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PREFACE

International Energy Agency (IEA)

The International Energy Agency was established in
1974 within the framework of the Organisation for
Economic Co-operation and Development (OECD)
to implement an international energy programme. A
basic aim of the IEA is to foster co-operation among
the twenty-four participating IEA countries and to
increase energy security through energy conserva-
tion, development of alternative energy sources and
energy research, development and demonstration
(RD&D).

Energy Conservation in Buildings and Community
Systems (ECBCS)

The IEA co-ordinates research and development in a
number of areas related to energy. The mission of
one of those areas, the ECBCS - Energy Conserva-
tion for Building and Community Systems Program-
me, is fo develop and facilitate the integration of
technologies and processes for energy efficiency
and conservation into hedlthy, low emission, and
sustainable buildings and communities, through
innovation and research.

The research and development strategies of the
ECBCS Programme are derived from research dfri-
vers, national programmes within [EA countries, and
the IEA Future Building Forum Think Tank Workshop,
held in March 2007. The R&D strategies represent a
collective input of the Executive Committee members
to exploit technological opportunities to save energy
in the buildings sector, and to remove technical
obstacles to market penetration of new energy con-
servation fechnologies. The R&D strategies apply to
residential, commercial, office buildings and com-
munity systems, and will impact the building industry
in three focus areas of R&D activities:

® Dissemination
® Decision-making
* Building products and systems

The Executive Committee (ExCo)

Overall control of the program is maintained by an
Executive Committee, which not only monitors exi-
sting projects but also identifies new areas where
collaborative effort may be beneficial. To date, the
following projects have been initiated by the execu-
tive committee on Energy Conservation in Buildings
and Community Systems (completed projects are

identified by (*) ):

Annex 1: Load Energy Determination of Buildings (*)

Annex 2: Ekistics and Advanced Community
Energy Systems (*)

Annex 3: Energy Conservation in Residential
Buildings (*)

Annex 4:  Glasgow Commercial Building
Monitoring (*)

Annex 5: Air Infiltration and Ventilation Centre

Annex 6: Energy Systems and Design of
Communities (*)

Annex 7:  Local Government Energy Planning (*)

Annex 8: Inhabitants Behaviour with Regard
to Ventilation (*)

Annex 9 Minimum Ventilation Rates (*)

Annex 10: Building HVAC System Simulation (*)
Annex 11: Energy Auditing (*)

Annex 12: Windows and Fenestration (*)
Annex 13: Energy Management in Hospitals (*)
Annex 14: Condensation and Energy (*)

Annex 15: Energy Efficiency in Schools (*)

Annex 16: BEMS 1- User Interfaces and System
Integration (*)

Annex 17: BEMS 2- Evaluation and Emulation
Techniques (*)

Annex 18: Demand Controlled Ventilation Systems (*)
Annex 19: Low Slope Roof Systems (*)

Annex 20: Air Flow Patterns within Buildings (*)
Annex 21: Thermal Modelling (*)

Annex 22: Energy Efficient Communities (*)

Annex 23: Multi Zone Air Flow Modelling (COMIS) (*)

Annex 24: Heat, Air and Moisture Transfer in
Envelopes (*)

Annex 25: Real time HVAC Simulation (*)

Annex 26: Energy Efficient Ventilation of Large
Enclosures (*)

Annex 27: Evaluation and Demonstration of
Domestic Ventilation Systems (*)

Annex 28: Low Energy Cooling Systems (*)
Annex 29: Daylight in Buildings (*)
Annex 30: Bringing Simulation to Application (*)



Annex 31:

Annex 32:

Annex 33:
Annex 34:

Annex 35:

Annex 36:
Annex 37

Annex 38:
Annex 39:
Annex 40:

Annex 41

Annex 42:

Annex 43:

Annex 44

Annex 45:

Annex 46:

Annex 47:

Annex 48:

Annex 49:

Annex 50:

Annex 51
Annex 52:
Annex 53:

Annex 54:

Annex 55:

Annex 56:

Energy-Related Environmental Impact of
Buildings (*)

Integral Building Envelope Performance
Assessment (*)

Advanced Local Energy Planning (*)
Computer-Aided Evaluation of HVAC

System Performance (*)

Design of Energy Efficient Hybrid
Ventilation (HYBVENT) (*)

Retrofitting of Educational Buildings (*)

- Low Exergy Systems for Heating and

Cooling of Buildings (LowEx) (*)
Solar Sustainable Housing (*)
High Performance Insulation Systems (*)

Building Commissioning to Improve
Energy Performance (*)

: Whole Building Heat, Air and Moisture

Response (MOIST-ENG) (*)

The Simulation of Building-Integrated
Fuel Cell and Other Cogeneration
Systems (FC+COGEN-SIM) (*)

Testing and Validation of Building Energy
Simulation Tools (*)

- Integrating Environmentally Responsive

Elements in Buildings

Energy Efficient Electric Lighting for
Buildings (*)

Holistic Assessment Tool-kit on Energy
Efficient Retrofit Measures for
Government Buildings (EnERGo)
Cost-Effective Commissioning for Exi-
sting and Low Energy Buildings

Heat Pumping and Reversible Air
Conditioning

Low Exergy Systems for High
Performance Buildings and Communities
Prefabricated Systems for Low Energy
Renovation of Residential Buildings

: Energy Efficient Communities

Towards Net Zero Energy Solar Buildings
Total Energy Use in Buildings: Analysis &
Evaluation Methods

Analysis of Micro-Generation & Related

Energy Technologies in Buildings

Reliability of Energy Efficient Building
Retrofitting (RAP-RETRO)

Energy and Greenhouse Gas Optimised
Building Renovation
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Working Group -

Energy Efficiency in Educational Buildings (*)
Working Group -

Indicators of Energy Efficiency in Cold Climate
Buildings (*)

Working Group -

Annex 36 Extension: The Energy Concept Adviser (*)
Working Group -

Energy Efficient Communities

(*) - Completed
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IEA ECBCS ANNEX 49

ECBCS Annex 49 was a three year international
research project which arose from the discussions
held in a Future Building Forum in Padova in April
2005. The project began on November 2006 and
ran until November 2009. It involved 22 research
institutions, companies and universities from 12
countries, many of which are also members of the
International Society of Low Exergy Systems in Buil-
dings (LowExNet). The main objective of this project
was to develop concepts for reducing exergy
demand in the built environment, thus reducing the
CO,-emissions of the building stock and supporting
structures for sefting up sustainable and secure ener-
gy structures for this sector.

Specific objectives are to:

® o use exergy analysis to develop tools, guideli-
nes, recommendations, best-practice examples
and background material for designers and deci-
sion makers in the fields of building, energy pro-
duction and politics

* to promote possible energy/exergy cost-efficient
measures for retrofit and new buildings, such as
dwellings and commercial/public buildings

* to promote exergy-related performance analysis
of buildings, viewed from a community level.

Countries which participated in the IEA ECBCS
Annex 49: Austria, Canada, Denmark, Finland, Ger-
many, ltaly, Japan, the Netherlands, Poland, Swe-
den, Switzerland, and the United States of America.

The work within Annex 49 is based on an integral
approach which includes not only the analysis and
optimisation of the exergy demand in heating and
cooling systems, but also all other processes where
energy/exergy is used within the building stock. In
order to achieve this, the project worked with the
underlying basics, i.e.

. The work items were aimed at development,
assessment and analysis methodologies, and the
development of a tool for the design and performan-
ce andlysis of the regarded systems.

