, a re-heating period of 3h between 2:00 and 5:00 is foreseen. This
control strategy allows very good agreement in the operative temperatures of both emission
systems, as shown in Figure 5.5.

The high thermal inertia of the �oor heating system makes this system more dif�cult to
control. In consequence, greater oscillations can be observed in the operative temperature
during daytime due to the quick variation of internal and solar gains and the slow response
of the �oor heating system.

As stated in chapter 4, thermal comfort is evaluated as a function of the hours that the
operative temperature is outside the comfort range II [DIN EN 15251, 2007]. Since only heat-
ing systems are analyzed here, thermal comfort is only evaluated during the heating period,
i.e. from September to May, and only temperature differences below the accepted range are
evaluated here. Comfort range II corresponds to operative temperatures between 20 and 25◦C
for heating conditions. It has been assumed that this temperature range must be kept during
daytime (from 6:00 to 23:00). In turn, during night setback operation the minimum the limit
for the operative temperature is allowed to drop until 16◦C. In Table 5.3 the number of hours
that mean hourly values of the operative temperature are out of range II is shown for the dif-
ferent building cases analyzed. Total hours over the heating period amount 6552 h. On the
column labelled Total the number of hours that the operative temperature in any of the three
thermal zones is below the de�ned comfort range is shown.
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Figure 5.5: Operative temperatures for the building with radiators and with �oor heating system for three days in
January. Temperatures shown correspond to ground (a) and �rst �oor (b) of the multi-family dwelling,
named Ground and First in the diagrams.

For completeness, in Table 5.3 the degrees-hours below the de�ned comfort range are also
stated. This last indicator joins both considerations on the time out of the comfort range and
the temperature difference to the minimum value of the required range. Thus, it is considered
to be a clearer indicator of how well comfort criteria are ful�lled.

Table 5.3: Indicators for thermal comfort related to range II [DIN EN 15251, 2007] for the building cases analyzed.
The number of hours below the comfort range in a year is stated. For completeness, the degree-hours
below the comfort range are also indicated for the three thermal zones. Rads. stands for radiators, FH
for �oor heating and wo. for without.

Hours Degrees-Hours
Ground First Second Total Ground First Second

[h] [h] [h] [h] [◦Ch] [◦Ch] [◦Ch]
MFH-07, Rads. 322 174 267 325 216.0 117.4 171.5
MFH-07, FH 467 230 489 519 157.9 52.5 187.6
MFH-07, Rads. wo. setback 867 675 786 1088 8.3 3.1 7.2
MFH-07, FH wo. setback 1311 987 1314 1833 154.5 114.8 158.9
MFH-KfW-EffH.40, Rads. 176 134 170 185 90.7 57.9 82.8
MFH-KfW-EffH.40, FH 118 69 129 130 18.4 8.9 26.3

The building with �oor heating system shows 51% more hours out of comfort range II
than the building with radiators. This is due to the slower re-heating after the night setback
achievable with the �oor heating system. Despite re-heating with the �oor heating system is
foreseen from 2:00 to 5:00, often the operative temperature in the building at 6:00 is around
19.9◦C, being thus out of the comfort range. However, in terms of degrees-hours the differ-
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ence between both emission systems is greatly reduced, being even favourable to the building
with �oor heating system. Degree-hours below the comfort range for both space heating sys-
tems are relatively similar. In consequence, it can be concluded that both systems provide a
similar range of thermal comfort. Similar results can be found for the building with improved
building shell (MFH-KfW-EffH.40).

5.1.4 Solar thermal systems

For calculating the fractional energy savings1 achieved by different con�gurations of a solar
system a reference case is required. The reference case is taken as the multi-family dwelling
with standard building shell (MFH-07) and with radiators operated with night setback. A
storage tank of 1500 liters for centralized DHW supply is foreseen. No storage unit is used for
space heating supply. All solar systems analyzed in this thesis (and described in the following)
are compared with this reference case.

The base solar thermal system in this thesis consists of a collector area of 100 m2 and a
storage tank of 8.5 m3, composed of a speci�c solar storage volume of 75 l/m2

colls and an ad-
ditional auxiliary volume of 1 m3. The annual utilisation of the system in this work (also called
Utilisation II2) as de�ned in [Fink and Riva, 2004; Heimrath, 2004] is 596.5 kWh/(m2

collsa), be-
ing signi�cantly high due to the relatively constant DHW demand caused by the recirculation
loop regarded for DHW supply (see section 5.1.1.2). Fractional energy savings obtained with
such a system are around 30%.

Starting from this base solar system, several hydraulic con�gurations and system sizes are
investigated. The goal is to obtain the in�uence of different parameters (such as storage or
collector �eld size, connection of the auxiliary boiler to the storage tank, or use of three way
valves for discharging the storage tank) on the energy and exergy performance of the solar
system. The main case studies and parameters analyzed here are as follows:

• Storage insulation: Insulation thicknesses around the storage tank are varied between
10 and 50 cm.

• Storage size: The size of the solar storage is varied between 30 and 300 l/m2
colls. Con-

stant insulation thicknesses of 15 cm for the different storage sizes are simulated. Addi-
tionally, variable insulation thicknesses3 for the different tanks were assumed, yielding
constant UA values of 14.44 W/K for the different tanks. In this manner, the effect of
thermal losses in the tanks on the performance of the solar unit is thoroughly investi-
gated.

1This parameter describes the substituted fossil energy as compared to a system without solar unit. See chapter
6 for a detailed de�nition of this parameter.

2This parameter is calculated as the ratio between the annual building energy demands (for DHW and SH) and
the collector area.

3with values between 9 and 37 cm.
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• Emission system: Several case studies are simulated in parallel with radiators and �oor
heating systems. This allows obtaining the in�uence of using different (low-temperature)
emission systems in the performance of the solar unit.

• Control strategy for space heating systems: In all cases analyzed, unless explicitly
stated otherwise, a night setback strategy for the space heating system is foreseen (see
section 4.2.2.5 in chapter 4). Yet, �oor heating system and radiators have signi�cantly
different thermal inertia. Thus, the in�uence of night setback operation on their energy
and exergy performance is expected to be different.

• 1 and 2 three way valves for space heating discharge: The impact of using one and
two three way valves for enabling as strati�ed discharge from the storage tank for space
heating supply is investigated. The three way valves are located at a relative storage
heights of 0.7 and 0.5.

• Building shell: Several case studies, e.g. the systems with three way valves or with
different emission systems, are simulated additionally for the building with improved
building shell (i.e. KfW-EffH.40). This allows studying the energy and exergy perfor-
mances for increased solar fractions (due to the lower building energy demands).

• Series connection of auxiliary boilers for space heating and DHW supply: In all solar
systems described above, the auxiliary boiler heats up directly the auxiliary volume (see
section 4.7.1.2), keeping it at temperatures between 65 and 70◦C, as stated in chapter
4, and causing, thereby, signi�cant thermal losses. Furthermore, although the auxiliary
volume is located at the top of the storage tank, a slight heating up of the upper part of
the solar volume by the auxiliary boiler is expected due to mixing and conduction inside
the tank. These processes can be avoided if the auxiliary heater is connected in series
with the solar storage tank. To check the improvement achievable with such a hydraulic
connection between the boiler and the storage unit, a system with two separate boilers
for supplying DHW and space heating demands connected in series with the solar vol-
ume has been simulated. This connection is applied to both emission systems studied,
i.e. �oor heating system and radiators.

5.2 District heat supply for a neighbourhood of SFH

5.2.1 The single-family houses, SFH

The single-family house described in section 4.2.3 is used for performing dynamic simulations
of different con�gurations of district heat supply in a neighbourhood in order to compare
their energy and exergy performances. From the building geometry, orientation and envelope
assumed and the DHW consumption pro�les obtained as stated in section 4.3.4 the energy
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demands and peak loads required to supply the buildings can be estimated. In the follow-
ing sections, peak loads used for sizing energy supply systems are presented. Additionally,
several aspects showing the correct performance of the simulated systems are also shown.

5.2.1.1 Space heating load - Peak load

Similarly as for the multi-family dwelling, peak heating load for the single family houses is
evaluated here following DIN EN 12831 [2008] without additional factor for reheating, since
no night setback is foreseen. Very good agreement can be found between peak loads calcu-
lated with the standard and those from the stationary simpli�ed assessment in TRNSYS, as
shown in Table 5.4.

Table 5.4: Values of the peak heating load of the SFH with the two building shells (EnEV 09 and KfW-EffH.40)
according to DIN EN 12831 [2008] and calculated using stationary and dynamic methods with TRNSYS.
* Values here are referred to useful building area.

EnEV 09 KfW-EffH.40
Calculation method Heating load Heating load

[kW] [W/m2]* [kW] [W/m2]*
DIN EN 12831 7.89 42.75 5.52 29.91
TRNSYS stationary 7.72 41.86 5.61 30.42

Monthly energy balances for each of the 24 SFH studied are shown in Figure B.3 in the
Appendix for both building shells.

5.2.1.2 Con�guration for DHW supply

The neighbourhood to be supplied with the district heating return pipe consists of 24 single
family houses. A DHW draw off pro�le has been derived for each house (see Figure A.5 in
the Appendix). A recirculation loop inside the houses is not necessary [DIN 4701-10, 2001]. In
addition to DHW demand pro�les for each house, a reasonable combination of the consump-
tion pro�les must be found. A simultaneity factor of 0.39 can be found for centralized district
heat supply systems with small storage units in each house [Recknagel et al., 2007].

DHW pro�les for the SFH are combined here with the help of the simultaneity factor
to obtain a reasonable DHW consumption pattern for the whole neighbourhood. For this
purpose, it is assumed that 39% of the SFH, i.e. 9.36 houses, demand DHW at the same
time and with the same consumption pro�le (Figure A.5). Another 9.36 houses demand have
simultaneously the same DHW demand pattern one hour later than the �rst ones, i.e. with
one hour time delay. The rest, i.e. 22% of the houses (5.28 houses) demand DHW one hour
before the �rst ones also with the same consumption pattern. The total DHW draw-off pro�le
for the whole neighbourhood, results from the time-shifted combination of the single draw-off
pro�les as explained above.
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5.2.1.3 DHW supply - Peak load

Instantaneous peak loads for DHW supply amount 84 kW per house. Power supply available
from the district heating network is limited by the mass �ow and temperature level available.
In order to avoid such big power demands to the district heating network a small storage unit
is considered in each house. For systems with storage units hourly peak power demands for a
single family house are calculated assuming a bath (200l/h) at 40◦C, resulting in a peak power
of 7kW. Assuming a heating time of one hour for the storage units a minimum storage volume
of 172.25 liters is required. A 200 liters storage tank is assumed for each SFH.

Monthly energy demands for SH and DHW supply can be found in Figure B.4 in the
Appendix. DHW energy demand represents 30.5% of the space heating load in the SFH with
EnEV 2009 building shell and 52.9% of the space heating loads in case of the building with
KfW-EffH.40 envelope, being in good agreement with values in [Fink and Riva, 2004].

5.2.2 Emission systems used: Floor heating system

Figure 5.6: (a): Design heat loads to be supplied to the building (Q_h,design, grey line) and actual power sup-
plied to the FH systems (Q_h,simulated, black un�lled dots) as a function of outdoor air temperature
in January; (b): Setpoint for inlet temperatures in the �oor heating systems θ_inlet,design and simu-
lated values for the inlet θ_inlet and return θ_return temperatures from the FH system as a function of
outdoor air temperature in January.

In Figure 5.6 (a) design heat loads as a function of outdoor air temperatures are shown
in addition to the real power supplied to the �oor heating system. Design heat loads are
oversized as compared to real power demanded in dynamic conditions.

Figure 5.6 (b) shows design setpoint for inlet temperatures of the �oor heating system in
the SFH θ_inlet,design as a function of outdoor air temperatures. Values from dynamic analysis
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θ_inlet for each timestep in January are shown also on the diagram. As stated in section 4.4.2
no pipes are regarded inside the single family houses. Additionally, the mixing valve for
providing the desired inlet temperature to the �oor heating system is located at the entrance
of every house, i.e. after the district heat network and the subsequent thermal losses in its
pipes. In consequence, very good agreement can be found between design and simulated
values, since after the mixing process no thermal losses occur.

5.2.3 Thermal comfort

Figure 5.7 (a) shows operative temperatures in the two thermal zones used to simulate the
SFH corresponding to the ground �oor and upper �rst �oor, named θ_Ground and θ_First in
the diagram, as a function of outdoor air temperature. The diagram shows values for each
timestep, i.e. 3 minutes, in January. The dynamic behaviour of the operative temperatures is
shown in Figure 5.7 (b) for the coldest week of the month, which is also the coldest of the year.
Operative temperatures for the two thermal zones are always between 20 and 21◦C, showing
good ful�llment of thermal comfort conditions inside the buildings.

Figure 5.7: (a): Operative temperatues in the two thermal zones of the SFH, named θ_Ground and θ_First in the
diagram, as a function of outdoor air temperatures in January; (b): Dynamic behaviour of operative
temperatures in the two thermal zones and outdoor air temperature for the coldest week of the year.

Operative temperatures for the two thermal zones are always between 20 and 21◦C. Thereby,
thermal comfort conditions are always ful�lled and an evaluation of the hours or degree-
hours out of the comfort range is super�uous, i.e. both amount to zero.
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5.2.4 District heat supply

In the district heating system studied here district heat supply to the neighborhood occurs
via a centralized heat exchanger (Figure 5.8). In this way, the district heating network from
the local utility company is decoupled from the building appliances and systems installed, i.e.
mass �ow and temperature drop in the district heating network are not directly determined
by the mass �ows and temperature drops in the building systems (e.g. �oor heating systems).

Figure 5.8: Simpli�ed scheme showing the hydraulic con�guration for supplying district heat to the neighbor-
hood. Local utility network is decoupled from the building services by means of a centralized heat
exchanger.

5.2.4.1 Preliminary steady-state analysis

With the con�guration shown in Figure 5.8 the main energy and exergy inputs into the district
heating system are the heat �ow from the primary side of the heat exchanger, i.e. from the
district heating network, and the pumping energy both in the primary and secondary sides.
As it is shown in chapter 7, pumping energy for the secondary side (i.e. for the local heat
distribution within the neighbourhood) represents a marginal part of the energy and exergy
supply. Having much shorter pipes and less pressure losses in the primary side, it can be
expected that pumping energy in the primary side is even smaller. Thus, pumping energy for
the primary side is not regarded here.

Preliminary steady state analyses have been carried out in order to understand the ex-
ergetic behaviour of the district heating supply. As a �rst simpli�cation, it is assumed that
the secondary side operates under given conditions, i.e. pumping energy, which depends
on the mass �ows and temperature levels chosen, remains unchanged. The main variable is,
then, the thermal energy input from the primary side district heating pipe (see dotted arrow
in Figure 5.8). In Figure 5.9 exergy ef�ciencies achieved when supplying the space heating
and domestic hot water (DHW) loads at different primary side inlet and return temperatures
and mass �ows are shown. The reference temperature is assumed as the mean outdoor air
temperature over the heating period (4.8◦C) and mean total load for SH and DHW supply is
considered (85.97 kW).
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5.2. District heat supply for a neighbourhood of SFH

Figure 5.9: Exergy ef�ciency for different supply and return temperatures and mass �ows (primary side). Con-
tinuous lines represent constant return temperatures θret,DH , while dashed lines represent constant
supply temperatures θin,DH . Only thermal mass �ows are regarded here. Energy losses in the pipes
have been assumed as constant.

Lower supply temperatures (dashed lines) increase the exergy ef�ciency of the heat sup-
ply, i.e. lower the quality at which the heat �ow is supplied to the single family houses
allowing a better matching of the energy supply and demand. Lower return temperatures
(continuous lines) also increase signi�cantly the exergy ef�ciency of heat supply. For a given
supply temperature, lower return temperatures lead to an increase in the exergy ef�ciency. In
other words, maximizing the degradation of the thermal potential of the primary mass �ow
increases the exergy ef�ciency. These trends and strategies for improved operation of district
heating networks are coherent with those found by Dötsch and Bargel [2009].

From this graph, two main strategies to increase the exergy ef�ciency of district heating
supply can be derived:

1. Minimize return temperature to the district heating network: this can be achieved by
proper sizing of the heat exchanger between the district heat and the local heat dis-
tribution networks. However, minimum achievable return temperatures to the district
heating pipe strongly depend on the building systems, e.g. low temperature space heat-
ing systems allow lower return temperatures. Therefore, the use of appropriate building
systems is of great importance for promoting this strategy.

2. Minimize supply temperature from the district heating network: supply temperatures
are determined by temperature pro�le available from the district heating pipe and can-
not be directly in�uenced. However, for DHW preparation a supply temperature of
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50◦C must be always ensured [AGFW, 2009]. In turn, maximum required inlet tem-
perature for space heating is 32◦C. Thus, a way to reduce the supply temperature the
low temperature uses (i.e. space heating demand) is by cascading the energy demands
according to their required temperature level.

5.2.4.2 Hydraulic con�gurations studied

Two different hydraulic con�gurations have been developed to achieve each of the improved
strategies mentioned above. In Figure 5.10 improved options (1) and (2) are shown besides
the reference option (0).

Figure 5.10: Hydraulic con�gurations investigated for the low temperature district heating supply.

Case (0) is a typical con�guration of district heating supply [StWerke, 2009]. DHW and
SH demands are supplied by a common heat exchanger. To minimize pumping power in the
secondary side (i.e. in the local heating network) outlet temperature at the secondary side of
the heat exchanger is maximized at all times. Setpoint for the outlet temperature is calculated
as a function of the inlet temperature available from the district heating network (see equation
5.1), i.e. temperature difference in the secondary side is maximized, leading to reduced mass
�ows.

Tsp,sec = Tin,prim,DH − 2 (5.1)

In case (1) DHW and SH demands are supplied by two separate heat exchangers. In this
con�guration each of the heat exchangers can be sized separately for minimizing primary side

94



5.2. District heat supply for a neighbourhood of SFH

return temperatures at its speci�c operation conditions. Following, lower outlet temperatures
at the primary side of the heat exchanger are expected. The setpoint for the secondary sides
of DHW and SH supply is also de�ned following equation 5.1.

In case (2) a three way valve connects the primary side return from DHW supply with the
primary side for SH supply. If the return temperature and mass �ow from DHW are high
enough to supply SH demands, mass �ow from DHW supply circulates also through the SH
heat exchanger. Otherwise, mass �ow is withdrawn directly from the main district heating
pipe. In this way, cascading of DHW and SH demands is achieved. The setpoint for DHW
supply has been kept as in the previous cases (equation 5.1). However, primary side mass
�ow from the DHW heat exchanger can only be used for supplying space heating demands
(i.e. cascaded) if its temperature is higher than the required setpoint. Thus, secondary side
setpoint for SH supply has been minimized. It is de�ned as a function of the required inlet
temperature in the �oor heating systems, as shown in equation 5.2.

Tsp,sec,SH = Tsp,FH + 2 (5.2)

The three cases in Figure 5.10 have been dynamically simulated in TRNSYS. In chapter 7,
results from this detailed dynamic assessment are presented.

Instantaneous electric heater for DHW supply The temperature pro�le assumed for the
district heating return pipe oscillates between 50 and 65◦C (see Figure 4.7). As stated in chap-
ter 4 (see section 4.3.4), the required temperature for safe DHW supply (due to legionella
protection) in the single family houses is 50◦C [AGFW, 2009]. Thus, the district heat supply
alone might not be able to guarantee the required supply temperatures of 50◦C at the outlet of
the storage tanks at all times. To ensure a safe DHW supply, an instantaneous electric heater is
foreseen at the outlet of the storage unit, as shown by the black �ash in Figure 5.10. This elec-
tric unit operates only if outlet temperatures from the storage tank (i.e. from DH supply) are
below the required level of 50◦C. In this manner, supply temperatures of 50◦C are guaranteed.
The series connection between the electric heater and the storage tank ensures maximum use
of the district heat supply to pre-heat and supply DHW demands.
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Chapter 6

Benchmarking parameters

6.1 Parameters for characterizing the performance of solar ther-

mal systems

6.1.1 Thermal fractional energy savings, fsav,th

The thermal fractional energy savings characterize the energy from conventional fuels that
is substituted by a solar thermal system as compared to a reference scenario without solar
thermal energy use. The use of a reference case (see chapter 5) consisting of the same building,
i.e. the same space heating and DHW demands, but supplied with a conventional boiler, i.e.
without solar thermal system, is required. Equation 6.1 shows the expression of the thermal
fractional energy savings.

fsav,th = 1 −
Qboil,out,sol

ηaux,sol
+ Pel,coll · fPE,el

Qboil,ref,out

ηaux,ref

(6.1)

6.1.2 Extended fractional energy savings, fsav,ext

The extended fractional energy savings characterize the energy substituted by the use of the
solar thermal system, including all auxiliary energy required for the pumps in both the solar
combi-system and the reference cases. Equation 6.2 shows the analytical expression of this
parameter.

fsav,ext = 1 −
Qboil,out,sol

ηaux,sol
+ (Pel,coll + Pel,boil,sol + Pel,SH + Pel,DHW ) · fPE,el

Qboil,ref,out

ηaux,ref
+ (Pel,boil,ref + Pel,SH + Pel,DHW ) · fPE,el

(6.2)

6.2 Parameters for exergy performance

A great number of parameters to depict the exergy performance of an energy system can
be found in the literature [Cornelissen, 1997; Dincer and Rosen, 2007; Tsatsaronis, 1993]. In
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this chapter the set of parameters considered as most relevant for characterizing the exergy
performance of the case studies analyzed are presented. These parameters are applied in
chapter 7 to the different building case studies shown.

