




Hugo Hens

Applied Building Physics

Boundary Conditions, 
Building Performance and 
Material Properties





Hugo Hens

Applied Building Physics

Boundary Conditions, 
Building Performance and 
Material Properties



Coverphoto: Capricornhaus, Düsseldorf, Germany; Capricorn Development GmbH & Co. KG, Mönchengladbach, 
Germany. 
Architects: Germann + Schossig, Köln, Germany, © Schüco International KG, Bielefeld, Germany

Bibliographic information published by the Deutsche Nationalbibliothek
The Deutsche Nationalbibliothek lists this publication in the Deutsche Nationalbibliographie; detailed bibliographic data 
are available on the Internet at http://dnb.d-nb.de.

Library of Congress Card No.: applied for

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

ISBN: 978-3-433-02962-6

© 2011 Wilhelm Ernst & Sohn
Verlag für Architektur und technische Wissenschaften GmbH & Co. KG, Rotherstr. 21, 10245 Berlin, Germany

All rights reserved (including this of translation into other languages). No part of this book may be reproduced in any 
form – by photoprint, microfilm, or any other means – nor transmitted or translated into a machine language without 
written permission from the publisher.
Registered names, trademarks, etc. used in this book, even when not specifically marked as such, are not to be 
considered unprotected by law.

Cover: Design pur, Berlin
Typesetting: Manuela Treindl, Fürth/Bayern
Printing and Binding: betz-druck GmbH, Darmstadt

Printed in the Federal Republic of Germany.
Printed on acid-free paper.

Prof. Hugo S. L. C. Hens
K. U. Leuven
Department of Civil Engineering
Building Physics
Kasteelpark Arenberg 40
3001 Leuven
Belgium



To my wife, children and grandchildren

In remembrance of Professor A. de Grave
who introduced Building Physics as a new discipline
at the University of Louvain, K. U. Leuven, Belgium in 1952





Contents

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . XIII

0 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

0.1 Subject of the book . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

0.2 Building Physics and Applied Building Physics . . . . . . . . . . . . . . . . . . . . . . . . . . 1

0.3 Units and symbols . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

0.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

1 Outdoor and indoor conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

1.2 Outdoor conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.2.1 Dry bulb (or air) temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.2.2 Solar radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12
1.2.2.1 Beam insolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.2.2.2 Diffuse insolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
1.2.2.3 Reflected insolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
1.2.2.4 Total insolation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.2.3 Long wave radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19
1.2.4 Relative humidity and (partial water) vapour pressure . . . . . . . . . . . . . . . . . . . . . 22
1.2.5 Wind . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.2.5.1 Wind speed . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
1.2.5.2 Wind pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
1.2.6 Precipitation and wind-driven rain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.2.6.1 Precipitation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27
1.2.6.2 Wind driven rain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
1.2.7 Standardized outside climate values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.2.7.1 Design temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.2.7.2 Thermal reference year . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32
1.2.7.3 Moisture reference year . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34
1.2.7.4 Equivalent outside temperature for condensation and drying . . . . . . . . . . . . . . . 36
1.2.7.5 Very hot summer day, very cold winter day . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

1.3 Indoor conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
1.3.1 Dry bulb (or air) temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
1.3.1.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
1.3.1.2 Measured data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
1.3.2 Relative humidity and (partial water) vapour pressure . . . . . . . . . . . . . . . . . . . . . 42
1.3.2.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
1.3.2.2 Measured data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
1.3.3 Water vapour release indoors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
1.3.4 Indoor climate classes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
1.3.5 Inside/outside air pressure differentials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

Applied Building Physics: Boundary Conditions, Building Performance and Material Properties. Hugo Hens
Copyright © 2011 Wilhelm Ernst & Sohn, Berlin
ISBN: 978-3-433-02962-6



VIII Contents

1.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49

2 Performance metrics and arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.2 Functional demands . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.3 Performance requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51

2.4 Some history . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.5 Performance arrays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.5.2 In detail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.5.2.1 Functionality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.5.2.2 Structural adequacy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.5.2.3 Building physics related quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.5.2.4 Fire safety . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
2.5.2.5 Durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.5.2.6 Maintenance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
2.5.2.7 Costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.6 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

