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About ECBCS

International Energy Agency

The Internat�onal Energy Agency (IEA) was establ�shed �n 1974 w�th�n the framework of the Organ�sat�on for 
Econom�c Co-operat�on and Development (OECD) to �mplement an �nternat�onal energy programme. A bas�c a�m of 
the IEA �s to foster co-operat�on among the twenty-e�ght IEA part�c�pat�ng countr�es and to �ncrease energy secur�ty 
through energy conservat�on, development of alternat�ve energy sources and energy research, development and 
demonstrat�on (RD&D).

Energy Conservation in Buildings and Community Systems

The IEA co-ord�nates research and development �n a number of areas related to energy. The m�ss�on of one of those 
areas, the ECBCS - Energy Conservat�on for Bu�ld�ng and Commun�ty Systems Programme (www.ecbcs.org), �s 
to develop and facilitate the integration of technologies and processes for energy efficiency and conservation into 
healthy, low em�ss�on, and susta�nable bu�ld�ngs and commun�t�es, through �nnovat�on and research.

The research and development strateg�es of the ECBCS Programme are der�ved from research dr�vers, nat�onal 
programmes w�th�n IEA countr�es, and the IEA Future Bu�ld�ng Forum Th�nk Tank Workshop, held �n March 2007. 
The R&D strateg�es represent a collect�ve �nput of the Execut�ve Comm�ttee members to explo�t technolog�cal 
opportun�t�es to save energy �n the bu�ld�ngs sector, and to remove techn�cal obstacles to market penetrat�on of 
new energy conservation technologies. The R&D strategies apply to residential, commercial, office buildings and 
commun�ty systems, and w�ll �mpact the bu�ld�ng �ndustry �n three focus areas of R&D act�v�t�es:

D�ssem�nat�on, 

Dec�s�on-mak�ng,

Bu�ld�ng products and systems.

The Executive Committee

Overall control of the program �s ma�nta�ned by an Execut�ve Comm�ttee, wh�ch not only mon�tors ex�st�ng projects 
but also identifies new areas where collaborative effort may be beneficial. To date the following projects have been 
�n�t�ated by the execut�ve comm�ttee on Energy Conservat�on �n Bu�ld�ngs and Commun�ty Systems (completed 
projects are identified in grey):

Annex 1:  Load Energy Determ�nat�on of Bu�ld�ngs
Annex 2:  Ek�st�cs and Advanced Commun�ty Energy Systems
Annex 3:  Energy Conservat�on �n Res�dent�al Bu�ld�ngs
Annex 4:  Glasgow Commerc�al Bu�ld�ng Mon�tor�ng
Annex 5:  Air Infiltration and Ventilation Centre 
Annex 6: Energy Systems and Des�gn of Commun�t�es
Annex 7:  Local Government Energy Plann�ng
Annex 8:  Inhabitants Behaviour with Regard to Ventilation
Annex 9:  Minimum Ventilation Rates
Annex 10:  Building HVAC System Simulation
Annex 11:  Energy Aud�t�ng
Annex 12:  W�ndows and Fenestrat�on
Annex 13:  Energy Management �n Hosp�tals
Annex 14:  Condensat�on and Energy
Annex 15:  Energy Efficiency in Schools
Annex 16:  BEMS 1- User Interfaces and System Integrat�on
Annex 17:  BEMS 2- Evaluat�on and Emulat�on Techn�ques
Annex 18:  Demand Controlled Ventilation Systems
Annex 19:  Low Slope Roof Systems

•

•

•

About ECBCS
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Annex 20:  A�r Flow Patterns w�th�n Bu�ld�ngs
Annex 21:  Thermal Modell�ng
Annex 22:  Energy Efficient Communities
Annex 23:  Mult� Zone A�r Flow Modell�ng (COMIS)
Annex 24:  Heat, A�r and Mo�sture Transfer �n Envelopes
Annex 25:  Real time HEVAC Simulation
Annex 26:  Energy Efficient Ventilation of Large Enclosures
Annex 27:  Evaluation and Demonstration of Domestic Ventilation Systems
Annex 28:  Low Energy Cool�ng Systems
Annex 29:  Dayl�ght �n Bu�ld�ngs
Annex 30:  Br�ng�ng S�mulat�on to Appl�cat�on
Annex 31:  Energy-Related Env�ronmental Impact of Bu�ld�ngs
Annex 32:  Integral Bu�ld�ng Envelope Performance Assessment
Annex 33:  Advanced Local Energy Plann�ng
Annex 34:  Computer-Aided Evaluation of HVAC System Performance
Annex 35:  Design of Energy Efficient Hybrid Ventilation (HYBVENT)
Annex 36:  Retrofitting of Educational Buildings
Annex 37:  Low Exergy Systems for Heat�ng and Cool�ng of Bu�ld�ngs (LowEx)
Annex 38:  Solar Susta�nable Hous�ng
Annex 39:  H�gh Performance Insulat�on Systems
Annex 40:  Bu�ld�ng Comm�ss�on�ng to Improve Energy Performance
Annex 41: Whole Building Heat, Air and Moisture Response (MOIST-ENG)
Annex 42: The S�mulat�on of Bu�ld�ng-Integrated Fuel Cell and Other Cogenerat�on Systems 
                           (FC+COGEN-SIM)
Annex 43: Testing and Validation of Building Energy Simulation Tools
Annex 44: Integrat�ng Env�ronmentally Respons�ve Elements �n Bu�ld�ngs
Annex 45: Energy Efficient Electric Lighting for Buildings
Annex 46: Holistic Assessment Tool-kit on Energy Efficient Retrofit Measures for Government Buildings              
                           (EnERGo)
Annex 47: Cost-Effect�ve Comm�ss�on�ng for Ex�st�ng and Low Energy Bu�ld�ngs
Annex 48: Heat Pump�ng and Revers�ble A�r Cond�t�on�ng
Annex 49: Low Exergy Systems for H�gh Performance Bu�ld�ngs and Commun�t�es
Annex 50: Prefabr�cated Systems for Low Energy Renovat�on of Res�dent�al Bu�ld�ngs
Annex 51: Energy Efficient Communities
Annex 52: Towards Net Zero Energy Solar Buildings
Annex 53: Total Energy Use �n Bu�ld�ngs: Analys�s & Evaluat�on Methods
Annex 54: Analys�s of M�cro-Generat�on & Related Energy Technolog�es �n Bu�ld�ngs
Annex 55: Reliability of Energy Efficient Building Retrofitting - Probability Assessment of       
                           Performance & Cost (RAP-RETRO)
Annex 56:          Cost Effect�ve Energy & Greenhouse Gas Opt�m�zat�on �n Bu�ld�ng Renovat�on
Annex 57:          Evaluat�ng the Overall CO2 Em�ss�ons due to Bu�ld�ngs and the Bu�ld�ng      
                          Construct�on Industry
Annex 58:          Rel�able Bu�ld�ng Energy Performance Character�sat�on Based on Full Scale 
                          Dynam�c Measurements
Annex 59:          Minimizing Temperature Difference in HVAC Systems for High Energy Efficiency in Buildings 