Exergy analysis methodologies

Exergy supply and
renewable resources

Low exergy
systems

Knowledge transfer and dissemination

Structure of the ECBCS Annex 49

With this basis, the work on
systems was focused on the development
of exergy distribution, generation and storage system
concepts, as well as a collection of case studies. For
the course of the project, both the generation and
supply of and the use of energy/exergy were impor-
tant issues. Resulting from this, the development of
depends on the
reduction of exergy demand for the heating, cooling
and ventilation of buildings. The
activities of the project are focu-
sed on the collection and spreading of information
on ongoing and finished work.
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OPERATING AGENT:

Dietrich Schmidt

Fraunhofer Institute for Building Physics
Kassel (Germany)
Dietrich.schmidt@ibp.fraunhofer.de

Further information can be found in internet under:
www.annex49.com
or www.ecbcs.org/annexes/annex49 htm

The Guidebook of ECBCS Annex 49 is the result of
a joint effort of many countries. We would like to
gratefully acknowledge all those who have contribu-
ted to the project by taking part in the writing pro-
cess and the numerous discussions. A list of the par-
ticipants within Annex 49 and their corresponding
countries can be found in the Appendix. All partici-
pants from all countries involved have contributed to
the guidebook. However, the following annex parti-
cipants have taken over the responsibility of writing
the chapters:

Dietrich Schmidt editor, operating agent and Subtask D coordinator, specially chapters 1,4 and 8
Herena Torio editor, specially chapters 1,2, 4 5 and 8

Sabine Jansen specially chapters 2 and 5

Masanori Shukuya specially chapter 2

Adriana Angelotti specially chapter 2

Petra Benz-Karlstrom | specially chapter 3

Toshiya Iwamatsu specially chapter 3

Gudni Jéhannesson | specially chapters 4, 6 and Subtask C coordinator

Marco Molinari specially chapters 3, 4 and 6

Forrest Meggers specially chapters 3, 6 and 7

Michele de Carli specially chapter 4

Pier Giorgio Cesaratto | specially chapter 4

Lukas Kranzl specially chapter 4

Paola Caputo specially chapters 4 and 7

Ken Church specially chapters 3, 7 and Subtask B Coordinator (2006-2008)
Peter Op't Veld specially chapter 7 and Subtask B Coordinator (2009)

Mia Ala-Juusela Subtask A coordinator

David Solberg specially chapters 6 and 7
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NOMENCLATURE
Index
A |m? Area 0 Reference state
a |- Absorption coefficient a Air
c | J/kgK Specific heat capacity active Active
ex |J/kg Specific exergy annual Annual
E J Energy aux Auxiliary energy (electricity)
Ex |J Exergy avg Average
Fo |- Quality factor b Building: black-body
i g-value; energy passage boil Boiler
9 through glazing C Cold
G | kWh/mZa | Incident solar radiation c Cooling; convective
h J/kg Spec!fif: enthalpy; heat transfer Carnot Carnot
coefficient o Cooling coil
Hy | W/m2K Spec!fi.c heat transmission w Ermission
coefficient
n kg Mos ch Charging process
Metabolic energy generation chem Chemical
M| W/m2 rate d Clothing
| Kg/h Mass flow rate coll Collector
PolJ Electrical energy demand cons Consumed
p |Pa Pressure cr Core
Q | Heat ow Condensed water
R | J/kgK Specific gas constant d Distribution
s J/kgK Specific entropy design Design
T K Temperature dot Flow rate
t s Time DHW Domestic hot water
V| [m%/s)/m? | Volumetric rate DH District heating
R |J/mol K | Gas constant des Desired
dem Demand
disch Discharge process
Greek characters dry Dry
€ |- Emissivity; Exergy effort figure dyn dynamic
H |- Energy efficiency eff Effective
F \"Y Heat flow el Electricity; electric
= | W/m? Heat flux env Envelope
> | W/Im2K4) | Stephan-Bolzmann Constant eqp Equipment
0 |°C Temperature FL Full Load
vol- Exergy efficiency flow Flow
91 | g/mol Molar mass fuel Fuel
= |- Fan efficiency g Generation
ro|- Heat transfer effectiveness gen Generated
o | Kg/m? Density H Hot
HP Heating period
h Heating
he Heating coil
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heat Heat th Thermal
heater herater trans Transmission
humid Humid v Vapor
ije Component vent Ventilation
in Inlet; inhaled wall Wall
inf Infiltration w Water
int Internal window Window
intg Integral
irrev Irreversible, irreversibility
k Time discretization index
L Lighting
LMTD Logarithmic mean temperature
difference
Is Losses
mech Mechanical
matter Matter
occ Occupants
op Operative
out Outlet; exhaled
ove Overll
P Constant pressure
phys Physical
preh Preheating
prim Primary
pump Pumps
Q Quality
r Room-air
rad Radiation
rat Rational
ret (RET) Return
s Storage
sat Saturation
SH Space heaing
shell Shell
single Single
sk Skin
sol Solar
sto Stored
steady steady
sun Sun
surf Surface
syst System
g-steady Quasi-steady
sup (SUP) Supply
t Time
th Thermal
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1. INTRODUCTION

1.1 Background and Motivation

Environmental problems that have been linked to
extended energy use, such as global warming, have
raised a growing concern which has emphasised
both the importance of all kinds of so-called “ener-
gy saving measures”, and the necessity for an incre-
ased efficiency in all forms of energy utilisation.

The consumption of primary energy in residential
and commercial buildings accounts for more than
one third of the total worlds energy demand. This
means that buildings are collectively a major contri-
butor to energy related problems on a global scale.
Despite the efforts made to improve energy efficien-
cy in buildings, the issue of gaining an overall
assessment, and comparing different energy sources
still exists (Schmidt and Shukuya 2003). Current
analysis and optimisation methods do not distin-
guish between different qualities of energy flows
during the analysis. In the building codes of several
countries, this problem has been solved by the trans-
formation of all energy flows to the primary energy
demand. An assessment of energy flows from diffe-
rent sources is first carried out at the end of the ana-
lysis by multiplying the energy flows by the primary
energy factors. The primary energy factors necessa-
ry for the calculation have been derived from stati-
stical material and political discussion and are not
based on analytical grounds or on thermodynamic
process analyses. All energy conversion steps from
the extraction of energy sources (e.g. fuels) to the
final demands are assessed in the primary energy
method; however, no information on the quality of
the supplied energy and its relation fo the required
energy demands can be obtained through this
assessment.

The quantity of energy is given by the first law of
thermodynamics, and is calculated from energy
balances for a system. Current energy systems in
buildings are designed and improved based on this
law. This means that the quantity of energy supplied
is matched with the quantity of energy required.
Highly efficient condensing boilers, with energy effi-
ciencies of up to 98% are a straightforward result of
such an analysis framework.

The quality of energy, is given, in turn, by a combi-
ned analysis of the first and second laws of thermo-
dynamics. From these combined analyses, the ther-
modynamic concept of exergy is derived. Exergy
represents the part of an energy flow which can be
completely transformed into any other form of ener-
gy, thereby depicting the potential of a given energy
quantity to perform work or, in other words, its qua-

lity.

In every energy system, some part of the exergy
supplied to the system in question has to be “cons-
umed” or destroyed. In the case of the highly effi-
cient boilers mentioned above when used to supply
low temperature heat, the potentio| of the fuels fed
into the boiler is almost completely lost in the bur-
ning process. Due to this loss of energy potential, a
large consumption of exergy occurs. Exergy efficien-
cies for such building systems (e.g. condensing boi-
lers) are lower than 10%.

A combined energy and exergy assessment permits
a clear understanding of the importance of moving
away from burning processes for supplying the
energy demands in buildings, and paves the way for
a new fechnique of designing energy supply systems
in buildings based on the use of renewable and low
temperature heat sources.

1.2 The exergy approach

Most of the energy used in the building sector is
required to maintain constant room temperatures of
around 20°C. Since the required temperature levels
for the heating and cooling of indoor spaces are
low, the quality of the energy demanded for appli-
cations in room conditioning is naturally low (q =
7%) . Different levels of energy quadlity are needed
for different appliances within a building. If the pro-
duction of domestic hot water is considered as hea-
ting water up to temperatures of about 55°C, the
energy quality needed is slightly higher than that of
heating a room to 20°C (q = 15%). For energy
applications such as cooking heating a sauna, an
even higher quality level is needed (q = 28%). For
the operation of different household electrical appli-
ances and lighting the highest possible quality of
energy is needed (q ~ 100%).

Today’s energy supply structure is not as sophistica-
ted as today’s energy demands. Energy is common-
ly supplied as electricity or as a fossil energy carrier
and the energy quality of the supply for all different
uses is at a constant value of (q = 100%), a value
that is unnecessarily high (see Figure 1.1, left). Simi-
larly as in the case of a boiler mentioned above, the
typical primary energy efficiency of the heating pro-
cess in Germany is approximately 70% for heating
newly erected dwellings that are equipped with
good building service systems. This level of efficien-
cy decreases to approximately 10% when conside-
ring exergy.