3 Functional requirements and performances at the building level . . . . . . . . . 59

3.1 Thermal comfort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.1.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.1.2 Physiological basis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.1.3 Global steady state thermal comfort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.1.3.1 Clothing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
3.1.3.2 Heat flow between the body and the environment . . . . . . . . . . . . . . . . . . . . . . . . 63
3.1.3.3 Comfort equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
3.1.3.4 Comfort parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.1.3.5 Equivalent environments and comfort temperatures . . . . . . . . . . . . . . . . . . . . . . 65
3.1.3.6 Comfort appreciation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
3.1.4 Local discomfort . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.1.4.1 Draft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.1.4.2 Vertical air temperature difference . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71
3.1.4.3 Radiant temperature asymmetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.1.4.4 Floor temperature . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
3.1.5 Transient conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
3.1.6 Comfort-related enclosure performance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

3.2 Health and indoor environmental quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76
3.2.2 Health . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.2.3 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
3.2.4 Relation between pollution outdoors and indoors . . . . . . . . . . . . . . . . . . . . . . . . 78
3.2.5 Physical, chemical and biological contaminants . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.2.5.1 Process related . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79
3.2.5.2 Material related . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80



IXContents

3.2.5.3 Ground related . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
3.2.5.4 Combustion related . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
3.2.6 Bio-germs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.2.6.1 Bacteria . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.2.6.2 Mould . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
3.2.6.3 Dust mites . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86
3.2.6.4 Insects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
3.2.6.5 Rodents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.2.6.6 Pets . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.2.7 Human related contaminants . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.2.7.1 Carbon dioxide (CO2) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
3.2.7.2 Water vapour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.2.7.3 Bio-odours . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.2.7.4 Environmental tobacco smoke . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
3.2.8 Perceived indoor air quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
3.2.8.1 Odour . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
3.2.8.2 Inside air enthalpy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92
3.2.9 Sick building syndrome . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
3.2.10 Contaminant control by ventilation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.2.10.1 Ventilation effectiveness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.2.10.2 Ventilation needs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94
3.2.11 Ventilation requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

3.3 Energy efficiency . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.3.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
3.3.2 Some statistics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
3.3.3 End energy use in buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
3.3.3.1 Lighting and appliances (function) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
3.3.3.2 Domestic hot water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
3.3.3.3 Space heating, space cooling and air conditioning . . . . . . . . . . . . . . . . . . . . . . . 105
3.3.4 Space heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
3.3.4.1 Terminology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
3.3.4.2 Steady state energy balance for heating at zone level . . . . . . . . . . . . . . . . . . . . 106
3.3.4.3 Steady state energy balance for heating at building level . . . . . . . . . . . . . . . . . . 112
3.3.5 Parameters defining the net energy demand for heating in residential buildings 113
3.3.5.1 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113
3.3.5.2 In detail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
3.3.6 Parameters defining the net energy demand for cooling in residential buildings 129
3.3.7 Gross energy demand, end energy use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
3.3.8 Residential buildings ranked in terms of energy efficiency . . . . . . . . . . . . . . . . 131
3.3.8.1 Insulated buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
3.3.8.2 Energy efficient buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
3.3.8.3 Low energy buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
3.3.8.4 Passive buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
3.3.8.5 Zero energy buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.3.8.6 Energy plus buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.3.8.7 Energy autarkic buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133

3.4 Durability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
3.4.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133



X Contents

3.4.2 Loads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 134
3.4.3 Damage patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
3.4.3.1 Decrease in thermal quality . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
3.4.3.2 Decrease in strength and stiffness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
3.4.3.3 Stress, strain, deformation and cracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
3.4.3.4 Biological degradation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
3.4.3.5 Frost damage . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 142
3.4.3.6 Salt attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
3.4.3.7 Chemical attack . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
3.4.3.8 Corrosion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151

3.5 Life cycle costs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
3.5.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
3.5.2 Total and net life cycle cost . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
3.5.3 Examples . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
3.5.3.1 Optimal insulation thickness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153
3.5.3.2 Whole building optimum from an energy perspective . . . . . . . . . . . . . . . . . . . . 155

3.6 Sustainability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
3.6.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
3.6.2 Life cycle analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
3.6.2.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
3.6.2.2 Impacts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
3.6.2.3 Total energy use . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
3.6.2.4 Total environmental load . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
3.6.2.5 Recycling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
3.6.3 High performance buildings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