Working Group - Energy Efficiency in Educational Buildings
Working Group - Indicators of Energy Efficiency in Cold Climate Buildings
Work�ng Group - Annex 36 Extens�on: The Energy Concept Adv�ser
Working Group - Energy Efficient Communities

About ECBCS
ECBCS Annex 44
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In a respons�ve bu�ld�ng, an opt�mum must be 
found between the somet�mes contrad�ctory 
requ�rements ar�s�ng from energy use, health and 
comfort. Respons�ve bu�ld�ngs no longer act as 
r�g�d objects that need a large heat�ng �nstallat�on 
�n w�nter and substant�al cool�ng equ�pment 
dur�ng summer to ‘correct’ the �ndoor cl�mate. 
Such a bu�ld�ng becomes an add�t�onal ‘l�v�ng’ 
sk�n around occupants, keep�ng them �n contact 
w�th nature, but at the same t�me protect�ng them 
when necessary.

W�th�n the ECBCS research project, ‘Annex 
44: Integrating Environmentally Responsive 
Elements in Buildings’, attent�on has been 
focused on those respons�ve bu�ld�ng elements 
for each of wh�ch the outlook for the bu�ld�ng 
sector seems to be among the most prom�s�ng. 
The key pr�nc�ples for a respons�ve bu�ld�ng 
element are based on the ab�l�ty to perform a 
respons�ve act�on based on:
 

dynam�c behav�our,

adaptab�l�ty,

capab�l�ty to perform d�fferent funct�ons, and 

�ntell�gent controls. 

The ‘dynam�c’ and ‘adaptab�l�ty’ pr�nc�ples are 
based on the changeab�l�ty of funct�onal�ty, 
features and thermo-phys�cal propert�es of 
these elements over t�me. Only by �ntegrat�ng 
respons�ve bu�ld�ng elements under the 

•

•

•

•

superv�s�on of �ntell�gent controls and dr�ven by 
a su�table strategy, �s �t poss�ble to effect�vely 
explo�t the�r potent�al.

Some respons�ve bu�ld�ng elements are well 
known and have already been used for a long t�me 
(such as bas�c technolog�es for thermal energy 
storage and vent�lated façades). However, the�r 
adopt�on has trad�t�onally lacked �ntegrat�on and 
�ntell�gent control. They have s�mply been used 
as dynam�c elements �n an ‘unplugged’ way. For 
this reason their actual performance in the field 
has frequently been revealed to be poorer than 
expected. Other respons�ve bu�ld�ng elements 
are relat�vely new, l�ke dynam�c �nsulat�on, or �n 
further cases they are advanced technolog�es 
so far only tested �n the laboratory, but not yet 
appl�ed �n pract�ce. 

The ranges of appl�cat�on of respons�ve bu�ld�ng 
elements and the�r conceptual work�ng pr�nc�ples 
are extremely w�de, vary�ng from bu�ld�ng 
envelope components w�th ‘adjustable’ heat loss 
coefficients and / or with variable air permeability, 
to bu�ld�ng structures or components able to store 
thermal energy, to glazed systems w�th var�able 
opt�cal propert�es and on to elements explo�t�ng 
evaporative cooling. In the ECBCS project, five 
specific responsive building elements have been 
�nvest�gated. These are:

advanced �ntegrated façades,

thermal mass act�vat�on,

•

•

Definitions

‘Responsive building concepts’ (RBCs) are des�gn solut�ons that ma�nta�n an appropr�ate 
balance between opt�mum �nter�or cond�t�ons and env�ronmental performance by react�ng �n 
a controlled and hol�st�c manner to changes �n external or �nternal cond�t�ons and to occupant 
�ntervent�on. 

A ‘responsive building element’ (RBE) �s a bu�ld�ng component that ass�sts �n ma�nta�n�ng 
an appropr�ate balance by react�ng �n a controlled and hol�st�c manner to changes �n external 
or �nternal cond�t�ons and to occupant �ntervent�on. In th�s respect, respons�ve bu�ld�ng 
elements are essent�al technolog�es for the explo�tat�on of env�ronmental and renewable 
energy resources. 

Participating 
Countries:

Austr�a
Canada
Ch�na
Denmark
France
Italy
Japan
Norway
Portugal
Sweden
Netherlands
UK
USA

General Information
Integrating Environmentally Responsive Elements in Buildings

Project leader:  Per Heiselberg, Aalborg University, Denmark
Project duration:  2004 - 2011 
Further information: www.ecbcs.org/annexes/annex44.htm



4 Project Summary Report  |  www.ecbcs.org

Target Audiences

The ECBCS project ‘Annex 44: Integrat�ng Env�ronmentally Respons�ve Elements �n Bu�ld�ngs’ 
had explored bu�ld�ng �ntegrat�on of renewable energy and other technolog�es. The outcomes 
are of significant interest to construction product developers, architects, engineers, building 
contractors, owners, operators and users.

earth coupl�ng,

phase change mater�als;

dynam�c �nsulat�on.

W�th the �ntegrat�on of respons�ve bu�ld�ng 
elements, bu�ld�ng serv�ces and renewable energy 
systems, bu�ld�ng des�gn completely changes 
from des�gn of �nd�v�dual systems to �ntegrated 
des�gn of respons�ve bu�ld�ng concepts, wh�ch 
should allow for opt�mal use of natural energy 
strateg�es (dayl�ght, natural vent�lat�on, pass�ve 
cool�ng, and so on), as well as �ntegrat�on 
of renewable energy dev�ces. Des�gn teams 
�nclud�ng both arch�tects and eng�neers should 
be formed and the bu�ld�ng des�gn developed 
�n an �terat�ve process, progress�ng from the 
conceptual design ideas to the final detailed 
des�gn.

An �ntegrated des�gn process ensures that 
the knowledge and exper�ence ga�ned by an 
analyt�cal cons�derat�on of des�gn �s formal�zed, 
structured and �ncorporated �nto des�gn pract�ce. 
In such a process the expert�se of the eng�neers 
�s ava�lable from the very beg�nn�ng at the 
prel�m�nary des�gn stage. The result �s that 
part�c�pants collect�vely contr�bute the�r �deas and 
techn�cal knowledge very early �n the process. 
In th�s way, the energy and bu�ld�ng serv�ces 
systems w�ll not be des�gned �ndependently 
from the arch�tectural des�gn, rather they are an 
�ntegral part of the bu�ld�ng des�gn from a very 
early stage. 