In turn, an adaptation of the quality levels of supply
and demand could be managed by covering, for
example, the heating demand with suitable energy
sources, as available district heating with a quality
level of about 30%. Other appropriate low exergy
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Figure 1.1: Left: Energy supply by means of high quality energy sources for a typical building with several
uses at different quality levels. Right: Energy supply with sources at different quality levels for the same

building with uses at different quality levels.

sources (i.e. low temperature sources) are solar or
ground source heat. By using these sources, quality
levels of the energy demanded and supplied are
adapted to each other as shown in the right diagram
of Figure 1.1.

New low temperature heating and cooling systems
are required to make energy use in buildings even
more efficient by supplying energy with low quality
and creating the possibility of using renewable ener-
gy sources. There is a large variety of such emission
systems solutions on the market, e.g. waterborne
floor heating systems, that can be used to supply buil-
dings with the lowest possible supply temperatures (q
=~ 13%). Furthermore, it has been found that when
low temperature systems are applied to buildings, the
thermal indoor comfort is improved at the same cost
level as by using conventional, less comfortable buil-
ding service systems (IEA Annex 37, 2002).

The methodology and models behind complex
dynamic exergy simulations which have been deve-
loped within the Annex 49 project are presented in
this report. It should be noted that a simplified ste-
ady-state analysis has proven to be adequate for the
first estimations on the performance of different buil-
ding systems. Additionally, several simplified and
user-friendly tools that grant building planners,
architects, and other decision makers of the built
environment access to an exergy-based building
approach have been developed within Annex 49
and are also introduced in this report.

1.2.1 Benefits and outcomes: why exergy?

As previously stated, all assessments of energy utili-
sation in buildings are based solely on quantitative
considerations. The LowEx analysis approach will
take the methods of building energy assessment a
step further by considering not only the quantitative
aspects of demand and supply, but the qualitative
aspects as well.

The following simple example shows how an exergy
analysis can help building designers choose more

efficient energy supply systems. Figure 1.2 shows
the results from a simplified exergy analysis on a
building case study. Different energy supply systems
have been considered to supply the low-exergy
demands for space heating and DHW. Primary
energy analyses focus on the maximum possible use
of renewable energy sources. Based on the criteria
from primary energy analysis the input of fossil
energy sources needs to be minimized. Following,
the wood pellet boiler would be the best performing
solution, allowing minimum use of primary fossil
energy.

Exergy analyses aim additionally at minimizing both
the fossil and renewable exergy input for a given
system. An exergy analysis promotes an efficient
energy supply, while highlighting that even renewa-
ble energy sources need to be used efficiently. Figu-
re 1.2 depicts the exergy input of a wood-based
boiler as being the largest of the four options. This
is because wood is a high-quality energy source
even though it is renewable and the efficiency of
wood boilers is not yet as high as that of conventio-
nal liquefied gas condensing boilers. The fact that
the exergy input is the largest indicates that such an
energy supply does not promote an efficient use of
the potential of the energy sources used. As a high-
quality energy source, wood could be used instead
for supplying high exergy demands such as electri-
city generation. In this way, wood as a fuel would be
used to its fullest potential. The use of wood in a CHP
unit, using the waste heat from the power generation
process for low-exergy applications, allows mini-
mum exergy input and minimum fossil energy input.

A deeper understanding of the nature of energy
flows and/or conversion processes in buildings
would enable building designers and architects to
achieve an improved overall design.

Based on the example and considerations above,
the main benefits of joining considerations on the
quantity and quality of energy supply, i.e. of exergy
analysis, can be summarized as:
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Primary energy demand
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Where:
Cond. Natural gas fired condensing boiler
Wood. Wood pellet boiler
GSHP Ground source heat pump
DH Waste district heat
Floorh. Floor heating system

® Exergy analysis clearly shows the importance of
promoting a more efficient use of fossil fuels.
Systems such as highly energy efficient boilers
would always be avoided following this appro-
ach. CHP systems, using better the high potential
(i.e. quality) of fossil fuels would be promoted
instead.

e The above conclusion is also valid for renewable
energy sources with high thermodynamic potenti-
al (i.e. high exergy sources), as shown in the
example presented (Figure 1.2). Thereby, exergy
analysis also promotes an efficient use of limited
available renewable sources such as biomass.

* Exergy analysis highlights the importance of using
low temperature renewable energy sources avai-
lable to supply heat demands in buildings.

* Low temperature and high temperature cooling
systems in buildings are exergy efficient emission
systems, that allow the integration of renewable
sources. The exergy performance of these systems
is significantly higher than for conventional air
based or high temperature heating and low tem-
perature cooling systems. Thereby, exergy analy-
sis is an appropriate tool for integral building
design, dllowing to see the benefits of efficient
energy use in every conversion step of the supply
chain.
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Figure 1.2: Calculated primary energy demand
(fossil and renewable) and the related exergy for
different supply options of a building case study.
Results corresponc/ fo sfeac/y state calculations per-
formed with the Annex 49 pre-design tool (see
chapter 3).

1.3 Target group

This full report of ECBCS Annex 49 is oriented main-
ly for scientists and researchers working in the field
of energy efficient building systems. The technical
background and thermodynamic concepts related to
the exergy analysis in building systems are explai-
ned thoroughly in a clear and detailed way in this
report. The report is intended to present state-of-the-
art related to exergy analyses in buildings.

Over the past years, exergy analyses of building
systems have become more prevalent in scientific
literature; however, exergy analysis in buildings
(particularly dynamic exergy analysis) is a contro-
versial issue and is very sensitive to the assumptions
made by the user. This report is intended to be a
reference for further analyses so that a comparabili-
ty can be guaranteed between the results of exergy
analyses of different building case studies.

A summary of this report has been produced in
order to bring the concepts and methodology of
exergy analysis fo building decision makers and
planers. The technical details behind the exergy con-
cept are explained in that short report in a simpli-
fied, applicable manner by focusing more on the
outcomes of exergy analysis and the importance of
this concept for building systems design. In addition,
the main features of several building and municipal
case studies highlight the importance and main



benefits of this analytical approach. This summary
report can be downloaded at www.annex49.com.

1.4 Main objectives and layout of this report
In this confext, the main objectives of the ECBCS
Annex 49 are fo:

® Develop design guidelines regarding exergy
metrics for performance and sustainability

* Create open-platform exergy software for buil-
ding design and performance assessment

* Show best practice examples for new and retrofit
buildings and communities

® Document benefits of existing and developed
demonstration projects

* Set up a framework for future development of
policy measures and pre-normative work inclu-
ding the exergy concept

The present extended version of the ECBCS Annex
49 Guidebook shows final research outcomes from
the joint international research activities within the
Annex 49 group. The topics mentioned above are
treated in detail in the following chapters. Chapter 2
gives a detail description on the first unitary metho-
dology for performing dynamic exergy analysis on
building systems. There, fundamental concepts and
the thermodynamic background of the exergy
approach are highlighted besides detailed equa-
tions for analysis of several building systems. In
chapter 3 the tools developed within the work of
Annex 49 are presented. A detail description of the
main features, calculation approach and usability of
each tool is also given. Chapter 4 highlights and
summarizes the main strategies for an exergy opti-
mized design of buildings and community systems.
Chapter 5 presents the main parameters developed
or used here for characterising exergy performance
of any building or community. Based on these para-
meters, the first discussions and bases for sefting
pre-normative proposals that include the exergy
concept are also included. Chapters 6 and 7 show
the main building and community case studies ana-
lyzed within the research activities of the ECBCS
Annex 49.
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2. METHOD AND MODELS FOR EXERGY
ANALYSIS

In this chapter the method and mathematical models
developed for exergy analysis of building systems
within the ECBCS Annex 49 group are introduced.
Exergy analysis is a thermodynamic method which
has been applied commonly since mid of last century
to e.g. complex power generation systems. Yet,
energy processes in power plants and buildings are
significantly different: whereas in power stations
energy processes are offen far from environmental
conditions, thermodynamic variables in the energy
processes in buildings are very close to (outdoor)
ambient conditions. Thus, for the application of the
exergy method to the built environment several
adjustments and adaptations are required.

This chapter begins with a review of the main ther-
modynamic fundamentals behind exergy analysis.
In section 2.1, several fundamental concepts such as
the exergy concept, the reference environment or
sign convention applied are explained in direct
relation to energy processes in buildings. Quality
factors are often used to characterise the exergy
content of a given energy flow. They adopt different
expressions depending on the energy processes
regarded. The different quality factors that are app-
lied to thermal energy processes are also presented
in section 2.1.

