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SUMMARY 
 

An overall objective of our work is to improve building and systems performances in 

terms of durability, comfort and economics. In order to predict, improve and meet a 

certain set of performance requirements related to the indoor climate of buildings, the 

associated energy demand, the heating, venting and air conditioning systems and the 

durability of the building and its interior, simulation tools are indispensable.  

In the field of heat, air and moisture transport in building and systems, much progress 

on the modeling and simulation tools has been established. However, the use of these 

tools in an integrated building simulation environment is still limited. Also a lot of 

modeling work has been done for energy related building systems, such as solar 

systems, heat pump systems and heat storage systems. Often, these models focus on the 

systems and not on the coupled problem of building and systems.  

 

This thesis presents the development and evaluation of an integrated heat, air and 

moisture simulation environment for modeling and simulating dynamic heat, air and 

moisture processes in buildings and systems. All models are implemented in the 

computational software package MatLab with the use of SimuLink and Comsol. The 

main advantages of this approach are:  

First, the simulation environment is promising in solving both time and spatial related 

multi-scale problems.  

Second, the simulation environment facilitates flexible linking of models.  

Third, the environment is transparent, so the implementation of models is relatively 

easy. It offers a way to further improve the usage and exchange of already 

developed models of involved parties. 

 

More than 25 different heat, air and moisture related models are included in this work. 

Most of the models are successfully verified (by analytical solutions or by comparison 

with other simulation results) and/or validated (by experimental data). The use of the 

simulation environment regarding design problems is demonstrated with case studies. 

vii  



Summary 

 

Overall is concluded that the simulation environment is capable of solving a large range 

of integrated heat, air and moisture problems. Furthermore, it is promising in solving 

current modeling problems caused by either the difference in time constants between 

heating venting and air conditioning components and the building response or problems 

caused by the lack of building simulation tools that include 2D and 3D detail simulation 

capabilities.  

The case studies presented in this thesis show that the simulation environment can be a 

very useful tool for solving performance-based design problems.  
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SAMENVATTING 
 

Een algemeen doel van ons werk is het verbeteren van gebouw en installatie 

gerelateerde prestaties in de vorm van duurzaamheid, comfort en economie. Simulatie 

gereedschappen zijn onontbeerlijk om bepaalde prestatie doelstellingen op het gebied 

van het binnenklimaat van gebouwen, de energie behoefte, de installaties en 

duurzaamheid van het gebouw en interieur te behalen. 

Op het gebied van gecombineerd warmte-, lucht- en vochttransport in gebouw en 

installatie, is veel vooruitgang geboekt wat betreft het modelleren en simuleren van 

dynamisch warmte-, lucht- en vochttransport processen in gebouw en installaties. 

Echter, het gebruik van deze gereedschappen in een geïntegreerde gebouw simulatie 

omgeving is nog steeds beperkt. Ook is er veel gedaan op het gebied energie 

gerelateerde systemen zoals zonnecollectoren, warmtepompen en opslag systemen. 

Vaak richten deze modellen zich alleen op de installaties en niet op het gecombineerd 

probleem van gebouw en installaties. 

 

Dit proefschrift behelst het ontwikkelen en evalueren van een geïntegreerde warmte- 

lucht- en vochttransport simulatie omgeving voor het modelleren en simuleren van 

dynamisch warmte- lucht- en vochttransport in gebouwen en installaties. Alle modellen 

zijn geïmplementeerd in het softwarepakket MatLab waarbij tevens gebruik wordt 

gemaakt van de gereedschappen SimuLink en Comsol. De grootste voordelen van deze 

aanpak zijn: 

- Ten eerste is deze simulatie omgeving veel belovend in het oplossen van zowel tijd- 

als plaatsgerelateerde multi-schaal problemen.  

- Ten tweede is het koppelen van modellen in deze simulatie omgeving flexibel.  

- Ten derde is de omgeving transparant zodat het implementeren van modellen relatief 

eenvoudig is.  

- Ten vierde is Matlab een goed onderhouden commercieel softwarepakket dat nog 

steeds volop in ontwikkeling is.  
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Samenvatting 

Meer dan 25 verschillende warmte-, lucht- en vochttransport gerelateerde modellen zijn 

opgenomen in dit werk. De meeste modellen zijn succesvol geverifieerd (door 

analytische oplossingen of door vergelijking met andere simulatie resultaten) en/of 

gevalideerd (door experimentele data). Het gebruik van de simulatie omgeving voor het 

oplossen van ontwerpproblemen wordt gedemonstreerd in de vorm van casussen.  

 

Algemeen kan geconcludeerd worden dat de simulatie omgeving in staat is om een 

breed scala aan geïntegreerde warmte-, lucht- en vochttransport problemen op te lossen. 

De omgeving is veelbelovend in het oplossen van huidige modelleer problemen op het 

gebied van warmte-, lucht- en vochttransport, die verband houden met het verschil in 

tijdconstanten tussen installatie en gebouw en/of verband houden met het gebrek aan 

gereedschappen die 2D en 3D detail simulaties kunnen uitvoeren. 

De casussen in het proefschrift tonen aan dat de simulatie omgeving een nuttig 

gereedschap kan zijn voor het oplossen van prestatiegerichte ontwerpproblemen. 
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Nomenclature  

 
a  PDE Coefficient 

A  Surface [m2] 

ACD   Fraction of maximum capacity of the absorption chiller [-] 

c  PDE Coefficient 

c  Controllable input variables of the model  

C  Heat capacitance [J/K] 

CCD  Fraction of maximum capacity of the mechanical chiller [-] 

CCDmax   Maximum electrical power of the mechanical chiller [W] 

COP  Coefficient of Performance [-] 

cw  Specific heat of water [J/kgK] 

D   Diffusivity (m2/s) 

da  PDE Coefficient 

dps  Air saturation pressure temperature derivative [Pa/K] 

dt   Time step [s] 

Ehp  Electrical power supply of heat pump [W] 

Elbal  Electricity balance [W] 

ElA   Electricity needed at Academic Hospital [W] 

ElC    Electrical power of the mechanical chiller [W] 

Epb   Purchase price of electricity [Eur/J] 

Eps  Sale price of electricity [Eur/J] 

EP   Electricity profit [Eur/s] 

Ekill   Wasted useful heat of all gas engines [W] 

Esolar  Solar irradiance [W/m2] 

f  PDE Coefficient 

F  PDE Coefficient 

g  PDE Coefficient 

G  PDE Coefficient 
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gpB  Gas price of the boilers [Eur/m3] 
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gmax13    Maximum gas supply to gas engines 1- 3 [m3/s] 

gmax45    Maximum gas supply to gas engines 4 and 5 [m3/s] 

Gr  Grasshof number [-]  

H    Lower Heating Value [J/m3] 

h  Heat transfer coefficient [W/m2K] 

hst    Enthalpy of steam at 8 bar [J/kg] 

hcwa    Enthalpy of water at 12 oC  [J/kg] 

hhwa    Enthalpy of water at 100 oC  [J/kg] 

i  Non controllable input variables of the model  

k  Heat pump efficiency [-] 

K  Thermal conductivity [W/mK] 

L  Thermal conductance [W/K] 

m  Mass [kg] 

MF  Mass flow [kg/s] 

mlA  Hot water needed at Academic Hospital [kg/s] 

msA  Steam needed at Academic Hospital [kg/s] 

mgG   Gas supply to all the  gas engines [m3/s] 

mgB   Gas supply to the boilers [m3/s] 

n   Outward unit normal [-] 

o  Output variables of the model  

p  Vapour pressure [Pa] 