The �ntegrated des�gn process developed �n 
the project creates a synergy of competenc�es 
and sk�lls throughout the process based on 

•

•

•

�nter-d�sc�pl�nary work between arch�tects, 
eng�neers, and others r�ght from the beg�nn�ng. 
It ensures that d�fferent spec�al�st knowledge �s 
�ntroduced at an early project phase and takes 
�nto account a w�de var�ety of opportun�t�es and 
opt�ons from the very outset. It �nvolves state-of-
the-art s�mulat�on tools, and leads to a h�gh level 
of systems �ntegrat�on. It enables the des�gner 
to control the numerous parameters that must 
be cons�dered and �ntegrated when creat�ng 
more hol�st�c susta�nable bu�ld�ngs. The bu�ld�ng 
des�gn �s developed �n an �terat�ve process from 
the conceptual design ideas to the final detailed 
des�gn.

To fac�l�tate the �ntegrated des�gn approach, 
d�fferent types of des�gn methods and tools 
can be used wh�ch, �n a strateg�c way, make �t 
poss�ble to select the most su�table techn�cal 
solutions for the specific building and context. 
The report ‘Expert Gu�de - Part 1 Respons�ve 
Bu�ld�ng Concepts’ (He�selberg, 2009) descr�bes 
des�gn methods and s�mulat�on tools that can 
be used for the select�on of respons�ve bu�ld�ng 
components and the evaluat�on of respons�ve 
bu�ld�ng elements for �nclus�on �n the des�gn. It 
attempts to class�fy methods and tools accord�ng 
to respons�ve bu�ld�ng concept des�gn phases and 
presents some examples of developed methods 
and tools. The methods and tools enable both 
qual�tat�ve and quant�tat�ve evaluat�on of those 
techn�ques and the results can be fed back to 
decisions on choice and specification. There 
are a range of methods and tools appl�cable �n 
d�fferent phases of the des�gn process and for 
var�ous types of respons�ve bu�ld�ng elements 
and other techn�ques.

General Information
ECBCS Annex 44



5Project Summary Report  |  www.ecbcs.org

Introduction 

The buildings sector has been identified as 
prov�d�ng the largest potent�al for energy-
related carbon d�ox�de (CO2) reduct�on by 2020. 
Therefore, many countr�es across the world have 
set very ambitious targets for energy efficiency 
�mprovements �n bu�ld�ngs. To successfully 
ach�eve these targets, �t �s necessary to �dent�fy 
and develop �nnovat�ve bu�ld�ng and energy 
technolog�es and solut�ons for the med�um and 
long term. These should fac�l�tate cons�derable 
energy sav�ngs and the �mplementat�on and 
�ntegrat�on of renewable energy dev�ces w�th�n 
the bu�lt env�ronment. Rap�d developments 
�n mater�als sc�ence, �nformat�on and sensor 
technolog�es offer cons�derable opportun�t�es 
for development of new �ntell�gent bu�ld�ng 
components and systems.

‘Respons�ve bu�ld�ng concepts’ are des�gn 
solut�ons that:

a) ma�nta�n an appropr�ate balance between 
opt�mum �nter�or cond�t�ons and env�ronmental 
performance by react�ng:

�. �n a controlled and hol�st�c manner to changes 
�n external or �nternal cond�t�ons, and 

��. to occupant �ntervent�on, and 

b) develop from an �ntegrated mult�d�sc�pl�nary 
des�gn process, wh�ch opt�m�zes energy 
efficiency and includes integration of human 
factors and arch�tectural cons�derat�ons. 

In th�s respect, respons�ve bu�ld�ng elements 
are essent�al technolog�es for the explo�tat�on of 
env�ronmental and renewable energy resources 
and �n the development of �ntegrated bu�ld�ng 
concepts. The challenge �s to ach�eve an opt�mum 
comb�nat�on of respons�ve bu�ld�ng elements and 
�ntegrat�on of these w�th the bu�ld�ng serv�ces 
systems and renewable energy systems to reach 
an opt�mal env�ronmental performance.

Env�ronmental des�gn and control of bu�ld�ngs 
can be d�v�ded �nto two very d�fferent approaches. 

In the usual ‘exclusive’ approach energy efficient 
bu�ld�ng concepts are created by exclud�ng the 
�ndoor env�ronment from the outdoor env�ronment 
through a very well �nsulated and a�r t�ght bu�ld�ng 
construct�on. Acceptable �ndoor env�ronmental 
cond�t�ons are establ�shed by automat�c control 
of efficient mechanical systems. Alongside this, 
there �s grow�ng �nterest �n develop�ng bu�ld�ngs 
that co-operate w�th nature and make use of 
the ava�lable env�ronmental cond�t�ons. In th�s 
‘selective’ approach energy efficient building 
concepts are created by us�ng the bu�ld�ng form 
and envelope as an �ntermed�ate between the 
outdoor and �ndoor env�ronments. Acceptable 
�ndoor env�ronmental cond�t�ons are establ�shed 
by user control of the bu�ld�ng envelope and of 
the mechan�cal systems. It �s �mportant that the 
building is responsive to the fluctuations in the 
outdoor env�ronment and the chang�ng needs 
of the occupants, wh�ch means that the bu�ld�ng 
should have the capab�l�ty to dynam�cally adjust 
�ts phys�cal propert�es and energy performance. 
Th�s capab�l�ty could perta�n to energy capture 
(as �n glaz�ng systems), energy transport (as �n 
a�r movement �n cav�t�es), and energy storage (as 
�n bu�ld�ng mater�als w�th h�gh thermal storage 
capac�ty). 

In a respons�ve bu�ld�ng, an opt�mum must be 
found between the somet�mes contrad�ctory 
requ�rements ar�s�ng from energy use, health 
and comfort. From the v�ewpo�nt of human 
coex�stence w�th nature the approach �s to make 
bu�ld�ngs generally ‘open’ to the env�ronment and 
to avo�d barr�ers between �ndoors and outdoors, 
wh�le from the v�ewpo�nt of energy sav�ngs th�s 
approach actually excludes bu�ld�ngs from the 
outdoor env�ronment for certa�n per�ods. �n th�s 
way, the area between �ndoors and outdoors 
becomes a more or less hybr�d zone �n wh�ch 
energy ga�ns are not s�mply rejected, but can 
be stored, tempered, adm�tted or red�rected, 
depend�ng on the des�red �ndoor cond�t�ons. In 
th�s respect, respons�ve bu�ld�ng elements (RBEs) 
are essent�al technolog�es for the explo�tat�on of 
env�ronmental and renewable energy resources 
and �n the development of respons�ve bu�ld�ng 
concepts (RBCs). 