6.2.1 Annual �nal and primary speci�c exergy input

Similarly as in terms of energy, the performance of a given system increases if the required ex-
ergy input for supplying the given demands is reduced. The aim of optimizing or improving
the performance of a system is, therefore, to reduce the required input. Thus, the performance
of different system con�gurations in this thesis is also depicted in terms of the annual required
exergy input.

Final exergy input represents the �nal exergy that needs to be supplied to the building in
order to cover its demands (i.e. represents the input in the Generation subsystem in Figure 3.1).
The exergy of primary energy represents the exergy required as input for the whole energy
supply chain of the building, i.e. including transport and transformation losses in the supply
chain of the used energy carrier (i.e. input in the Primary energy transformation subsystem in
Figure 3.1).

In buildings, the energy demanded and supplied is often stated in speci�c terms, i.e. as
energy required per squared meter useful building area. Similarly, yearly �nal and primary
exergy inputs are stated in this thesis also in speci�c terms.

6.2.2 Exergy ef�ciency

Exergy ef�ciencies are a suitable and appropriate base for comparing the performance of dif-
ferent heating and cooling systems. As any other ef�ciency, exergy ef�ciencies are de�ned as
the ratio between the obtained output and the input required to supply it. Exergy ef�ciencies
help identifying the magnitude of exergy destruction within an energy system [Cornelissen,
1997], i.e. how suitable the chosen supply is for covering a particular demand. Exergy ef�-
ciencies, on the contrary to energy ef�ciencies (e.g. COP of heat pumps), have always values
between 0 and 1.

6.2.2.1 Simple and rational exergy ef�ciency

Different de�nitions of exergy ef�ciency parameters can be found in the literature. At least
two types of exergy ef�ciencies can be identi�ed and differentiated: “simple” or “universal”
and “rational” or “functional” [Cornelissen, 1997; Tsatsaronis, 1993]. The general mathematical
expressions of the simple and rational exergy ef�ciencies are shown in equations 6.3 and 6.4.

ψsimple =
Exout

Exin
(6.3)

ψrat =
Exdes,out

Exin
(6.4)
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Although the simple exergy ef�ciency is an unambiguous de�nition for the exergy per-
formance of a system, it works better when all components of the incoming exergy �ow are
transformed into some kind of useful output [Cornelissen, 1997]. In most of the building sys-
tems analyzed in this work this is not the case, since some part of the exergy input is fed back
again to the energy system and does not constitute a useful output strictly speaking, e.g. in a
hydronic heat or cold emission system in a building outlet water �ows back via return pipes
into the heat/cold generation system. The rational exergy ef�ciency, in turn, accounts for this
difference between “desired output” and any other kind of out�ow from the system. Therefore,
it is a much more accurate de�nition of the performance of a system. It is, in consequence, a
term that can be better used without taking to misleading conclusions. An example illustrat-
ing in detail the difference between both exergy ef�ciencies can be found in [Torío et al., 2009].
It shows the greater appropriateness of the rational exergy ef�ciency for building systems.

In this work the rational exergy ef�ciency is considered as relevant, i.e. undesired output is
regarded also as an exergy consumption within the system that could and should be reduced.
All exergy ef�ciencies presented here correspond to rational exergy ef�ciencies.

6.2.2.2 Single and overall exergy ef�ciency

Depending on whether the exergy ef�ciency is referred to a single component or process of
a whole energy system, or to all processes and components integrating the system, so-called
“single” and “overall” exergy ef�ciencies can be de�ned [Marletta, 2008; Esen et al., 2007; Hep-
basli and Tolga Balta, 2007]. An example of single and overall ef�ciencies for the room air
subsystem and complete energy chain in Figure 3.1 is given in equations 6.5 and 6.6. Over-
all ef�ciencies are derived from an input/output approach for the analysis of a given energy
system and are derived from the product of the single ef�ciencies of the single processes or
components encomprised in the energy system analyzed.

ψsingle,r =
Exin,env

Exin,r
(6.5)

ψove =
Exin,env

Exin,prim
(6.6)

In this work mainly overall exergy ef�ciencies, characterizing the total performance of a
complete energy system, are presented. Overall exergy ef�ciencies of different supply systems
studied, e.g. different hydraulic con�gurations of district heat supply or of the solar thermal
systems, can be directly compared with each other, since the same reference temperature has
been used for exergy anaylsis of both building supply systems (see section 4.11).

6.2.2.3 Primary and �nal exergy ef�ciency

In this work the exergy peformance of a system is stated in terms of its �nal and primary
exergy ef�ciency. The general expression for both parameters is shown in equations 6.7 and
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6.8. As any other ef�ciency, the general de�nition of use over effort applies. Both are de-
�ned as rational ef�ciencies, i.e. only the desired output of the system (i.e. exergy demand,
Exdem(SH+DHW )) is regarded as use. The effort is considered as the �nal exergy input or the ex-
ergy of primary energy required by the system to supply the given use. In this sense, both are
overall exergy ef�ciencies since the performance of the complete energy system into analysis
(in the �nal exergy ef�ciency) or the whole supply chain (in the primary exergy ef�ciency) are
analyzed.

ψfin =
Exdem(SH+DHW )

Exfin
(6.7)

ψPE =
Exdem(SH+DHW )

ExPE
(6.8)

Equations 6.9 and 6.10 show the expression for calculating �nal and primary exergy ef-
�ciencies from dynamic exergy analysis with n timesteps. In this thesis annual exergy ef�-
ciencies are presented, i.e. the ratio between annual exergy demands for SH and DHW and
annual �nal or primary exergy input, respectively.

ψfin =

∑k=n
k=1 Exdem(SH+DHW )(tk)∑k=n

k=1 Exfin(tk)
(6.9)

ψPE =

∑k=n
k=1 Exdem(SH+DHW )(tk)∑k=n

k=1 ExPE(tk)
(6.10)

Similarly as energy performance parameters such as the seasonal performance factor1, an-
nual �nal and primary exergy ef�ciencies can be seen as a measure of the exergy performance
over the analyzed period.

6.2.3 Exergy expenditure �gure

Schmidt et al. [2007] developed and introduced a new parameter for characterizing the exergy
supply in buildings called exergy expenditure �gure. In equation 6.11 the exergy expenditure
�gure is de�ned for a general component i of an energy system.

εi =
Effort

Use
=

Exin,i

Enout,i
=
FQ,i

ηi
(6.11)

The exergy expenditure �gure is calculated as the ratio of the exergy input required to
supply a given energy demand (effort) and the provided energy demand (use). Therefore, it
represents a sort of quality factor (exergy to energy ratio, see chapter 2) of the energy processes
occurring in the given component. Energy and exergy losses happening in the component are

1e.g. fsav,ext for solar thermal systems or so-called JAZ, Jahresarbeitszahlen in German for characterizing the
performance of heat pumps.
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implicitly taken into account by the ratio of provided output to required input. In conse-
quence, if the energy losses in the component are high, i.e. energy ef�ciency is low, the exergy
expenditure �gure might reach values higher than 1 (see equation 6.11).

This parameter needs to be compared to the exergy to energy ratio of the energy demand
to be provided, i.e. to the quality factor of the energy demand. Values close to the exergy
to energy ratio of the energy demand indicate a good matching between quality levels (i.e.
exergy) of the energy supplied and demanded. In turn, values diverging from the exergy to
energy ratio of the demand indicate bad matching and, in consequence, lead to conclude that
other energy sources shall be used for providing that speci�c use and/or energy losses need
to be reduced.

For the particular application of space heating and cooling of buildings, quality factors of
the energy demanded are very low2. Subsequently, in space heating and cooling applications,
lower exergy expenditure �gures indicate more optimized energy supply systems.

Exergy expenditure �gures can be derived for any subsystem shown in Figure 3.1 of an
energy supply system within a building. However, the chosen generation system in�uences
more strongly than any other component the overall exergy performance of energy supply.
Thus, in chapter 7 for the building cases analyzed in this thesis only exergy expenditure �g-
ures for the generation subsystem are presented.

2For space heating applications and reference and indoor air temperatures of 0 and 20◦C respectively, the
quality factor of energy demand is 7%.
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Results and discussion

7.1 Con�gurations for DHW supply

In this section results from the different hydraulic con�gurations presented in section 5.2.4.2
for DHW supply in the multi-family dwelling (MFH) considered are analyzed. The focus of
this section is to study the performance of the different DHW system con�gurations, disre-
garding the energy generation system they might be coupled with (e.g. boiler, solar thermal
system). Therefore, the energy and exergy �ows are analyzed from the storage system on-
wards, i.e. energy and exergy �ows in the generation system are not regarded at this stage.
Renewable energy sources and low-temperature environmental heat available have low ex-
ergy content (due to its relatively low temperature level). Thus, it can be expected that those
DHW system con�gurations which require lower exergy input to supply the given demands,
can be coupled more ef�ciently with low exergy sources.

Energy and exergy inputs required for DHW supply in each of the three con�gurations
proposed, as well as energy and exergy losses in each component of the DHW supply system
are analyzed. By these means, insight can be gained on the optimization potential of the
different components of DHW supply.

Figure 7.1 shows the annual energy and exergy �ows through the different components of
the DHW supply systems following the input-output approach described in chapter 3.

The DHW demand represents the �nal energy demand to be provided to the users, once
the warm water has been mixed to a lower temperature level. For estimating this theoretical
DHW demand which could be provided ideally to the users a supply temperature of 40◦C has
been regarded. The difference between the input and output in each of the components la-
belled on the X-axis in Figure 7.1 shows the energy and exergy losses in each component of the
supply system. Thermal energy losses in the supply pipes represent the greatest energy losses
of the system and one of the greatest exergy consumption in the supply chain. The difference
in the energy and exergy levels between the theoretical energy and exergy demands (right
end of the lines in Figure 7.1) and the previous point (i.e. outlet from the supply pipes) shows
the energy and exergy losses associated to the mixing process from the supply temperature in
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Figure 7.1: Energy and exergy �ows through the different components of the three hydraulic con�gurations in-
vestigated.

each case (45 or 60◦C) to the �nal demand temperature of 40◦C. The mixing process does not
imply any energy loss. However, in terms of exergy this mixing process has associated exergy
consumption.

Case (ii) shows the highest required energy and exergy input, being therefore the system
where greatest energy and exergy losses happen on the supply process. Yet, it also has the
highest safety conditions regarding thermal protection against legionella. Case (i), with the
same supply temperature but without recirculation system, shows energy and exergy inputs
which are 10 and 25% lower than in case (ii) respectively. Energy and exergy required in case
(iii) is 9 and 30% lower, respectively.

In Figure 7.2 the energy and exergy losses for the different components of the three hy-
draulic systems are shown. Thermal energy losses and electrical energy input for the opera-
tion of the pumps are shown separately. Electrical energy, which might be considered as a loss
in the corresponding component, is evaluated here as �nal energy, i.e. primary energy factors
for electricity have not been regarded.

Thermal energy losses in the recirculation pipes might amount between 10 and 100% of
the �nal DHW demand [Heimrath, 2004]. In cases (ii) and (iii) they amount 38% and 25%
of the total DHW energy demand, respectively, thus representing medium to well insulated
systems. Yet, they represent the greatest energy losses in Figure 7.2. In terms of exergy thermal
losses in the supply pipes represent a great part of the total losses present, namely 19%, 33%
and 26% of the total losses for cases (i), (ii) and (iii), respectively. They are the third greatest
exergy consumption in case (i) and the second in cases (ii) and (iii). This shows the importance
of insulating well the DHW supply and recirculation pipes.

Exergy consumption due to mixing the supply hot water with cold water from the net
to obtain the �nal demand temperature of 40◦C are plotted separately in Figure 7.2 (see "de-

mand mixing"). Thermal exergy consumption due to this mixing process is reduced by 77%
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Figure 7.2: Energy and exergy losses by components of the three different hydraulic con�gurations investigated.
For clearness, thermal and electrical energy and exergy inputs are plotted separately.

by lowering the supply temperatures from 60◦C to 45◦C (cases (ii) and (iii)). This shows the
importance of systems supplying the required temperature level and avoiding mixing at the
end of the supply process. Substituting thermal protection against legionella growth by other
systems available would be of great advantage for this purpose.

Pumping energy for the operation of the heat exchanger is similar in cases (ii) and (iii),
namely 3.66 Whel/kWhth and 3.08 Whel/kWhth respectively. In case (i) (i.e. without recir-
culation) the electrical input required amounts 1.30 Whel/kWhth. The great difference with
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cases (ii) and (iii) shows the pumping energy required for the recirculation pump. However,
the electrical input required for the operation of the systems does not represent a relevant
share of the total exergy input, thus not being critical for the choice of the systems. This indi-
cates that the additional pumping energy required due to higher mass �ows when lowering
supply temperatures does not represent a threshold for the more ef�cient operation of the
systems. From an exergy perspective the heat exchanger operation might also be improved.
Thermal exergy losses in the heat exchanger represent about 20% of the total exergy losses.
They are reduced by 20% and 25% by using lower temperature levels (case iii) as compared to
cases (i) and (iii) respectively.

Thermal energy losses in the storage tank do not seem to be very relevant as compared to
thermal losses in the pipes. However, in terms of exergy they represent the greatest share of
all exergy consumption in the components shown in Figure 7.2. Exergy consumption in the
storage tank is strongly in�uenced by strati�cation during the charge and discharge processes,
as shown in section 3.2.8.1 of chapter 3. In the models analyzed here ideal strati�cation dur-
ing charge or discharge process has not been regarded. In consequence, exergy losses happen
when the inlet temperatures of the charge and discharge mass �ows are at different temper-
atures than the water layer in the tank where the mass �ow enters. The return temperature
from DHW supply might reach values as low as 10-15◦C, being signi�cantly lower than the
temperature in lower part of the tank (around 58-32◦C for cases (i) and (ii)). This temperature
difference is signi�cantly reduced in case (iii), where the temperature in the lower part of the
tank is around 47-28◦C. In consequence, exergy losses in the storage tank are reduced by 28%
if lower supply temperatures are chosen, i.e. for case (iii).

Energy analysis highlights the importance of reducing thermal energy losses in the pipes.
In turn, exergy analysis shows clearly the advantages of supplying DHW demands at temper-
atures closer to that of the �nal energy demand (here assumed as 40◦C): with supply at lower
temperatures exergy losses in the storage tank and mixing process are reduced additionally
to the exergy losses in the supply pipes. Energy input required for a supply at 60◦C without
recirculation loop (i) and at 45◦C with recirculation loop (iii) are nearly the same. In turn,
exergy supply is reduced by 14%.

However, of all hydraulic options analyzed in this section only case (ii) complies with
current German standards and regulations for DHW supply. Therefore, despite being the
worst performing option, only system (ii) is regarded in the following section for DHW supply
with large solar thermal systems. Yet, insight gained from the analysis introduced in the
present section is applied to the investigated con�gurations of the solar thermal system, i.e.
strategies to minimize mixing processes and to avoid unstrati�ed charge and discharge of the
storage tank are analyzed.
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7.2 Solar thermal system for centralized supply of a MFH

In this section, results from energy and exergy analysis of the solar thermal system for pro-
viding a part of the SH and DHW demands in the multi-family dwelling are presented.

As shown in chapter 6, a reference building case without solar thermal unit is required
to calculate the fractional energy savings fsav,ext and fsav,therm. As stated in chapter 5, for all
cases analyzed here, the multi-family dwelling with standard building shell (MFH-07) and
with radiators operated with night setback is taken as reference. A 1500 l storage tank for
centralized DHW supply is foreseen. No storage unit is used for space heating supply.

7.2.1 Insulation of the storage tank

Energy losses in the storage tanks of solar thermal system greatly in�uence their energy per-
formance [Fink et al., 2007]. In this section, the in�uence of increasing the insulation thickness
around the storage tank on the energy and exergy performance of the solar system is studied.

Figure 7.3 shows the behaviour of the fractional energy savings and exergy ef�ciencies for
insulation thicknesses between 10 and 50 cm.

Figure 7.3: Thermal and extended fractional energy savings (left Y-axis), primary and �nal exergy ef�ciencies
(right Y-axis) for the solar thermal system as a function of the storage insulation thickness.

With an insulation thickness of 50 cm thermal energy losses are reduced by 71% as com-
pared to an insulation of 10 cm. In consequence, the energy input from the boiler is reduced,
thereby increasing the share of solar heat in the supply and extended fractional energy savings
increase by 2.2%. Herewith, the quality of the supplied energy, i.e. the exergy expenditure �g-
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ure for the generation system ε_g, is reduced almost by the same amount (2.8%).
As stated above, the main effect of an increased insulation is the reduction of the energy

input from the boiler. Since this represents a high exergy input, proportional to the energy
input1 and which amounts for 90% of the total exergy input, the exergy ef�ciency is strongly
in�uenced by the variation of the fossil fuel input. Any changes in the quality of the solar
thermal heat supplied cause only marginal changes in the exergy ef�ciency. In consequence,
exergy ef�ciencies show the same behaviour as the energy performance �gures.

It is remarkable that changes in the exergy expenditure �gure are on the same range than
those found for fractional energy savings. In turn, the change in the exergy ef�ciency amounts
only 0.26%. This is due to the low exergy demands for SH and DHW in buildings. In conse-
quence, supplying them with a great share of high-quality fossil fuels (amounting to 90% of
the total exergy input) leads to very low values of this paramter and only small changes can
be observed as the share of fossil fuels in the supply is slightly reduced.

7.2.2 Storage size

The energy performance of solar thermal systems strongly depends on the storage tank size.
Heimrath [2004] determined an optimum speci�c storage size between 50 and 100 l/m2

colls for
a combi-solar thermal system supplying a multi-family dwelling. Fink and Riva [2004] use a
speci�c storage volume of 50 l/m2

colls for sizing different large solar thermal systems and solar
supported heating networks for space heating and DHW supply in residential buildings.

In this section the in�uence of the storage size in the energy and exergy performance of
the solar thermal system studied is investigated. For this purpose, the speci�c storage volume
in the base solar system2 is varied between 30 and 300 l/m2

colls .
Figure 7.4 (a) shows the behaviour of the main parameters for characterizing the energy

and exergy performance of the solar thermal system as a function of the speci�c storage vol-
ume. Extended and thermal fractional energy savings are shown on the left Y-axis. Primary
and �nal exergy ef�ciencies are shown on the right Y-axis. For comparison, primary exergy
ef�ciency of the reference case, i.e. conventional supply with a condensing boiler and without
solar thermal unit Ψ_prim,boiler, is also shown in the diagram.

The behaviour of the energy and exergy performance of the system is very similar. Curves
for energy and exergy performance show the same conclusions: until a speci�c storage size of
100 l/m2

colls fractional energy savings and exergy ef�ciency of the systems increases. Bigger
storage units do not yield a signi�cant increase in the energy or exergy performances. With a
speci�c storage volume of 300 l/m2

colls a slight decrease in the energy and exergy performance
of the system can be observed.

A similar trend for the fractional energy savings of a solar thermal system can be found
in [Heimrath, 2004]. Heimrath [2004] states that this behaviour is due to the increase in the

1The proportionality constant is the quality factor for LNG, here assumed as 0.95.
2i.e. the multi-family dwelling with standard building envelope (MFH-07), with radiators operated with night-

bac a 8.53 storage tank and a solar thermal collector �eld of 100 m2
colls (see section 5.1.4 in chapter 5).
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Figure 7.4: (a): Thermal and extended fractional energy savings, primary and �nal exergy ef�ciencies for the solar
thermal system as a function of the storage size. A constant thickness of 15 cm for the thermal insulation
is foreseen in all tanks; (b): Energy charged in the storage tank by the boiler (Q_ch,aux) and solar
thermal system (Q_ch,sol), as well as electric power required for operating the pumps in the solar
loops P_el,sol and thermal losses in the storage tank (Q_ls,sto). The variable Q_net represents the net
additional output obtained from the solar thermal system, calculated as Q_ch,sol-Q_ls,sto.

pumping energy required for operating the solar thermal loops (primary and secondary) with
greater storage volumes. Pumping energy increases by 21% for the system with speci�c stor-
age volume of 300 l/m2

colls as compared to 30 l/m2
colls . Yet, being around 0.5% and 0.7% of

the total energy and exergy supplied to the system, it represents a marginal input and does
not affect its energy or exergy performance, as it is shown in Figure 7.4.

Larger speci�c storage volumes increase the energy yield from the collector �eld Q_ch,sol,
as shown in Figure 7.4 (b). However, due to the constant insulation thickness of 15 cm re-
garded in all cases, thermal energy losses in bigger storage tanks Q_ls,sto increase steeply for
bigger volumes. The increase in the thermal losses levels out the increase in the energy yield
as it is shown by the trend of the net additional output Q_net3 obtained from the solar thermal
system.