P13   Primary energy of gas supply of gas engines 1-3 [W] 

P45   Primary energy of gas supply of gas engines 4 and 5 [W] 

Pr  Prandl number [-] 

ps  Saturation vapour pressure [Pa] 

q  PDE Coefficient 
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QACDback Unused heat of the absorption chiller [W] 

QcA   Cooling needed at Academic Hospital  [W] 

QcB   Cooling to ice storage [W] 

QcBmax  Maximum cooling content of the ice storage [J] 

QcBsum  State-of-charge of the ice storage [J] 

QCHbal Heat balance for switching on the absorption chiller [W] 

QcSmax    Maximum power of the absorption chiller [W] 

QhA  Heat needed for heating the Academic Hospital  [W] 

QBbal   Heat balance for the boilers [W] 

QB   Demanded heat from the boilers [W] 

QhSW   Switch of supply heat to the absorption chiller [0 or 1] 

QhACD  Heat from gas engines to the absorption chiller  [W] 

QhCH   Heat from gas engines for central heating of the Hospital   [W] 

Qprim   Primary energy [W] 

r  PDE Coefficient 

R  PDE Coefficient 

Re  Reynolds number [-] 

RH  Relative humidity  

t  Time [s] 

T  Temperature [oC], ( [-] when scaled)   

Totp   Total profit [Eur/s] 

u  Solution of the PDE(s), e.g. temperature, moisture content, etc. 
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u,v   Velocity (scaled) [-] 
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x  Position [m] 

y  Position [m] 

Y  Transfer function [-] 
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α   PDE Coefficient 

β   PDE Coefficient 

βRH   Vapour convection coefficient for air [kg/m2sPa] 

γ   PDE Coefficient 

δ   Vapour conduction [s] 

φ  Heat flux [W/m2] 

Φ  Heat flow [W] 
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ηE13    Electric efficiency gas engines 1-3 [-] 
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Chapter 1 

General Introduction 
 

 

 

 

‘And the Lord said, "Behold, they are one people, and they have all one language, and 

this is only the beginning of what they will do. And nothing that they propose to do will 

now be impossible for them.6* ‘Therefore its name was called Babel, because there the 

Lord confused the language of all the earth. And from there the Lord dispersed them 

over the face of all the earth.9*  

The directory of [U.S. Department of energy 2006] provides information on about 300 

building software tools from over 40 countries for evaluating energy efficiency, 

renewable energy, and sustainability in buildings. If ‘language’ is replaced by ‘building 

software tool’ and ‘propose to do’ is interpreted as ‘evaluating energy efficiency, 

renewable energy, and sustainability in buildings’, the above-mentioned prophecy 

seems valid. Furthermore, coupling of stand-alone building software simulation tools by 

means of communication between software programs already gives quite promising 

results in the research area of whole building Heat, Air & Moisture (HAM) responses in 

relation with human comfort, energy and durability [Bartak 2002, Zhai 2005]. However, 

considering the ancient prophecy, this coupling strategy is perhaps not the best solution 

on the long term.  

 

This dissertation is concerned with an integrated modeling and simulation approach for 

the HAM transport mechanisms in the area of building physics and building services 

using a single scientific computational software environment.  

                                                           
* Genesis 11:6,9 
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Chapter 1 

1.1 IMPORTANCY 
Because everyone spends up to 80% of the time in buildings, the whole society benefits 

of good human comfort. Durability implies a long service life, which means less 

material usage, less embodied energy and less embodied pollution. Especially moisture 

threatens durability with wind driven rain, rising damp, built-in moisture, airflow driven 

water vapour entrance and human related indoor vapour production as main sources. 

Furthermore, humidity changes are very significant in warm moist regions. Often over 

50% of the cooling energy is latent heat. Moisture buffering may reduce that percentage 

and therefore can contribute to save energy resources and to reduce CO2 production. For 

all these reasons, a better knowledge of the whole building Heat, Air & Moisture 

(HAM) balance and its effect on the indoor environment, energy consumption for 

heating cooling, air (de)humidification and construction durability is really needed. This 

is also the driving force behind the International Energy Agency Annex 41 [IEA Annex 

41 2006]. To study the effects of whole building HAM response on comfort, energy 

consumption and enclosure durability, computational tools are, beside measurements, 

indispensable. Moreover, it is widely accepted that simulation can have a major impact 

on the design and evaluation of building and systems performances. A lot of computer 

applications already exist [U.S. Department of energy 2006]. New developments in this 

field tend to be in integrated building design [Ellis et al. 2002]. Therefore integrated 

HAM models capable of covering HAM transfer between the outside, the enclosure, the 

indoor air and the heating, ventilation and air-conditioning (HVAC) systems, are 

sought-after. There is no ready-to-use simulation tool that covers all issues [Augenbroe 

2002]. One option is the coupling of tools [Citherlet et al. 2001, Hensen et al. 2004, 

Zhai et al. 2002;2003]. Recent developments in scientific computational tools such as 

Matlab, MathCAD, Mathematica, Maple, FlexPDE, Modelica give cause for another 

option: the exclusive use of a single computational environment. What are the 

limitations if we use state-of-art scientific computational software? What are the 

benefits and drawbacks? 

 2 



General Introduction                                            

1.2 STATUS OF RESEARCH 
In this status of research we provide a review on HAM simulation tools and simulation 

environments used in the area of Building Physics and Systems.  

1.2.1 HAM simulation tools 
In 2005, 14 different tools were used in an IEA Annex 41 [IEA Annex 41 2006] 

common exercise on simulating the dynamic interaction between the indoor climate of a 

room and the HAM response of the enclosure. All tools model the interaction of the 

indoor air and the enclosure. Beside the simulation tool of this thesis, four other HAM 

models are stand-alone simulation tools and have promising capabilities of simulating 

HVAC systems: Bsim, IDA-ICE, TRNSYS, EnergyPlus. 

The energy related software tools at the Energy Tools website of the U.S. Department 

of Energy [U.S. Department of Energy 2006] has been used for several comparison 

studies. A recent overview is provided by Crawley et al. [Crawley et al. 2005]. 

Moreover, [Schwab et al. 2004] performed a study of the same tools in order to 

determine what kind of simulations each tool could perform focusing on HAM 

capabilities. After this, the list was narrowed down to 11 programs that might simulate 

whole building HAM transfer and energy consumption. From this group three tools met 

all formulated criteria by [Schwab et al. 2004]: the ability of simulating moisture 

storage in building materials, indoor climate, moisture exchange in HVAC system and 

access to source code. The three tools are Bsim, TRNSYS and EnergyPlus. These tools 

are also included in the IEA Annex 41.  

[Gough 1999] reviewed tools with the focus on new techniques for building and HVAC 

system modeling. Of the four simulation techniques investigated, the equation-based 

method is most relevant for this work. The other three techniques: modal, stochastic and 

neural networks are not based on physical parameters and are therefore less suitable for 

solving design problems (see Section 1.2.3). Equation based method techniques such as 

Neutral Model Format and IDA solver are included in IDA-ICE and TRNSYS.  [Hong 

et al 2000] reviewed the state-of-art (April 1998) on the development and application of 

computer-aided building simulation. Considering integrated building design systems, it 
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Chapter 1 

is concluded by [Hong et al. 2000] that no public domain mature systems are available 

to today.  