Project leader:  Per Heiselberg, Aalborg University, Denmark
Project duration:  2004 - 2011 
Further information: www.ecbcs.org/annexes/annex44.htm

Project Outcomes
Integrating Environmentally Responsive Elements in Buildings
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Nowadays we are able to measure and control 
the performance of bu�ld�ngs, bu�ld�ng serv�ces 
and energy systems w�th an advanced bu�ld�ng 
management system. Th�s opens a new world of 
opportun�t�es. A bu�ld�ng no longer acts as a r�g�d 
object that needs a large heat�ng �nstallat�on �n 
w�nter and substant�al cool�ng equ�pment dur�ng 
summer to ‘correct’ the �ndoor cl�mate. It becomes 
an add�t�onal ‘l�v�ng sk�n’ around the occupants, 
keep�ng them �n contact w�th nature, but at the 
same t�me protect�ng them when necessary.

Proper �ntegrat�on of respons�ve bu�ld�ng 
elements w�th bu�ld�ng serv�ces and energy-
systems �n respons�ve bu�ld�ng concepts has a 
number of �mportant advantages:

Integrat�on of respons�ve bu�ld�ng elements 
w�th energy-systems w�ll lead to substant�al 
�mprovement �n env�ronmental and operat�ng 
cost performance.
It enhances the use and explo�ts the qual�ty 
of energy sources (exergy) and st�mulates 
the use of renewable and low valued energy 
sources (such as waste heat, amb�ent heat, 
res�dual heat, and so on).

It w�ll further enable and enhance the 
poss�b�l�t�es of pass�ve and act�ve storage of 
energy (buffer�ng).

It w�ll �ntegrate arch�tectural pr�nc�ples �nto 
energy efficient building concepts.

•

•

•

•

Respons�ve bu�ld�ng elements lead to a better 
tun�ng of ava�lable technolog�es �n relat�on to 
the bu�ld�ng users and the�r behav�our.

It enhances the development of new 
technolog�es and elements, �n wh�ch mult�ple 
funct�ons are comb�ned �n the same bu�ld�ng 
element.

It leads to a better understand�ng of 
�ntegrated des�gn pr�nc�ples among arch�tects 
and eng�neers.

W�th the �ntegrat�on of respons�ve bu�ld�ng 
elements, bu�ld�ng serv�ces and renewable 
energy systems, bu�ld�ng des�gn completely 
changes from des�gn of �nd�v�dual systems 
to �ntegrated des�gn of respons�ve bu�ld�ng 
concepts. Th�s should allow for opt�mal use 
of natural energy strateg�es (dayl�ght, natural 
vent�lat�on, pass�ve cool�ng, and so on), as well as 
�ntegrat�on of renewable energy dev�ces. Des�gn 
teams �nclud�ng both arch�tects and eng�neers 
are formed from the outset and the bu�ld�ng 
des�gn �s then developed �n an �terat�ve process 
from the conceptual des�gn �deas through to 
the final detailed design. However, a number of 
barr�ers appear when the borderl�ne between 
arch�tecture and eng�neer�ng �s crossed; the 
des�gn process may conta�n many challenges 
to those who part�c�pate �n the process. The 
ma�n barr�ers to ach�ev�ng an �ntegrated des�gn 
process are lack of: 

•

•

•

Figure 1. Illustration of 
the responsive building 
concept.consumption.

Project Outcomes
ECBCS Annex 44
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knowledge, 

�nformat�on and gu�del�nes, 

successful examples, and 

expert�se.

The ECBCS research project ‘Annex 44: 
Integrat�ng Env�ronmentally Respons�ve 
Elements �n Bu�ld�ngs’ has dealt w�th these �ssues 
and has del�vered three publ�cat�ons address�ng 
the challenges identified. These are available 
from www.ecbcs.org/annexes/annex44.htm:

Des�gn�ng w�th Respons�ve Bu�ld�ng 
Components (van der Aa and others, 2011)

Expert Gu�de - Part 1 Respons�ve Bu�ld�ng 
Concepts (He�selberg, 2009)

Expert Gu�de - Part 2 Respons�ve Bu�ld�ng 
Elements  (Aschehoug, Per�no, 2009)

Th�s report summar�zes the work and ma�n 
ach�evements of the project.

Responsive Building Concepts

In the project, a ‘respons�ve bu�ld�ng concept’ �s 
defined as, “an integrated design solution where 
respons�ve bu�ld�ng elements, bu�ld�ng serv�ces 

•

•

•

•

•

•

•

systems and energy-systems are �ntegrated �nto 
one system to reach an opt�mal env�ronmental 
performance �n terms of energy performance, 
resource consumpt�on, ecolog�cal load�ngs and 
�ndoor env�ronmental qual�ty”.

In the development of existing energy efficient 
bu�ld�ng concepts, the ma�n focus has typ�cally 
been on appl�cat�on of only a few of the ava�lable 
techn�cal solut�ons. Examples �nclude:

The ‘Pass�ve House’ concept, wh�ch ma�nly 
focuses on super �nsulated and a�rt�ght 
envelopes, combined with high efficiency 
heat recovery and pass�ve solar heat�ng

The ‘Solar House’ concept, wh�ch ma�nly 
focuses on use of renewable energy 
technolog�es such as pass�ve and act�ve solar 
heat�ng and solar cells

The ‘Smart House’ concept, wh�ch ma�nly 
focuses on advanced solut�ons for demand 
control and efficient control of fossil fuel 
technolog�es 

The ‘Adapt�ve Bu�ld�ng’ concept, �n wh�ch 
bu�ld�ng elements act�vely respond to 
chang�ng cl�mate cond�t�ons and �ndoor 
env�ronmental cond�t�ons as requ�red by the 
occupants

•

•

•

•

Category Parameters

Cl�mate Cold, moderate, warm, hot-dry, hot hum�d, …

Context Urban, suburban, rural

Bu�ld�ng use Off�ce, school, res�dent�al, ...

Bu�ld�ng type H�gh-r�se, low-r�se, row-houses, s�ngle houses,  mult�fam�ly  bu�ld�ngs, ...

Des�gn approach Select�ve, exclus�ve

Demand reduct�on strateg�es Thermal �nsulat�on, a�r t�ghtness, buffer�ng, reduct�on of heat and contam�nant loads, bu�ld�ng 
form, zon�ng, demand control, eff�c�ent a�r d�str�but�on, solar shad�ng, …

Respons�ve bu�ld�ng elements Mult�funct�onal façades, earth coupl�ng, thermal mass act�vat�on, dynam�c �nsulat�on, …

Bu�ld�ng serv�ces systems Low temperature heat�ng, h�gh temperature cool�ng, low pressure mechan�cal vent�lat�on, …

Renewable energy technolog�es  Passive and active solar heating, wind, natural cooling, geothermal heat / cool, biomass, 
dayl�ght, natural vent�lat�on, ...

Eff�c�ent energy convers�on Comb�ned heat and power, h�gh eff�c�ent gas bo�ler,  heat pump, …

Control strategy Adaptive / rigid, user control / automatic

Table 1. Categories 
and parameters for 
classification of 
responsive building 
concepts.