Results from exergy analysis are strongly in�uenced by the high exergy inputs present,
i.e. natural gas for the condensing boiler and pumping energy. Being pumping energy for
the operation of the solar system a marginal input, its increase does not in�uence signi�cantly
the exergy performance of the solar thermal systems. Following, it can be concluded that
the behaviour of the energy and exergy ef�ciency of the solar thermal system with greater

3The net additional output Q_net in the diagrams is calculated as the solar energy charged in the storage tank
Q_ch,sol minus the storage tank losses Q_sto,ls
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speci�c storage sizes is solely due to the increase in the thermal losses with greater storage
tanks. Since thermal losses represent a low exergy input, the behaviour of the energy and
exergy parameters is similar. In turn, if the difference would be due to an increase in the
pumping energy, different conclusions could have been obtained from both analyses.

Figure 7.5: (a): Thermal and extended fractional energy savings, primary and �nal exergy ef�ciencies for the solar
thermal system as a function of the storage size. A constant UA value of 14.44 W/K is kept in all cases,
i.e. insulation thickness varies as a function of the storage size. The insulation thickness regarded in
each case is expressed in cm at the top of the diagrams; (b): Energy charged in the storage tank by the
boiler Q_ch,aux and solar thermal system Q_ch,sol, as well as electric power required for operating the
pumps in the solar loops P_el,sol and thermal losses from the storage tank Q_ls,sto. The variable Q_net
represents the net additional output obtained from the solar thermal system, calculated as Q_ch,sol-
Q_ls,sto.

Figure 7.5 shows the behaviour of the energy and exergy performance of the same solar
thermal system as a function of the speci�c storage size assuming a variable insulation thick-
ness. Insulation thicknesses vary between 9 cm for a speci�c storage size of 30 l/m2

colls and
37 cm for a speci�c storage size of 300 l/m2

colls and have been chosen so that the UA value of
the storage tank is kept at a constant value of 14.44 W/K for all cases. In consequence thermal
losses in the tanks are nearly the same in all cases (see Figure 7.5 (b)). The slight decrease in
the thermal losses for higher speci�c storage volumes is due to the lower temperatures inside
the tank for higher tank volumes.

In Figure 7.5 it is clearly shown that if the insulation thickness is increased as a function
of the storage size, the energy and exergy performance of the solar thermal system increases
with greater storage tanks. In other words, the thermal losses and not the pumping energy
are responsible for the stagnation and decrease in the performance of the systems shown in
Figure 7.4.
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7.2.3 Different emission systems

The emission system used for space heating also in�uences the energy performance of solar
thermal systems [Zaß et al., 2008]. It is expected that space heating systems requiring lower
supply and return temperatures lead to an increase in the fractional energy savings obtained
from the solar unit. Following, the exergy performance of the solar system is also expected to
increase. Additionally, the use of emission systems with low supply and return temperatures
is expected to decrease the temperature of the provided solar heat, i.e. its exergy content.
Thereby, greater increase in the exergy performance is also awaited.

In this section the in�uence of using emission systems with lower supply and return tem-
peratures on the energy and exergy performance of the solar thermal system studied is in-
vestigated. For this purpose, a space heating supply with radiators (with design inlet and
return temperatures of 55 and 45◦C, respectively) is compared to a supply by means of a �oor
heating system (with design inlet and return temperatures of 32.5 and 27.5◦C, respectively).
The multi-family dwelling with standard building envelope (MFH-07), i.e. corresponding to
requirements in the standard EnEV [2007], is assumed in both cases.

To ensure the comparability of both emission systems, it is required that both provide
the same level of thermal comfort inside the building. Thermal comfort conditions with both
systems were extensively discussed in section 5.1.3. Results show that the degree-hours under
comfort range II as de�ned in [DIN EN 15251, 2007] are similar for both systems.

Figure 7.6: Thermal and extended fractional energy savings, exergy expenditure �gure for the generation subsys-
tem as well as primary and �nal exergy ef�ciencies for the solar thermal system with radiators (RADS)
and �oor heating (FH) systems.

Figure 7.6 shows the main parameters describing the energy and exergy performance of
the solar unit with both emission systems. Thermal and extended fractional energy savings
are very similar in both cases. Due to the lower return temperatures from the �oor heating
system, lower temperatures can be found in the lower part of the solar storage volume. This
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leads to an increase of 3% in the solar thermal energy output from the collector �eld, as com-
pared to the system with radiators. However, due to thermal energy losses in the �oor heating
system, the energy that needs to be supplied to the �oor heating is also 2% higher than in the
case of radiators. This results in a similar energy performance of both systems: extended
fractional energy savings are just 0.1% higher for the system with radiators.

As expected, the quality factor of solar thermal energy output is 3% lower, i.e. has lower
exergy content due to its lower temperature level, if the �oor heating system is used. The en-
ergy from the solar collectors represents around 35% of the total energy input in the systems.
However, due to its low exergy content, the solar thermal output represents only around 8%
of the exergy supplied in both cases. Thus, the differences in the quality level of the supplied
solar heat become irrelevant and are not able to in�uence visibly the exergy performance.

Figure 7.7 shows the energy and exergy input required from the boiler and solar thermal
system extrapolated for different extended fractional energy savings. Only with extended
fractional energy savings higher than 0.9 the exergy input from the solar thermal unit starts
dominating the total exergy input into the system (representing 60% of the total exergy input
for fsav,ext = 0.9), and the quality of the delivered solar heat might become relevant for exergy
analysis. Otherwise, for conventional solar fractions the exergy performance, as the energy
performance, is strongly in�uenced by the high-quality energy required, i.e. the fossil fuel
input in the system.

Figure 7.7: Energy (a) and exergy (b) input from the boiler and solar thermal unit for different extended fractional
energy savings fsav,ext.

For all stated above, exergy expenditure �gures for the generation system (i.e. boiler and
solar collectors) in both cases are very similar. However, on the contrary to the fractional

112



7.2. Solar thermal system for centralized supply of a MFH

energy savings, this parameter shows a favourable trend for the �oor heating system. This is
due to the higher share of solar heat supplied if the �oor heating system is used4.

Exergy ef�ciencies show the same trend as exergy expenditure �gures, being favorable for
the �oor heating system. The 0.2% increase in the primary and �nal exergy ef�ciencies for the
case with �oor heating is due to a 4% increase in the exergy demand5 of the building.

The exergy ef�ciency is the only investigated parameter directly in�uenced by the exergy
demand of the building: variations in the exergy demand might signi�cantly change its value.
In consequence, it represents a suitable parameter for comparing the performance of systems
with different emission units, since the energy output from each emission system is thereby
also taken into account.

7.2.3.1 Space heating operation without night setback

A continuous operation without steep changes in the control strategy6 allows a better con-
trollability for systems with high thermal inertia, as it is the case of the �oor heating system.
Thus, it is expected that the emission losses7 in the �oor heating system are reduced if no
night setback operation is used. To check the in�uence of the control strategy of the emission
systems in the energy and exergy performance of the solar thermal system, a continuous op-
eration has been assumed for the MFH-07 with radiators and �oor heating system. In order to
obtain similar levels of thermal comfort (in terms of degree-hours under the comfort range) as
with night setback operation the setpoint is considered as 20◦C. Results for thermal comfort
conditions for both emission systems with both control strategies can be found in Table 5.3.

As show in Figure 7.8, without night setback operation emission losses in the �oor heating
system are reduced by 23%, from 3.1 kWh/m2a to 2.4 kWh/m2a. They represent around 5 and
4% of the energy supplied to the emission system. Emission losses in the radiators amount
only 1% of the energy supplied to the radiators, and do not experience a signi�cant reduction
without night setback.

Due to the lower emission losses, the difference in the energy that needs to be supplied to
the space heating system (including pipe and emission losses) is reduced if no night setback
is used. Additionally, lower return temperatures from the space heating loop allow lower
temperatures in the storage tank and, thereby, higher solar thermal output from the collector
�eld is achieved. As a result, extended fractional energy savings increase by 0.8% if the �oor
heating system is used without night setback operation as compared to the radiators (see
Figure 7.9). These results are in very good agreement with those obtained by Zaß et al. [2008].

4The share of solar heat supplied amounts 34.8% and 35.7% in the cases with radiators and �oor heating,
respectively.

5The exergy demand is de�ned in chapter 3, section 3.2.2. It represents the exergy of the energy supplied
actively to the room once it reaches indoor air, i.e. at the indoor operative temperature.

6On the contrary to night setback operation, where the operative temperature must be raised signi�cantly in
relatively short periods of time.

7Emission losses in the �oor heating system referred here are mainly due to heat transfer to the lower part of
the active building element, i.e. beyond the insulation layer underneath the water pipes.
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Figure 7.8: Energy losses in the pipes, emission losses and energy supplied to the �oor heating system and radia-
tors for an operation with and without night setback (wo. setback).

Figure 7.9: Thermal and extended fractional energy savings, exergy expenditure �gure as well as primary and
�nal exergy ef�ciencies for the solar thermal system with radiators (RADS) and �oor heating (FH)
systems operated without night setback (wo. setback).

The differences in the �nal and primary exergy ef�ciencies are on the same range as with
night setback (0.2%) and show the same trend (increase for the �oor heating system). This
is again, due to the slightly higher exergy demand that is supplied to the room with �oor
heating8.

8The difference can be seen in terms of energy in the black bars in Figure 7.8
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7.2.3.2 Improved building shell

In order to check the in�uence of using each emission system with higher solar fractions, the
use of both emission systems in the multi-family dwelling with improved building envelope
(MFH-KfW-EffH.40) is investigated.

Figure 7.10: Duration curves for the space heating loads supplied in the case of MFH-07 (a) and MFH-KfW-EffH.40
(b) if radiators and �oor heating systems are used.

A comparable level of thermal comfort is provided by both systems (see Table 5.3). The
duration curves (Figure 7.10) for the heating loads in the multi-family dwelling with radiators
and �oor heating for the two building shell standards (EnEV 2007 and KfW-EffH.40) show that
no great reduction in the number of hours with low space heating loads could be achieved for
the MFH-KfW-EffH.40 with �oor heating system (as compared to the building with EnEV
2007 standard and with �oor heating). This reduction, however, can be found if radiators are
used. In other words, low space heating loads remain despite the improved building shell if
the �oor heating is used.

However, for the �oor heating system in the low energy house lower design supply and
return temperatures (28 and 23◦C, respectively) as in the MFH-07 case (32.5 and 27.5◦C, re-
spectively) are considered and a higher insulation level is foreseen under the �oor heating
in the ground �oor. In consequence, emission losses in the �oor heating system are reduced
from 5.7% of the energy supplied in the MFH-07 case, to 3.5% in the MFH-KfW-EffH.40 case.
Inspite of this, the energy required for space heating (including pipe and emission losses) is
5% higher in the case with �oor heating.

Due to the lower return temperatures from the �oor heating system, lower temperatures
in the storage tank occur, allowing for a 3% increase in the solar energy yield. However, with
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an absolute value of 786.9 kWh/a this increase is lower than the increase in the demand from
the space heating system (1399.5 kWh/a). In consequence, the energy provided by the boiler
increases by 2% for the building with �oor heating, causing the slight decrease of 0.4% in the
extended fractional energy savings.

Figure 7.11: Thermal and extended fractional energy savings, exergy expenditure �gure as well as primary and
�nal exergy ef�ciencies for the solar thermal system with radiators (RADS) and �oor heating (FH) in
the multi-family dwelling in low energy standard (MFH-KfW-EffH.40).

In turn, as it happened in section 7.2.3, the exergy expenditure �gure is 0.5% lower for the
system with �oor heating. This is again due to the higher share of solar heat in the supply.

The increase in the exergy demand for space heating supply with the �oor heating system
is responsible for the 0.8% and 0.4% increase in the �nal and primary exergy ef�ciencies,
respectively. Again, despite a slightly higher fossil fuel input for the boiler in the case with
�oor heating system (and the subsequently lower fractional energy savings), the exergy-based
paramters show this emission system as preferrable.

Fractional energy savings show that more fossil fuel is being used as compared to the
reference case (without solar thermal unit). In turn, exergy-based parameters show that the
share of solar energy in the supply is increased and the demands (despite being higher) are
supplied more ef�ciently if a �oor heating system is used.

7.2.4 Strati�cation in the storage tank

Strategies for promoting good thermal strati�cation inside the storage tank increase the achiev-
able fractional energy savings [Heimrath, 2004; Furbo et al., 2005; Zaß et al., 2008]. As shown
in chapter 3 and being coherent with results in [Rosen, 2001], strati�cation in the storage tank
allows reducing also the exergy losses in the storage unit. In this section, the in�uence of
measures for promoting a strati�ed charge of the storage tank on the energy and exergy per-
formance of the solar thermal system is discussed.
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The MFH-07 with radiators and �oor heating system are taken as case studies here. In this
way, the in�uence of strati�cation in the tank for space heating systems with different temper-
ature demands can also be studied. As base cases for both emission systems ideal strati�cation
is assumed for the inlets of the solar thermal system, i.e. solar charging process, as well as for
the return from DHW and SH supply9. For the system without ideal strati�cation, the inlet
from the solar thermal system is assumed at a relative storage height of 0.05, and the inlets
from DHW and space heating are assumed at relative heights of 0.1 and 0.15, respectively. No
strati�cation is assumed in any case for the charging process with the auxiliary boiler.

Figure 7.12: Thermal and extended fractional energy savings, exergy expenditure �gure as well as primary and
�nal exergy ef�ciencies for the solar thermal system with radiators (a) and �oor heating (b) systems
with and without strati�ed inlets in the storage tank.

A reduction in the extended and thermal fractional energy savings can be observed for
the systems without strati�cation, as shown in Figure 7.12. This reduction amounts 2.7% and
1.7% for the system with radiators and �oor heating, respectively. The difference is due to
the higher temperatures found in the lower part of the fully mixed tank with radiators, due
to higher return temperatures from the space heating system. In consequence, lower energy
output can be obtained from the solar thermal collectors. In other words, the use of strategies
promoting a strati�ed return is more important if space heating systems operating at high
temperatures are used. These results are coherent with those found in [Zaß et al., 2008].

The behaviour of the exergy ef�ciencies and expenditure �gures is similar to the fractional
energy savings: the exergy expenditure �gure for the generation subsystem increases by 2.6%
and 1.6% for each system and exergy ef�ciencies decrease in 0.24% and 0.16% for the systems

9Ideal strati�cation in these inlets is also assumed in all cases presented in all other sections.
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with radiators and �oor heating, respectively.
The decrease in the exergy ef�ciency, however, is signi�cantly lower than the decrease

in fractional energy savings. This is due to the fact that the energy input from the boiler
represents 63 and 65% of the total energy input in the systems with and without strati�cation,
respectively. In terms of exergy, the input from the boiler represents 90.1% and 90.3% of the
total exergy input in each case. In other words, the exergy input, and herewith the exergy
ef�ciency, is again dominated by the fossil fuel input from the boiler.

7.2.5 Three way valves for discharge of storage tank

As stated in the previous section, strati�ed inlets are assumed for the solar loop as well as the
DHW and SH demands. In turn, the outlets for providing both demands are considered at a
given �xed position in the tank: the outlet to DHW supply is located approximately at the top
of the tank, at a relative height of 0.99; the outlet for SH supply is located at 0.05 above the
outlet to the boiler10. Both outlets are, therefore, located within the auxiliary volume, which
is always kept at temperatures between 65 and 70◦C by the boiler. This is done in order to
guarantee the supply even if no solar radiation is available.

The setpoint for DHW supply is 70◦C, being similar to the setpoint for the auxiliary boiler.
In turn, the setpoint for SH supply varies between 55 and 20◦C if radiators are used and
between 32.5 and 20◦C if the �oor heating system is used. Warm water from the auxiliary
volume in the tank is mixed with cold return water from SH supply in order to achieve the
relatively lower setpoint temperatures required by the radiators and �oor heating. This mix-
ing process implies signi�cant exergy losses, as shown in Figure 7.13. After exergy losses in
the energy transformation (i.e. primary energy) and boiler, exergy losses in the storage tank,
and mixing process represent the biggest shares.

Figure 7.13: Exergy losses, in kWh/(m2a), in the different subsystems regarded for energy supply with the solar
thermal system in the case of space heating by means of radiators (a) and �oor heating (b).

It is expected that the solar volume is often at a temperature level high enough to supply
10see equation 4.12.
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SH demands directly, avoiding �rstly a further heating with the boiler and, secondly, reducing
the mixing process. To realize this, SH outlets at lower tank heights are required.

In this section the in�uence of using one and two three-way valves for enabling the outlet
for SH supply from the solar volume on the energy and exergy performance of the systems is
studied. The three way valves are located at a relative storage height of 0.7 and 0.5, respec-
tively. Whenever the temperature at one of these heights in the solar volume is 5◦C higher
than the required setpoint for SH supply, water is taken from that layer of the tank11. Other-
wise, water is withdrawn conventionally from the lower part of the auxiliary volume.

Figure 7.14 shows the behaviour of the extended fractional energy savings (a), exergy ex-
penditure �gure (b) and primary exergy ef�ciency (c) for the systems with one and two valves
as compared to without any additional valve for SH supply.

Figure 7.14: Extended fractional energy savings (a), exergy expenditure �gures for the generation system (b) and
primary exergy ef�ciency (c) for systems without, with one and two three-way valves for SH supply.
Results are shown for the systems with radiators and �oor heating.

The use of a single three-way valve for SH supply yields a 0.9% increase in the extended
fractional energy savings for the system with �oor heating. A similar increase could be
achieved by increasing the thermal insulation in the storage tank, from 15 cm to 30 cm12.
If, instead, radiators are used a lower increase can be found (0.5%). The use of two three way-
valves for space heating supply does not show any relevant increase in the fractional energy
savings for the system with �oor heating (0.1%), but causes a further 0.3% increase if radiators

11The discharge is kept at this height until the temperature in the storage layer is 1◦C above the SH setpoint, i.e.
a hysteresis of 4◦C is allowed.

12With this measure the same increase in the energy (0.9%) and exergy (0.1%) performance as with one valve
and �oor heating is achieved.
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are used. These trends are due to the higher temperatures that can be found in the solar tank
if radiators are used (due to the higher return temperatures from space heating supply), mak-
ing the second valve more often usable than if the �oor heating system is considered. These
trends are coherent with results in section 7.2.4.

As stated in the previous sections for such low solar fractions, results from exergy analysis
are completely dominated by the high exergy input represented by the auxiliary boiler. In
consequence, the behaviour shown by the parameters characterizing the exergy performance
of the systems with and without valves and the conclusions obtained from them, are similar
to those from conventional energy analysis.

Differences in the energy and exergy performance with each of both emission systems are
coherent with those presented in section 7.2.3: with the use of a �oor heating system a more
(exergy) ef�cient energy supply can be achieved, despite slightly higher input of fossil fuels
is required.

7.2.5.1 Larger solar thermal system

In this section the in�uence of using one and two three-way valves on the energy and exergy
performance of a larger solar thermal system is studied. The solar thermal system investigated
here is twice as big as the base solar system, i.e. a 200 m2 collector �eld and 16 m3 storage tank
are regarded. The building with standard building shell (MFH-07) is regarded here.

Figure 7.15: Extended fractional energy savings (a), exergy expenditure �gures for the generation system (b) and
primary exergy ef�ciency (c) for systems without, with one and two three-way valves for SH supply.
Results are shown for the systems with radiators and �oor heating and a solar system with 200 m2

collector �eld and 16 m3 storage tank.
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It is remarkable that the energy performance with radiators and �oor heating without us-
ing any three-way valve is inverted as compared to the smaller sized solar thermal system:
fractional energy savings increase by 1.4% if the �oor heating system is used instead of radi-
ators. This is due to the higher increase in the solar energy yield (1887.9 kWh/a) with a �oor
heating system13 as compared to the increase in the energy demand for space heating (1194.3
kWh/a) and shows that the importance of using low temperature heating system increases
for bigger solar thermal systems.

The use of a single three-way valve for SH supply allows a 1.7% increase in the extended
fractional energy savings for the system with �oor heating. If, instead, radiators are used a
lower increase can be found (0.8%). This is due to the lower setpoint temperatures required
by the �oor heating system, making possible the use of direct solar heating more often.

The use of two three way-valves for space heating supply causes a further 0.3% increase
with both emission systems. This increase could also be found for the smaller solar thermal
system if radiators are used. In the case of �oor heating, the increase is now due to the larger
solar thermal system, which is able to heat up to higher temperatures lower parts of the tank
even if the �oor heating system is used.

Despite the relatively high fractional energy savings achieved, in terms of exergy the fossil
fuel input into the boiler still represents 83% of the exergy supplied, thereby dominating the
exergy input into the system. In consequence, the exergy performance of the systems without
and with valves is completely paralell to the energy performance. No further conclussion can
be obtained about the use of three-way valves from exergy analysis.

7.2.5.2 Improved building envelope

In this section the in�uence of using one and two three-way valves on the energy and exergy
performance of a system with reduced space heating loads is studied. For this purpose, the
base solar thermal system and the building with improved building shell (MFH-KfW-EffH.40)
is considered. Figure 7.16 shows the behaviour of the energy and exergy-based parameters
for the system with and without three-way valves.

The trends for both energy- and exergy-based parameters are similar and coherent to those
found in the case of a standard building envelope (MFH-07), presented in section 7.2.5.

However, the use of a three-way valve causes a 2.6% and 1.3% increase in the extended
fractional energy savings for the system with �oor heating and radiators, respectively. These
are the greatest improvements found as compared to systems operating without three-way
valves and show that the importance of proper strati�ed discharge for space heating increases
as the solar fraction increases (either due to a bigger solar unit, as it was the case in section
7.2.5.1, or to a reduction of the loads).