 

1.2.2 Integration efforts 
In [Citherlet et al. 2001] four approaches on integration are identified: Stand-alone, 

interoperable, coupled (or linked) and integrated. First, the stand-alone approach 

represents stand-alone programs in relation to HAM modeling. This category is already 

discussed in the previous Section. Second, the interoperable approach represents sharing 

of information of different simulation tools but without interactive data exchange during 

the run-time simulation process. Recent work on this subject is provided by [Hensen et 

al. 2004, Yahiaoui et al. 2005]. Third, the coupled approach allows sharing of 

information during the run-time simulation process. Recent examples of such 

approaches between building energy programs and CFD are presented by [Zhai et al. 

2002;2003, Djunaedy 2005]. Also in this category, [Clarke 2001] describes the 

approach to following domain coupling as implemented within the ESP-r system: (1) 

building thermal and visual domains; (2) building/HVAC and distributed fluid flow 

domains; (3) inter- and intra-room airflow domains; (4) construction heat and moisture 

flow domains. Fourth, the integrated approach represents simulation of different 

domains within a single simulation environment. [Citherlet et al. 2001] refer to ESP-r 

and EnergyPlus as examples of such approach. [Bradley et al. 2005] provide recent 

information on integrated applications in TRNSYS. As mentioned before, the aim of 

this thesis is to investigate integrated HAM models in a single simulation environment, 

which corresponds with the integrated approach. 

 

1.2.3 Simulation environment requirements 
Important requirements for a simulation environment are discussed now. First, the aim 

is to predict dynamic HAM processes in buildings and systems up to timescales of order 

of ~seconds. Therefore it is essential that the simulation environment incorporates a 

suitable model that is able to effectively simulate responses of indoor climates of whole 

buildings with the required timescale. A second aim is to integrate local HVAC and 
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primary systems and controller models. In this case the so-called forward modeling 

approach [Rabl 1998] is applicable [ASHRAE 2005]. In this approach, the objective is 

to predict output variables of a specific model with known structure and known 

parameters. For this type of models, the known structure is often based on Ordinary 

Differential Equations (ODEs). Therefore it should be relatively easy to implement and 

couple ODEs models in the simulation environment. A third aim is to include 2D & 3D 

models, to simulate local effects in constructions and indoor climate. The structure of 

these geometry-based models is often based on Partial Differential Equations (PDEs). 

The use of PDEs should also be facilitated.  

Furthermore, the modeling and simulation results should be reproducible and 

accessible. This also means that the relation between mathematical model and 

numerical implemented model should be clear. 

 

1.2.4 The MatLab environment 
The MatLab environment has promising capabilities of meeting all mentioned 

requirements:  

(1) A whole building (global) model has already been developed in 

Matlab. This model, called HAMBase (Heat, Air and Moisture model for Building And 

Systems Evaluation), is developed by [de Wit 2006]. The model originates from an 

energy-based model ELAN [de Wit et al. 1988]. Over the years, this research model has 

continuously been improved and implemented in MatLab [de Wit 2006; van Schijndel 

et al. 1997;1999]. Important features for this work are: multizone modeling, response 

factors based network, fixed time step, solar & shadow calculations, multi climate. 

(2) HVAC & primary systems (local) models, based on ODEs, can be 

implemented using SimuLink. This is a platform for multi domain simulation of 

dynamic systems. SimuLink is integrated with MatLab. Important features are: libraries 

of predefined blocks including controllers; ability to interface with other simulation 

programs; ordinary differential equations (ODE) modeling [Ashino, et al. 2000] that can 

accommodate continuous, discrete, and hybrid systems. 
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(3) Indoor airflow and constructions (local) models, based on PDEs, can be 

implemented using Comsol. This is an environment for modeling scientific and 

engineering applications based on partial differential equations (PDE). It offers a 

multiphysics modeling environment, which can simultaneously solve any combination 

of physics, based on the proven finite element method. Important features are: direct 

and iterative solvers; linear and nonlinear, stationary and time dependent analyses of 

models; modeling in 1D, 2D, 3D and of course interface to MatLab/SimuLink. 

 

Related toolboxes in Matlab that are quite useful, in relation with this research, are 

listed below. Furthermore, because the models are developed in the same simulation 

environment, it should be relatively easy to couple models.  

[Riederer 2005] provides a recent overview of Matlab/SimuLink based tools 

for building and HVAC simulation. SIMBAD [SIMBAD 2005] provides HVAC models 

and related utilities to perform dynamic simulation of HVAC plants and controllers. [El 

Khoury 2005] presents a multizone building model in SIMBAD. A similar thermal 

Toolkit named ASTECCA is presented in [Novak et al. 2005, Mendes 2003]. Several 

tools for fault detection and diagnosis for indoor climate systems are provided by [Yu 

2003]. All previous mentioned models focus on thermal processes with limited 

capabilities for moisture transport simulation. In addition to these thermal oriented 

tools, this thesis presents how models that include moisture transport, can be simulated 

in SimuLink. The International Building Physics Toolbox (IBPT) [Weitzmann et al. 

2003] is constructed for the thermal system analysis in building physics. The tool 

capabilities also include 1D HAM transport in building constructions and multi-zonal 

HAM calculations [Sasic Kalagasidis 2004]. All models including the 1D HAM 

transport in building constructions are implemented using the standard block library of 

SimuLink. The developers notice the possibility to couple to other codes / procedures 

for 2D and 3D HAM calculations. In addition, this dissertation shows how this can be 

done using Comsol.  

Several Matlab toolboxes, such as the System Identification Toolbox and 

Neural Network Toolbox can be used for so-called data-driven approaches [Rabl 1998, 

ASHRAE 2005]. In this case, input and output variables are known and the objective is 

 6 



General Introduction                                            

to estimate system parameters. The use of these toolboxes is demonstrated in the 

following papers. [Garcia-Sanz 1997] uses the System Identification Toolbox for 

simulating the thermal behaviour of a building with a central heating system including 

advanced controllers. [Virk et al. 1998] uses the same approach for modeling the 

thermal behaviour of a full scale HVAC system. [Mechaqrane 2004] uses the Neural 

Network toolbox to predict the indoor temperature of a residential building.  

The Optimization Toolbox solves constrained and unconstrained continuous 

and discrete problems. The toolbox includes functions for linear programming, 

quadratic programming, nonlinear optimization, nonlinear least squares, nonlinear 

equations, multi-objective optimization, and binary integer programming. This toolbox 

is useful for optimizing design parameters. [Felsmann et al. 2003] used the MatLab 

Optimization Toolbox in combination with TRNSYS to optimize the control strategy 

for getting minimal costs and energy demand. [Liao et al. 2004] commissions a physical 

model for an existing system by optimising the model parameters. 

 

1.2.5 Other simulation environments 
As mentioned in Section 1.2.3, the availability of a whole building HAM model is 

regarded as essential for this research. The following scientific computational tools: 

MathCAD, Maple, Mathematica and FlexPDE, all lack such a model. A further review 

on these tools is therefore omitted.  

The simulation environment Modelica however, contains a thermal building model. 

Modelica is an object-oriented language, suited for multi-domain modeling. To simulate 

a Modelica model, a so-called translator is needed to transform the Modelica model into 

the appropriate simulation environments. Dymola [Olsson 2005] is such a Modelica 

translator including interfaces to MatLab and SimuLink. [Pohl 2005] developed a 

simulation management tool in MatLab to provide easy and efficient access. [Felgner et 

al. 2002] presents a model library containing: Building, weather, heating and controller. 