Project Outcomes
Integrating Environmentally Responsive Elements in Buildings
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These concepts are clearly the result of a sub-
opt�m�zat�on by an expert, e�ther �n bu�ld�ng 
phys�cs, renewable energy, or control eng�neer�ng. 
The respons�ve bu�ld�ng concepts developed 
w�th�n th�s project can be cons�dered as des�gn 
solut�ons that are opt�mum comb�nat�ons of the 
ex�st�ng concepts by �ntegrat�on of the full range 
of techn�cal solut�ons �nto one system. The ma�n 
d�fference between respons�ve bu�ld�ng concepts 
and other energy-efficient building concepts is 
the appl�cat�on of respons�ve bu�ld�ng elements 
and the�r �ntegrat�on w�th bu�ld�ng serv�ces and 
energy systems.

In the project, respons�ve bu�ld�ng concepts 
were classified to define / specify the concept 
accord�ng the most �mportant �ssues, shown �n 
Table 1.

Typ�cal strateg�es and solut�ons for respons�ve 
bu�ld�ng concepts developed �n the project are 
descr�bed �n the report, ‘Expert Gu�de - Part 1’ 
(He�selberg, 2009), wh�ch also �ncludes seven 
examples descr�bed �n deta�l and w�th lessons 
learned. The ma�n character�st�cs of the selected 
examples are:

Demand Reduction Strategies. For all 
examples �t can be seen that cl�mat�c 
des�gn and demand reduct�on strateg�es 
are a very �mportant part of all concepts. In 
colder cl�mates the ma�n focus �s on h�gh 
thermal �nsulat�on, h�gh a�rt�ghtness, h�gh 
heat recovery of vent�lat�on a�r and demand 
control, wh�le �n warmer cl�mates the ma�n 
focus �s on solar shad�ng, façade des�gn, 
pass�ve cool�ng and dayl�ght�ng. 

•

Responsive Building Elements. W�th 
regard to the appl�cat�on of respons�ve 
bu�ld�ng elements �t seems that thermal 
mass act�vat�on (by natural n�ght vent�lat�on 
�n colder cl�mates and ground coupl�ng �n 
warmer cl�mates) �s a key technology for 
all cl�mates and bu�ld�ng types wh�le other 
respons�ve elements are appl�cable only for 
certain climates and / or building types.  

Low Exergy Building Services Systems. 
In order to opt�m�se the use of renewable 
energy sources and �mprove heat pump 
performance floor (and wall) heating and 
cool�ng �s used �n many bu�ld�ngs. Secondly, 
low pressure ventilation with very efficient 
heat recovery �s used.

Renewable Energy Technologies. Typ�cal 
technolog�es used �nclude act�ve solar 
thermal systems for domest�c hot water (and 
heat�ng), photovolta�c panels for electr�c�ty 
product�on and d�fferent systems for earth 
coupl�ng, e�ther water based (deep sonds, 
energy p�les) or a�r based (underground 
culverts).

Efficient Energy Conversion. In order to 
achieve high efficiency the systems often 
include heat pumps, high efficiency fans and 
heat recovery systems.

Good control �s very �mportant to ma�nta�n the 
optimum balance between energy efficiency 
and �ndoor cond�t�ons �n respons�ve bu�ld�ng 
concepts. However, controls need to operate 
accord�ng to a number of d�fferent requ�rements. 
Outdoor cond�t�ons as well as the ava�lab�l�ty of 
renewable resources are var�able, and so �s the 

•

•

•

•

Figure 2. Illustration 
of the ECBCS Annex 
44 design strategy 
and corresponding 
technologies. CFF: 
Clean fossil fuels.

Project Outcomes
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demand for the �ndoor cl�mate, depend�ng on 
factors such as act�v�t�es, preferences and t�me 
of day. If well des�gned, the r�ght cond�t�ons for 
the �nhab�tants and the act�v�t�es at any g�ven 
moment can be prov�ded, wh�le sav�ng energy 
by only prov�d�ng these cond�t�ons when and 
where necessary. 

The project showed that many controls were 
found to be poorly funct�on�ng �n pract�ce, 
caus�ng d�scomfort to the user and frequently 
leading to inefficient operation of the systems. 
G�v�ng the user h�s own control poss�b�l�t�es 
�s essent�al, as �t �s proven by var�ous stud�es 
that �nd�v�duals tend to accept a w�der range of 
cond�t�ons as comfortable, �f they feel �n control 
of the�r own env�ronment. However, to be able 
to prov�de people w�th th�s essent�al control over 
the�r env�ronment, wh�le tak�ng account energy 
efficiency, it is important to understand some 
bas�cs of human behav�our when regulat�ng 
thermal comfort, such as adaptat�on and usab�l�ty. 
While best practice in this field is still not fully 
resolved, these v�tal �ssues need to be carefully 
addressed when des�gn�ng usable controls for 
operating an energy efficient and comfortable 
bu�ld�ng. 

Responsive Building Elements

A ‘respons�ve bu�ld�ng element’ (RBE) �s a 
bu�ld�ng component that ass�sts �n ma�nta�n�ng 
an appropr�ate balance between opt�mum �nter�or 
cond�t�ons and env�ronmental performance by 
react�ng �n a controlled and hol�st�c manner to 
changes �n external or �nternal cond�t�ons and 
to occupant �ntervent�on. W�th�n the research 
act�v�t�es of the project, attent�on has been 
focused on those RBEs whose prospects for the 
bu�ld�ng sector seem to be the most prom�s�ng. 
However, RBE technolog�es are generally only 
at the beg�nn�ng of the�r evolut�on.

The key pr�nc�ples for a RBE are based on the 
ab�l�ty to perform a respons�ve act�on based on:

dynam�c behav�our,

adaptab�l�ty,

capab�l�ty to perform d�fferent funct�ons, and

�ntell�gent control.

The ‘dynam�c’ and ‘adaptab�l�ty’ pr�nc�ples �mply 
that the funct�onal�ty, features and thermo-
phys�cal propert�es of these elements may be 
requ�red to change over t�me and be su�table for 
vary�ng:

•

•

•

•

Figure 3. Illustration 
of the responsive 
actions of the building 
envelope.

Project Outcomes
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bu�ld�ng and occupants requ�rements, for 
example heating / cooling or higher / lower 
vent�lat�on, and 

boundary cond�t�ons, for example 
meteorological conditions or internal heat / 
pollut�on loads. 

An optimum balance between energy efficiency 
and �ndoor cond�t�ons �s guaranteed by ‘�ntell�gent’ 
control of the RBEs. Only by �ntegrat�ng the 
RBEs under the superv�s�on of an �ntell�gent 
control system, dr�ven by a su�table strategy, �s �t 
poss�ble to effect�vely explo�t the�r potent�al.