Again, the same trends and conclusions can be found for the energy- and exergy-based
parameters. No additional information is delivered by exergy analysis regarding the use of

13Due to lower temperatures in the solar volume of the storage tank.
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Figure 7.16: Extended fractional energy savings (a), exergy expenditure �gures for the generation system (b) and
primary exergy ef�ciency (c) for systems without, with one and two three-way valves for SH supply.
Results are shown for the systems with radiators and �oor heating and the multi-family dwelling
with improved building envelope (MFH-KfW-EffH.40).

three-way valves for lower space heating demands.

7.2.6 Connection between auxiliary boiler and storage tank

In all systems studied up to here, the auxiliary boiler heats up the auxiliary volume located at
the top of the storage tank. Since a temperature of 70◦C is required for instantaneous DHW
supply, the auxiliary volume is kept between 65 an 70◦C at all times. High thermal losses in
the auxiliary volume follow. These thermal energy losses need to be covered by the boiler,
increasing the fossil fuel input and reducing the fractional energy savings and exergy perfor-
mance of the system. On the other hand, those are relatively high temperatures for a solar
thermal system. In consequence, the solar thermal unit often only manages to pre-heat the
water, which needs to be further heated up by the boiler. Additionally, heating up of the solar
volume with the auxiliary boiler (due to internal conduction and convection processes inside
the tank) might occur. These disadvantages are avoided if the boiler is connected in series
with the solar storage unit.

In this section the in�uence of using two separated boilers for SH and DHW supply in
series with the solar storage volume is investigated.

An effective thermal conductivity of 2 W/(mK) is assumed between the tank nodes. This
value was obtained from measurements in small storage tanks [Drück and Hahne, 1998]. For
larger tanks with lower area to volume ratios it can be expected to be lower. With this as-
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sumption, a very good level of thermal strati�cation is achieved inside the tank, as shown
exemplary in Figure 7.17 for the storage tanks with conventional connection with the boiler
(i.e. with auxiliary volume) in case of using radiators (a) and �oor heating (b). In consequence,
marginal heating of the solar volume with the boiler follows.

Figure 7.17: Temperatures at �ve temperature sensors evenly distributed over the storage height for the case of
parallel connection between the boiler and the storage tank (i.e. conventional con�guration with
auxiliary volume in the tank) for radiators (a) and �oor heating (b) systems. For completeness, the
relative height of the sensors z1-z5is shown at the top of the diagrams.
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Connecting the boilers for SH and DHW supply in series with the storage tank reduces
thermal energy losses in the storage units by 20% and 17% for the cases with radiators and
�oor heating, respectively. The output from the solar collector �eld increases by 0.7% and
2% in each case14. As a result, the energy input into the boilers is reduced by 4% and 3%,
respectively. The increase in the fractional energy savings shown in Figure 7.18 (by 2.9% and
3.2%, respectively) is, therefore, due to both the reduction in the thermal losses in the storage
tank and the increase in the solar energy yield.

Figure 7.18: Thermal and extended fractional energy savings, exergy expenditure �gure as well as primary and
�nal exergy ef�ciencies for the solar thermal system with radiators (RADS) and �oor heating (FH)
systems in case of conventional and series connection of the boiler(s) with the storage tank.

As it happened in the previous sections, the behaviour of the exergy parameters is strongly
determined by the fossil fuel input. In consequence, the same behaviour and conclusions can
be obtained from exergy analysis as from conventional analysis of the systems by means of
the fractional energy savings.

7.2.7 Overview of some investigated options

Results in the sections above show that, for the range of solar fractions investigated, the exergy
performance of the systems is strongly dependent on the fossil energy input into the systems.
Following, similar results as with conventional energy analysis can be achieved and no added
value for the exergy approach can be found. This conclusion is supported by the diagrams

14The higher increase in the solar yield with FH system is due to the lower achievable SH return temperatures,
allowing lower temperatures in the storage tank (see Figure 7.17) and a more often operation of the solar loop.
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in Figure 7.19, where the behaviour of energy- and exergy-based parameters for some of the
investigated cases is presented graphically.

Figure 7.19: (a): Extended and fractional energy savings and exergy expenditure �gures for selected cases of solar
thermal supply; (b): Final and primary exergy ef�ciencies for the same cases shown in (a).

Trends for the fractional energy savings and exergy expenditure �gures are very similar.
Small differences arise in the comparison of different emission systems due to the different
shares of solar heat in the supply, as explained in detail in section 7.2.3. Differences in the
behaviour of the exergy ef�ciency arise particularly for the comparison of different emission
system due to the fact that exergy demands provided by each emission system directly and
greatly in�uence this parameter (see section 7.2.3 for a detailed explanation on this issue).

A different energy and exergy behaviour can also be observed for theKfW-EffH.40 building
envelope as compared to the rest of options: exergy expenditure �gures are not signi�cantly
reduced for these cases despite the great increase in fractional energy savings. This is due
to the de�nition of the parameters: fractional energy savings increase drastically due to the
reduction in fossil fuel supply as compared to a reference case consisting of a building with
worst building shell (MFH-07). Exergy expenditure �gures do not decrease signi�cantly, since
the reduction in fossil fuel input is mainly due to a similar reduction in the energy demands,
i.e. the share of solar heat in the overall supply as compared to a building with standard build-
ing shell and with a bigger solar thermal unit, e.g. FH_200(16000)15, is nearly the same. Exergy
ef�ciencies are greatly in�uenced by the reduction in the exergy demands if a better building
envelope is used, and, in consequence, do not show signi�cant improvement as compared to
other options investigated.

15In Table A.8 (Appendix) a description of the main parameters for each case study in Figure 7.19 can be found.
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7.2.8 Economics of favourable options

In this section the economics of three selected options are brie�y introduced. In this way, be-
sides the energy and exergy performance of the systems, insight on their economic behaviour
can be gained. The cases analyzed from an economic perspective are the base case with �oor
heating system (FH in Figure 7.19), the system with a twice as big solar thermal collector area
(FH_200(8500) in Figure 7.19) and the system with the base solar thermal system but with im-
proved building shell (FH_KfW-EffH.40 in Figure 7.19). Economic analysis are carried out here
in accordance with VDI 2067 [2000] for an observation period of 20 years. Table 7.1 shows the
costs of energy savings for the last two cases as compared to the base case (FH), as well as the
annuity in each case.

Table 7.1: Annuity and cost of energy savings for three selected cases of solar thermal systems investigated.

Annuity Costs of energy savings
[e] [e/kWhPE] [e/kWhend]

FH 19719 - -
FH_200(8500) 22496 262.9 370.2
FH_KfW-EffH.40 25520 86.8 99.8

Results show clearly the cost effectiveness of increasing the insulation level of the building
envelope as compared to the installation of higher solar thermal collector �elds.

7.2.9 Main differences between energy- and exergy-based parameters

From the comparison of the energy and exergy performance of the solar thermal systems in-
vestigated, some conclusions can be obtained about the behaviour and usability of the energy-
and exergy-based parameters introduced:

• Fractional energy savings indicate the share of saved fossil fuel for a given solar thermal
system as compared to the fossil fuel demand of a conventional system without solar
unit (i.e. with a condensing boiler as supply system). Thus, they are sensitive to varia-
tions in the fossil fuel input from the boiler. In turn, they do not give any information
on the behaviour of the energy demands of the building (see the comparison between
different emission systems in section 7.2.3). Changes in their values for the systems
investigated range from 0.1% to 3.2%.

• Exergy-based parameters presentedgive insight into the share of solar energy in the total
supply, thereby characterizing how ef�ciently a given load is being provided. These
parameters are in�uenced by small changes in the energy demands of the building (e.g.
raising from using different emission systems). Following, they are suitable parameters
for comparing the performance of solar thermal systems coupled with different emission
systems.
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• Primary and �nal exergy ef�ciencies and exergy expenditure �gures for the generation
subsystem, i.e. exergy-based parameters analyzed, always behave coherently and give
the same conclusions.

• The behaviour of the exergy-based parameters is strongly dominated by the high-exergy
input from fossil fuels required by the auxiliary boiler (which represents between 80 and
90% of the total exergy input in all cases investigated). In consequence, conclussions
from exergy analysis are similar to those obtained from conventional energy analysis
for most of the systems studied. Only in the comparison between the performance with
different emission systems conclussions from energy and exergy analysis differ from
each other16.

• Exergy demands in buildings are very low. For the range of solar fractions studied, the
high exergy input from the auxiliary boiler dominates the exergy input in the systems.
Thus, values for the exergy ef�ciencies are low. Additionally, their values vary only
slightly (between 0.1 and 0.4%) for the different cases investigated.

• Exergy expenditure �gures for the generation subsystem εg show the quality of the en-
ergy being provided. The sensitivity of this parameter to changes in the share of solar
energy supplied (i.e. solar energy yield) is higher than for exergy ef�ciencies. Variations
in this parameter for the systems studied range from 0.5% to 3%. Changes in the energy
demands in�uence this parameter indirectly.

The exergy method is a scienti�cally correct approach for analyzing solar thermal units.
However, since exergy analysis is strongly dominated by the high-quality fossil fuel input,
similarly as energy analysis, conclusions from exergy analysis are always very similarly to
those which can be gained from conventional energy analysis of the systems. Thus, it can be
concluded that exergy analysis and exergy-based parameters do not supply relevant further
information for the analysis of solar thermal systems as compared to conventional energy
analysis.

7.3 Waste heat district heating system

In this section, results from energy and exergy analysis of the district heat system for SH and
DHW supply in the single-family houses are presented.

7.3.1 Exergy-based vs. conventional sizing criteria for DH net

As stated in chapter 4 (see section 4.4.3), from an exergy perspective low-temperature thermal
energy losses in the pipes of the DH network are expected to represent a minor exergy con-
sumption in the district heating supply system. In turn, pumping energy for operating the

16This is due to the sensitivity of these parameters to variations in the energy demands to be supplied.
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secondary side local heat distribution network is expected to represent a major exergy input.
Consequently, from an exergy point of view, pumping exergy shall be minimized. To accom-
plish this aim, target maximum �uid velocities in the local heat distribution network can be
reduced from the conventional value of 2.5 m/s [Dötsch and Bargel, 2009; AGFW, 2009] to
lower values. Following, greater diameter for the pipes are allowed, increasing thermal en-
ergy losses in the network, but reducing pumping power required for the operation of the
network.

In order to check the impact of the thermal energy losses and pumping energy in differ-
ently sized networks, three cases have been dynamically simulated in TRNSYS, correspond-
ing to target maximum �uid velocities of 2.5, 1.0 and 0.4 m/s respectively. Figure 7.20 shows
the required energy (a) and exergy (b) inputs to cover pumping energy and thermal energy
losses in the three cases as a function of the target maximum velocities chosen in each case.

Figure 7.20: (a): Pumping energy P_pumps, thermal losses in the distribution pipes Q_ls,pipes and resulting re-
quired energy input to supply both magnitudes Energy input, as a function of the target maximum
�uid velocities chosen for sizing the pipes in the network; (b): Pumping energy P_pumps, exergy of
thermal losses in the distribution pipes Ex_ls,pipes and resulting required exergy input to supply both
magnitudes Exergy input as a function of the target maximum �uid velocities chosen for sizing the
pipes in the network.

Thermal energy losses in the distribution network clearly dominate the required energy
input. Pumping energy represents, in terms of energy, a marginal input in the system. In
turn, in terms of exergy pumping power and thermal losses in the distribution pipes represent
comparable inputs, being of the same order of magnitude. Conventional sizing criteria, i.e.
target maximum �uid velocities of vmax=2.5 m/s, yield the lowest energy input being the
most advisable con�guration in terms of energy performance. In terms of exergy, however,
the lowest input can be found as a threshold between both concurrent magnitudes for target
maximum �uid velocities of vmax=1.0 m/s.
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In the following sections the energy and exergy peformances of the conventionally sized
network (vmax=2.5 m/s) and the exergy optimized one (vmax=1.0 m/s) are evaluated in detail
and compared with each other.

7.3.1.1 Energy and exergy performance

Figure 7.21 shows the energy demands for space heating and DHW supply in the two district
heating systems sized with a maximum target �uid velocity of 2.5 m/s (a) and 1.0 m/s (b),
respectively. Sizing criteria for the local district heat network do not vary the energy demands
to be provided. Thermal losses in the storage tanks are also the same. However, as expected,
thermal energy losses in the local distribution network increase if lower maximum target �uid
velocities are used. Yet, representing around 11% of the thermal energy supplied losses in the
distribution pipes are within typical ranges for conventional networks [Olsen et al., 2009;
UMSICHT, 2010; Manderfeld et al., 2008].

Figure 7.21: Energy demand and losses for district heat supply sized with vmax=2.5 m/s and for the network
sized with vmax=1.0 m/s. In both cases space heating and DHW supply succeed with one single heat
exchanger, option (0) in Figure 4.16 (chapter 4). Absolute values of the energy demands and losses are
shown in [MWh/a].

Figure 7.22 shows the annual speci�c �nal energy (a) and exergy (b) demands for the two
options. Additionally, �nal energy and exergy ef�ciencies for both district heating systems
are shown (c).

Greater heat input into the local heat network is required to compensate for the higher
thermal energy losses in the network sized with maximum �uid velocities of vmax=1.0 m/s.
The difference in the heat input in both cases amounts 1.015 kWh/m2a, i.e. 4.5 MWh/a.
Pumping energy in the conventionally sized network represents 0.4% of the thermal energy
input, being in good agreement with values found in the literature (Dötsch and Bargel, 2009;
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Figure 7.22: Annual speci�c �nal energy (a) and exergy (b) supply for the district heat networks sized with max-
imum velocities of vmax=2.5 m/s and vmax=1.0 m/s. Final energy and exergy ef�ciencies for both
systems are also shown (c).

Olsen et al., 2009). As a result of the greater diameter of the pipes for the system sized with
vmax=1.0 m/s, pumping energy is reduced by 79.5% as compared to the conventional one
(with vmax=2.5 m/s). The absolute reduction in pumping energy required, however, is with
0.26 kWh/m2a (1.15 MWh/a) signi�cantly lower than the increase in thermal losses. Total
�nal energy input increases by 0.9% and �nal energy ef�ciency is reduced by 0.8% for the
system with larger pipe diameters, being coherent with Figure 7.20.

In terms of exergy, greater thermal losses in the pipes cause an increase of 0.13 kWh/m2a
(566 kWh/a) in the exergy supply.The decrease in pumping power, however, amounts 0.26
kWh/m2a, being higher than the increase in the exergy input caused by the higher thermal
losses. In consequence, �nal exergy input is reduced by 1% for the network sized with maxi-
mum velocities of vmax=1.0 m/s and �nal exergy ef�ciency increases by 0.4%.

The difference in the performance of both options becomes larger in terms of primary
energy and its associated exergy, as shown in Figure 7.23.

Due to the primary energy factor for electricity production17, the increase in pumping
power required for the conventionally sized network (vmax=2.5 m/s) makes the two systems
nearly equivalent in terms of total primary energy input18. The exergy associated to primary
energy, however, is 6.8% lower for the network sized with vmax=1.0 m/s. This results in an
increase of the primary exergy ef�ciency by 3.7%.

Results from energy analysis show that the system with bigger pipes (vmax=1.0 m/s) is

17Primary energy factors for district heating and electricity have been assumed as 0.7 and 2.7, respectively [DIN
18599-1, 2007]. In turn, the total primary energy factor (fossil and renewable) in [DIN 18599-1, 2007], i.e. 3, has
been considered for primary exergy analysis of electricity.

18The system sized following exergy criteria has a primary energy input 0.4% higher than the conventionally
sized one
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Figure 7.23: Annual speci�c primary energy (a) and its associated exergy (b) supply for the district heat networks
sized with maximum velocities of vmax=2.5 m/s and vmax=1.0 m/s. Primary energy and exergy ef�-
ciencies for both systems are also shown (c). Primary energy factors used for calculating the primary
energy and its associated exergy are shown on the diagrams.

almost equivalent to the conventional one (vmax=2.5 m/s) in terms of primary energy per-
formance. However, due to greater thermal energy losses in the pipes, the �nal energy per-
formance of the �rst system is worst. Exergy analysis, in turn, shows clearly the importance
of reducing pumping power. The better performance of the system with bigger pipes can be
seen both in terms of �nal exergy and exergy associated to primary energy.

7.3.1.2 Economic considerations

Pipes of greater diameter are signi�cantly more expensive than smaller pipes. Common sizing
criteria aim at an optimum cost-bene�t ratio, thereby trying to maximize the energy sold (i.e.
reducing thermal losses in the pipes) while keeping investment and operation costs (including
those for pumping energy) of the network at a minimum. Table 7.2 shows the estimated
investment costs for the two differently sized networks studied.

Table 7.2: Investment costs for the pipes and pumps in the local district heat networks sized with conventional
criteria (vmax=2.5 m/s) and following exergy considerations (vmax=1.0 m/s).Costs for DH pipes are
taken from [Uponor, 2010]; **Costs for pumps are taken from [Wilo, 2010]

Costs Costs
vmax=2.5 m/s vmax=1.0 m/s

[e] [e]
Pipes* 18066 25046
Pumps** 8822 4531
Total costs 26888 29577

Electricity consumption for operating the pumps in both networks amounts 1.44 MWh/a
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and 0.333 MWh/a in the cases of vmax=2.5 m/s and vmax=1.0 m/s respectively. Assuming an
electricity price of 0.2294e/kWh, the saved operation costs resulting from the lower electric-
ity demand for the network sized following exergy criteria (vmax=1.0 m/s) amount 262.5e/a.
Assuming that all other investment and operation costs not listed in Table 7.2 are the same in
both cases, the payback time of the additional investment costs for the network with bigger
pipes amounts 10 years.

7.3.2 Use of district heating return line against conventional supply systems

District heating is a �exible way of supplying energy demands in buildings. With adequate
control and storage strategies it can allow a time shift between the energy supply and demand
and, thereby, enhances the combination of different renewable energy supply systems, e.g. so-
lar thermal systems. However, typically high temperature levels are used for district heating
systems [Dötsch and Bargel, 2009], reducing the potential use of renewable energy sources.

In this section advantages of low supply temperatures for district heating systems sup-
plying SH and DHW energy demands in buildings are shown. All results presented from
here onwards correspond to secondary networks sized following exergy criteria, i.e. with a
maximum �uid velocity of 1 m/s.

7.3.2.1 Option (0): single heat exchanger

In this section the performance of low temperature district heat supply is compared to conven-
tional high temperature district heating supply. In addition, a more conventional supply with
individual condensing boilers in each house is included as reference case. For low tempera-
ture district heat the step function representing the average temperature pro�le as a function
of the outdoor air temperature in Figure 4.7 (chapter 4) is considered. For high temperature
district heating supply a constant temperature of 95◦C is assumed. The hydraulic con�gura-
tion from case (0)19 in Figure 5.10 is considered for both temperature levels.

In the low temperature DH system the secondary side setpoint temperature for the local
distribution network is a function of the inlet primary side temperature (see equation 5.1).
A constant setpoint of 55◦C has been chosen for the secondary side of the high temperature
district heating supply at 95◦C. Higher setpoint temperatures lead to higher temperatures in
the upper layers of the DHW tanks, causing higher thermal losses in the storage tanks. In
turn, with 55◦C as setpoint the energy supplied by both systems is nearly the same and the
systems can thereby be better compared with each other.

Figure 7.24 shows the speci�c �nal energy and exergy supply for the three supply systems
considered in this section. A supply with individual boilers allows avoiding thermal losses
in the supply network, which amount 11% of the total energy supplied. Thereby, �nal energy
demands are reduced nearly in the same amount.

19This con�guration corresponds to a common supply of SH and DHW demands with a single heat exchanger
and a single local heat distribution network.
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Figure 7.24: Annual speci�c �nal energy (a) and exergy (b) supply for three different supply systems: condensing
boiler, high temperature district heating (95◦C) and low temperature district heating (50-65◦C), from
left to right in the diagrams.

In turn, �nal exergy supply is greatly reduced if low temperature waste heat is used to
supply the energy demands instead of using high quality fossil fuels (LNG) for SH and DHW
supply. Reductions in the �nal exergy supplied amount 79% and 83% for the high and low
temperature district heating options respectively. The difference between both district heating
systems is solely due to the lower, and thus more suitable, temperature level chosen for the
supply of the energy demands in the case of low temperature supply.

Figure 7.25: Annual speci�c primary energy (a) and exergy (b) supply for three different supply systems: condens-
ing boiler, high temperature district heating (95◦C) and low temperature district heating (50-65◦C),
from left to right in the diagrams.
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Figure 7.25 shows the speci�c annual primary energy and exergy supply for the three op-
tions. The advantage of using waste heat for providing SH and DHW demands can now be
clearly seen both from an energy and exergy perspective. In terms of energy the better perfor-
mance is due to the lower primary energy factor for district heat and the primary energy factor
of 1.1 for lique�ed natural gas (LNG), resulting also in primary energy ef�ciencies higher than
100% as shown in Figure . Thermal losses in the pipes amount 11% of the thermal energy sup-
plied by the district heating heat exchangers, being thus lower than the 30% primary energy
reduction caused by the primary energy factor of 0.7. If thermal losses would be higher results
from primary energy analysis might show a completely different trend.