The building models were verified by TRNSYS. [Nytsch-Geusen et al. 2005] present a 

hygrothermal model. A model of a hygrothermal wall is implemented successfully. The 

aim is to implement room models as well as models for windows, air volumes and 
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inhabitants. [Casas et al. 2005] presents a Modelica model for the simulation of air 

dehumidification by means of a desiccant wheel. [Saldami et al. 2005] presents recent 

developments of modeling PDEs with Modelica. The authors verified their results with 

Comsol. In addition to work done in Modelica this thesis will also include models for 

indoor airflow and HAM transport in constructions. 

 

1.3 PROBLEM STATEMENT 
All HAM simulation tools mentioned in the previous Section face at least one limitation 

that cannot be solved by the tool itself. Either a problem occurs at the integration of 

HVAC systems models into whole building models. A main problem is caused by the 

difference in time constants between HVAC components and controllers (order of 

seconds) and building response (order of hours) [Clarke 2001]. This can cause long 

simulation times [Gouda et al. 2003, Felsman et al. 2003]. Or, a problem occurs at the 

integration of 2D and 3D geometry based models (for example airflow and HAM 

response of constructions) into whole building models. The problem is caused by the 

lack of lumped parameter tools that include internal 2D, 3D finite element method 

(FEM) capabilities [Sahlin et al. 2004]. The aim of this work is to confront the 

Matlab/SimuLink/Comsol simulation environment with the above-mentioned problems. 

This brings us to the next general questions: 

(I) How can the Matlab/SimuLink/Comsol simulation environment contribute 

in solving these common modeling problems? 

(II) What is the use of this simulation environment for design? 

 

1.4 OBJECTIVES AND METHODOLOGY 
This Section provides the overall objectives and methodology of the thesis based on the 

previously mentioned general problems I and II. Further on, each chapter presents it's 

own objectives and methodologies such as literature review, modeling methods, 

validation methods, application and evaluation. 
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1.4.1 Research 
The research oriented objectives to cover problem I are: 

 

(i) the development of an integrated HAM modeling and simulation 

environment including HVAC systems models and 2D/3D geometry based 

models.  

 

(ii) verification and validation (V&V) of the developed models by current 

practice. (The reader should notice that this is a problem on it's own, 

especially for non linear systems with large degrees of freedom (DOF) 

such as computational fluid dynamics (CFD). The pioneers in the 

development of methodology and procedures in validation of PDE-based 

models, can be found in this research area. [Oberkampf & Trucano 2002] 

provide an overview of the fundamental issues in verifying and validating 

CFD. They conclude that 'to achieve the level of maturity in CFD ... and 

most analyses are done without supporting comparisons will require a 

much deeper understanding of mathematics, physics, computation, 

experiment, and their relationships than is reflected in current V&V 

practice'). 

 

(iii) evaluation of the simulation environment in terms of: accessibility and 

repeatability of the modeling and simulation results, limitations, 

drawbacks and benefits. 

 

The methodology used in developing an integrated HAM modeling and simulation 

environment was to implement the required models, as mentioned in Section 1.2.4, into 

SimuLink. The three steps were: 

(1) Implementing a whole building model. Starting point was the already developed 

(global) whole building model HAMBase [de Wit 2006] in MatLab. In order to 

integrate the HAMBase model into SimuLink, the discrete model was transformed into 

a continuous model HAMBase_S [de Wit 2006]  
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(2) Implementing HVAC and primary systems models. Local HVAC and primary 

systems based on ODEs were integrated into SimuLink by the use of S-Functions. 

(3) Implementing airflow and construction models. This required two steps. First, it had 

to be shown that PDE based local airflow and construction models could be accurately 

implemented and simulated by Comsol. Second, this type of models had to be integrated 

into SimuLink.  

 

1.4.2 Design 
Simulation can be used to predict building and system performances and confront the 

results with fixed criteria before actually built. It is widely accepted that the quality of 

designs can be verified and improved by the proper use of modeling and simulation 

tools. Verification of the design quality can be achieved by simulating the (predicted) 

performance and showing that it satisfies the demanded performance. Improvement of 

the quality is often expressed using classifications. For example, [ASHRAE 2003] gives 

an overview of the classification of the climate control potential in buildings, to be used 

for the selection of design targets. Other recent examples of the use of quality 

classifications are provided by [Lillicrap et al. 2005] and [Boerstra et al. 2005]. The first 

paper describes progress on methodologies for certifying the energy performance of 

buildings in accordance with the European Energy performance of Buildings Directive. 

The latter presents a new Dutch adaptive thermal comfort guideline. The design 

oriented objectives to cover the problem II (the use of the simulation environment for 

design) are: 

(i) the development and evaluation of (new) applications for performance-

based design. 

 

(ii) evaluation of the usability of this work in relation with integral building 

assessment as proposed by [Hendriks & Hens 2000] and [Hendriks et al. 

2003].  

 

(iii) providing a preliminary guideline for design-oriented users. 
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The methodology was to perform case studies based on actual performance based design 

problems. This resulted in four applications in total. Furthermore, the order of 

applications was based on an increase of complexity of the building systems and 

operation, i.e. the first application contained relative simple systems and the last (fourth) 

application had the most complex systems and operations.  

 

Figure 1.1 provides an illustration of the methodology. The implementation of the three 

model categories into the simulation environment is visualised at the upper part of the 

figure. The case studies are visualised at the lower part of the figure as applications 

subtracted from the simulation environment. 

 

SIMULATION  ENVIRONMENT

APPLICATIONS 

Whole Building

    GLOBAL

HAMLab

    HVAC &
Primary Systems

    LOCAL

      Indoor 
   Construction
    Outdoor

    LOCAL

 
Figure 1.1 An illustration of the methodology 

 

(This illustration is throughout the thesis used as background for several figures) 
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1.5 OUTLINE OF THE THESIS 
Figure 1.2 shows a schematic overview of the thesis 

 

SIMULATION  ENVIRONMENT

APPLICATIONS 

Whole Building

    GLOBAL

Indoor
Construction
Outdoor

LOCAL

HVAC
Primary Systems

LOCAL

HAMLab

INTRODUCTION

DISCUSSION & CONCLUSIONS

PART I
Modeling 
Research Oriented

PART II
Simulation
Design Oriented

WHY?
WHAT?

HOW?

USE?

OK?

 
 

Figure 1.2 A schematic overview of the thesis 

 

Part I presents the research oriented modeling volume, focussing on how the simulation 

environment can contribute to solve the previously mentioned common modeling 

problems.  

 

Part II presents the case studies, focussing on the use of the simulation environment for 

performance based design.  
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The outline of the Chapters 2 through 8 is presented at the prefaces of Part I and II. 

These chapters contain original papers already published in peer reviewed journals or 

on international conferences. In order to streamline the papers/chapters for the thesis, 

the following minor modifications are made: First, obsolete names are replaced i.e. 

WaVo by HAMBase; FemLab by ComSol. Second, the notations of the nomenclature 

and the references are unified. Third, some spelling errors, which were still present, are 

corrected. Fourth, the contents of some sections or paragraphs, which are already 

discussed, are replaced by references to previous sections. Fifth, footnotes are included 

for additional recent remarks regarding the content. 

 

Chapter 9 revisits the problem statement and objectives and provides discussion and 

conclusions. 

 

The Literature provides a comprehensive list of related work. The Index of models 

presents an overview of the more than 25 heat, air and moisture models included in this 

work. 