Some RBEs are well known and have been used 
for a long t�me, for example bas�c technolog�es for 
thermal energy storage and vent�lated façades. 
However, the�r adopt�on has trad�t�onally lacked 
�ntegrat�on and control. They have s�mply been 
used as dynam�c elements �n an ‘unplugged’ 
way. For th�s reason, the�r actual performance 
in the field frequently has been revealed to be 
poorer than expected. Other RBEs are relat�vely 
new, such as dynam�c �nsulat�on, or �n further 
cases, they are advanced technolog�es so far 
only tested �n the laboratory, but not yet appl�ed 
�n pract�ce.

RBEs can be classified based on their responsive 
act�on �n surface �ntervent�on, �nternal �ntervent�on 
and phys�cal behav�our, wh�ch can be d�v�ded 
into heat flux, thermal storage, permeability 
(vent�lat�on) or transparency (dayl�ght and solar 
rad�at�on):

Surface and internal intervention: By 
chang�ng the cond�t�ons on or along the 
surface of a construct�on, the phys�cal 
behav�our of the construct�on w�ll change. 
Intervent�on �n the �nner part of the 
component can change the energy flow in the 
construct�on.

Heat flux related RBEs have a var�able 
(adapt�ve) thermal �nsulat�on performance. 
The character�st�c feature of th�s category 
is that the heat flow is proportional to the 
�nsulat�on level and a certa�n separat�ng area, 
for �nstance the glass area or the façade 
area. Examples of th�s category of RBE are 
double sk�n façades and dynam�c �nsulat�on. 
Heat flux related RBEs can reduce the 
demand for heat�ng and cool�ng by �ncreas�ng 
the �nsulat�on level �n w�nter and decreas�ng 
it in summer. Heat flux related RBEs can also 

•

•

•

•

control the amount of solar energy that �s 
transm�tted through glaz�ng. 

Thermal energy storage related RBEs 
have a capab�l�ty to store (thermal) energy �n 
t�me per�ods w�th excess heat and to release 
th�s energy aga�n �n per�ods w�th a heat�ng 
demand and therefore lead to a reduct�on of 
the total energy demand. Examples of th�s 
type of RBEs are earth coupl�ng systems, 
thermal mass act�vat�on and phase change 
mater�als. 

Transparency related RBEs have a var�able 
transparency to solar rad�at�on and dayl�ght. 
The character�st�c feature of th�s category �s 
the cho�ce of transparent mater�al and how 
�ts transparency depends of the rad�at�on 
wavelength (ma�nly heat or ma�nly dayl�ght). 
Examples of th�s type of RBEs ma�nly �nclude 
fenestrat�on and glazed façades. 

Permeability (ventilation) related RBEs 
have a var�able (adapt�ve) permeab�l�ty, that 
�s vent�lat�on performance. The character�st�c 
feature of this category is that the heat flow 
is proportional to an air flow rate. Examples 
of th�s type of RBE are vent�lated façades 
and embedded ducts. By regulating the flow 
of outs�de a�r, the heat exchange w�th the 
outs�de �s controlled. Some vent�lat�on related 
RBEs �nclude pre-heat�ng of the a�r before �t 
enters the bu�ld�ng.

Based on the�r technolog�cal funct�on (envelope, 
structure, and so on) respons�ve bu�ld�ng 
elements are part of the bu�ld�ng construct�on 
and have to fulfil other requirements. This limits 
the capab�l�t�es for a respons�ve act�on. 

The range of appl�cat�on of RBEs and the�r 
conceptual work�ng pr�nc�ples are extremely w�de, 
sw�tch�ng from bu�ld�ng envelope components 
with ‘adjustable’ U-values and / or with variable 
a�r permeab�l�t�es, to bu�ld�ng structures or 
components able to store thermal energy, to 
glazed systems w�th var�able opt�cal propert�es, 
to elements explo�t�ng evaporat�ve cool�ng. In the 
research act�v�t�es of the project, attent�on has 
been focused on five specific responsive building 
elements, whose prospects for �mprovement 
and w�despread �mplementat�on �n the bu�ld�ngs 
sector seem to be most prom�s�ng. These are:

advanced �ntegrated façades, 

thermal mass act�vat�on, 

•

•

•

•

•

Project Outcomes
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earth coupl�ng, 

phase change mater�als, 

dynam�c �nsulat�on.

The ma�n results regard�ng these RBEs and 
further deta�led �nformat�on can be found �n 
the report, ‘Expert Gu�de - Part 2’ (Aschehoug, 
Per�no, 2009)

Integrated Design Process

W�th the �ntegrat�on of respons�ve bu�ld�ng 
elements and bu�ld�ng serv�ces, bu�ld�ng des�gn 
completely changes from des�gn of �nd�v�dual 
systems to a des�gn based on �ntegrated bu�ld�ng 
concepts, wh�ch can only be developed us�ng an 
�ntegrated des�gn approach. 

An �ntegrated des�gn process ensures that 
the knowledge and exper�ence ga�ned by an 
analyt�cal cons�derat�on of des�gn �s formal�zed, 
structured and �ncorporated �nto des�gn pract�ce. 
In such a process, the expert�se of the eng�neers 
�s ava�lable from the very beg�nn�ng at the 
prel�m�nary des�gn stage and the opt�m�zat�on of 
the architectural and HVAC designs can start at 
the same time as the first conceptual design ideas 
are developed. The result �s that part�c�pants 
collect�vely contr�bute the�r �deas and techn�cal 
knowledge very early �n the process. In th�s way, 
the energy and bu�ld�ng serv�ces systems w�ll not 
be des�gned �ndependently from the arch�tectural 
des�gn, rather they are an �ntegral part of the 
bu�ld�ng des�gn from a very early stage. 

The project has identified that a number of 
barr�ers appear when the boundary between 
arch�tecture and eng�neer�ng �s crossed. 

•

•

•

Arch�tects belong to the human�st�c arts trad�t�on 
wh�le eng�neers belong to a techn�cal natural 
sc�ence trad�t�on. Th�s often creates problems for 
arch�tects and eng�neers work�ng as a team, as 
commun�cat�on between the two groups should 
rely on a common language and �n th�s case the�r 
languages are very d�fferent at the outset. 