In section 2.2 the method used here to derive
models for exergy analysis in buildings is introdu-
ced. For this aim, firstly the main assumptions and
simplifications (such as the input-output approach)
on which the method is based are presented. The
method described here can be applied in different
levels of complexity and detail. Equations presented
in section 2.3 can be used for steady-state, quasi-
steady state or dynamic exergy analysis. The diffe-
rence between these approaches is clarified in sec-
tion 2.2.1.

Similarly as the energy demand of buildings, the
exergy demand of a building is one of the most
important variables of exergy analysis in buildings.
The exergy demand represents the minimum
amount of work that would need to be provided to
the building in order to keep acceptable conditions
in the indoor environment. Within ECBCS Annex 49
two different approaches have been developed for
determining the exergy demand of buildings: a sim-
plified approach, suitable for analyzing the efficien-
cy and performance of building systems, and a
detailed approach suitable for analyzing the perfor-
mance of the building design and envelope. Both
approaches are presented in detail in section 2.2.2.
The detailed equations developed and implemented

in models for dynamic exergy analysis of energy
processes in building systems are introduced in sec-
tion 2.3.2. Buildings are erected to be comfortable
living spaces and provide adequate shelter to their
occupants. Thus, models related to the exergy of
human thermal comfort have also been developed
and are included at the beginning of that section. A
detailed description of models for dynamic exergy
analysis of several building systems follows. Finally,
a simplified method developed for exergy analysis
of community supply systems is introduced. Main
results of the method, applied to a case study in Ger-
many, are also introduced in section 2.3.4.

2.1 Applied fundamentals

This section describes the exergy fundamentals in
such a way that they can be applied for the analy-
sis of the energy supply systems in buildings. For a
more general introduction to exergy we refer to the
final report from the previous Annex on the topic,

Annex 37 guidebook (Ala-Juusela, 2003).

2.1.1 Definitions

Exergy is a measure of the quality of energy. Work
is energy with the highest quality, which can be
totally converted to any other type of energy. In ther-
modynamics exergy can be defined as the maxi-
mum theoretical work that can be obtained from a
quantity of energy or matter by bringing this energy
or matter into equilibrium with a reference environ-
ment. The maximum theoretical work will be obtai-
ned if the considered energy or matter is converted
in a system in which only reversible processes take
place, in such a way that finally equilibrium with the
environment is achieved.

This definition shows that all systems in a state diffe-
rent from the environmental state contain exergy, or
in other words have the ability to produce work. The
exergy of a system can consist of the following com-
ponents:

® Chemical exergy (due to a difference chemical
composition)

e Thermal exergy (due to a difference in tempera-
ture)

* Mechanical exergy (due to a difference in pres-
sure)

For heating and cooling purposes mostly the thermal
exergy is of importance. Therefore in this chapter
the focus is on thermal exergy. However, chemical
and mechanical exergy can play a role in certain
situations. Therefore these are also mentioned in
some cases.



Heat is the transfer of energy between two systems
as a result of a difference in temperature. This ener-
gy is not related to matter. When analyzing one
system, heat is the transfer of energy across the
system boundary, taking place at the temperature of
the system boundary. The word cold is used fo refer
to heat at temperatures below the environmental
temperature Ty. The exergy of heat is the theoretical
maximum work that can be obtained by bringing
the heat in thermal equilibrium with the environment
using a reversible process. The ratio between the
exergy (Ex) and energy of the heat transferred (Q),
is defined as the quality factor. In literature the qua-
lity factor is also called “exergy factor” or “exerge-
tic quality factor” (Dincer and Rosen 2007). The
qudlity factor illustrates the work potential per unit
heat and thereby it indicates its quality.

Thermal energy is contained by matter. It is the part
of its internal energy associated with temperature,
including both sensible and latent heat. As descri-
bed by Shukuya (Shukuya 2009) there can be both
a surplus of thermal energy relative to the environ-
ment (the system is warmer than the environment) or
a lack of thermal energy relative to the environment
(the system is colder than the environment). A ther-
mal energy surp|us relative to the environment can
be called “hot thermal energy” and a thermal ener-
gy deficit relative to the environment can be called
“cold thermal energy”.

The sign convention used in this report is according
to most textbooks on thermodynamics (Bejan, et al.
1996; Moran and Shapiro 2004; Dincer and Rosen
2007):

® Q> 0 = Heat transfer to a system;
Q < 0 = heat transfer from a system.

* W > 0 = Work done by a system;
W < 0 = work done on a system.

The sign of the heat or work is thus dependent on the
defined system, which shows the importance of defi-
ning the system under consideration and its bounda-
ries.

Exergy is never supplied to or removed from a
system as exergy; it is always accompanying other
forms of energy transfer. The sign convention for
exergy accompanying heat is:

Exg>0 = Exergy transferred to the system;
Exg<O = exergy transferred from the system
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2.1.2 Reference environment

2.1.2.1 Definition

The thermodynamic reference environment for exer-
gy 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 thermodyna-
mic equilibrium, i.e. no temperature or pressure dif-
ferences exist within different parts of it (thermo-
mechanical equilibrium). Chemical equilibrium must
also be fulfilled. Furthermore, intensive properties of
the environment must not change as a result of ener-
ay and mass transfer with the regarded energy
system (Baehr, 2005). In addition, the reference
environment is regarded as a source for heat and
materials to be exchanged with the system to be
analysed (Dincer, Rosen, 2007), i.e. it must be avai-
lable and ready to be used by the system under ana-
lysis.

The reference environment is also be described as
that portion of the surroundings of a system, of
which the infensive properties of each phase are
uniform and do not change significantly as a result
of the process under consideration (Bejan, et al.
1996). It can thus act as either an unlimited sink or
unlimited source.

2.1.2.2 Discussion: Possible choices

Several choices for the reference environment can
be found. However, Wepfer and Gaggioli (1980)
c|edr|y stated that the reference environment for
exergy analysis, unlike reference variables for ther-
modynamic or thermo-chemical tables, cannot be
chosen arbitrarily. The reason is that energy analy-
sis is based on a difference between two states and,
thus, the chosen 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
influence results from exergy analysis.

In this section a discussion on their physical and
thermodynamic correctness is presented. In order to
show the influence of choosing one reference envi-
ronment or another for exergy analysis, steady-state
exergy analyses have been carried out on a building
case study. Analyses with the four different options
for the reference environment introduced below
have been performed with the pre-design Excel tool
developed within ECBCS Annex 49. Exergy and
energy flows obtained with the different reference-
environments are shown graphically in Figure 2.1.



Figure 2.1: Energy and
exergy flows for a buil-
ding case study with the
four introduced referen-
ce environment options.
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a) The universe (nearly zero Kelvin) as reference
environment

The temperature of the universe is very low, around
3 degrees Kelvin. This allows radiative energy trans-
fer from the earth and, thus, discarding of entropy
produced as a result of energy processes on earth
(Shukuya and Komuro,1996). From a first law (or
energy conservation) perspective, the earth is an
open system receiving a net energy flux from the sun
in the form of high quality solar radiation, tidal
energy from celestial bodies and geothermal energy
from nuclear processes within the earth crust (Seren-
sen, 2004), being the energy from solar radiation
the greatest input. All energy incoming from the sun
is ultimately radiated (or reflected) back into the uni-
verse (Rosen, 2002): about one fourth is reflected in
the form of light (high quality, short wave radiation)
and three fourths are emitted in the form of low-tem-
perature heat (low qudlity, long wave radiation)
(Szargut, 2005; Shukuya and Komuro, 1996). Exer-
gy balances for these processes can be found in
(Szargut, 2003 and 2005). The emission of low tem-
perature heat, occurring since the sky temperature is
lower than the mean femperature of the earth,
allows for the discarding of the entropy produced
through the degradation of the incident solar radia-
tion and keeps the so-called “exergy-entropy” pro-
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cess on the global environment (Shukuya and Komu-
ro,1996). It could be regarded, therefore, as the ulti-
mate sink of energy processes within a building. It is
infinite and undergoes no variation in its intensive
properties as a result of heat and mass transfer pro-
cesses within the 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). This is shown in Figure 2.1 (a).
Thermal energy and exergy flows (from storage
system to the building envelope) are equal. Differen-
ces in the “Generation” and “Primary energy trans-
formation”? subsystems occur due to quality factors
for liquefied natural gas (LNG), regarded as 0.94
(Szargut and Styrylska, 1964)°.

b) Indoor air inside the building

Indoor air within the building has also been propo-
sed as reference environment for exergy analysis.
However, indoor air is neither an infinite sink nor is
it in thermodynamic equilibrium. In addition, its tem-
perature varies as a result of energy processes wit-
hin the building. Therefore, it does not fulfil the
requirements for being regarded as a thermodyna-
mically correct reference environment‘.
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Results using indoor air as reference environment
are shown in 2.1 (b). As shown in Figure 2.1 exer-
gy demand of the building (input in the “envelope”
subsystem) is zero, for it is regarded as reference
environment. In consequence, this approach does
not allow deriving exergy efficiencies for the overall
energy supply in buildings since the desired output
would always be zero.