In turn, primary exergy input is reduced by 86% and 89% respectively if available waste
district heat is used instead of �ring fossil fuels directly in a condensing boiler. This great re-
duction is due to the use of low valued energy (i.e. heat at 95 or 50-65◦C) to supply low quality
energy demands in buildings. Furthermore, thermal energy losses in the district heating net-
work represent a low-quality loss in terms of exergy. Thus, exergy analysis is less sensitive to
thermal losses as energy analysis is (see section 7.3.4). Even if thermal energy losses would
be several times bigger, exergy analysis would favour district heating supply. This is of par-
ticular importance for evaluating low temperature district heating supply of an area with low
energy demand density.

Primary energy input in the district heating system is nearly the same20, independently of
the supply temperature used. In turn, primary exergy input is reduced by 17% if a low tem-
perature district heating network is used to supply the equally low temperature heat demands
in buildings as compared to a conventional high temperature district heating system.

Figure 7.26: Final energy and exergy ef�ciencies (a) and primary energy and exergy ef�ciencies (b) for three differ-
ent supply systems: condensing boiler, high temperature district heating (95◦C) and low temperature
district heating (50-65◦C), from left to right in the diagrams.

20It is only 0.1% lower for the low temperature supply option
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Figure 7.26 shows primary and �nal energy and exergy ef�ciencies for the three options
mentioned above. While primary and �nal energy ef�ciencies are nearly the same for both
district heating options, exergy ef�ciencies signi�cantly increase if the district heat is supplied
at lower temperatures.

7.3.3 Favourable hydraulic con�gurations

In this section a detailed analysis of the energy and exergy performance of the three hydraulic
options shown in Figure 5.10 (section 5.2.4.2) is presented. Results from annual dynamic anal-
ysis for the three cases are compared with each other. The conventional hydraulic con�gu-
ration based on a single heat exchanger for providing DHW and space heating demands, i.e.
option (0) in Figure 5.10 is taken as base case.

7.3.3.1 Option (1): two independent heat exchangers

Figure 7.27 shows the speci�c �nal energy (a) and exergy (b) supplied for options (0) and
(1).Electricity input for operating the pumps in the secondary network and the instantaneous
electric heater for DHW supply represent marginal energy and exergy inputs in both systems.
Due to the higher thermal energy losses in the distribution network �nal energy input is 2.5%
higher for option (1). In consequence, �nal exergy ef�ciency is about 2% lower for option (1).

Figure 7.27: Speci�c annual �nal energy (a) and exergy (b) supply for low temperature district heating supply
with one and two heat exchangers, i.e. options (0) and (1), respectively.

However, despite higher thermal losses in the distribution network, �nal exergy input is
9% lower for option (1). This reduction is due to the lower return temperaures at the primary
side that can be achieved in the con�guration with two separate heat exchangers. The qual-
ity of the energy supplied is thereby signi�cantly reduced, being able to compensate for the
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additional energy that needs to be supplied to the network due to higher thermal losses. The
exergy ef�ciency of option (1) is, hereby, almost 4% higher than for option (0).

In Figure 7.28 the dynamic behaviour of the two options is shown. For case (1), i.e. with
two heat exchangers, thermal energy transfer corresponds to the sum of the heat �ows at
the two heat exchangers. Similarly, mass �ow rate ṁ_2hx is the total primary side �ow rate
through the two heat exchangers. Return temperatures, θ_2hx, are the average of the return
temperatures for each single heat exchanger weighted with their corresponding mass �ow
rates (equation 7.1). In this way, instantaneous temperatures, heat and mass �ows for the two
options can be directly compared.

θret,prim,tot =
θret,prim,SH · ṁprim,SH + θret,prim,DHW · ṁprim,DHW

ṁprim,SH + ṁprim,DHW
(7.1)

Figure 7.28: Dynamic behaviour of the system with one (1HX) and two (2HX) heat exchangers. (a): Quality factors
for thermal heat transfer through the heat exchangers and total primary side mass �ows; (b): Primary
side return temperatures, total heat transfer and exergy transfer (input) from the primary side.

Total heat transfer rate through the heat exchangers Q̇ is very similar in both cases. How-
ever, primary side mass �ow is signi�cantly higher with only one heat exchanger (ṁ_1HX),
reaching values of 200% that of case (1), i.e. ṁ_2HX, as shown in Figure 7.28 (a). In turn,
primary side return temperatures θret are often up to 10◦C lower for the system with two heat
exchangers as compared to the system with only one.

The grey shadowed areas in the diagrams of Figure 7.28 highlight the strong correlation
between return temperatures and quality factors of the energy provided (FQ): whenever re-
turn temperatures are higher for a given system, so are quality factors associated to the heat
transfer, i.e. the energy is being provided with higher exergy. In other words, a greater part
of the thermal potential available in the primary side mass �ow remains unexploited and,
herewith, greater mismatching arises between the exergy demanded and supplied, i.e. higher
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exergy losses occur.

For completeness, in Table 7.3 annual average values of inlet and return temperatures at
the primary and secondary sides of the district heat exchangers for the systems with one (0)
and two (1) heat exchangers are shown. Secondary side return temperatures and mass �ow
rates for case (1) are obtained as the average of return temperatures for each heat exchanger
weighted with the corresponding mass �ow, as shown exemplary for the primary side in
equation 7.1.

The operation of the secondary side is very similar for both cases (0) and (1). In turn,
weighted average of the primary side return temperature is lower for case (1), showing that
lower return temperatures are representative for this case as compared to case (0).

Table 7.3: Annual average values of primary and secondary sides total mass �ows, inlet and return temperatures
for space heating and DHW supply in cases (0) and (1).

Units (0) 1HX (1) 2HX
〈θin,prim,tot〉 [◦C] 57.7 57.7
〈θret,prim,tot〉 [◦C] 42.8 37.9
〈ṁprim,tot〉 [kg/h] 3928.5 2809.9
〈θin,sec,tot〉 [◦C] 32.9 33.0
〈θret,sec,tot〉 [◦C] 55.7 55.7
〈ṁsec,tot〉 [kg/h] 2322.1 2504.4

Lower return temperatures are partly due to the sizing of the heat exchangers 21, but might
also be due to lower return temperatures achieved on the secondary side due to separating
DHW and space heating supply circuits. The importance of each factor is analyzed in detailed
as part of the sensitivity analysis (see section 7.3.4).

In Figure 7.29 speci�c annual primary energy (a) and exergy (b) supplied is shown for the
low temperature district heating supply with one and two heat exchangers respectively. The
increase in the primary energy input for option (1) is mainly due to the higher thermal losses
in the secondary network, causing a 3% decrease in the energy ef�ciency of the system.

The decrease in the primary exergy input system (1) is due to the lower return temper-
atures achieved in the supply with two separate heat exchangers as shown in Table 7.3 and
Figure 7.28.

The lower exergy input results in an increase of nearly 5% in the exergy ef�ciency, as
shown in Figure 7.29 (c).

Economic issues .

The use of two separated pipe networks for supplying SH and DHW demands is expected
to increase the costs of the district heating system. Table 7.4 shows the costs for the different
components in the local district heat network in the case of combined and separated supply of

21Higher heat exchanger area on case (1) leads to higher temperature drops at the primary side.
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Figure 7.29: Speci�c annual primary energy (a) and exergy (b) supply for low temperature district heating supply
with one and two heat exchangers, options (0) and (1), respectively. (fPE,DH=0.7; fPE,el=2.7 for energy
analysis and fPE,el=3.0 for exergy analysis).

both energy demands. The greatest increase in the costs is found for the heat exchanger. This

Table 7.4: Investment costs for the pipes, pumps and heat exchangers for a supply with one and two separated
heat exchangers.*Costs for DH pipes are taken from [Uponor, 2010]; **Costs for pumps are taken from
[Wilo, 2010];***Costs for the heat exchangers are taken from [GEA, 2010].

(0) 1 HX (1) 2HX
Costs Costs
[e] [e]

Pipes* 25046 30489
Pumps** 4531 3611
Heat exchangers*** 1750 10080
Total costs 31953 46021

is due to the bigger heat exchanger (with greater heat exchange area) used for space heating
supply in the case of separated supply (2HX) in order to ensure maximum temperature dif-
ferences at its primary side, i.e. reduce return temperatures to the district heat network. Total
costs for separated supply are 44% higher than those from a conventional separated supply.

Alternatively, a smaller heat exchanger for space heating supply still yielding a good ex-
ergy performance could be used. A good example of such a heat exchanger unit is shown in
Table 7.6, whose use would only reduce the exergy ef�ciency in 0.7%. With that unit costs
for the heat exchangers in the separated supply would amount 6400e and total cost could be
reduced to 40501e, representing only a 27% increase as compared to a combined supply. Fur-
ther details comparing the costs of options (0) and (1) for differently sized SH heat exchangers
can be found in section 7.3.4.2.
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7.3.3.2 Option (2): cascaded supply

In this section results from the optimized con�guration with two separated heat exchangers
without and with cascaded supply of domestic hot water and space heating demands, i.e.
options (1) and (2) in Figure 5.10 are compared. The performance of option (2) with cascaded
supply of space heating demand is closely analyzed.

In order to maximize the cascading between DHW and SH supply, the temperature set-
point for the secondary side of space heating has been minimized (see equation 5.2 in chapter
5). Thus, higher mass �ows are required for the secondary side of the space heating supply,
making the use of pipes with greater diameter necessary for the secondary network in option
(2). However, despite greater surface of the pipes, thermal losses are not higher in option (2)
due to the lower water temperatures circulating at the secondary side of SH supply.

Figure 7.30: Annual �nal energy (a) and exergy (b) supply for low temperature district heat supply with two heat
exchangers without and with cascaded supply of DHW and SH energy demands, options (1) and (2),
respectively. (c): Final energy and exergy ef�ciencies for the two hydraulic options.

Final energy and exergy input are very similar for both systems, being only 0.1% and
0.4% lower for option (1) respectively. In consequence, very similar �nal energy and exergy
ef�ciencies are obtained.

Option (2) with cascaded supply allows providing the space heating demand at lower
temperatures, whenever cascading of mass �ow from the DHW heat exchanger is possible22,
as shown in Figures 7.31 (a) and (b). At the times when cascading is possible, lower inlet tem-
peratures for supplying space heating demands in option (2) can be found. As a result, higher
mass �ows are required at those times and, in consequence, higher return temperatures can
be found at the primary side. Instantaneous heat transfer to the space heating supply network
is nearly the same in both options, showing also the same dynamic behaviour. Despite greater
mass �ows and higher return temperatures for the cascaded option, lower quality factors for

22i.e. when mass �ow rate and temperature level from DHW return are high enough for SH supply.
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the energy supplied can be achieved for the times when cascading succeeds, see Figure 7.31
(a). This shows the greater impact of reducing supply temperatures for reducing thermal ex-
ergy supply. The strong correlation between supply temperatures and the quality factor of the
energy supplied is highlighted in the shadowed areas in Figure 7.31.

However, cascading between DHW and SH heat exchangers succeeds only 536 h/a of the
3618 h/a when space heating energy demand exists and it represents only 1.6% of the total
energy and exergy supplied to space heating. Therefore, the bene�t of this improved exergy
performance due to cascading represents a very small amount of the total energy and exergy
supplied.

Figure 7.31: Dynamic behaviour of the system with two heat exchangers without cascading (2HX) and with cas-
caded supply of energy demands (2HX_casc.). (a): Quality factors for thermal heat transfer through
the heat exchangers and total primary side mass �ows; (b): Primary side inlet and return tempera-
tures, total heat transfer and exergy transfer (input) from the primary side in both supply options.

Results from statistic analysis show that the operation of the primary side of both options
(1) and (2) is very similar (see Table 7.5). In turn, the operation of the secondary side is very
different: outlet temperatures at the secondary side for space heating are much lower in option
(2) in order to allow a supply by means of the return from the DHW heat exchanger. Mean
temperature drop at the secondary side is nearly two times lower. In consequence, mean
mass �ow required for space heating supply is greater. This results in higher pumping power
which amounts 0.116 kWh/m2a (as compared to 0.046 kWh/m2a for case (1)), i.e. an increase
of 151.0%.

Annual speci�c primary energy and exergy supplied to both systems (1) and (2) are shown
in Figure 7.32 (a) and (b). Thermal primary energy and exergy supplied by the heat exchangers
for providing DHW demands are nearly the same in both cases.

In energy terms pumping energy is not relevant, representing 0.2% and 0.5% of the total
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Table 7.5: Mean values of the primary and secondary sides inlet, return temperatures and mass �ow rates. Values
for the space heating heat exchangers (SH) and domestic hot water heat exchangers (DHW) are shown.
Besides, total mass �ow rates and inlet temperatures as well as weighted average for return temperature
combining the supply of both energy demands (tot) are shown.

Units (1) 2HX (2) 2HX+Cascading
〈θin,prim,SH〉 [◦C] 55.7 55.0
〈θret,prim,SH〉 [◦C] 25.0 25.1
〈ṁprim,SH〉 [kg/h] 2343.1 2407.0
〈θin,prim,DHW 〉 [◦C] 58.1 58.1
〈θret,prim,DHW 〉 [◦C] 44.6 44.1
〈ṁprim,DHW 〉 [kg/h] 1919.2 1914.9
〈θin,prim,tot〉 [◦C] 57.7 57.5
〈θret,prim,tot〉 [◦C] 37.9 37.9
〈ṁprim,tot〉 [kg/h] 2809.9 2834.9
〈θin,sec,SH〉 [◦C] 22.9 23.8
〈θret,sec,SH〉 [◦C] 53.7 28.5
〈ṁp,SH〉 [kg/h] 2332.6 15028.2
〈θin,sec,DHW 〉 [◦C] 38.6 38.8
〈θret,sec,DHW 〉 [◦C] 56.1 56.1
〈ṁsec,DHW 〉 [kg/h] 1559.7 1560.5
〈θin,sec,tot〉 [◦C] 33.0 31.7
〈θret,sec,tot〉 [◦C] 55.7 43.7
〈ṁsec,tot〉 [kg/h] 2504.4 9040.5

Figure 7.32: Annual primary energy (a) and exergy (b) supply for low temperature district heating supply with
two heat exchangers without and with cascaded supply of DHW and space heating energy demands,
options (1) and (2), respectively. (c): Primary energy and exergy ef�ciencies for the two hydraulic
options. (fPE,DH=0.7; fPE,el=2.7 for energy analysis and fPE,el=3.0 for exergy analysis).

primary energy supply. In terms of exergy, thermal energy �ows represent a smaller input,
due to their low quality, and electricity input becomes more relevant. Pumping energy repre-
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sents 1.6% and 4.2% of the total primary exergy input in cases (1) and (2), respectively, being
responsible for the differences in the behaviour of both options.

7.3.4 Sensitivity analysis

Several parameters might strongly in�uence the dynamic behaviour of the systems analyzed.
A sensitivity analysis has been performed in order to show to which extend different param-
eters determine the energy and exergy performance of the district heat system studied. The
three hydraulic con�gurations investigated, i.e. options (0), (1) and (2), (Figure 5.10) behave
in a similar way to the variation of a given parameter. Results from sensitivity analysis for the
best case, i.e. option (1), are shown here.

The sensitiveness of the model to different sizes of the heat exchangers and thermal losses
in the pipes is analyzed. To avoid the in�uence of primary energy factors results showing
the sensitivity of the model to a given parameter are expressed in terms of �nal energy or
exergy demands and �nal energy or exergy ef�ciencies. Only in the last section, devoted to
the in�uence of primary energy factors, results from primary energy analysis are shown.

7.3.4.1 Thermal energy losses in supply pipes

In this section the sensitivity of the results for case (1) to thermal losses in the supply pipes
is studied. For this, heat transfer coef�cients determining the thermal losses in the pipes
have been stepwise reduced. Figure 7.33 shows �nal energy and exergy input for different
heat transfer coef�cients in the pipes Upipes as percentage of those assumed in the base case
(100%).

Thermal energy losses in the pipes amount 13% of the thermal energy supplied to the
network in the base case (both for DHW and SH demand together). If these thermal losses
could be completely avoided, �nal energy ef�ciency would increase by 11.8%. However, a
much smaller can be observed for the �nal exergy ef�ciency under the same situation: from
43.4% to 49.6%, i.e. an increase by 6%. This is due to the fact that thermal energy losses in
terms of exergy have low quality and, thus, do not represent savings of the same magnitude
as in energy terms. This is shown also in Figure 7.33 (a): a much steeper reduction in the �nal
energy input than in the �nal exergy input into the system can be observed.

The improved hydraulic con�guration of option (1) showed an increase of nearly 5% in
the �nal exergy ef�ciency as compared to the conventional case with a single heat exchanger,
i.e. option (0). A similar increase could be obtained if thermal energy losses in the pipes
are reduced by 80%, i.e. if the heat loss coef�cient of the pipes is reduced to 20% of the
reference value. This shows the importance of minimizing thermal energy losses even in low
temperature district heating systems.

142



7.3. Waste heat district heating system

Figure 7.33: Final energy and exergy supply (a) and �nal energy and exergy ef�ciencies (b) for case (1) with dif-
ferent heat transfer coef�cients chosen for the pipes in the secondary hydraulic networks. U values in
the X-axis are referred in percentage to the U value assumed for the base case (100%).

7.3.4.2 Sizing of space heating heat exchanger

Return temperatures at the primary side of the heat exchangers have a strong impact on the
exergy ef�ciency of the systems analyzed, as shown in section 7.3.3.1. The size of the heat
exchanger is expected have a great in�uence on the achievable primary side return tempera-
tures. To investigate the impact of the heat exchanger size in the performance of the system,
several heat exchanger sizes for SH supply have been simulated.

The size of the space heating heat exchanger is characterized here by means of its UA
value. In Figure 7.34 UA values of the cases investigated for the sensitivity analysis as a
function of the primary mass �ow are shown. Table 7.6 shows the physical characteristics
of real heat exchangers, sized with a free available software from the company GEA Group
[GEA, 2009], corresponding to those shown in Figure 7.34.

Table 7.6: Area, Type and UA values of the heat exchangers regarded for the sensitivity analysis as percentage of
UA value from the base case.

Case UA compared to base case Area Heat exchanger type
[%] [m2]

Base case (1) 100 59.70 WP10-U201
Sensitivity.1 67 14.10 WP10-U49
Sensitivity.2 43 9.05 WP7M-U69
Sensitivity.3 32 8.16 WP757M-U53
Sensitivity.4 20 7.68 WP757M-50

Figure 7.35 (a) shows the behaviour of total �nal energy and exergy supplied as a function
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Figure 7.34: UA values assumed as a function of the primary mass �ow for the space heating heat exchangers in
case (1).

of the UA value assumed for the space heating heat exchanger. The energy supplied is not
in�uenced by the size of the heat exchanger. A total �nal energy input of 91.08 kWh/m2a
can be found for all cases. In turn, �nal exergy values are sensitive to variations in the UA
value: decreasing the UA value of the heat exchanger to 20% of the chosen reference case
would increase the total �nal exergy input in the system by 14%, from 11.65 kWh/m2a to
13.25 kWh/m2a.

Similar trends can be found for the �nal energy and exergy ef�ciencies. A decrease of 80%
in the UA value of the space heating heat exchanger of the reference case (i.e. Sensitivity.4 in
Table 7.6) causes a reduction of 5% in the �nal exergy ef�ciency, as it is shown in Figure 7.35
(b).

Higher UA values of the heat exchanger allow achieving higher temperature differences
between the inlet and outlet at the primary side. Thus, the required heat transfer succeeds
with lower mass �ows, as shown in Table 7.7. In other words, higher UA values allow ex-
ploiting better the thermal potential of a given mass �ow thereby increasing the exergy ef-
�ciency of the heat transfer. Average values of the thermal exergy ef�ciency for supplying
space heating demands and �nal exergy ef�ciencies shown in Table 7.7 con�rm this trend.

Having two different heat exchangers allows sizing them accordingly to the particular
operation conditions for each use (e.g., secondary side return temperatures from DHW supply
might be much higher than those from space heating supply), thereby facilitating improved
operation of the system. A single heat exchanger must be able to supply both demands but
it will not be able to operate on the optimum range for both uses. However, separate supply
alone (i.e. without appropriate sizing of the heat exchangers) does not guarantee a better
performance, as it is shown here.
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Figure 7.35: Final energy and exergy supply (a) and �nal energy and exergy ef�ciencies (b) for case (1) with dif-
ferent UA values chosen for the space heating heat exchanger. UA values in the X-axis are referred in
percentage to the UA value of the space heating heat exchanger in the base case (100%).

Table 7.7: Mean values of the primary side inlet, return temperatures and required mass �ow rates for the different
UA values of the space heating heat exchanger analyzed in this section. Average values of the thermal
exergy ef�ciency for space heating supply, 〈Ψth,SH〉, are also shown.