The �ntegrated des�gn process �s a hol�st�c 
method that �ntertw�nes elements of knowledge 
from eng�neer�ng w�th the des�gn process of 
arch�tecture to form a new comprehens�ve 
strategy to opt�m�ze bu�ld�ng performance. Th�s 
�mpl�es evaluat�on and we�ght�ng of very d�fferent 
bu�ld�ng performance character�st�cs that often are 
non-comparable, wh�ch requ�res w�ll�ngness from 
all part�c�pants to reach acceptable comprom�ses. 
The goal of �ntegrated des�gn �s an �mproved and 
optimized building performance for the benefit of 
the bu�ld�ng owner and the occupants. Changes 
�n des�gn processes and methods w�ll requ�re 
�nvestment �n educat�on and �n the beg�nn�ng 
w�ll always be more expens�ve for the des�gners. 
Therefore, �t cannot be expected that arch�tects 
and eng�neer�ng consultants w�ll be the ma�n 
dr�vers for these changes unless the bu�ld�ng 
owners and clients recognize the benefits and 
are w�ll�ng to contr�bute to the �nvestments 
needed to �mplement the changes.

The des�gn strategy used �n the project �ncludes 
the follow�ng three ma�n steps: 

Step 1. Reduce energy demand

Opt�m�ze bu�ld�ng form and zon�ng, apply well 
�nsulated and a�r t�ght convent�onal envelope 
constructions, apply efficient heat recovery of 
vent�lat�on a�r dur�ng the heat�ng season, apply 

Figure 4. Iteration loops 
in the design process 
stages.

Project Outcomes
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energy efficient electric lighting and equipment, 
ensure low pressure drops �n vent�lat�on a�r 
paths, and so on.

Apply respons�ve bu�ld�ng elements �f appropr�ate, 
�nclud�ng advanced façades w�th opt�mum w�ndow 
or�entat�on, explo�tat�on of dayl�ght, proper use 
of thermal mass, red�str�but�on of heat w�th�n the 
bu�ld�ng, dynam�c �nsulat�on, and so on.

Step 2. Apply renewable energy sources

Prov�de opt�mal use of pass�ve solar heat�ng, 
dayl�ght, natural vent�lat�on, n�ght cool�ng and 
earth coupl�ng. Apply solar collectors, solar 
cells, geothermal energy, ground water storage, 
b�omass, and so on. Opt�m�se the use of 
renewable energy by appl�cat�on of low exergy 
systems.

Step 3. Efficient use of auxiliary energy

If any aux�l�ary energy �s needed, use the least 
polluting fuels in an efficient way, for instance 
heat pumps, high-efficiency gas fired boilers, gas 
fired combined heat and power-units, and so on. 
Prov�de �ntell�gent control of systems �nclud�ng 
demand control of heat�ng, vent�lat�on, l�ght�ng 
and equ�pment. 

The main benefit of the method is that it 
stresses the �mportance of reduc�ng the energy 
load before add�ng systems for energy supply. 
Th�s promotes robust solut�ons w�th the lowest 
poss�ble env�ronmental load�ngs. A more 
deta�led descr�pt�on of the strategy and roadmap 
for pract�cal �mplementat�on can be found �n 
the report, ‘Expert Gu�de - Part 1’ (He�selberg, 
2009).

The project �ntegrated des�gn process (IDP) 
creates a synergy of competenc�es and sk�lls 
throughout the process by the �nter-d�sc�pl�nary 
work between arch�tects, eng�neers, and others 
r�ght from the beg�nn�ng of the process. It 
ensures that d�fferent knowledge of spec�al�sts �s 
�ntroduced at an early project phase and takes 
�nto account a w�de var�ety of opportun�t�es and 
opt�ons from the very outset. It �nvolves up-to-
date s�mulat�on tools, and leads to a h�gh level 
of systems �ntegrat�on. It enables the des�gner 
to control the many parameters that must be 
cons�dered and �ntegrated when creat�ng more 
hol�st�c susta�nable bu�ld�ngs. The bu�ld�ng 
des�gn �s developed �n an �terat�ve process from 
the conceptual design ideas through to the final 
deta�led des�gn.

Figure 5. Integrated 
Design Process of 
Responsive Building.
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It �s �mportant to cons�der the whole process, 
structuring it into clearly defined sequences to 
�mprove the overv�ew of goals, act�v�t�es, actors 
and products and to sw�tch between them. The 
intermediate workflows in each rough phase can 
be character�zed by �terat�on loops. These loops 
prov�de problem-or�ented analyses of des�gn 
alternat�ves and opt�m�zat�on based on the des�gn 
strategy. They are able to take �nto cons�derat�on 
input from other specialists, influences from 
context and soc�ety to prov�de poss�b�l�t�es for 
and / or limitations to design solutions, as well as 
evaluat�ng the solut�ons accord�ng to the des�gn 
goals and cr�ter�a.

The actual des�gn process �s made up of a 
number of coarsely-defined phases that demand 
�nd�v�dual �terat�ons w�th�n the phases. It needs 
to be accompan�ed by a cont�nuous rev�ew of 
project goals, object�ves and cr�ter�a, wh�ch serve 
as a ‘roadmap’ throughout the ent�re des�gn 
process.

The ECBCS Annex 44 �ntegrated des�gn process 
�s descr�bed �n more deta�l �n the report, ‘Expert 
Gu�de - Part 1’ (He�selberg, 2009)., and �ncludes 
the follow�ng ma�n phases:

Phase 1: Where to build and what to build 

It �s essent�al to understand the cl�mat�c 
character�st�cs of the bu�ld�ng s�te for respons�ve 
bu�ld�ng des�gn. Cl�mate data are useful not only 
for est�mat�ng heat�ng- and cool�ng loads of the 
bu�ld�ng, but also for creat�ng pass�ve des�gn 
concepts.

Analys�s of s�te potent�al, �nclud�ng w�nd, sun 
and landscap�ng, and urban development plans 
and analys�s of the cl�ent’s preferences and 
organ�sat�onal structure help to create a roadmap 
for energy system pr�nc�ples, renewable energy 
systems, the �ndoor env�ronment and construct�on 
solut�ons. The outcomes are an analys�s of the 
context, s�te and bu�ld�ng des�gn potent�al and a 
road map of poss�ble des�gn strateg�es.

Phase 2: Development of design concept

Through the sketch�ng process, arch�tectural 
�deas and concepts, funct�onal demands, as 
well as pr�nc�ples of construct�on are l�nked to 
energy and env�ronmental bu�ld�ng concepts 
and the �ndoor env�ronment through appl�cat�on 
of the des�gn strategy. D�fferent conceptual 

des�gn solut�ons are developed and the�r relat�ve 
est�mated mer�ts are cont�nuously evaluated, 
�nclud�ng arch�tectural qual�t�es, aga�nst the 
goals �n the bu�ld�ng des�gn br�ef. The outcome 
�s an �ntegrated bu�ld�ng concept.