 

The Appendices provide the status of several ongoing projects to be published in the 

near future. 
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Part I presents the research oriented modeling volume, focussing on how the simulation 

environment can contribute to solve the previously mentioned common modeling 

problems.  
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Preface PART I. RESEARCH 

The methodology to develop an integrated HAM modeling and simulation environment 

was to implement three components: whole building, HVAC/primary systems and 

airflow/construction models. This is presented in the next three chapters. 

 

Chapter 2: covers whole building and HVAC/primary systems. The whole building 

model is implemented as follows: starting point is the already existing whole building 

model HAMBase in MatLab. In order to integrate the HAMBase model into SimuLink, 

the discrete HAMBase model is transformed into a continuous model. This continuous 

model and also the HVAC and primary systems models are mathematical modelled by 

ODEs, which are implemented into SimuLink by the use of S-Functions.  

 

The third component (airflow and construction models) is presented in the next two 

chapters.  

 

Chapter 3 presents the modeling of indoor airflows and hygrothermal construction 

responses by PDEs in Comsol. This chapter presents how these PDE based models can 

be implemented and simulated using Comsol.  

 

Chapter 4 provides the integration of PDE based models for airflow and hygrothermal 

construction responses into SimuLink, including Comsol models of convective airflow 

and thermal bridges integrated into controller models of SimuLink.  
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This chapter covers the implementation of the whole building model HAMBase and 

HVAC and primary systems models into SimuLink by the advanced use of S-Functions, 

facilitated by the Matlab/SimuLink environment. An existing indoor climate model is 

implemented in an  S-Function, consisting of a continuous part with a variable time step 

and a discrete part with a fixed time step. The heating systems, including a heat pump, 

an energy roof and thermal energy storage (TES) are modelled as continuous systems 

using S-Functions. All presented models are validated. The advantages of S-Functions 

are evaluated. It demonstrates the powerful and flexible use of MatLab/SimuLink for 

simulating building and systems models 

(A.W.M. van Schijndel & M.H. de Wit, published in proceedings of the 8 TH 

International IBPSA Conference, 2003, Vol. 3 pp. 1185- 1192) 
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2.1 INTRODUCTION 
SimuLink [Mathworks 1997] is a software package for modeling, simulating, and 

analyzing dynamical systems. It supports linear and non-linear systems, modelled in 

continuous time, sampled time or a hybrid of the two. SimuLink includes a block library 

of sinks, sources, linear and non-linear components and connectors. Each block within a 

SimuLink model has the following general characteristics: a vector of inputs, i, a vector 

of outputs, o, and a vector of states x, as shown by Figure 2.1.  

 

     x 
(states)    i 

(input) 

    o 
(output) 

 

Figure 2.1 SimuLink block definition. 
 
SimuLink facilitates hierarchical top-down and bottom-up modeling approaches. By 

double-click on blocks the level of model detail is increased. However, if a SimuLink 

model has a lot of blocks and a lot of levels, the model organization and how parts 

interact can become quite difficult to understand. S-functions (system functions) 

provide another way to create SimuLink models. Algorithms in MatLab or C can be 

implemented in S-functions. The main advantage of using S-functions is that users can 

build general-purpose blocks that can be used many times in a model, varying 

parameters with each instance of the block. SimuLink makes repeated calls during 

specific stages of simulation to each routine in the model, directing it to perform tasks 

such as computing its outputs, updating its discrete states, or computing its derivatives.  

Table 2.I shows these stages.  
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Table 2.I. Stages in S-functions [Mathworks 1997]: C = Continuous, D = Discrete, O = 

Output, t = time). 

Simulation stage  S-Function Routine Flag Computation 

Initialization mdlInitializeSizes flag = 0 x = x0 

Calculation of outputs mdlOutputs flag = 3 x = xC+xD, y = fO (t,x,u) 

Update discrete states mdlUpdate flag = 2 xD = fD (t,x,u) 

Calculation of derivatives mdlDerivatives flag = 1 dxC/dt = fC (t,x,u) 

 
 

The use of S-Functions is demonstrated by the implementation of buildings systems and 

the building model HAMBase (Heat, Air and Moisture model for Building and Systems 

Evaluation) in SimuLink. The main objective of HAMBase is the simulation of the 

thermal and hygric indoor climate. A brief description of the model is given in Section 

2.2. A more detailed description can be found in [de Wit 2006].  The application of S-

Functions in SimuLink is shown in Section 2.3 and Section 2.4. In Section 2.3, a hybrid 

(continuous/discrete) building zone model based on HAMBase is presented.  Section 

2.4 presents a case study of an energy roof assisted heating system controlled with an 

on/off controller. The system includes continuous models of an energy roof, a heat 

pump and a thermal energy storage system (TES). In Section 2.5 simulation results of 

the presented models are confronted with measurements. The advantages of S-Functions 

are evaluated at the Conclusions. Finally, the complete S-function code for the 

presented heat pump model is given in the appendix.  

 

2.2 THE BUILDING MODEL HAMBASE  
The physics of the HAMBase model is based on ELAN, a computer model for building 

energy design. [Wit et al. 1988]. More recently, the ELAN model, together with an 

analog hygric model, has been implemented in MatLab. A short summary of the 

HAMBase model is now presented, further details can be found in [de Wit 2006].  

The HAMBase model uses an integrated sphere approach. It reduces the radiant 

temperatures to only one node. This has the advantage that also complicated geometries 

can easily be modelled. In figure 2.2, the thermal network is shown.  
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Figure 2.2 The room model as a thermal network 
 
Ta is the air temperature and Tx is a combination of air and radiant temperature. Tx is 

needed to calculate transmission heat losses with a combined surface coefficient. hr and 

hcv are the surface weighted mean surface heat transfer coefficients for convection and 

radiation. Φr and Φcv are respectively the radiant and convective part of the total heat 

input consisting of heating or cooling, casual gains and solar gains.*  

For each heat source a convection factor can be given. For air heating the factor is 1 and 

for radiators 0.5. The factor for solar radiation depends on the window system and the 

amount of radiation falling on furniture. Ca is the heat capacity of the air. Lxa is a 

coupling coefficient [Wit et al. 1988]:  

 









+=

r

cv
cvtxa h

hhAL 1        (2.1) 

 

∑Φab is the heat loss by air entering the zone with an air temperature Tb. At is the total 

area. In case of ventilation Tb is the outdoor air temperature. ∑Φxy is transmission heat 

loss through the envelope part y. For external envelope parts Ty is the sol-air 

temperature for the particular construction including the effect of atmospheric radiation. 

                                                           
*Please note that the model presented in figure 2.2 is a result of a delta-star 
transformation. More details are provided in Appendix E 

 22 



Advanced Simulation of building systems and control with SimuLink                                            

The thermal properties of the wall and the surface coefficients are considered as 

constants, so the system of equations is linear. For this system the heat flow entering the 

room can be seen as a superposition of two heat flows: one resulting from Ty with Tx=0 

and one from Tx with Ty=0. The next equations are valid in the frequency domain: 

 

( )
( )xyxyyyyxyyy

xyxyxxyxxxx

TTYTYΦΦΦ

TTYTYΦΦΦ

−+=+=

−+−=+−=      (2.2) 

 

The heat flow (Φyx) caused by the temperature difference ∆Tyx is modelled with a fixed 

time step (1 hour) and response factors. For t = tn : 

 

Φyx(tn) = Lyx∆Tyx(tn) + ∆Φyx(tn) 

         (2.3) 

∆Φyx(tn) = a1∆Tyx(tn-1) + a2 ∆Tyx(tn-2) + b1∆Φyx(tn-1) +   b2∆Φyx(tn-2)   

 

The next equation for the U-value of the wall is valid:  

 

 

AxyUxy = Lxy+ (a1+ a2)/(1-b1-b2)      (2.4) 

 

For glazing, thermal mass is neglected:  

 

Lyx= AglazingUglazing     (a1=a2=b1=b2=0)      (2.5)  

 

The heat flow at the inside of a heavy construction is steadier than in a lightweight 

construction.  In such case Lyx will be close to zero. In the model Lyx is a conductance 

(so continuous) and Φyx are discrete values to be calculated from previous time steps. 