Case 〈θret,prim,SH〉 〈θin,prim,SH〉 〈ṁprim,SH〉 〈Ψth,SH〉 Ψfin

[◦C] [◦C] [kg/h] [-] [-]
Base case (1) 24.98 55.70 2343.11 0.48 0.434
Sensitivity.1 26.73 55.70 2499.81 0.47 0.427
Sensitivity.2 30.34 55.70 2893.97 0.45 0.415
Sensitivity.3 33.69 55.70 3365.54 0.43 0.404
Sensitivity.4 40.57 55.70 4427.19 0.40 0.384

Figure 7.36: Final exergy ef�ciencies and investment costs for the cases with the different SH heat exchangers
investigated in this section. For comparison, exergy effciency and costs for option (0) are also shown.
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Figure 7.36 shows the total investment costs23 for the cases with different SH heat ex-
changers investigated in this section as a function of their UA value UASH . Investment costs
are reduced for lower UA values. For comparison, investment costs and exergy ef�ciency
for case (0), i.e. with a common heat exchanger and network for SH and DHW demands,
are shown. Case Sensitivity.3 shows similar exergy performance as case (0). However, costs
for Sensitivity.3 are still 18% higher than for case (0), due to the additional costs for the two
separated heat exchangers and distribution networks.

7.3.4.3 Sizing of DHW heat exchanger

Domestic hot water demands represent 17% of the total energy demands (for SH and DHW).
In consequence, the sensitivity of the results to different sizing criteria for the DHW heat
exchanger is expected to be lower than to space heating heat exchangers.

Figure 7.37: UA values assumed for the DHW heat exchangers as a function of the primary mass �ow in case (1).

To investigate this, different heat exchangers for DHW preparation have been assumed
(see Table 7.8). To ease comparison the UA value of the heat exchangers assumed is shown as
referred to the base case (100%). Figure 7.37 shows graphically the variation of the UA values
for DHW supply assumed here as a function of the primary side mass �ow through the heat
exchanger.

Figure 7.38 shows the variation of the total �nal energy and exergy required as a function
of the UA value chosen for the heat exchanger as compared to the base case (100%). Table 7.9
shows primary side average supply and return temperatures and mass �ow rates for each of

23i.e. including costs for the two separated pipe networks, pumps and DHW and SH heat exchangers.
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Table 7.8: UA values, area, price and type of the heat exchangers for DHW supply assumed for the sensitivity
analysis.

Case UA compared to base case Area Heat exchanger type
[%] [m2]

Base case (1) 100 14.08 WP757-H90
Sensitivity.1-DHW 55 6.08 WP757-L40
Sensitivity.2-DHW 36 7.68 WP757-L50

the cases studied. Again, a correlation can be found between the �nal exergy ef�ciency and
the primary side average return temperature from DHW supply.

Figure 7.38: Final energy and exergy supply (a) and �nal energy and exergy ef�ciencies (b) for case (1) with differ-
ent UA values chosen for the DHW heat exchanger. UA values in the X-axis are referred in percentage
to the UA value of the DHW heat exchanger in the base case (100%).

Table 7.9: Mean values of the primary side inlet, return temperatures and required mass �ows for the different
UA values of the DHW heat exchanger analysed in this section. Average values of the thermal exergy
ef�ciency for DHW supply, 〉Ψth,DHW 〉, and �nal exergy ef�ciencies for each case are also shown.

Case 〉θret,prim,DHW 〉 〈θin,prim,DHW 〉 〈ṁprim,DHW 〉 〈Ψth,DHW 〉 Ψfin

[◦C] [◦C] [kg/h] [-] [-]
Base case (1) 44.27 58.06 1953.43 0.25 0.434
Sensitivity.1 47.79 58.06 2595.87 0.22 0.428
Sensitivity.2 52.81 58.04 5740.60 0.21 0.422

As expected, due to the lower magnitude of DHW supply as compared to space heating
demands, sensitiveness of the results to variations in the UA value of the DHW heat exchanger
is lower than for space heating supply. Reducing the UA value of the DHW heat exchanger to
36% that of the reference case causes merely a decrease of 1.2% in the �nal exergy ef�ciency.
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7.3.4.4 Common and separate networks for space heating and DHW supply

Lower return temperatures achieved on case (1) and leading to a better exergy performance
might be partly due to the sizing of the heat exchangers and to lower return temperatures on
the secondary side due to:

• avoiding the mixing of return mass �ows from the DHW and space heating supply
circuits

• higher thermal losses in the distribution network

In this section the in�uence of having one or two secondary network for SH and DHW
supply is checked. For this purpose, case (3) is build up by modifying the UA values of both
heat exchangers in case (1), where two separated networks and heat exchangers are used for
SH and DHW supply, and setting them identical to UA values for the single heat exchanger
in case (0). Secondary distribution networks are operated in the same fashion in both cases.
Thus, the only difference between cases (0) and (3) is having one or two separated secondary
networks for SH and DHW supply.

Figure 7.39: Final energy and exergy supply (a) and �nal energy and exergy ef�ciencies (b) for case (3) with two
separated secondary networks for space heating and DHW supply and case (0) with a common net-
work for supplying both energy demands.

The energy performance of the system with a common secondary network for supplying
SH and DHW demands is signi�cantly higher than if two separated networks are used: �nal
energy supplied decreases in 2.23 kWh/m2a and �nal energy ef�ciency increases by 2.8% (see
Figure 7.39). Differences in the energy performance of both options are due to the higher
thermal energy losses if two distribution networks are used instead of a single one.
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Figure 7.40: Energy demands and losses (in MWh/a) for the supply with separated (a) and common (b) networks
for SH and DHW supply. In (a) and (b) the same UA value for the SH and DHW heat exchangers
have been used. For completeness, energy demands and losses for option (1), i.e. with two separated
networks and different UA value for SH supply (c), are shown.

Figure 7.40 shows that thermal losses for the case of two separated networks increase by
23%, and are very similar to those in option (1), where also two separated networks for SH
and DHW supply are foreseen (see Figures 7.40 (a) and (c)). This results in a similar energy
performance for both cases with separated networks for DHW and SH supply, i.e. option
(1) and case (3), as it is shown in Table 7.10. Average operating conditions for systems (3)
and option (0), i.e. with common and separated networks respectively but with the same
heat exchanger, are very similar as it is shown in Table 7.10, resulting in a similar exergy
performance (see Figure 7.39). Small differences in their exergy performance arise due to the
different thermal energy losses, being however marginal as compared to its impact on the
energy behaviour of the systems.

Table 7.10: Mean values of the primary side inlet, return temperatures and mass �ows for combined SH and DHW
supply with one separated network for each energy demand (case (3)) and with one common network
for both demands (case (0)). Average values of the thermal exergy ef�ciency for combined space heat-
ing and DHW supply, 〈Ψth,tot〉 and �nal exergy ef�ciencies for each case are also shown.

Case 〈θret,prim,tot〉 〈θin,prim,tot〉 〈ṁprim,tot〉 〈Ψth,tot〉 Ψfin ηfin

[◦C] [◦C] [kg/h] [-] [-] [-]
Case (3), Separated networks 42.29 57.70 3847.59 0.29 0.391 0.822
Case (0), 1HX Common networks 42.83 57.71 3928.47 0.30 0.396 0.848
Case (1), 2HX 37.88 57.70 2809.87 0.31 0.434 0.826

Hereby it is clearly shown that using one or two separated secondary side networks only
has a signi�cant in�uence on the energy performance of the systems. In turn, the improved
exergy performance of option (1) is merely due to the more appropriate sizing of the heat

149



Chapter 7. Results and discussion

exchangers and not to the use of two separated secondary distribution networks.

7.3.4.5 Primary energy factors

In the following sections the sensitiveness of the energy and exergy performance of the dis-
trict heating system studied to different primary energy factors for district heating is studied.
Furthermore, the general expression of the parameter (quality factor) used in this thesis to
evaluate the exergy of district heating is presented. Differences and main conclusions that
can be gained from both parameters and analyses are also presented and the added value of
combining both parameters is introduced and discussed.

De�nitions of primary energy factors for district heat from CHP in the standards .

As stated in section 2.7 exergy analysis is proposed here not as a substitute but as a com-
plement to primary energy analysis. Results from primary energy analysis are strongly in�u-
enced by primary energy factors. Primary energy factors include the energy required for the
conveyance, processing and transport of energy sources over the whole energy supply chain.
Table A1 of the German standard DIN 18599-1 [2007] summarizes primary energy factors for
different energy sources. It includes a default value for district heating from waste heat of
co-generation systems of 0.7, corresponding to a district heating network with a share of 70%
of CHP in the heat production. This default value might be used if not enough data for a more
deatiled calculation are available.

Alternatively, Appendix A3.1 of [DIN 18599, 2007]24 de�nes a calculation method for pri-
mary energy factors for district heating from co-generation. In this calculation approach, pri-
mary energy factors for waste heat from co-generation systems are derived depending on
several parameters describing the operation of the CHP unit and the heat production systems
in the district heat network. Equation 7.2 shows the expression for calculating the primary en-
ergy factor of district heating. Figure 7.41 shows the variables and boundaries for calculating
primary energy factors according to the standard DIN 18599 [2007].

fPE,DH =
ΣiEnfuel,in,DH,i · fPE,fuel,i − Enel,CHP · fPE,el

ΣiQout,DH,i
(7.2)

In equation 7.2 Enfuel,in,DH represents the energy from all fuels supplied to the heat gener-
ators (i), i.e. heat plants or CHP units supplying the district heating network, fPE,fuel,i are the
primary energy factors of the fuels used, Enel,CHP is the electricity generated by the CHP unit,
fPE,el is the primary energy factor for electricity according to the German electricity mix [DIN
18599-1, 2007] andQin,DH,i is the total heat output from the district heating network measured
at the heat exchangers providing energy demands to the buildings or users connected to the
heat grid. Thermal losses in the heat distribution grid (primary side) are, thereby, regarded in

24In DIN 18599-100 (2009) corrections and amendments to the standards DIN 18599-1-10 are made. All correc-
tions from this standard are taken into account here.
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Figure 7.41: Variables and boundary for calculating primary energy factors for district heat from co-generation
units (CHP) according to the standard DIN 18599 [2007] (translated and modi�ed). The boundary for
calculating exergy of waste district heat is also shown in the diagram.

the balance. Equation 7.3 shows the relation between the heat output from the grid and the
total fuel input used for its supply Enfuel,in,DH . Thermal losses in the distribution network are
characterized as a function of the energy ef�ciency of the heat network ηHN . If no other values
are available the ef�ciency of the heat network ηHN can be assumed as 0.9. ηHPl and ηth,CHP

are the thermal ef�ciencies of heat generators and CHP units in the district heat systems. β
represents the share of heat from the CHP plant in the heat distribution network.

Enfuel,in,DH,i =
1

ηHN
·
[
Qout,DH,i · (1 − β)

ηth,HP l
+
Qout,DH,i · β
ηth,CHP

]
(7.3)

The electricity output from the CHP unit Enel,CHP can be easily calculated as a function of
the electric ef�ciency of the CHP unit and the total fuel input in the CHP, as shown in equation
7.4.

Enel,CHP =
Qout,DH,i

ηHN · ηth,CHP
· ηel,CHP (7.4)

Primary energy factors for district heat following equation 7.2 strongly depend on the
electricity generated by the CHP units considered, i.e. on the electrical ef�ciency of the CHP
units, as it is shown graphically in Figures 7.42 and 7.43. Primary energy factors for CHP
units intend, thereby, to give insight on the electric ef�ciency of CHP units as compared to
the German electricity mix. These factors are also very sensitive to the value of the primary
energy factor for electricity from the German mix. Due to the high primary energy factor for
electricity of 2.7, primary energy factors for district heat might even be negative25 [Kühler,
2008] leading to confusing results. To avoid this in the standards it is stated that negative

25see Figure 7.43 in the following section.
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values of primary energy factors for CHP units shall always be set to zero [DIN 18599-1,
2007].

General quality factors for district heat, FQ,DH .

The district heating cases analyzed above are supplied with waste heat. In this thesis,
waste heat in district heating networks is evaluated as low temperature heat and its quality
level, i.e. its exergy content, is evaluated accordingly as a function of its temperature level
as shown in equation 7.5. The grey dotted line in Figure 7.41 shows the boundary regarded
for exergy analysis of waste heat in district heat systems. It is clearly shown that with this ap-
proach the behaviour and performance of CHP units or heat plants in the district heat network
are excluded from exergy analysis.

FQ,DH,waste =
1

Tin,prim − Tout,prim
·
[
(Tin,prim − Tout,prim) − T0 ln

Tin,prim

Tout,prim

]
(7.5)

However, in district heat systems waste heat from CHP units or industrial processes is
often combined with heat from conventional heating plants. Equation 7.6 shows the general
expression for calculating the quality of a district heat system where waste heat and thermal
output from conventional heat plants are combined. The dotted grey boundary shown in
Figure 7.41 would still be valid for the waste heat share. Additionally, the quality of fuels
used in the heat plants is evaluated separately enhancing, thereby, the boundary for exergy
analysis to the heat plants present in the network.

FQ,DH = β · FQ,DH,waste + (1 − β) · FQ,fuel (7.6)

The exergy of primary energy for district heat systems can be obtained, similarly as it
is done for other energy systems, by multiplying the quality factor in equation 7.6 with the
corresponding primary energy factors obtained as shown in equation 7.2.

It is important to remark that this exergy based parameter can be directly used to evaluated
waste heat from other processes than co-generation, e.g. waste heat from industrial processes.

Sensitivity to primary energy factors for district heat, fPE,DH .

In this section, the sensitivity of results from primary energy and exergy analysis for dis-
trict heating supply systems to different primary energy factors is presented.

Figure 7.42 shows primary energy and exergy input required for the district heat system
studied26 as a function of the primary energy factor assumed for district heating supply. As-
suming 100% district waste heat supply27 variations in the primary energy factors are due to
different electric ef�ciencies of the CHP units supplying the network, as shown in the upper

26As in the rest of analyses included in section 7.3.4, option (1) is used as basis for the sensitivity analysis.
27i.e. parameter β in equations 7.3 and 7.6 is 1.
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X-axis of Figure 7.42. To ease the comparison primary energy and exergy supply required for
a decentralized supply with individual condensing boilers in each house are also shown. The
ef�ciency of the heat distribution network ηHN has been assumed as 0.9.

Figure 7.42: (a): Variation of the primary energy input En_DH-2HX and primary exergy input Ex_DH-2HX for a
district heating system with different primary energy factors for district heating. For comparison, the
primary energy En_boilers and primary exergy input Ex_boilers for a supply with individual condens-
ing boilers in each single family house are shown; (b): Fuel used in the waste district heat supply from
CHP units with different electric ef�ciencies (resulting in the different primary energy factors) and in
a separated generation of heat via individual condensing boilers and the German electricity mix for
electricity generation.

As expected, a strong and linear variation can be observed in the primary energy input for
the district heating option En_DH-2HX as a function of the primary energy factors. Primary
exergy input for the district heating system, obtained simply by multiplying the �nal exergy
input times the primary energy factor, is also strongly in�uenced by the primary energy fac-
tors. However, it is remarkable that in terms of exergy analysis district heating supply from
waste heat always shows a better performance than a decentralized supply with condensing
boilers: primary exergy supply with waste district heat assuming a primary energy factor of
1 represents only 16% of the total primary exergy input with condensing boilers.

In turn, if primary energy factors are above 0.928, i.e CHP unit operates with low electrical
ef�ciency, primary energy input is higher for the district heating option and a conventional
supply with condensing boilers performs better. Primary energy factors try to promote high
electrical ef�ciencies in CHP units. Low primary energy factors indicate that the electrical
ef�ciency of the CHP unit is high, resulting in high electricity output able to substitute elec-

28This primary energy factor would correspond to a CHP operating at 24% electrical ef�ciency and 50% thermal
ef�ciency.
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tricity produced with the German electricity mix (i.e. the term Enel,CHP ·fPE,el in equation 7.2
increases). In turn, if the electric ef�ciency is low (below 26% in Figure 7.42) the substituted
electricity is not high enough to compensate for the thermal losses present in the district heat-
ing network which would not be present in a dezentralized supply with individual boilers.
In consequence, this last supply option seems more advantageous, i.e. shows lower primary
energy input as the waste district heat supply.

Figure 7.42 (b) shows the fuel used for the electricity and heat supply assuming a separated
supply with individual boilers for heat supply and the German electricity mix for electricity
production and a common supply by means of waste district heat from CHP units with dif-
ferent electric ef�ciencies. Despite higher primary energy input for low electric ef�ciencies of
CHP units, the fuel used for a combined supply is always lower than in the case of separated
supply.

From an exergy perspective waste heat from a CHP unit, i.e. available heat at low tem-
perature, always shows a signi�cantly lower supply of exergy of primary energy than a heat
supply with dezentralized individual boilers, independently of the electric ef�ciency of the
CHP unit regarded. Thus, waste heat is always more suitable than fossil fuels for providing
low exergy demands of SH and DHW supply in buildings. Firing fossil fuels in a CHP unit is
always better than burning them in a boiler for producing heat, independently of the electrical
ef�ciency of the CHP units used.

High electrical ef�ciencies are also desirable from an exergy point of view, since maximiz-
ing the high exergy output of a CHP (i.e. electricity) increases the exergy ef�ciency of the
CHP unit [Kühler, 2008]29. However, waste heat should not be punished for low electrical
ef�ciencies. The performance of CHP units should be evaluated separately in detail with spe-
ci�c parameters and strategies for improving the electrical performance of CHP systems shall
be elaborated, similarly as for any other component of the energy supply chain. A detailed
discussion on energy and exergy methods for evaluating the performance of CHP units can
be found in [Kühler, 2008].

Sensitivity of primary energy factors fPE,DH and quality factors FQ,DH .

In this section the sensitivity of primary energy factors (equation 7.2) and quality factors
for district heat (equation 7.6) to different shares of waste heat in district heating supply and
to different electrical ef�ciencies for the CHP units is presented. In this way, exergy analysis
of the waste district heat system analyzed in section 7.330 can be extrapolated to district heat
systems with different shares of waste heat and be related to different operating conditions of
CHP units. This also allows highlighting main conclusions and added value from combined
primary energy and exergy analysis for district heating systems.

29Additionally, higher electrical ef�ciency also increases the economic feasibility of these plants since the feed-in
fee increases [BMU, 2009].

30i.e. with 100% waste heat
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Figure 7.43 shows the variation of primary energy factors obtained according to equa-
tion 7.2, and of the quality factor for district heat (equation 7.6) as a function of the share of
waste heat from co-generation plants in district heat supply. High shares of waste heat do not
guarantee primary energy factors lower than those from a conventional supply with boilers
(see the line corresponding to an electric ef�ciency of the CHP of 20%). For a given share of
waste heat in district heat supply high electrical ef�ciencies (ηCHP,el in Figure 7.43) decrease
primary energy factors signi�cantly. Table 7.11 shows the main parameters assumed for this
analysis. Under these assumptions, high electrical ef�ciency for the CHP unit (e.g. 45%) and
high shares of waste heat (i.e. 90 to 100%) lead to negative primary energy factors.

Figure 7.43: Variation of the primary energy factors f_PE,DH and quality factors for district heat F_Q,DH for a dis-
trict heating system with different shares of waste heat in district heating supply and different electric
ef�ciencies of CHP units. For comparison, the primary energy factor for a supply with individual
condensing boilers in each single family house is also shown f_PE,boilers.

In turn, the quality factor proposed here for the evaluation of district heat FQ,DH (rep-
resented by the grey line with white dots in Figure 7.43) is independent from the electrical
ef�ciency of the CHP units considered. This factor strongly decreases with higher shares of
waste heat in district heat supply, i.e. as more energy is being supplied at low quality (i.e.
low exergy) levels. It is also remarkable that as long as some share of waste heat is present
in district heat supply, the quality factor proposed is always lower than that of a supply with
condensing boilers (F_Q,LNG (boilers) in Figure 7.43). This indicates that direct use of high
quality fuels in a combustion process for heat supply is always signi�cantly less ef�cient from
an exergy perspective than fueling them in CHP units. In other words, combustion processes
for heat supply in buildings shall be substituted by waste heat.

Figures 7.44 (a) and (b) show the speci�c primary energy input and its associated exergy
for different electrical ef�ciencies of the CHP unit and different shares of waste heat from the
CHP in district heat supply. To ease the comparison primary energy input of a decentral-
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Table 7.11: Main parameters assumed for calculating primary energy factors in Figure 7.43.

fPE,fuel fPE,el ηCHP,th ηHPl ηHN

[−] [−] [−] [−] [−]
1.1 2.7 0.5 0.9 0.9

ized supply with condensing boilers is also included in both diagrams. To avoid misleading
results, and according to [DIN 18599-1, 2007], negative values of the primary energy factors
have been set to zero.

Figure 7.44 (c) shows the fuel necessary for providing the same heat and electricity de-
mands with a separated supply by means of condensing boilers and the German electricity
mix and that required in a combined supply with different shares of CHP units, boilers and
electricity mix. Heat and electricity demands assumed in all cases correspond to those pro-
vided with 100% district heat from CHP plants running with electrical and thermal ef�ciencies
of 45% and 50% respectively31. It is shown that neither primary energy factors as de�ned in
the standard [DIN 18599, 2007] nor quality factors proposed here give an indicator of the fuel
used in common supply as compared to conventional separated supply.