The undisturbed ground can also be proposed as
reference environment for building exergy analysis.
It can be regarded as infinite sink, whose properties
remain uninfluenced as a result of interactions with
the building. Yet, the main objection for regarding it
as reference environment, similarly as the absolute
zero, is that it is not always directly available and
ready to be used by the built environment®.

Most energy processes in the building sector occur
due to temperature or pressure differences to the
surrounding air. Thus, the air surrounding the buil-
ding can be regarded as the ultimate sink (or sour-
ce) for the energy processes occurring in the buil-
ding. On the other hand, the air volume around the
building can be assumed to be big enough (infinite
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 used®.

2.1.2.3 Conclusion & Recommended reference
environment

It is recommended to use the (current) surrounding
outdoor air as the reference environment for exergy
analysis of buildings and their energy supply
systems, since this is the only system that:

e is unlimited (either acting as a sink or a source),
® is unchanged by the processes that are regarded,
e and is always available.

However, outdoor air temperature and pressure do
vary with time and space, i.e. external air is not a
homogeneous system in thermo-mechanical or che-
mical 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 compromise bet-
ween theoretical requirements and the actual beha-
viour of the reference environment”. In order to
model the outdoor air surrounding a building as a
thermodynomic reference environment, temperature
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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. A detailed analysis of different suita-
ble reference environments can be found in (Sakul-
pipatsin 2008).

2.1.3 Exergy of heat

The exergy of heat is based on a reversible thermal
power cycle (e.g. Carnot cycle) operating between a
hot and a cold reservoir, see Figure 2.2. Heat (Qy)
is transferred to the system from the hot reservoir.
From the second law it is known that not all heat to
the system can be converted into work, but a certain
amount (-Q¢) must be rejected to the cold reservoir.

The work obtained from this cycle can be calculated
using equations 2.1 and 2.2, based on the first and
second law of thermodynamics respectively. For
these equations Q¢ is regarded as negative, accor-
ding to the sign conventions.

W=0,+0,

9 _ &
T, T

H c
The maximum amount of work for a given Q; and
given temperatures can be calculated with (2.3). The
factor (1-Tc/T,) is called the Carnot efficiency.

T
W=0,+0.=0,-0,*C
|

2.1.3.1 From a reversible cycle to exergy calculation
While a reversible thermal power cycle describes a
cycle between two reservoirs at arbitrary tempera-
tures, the calculation of the exergy of heat is based
on this cycle, but assumes the environment to be
one of the reservoirs at environmental temperature
(To). Whether T, acts as the hot or the cold reservoir
depends on the temperature of the heat available
related to the temperature of the environment. (T>T,
or T<To). (see Figures 2.2 and 2.3). For simplicity
the source containing hot (=energy surplus, “H” in
the diagram and equations 2.2 and 2.3) or cold (=
energy deficit, “C” in the diagram and equations
2.2 and 2.3) thermal energy is considered to have
a constant temperature while heat is being transfer-
red (as would for example be the case with latent

energy).

0,1

YIS

Hot reservoir

Qy

Qc

Cold reservoir



Hot
reservoir
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2.1.3.2 Hedt transfer at T>T,

Heat transfer at T>T, to the environment can be con-
verted to work and thus “contains” exergy. This heat
is in fact Qy at Ty and the environment acts as T.
Q¢ (the heat disposed to the environment) is not
known and depends on the temperatures. The exer-
gy (Ex) and the quality factor (Ex/Q) of this availa-
ble heat Qy can be calculated using equation 2.4.

*TO
W=QH+QC=QH_ H T_
H

(2.4)

2.1.3.3 Heat transfer at T<T, (“cold”)

If heat transfer takes place to a cold “reservoir” (at
constant T, T<Ty) this is in fact a possible disposal of
heat Q¢ at Tc. The environment then acts as a heat
source at Ty. The value of Q¢ is then the available
cold (or in other words lack of thermal energy),
while the value of Q is not known and can be cal-
culated based on the temperatures. Calculating the
exergy of Q. can be done by using equation 2.5).

T
W=QH+QC=_QC*T_O+QC

o)

"%

(2.5)

—
ﬂ

(b) (0)

Figure 2.3: (a,b,c): Schemes showing the relation
between a reversible thermal power cycle and the
exergy of heat: (a) Reversible cycle, (b) heat avai-
lable at T>T,, Ty acts as the heat sink, (c) heat
(“cold”) available at T<T,, Ty supplies heat.

2.1.3.4 General equation for exergy accompany-
ing heat
Equations 2.4 and 2.5 have shown that the exergy
of heat transfer for both T>T, and T<Tj, is calculated
by multiplying the heat Q with the same factor
(1-To/T).

The exergy accompanying heat transfer can therefo-
re generally be calculated using equation 2.6, which
is also used in most textbooks. This equation is thus
valid for both heat transfer at T>T, and heat transfer
at T<T, where it is important to bear in mind that in
the last case dg, refers to the heat rejected to the cold
source and is then a negative value.

T

dEx =dQ L - ?J (2.6)

2.1.4 The quality factor

The factor (1-To/T) from equation 2.6 is called the
quality factor of heat. It is also sometimes called
‘exergetic temperature factor t' (Dincer and Rosen
2007). It is defined as the exergy content of a system
divided by the energy content. The exergy content
indicates the quality of heat. In Figure 2.4 the quali-
ty factor of heat is shown for a given environmental
temperature of 25 °C.

From this graph it can be seen that when T approa-
ches infinity, the quality factor becomes unity, which
means heat transfer at very high temperatures can
theoretically totally converted to work. When T<T,
quality factor is a negative value. From equation 2.6
it can be seen that this means the exergy has the
opposite value of the heat transfer. Here it becomes
rec1||y important to note that Qc (heat transfer from
the environment to a “cold” thermal energy source
at T<Ty) is considered as a negative value, which
means the exergy of this heat transfer has a positive
value and thus the heat transfer could produce work.
It also means that systems with cold thermal energy
(a lack of thermal energy and thus a negative value),
contain exergy, or in other words: When there is
cold available it has a potential to do work. This can
also be seen in Figure 2.4.

In Figure 2.4 it can also be seen that when T appro-
aches O Kelvin, the quality factor becomes minus
infinity. This means low temperatures (if available)
can produce a large amount of work. It also means
that in order to obtain low temperature a large
amount of work has to be supplied.



2.1.4.1 Placing the quality factor between absolu-
te brackets:

It has been shown the quality factor (1-Ty/T) results
in a negative value for temperatures at T<T, (resul-
ting in a positive exergy content for “cold”, as
explained above). However, many (building) profes-
sionals are used to regard cold thermal energy as
positive value. Therefore sometimes the quality fac-
tor is placed between absolute brackets (Wall and
Gong 2001), resulting in equation 2.7. This way
also a positive exergy value for heat transfer at T<T,
is obtained. This leads to Figure 2.5.

T
dEx = ‘1 - ?" -dQ (2.7)

Equation 2.7 leads to an easier comparison of the
quality factor at T>Ty and T<T,. However, it has to
be used with care, since by placing the quality fac-
tor between absolute brackets information about the
direction of the exergy (transfer) in relation to the
heat transfer is lost. This will be further explained in
the next paragraph.