3.7 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

4 Heat-air-moisture performances at the envelope level . . . . . . . . . . . . . . . . . 175

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

4.2 Air-tightness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
4.2.1 Flow patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175
4.2.2 Performance requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
4.2.2.1 Air in and outflow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
4.2.2.2 Inside air washing, wind washing and air looping . . . . . . . . . . . . . . . . . . . . . . . 177

4.3 Thermal transmittance (U) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
4.3.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
4.3.1.1 Envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
4.3.1.2 Envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
4.3.2 Basis for performance requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.3.2.1 Envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.3.2.2 Envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.3.3 Examples of performance requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.3.3.1 Envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
4.3.3.2 Envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

4.4 Transient thermal response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184



XIContents

4.4.1 Properties of importance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
4.4.1.1 Opaque envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
4.4.1.2 Transparent envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
4.4.2 Performance requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
4.4.2.1 Opaque envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
4.4.2.2 Transparent envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
4.4.3 Consequences for the building fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
4.4.3.1 Opaque envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
4.4.3.2 Transparent envelope parts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 187

4.5 Moisture tolerance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
4.5.1 In general . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
4.5.2 Built-in moisture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
4.5.2.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
4.5.2.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
4.5.2.3 Consequences for the building fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
4.5.3 Rain and rain penetration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
4.5.3.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
4.5.3.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
4.5.3.3 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
4.5.3.4 Consequences for the envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 194
4.5.4 Rising damp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
4.5.4.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
4.5.4.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
4.5.4.3 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
4.5.4.4 Consequences for the building fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
4.5.5 Water heads . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
4.5.5.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
4.5.5.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
4.5.5.3 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
4.5.5.4 Consequences for the building fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 202
4.5.6 Hygroscopic moisture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
4.5.6.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
4.5.6.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
4.5.6.3 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
4.5.6.4 Consequences for the building fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
4.5.7 Surface condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
4.5.7.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
4.5.7.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
4.5.7.3 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
4.5.7.4 Consequences for the building fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
4.5.8 Interstitial condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
4.5.8.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
4.5.8.2 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
4.5.8.3 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
4.5.8.4 Consequences for the building fabric . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 211
4.5.8.5 Remark . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
4.5.9 All sources combined . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212
4.5.9.1 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 212



XII Contents

4.5.9.2 Requirements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
4.5.9.3 Where actual models fail . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215

4.6 Thermal bridges . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
4.6.1 Definition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
4.6.2 Requirement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
4.6.3 Consequences for the envelope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220

4.7 Contact coefficients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

4.8 Hygrothermal stress and strain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221

4.9 Example of performance control: timber-framed walls . . . . . . . . . . . . . . . . . . . 222
4.9.1 Assembly (from inside to outside) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
4.9.2 Air-tightness . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 222
4.9.3 Thermal transmittance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
4.9.4 Transient response . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 225
4.9.5 Moisture tolerance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
4.9.5.1 Built-in moisture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
4.9.5.2 Rain . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
4.9.5.3 Rising damp . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226
4.9.5.4 Hygroscopic moisture and surface condensation . . . . . . . . . . . . . . . . . . . . . . . . 226
4.9.5.5 Interstitial condensation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 226

4.10 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 233

5 Heat-air-moisture material properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 237

5.2 Dry air and water . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 238

5.3 Building and isolating materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
5.3.1 Thermal properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
5.3.1.1 Definitions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 239
5.3.1.2 List of design values, non-certified materials (ISO 10456) . . . . . . . . . . . . . . . . 239
5.3.1.3 Design values according to the standard NBN B 62-002 (edition 2001) . . . . . . 244
5.3.1.4 Measured data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253
5.3.2 Air properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
5.3.2.1 Design values . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
5.3.2.2 Measured data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 261
5.3.3 Moisture properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
5.3.3.1 Design values (ISO 10456) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 271
5.3.3.2 Measured data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 276
5.3.4 Radiant properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 295