Similarly as primary energy factors, primary energy input is very sensitive to the electrical
energy ef�ciency of the CHP unit. The minimum share of waste heat from CHP units in
the district heat supply necessary to make this system more favorable than a decentralized
supply with condensing boilers varies greatly with the electrical ef�ciency of the CHP unit
considered: with an electrical ef�ciency of 45% a share of around 25% in the district heating
supply would be suf�cient; with an electrical ef�ciency of 39% a share of 30% in the district
heating supply would be enough; with an electrical ef�ciency of 30% a share of 50% would
be required; with an electrical ef�ciency of 20% the decentralized supply with boilers would
always be better.

From an exergy perspective, the minimum shares of district heat required to make district
heat more favourable than decentralized supply with boilers are signi�cantly lower. A 30%
share of waste heat would be enough even for an electrical ef�ciency of the CHP units of 20%.
This is due to the steep decrease of the quality of supplied energy as long as some share of
waste heat (low temperature heat) is used to substitute direct combustion processes for heat
supply in buildings.

The combined primary energy and exergy analysis shown in Figure 7.44 (b) allows high-
lighting the importance of increasing the use of waste heat for heat supply in buildings besides
the importance of increasing the electrical ef�ciency of CHP units. However, as stated in the
previous section, the electrical ef�ciency of CHP plants shall also be evaluated separately and
efforts to improve it shall be conducted, similarly as it is done for any other energy supply
system.

31The thermal and electrical demands provided in all cases amount 82.4 kWh/m2a and 90.9 kWh/m2a respec-
tively, as shown in Figure 7.44.
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Figure 7.44: (a): Primary energy input for a district heating system as a function of the share of waste heat in
district heat supply (in percentage) and of the electric ef�ciency assumed for CHP units providing
waste heat in the network; (b): Exergyof primary energy input for district heat systems as a function of
the share of waste heat in district heating supply (in percentage) and of the electric ef�ciency assumed
for CHP units providing waste heat in the network. For comparison, primary energy and exergy
supply required with individual condensing boilers in each single family house is shown in both
diagrams; (c): Fuel used in a separated supply of electricity and heat demands with boilers and the
electricity mix, and that of a combined supply with CHP units, boilers and electricity mix.
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Temperature dependence of primary energy factors fPE,DH and quality factors fQ,DH .

The exergy-based parameter proposed here is not dependent on the electrical ef�ciency of
the CHP units (see Figure 7.43). In turn, it depends on the temperature level of the district
waste heat supplied (see equation 7.6). In Figure 7.45 (a) the variation of the proposed quality
factor for different shares of waste heat in district heat supply is shown for three different sets
of supply and return temperatures. Supply and return temperatures assumed in each case are
given in Table 7.12.

Figure 7.45: (a): Quality factors for three different sets of inlet and return temperatures in the primary side of
district heat supply and for different shares of waste heat; (b): Variation of primary energy factors and
quality factors for waste district heat as a function of the return temperature to the CHP plant. The
variation of the primary energy factors is shown for two different types of CHP units, condensation
and counter-pressure. Data for the curves showing the variation of primary energy factors is taken
from [Wirths, 2008a].

Table 7.12: Inlet and return temperatures associated with the quality factors for district heat shown in Figure 7.45.
Reference temperatures for exergy analysis θ0 and resulting quality factors for the waste heat share
FQ,DH,waste are shown.

Case θ0 θin,DH θret,DH FQ,DH,waste

[◦C] [◦C] [◦C] [−]
2HX, FQ,DH (FQ,DH,waste=0.206) 4.8 95 60 0.206
2HX, FQ,DH (FQ,DH,waste=0.126) 4.8 58 32 0.126
2HX, FQ,DH (FQ,DH,waste=0.086) 4.8 40 22 0.806
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Primary energy factors do not depend directly on the temperature level at which district
heat is provided (see equation 7.2). However, it is known that lower return temperatures
on the district heat network allow achieving higher CHP coef�cients32 for the CHP units,
thereby increasing the energy ef�ciency of such systems [Wirths, 2008]. Detailed assessments
of the CHP operation at different return temperatures show that the amount of fuel used and
the electricity and heat production of the plant are signi�cantly and positively in�uenced by
lower return temperatures from the district heat network. In consequence, a reduction in the
primary energy factors associated with the operation of the plant can be found [Wirhts, 2008a].
Figure 7.45 (b) shows the variation of primary energy factors and the quality factor of waste
heat from CHP plants for different return temperatures on the district heat network. A supply
temperature of 95◦C has been assumed in all cases. Data for the variation of primary energy
factors have been taken from [Wirths, 2008a]. Despite the steeper decrease of primary energy
factors, similar trends can be found for both parameters: lower return temperatures decrease
the primary energy supplied as well as its quality.

However, such a detailed assessment of the power plant process is not possible for build-
ing planners and needs to be carried out by engineers from the power plant industry or local
utility. In turn, quality factors can be easily and directly calculated by building engineers and
planners as a function of the expected supply and return temperatures available and achiev-
able in the district heat network for providing a certain building quarter.

Supplying district waste heat at lower temperature levels decreases primary energy and
exergy inputs, thereby increasing the exergy ef�ciency of the heat supply. If all district heat
is waste heat (100% share of waste heat) exergy ef�ciency of the energy supply can be greatly
increased by reducing the temperature level of the energy supplied (from 0.27 to 0.63 for
inlet/return temperatures of 95/60◦C or 45/22◦C, respectively).

The exergy based parameter can be directly calculated by building decision makers and
helps them to identify the system design with better performance. In district energy systems
for communities or neighbourhoods where waste heat from different processes at different
temperature levels is available this parameter can help to pinpoint the most ef�cient supply
option by promoting cascading and multiple use of thermal energy �ows.

7.3.5 Improved building envelope

In this section the in�uence of improving the building envelope of the single family houses, i.e.
reducing space heating demands, on the performance of the district heat supply is studied.
For this aim, the insulation level of the base case (corresponding to a newly erected house
complying with the standard EnEV 2009) has been increased to the level of a KfW-Ef�zienzhaus
40 (KfW-EffH.40). The main details of both building envelopes can be found in Table 4.4.
Additionally, a further building case with a space heating demand corresponding to a passive
house is investigated (named PassiveH in the following). For this purpose, the KfW-EffH.40

32so-called Stromkennzahlen in German
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building envelope and a balanced ventilation system with heat recovery are considered.
The air exchange rate due to in�ltration in the PassiveH building case has been set to 0.06

h−1. In turn, air changes per hour due to the ventilation unit are considered as 0.54 h−1. A
thermal effectiveness for the heat recovery unit of 85% is considered. For the three building
standards supply option (1), i.e. with two separate heat exchangers for SH and DHW supply
and the temperature pro�le for the DH pipe shown in Figure 4.7 (with temperatures between
50-65◦C) are assumed.

Figure 7.46 shows �nal energy demands for the three building standards analyzed. The
electricity required to power the fans in the ventilation unit has been estimated as 3.04 kWh/m2a,
corresponding to 116.6 Wel/kWhth.

Figure 7.46: Final energy (a) and exergy (b) supplied in the three different options considered.

The great reduction in the space heating energy demand is evident and very bene�cial in
terms of energy supply, see Figure 7.46 (a). With the balanced ventilation unit, a reduction
of 37% in the �nal energy input can be achieved as compared to the low energy house (KfW-
EffH.40). However, �nal exergy input is only 4% lower than in the case of the KfW-EffH.40.
The electricity demand required by the ventilation unit represents 38% of the total �nal exergy
input. The reduction in the space heating demand is accomplished by means of a great high
exergy input in the form of electricity for operating ventilation fans, i.e. electricity, which is a
high exergy input, is being indirectly used for space heating purposes. As a result, in terms of
�nal exergy, a passive house does not perform better than a KfW-EffH.40 if low temperature
waste heat is available to supply the space heating demand.

Even in terms of primary energy the passive house is the best choice. The reduction in the
thermal energy demand achieved by the ventilation unit is greater than the primary energy
input of the electricity required as auxiliary energy for the fans of the ventilation unit (see
Figure 7.47 (a)). However the passive house has the highest primary exergy input of the three
cases investigated, as shown in Figure 7.47 (b). Any of the other two options, EnEV 09 or
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Figure 7.47: Primary energy (a) and exergy (b) supplied in the three different options considered. Primary energy
factors assumed for district heat fPE,DH and electricity fPE,el are shown in the diagrams.

KfW-EffH.40, would allow making a more (exergy) ef�cient use of the available energy.

Low temperature waste heat available can be used for supplying space heating and DHW
demands with great exergy ef�ciency saving the electricity for other high exergy applications.

This shows clearly that, if energy sources at low exergy levels are available, the reduc-
tion in the building´s energy demand is advantageous but not its minimization. Minimizing
the space heating energy demand via a balanced ventilation unit with high ef�ciency heat
recovery greatly increases the electricity demand, being not a suitable concept for an exergy
ef�cient energy supply. As long as low exergy sources, i.e. low temperature heat is available,
its use for heat supply in buildings shall be maximized avoiding the use of any other building
equipment or technologies which require high exergy sources for their operation. Therefore,
efforts for an ef�cient space heating and DHW supply in buildings should be conducted in
two directions:

1. Improved building design, so that energy demands for space heating and DHW are
reduced without any additional active system (e.g. ventilation unit)

2. Maximize the use of low temperature energy sources available

7.3.6 Accurateness of steady-state assessment

In the previous sections results from dynamic energy and exergy analysis were presented.
Only in section 5.2.4.1 (chapter 5) results from steady state analysis of district heat supply are
shown. Due to the sensitiveness of exergy �ows for temperature ranges close to the refer-
ence environment it is expected that some degree of mismatching between steady state and
dynamic analysis arises.
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In the present section the accurateness of simpli�ed steady state assessment for district
heat supply of SH and DHW demands is closely investigated. Furthermore, the accurateness
of steady state results presented in Figure 7.4833 is also studied.

Figure 7.48 intends to depict the exergy performance of a district heating system under dif-
ferent operating conditions. It is helpful to get a �rst impression about possible improvements
for appropriately designing the district heating system at the beginning of the design process.
Thus, at this stage limited amount of data about the operation of the systems is available. It
needs to be obtained with easily available data.

Exergy ef�ciencies represented by the different lines in Figure 7.48 are obtained apply-
ing equation 7.7. The expression for the steady state exergy demand is shown in equation
7.8. A �rst estimation of the average space heating 〈Qdem,SH〉 and DHW 〈Qdem,DHW 〉 loads
is necessary. Here, average values of the space heating and DHW loads are calculated from
dynamic analysis. They have values of 76.43 kW and 9.54 kW, respectively. The total load for
both demands amounts thus, 85.97 kW. In addition, absolute values of indoor comfort tem-
perature Tr, required supply temperature for DHW Tsup,DHW and cold net water temperature
Tcw,DHW are required. Here, 20◦C are assumed as indoor comfort temperature, DHW supply
temperature is considered as 50◦C and cold network water temperature is assumed as 10◦C.

Ψstead =
Exdem,SH+DHW,stead

Exsup,SH+DHW,stead
(7.7)

Exdem,SH+DHW,stead = 〈Qdem,SH〉 ·
(

1 − T0

Tr

)
+

〈Qdem,DHW 〉
Tsupp,DHW − Tcw,DHW

·
[
(Tsup,DHW − Tcw,DHW ) − T0 · ln

(
Tsup,DHW

Tcw,DHW

)] (7.8)

Exergy demands are calculated following equation 7.8. Equation 7.9 shows the expression
for exergy supply, where fls,SH+DHW represents the fraction of the energy demand corre-
sponding to thermal losses in pipes and DHW storage tanks. Here, it is assumed to have a
value of 0.1634.

Varying supply and return temperatures the exergy supply at different mass �ows, i.e.
at different operating conditions, can be obtained. Following, the variation of the exergy ef�-
ciency for a given set of operating conditions is obtained, as shown by the grey lines in Figures
7.48 (a) and (b). In Figure 7.48 (a) mean outdoor air temperature during the heating period,
i.e. 4.8◦C, is assumed as reference. In Figure 7.48 (b) mean annual outdoor air temperature,
i.e. 9.6◦C, is taken as reference.

33Figure 7.48 (a) is the same as Figure 5.9 shown in chapter 5 and used to derive strategies for improved exergy
performance of the district heat supply system.

34This value has been taken from the percentage of losses in case (1), which amount 13% for pipe losses and 3%
from thermal energy losses in DHW tanks.
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7.3. Waste heat district heating system

Exsup,SH+DHW,stead =
〈Qdem,SH+DHW 〉 · (1 + fls,SH+DHW )

Tin,prim − Tret,prim

·
[
(Tin,prim − Tret,prim) − T0 · ln

(
Tin,prim

Tret,prim

)] (7.9)

To check the accurateness of results from such a simpli�ed steady state exergy analysis,
�nal exergy ef�ciencies from dynamic analyses of the system are also shown in the diagram
(equation 6.9). Values of the exergy ef�ciency obtained from dynamic analysis are represented
by the grey (option (0), with one heat exchanger) and black (option (1), with two heat exchang-
ers) dark �lled squares. Average operating conditions from dynamic analysis for options (0)
and (1) are shown in the grey and black rectangles above the diagrams. Values from steady
state exergy ef�ciency for mean operating conditions of the systems are represented as white
�lled grey and black squares in the diagrams. Following, the difference between the white and
dark �lled squares shows the mismatching between steady state and dynamic assessment of
the seasonal exergy ef�ciency for both options (0) and (1) respectively.

Figure 7.48: Lines represent steady state exergy ef�ciencies for different sets of average operating conditions (inlet,
outlet temperatures and mass �ows) for DHW and SH supply. Mean energy loads, fraction of thermal
losses and reference temperatures assumed for steady state calculation are shown on the grey boxes
below the diagrams. Dark �lled squares represents seasonal exergy ef�ciency from dynamic analysis
for the supply option with two heat exchangers and one heat exchanger respectively, i.e. options (1)
and (0). Average operating conditions from dynamic analysis for each option are shown in the grey
and black rectangles at the top of the diagrams. White �lled squares represent steady state exergy
ef�ciencies for the conditions shown in the rectangles. (a): average outdoor air temperature over the
heating period is assumed as reference temperature; (b):average annual outdoor air temperature is
assumed as reference temperature.
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If mean outdoor air temperature during the heating period is taken as reference for steady
state exergy analysis, i.e. Figure 7.48 (a), mismatching between dynamic seasonal exergy ef-
�ciency and values from steady state assessment amounts 19.9% for option (1) and 15.7% for
option (0).

If, in turn, annual mean outdoor air temperature is taken as reference (Figure 7.48 (b)),
mismatching increases to 40.3% and 37.6% for options (1) and (0), respectively. Since space
heating is the biggest energy and exergy load, average outdoor air temperature during the
heating period is a more representative value for a constant reference temperature for steady
state analysis of thoses loads.

In any case, a similar trend can be found between dynamic exergy ef�ciencies for differ-
ent operating conditions (black and grey �lled squares) and steady state exergy ef�ciencies in
Figures 7.48 (a) and (b). Thus, it can be concluded that such a simpli�ed steady state analy-
sis is suitable for showing the trend in the performance for different operating conditions of
district heating systems for space heating and DHW supply. It can be very helpful in the �rst
design steps of a district heating supply system. Absolute values for the exergy performance,
however, are not shown accurately by such a simpli�ed analysis.

7.3.6.1 Steady state assessment exergy demand, supply and performance

As stated in chapter 6, the �nal exergy ef�ciency of a system characterizes the seasonal exergy
performance over the investigated period. In this section the accurateness of steady state esti-
mations of this parameter, as well of the seasonal exergy demand and supply is investigated
over a time frame of one year.

Steady state annual exergy supply and demand are estimated using annual energy de-
mands and design inlet and return temperatures, as shown in Table 7.13.

Table 7.13: Main parameters assumed for steady state assessment of the exergy demand and supply.

Units (1) 2HX SH (1) 2HX DHW (0) 1HX SH+DHW
Energy demand [kWh/(m2a)] 62.5 13 75.5
θin,prim [◦C] 50 50 50
θret,prim [◦C] 27 46 46
ṁprim [kg/h] 6296 14000 14000

Results from steady state and dynamic exergy performance of the systems with one and
two heat exchangers for district heat supply are shown in Figures 7.49 and 7.50, assuming
reference temperatures for steady state exergy analysis corresponding to the average outdoor
air temperature during the heating season (Figure 7.49) and annual average outdoor air tem-
perature (Figure 7.50), respectively.

Disagreement between values for exergy supply and demand from steady state and dy-
namic assessment is higher than for the exergy ef�ciency of the systems (i.e. their seasonal
performance). Greatest mismatching arises for the exergy demand amounting to 22% and
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Figure 7.49: (a): Exergy demand and supplied resulting from dynamic exergy analysis and steady state analysis for
case (1), labelled (1) 2HX SH+DHW, case (0), labelled (0) 1HX SH+DHW, and space heating supply for
case (1), labelled (1) 2HX SH; (b): seasonal exergy ef�ciencies obtained from dynamic and steady state
exergy analysis for the systems shown. For steady state assessment a constant reference temperature
of 4.8◦C corresponding to mean outdoor air temperature during the heating period is assumed.

46%, depending on whether the reference temperature for steady state assessment is taken as
average value during the heating season or annual average. Thus, steady state exergy analysis
does not allow an accurate estimation of the exergy demanded or supplied.

If the annual average outdoor air temperature is taken as reference for exergy analysis,
greater mismatching between dynamic and steady state assessment can be found. This high-
lights the importance of choosing an appropriate reference temperature for steady state exergy
assessment. For SH and DHW demands mean outdoor air temperature over the heating pe-
riod can be regarded as a suitable reference temperature. This is coherent with results from
previous research work [Torío and Schurig, 2009; Schmidt and Torío, 2009].

Despite mismatching in the absolute values of exergy supply, demand and ef�ciency, a
similar trend can be found for results from dynamic and steady state exergy analysis. There-
fore, steady state exergy analysis as performed here is a ressonable quick assessment method
which might be used for �rst estimations and comparison of different options for district heat
supply systems.

7.4 Comparison of district heat and solar thermal supply

In this section the exergy performance of the solar thermal and district heat supply sys-
tems studied above is compared. Their exergy performance can be compared since the same
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Figure 7.50: (a): Exergy demand and supplied resulting from dynamic exergy analysis and steady state analysis
for case (1), labelled (1) 2HX SH+DHW, case (0), labelled (0) 1HX SH+DHW and space heating supply
for case (1) (1) 2HX SH; (b): seasonal exergy ef�ciencies obtained from dynamic and steady state
exergy analysis for the systems shown. For steady state assessment a constant reference temperature
of 9.6◦C corresponding to mean annual outdoor air temperature is assumed.

weather data has been used in both cases. Values of the exergy expenditure �gures and exergy
ef�ciencies are related to the energy and exergy demands of the systems, and thereby can be
directly compared with each other.

Figure 7.51: Exergy ef�ciencies and expenditure �gures for selected cases of district heat and solar thermal supply.

Exergy expenditure �gures are signi�cantly higher for the solar thermal systems, as shown
in Figure 7.51, indicating that a greater share of high-quality fuels is being used for the supply.
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Following, exergy ef�ciencies for waste heat based district heat supply are always remark-
ably higher (around 6 times greater) than those achieved with solar thermal supply. Even in
the case of high fractional energy savings (fsav,ext=62% are achieved in the FH_100(8500) KfW-

EffH.40 case), exergy ef�ciencies are lower than 10%.
This highlights once more that the exergy performance of a system is strongly in�uenced

by the high-quality inputs present in the supply. An exergy ef�cient supply can only hap-
pen if low temperature heat �ows are directly used for covering thermal energy demands in
buildings. Waste heat shows, thereby, a great potential for a more exergy ef�cient supply of
those thermal demands in buildings.
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Chapter 8

Conclusions and Outlook

8.1 Method for exergy analysis

An extensive literature review carried out as part of this thesis, shows that no scienti�c agree-
ment can be found on a common method for performing exergy analysis of building energy
systems. As part of this work, a method applicable for dynamic exergy analysis of sensible
heating and cooling systems is derived and presented.

Different options for the reference environment for exergy analysis are introduced and
their thermodynamic correctness and plausibility is discussed. Outdoor air surrounding the
building is the only option totally complying with the thermodynamic de�nition of the ref-
erence environment and is, thus, proposed here as reference for exergy analysis. Dynamic
exergy analysis can be performed using weather data for the given building location as refer-
ence.

In this thesis exergy analysis of different sensible heating systems is performed. For this
purpose, an assessment of the thermal component of exergy suf�ces, i.e. temperature is the
relevant property for de�ning the state of both the system and its reference environment.
Pressure differences between indoor and outdoor air are irrelevant in the cases investigated,
although might be relevant for exergy analysis of buildings with mechanical ventilation units.
In turn, for latent cooling systems with humidity treatment chemical exergy �ows need to be
also regarded. Additionally, for exergy analysis on a building system level, the detailed and
correct assessment of thermal radiant exergy is irrelevant, for it merely leads to a shift in
the exergy losses within the different components of the energy supply chain, but does not
in�uence the general performance of the building system. The exergy of thermal radiation
can thus be estimated, instead, in a simpli�ed way as a conductive-convective process.

Exergy analysis of direct solar systems is a controversial issue. To avoid physical incon-
sistencies found in the framework commonly applied for this purpose in the literature, a new
boundary for the analysis of these systems has been developed and is applied in this thesis.
The physical correctness and suitability of this approach has also been thoroughly discussed.
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Steady-state exergy analysis of building systems can be performed for �rst estimations
on the performance of the systems. For SH and DHW supply systems average outdoor air
temperatures during the heating season shall be used as reference temperature. Results from
steady-state exergy analysis of different building systems show a similar trend than those
from detailed dynamic assessment. However, great mismatching in the absolute values with
both methods can be found, making steady-state assessment unappropriate for an accurate
evaluation and comparison of the systems.