For adiabatic envelope parts Φyx = 0. In the frequency domain,  the heat flow Φxx from 

all the envelope parts of a room can be added:  

 

Φxx(tot) = -Tx ∑ Yx       (2.6)  
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The admittance for a particular frequency can be represented by a network of a thermal 

resistance (1/Lx) and capacitance (Cx) because the phase shift of Yx can never be larger 

than π/2. To cover the relevant set of frequencies (period 1 to 24 hours) two parallel 

branches of such a network are used giving the correct admittance's for cyclic variations 

with a period of 24 hours and of 1 hour. This means that the heat flow Φxx(tot) is 

modelled with a second order differential equation. For air from outside the room with 

temperature Tb a loss coefficient Lv is introduced. The model is summarized in figure 

2.3  
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Figure 2.3 The thermal model for one zone 

 

In a similar way a model for the air humidity is made. Only vapour transport is 

modelled, the hygroscopic curve is linearized between RH 20% and 80%. The vapour 

permeability is assumed to be constant. The main differences are: a) there is only one 

room node (the vapour pressure) and b) the moisture storage in walls and furniture, 

carpets etc is dependent on the relative humidity and temperature.  

The HAMBase model has been subjected to the ASHRAE test [ASHRAE 2001] with 

satisfactory results. For further details, see Table 2.II.  
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Table 2.II Comparison of the room model with some cases of the standard test 
[ASHRAE 2001]*:  

Case Nr. Simulation of   model result min.test max. test  
600ff  mean indoor temperature [oC]  24.8   24.2 25.9  
600ff  minimum indoor temperature [oC]  -19.1  -18.8  -15.6  
600ff maximum indoor temperature [oC]  64.7  64.9 69.5 
900ff mean indoor temperature [oC]  24.8  24.5 25.9 
900ff minimum indoor temperature [oC]  -5.5  -6.4 -1.6 
900ff maximum indoor temperature [oC]  43.1  41.8 44.8 
600 annual cooling [MWh]  6.7  6.1 8.0 
600 annual heating [MWh]  5.4  4.3 5.7 
600  peak heating [kW]   4.1  3.4 4.4 
600 peak cooling [kW]   6.3  6.0 6.6 
900 annual heating [MWh]  1.9   1.2 2.0 
900 annual cooling [MWh]  2.6   2.1 3.4 
900 peak cooling [kW]   3.7    2.9 3.9 
 

2.3 THE HAMBASE MODEL IN SIMULINK  
A major recent improvement is the development of a HAMBase model in SimuLink.  

The model consists of a continuous part with a variable time step and a discrete part 

with a time step of one hour. For the HVAC installation and the room response on 

indoor climatic variations a continuous model is used (see figure 2.3). For the external 

climate variations a discrete model is used.  The main advantages of this numeric hybrid 

approach are:  

a) The dynamics of the building systems where small time scales play an 

important role (for example on/off switching) are accurately simulated.        

 

b) The model becomes time efficient as the discrete part uses 1-hour time 

steps. A yearly based simulation takes 2 minutes on a Pentium III, 500 MHz 

computer. 

c) The moisture (vapour) transport model of HAMBase is also included. With 

this feature, the (de-) humidification of HVAC systems can be simulated.     

                                                           
* Cases 600 & 900 contain repectively lightweight and heavy constructions; ff means 
free floating 
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The heat transport part of HAMBase SimuLink is also validated by the ASHRAE test 

[ASHRAE 2001]. The results of the HAMBase SimuLink model are identical to the 

results of the HAMBase model. The moisture transport part is not yet completely 

validated. Preliminary results [see Section 7.3.1] show a good agreement between 

model and measurement.   

In figure 2.4, an example of the use of a 1-zone HAMBase SimuLink model is 

demonstrated.   

 

Figure 2.4 The HAMBase Sim

Tair-controller with limited 

humidification. 

 

The inputs of the HAMBase 

outputs are air temperature an

controlled by a limited PI con

on/off controllers. 
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2.4 THE HEATING SYSTEM IN SIMULINK 
A short introduction of the heating system is given now. An energy roof collector is 

cooled by a heat pump so that its surface temperature will often be below the ambient 

air temperature. This has the advantage that besides solar energy, also energy is gained 

from the ambient air. In the Netherlands the winters are mild and humid with little 

sunshine, so the system may be promising. In the past, several configurations of an 

energy roof with a focus on the convective heat recovery from ambient air have been 

investigated at the GEO test site of the University [Jong et al. 2000]. The thermal 

energy storage (TES) is located at the cold side of the heat pump so instead of heat loss 

even heat gain is possible. In figure 2.5, an outline is given of the energy roof system.  
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the energy roof is extracting heat from outside and there is a simultaneous heat demand 

from the dwelling). The collector of the test site consists of a simple perforated plate 

designed primarily for convective heat transfer.  

The measurements of [Jong et al. 2000] are used for the determination of the constants 

in the component models. The models* are: 

 

Heat pump model: 
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    (2.7) 

 

Where T is temperature [oC], COP Coefficient of Performance [-], k heat pump 

efficiency determined from the measurements at the GEO test site, (k=0.4), cw specific 

heat capacity of water, C heat capacity of the water and pipes in the heat pump (Cv=Cc 

105 [J/K]), t time[s], MF mass flow [kg/s], Ehp heat pump electric power supply (1200 

W). Subscript c means water at the condenser, v water at the evaporator, in, incoming, 

out, outgoing. The complete S-function code for the heat pump model is given in the 

appendix. 

 

Energy roof model: 

 

)T
2

TT
(kEk)T(TcMF

dt
dT

C e
erouterin

2solar1erouterinwerin
erout

er −
+

⋅−⋅+−⋅⋅=    (2.8) 

 

Where Esolar is solar irradiance [W/m2], k1 and k2 empirical determined parameters 

(k1=0.8 m2 and k2=125 W/K). Subscript er means water at energy roof, e exterior. 

                                                           
* The models presume perfect mixing and no heat losses 
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Thermal energy storage: 

 

boutwboutbinwbin
bout

w TcMFTcMF
dt

dT
cm ⋅⋅−⋅⋅=⋅⋅     (2.9) 

 

Where m is the mass of storage [kg], Subscript b means water in TES.  

The models (2.7), (2.8) and (2.9) are implemented in SimuLink also using S-functions. 

A complete example of the S-Function of the heat pump model can be found in the 

appendix. 

 

2.5 ANALYSIS 
With the parameters found from the measurements the calculated performances of the 

components are compared with measurements. The input for the models are: the 

measured incoming and outgoing mass flows, incoming water temperatures (and for the 

energy roof also the external temperature and the irradiance on the inclined surface). 