5.4 References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 296

Appendix . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 297



Preface

Overview

Until the first energy crisis of 1973, building physics existed as a shadow field in building 
engineering, with seemingly limited applicability. While soil mechanics, structural mechanics, 
building materials, building construction and HVAC were seen as essential, designers only 
sought advice on room acoustics, moisture tolerance, summer comfort or lighting when really 
needed or when, after construction, problems arose. Energy was not even a concern, while 
indoor environmental quality was presumably guaranteed thanks to ever present infiltration, 
window ventilation and the heating system. The energy crises of the seventies, persisting 
moisture problems, complaints about sick buildings, thermal, visual and olfactory discomfort, 
and the move towards more sustainability changed that all. The societal pressure to diminish 
energy consumptions in buildings without degrading usability acted as a trigger that activated 
the whole notion of performance based design and construction. As a result, building physics 
and its potential to quantify performances was suddenly pushed to the forefront of building 
innovation.
As all engineering sciences, building physics is oriented towards application, which is why, 
after a first book on fundamentals, this second volume examines the performance rationale and 
performance requirements as a basis for sound building engineering. Choices have been made, 
among others to limit the text to a thorough discussion of the heat-air-moisture performances 
only. The subjects treated are: the climate outdoors and conditions indoors, the performance 
concept, performances at the building level, performances at the building enclosure level 
and heat-air-moisture material properties. The book incorporates thirty five years of teaching 
architectural, building and civil engineers, bolstered by forty years of experience, research 
and consultancy. Where needed information and literature from international sources has been 
used, which is indicated by an extensive list with references at the end of each chapter.
The book is written in SI-units. It should be usable for undergraduate and graduate students in 
architectural and building engineering, although mechanical engineers studying HVAC, and 
practising building engineers who want to refresh their knowledge, will also benefit from it. 
The level of presentation assumes that the reader has a sound knowledge of the basics treated 
in the first book on fundamentals, along with a background in building materials and building 
construction.
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0 Introduction

0.1 Subject of the book

This is the second volume in a series of books on Building Physics and Applied Building 
Physics:

Building Physics: Heat, Air and Moisture 
Applied Building Physics: Boundary Conditions, Building Performance and Material  
Properties
Applied Building Physics and Performance Based Design 1 
Applied Building Physics and Performance Based Design 2 

In this volume the subjects are: indoor and outdoor climate, the performance concept, 
performances at the building and building enclosure level and heat-air-moisture material 
properties. The book thereby functions as a hinge between ‘Building Physics: Heat, Air and 
Moisture’ and ‘Applied Building Physics and Performance Based Design 1 and 2’. Although 
acoustics and lighting are not treated in detail, they form an integral part of the performance 
array and are mentioned where and when needed.
In Chapter 1 outdoor and indoor conditions are described and design and calculation values 
discussed. Chapter 2 specifies the performance concept and its hierarchical structure, from 
the urban environment over the building level down to the material’s level. Aspects typical 
for performances are definability in an engineering way, their predictability at the design 
stage and controllability during decommissioning. In Chapter 3, the main heat, air, moisture 
related performances at the building level are discussed. Chapter 4 analyzes the hygrothermal 
performance requirements of importance for a good building enclosure design, while Chapter 5 
treats the material properties needed for predicting the heat, air, moisture response of buildings 
and building enclosures.
A performance approach helps designers, consulting engineers and contractors to guarantee 
building quality. However physical requirements are not the only track that adds value. 
Although functionality, spatial quality and aesthetics, i.e. aspects belonging to the architect’s 
responsibility, are of equal importance, they should not become an argument for neglecting 
the importance of a highly performing building and building services design.

0.2 Building Physics and Applied Building Physics

For the readers who like to know more about the engineering field of ‘Building Physics’, its 
importance and history, we refer to ‘Building Physics: Heat, Air and Moisture’. Honestly, 
the term ‘applied’ may be perceived to be a pleonasm. Building Physics is by definition 
applied. But by inserting the word, the focus is unequivocally directed towards usage of the 
knowledge building physics generates, in building and building services design plus building 
construction.
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0.3 Units and symbols

The book uses the SI-system (internationally mandated since 1977). The base units are the 
meter (m), the kilogram (kg), the second (s), the Kelvin (K), the ampere (A) and the candela. 
Derived units, which are important when studying building physics and applied building 
physics, are:

Unit of force: Newton (N); 1 N = 1 kg · m · s–2

Unit of pressure: Pascal (Pa); 1 Pa = 1 N/m2 = 1 kg · m–1 · s–2

Unit of energy: Joule (J); 1 J = 1 N · m = 1 kg · m2 · s–2

Unit of power: Watt (W); 1 W = 1 J · s–1 = 1 kg · m2 · s–3

For the symbols, the ISO-standards (International Standardization Organization) are followed. 
If a quantity is not included in these standards, the CIB-W40 recommendations (International 
Council for Building Research, Studies and Documentation, Working Group ‘Heat and Mois-
ture Transfer in Buildings’) and the list edited by Annex 24 of the IEA, ECBCS (International 
Energy Agency, Executive Committee on Energy Conservation in Buildings and Community 
Systems) are applied.