2.1.5 Heating and cooling processes: exergy input
or output?

In the above paragraph the focus is on the exergy
‘available’ from heat. However, it depends on the
direction of the heat flow and on the temperatures of
the system and Ty, if a heat has the ability to produ-
ce work or requires the input of work. In general
these rules are valid:

® Heat transfer bringing a system into equilibrium
with the environment (and thus closer to Ty) can
theoretically produce work. This means heat trans-
fer that takes place spontaneously could produce
work.

® Heat transfer bringing a system further from T,
require work. (All non-spontaneous heat transfer
requires work)

It can be helpful to picture an imaginary Carnot
cycle between the environment and the heat transfer
that is considered, in order to visualize if work has
to be supplied or work can be obtained.

In the picture below the different options are shown:

¢ Heating a system (A) of which T>T,

— energy input = exergy input / required
¢ Cooling a system (A) of which T>T,

— energy output = exergy output / available
® Heating a system (B) of which T<T,

— energy input = exergy output / available
e Cooling a system (B) of which T<T,

— energy output — exergy input / required

Quality factor

60+
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Quality factor of heat at a given T, of 25 °C
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Figure 2.4: Quality factor of heat.
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Figure 2.5: Quality factor of heat, placed between absolute brackets.
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The negative value for the exergy should not be
understood as “negative work”, but as an indication
of the direction of the exergy into the system (i.e.

exergy supply).

TO -----------
Exq BQ E Q
+) W= Ay [
System A
Gt Sy
E Q
B '(-) el e

As can be seen from the figure the exergy accompa-
nying heat transfer is in the same direction of the
heat transfer in case of T>Ty, and in the opposite
direction of the heat transfer in case of T<T,. By
using equation 2.6 (the equation with the quality
factor without absolute brackets), the signs of the
heat and exergy values will demonstrate whether
they are inputs or outputs fo the system. When using
equation 2.7, the direction of the exergy and heat
transfer is not shown in the sign of the results (since
all results will be positive). Therefore, equation 2.7
has to be used with care and the direction of heat
and exergy transfer has to be additionally determi-
ned by logical reasoning.

The previous part describes the exergy available
from heat transfer or required to obtain heat trans-
fer.

The thermal energy of matter, or the lack of thermal
energy in case the matter is at T<T,, always contains
exergy, since there is no negative work (Wall and
Gong, 2001). This means the air in a room, be it at
T>T, or at T<T, contains warm or cool exergy, as is
also explained by (Shukuya, 2009). However, to
obtain air at T#Ty, exergy is required.

2.1.6 Exergy of radiative heat transfer
The radiative heat transfer from a surface at tempe-
rature T is given in the equation below:

Q. =¢AoT!

Where:
€ is the emissivity
A is the surface area [m?]

o is the Stefan-Boltzmann constant
of 5.67x10-8 [W/mK‘]

The radiative heat transfer between two parallel sur-
faces of the same area A at temperatures T, and T,
is given in the equation below:

Ot = € 'G'A'(T24 - T14)

€,es = resulting emissivity of the two surfaces, accor-
ding to:

111
— 1

res 1 2

Estimating the exergy of thermal radiation has been
a controversial issue and is still a matter of discus-
sion in many scientific papers (Wright et al., 2002;
Candau, 2003; Petela 2003). Candau (2003 ) pre-
sents in his work the derivation of the maximum
work obtainable from a thermal radiant energy flow
being emitted at a temperature T, regarding a refe-
rence environment at the temperature T,

The exergy of the radiative heat transfer between a
surface and the environment can be evaluated using
the following equation. This equation is in agree-
ment with Wright et al. (2002) and Shukuya and
Hammache (2002).

Ex, =&, 0 A [(T“ —To“)‘%To(T‘ —Ti)]

In equation 2.11 the emissivity factor ¢ is equal to
the emissivity of the surface. The emissivity of the
environment is assumed to be unity.

In equation 2.11 two types of irreversibilities are
regarded (Petela, 2003):

e those derived from the conversion of thermal radi-
ation at a temperature T into heat at the same tem-
perature, T;

e and irreversibilities derived from the emission of
radiation by the absorbing body at its temperatu-
re (T in equation 2.8).



2.1.6.1 The quality factor of radiative heat
exchange

The quality factor of the exergy exchange between T
and Ty can consequently be calculated using:

o “T“ -T)- %(TOT3 - TJ”
fom = o(T*- 1) (2.12)
., (P-7)
R

In Figure 2.7 the difference between the quality fac-
tors corresponding to a conductive & convective
heat exchange and those referred to a radiative
heat exchange (equation 2.12) are shown. In this
graph the quality factor between absolute brackets
is shown, resulting in a positive value for both radi-
ative heat transfer from a surface at T>T; to the envi-
ronment and radiative heat transfer from the envi-
ronment to a surface at T<T,. Quality factors associ-
ated to radiative heat transfer are always lower, i.e.
losses due to intrinsic irreversibilities associated to
the radiative heat transfer process, as explained
above, are bigger than for a conductive-convective
heat exchange. It is important to remark that here a
radiative heat transfer between a system at a tempe-
rature T and the environment at Ty is being assumed.
If instead, a smaller temperature difference is assu-
med for the radiative heat exchange (similarly to
equation 2.13) is considered, the difference bet-
ween both quality factors would be significantly
lower.

0.5 . .
[ = Radiant quality factor
0.4 - ............. S—

Quadlity factor

0.0 :
200 250 300 350 [K] 400
Temperature T

Figure 2.7: Graph showing the quality factor (bet-
ween absolute brackets) of a convective heat transfer
at T (black line) and radiative (light grey line) heat
transfer between different temperatures T and T,
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2.1.6.2 adiative heat transfer between two surfa-
ces at Ty, and Ty

Within a building radiative exchange occurs bet-
ween e.g. two solid surfaces at two different tempe-
rature levels. In this situation radiative exchange at
two different temperature levels (e.g. T,,.s and T,.p)
needs to be considered, including absorption and
emission of thermal radiation at both temperature
levels.

The general expression of the net radiative exergy
transfer between two parallel surfaces is shown in
equation (2.13). This is coherent with the conclu-
sions shown in (Wright et al., 2002):

EX,\y=¢,, 0" A I:(Tjurfl - Tjuer)_ %To (T3

In this equation the emissivity factor € is the resulting
emissivity factor for both surfaces, as calculated in
equation 2.10.

If the purpose of exergy analysis in buildings is to
analyze and compare different heating and cooling
systems, only radiative thermal heat transfer from
the active heating or cooling element needs to be
assessed in detail. Equation 2.14 can be applied for
this aim.

T,

T! T!

surf ,active r,0p

4
Exmd,active = Qrad,active 1 - g (

It is noted that in the case where the radiative heat
exchange between two surfaces at T) and T, is con-
sidered and a smaller temperature difference is
assumed for the radiative heat exchange than bet-
ween T and T, (similarly to equation 2.13), the dif-
ference between both qudlity factors as shown in
Figure would be significantly smaller. This is further
explained in an example in paragraph 2.3.2.3.

2.1.7 Exergy of matter

An amount of matter which is not in equilibrium with
the environment contains a certain amount of exer-
gy. The exergy of matter consists of a thermal,
mechanical, and chemical component, due to a dif-
ference in temperature, pressure and chemical com-
position respectively.

Different from the transfer of energy by heat, the
thermal energy of matter can be regarded as a state
of this matter. This state can be brought to equili-
brium with the environment by heat transfer with the
environment. The exergy of the thermal energy is
equal to the exergy of the heat transfer that can be

- TW)

)} (2.13)

(2.14)



Figure 2.8: Closed system
(upper figure) with inco-
ming and outgoing heat
flows, but without mass
transfer to the environ-
ment; the open system in
the lower diagram has
mass flow going in and
out of the system.
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obtained. For latent heat the heat transfer takes
place at constant temperature and therefore equa-
tion 2.6 can be used. For sensible energy however,
the temperature of the heat transfer changes as the
system (or matter) comes closer to equilibrium.

The sensible energy can be calculated using equa-

tion 2.15).