Figure 2.6-2.8 show that the models of the components predict the outgoing water 

temperatures well:   

 
Figure 2.6 Simulation and measurement of the outgoing water temperatures of the heat 

pump 
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Figure 2.7 Simulation and measurement of the outgoing water temperatures of the 

energy roof 

 

 
Figure 2.8 Simulation and measurement of the outgoing water temperatures of the TES 

 

In figure 2.9, the complete energy roof system, connected to the building zone model in 

SimuLink, is presented.  
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Figure 2.9 The complete energy roof system in SimuLink. 

 

The control strategy is simple. All mass flows (water) are kept constant (0.02 kg/s) and 

the heat pump is controlled by the internal temperature and an on/off switch (Relay). 

The external temperature and the irradiance on the inclined surface are used as input for 

the simulation of the complete system.   

In figure 2.10, the simulated indoor air temperature using the model of figure 2.9, is 

compared with measurements.  

 
Figure 2.10 The indoor air temperature, measured & simulated 
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There are differences between the calculated values and the measured ones. This is 

probably due to a different control of the mass flows between the model and the reality, 

where the mass flows are also switched on and off. This has not been implemented yet 

and is left over for future research*. Figure 2.11, shows the temperatures for a 48 hours 

period. These include: Incoming and outgoing water temperatures of the evaporator and 

condenser, outgoing water temperature of the energy roof and internal and external air 

temperatures.  

 

 
 

Figure 2.11 The temperatures for a 48 hours period. 

 

The model of figure 2.9, has successfully been used for optimizing the energy roof 

system [Blezer 2003].  Up to now, it may be concluded that cost-efficient application of 

a heat pump in a dwelling is best achieved by bivalent systems. The capacity of the heat 

pump is limited then to about 30% of the total required maximal heating capacity.  

 

                                                           
* More details can be found in appendix B1 & D1 
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2.6 CONCLUSIONS 
The following applications of S-functions in SimuLink for building systems component 

simulation have been evaluated: 

* A hybrid (continuous/discrete) building zone model capable of simulating the thermal 

and hygric indoor climate. The main advantages of this model are: a) the dynamics of 

the building systems of time scales less than an hour are accurately simulated, b) the 

model becomes time efficient. The building zone model is validated with the ASHRAE 

test [ASHRAE 2001]. 

* Continuous models of a heat pump, an energy roof and a TES (Thermal Energy 

Storage). The main advantages of this approach are: a) a clear relation between 

mathematical model (system of Ordinary Differential Equations (ODEs)) and computer 

code in the S-functions, b) the state of art ODE solvers of MatLab gives accurate 

solutions. The models are compared with measurements are acceptable.  

* A complete energy roof and building model containing all the above mentioned 

components with a preliminary simple control strategy. Future models will include 

more advanced control strategies in order to get more realistic simulation results and to 

validate the complete model.  

The evaluation illustrates the powerful and flexible nature of Matlab/SimuLink for 

simulating building systems models.  
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APPENDIX 
 

A complete example how to model a system of ODEs with an S-function of SimuLink 

is shown for the heat pump model. The first step is to define the input-output definition 

of the model. This is presented in Table 2.III. 

 

Table 2. III. The input-output definition of the heat pump model 

 

Variable name Input (u) / 

Output (y) 

Description 

Tvin u(1) Incoming water temperature at the evaporator [oC]  

MFvin u(2) Incoming mass flow at the evaporator [kg/s]  

Tcin u(3) Incoming water temperature at the condenser [oC]  

MFcin u(4) Incoming mass flow at the condenser [kg/s]  

Ehp u(5) Power of electrical supply [W] 

k u(6) efficiency [-] 

Tvout y(1) Outgoing water temperature at the evaporator [oC]  

Tcout y(2) Outgoing water temperature at the condenser [oC]  

COP y(3) Coefficient Of Performance [-] 

 

The second step is to formulate a mathematical model by a system of ODEs. This is 

done using (2.7). The third step is to implement the mathematical model into a (S)ystem 

function, a programmatic description of a dynamic system. Details about this subject 

can be found in [Mathworks 1997]. Figure 2.12 shows the final SimuLink model. 

Figure 2.13 shows the program code. 
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Figure 2.12 The SimuLink model of the heat pump. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 

 

function [sys,x0,str,ts] = wpsfun2(t,x,u,flag) 
 %u(1)=Tvin [oC], u(2)=MFvin [kg/s], u(3)=Tcin [oC], 
 %u(4)=MFcin [kg/s], u(5)=Ehp [W], u(6)=k [-] 
 %y(1)=Tvout [oC] (=x(1)), y(2)=Tcout [oC] (=x(2)) %y(3)=COP 
  switch flag, 
    case 0,       [sys,x0,str,ts]=mdlInitializeSizes; 
    case 1,       sys=mdlDerivatives(t,x,u); 
    case 3,       sys=mdlOutputs(t,x,u); 
   case { 2, 4, 9 }, sys=[]; 
  end 
 function [sys,x0,str,ts]=mdlInitializeSizes 
  sizes.NumContStates  = 2; % Number of Cont. states 
  sizes.NumDiscStates  = 0; % Number of Disc. states 
  sizes.NumOutputs     = 3; % Number of Outputs 
  sizes.NumInputs      = 6; % Number of Inputs 
  x0  = [10; 10];      % Initial values 
 function sys=mdlDerivatives(t,x,u) 
   Tvm=(u(1)+x(1))/2;  Tcm=(u(3)+x(2))/2; 
  COP=u(6)*(273.15+Tcm)/(Tcm-Tvm); 
  Cc=200000;Cv=200000;cv=4200;cc=4200; 
    xdot(1)=(1/Cv)*(u(2)*cv*(u(1)-x(1))-(COP-1)*u(5)); 
  xdot(2)=(1/Cc)*(u(4)*cc*(u(3)-x(2))+COP*u(5)); 
 sys = [xdot(1); xdot(2)]; 
 function sys=mdlOutputs(t,x,u) 
   Tvm=(u(1)+x(1))/2;  Tcm=(u(3)+x(2))/2; 
   COP=u(6)*(273.15+Tcm)/(Tcm-Tvm); 

sys = [x(1); x(2); COP]; 
2.13 The code of the heat pump model used at the S function. 
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This Chapter covers the modeling of indoor air and constructions by PDEs in Comsol. 

This software is designed to simulate systems of coupled PDEs which may be 1D, 2D 

or 3D, non-linear and time dependent. An important feature of Comsol is that the user 

can focus on the model (PDE coefficients on the domain and boundary) and does not 

have to spend much time on solving and visualization.  In this chapter, 4 cases are 

considered. First, in order to illustrate how Comsol works, an example including the 

complete code for solving as well as the results are given for a simple 2D steady state 

heat transfer problem. In the next 2 cases, the reliability is tested for two very different 

building physics problems:  A 2D dynamic airflow problem, modelled using Navier 

Stokes and buoyancy equations, and a 1D dynamic non-linear moisture transport in a 
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porous material. These simulation results are validated and show a good agreement with 

measurements. In the last case, Comsol's capability of simulating 3D problems is shown 

by a dynamic combined heat and moisture transport problem. This example is a 3D 

extension of a given 2D problem from IEA Annex 24 [Kunzel 1996].  For all models 

the crucial part of the codes (geometry, PDEs and boundary specifications) are given. 

The Comsol software is written in the MatLab environment [Mathworks 1998] and 

therefore it is possible to use the visualization tools, toolboxes and all other programs 

written in MatLab. The evaluation illustrates the powerful and flexible nature of Comsol 

for solving scientific and engineering building physics problems.  