Table 0.1.  List with symbols and quantities.

Symbol Meaning Units
a Acceleration m/s2

a Thermal diffusivity m2/s

b Thermal effusivity W/(m2 · K · s0.5)

c Specific heat capacity J/(kg · K)

c Concentration kg/m3, g/m3

e Emissivity –

f Specific free energy J/kg

Temperature ratio –

g Specific free enthalpy J/kg

g Acceleration by gravity m/s2

g Mass flow rate, mass flux kg/(m2 · s)

h Height m

h Specific enthalpy J/kg

h Surface film coefficient for heat transfer W/(m2 · K)

k Mass related permeability (mass may be moisture, air, salt.) s

l Length m

l Specific enthalpy of evaporation or melting J/kg

m Mass kg

n Ventilation rate s–1, h–1

p Partial pressure Pa

q Heat flow rate, heat flux W/m2

r Radius m

s Specific entropy J/(kg · K)
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Symbol Meaning Units

t Time s

u Specific latent energy J/kg

v Velocity m/s

w Moisture content kg/m3

x, y, z Cartesian co-ordinates m

A Water sorption coefficient kg/(m2 · s0.5)

A Area m2

B Water penetration coefficient m/s0.5

D Diffusion coefficient m2/s

D Moisture diffusivity m2/s

E Irradiation W/m2

F Free energy J

G Free enthalpy J

G Mass flow (mass = vapour, water, air, salt) kg/s

H Enthalpy J

I Radiation intensity J/rad

K Thermal moisture diffusion coefficient kg/(m · s · K)

K Mass permeance s/m

K Force N

L Luminosity W/m2

M Emittance W/m2

P Power W

P Thermal permeance W/(m2 · K)

P Total pressure Pa

Q Heat J

R Thermal resistance m2 · K/W

R Gas constant J/(kg · K)

S Entropy, saturation degree J/K, –

T Absolute temperature K

T Period (of a vibration or a wave) s, days, etc.

U Latent energy J

U Thermal transmittance W/(m2 · K)

V Volume m3

W Air resistance m/s

X Moisture ratio kg/kg

Z Diffusion resistance m/s

α Thermal expansion coefficient K–1

α Absorptivity –

β Surface film coefficient for diffusion s/m

β Volumetric thermal expansion coefficient K–1
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Symbol Meaning Units

η Dynamic viscosity N · s/m2

θ Temperature °C

λ Thermal conductivity W/(m · K)

μ Vapour resistance factor –

ν Kinematic viscosity m2/s

ρ Density kg/m3

ρ Reflectivity –

σ Surface tension N/m

τ Transmissivity –

φ Relative humidity –

α, φ, Θ Angle rad

ξ Specific moisture capacity kg/kg per unit of 
moisture potential

Ψ Porosity –

Ψ Volumetric moisture ratio m3/m3

Φ Heat flow W

Table 0.2.  List with suffixes and notations.

Symbol Meaning
Indices

A Air

c Capillary, convection

e Outside, outdoors

h Hygroscopic

i Inside, indoors

cr Critical

CO2, SO2 Chemical symbol for gasses

m Moisture, maximal

r Radiant, radiation

sat Saturation

s Surface, area, suction

rs Resulting

v Water vapour

w Water

φ Relative humidity

Notation

[ ], bold Matrix, array, value of a complex number

dash Vector (ex.: a )
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1 Outdoor and indoor conditions

1.1 Overview

In building physics, the in- and outdoor conditions have a role comparable to the loads in 
structural mechanics, reason why the term ‘environmental loads’ is often used. A good 
knowledge of that load is essential, if one aims making environmentally correct design 
decisions.