E,=m-c,-dT (2.15)
Assuming a constant value for oy the exergy of the
(sensible) thermal energy of matter (also called Q)
can consequently be calculated using  equation

2.16 or equation 2.17 (see also: Bejan, et al. 1996;
Wall and Gong, 2001)

Ex- Tm-cp-(l—i)dT 216)
T

Ty

T
Ex=m'cp(T0—T—T01n—°) ar (2.17)
T

Further explanation

In a more intuitive way the exergy content of thermal
energy of matter can be explained as follows: When
matter is cooled down from T to T, the heat is first
available at T. When the temperature of the matter
decreases the heat available has an ever lower tem-
perature according to equation 2.16). Theoretically
there could be many Carnot engines attached to this
heat flow, each working at dT closer to the referen-
ce temperature T . This means the exergy (or maxi-
mum work obtainable) changes for each imaginary
Carnot engine. This is illustrated in the figure below.
Equations 2.16 and 2.17 are both valid for thermal
exergy in an amount of matter in a closed system, as
well as for a mass flow per unit time in a control
volume (open system). Both types of systems are
shown in Figure 2.8.

T Adiabatic system boundary

Flow in

Building as a Control Volurne — mass flowing in and out

2.1.7.1 Comparing the quality factor of heat and
matter (thermal exergy)

The quality factor of the thermal energy of matter
(surplus or lack of it) is accordingly calculated using
the following equation:

P UL S i B
, l\ (T_To) To)

The quality factor of heat as shown in equation 2.6
and the “quadlity factor” of the thermal energy of
matter as calculated with equation 2.18 are plotted
in the following Figure for an environmental tempe-
rature of 25°C (298 K). This graph has already
been shown by Wall and Gong (2001). For this
graph the exergy factor between absolute brackets
is depicted, always represented as a positive value,
in order to simplify the comparison of the lack of
thermal energy (cold) and the surplus of thermal
energy (warm).

Quality factor of heat and thermal energy of matter

30

25

20

Quality factar of heat at T=constant

Quality factor

_A—-Quality factor of thermal energy

Figure 2.9: Graph showing the quality factor (bet-
ween absolute brackets) of heat at T and of the ther-
mal energy of matter at T.

The graph also shows the difference between the
quality factor of heat at a constant T, and the quali-
ty factor of the thermal energy in matter at the same
temperature T. It demonstrates that 10 kJ of heat
transfer at 100°C has more work potential than 10

kJ of thermal energy in for example water at 100°C
(m~cp-dT).



2.1.7.2 The exergy change from T, to T,

The exergy change due to change of thermal (sensi-
ble) energy in matter from T, to T, can be calculated
using equation 2.19. The smaller the temperature
difference between T, and T,, the closer the quality
factor (i.e. expression in parenthesis in equation
2.20) comes to the quality factor of heat using either
one of the temperatures,

T.
since ]niz(i_ \ as Fz
1 L 1 J !

Ex=m-c(T2—Tl—T0-1n—2\ (2.19)
\ 7,)
Exmol1-—To L) (2.20)

l\ T2_Tl 1)

2.1.8 Exergy balance of a building as a control
volume

The exergy balance has already been introduced in
the ECBCS Annex 37 guidebook (Ala-Juusela
2003). In this work the exergy balance of a building
is discussed in detail, regarding the building as a
control volume (which means there is transfer of heat
and matter across the system boundaries).

The general exergy balance can be written as fol-
lows:
- Ex

Ex, +Ex, 6 — Ex, 0 (2.21)

to irrev

(adapted from (Shukuya and Hammache, 2002); It
is noted that Ex.,, is considered as a negative value
since it is a transfer out of the system).
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Assuming no work is produced by the building,
equation 2.22. (Bejan, 1996) can be used. The first
item of the equation represents the total exergy
gains from heat transfer, the second and third items
rogether represent the exergy gains from the trans-
fer of matter (ingoing minus outgoing) and the last
item refers to the exergy destroyed within the system,
i.e. thermal zone of the building.

[ T,)\
AExvto = E 1 - Qj + Emini .eini - Emout e .eout e| ™ E‘xirrev
==3(1-F) 2 (S Srere
j
(2.22)
Where:
AEx The exergy stored, i.e. exergy incre-

ase of the system (or decrease in
case of a negative value).

Sum of exergy transfer accompany-
ing all heat transfer across the boun-
daries at T..

In this factor all heat flows are sum-
marized. This means that a heat flow
out of the system will have to be
regarded as a negative heat flow).

The sum of the exergy content of ll
) ingoing matter minus the sum of the
exergy content of all outgoing matter.
When regarding only the thermal
component of the exergy this can be

calculated using equation 2.19.

Ex. Exergy destruction due to thermody-
irrev .o . o eleyt ol -
namic irreversibilities within the zone.
The destruction of exergy can take
place due to mixing of heat flows and
matter at different temperatures.

This is the general exergy balance for a control volu-
me. It will be applied to a building in section 2.3.2.
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2.2 Description of the method for exergy analysis

2.2.1 Input-output approach

In order to improve the energy and exergy perfor-
mance of energy supply in buildings, the whole
energy supply chain needs to be assessed. This
approach can also be found in new energy regula-
tions and standards (DIN 4701-10, 2003; EnEV,
2009; DIN 18599, 2007, CEN EN 13790:2004).
For this the energy supply chain in buildings is divi-
ded into several subsystems. Figure 2.10 shows the
subsystems, from primary energy conversion to the
building envelope, of such an energy supply chain
for the particular case of space heating applications.

For assessing the energy performance of the com-
plete energy chain, usually a simplified input/output
approach is followed. A similar approach can be
used for exergy analysis. This whole exergy chain
analysis is implemented in an Excel based pre-
design tool developed by Schmidt (2004) in the fra-
mework of the ECBCS Annex 37 program. The tool
has been improved and enhanced within the frame
of the Annex 49 project.

The input-output approach followed in the MS Excel-
based pre-design tool for a steady-state assessment
can also be applied for dynamic andlysis. Equations
for a dynamic analysis based on this input-output
schema are shown in detail in section 1.2 for each
of the subsystems in Figure 2.10.

All conversion steps in the energy supply chain are
directly related to each other and their performance
often depends on one another. Analysis of single
components happens as part of the energy supply
chain, but furthermore, an overall optimization of
the whole building energy systems can be accom-
plished. Optimization of single components is des-
irable and required, but the influence of optimising

Storage Distribution

n y g y o

Auxiliary energy

t

one component on the performance of the following
and previous ones should always be regarded (Torio
et al., 2009). With the holistic energy and exergy
analysis of the whole supply chain implemented on
the MS Excel tool, optimization of single components
which might have a negative influence on other
steps of the energy supply process is avoided.

The models for exergy assessment presented here
follow the sign convention mentioned above, i.e.
exergy inputs are regarded as positive and exergy
outputs are regarded as negative.

2.2.1.1 Steady-state, quasi-steady state and dyna-
mic approaches

Steady-state and quasi-steady state estimations of
the energy demands and flows in buildings are pro-
posed and used by building regulations in several
European countries (EnEV, 2009; EN 13790,
2008). However, exergy is a parameter that refers to
both the state of the reference environment and that
of the system under analysis. As stated in section
2.1.2 for dynamic exergy analysis of building
systems here outdoor air is considered as reference
environment. Exergy flows have shown to be very
sensitive to variations of the chosen reference condi-
tions when the variables of the system and those of
the environment do not differ very much from each
other, which is the case of space heating and coo-
ling in the built environment. Thus, an estimation of
the error of steady-state exergy assessment as com-
pared 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 represents a hybrid
between fully dynamic and fully steady-state calcu-
lation methods. The exergy flows are evaluated fol-
lowing a steady-state approach, i.e. storage pheno-

A
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Figure 2.10: Energy supply chain for space heating in buildings, from primary energy transformation to

final energy, including all intermediate steps up to the supply of the building demand (Schmidt, 2004).



mena are disregarded, over discrete time-steps.
Energy flows, in turn, are modelled dynamically.
This simplified quasi-steady state evaluation method
is also compared by means of two building case stu-
dies to a fully dynamic approach.

2.2.1.2 Steady-state vs. quasi-steady state approach
Angelotti and Caputo (2007) evaluate the differen-
ce between steady state and quasi-steady state ana-
lysis for heating and cooling systems in two repre-
sentative ltalian climates, namely Milano and Paler-
mo. Here, only thermal exergy flows are regarded,
i.e. the reference and indoor environments are only
defined based on their temperature levels and no
considerations on air humidity are included. For the
quasi-steady state assessment a timestep of 1 hour is
chosen.