The method presented here for dynamic exergy analysis is based on a quasi-steady state
approach, i.e. storage phenomena are regarded dynamically in terms of energy but are not re-
garded separately in detail in exergy terms. Only for storage systems dynamic equations have
been derived and applied. This is a reasonable simpli�cation if exergy analysis is oriented to
a system level, i.e. to compare the seasonal performance of different building systems. If the
purpose is, instead, the optimization of the building construction or a particular component
within the building system, storage phenomena need to be regarded in detail.

Finally, it is important to remark that exergy analysis gives insight on the thermodynamic
performance of an energy system but does not give any information on its environmental
performance or sustainability. Thus exergy analysis is proposed here as a complementary
indicator to primary energy assessment and not as a substitute for it.

8.2 Applicability of exergy analysis

The exergy method is a scienti�cally correct approach for analyzing building energy systems,
which allows evaluating all energy sources, renewable and fossil, on a common scienti�c
basis. However, exergy analysis is strongly dominated by the high-quality fossil fuel input,
similarly as conventional primary energy analysis. Thus, for energy systems with a great
share of high quality energy sources in their supply, such as the solar systems analyzed here,
conclusions from exergy analysis are always very similarly to those which can be gained from
conventional energy analysis. These results can also be extrapolated to other energy systems
with the same characteristics, such as heat pumps.

In turn, for energy systems with great shares of low exergy �ows in their supply, exergy
analysis provides further insight than mere primary energy assessment. This is the case of
waste heat based district heating systems.

Exergy analysis is less sensitive to thermal energy losses in the distribution network than
conventional energy analysis. Even if thermal energy losses would be several times greater
than those found in conventionally sized and operated networks, exergy analysis would still
favour waste district heat supply against other energy ef�cient supply systems implying great
shares of high quality energy sources, e.g. condensing boilers. This is of particular importance
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for evaluating low temperature district heat supply of an area with low energy demand den-
sity and shows the necessity of moving away from direct burning processes for supplying
thermal energy demands in buildings. A supply by means of waste heat is several times more
exergy ef�cient than a supply even with boilers and solar-combi systems with relatively high
solar fractions (of 30-60%).

In turn, exergy analysis is more sensitive than energy analysis to high quality energy in-
puts present, i.e. pumping energy for operating the district heat network. To increase the
thermodynamic performance of such systems, their pumping energy should be minimized,
even at the expense of increasing distribution thermal energy losses. Exergy analysis might
help, thus, to reconsider conventional sizing criteria for the distribution networks.

If low temperature waste heat is available, its use for supplying thermal energy demands
in buildings should be maximized, avoiding the use of other (ef�cient) energy systems re-
quiring high quality inputs for this purpose (such as balanced ventilation units with heat
recovery).
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A relatively simple parameter for characterizing the exergy performance of district heating
systems with different shares of waste heat has been developed. It is shown that different
boundaries are applicable for (conventional) primary energy and exergy analysis of waste
district heating systems, excluding on the second the detailed analysis and performance of
waste heat production units (e.g. CHPs). The boundary for exergy analysis only includes the
heat plants present for the district heat shares which are not waste heat. Complex processes
within CHP units in the district heat network are, thus, excluded from the exergy balance.
Exergy analysis is, herewith, mainly focused on the building supply systems.

Primary energy factors for district heat are strongly in�uenced by the electric ef�ciency
of CHP plants present in the network: higher electric ef�ciencies strongly reduce their value,
leading to an improved energy performance of the system. In consequence, a separate supply
with conventional systems such as boilers and the German electricity mix might look prefer-
able as compared to a 100% waste heat supply from CHP units with low electric ef�ciencies.

The exergy based parameter proposed here is, in turn, not dependent on the electric ef-
�ciency of CHP units. Instead, it is greatly in�uenced by the share of waste heat and the
temperature level of district heat supply: greater shares of waste heat drastically increase
the exergy performance of district heat systems. Lower shares of waste heat than those pin-
pointed by primary energy analysis already make district heat systems more exergy ef�cient
than a separate supply by conventional systems such as boilers and the German electricity
mix. A 100% waste heat supply, even from CHP plants with low electric ef�ciencies, is always
more exergy ef�cient than a separated supply with boilers and the electricity mix.

A combined primary energy and exergy analysis allows highlighting the importance of
increasing the use of waste heat for heat supply in buildings, besides that of increasing the
electrical ef�ciency of CHP units.

Additionally, lower return temperatures to the district heat network also increase signif-
icantly the exergy performance of the system. Results from detailed dynamic assessment of
the investigated systems con�rm this trend. Lower return temperatures increase the electric
ef�ciency of CHP units in the district heat network, thereby increasing the ef�ciency of high
quality fuels used.

Primary energy factors are only sensitive to return temperatures in the network if a de-
tailed assessment of the complex processes within CHP plants in the network is performed.
However, such a detailed assessment of the power plants is not possible for building plan-
ners and needs to be carried out by engineers from the power plant industry or local utility.
In turn, the exergy based factor helps building planners and decision makers to identify the
building system design leading to a greater overall performance without requiring a detailed
assessment of the heat plants or CHP units in the district heat network.

Furthermore, the exergy-based factor can be applied to any type of waste heat, e.g. from
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industrial processes, and is not limited to waste heat from CHP plants. In district energy
systems for communities or neighbourhoods where waste heat from different processes at
different temperature levels is available this parameter can help to pinpoint the most ef�cient
supply option by promoting cascaded and multiple use of thermal energy �ows.

8.3 Outlook

Exergy analysis seems to be a promising tool for the improvement and optimization of district
heat supply systems. In the cases studied in this thesis only SH and DHW demands are re-
garded, greatly limiting possibilities for investigating a cascaded use of thermal energy �ows
and demands at different temperature levels. Future research applying this method to dis-
trict heat and cold supply systems including different users (e.g. industries, of�ce buildings,
hospitals, etc.) and suppliers (e.g. CHP plants, industrial processes) is required to show the
potential and importance of exergy assessment for distributed heat supply systems.

Due also to the constrain mentioned above, the only possibility of reducing return tem-
peratures to the district heat network in the investigated systems was a separated supply of
SH and DHW demands. It has been shown that this option is economically not viable with
current �nancing schemes. Other cost structures, e.g. lower prices for district heat supply
if lower return temperatures are achieved, could help �nancing additional costs required for
such an exergy improved supply, improving thereby its economic aspects.
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Nomenclature

A [m2] Area
c [kJ/(kgK)] Speci�c heat capacity
En [J] Energy
Ex [J] Exergy
Ėn [W] Energy rate, power
Ėx [W] Exergy rate, power
FQ [-] Quality factor
H [m] Height
HT ´ [W/(m2K)] Speci�c heat transmission coef�cient
m [kg] Mass
ṁ [kg/h] Mass �ow rate
P [J] Electric energy demand
p [Pa] Pressure
Q [J] Heat
S [J/K] Entropy
T [K] Absolute temperature
t [s] Time
V [l] Volume
v [m/s] Velocity
< > - Average value

Greek characters

Δ [-] Increment, variation
ε [-] Exergy expenditure �gure
ε [-] Emissivity
η [-] Energy ef�ciency
Ψ [-] Exergy ef�ciency
θ [◦C] Temperature
σ [W/(m2K4)] Stephan-Boltzmann constant
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Nomenclature

Subscripts

0 Reference state
a Air
active Active
amplit Amplitude
ave Average
aux Auxiliary
b Building
boil Boiler
ce Emission
ch Charging process
CHP Combined heat and power
coll Collector
cons Consumed
cont Content
cw Cold water
d Distribution
dem Demand
des Desired
DH District heating
DHW Domestic hot water
disch Discharge process
dyn Dynamic
el Electric, electricity
eq Equivalent
env Envelope
ext Extended
FH Floor heating
�n Final
fuel Fuel
g Generation
h Heating; heater
HHV Higher heating value
HN Heat (distribution) network
HP Heating period
HPl Heat plant
Hx Heat exchanger
i Component
in Inlet
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Nomenclature

irrev Irreversibilities
LMTD Logarithmic mean temperature difference
ls Losses
max Maximum
mech Mechanical
op Operative
out Outlet
ove Overall
overh Overheating
p Constant pressure
PE Primary energy
prim Primary side
pump Pump
q-stead Quasi steady state
r Room air
rad Radiation
ret Return
s Storage
sav Savings
seas Seasonal
sens Sensor
sec Secondary side
SH Space heating
simple Simple
sol Solar
stead Steady state
sto Stored
sup Supply
surf Surface
surr Surroundings
th Thermal
w Water
wall Wall
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Nomenclature

Acronyms

CHP Combined heat and power
DH District heating
DHW Domestic hot water
MFH Multi-family house
LNG Lique�ed natural gas
SFH Single-family house
SH Space heating
SHC Space heating and cooling
w. With
wo. Without
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Appendix A

Assumptions for modeling

A.1 Geometry of buildings analyzed

Figure A.1: Geometry of the MFH considered. Values are given in milimeters.

Figure A.2: Geometry of the SFH considered. Values are given in millimeters. The thick black lines represent the
envelope of the building and enclose the thermal zones simulated.
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Appendix A. Assumptions for modeling

A.2 General assumptions for DHW Draw off pro�les

Table A.1: Assumptions for the generation of the yearly detailed draw-off pro�les on a 3-minute timescale.

Category A Category B Category C Category D
short draw-off medium draw-off Bath Shower

Mean mass �ow, [l/h] 20 120 2400 800
Mean volume per
draw-off, [l]

1 6 120 40

Mean number of draw-
offs per day, [-]

28 12 0.166 2

Proportion in daily
consumption, [%]

14 36 10 40

Figure A.3: Seasonal yearly variation of the cold water temperature for the net assumed here, in accordance with
the Standard DIN EN 12976-2 (2000).
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A.2. General assumptions for DHW Draw off pro�les

Figure A.4: Draw off pro�les in l/h for one day assuming supply temperatures of 45◦C and 60◦C respectivley.

Figure A.5: Draw off pro�les in l/h for one day and for each single family house assuming a supply temperature
of 50◦C.
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Appendix A. Assumptions for modeling

A.3 Detailed layout, lengths and diameter of pipes for SH supply

A.3.1 Multifamily house

Figure A.6: Layout of the supply (black) and return (light grey) pipes for space heating supply with �oor heating.
Pipe lengths given refer to each of the supply and return pipes separately, and not to the total of both.
Numerated squares represent the different �oor heating circuits in one �oor of the MFH. Dotted light
grey lines in the �oor section represent the inverted return pipe for each half of the �oor area. Light
grey and black dots represent the junction with the common vertical supply and return pipes.
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A.3. Detailed layout, lengths and diameter of pipes for SH supply

Table A.2: Pipe diameter and length for each of the �oor heating systems in one �oor of the multi-family dwelling
represented Figure .

Diameter Length Diameter Length
[m] [m]

to 1 0.5 15x1 from 1 0.5 15x1
to 2 0.5 22x1 from 2 5 22x1
to 3 0.5 28x1.2 from 3 0.5 15x1
to 4 3 18x1 from 4 2 22x1
to 5 2 15x1 from 5 10 28x1.2
to 6 3 22x1 from 6 3 22x1
to 7 0.5 22x1 from 7 3 18x1
to 8 0.5 22x1 from 8 3.5 18x1
to 9 3.5 18x1 from 9 0.5 22x1
to 10 0.5 22x1 from 10 0.5 15x1
to 11 0.5 22x1 from 11 6 18x1
to 12 6 18x1 from 12 0.5 15x1
to 13 0.5 15x1 from 13 7.5 22x1
to 14 0.5 28x1.2 from 14 0.5 15x1
to 15 0.5 22x1 from 15 0.5 18x1
to 16 0.5 22x1 from 16 7 22x1
to 17 7 18x1 from 17 0.5 22x1
to 18 0.5 15x1 from 1 8.5 28x1.2
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A.3.2 Single family house

Figure A.7: Layout of the supply (black) and return (light grey) pipes for space heating supply with radiators.
Pipe lengths given refer to each of the supply and return pipes separately, and not to the total of both.
Radiators are represented as lined boxes. Black and light grey dots represent the junction with the
common vertical supply and return pipes.

Table A.3: Pipe diameter and length for each of the radiators in one �oor of the multi-family dwelling represented
Figure .

Diameter Length Diameter Length
[m] [m]

to 1 4 DN 15 from 1 10 DN 10
to 2 5 DN 15 from 2 5 DN 10
to 3 5 DN 20 from 3 6 DN 10
to 4 6 DN 15 from 4 2 DN 10
to 5 2 DN 15 from 5 7 DN 15
to 6 5 DN 15 from 6 5 DN 15
to 7 5 DN 10 from 7 5 DN 15
to 8 8 DN 10 from 8 6 DN 20
to 9 5 DN 10 from 9 6 DN 15
to 10 4 DN 10 from 10 5 DN 15
to 11 5 DN 15 from 11 7.5 DN 10
to 12 7.5 DN 15 from 12 8 DN 10
to 13 8 DN 10 from 13 7.5 DN 15
to 14 7.5 DN 10 from 14 5 DN 15
to 15 6 DN 20 from 15 5 DN 10
to 16 5 DN 15 from 16 5 DN 10
to 17 5 DN 15 from 17 5 DN 15
to 18 5 DN 15 from 18 6 DN 15
to 19 6 DN 10 from 19 10 DN 15
to 20 5 DN 10 from 20 5.5 DN 20
to 21 5 DN 10 from 21 5 DN 20
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A.4. Detailed layout, lengths and diameter of pipes for district heat supply

A.4 Detailed layout, lengths and diameter of pipes for district

heat supply

Figure A.8: Layout of the supply and return pipes of the local heat network for district heat supply. Thick lines
represent the most unfavorable circuit (to string 3) used for sizing the pumps in the circuit. The crossed
square at the left lower corner of the diagram represents the heat exchanger separating the local heat
network from the district heating pipe.

In Table A.4 the nominal diameter (DN) of the pipes in the local heat networks for the
two maximum �uid velocities in the pipes chosen as sizing criteria and for different hydraulic
con�gurations investigated in this thesis are shown. Different hydraulic con�gurations corre-
spond to a common supply of SH and DHW demands with one single heat exchanger, labeled
as SH+DHW in Table A.4. Pipe diameters for the con�gurations with a separate network and
heat exchanger for the supply of SH and DHW demands are also shown (labeled as SH and
DHW respectively). In the column labelled SH cascaded pipe diameters are shown for the
space heating supply network assuming a cascaded supply of SH demands after supplying
DHW demands. The details of the different hydraulic con�gurations are explained in detail
in chapter 5.
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Appendix A. Assumptions for modeling

Table A.4: Pipe diameter and length regarded for the local heat distribution network represented in Figure A.8.
SH+DHW labels pipes for district heat supply of DHW and SH demands together, i.e. with only one
heat exchanger and heat network for both uses; networks for a separate supply of DHW and SH are
labeled accordingly, i.e. SH and DHW respectively. SH cascaded shows the pipes in the network for
cascaded supply of the SH demands.

vmax = 2.5 m/s vmax = 1 m/s
Pipes Length SH+DHW SH+DHW DHW SH SH cascaded
to and from [m]
string 1 10 DN 65 DN 100 DN 50 DN 50 DN 100
H-0.1 12 DN 50 DN 80 DN 40 DN 40 DN 80
H-1.1 and H-1.2 7 DN 40 DN 65 DN 32 DN 32 DN 65
H-1.3 and H-1.4 7 DN 32 DN 50 DN 32 DN 32 DN 50
H-1.5 and H-1.6 7 DN 32 DN 50 DN 25 DN 25 DN 50
H-1.7 and H-1.8 7 DN 25 DN 32 DN 20 DN 20 DN 32
H-2.1 and H-2.2 7 DN 40 DN 50 DN 32 DN 32 DN 50
H-2.3 and H-2.4 7 DN 40 DN 50 DN 32 DN 32 DN 50
H-2.5 and H-2.6 7 DN 32 DN 50 DN 32 DN 32 DN 50
H-2.7 and H-2.8 7 DN 32 DN 40 DN 25 DN 25 DN 40
H-2.9 5 DN 20 DN 25 DN 20 DN 20 DN 25
string 2 15 DN 50 DN 80 DN 40 DN 40 DN 80
H-0.2 11 DN 32 DN 50 DN 32 DN 32 DN 65
H-3.1 11 DN 32 DN 50 DN 32 DN 32 DN 50
H-3.2 7 DN 32 DN 50 DN 25 DN 25 DN 50
H-3.3 7 DN 32 DN 40 DN 25 DN 25 DN 40
H-3.4 7 DN 25 DN 32 DN 20 DN 20 DN 32
H-3.5 14 DN 20 DN 25 DN 20 DN 20 DN 25
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A.5. Parameters for sizing space heating systems

A.5 Parameters for sizing space heating systems

Table A.5: Main parameters for the design and sizing of radiator heating system in the multi-family dwelling with
the two building envelopes studied, MFH-07 and MFH-KfW-EffH.40. The chosen radiator type in the
case of MFH-07 corresponds to the �at radiator Logatrend-VK Type 22 with 600 mm height. For the
building with increased insulation level (MFH-KfW-EffH.40) the radiator Logatrend-VK Type 22 with
a height of 400 mm is chosen.

Unit MFH-07 MFH-MFH-KfW-EffH.40
Qdesign kW/store 21.28 11.54
ΔTdesign K 10 10
Qdesign,55/45/20 W/radiator 1052 578
Min. Nr. of radiators per store - 20.2 20.0
Nr. of radiators per store - 21 21
Area of one radiator m2 0.72 0.36
Heating power W/m 876 643
Mass �ow per radiator kg/(h radiator) 90.40 49.70
Radiator exponent, nrads - 1.33 1.30

Table A.6: Values for the parameters used for de�ning the active layers in TRNSYS.

Parameter Unit Value
Pipe spacing [m] 0.2
Pipe outside diameter [m] 0.02
Pipe wall thickness [m] 0.002
Pipe wall conductivity [W/(mK)] 0.35
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Appendix A. Assumptions for modeling

A.6 Parameters for sizing auxiliary storage volume in the solar

thermal systems

Table A.7: Parameters and variables for estimating the auxiliary storage volume required for the building with
radiators and conventional building shell (MFH-07). *The names of the variables and subindexes are
not in accordance with DIN 4708 (1994) and (Fink and Riva, 2004) but have been translated to English.

Parameter* Unit Value Parameter* Unit Value
Qtot,SH [kW] 63.8 ΔTSH K 20
Q180,SH [kWh/3h] 148.3 ΔTDHW K 55
QSH,apart [kW] 5.3 ΔTboil K 30
QDHW [kW] 177.3 Qboil [kW] 110
VSH,180 [litres at 65◦C] 8249.4 VSH,red [litres at 65◦C] 191.7
VSH [litres at 65◦C] 8057.7 VDHW [litres at 65◦C] 2232.2
Vaux [litres at 65◦C] 906.3
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A.7. Overview of solar systems investigated

A.7 Overview of solar systems investigated

Table A.8: Overview of the cases analyzed for the solar thermal system shown in Figure 7.19.

Case Collector Storage Emission Building
Area Volume System Envelope
[m2] [m3] [-] [-]

RADS 100 8.5 Radiators with night setback MFH-07
FH 100 8.5 Floor heating with night setback MFH-07
RADS wo. setback 100 8.5 Radiators without night setback MFH-07
FH wo. setback 100 8.5 Floor heating without night setback MFH-07
RADS_200(8500) 200 8.5 Radiators with night setback MFH-07
FH_200(8500) 200 8.5 Floor heating with night setback MFH-07
RADS_200(16000) 200 16 Radiators with night setback MFH-07
FH_200(16000) 200 16 Floor heating with night setback MFH-07
RADS (KfW-EffH.40) 100 8.5 Radiators with night setback KfW-EffH.40
FH (KfW-EffH.40) 100 8.5 Floor heating with night setback KfW-EffH.40
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Appendix B

Operation of the systems

B.1 Multi-family house

Figure B.1: (a): Energy balances for the building envelope and space heating demand in the multi-family dwelling
with standard building envelope (MFH-07). (b): Energy balances for the building envelope and space
heating demand in the multi-family dwelling with improved building envelope (MFH-KfW-EffH.40).
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Appendix B. Operation of the systems

Figure B.2: (a): Monthly space heating and DHW demands in the multi-family dwelling with standard building
envelope (MFH). (b): Monthly space heating and DHW demands in the multi-family dwelling with
improved building envelope (MFH-KfW-EffH.40).
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B.2. Single-family house

B.2 Single-family house

Figure B.3: (a): Energy balances for the building envelope and space heating demand in the single family house
with standard building envelope (SFH-09).(b): Energy balances for the building envelope and space
heating demand in the single family house with improved building envelope (SFH-KfW-EffH.40).

Figure B.4: (a): Monthly values of space heating and DHW energy loads for the single family house with EnEV
2009 building shell (SFH-09); (b):Monthly values of space heating and DHW energy loads for the single
family house with KfW-EffH.40 building shell (SFH-KfW-EffH.40).
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