The different parameters that make up the load are:

Outside Inside

Air temperature θe Air temperature θi

Radiant temperature θR

Relative humidity φe Relative humidity φi

(Partial water) vapour pressure pe (Partial water) vapour pressure pi

Solar radiation ES

Under-cooling qrL

Wind vw Air speed v

Rain and snow gr

Air pressure Pa,e Air pressure Pa,i

In the next paragraphs, each parameter is discussed separately. One should however keep 
in mind that in- and outside conditions are coupled. The more decoupling is demanded, the 
more severe the envelope and HVAC performance requirements become and the more energy 
will be needed. Predicting future outdoor conditions is also not possible. Not only are most 
parameters measured in a few locations only, but the future never is an exact copy of the 
past. The weather in fact does not obey the paradigm ‘the more data available, the better the 
forecast’. Moreover, glooming global warming may disturb any such trial. A typical way of 
by-passing that problem is using reference values and reference years for each performance 
evaluation needing outside climate data, such as quantifying the heating and cooling load, 
predicting end energy consumption, evaluating overheating, judging moisture performance, 
looking to durability issues others than moisture induced, etc.
In the paragraphs that follow, data from the weatherstation of Uccle, Belgium, 50° 51 North, 
4° 21 East, are used to illustrate statements and trends. Reason for that is we disposed of a 
rich documentation analyzing the measurements done there during the last century.

1.2 Outdoor conditions

Weather patterns are to a large extent defined by the geographical location – northern or 
southern latitude –, proximity to the sea and height above sea level. But micro-climatic factors 
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also intervene. Thanks to the urban heat island effect, the air temperature in city centres is 
higher than at the country side whereas air pollution makes solar radiation less intense and 
relative humidity is lower. Table 1.1 illustrates the differences by listing the monthly mean 
air temperatures measured under thermometer hut in Uccle and Sint Joost for the period 
1901–1930.

Table 1.1.  Monthly mean dry bulb temperature in Uccle and Sint-Joost, Brussels, for the period 
1901–1930 (°C).

Location Month

J F M A M J J A S O N D

Uccle 2.7 3.1 5.5 8.2 12.8 14.9 16.8 16.4 14.0 10.0 5.2 3.7

Sint Joost 3.8 4.2 6.8 9.4 14.6 16.7 18.7 18.0 15.4 11.2 6.4 4.7

Both stations are situated in Brussels but Uccle faces a green area, while ‘Sint Joost’ lays 
straight in the centre of the city.

The outside climate varies periodically with as main cycles:
The year with its succession of winter, springtime, summer and autumn in moderate regions  
and the wet and dry season in the equatorial band. The annual cycle is governed by the 
earth’s elliptic orbit around the sun
The sequence of low and high pressure fronts. In moderate and cold climates, high pressure  
stands for warm weather in summer and cold weather in winter. Low pressure instead gives 
cool, wet weather in summer and fresh, wet weather in winter
Day and night. The daily cycle is a consequence of the earth’s autorotation. 

Reference years and standardised quantities are focusing on annual and daily cycles and 
daily values. Meteorological reference data instead consider 30 year averages, for the 20–21 
century: 1901–1930, 1931–1960, 1961–1990, 1991–2020. Per period the averages vary due to 
long term climate changes such as induced by global warming, relocation of meteorological 
stations, more accurate measuring apparatus and the way averages are calculated. Between 
1901 en 1930, the daily mean temperature was the average between the daily minimum and 
the daily maximum, the one logged with a minimum and the other logged with a maximum 
mercury thermometer. Today, the air temperature in many weather stations is logged each 10 
and the daily average is calculated as the mean of these 144 values.

1.2.1 Dry bulb (or air) temperature

The air temperature plays an important role in the heating and cooling load and the annual end 
energy use for heating and cooling. The load fixes the HVAC-investment, while the energy 
consumed defines part of the annual costs. The air temperature is also linked to overheating 
and participates in the heat, air, and moisture load the envelope experiences. Measurement 
proceeds in open field under thermometer hut, 1.5 m above ground level. The accuracy as 
imposed by the WMO (World Meteorological Organization) is ≤ ±0.5 °C. Table 1.2 gives 
monthly mean values for several weather stations in Europe. All are quite well represented by 
an annual mean and a first harmonic, although two harmonics give better results:
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Table 1.2.  Monthly mean dry bulb temperatures for several locations in Europe (°C).