Two different building systems are chosen for com-
parison: a reversible air-source heat pump (i) and @
condensing boiler coupled with direct ground coo-
ling (ii). Steady state exergy analysis is performed
using design conditions (i.e. design outdoor tempe-
rature) and mean monthly outdoor temperatures for
the coldest (January) and warmest (July) months.
The coefficients of performance (COP) of the buil-
ding systems for steady state analysis are taken
accordingly to the outdoor temperature regarded in
each case. Quasi-steady state and steady state exer-
gy efficiencies are compared. Equation 2.23 shows
the expression for the steady state exergy efficiency
for the heat pump. The variable COP in equation
2.23 can be the energy efficiency of the heat pump
under design conditions or the average performan-
ce over the heating period. Similarly, Ty can be the
design outdoor air temperature the average outdoor
air temperature over the heating season. Steady-
state results corresponding to design conditions and
average conditions for January are presented in
Table 2.1. Room air temperature T, is assumed as
constant 293 K in both cases.

(T

W ..., = COP (2.23)
1)

steady
T

Quasi-steady state exergy efficiencies can be pres-
ented in terms of average values of the exergy effi-
ciency for each time step W eadyavg  (equation
2.24), or in terms infegral efficiencies obtained as
the total exergy demand of the building over the
month divided by the total exergy consumption of
the system in the same month Wq-steady,intg (€qUation
2.25 for the same system).

Instantaneous exergy efficiencies Wq.geadyavglti) in
equation 2.24 are calculated as a function of the
energy efficiency over the hour COP() and the
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instantaneous values of the outdoor air Ty (t) and
indoor air temperatures T,(t) for the given hour. N
represents the number of hours for the evaluation
period regarded.

k=N (

v ol T, (1))
11Jq-steady,avg = lIJq—steady (tk) = N E COP (tk)k ——=

T

k=1

T, ()

< (
2, Q| 1=

g-steady intg = N
W)

k=1

vy

Main results for the case of Milan are shown in Table
2.1 Results form the paper (Angelotti and Caputo,
2007) have been complemented here with values for
the quasi-steady state seasonal exergy efficiency

qu-sfecdy,intg .

Steady state exergy efficiencies for the heating case
using average outdoor temperatures are very close
to those resulting from dynamic exergy analysis.
However, for the cooling case mean monthly out-
door temperature is below indoor design temperatu-
re, and no exergy andlysis could be performed. In
turn, using design values for the estimation of the
exergy efficiency leads to great mismatching as
compared to quasi-steady state analysis: differences
of up to 42% are found. The authors remark that the
difference is larger for cooling rather than heating
systems and for Palermo rather than Milan, i.e. the
more the quality factor in equations 2.23 and 2.24
is sensitive to outdoor temperature variations. Figu-
re 2.11 shows the greater relative variations experi-
mented by the quqliry factor for summer than for
winter conditions.
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Figure 2.11: Dynamic variation of the outdoor tem-
perature (taken as reference T, qua/ify factor and
exergy efficiencies for heating and cooling condi-
tions in Milan.

(2.24)
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Carnot factor, g
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Table 2.1: Comparison of exergy efficiencies for a reversible* air source heat pump (i) and a condensing
boiler coupled with direct ground cooling (ii) for January and July (in %) in Milan (Angelotti and Caputo,

2007).
*Here reversible means that the heat pump can be used for heating and cooling purposes by reverting the thermodynamic cycle.
Exergy Efficiency (%)
Conditions System 4 R4
January July
Steady state design conditions (i) 18.4 52
l'I"stectdy (II) 79 20 ]
Steady state monthly averages (i) 15.7 -
LI"stec:dy (II) 6 ] -
Quasi-steady state monthly analysis, average approach (i) 15.7 -
qu-stecdy,avg (”) 6.2 -
Quasi-steady state monthly analysis, seasonal approach (i) 16.2 -
"pq-sfeady,intg (II) 6.5 -

In a more recent study by the same authors (Ange-
lotti and Caputo 2009), the comparison between
steady state and quasi-steady state analysis has
been extended to the whole season. The good
agreement between the two methods, when a
monthly average outdoor temperature is adopted for
the steady state case, is limited to the months in
which the heating system is on most of the time or
the building energy demand is high. On the contra-
ry in the months in which the system is on for a small
fraction of the time, a significant mismatch can be
expected between the two methods. Consequently
on a seasonal basis, including full demand and low
demand months, the discrepancy can be relevant.

It is remarkable that despite higher COP for the heat
pump is achieved in summer 3.40, exergy efficien-
cies are significantly lower for the cooling case
(around 0.05 and 0.15 for the cooling and heating
cases, respectively). This rises from the fact that
required indoor temperature under cooling condi-
tions is very close to outdoor air temperature and in
consequence, exergy demand for space cooling
purposes is extremely low. Therefore, cooling pro-
cesses will always have intrinsically low exergy effi-
ciency unless they are supplied with environmental
heat. Subsequently, there is a strong necessity of
reducing cooling loads as much as possible and
supply the coolness to meet the required cooling
loads by passive means whenever possible.

These results are coherent with findings from Sakul-
pipatsin (2008), who points out that mismatching
between steady-state and dynamic yearly analysis
for cold or mild climates are lower than 10%.

Thus, it can be concluded that steady-state exergy
analysis might be reasonable for a first estimation of

the exergy flows in space heating applications, par-
ticularly in colder climates. The error is expected to
be bigger the milder the climatic conditions are. Yet,
exergy flows in cooling applications can only be
assessed by means of dynamic analysis, where vari-
ations in outdoor reference conditions are taken into
account (Torio et al., 2009).

The impact of variable climatic conditions is expec-
ted to be different in different energy systems. For
example, the exergy input and exergy losses of a
condensing boiler are expected to be rather con-
stant even under varying outdoor reference condi-
tions, since high quality fossil fuels with a constant
quality factor or 0.94 is being used. In turn, the tem-
perature of the heat output from a solar thermal
system or a ground source heat pump (GSHP) varies
significantly depending on outdoor conditions. Thus,
strong variations in the quality factor associated o
the exergy flow from the solar thermal® and GSHP
systems are expected and big mismatching between
stationary and dynamic exergy analysis can be
presumed. Therefore, if the goal of exergy analysis
is to compare different energy systems, dynamic
exergy analysis are preferable, so that errors arising
from the steady state assessment can be excluded
and the differences between energy systems can be
solely attributed to improved or optimized perfor-
mance.
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2.2.1.3 Quasi steady-state vs. dynamic approach
In this section, equations for a quasi-steady state  Fx, (1 =0, (1)
and dynamic approaches for exergy analysis are

presented. In order to better understand and clearly

explain the differences between both approachesan 1. =0, (t ) 1- To (t) (2.28)
example of the exergy balance of the subsystem o Sem Tene () ‘
“room-air”” (see Figure 2.12) as an energy system
within a building is presented.

(2.27)

Th('ffc)

i "k—l

i)
Exyy, (N=m,¢,, [Q, ) =T, (o) )T (0 }lnrij‘} (2.29)

E‘xirrev (tk ) = TO (tk )Sgen (tk ) (230)

Room-air Qenv
E Te Tenv

The equations presented here can be applied to
every timestep assumed for a dynamic energy simu-
lation, represented by # — t,.; in the equations.

Alternatively, a quasi-steady state approach for
exergy analysis combined with dynamic energy
simulations could be applied. In a quasi-steady state
K ssnhais anbRs A TR e R RRR AR B g methodology, exergy flows are evaluated qssuming

[ steady state conditions for every small timestep assu-

Figure 2.12: Room-air in a building as an example  med for the dynamic energy simulation. Exergy ana-

to show the difference between dynamic and lysis can be performed, thus, with relatively simple

quasi-steady state approaches for exergy analysis. equations using the results from dynamic energy cal-
culations (i.e. temperature, energy and mass flows)
as input.

Dynamic approach

A dynamic exergy analysis implies the assessmentof ~ Quasi-steady state approach

all storage processes within the energy systems  The general expression for calculating the exergy
regarded. Equation 2.26 is the general expression  losses for the “room-air” subsystem following a
for a dynamic exergy andlysis of the “room-air”  quasi-steady state approach is shown in equation
subsystem. Such an analysis requires a high level of ~ 2.31.

detail and complex equations. Irreversibilities in

equation 2.26 refer to the unavoidable losses in the  The main difference between a dynamic and quasi-

potential of the energy 