Phase 3: System design and preliminary 
performance evaluation

In the system des�gn phase the bu�ld�ng 
concept develops into specific architectural 
and techn�cal solut�ons and systems through 
sketches, further calculat�ons and adjustments. 
Arch�tectural, spat�al and funct�onal qual�t�es, 
the construct�on approach and demands for 
energy consumpt�on and the �ndoor env�ronment 
converge �n th�s phase. The bas�c bu�ld�ng form 
and �ts s�te locat�on are determ�ned after a ser�es 
of functional analyses, defined in design strategy 
‘step 1’. At the same t�me by apply�ng ‘steps 2 
to 4’ �n the des�gn strategy, a framework for 
respons�ve des�gn �s created, tak�ng �nto account 
var�ous �deas of �ntegrat�on of pass�ve- and 
active systems. This is as reflected in the design 
concept w�th expl�c�t cons�derat�on of RBEs and 
renewable energy technolog�es.

Phase 4: Component design 

In this phase, the final design will be completed 
after the performance of the system des�gn has 
been confirmed. At this point technical solutions 
are refined and design documents are created, 
including final drawings and specifications in co-
operat�on w�th construct�on compan�es, suppl�ers 
and product manufacturers. The outcome �s a 
comprehens�ve descr�pt�on of the ent�re project.  

Phase 5: Operation and management

Many energy problems can be traced to conflicts 
between bu�ld�ng serv�ces and many of these are 
control issues. An energy efficient design strategy 
should overcome th�s and the underly�ng reasons 
for conflict should be identified and eliminated to 
prevent taking forward a flawed design.

To fac�l�tate the �ntegrated des�gn approach, 
d�fferent types of des�gn methods and tools can 
be used wh�ch makes �t poss�ble, �n a strateg�c 
way, to select the most su�table techn�cal 
solutions for the specific building and context. 
The report, ‘Expert Gu�de – Part 1’ (He�selberg, 
2009) descr�bes des�gn methods and s�mulat�on 
tools that can be used for the select�on of RBCs 

Project Outcomes
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and the evaluat�on of RBEs for �nclus�on �n the 
design. It classifies methods and tools according 
to defined RBC design phases and presents 
some examples of developed methods and 
tools. 

The methods and tools enable both qual�tat�ve 
and quant�tat�ve evaluat�on of techn�ques and 
the results can be fed back to �nform dec�s�ons 
on choice and specification. There are different 
k�nds of methods and tools appl�cable �n d�fferent 
phases of the des�gn process and for d�fferent 
types of RBEs and other techn�ques.

Building Performance Prediction

In the des�gn of respons�ve bu�ld�ng concepts 
�t �s cruc�al to be able to pred�ct the bu�ld�ng 
performance w�th sat�sfactory accuracy, 
espec�ally when select�on between alternat�ve 
des�gn solut�ons �s needed, or �f the a�m �s 
to perform an opt�m�zat�on of the bu�ld�ng 
performance. When expressed �n su�table 
�nd�cators as pr�mary energy use, env�ronmental 
load and / or the indoor environmental quality, 
the bu�ld�ng performance s�mulat�on prov�de the 
dec�s�on maker w�th a quant�tat�ve measure of 
the extent to which the design solution satisfies 
the des�gn requ�rements and object�ves.

It is essential that the simulation reflects the 
character�st�cs of the bu�ld�ng construct�on 
and �ts bu�ld�ng serv�ces systems and �s able 
to s�mulate the bu�ld�ng performance w�th 
sat�sfactory accuracy, �n part�cular that the 
results are rel�able and comparable. Trad�t�onally, 
bu�ld�ng performance s�mulat�on �s based on a 
determ�n�st�c approach. However, to be able to 
compare d�fferent des�gn alternat�ves aga�nst 
one another, �t �s necessary to also est�mate 
how rel�able a des�gn �s: That �s to quant�fy the 
uncerta�nty assoc�ated w�th the s�mulated results 
for each des�gn alternat�ve. Th�s can contr�bute 
to more rat�onal des�gn dec�s�ons. At the same 
t�me �t may lead to a more robust des�gn because 
the influence of variations in important design 
parameters has been cons�dered.

An uncerta�nty analys�s determ�nes the 
total uncerta�nty �n model pred�ct�ons due to 
�mprec�sely known �nput var�ables, wh�le a 
sens�t�v�ty analys�s determ�nes the contr�but�on 
of each �nd�v�dual �nput var�able to the total 
uncerta�nty �n model pred�ct�ons. The sequence 
of the two analys�s methods �s qu�te arb�trary 

as �t �s an �terat�ve process, espec�ally for large 
models, wh�ch �s the case for s�mulat�on of the 
performance of �ntegrated bu�ld�ng concepts. A 
number of d�fferent mathemat�cal methods for 
sens�t�v�ty analys�s can be found �n the l�terature. 
Based on the ava�lable �nformat�on, the Morr�s 
method has been evaluated as the most 
appropr�ate for sens�t�v�ty analys�s �n susta�nable 
bu�ld�ng des�gn. A descr�pt�on of th�s method 
and examples of �ts appl�cat�on can be found �n 
the report, ‘Expert Gu�de – Part 1’ (He�selberg, 
2009).

Uncerta�nty  analys�s makes �t poss�ble to 
�dent�fy the most �mportant parameters for 
bu�ld�ng performance assessment and to focus 
the bu�ld�ng des�gn and opt�m�zat�on on these 
few parameters. The results g�ve a much better 
sett�ng for evaluat�ng the des�gn than a s�ngle 
value (uncertainty quantified) analysis, which 
�s often based on caut�ous select�on of �nput 
parameters and therefore tends to under pred�ct 
the potent�al of pass�ve technolog�es. 

In many cases, evaluat�on of a des�gn solut�on 
�s based on a calculat�on of the thermal comfort 
expressed by a performance �nd�cator such as 
‘predicted percentage of dissatisfied’ and / or the 
number of hours the temperature �s h�gher than 
a certa�n value. Due to complex�ty of modell�ng 
the bu�ld�ng envelope and serv�ces systems, as 
well as the var�at�on of boundary cond�t�ons and 
poss�ble user scenar�os, �t �s actually �rrespons�ble 
to base dec�s�ons on a s�ngle calculat�on us�ng a 
s�ngle sample of �nput parameters. An uncerta�nty 
analys�s g�ves much more �nformat�on about the 
performance and a much better background to 
make dec�s�ons.     

The ma�n barr�er, however, for appl�cat�on of 
uncerta�nty analys�s �n bu�ld�ng performance 
assessment �s the �ncrease �n calculat�on t�me 
and complex�ty. Uncerta�nty analys�s �s far from 
be�ng a central �ssue �n consultancy.  Expl�c�t 
appra�sal of uncerta�nty �s the except�on rather 
than the rule and most dec�s�ons are based 
on s�ngle valued est�mates for performance 
�nd�cators. At the moment exper�ences from 
pract�cal des�gn cases are almost non-ex�stent. 
These are needed to demonstrate the benefits 
and transform the methods �nto pract�ce. So, �t 
�s �mportant to �nclude uncerta�nty analys�s �n 
commerc�ally ava�lable bu�ld�ng s�mulat�on tools.

Project Outcomes
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