Location Month

J F M A M J J A S O N D

Uccle (B) 2.7 3.1 5.5 8.2 12.8 14.9 16.8 16.4 14.0 10.0 5.2 3.7

Den Bilt (NL) 1.3 2.4 4.3 8.1 12.1 15.3 16.1 16.1 14.2 10.7 5.5 1.2

Aberdeen (UK) 2.5 2.7 4.5 6.8 9.0 12.1 13.7 13.3 11.9 9.3 5.3 3.7

Eskdalemuir (UK) 1.8 1.9 3.9 5.8 8.9 11.8 13.1 12.9 10.9 8.5 4.3 2.7

Kew (UK) 4.7 4.8 6.8 9.0 12.6 15.6 17.5 17.1 14.8 11.6 7.5 5.6

Kiruna (S) –12.2 –12.4 –8.9 –3.5 2.7 9.2 12.9 10.5 5.1 –1.5 –6.8 –10.1

Malmö (S) –0.5 –0.7 1.4 6.0 11.0 15.0 17.2 16.7 13.5 8.9 4.9 2.0

Västerås (S) –4.1 –4.1 –1.4 4.1 10.1 14.6 17.2 15.8 11.3 6.3 1.9 –1.0

Lulea (S) –11.4 –10.0 –5.6 –0.1 6.1 12.8 15.3 13.6 8.2 2.9 –4.0 –8.9

Oslo (N) –4.2 –4.1 –0.2 4.6 10.8 15.0 16.5 15.2 10.8 6.1 0.8 –2.6

München (D) –1.5 –0.4 3.4 8.1 11.9 15.6 17.5 16.7 13.9 8.8 3.6 –0.2

Potsdam (D) –0.7 –0.3 3.5 8.0 13.1 16.6 18.1 17.5 13.8 9.2 4.1 0.9

Roma (I) 7.6 9.0 11.3 13.9 18.0 22.3 25.2 24.7 21.5 16.8 12.1 8.9

Catania (I) 10.0 10.4 12.0 14.0 18.0 22.0 25.2 25.6 23.2 18.4 15.2 11.6

Torino (I) 1.6 3.5 7.6 10.8 15.4 19.0 22.3 21.6 17.9 12.3 6.2 2.4

Bratislava (Sk) –2.0 0.0 4.3 9.6 14.2 17.8 19.3 18.9 15.3 10.0 4.2 0.1

Copenhagen (Dk) –0.7 –0.8 1.8 5.7 11.1 15.1 16.2 16.0 12.7 9.0 4.7 1.1

1 harmonic
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2 harmonics
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where θe  is the annual mean dry bulb temperature. t is time and d the phase shift in days. For 
three of the locations listed in Table 1.2 one gets (see also Figure 1.1):

θeθ

°C

A1

°C

B1

°C

A2

°C

B2

°C

Uccle 9.8 –2.3 –6.9 0.45 –0.1

Kiruna –1.2 –4.2 –11.6 1.2 0.5

Catania 17.2 –4.1 –6.6 0.8 0.2



10 1 Outdoor and indoor conditions

For Uccle the average difference between the monthly mean daily minimum and maximum 
(θe,max,day – θe,min,day) during the period 1931–1960 looked like:

J F M A M J J A S O N D

5.6 6.6 7.9 9.3 10.7 10.8 10.6 10.1 9.8 8.0 6.2 5.2

Combination with the annual course gives (time in hours):
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Figure 1.1.  Outside air temperature: 
annual course, one and two harmonics.
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with:

Δθe,θθ dag

°C
Δθe,dag

°C

h1

h

h2

h

H2

h

8.4 2.8 456 –42 8

Equation (1.3) assumes the daily values fluctuate harmonically. This is untrue. The difference 
between the minimum and maximum daily value swings considerably without even a glimpse 
of a harmonic course. To give an example, the difference for January and July 1973 in Leuven, 
Belgium, was purely stochastic, with average values of 4.0 °C and 8.9 °C respectively and a 
standard deviation mounting to 60% of the average in January and 39% of the average in July.
A question of particular importance is if the dry bulb temperature recorded during the last 
decades reflects global warming. For that, we turned to the data recorded by a weather station 
in Leuven, Belgium, between 1997 and 2007. The annual means are shown in Figure 1.2.

Figure 1.2.  Weather station, Leuven, Belgium: annual mean dry bulb temperature (left), 
average, minimum and maximum monthly mean recorded between 1996 and 2007 (right).



12 1 Outdoor and indoor conditions

With an average of 11.2 °C and the slope of the least square line close to 0.02 °C, a recorded 
increase seems hardly present. However, in Uccle, which is 30 km South West of Leuven, 
the average annual mean between 1901 and 1930 touched 9.8 °C, i.e. 1.4 °C lower than the 
value measured in Leuven between 1997 and 2007. Between 1952 and 1971, a same 9.8 °C 
was recorded. Since then, however, the moving 20 years average increased slowly, with the 
highest values noted between 1988 and 2007.

1.2.2 Solar radiation

Solar radiation means free heat gains. These decrease the end energy needed for heating but 
increase the end energy needed for cooling. Too much gain may also cause overheating. The 
sun further increases the outside surface temperatures the irradiated envelope parts experience. 
Although enhancing drying, these higher temperatures activate solar driven diffusion to the 
inside of moisture stored in the exterior rain buffering layers. In air-dry outer layers in turn, 
the higher temperature and accompanying drop in relative humidity aggravates hygrothermal 
stress and strain.
The sun acts as a 5762 K hot black body at a distance of 150 000 000 km from the earth. That 
large distance allows considering solar radiation as being emitted by a flat body with the rays 
in parallel. Above the atmosphere the solar spectrum looks as drawn in Figure 1.3 with a 
mean irradiation equal to:

Figure 1.3.  Solar spectrums outside and after passing the atmosphere.
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In that formula rS is the radius of the sun and DSE the distance between earth and sun, both 
in km. The value 1332 W/m2 is called the average solar constant (ESTo). It reflects the mean 
solar radiation per square meter the earth should receive upright the beam if no atmosphere 
existed. That intensity is quite thin. Burning one litre of fuel for example gives 4.4 · 107 J. To 
collect that amount of energy a square meter large terrestrial surface upright the beam should 
need constant solar irradiation during nine hours. That thinness explains why large collecting 
surfaces are needed when the aim is using solar energy for heat or power production.
A more exact description of the solar constant accounts for the annual variation in distance 
between earth and sun and the annual cycle in solar activity (with d the number of days beyond 
December 31/Januari 1, at midnight):
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The azimuth (as) and solar height (hs) or the time angle (ω) and declination (δ) which is the 
angle between the sun’s highest position and the equator plane, fix the solar position in the 
sky, see Figure 1.4. The first two describe the sun’s movement as seen locally whereas the 
second two relate that movement to the equator. The time angle varies from 180° at 0 p.m. 
over 0° at noon to –180° at 12 a.m. One hour thus corresponds to 15°. The declination in 
radians is given by:
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where 23.45 is the latitude in degrees between the equator and the tropics. The maximum 
solar height in radians follows from:

hs = −
π
2
ϕ δ+  (1.7)

Figure 1.4.  Solar angles.
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ϕ being the latitude in radians (positive in the northern, negative in the southern hemi-
sphere).

1.2.2.1 Beam insolation

During its trek through the atmosphere, selective absorption by the ozone, oxygen, hydrogen, 
CO2, CH4 present tempers the radiation and changes its spectrum, while scatter transforms 
the beams into beam and diffuse radiation. The longer the distance the solar beam has to 
traverse through the atmosphere, the larger that tempering. She intervenes in the equation for 
beam insolation through the air factor m: the ratio between the real distance traversed and 
the distance to sea level if the sun stood in zenith position (Figure 1.5). As an equation (solar 
height hs in radians):
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 (1.8)

where z is the height above sea level in km.
Beam insolation on a surface upright the solar rays is then given by:

E ESD,nE STE oESTE ( )m d TRm d AtT m−exp  (1.9)

with dR the optic factor (a measure for the scatter of the beam per unit of distance traversed 
through the atmosphere) en TAtm the turbidity of the atmosphere. The optic factor follows 
from (solar height hs in radians):

dR ( )hs + ( )hs ( )hsh

−

0 6322 hs 5

1 00
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 (1.10)

Atmospheric turbidity on a clear day is given by (solar height hs in radians):

Mean air pollution T hAtT m sh − ( )mo0 296. c296 os
Minimal air pollution T hAtT m sh − ( )mo5 0 198. c198 os

where mo is the month’s ranking (1 for January and 12 for December).

Figure 1.5.  L is the atmospheric distance traversed, z the height in km and m the air factor equal to L/Lo.