 

(A.W.M. van Schijndel, published in Building and Environment, 2003, vol 38/2, pp319-

327) 
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3.1 INTRODUCTION 
Many scientific problems in building physics can be described by PDEs. There are a lot 

of software programs available in which one specific PDE is solved. They are 

developed in order to get the simulation results in a short time and most often a lot of 

effort has been put into the simplicity of input of data, e.g. geometrical data. A 

disadvantage is that they often are not very flexible when the user wants to change or 

combine models. Another drawback is that they most often act as black boxes.  Another 

category of commercially available software like Comsol [Comsol 2006] is developed 

specifically for solving PDEs where the user in principle can simulate any system of 

coupled PDEs. Practical physics/engineering problems in the area of heat transfer, 

electromagnetism, structural mechanics and fluid dynamics can be solved with the 

software. The practical problems solved in this chapter are: a 2D thermal bridge 

problem, a 1D moisture transport problem, a 2D airflow problem and a 3D combined 

heat and moisture transport problem. One of the main advantages of Comsol is that the 

user can focus on the model (PDE coefficients on the domain and the domain boundary) 

and does not have to spend much time on solving and visualization. The scientist can 

concentrate on the physics behind the models and the engineer can calculate details for 

designing purposes using validated models.  

Section 3.2 shows some features of Comsol and how it works by a simple 2D steady 

state heat transfer problem. In Section 3.3 the quality of the numerical solvers is tested 

by solving two very different building physics problems: A 2D dynamic airflow 

problem and a 1D dynamic non-linear moisture transport in a porous material. The 

solutions are compared with measurements.  There are not many software packages 

available which are capable of simulating 3D dynamic combined heat and moisture 

transport problems. In Section 3.4 it is shown how this can be done using Comsol.  

 

3.2 HOW COMSOL WORKS  
Comsol [Comsol 2006] is a toolbox written in MatLab [Mathworks 1998]. It solves 

systems of coupled PDEs (up to 32 independent variables). The specified PDEs may be 
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non-linear and time dependent and act on a 1D, 2D or 3D geometry. The PDEs and 

boundary values can be represented by two forms. The coefficient form is as follows*:  
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The first equation (3.1a) is satisfied inside the domain Ω and the second (3.1b)  

(generalized Neumann boundary) and third (3.1c)  (Dirichlet boundary) equations are 

both satisfied on the boundary of the domain δΩ. n is the outward unit normal and is 

calculated internally. λ is an unknown vector-valued function called the Lagrange 

multiplier. This multiplier is also calculated internally and will only be used in the case 

of mixed boundary conditions. The coefficients da , c, α , ß, γ, a, f, g, q  and r are 

scalars, vectors, matrices or tensors. Their components can be functions of the space, 

time and the solution u.  For a stationary system in coefficient form da = 0. Often c is 

called the diffusion coefficient,  α and ß are convection coefficients, a is the absorption 

coefficient and γ and f are source terms.  

 

The second form of the PDEs and boundary conditions is the general form: 
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* The symbols provided by the Comsol modeling guides are also used here. 
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The coefficients Γ and F can be functions of space, time, the solution u and its gradient. 

The components of G and R can be functions of space, time, and the solution u.  

Given the geometry, an initial finite element mesh is automatically generated by 

triangulation of the domain. The mesh is used for discretisation of the PDE problem and 

can be modified to improve accuracy. The geometry, PDEs and boundary conditions are 

defined by a set of fields similarly to the structure in the language C. A graphical user 

interface is used to simplify the input of these data. For solving purposes Comsol 

contains specific solvers (like static, dynamic, linear, non-linear solvers) for specific 

PDE problems. 

 

Example: Comsol code and results of a 2D stationary thermal bridge  
 

A 2D stationary thermal bridge problem is used as an example of how Comsol works. 

In figure 3.1 the geometry of the 2D thermal bridge problem is shown.  
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b5

b7

b6

internal

external

 
 

Figure 3.1  The geometry of the 2D thermal bridge example, see Table 3.I for boundary 

conditions specifications.  
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In Table 3.I. the lengths and boundary conditions of each boundary segment are given.  

 

Table 3.I. Boundary specifications of the 2D thermal bridge problem, where T is the 

temperature on the boundary and Ti and Te respectively are the internal and external 

temperatures. 

 

Boundary 

Segment  

Boundary  

Type 

Boundary 

Segment length [m] 

Boundary condition        

[Wm-2] 

b1 external 1.0 φ=hce*(Te-T) 

b2 adiabatic 0.2 φ=0 

b3 adiabatic 0.1 φ=0 

b4 internal 0.8 φ=hci*(Ti-T) 

b5 internal 0.7 φ=hci*(Ti-T) 

b6 adiabatic 0.2 φ=0 

b7 adiabatic 1.0 φ=0 

 

The PDE model for the inside of the domain is given by:  

 

0)( =∇⋅∇ TK         (3.3) 

 

Where K is thermal conductivity and T is temperature. Using the coefficient form (3.1a) 

and the model (3.3), it follows that u equals T and the coefficients of (3.1a) are all zero 

(a= da = f= α= ß = γ =0 ) except c.  The c coefficient equals the heat conductivities at 

the sub domains concrete (Kconcr) and insulation (Kinsul).  The boundary values are heat 

fluxes and so the Neumann condition is applied.   For example, boundary condition b1: f 

= hce*(Te-T) is represented by taking q = hce , g = hce*Te  in eq. (3.1b). Note that the 

term n·c▼u in (3.1b) represents the heat flow into the domain and is calculated 

internally and the term λ in (3.1b) is zero because mixed boundary conditions are not 

applied in this example. Figure 3.2 shows the complete Comsol code.  
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  %CONSTANTS 
hci=7.7;    %heat transfer coefficient internal 
hce=25;   %heat transfer coefficient external 
Ti=20;      %air temperature internal 
Te=-10;    %air temperature external 
Kconcr=1;   %heat conduction concrete 
Kinsul=0.03;  %heat conduction insulation 
 
  %GEOMETRY: poly2(XDATA,YDATA) ; 2D polygon 
CONCR=poly2([0 0 1 1 0.2 0.2],[0 1 1 0.8 0.8 0]);   %concrete 
INSUL=poly2([0.2 0.2 1 1],[0.7 0.8 0.8 0.7]);        %insulation 
fem.geom=CONCR+INSUL;         %fem geometry   
fem.dim=1;            %One component  
 
  %COEFFICIENTS OF THE PDE/Boundary problem 
fem.equ.c={Kconcr  Kinsul };     % fem coefficient c 
fem.bnd.g={hce*Te 0 0 hci*Ti hci*Ti 0 0};   % fem coefficient g  
fem.bnd.q={hce   0  0 hci    hci    0 0};    % fem coefficient q  
fem.mesh=meshinit(fem);       % intialize mesh 
fem.sol=femlin(fem);          % solve, steady problem  
 
  %OUTPUT MESH, SOLUTION 
meshplot(fem)      % plot mesh 
q=posteval(fem,'u');         % post processing data 
postplot(fem,'tridata',q,'tribar','on')      % plot solution 
 

 

Figure 3.2 The complete Comsol code for solving the 2D thermal bridge problem.  

 

The default values of all PDE and boundary coefficients are 0. Also some comments 

(%) are included for better understanding of the code.  
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The initial mesh is presented in figure 3.3, and the solution* in figure 3.4   
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Figure 3.3 The mesh of the 2D thermal bridge problem. 

 
 

Figure 3.4  The solution (temperature distribution) of the 2D thermal bridge problem. 

 

This example shows the transparency, easy-to-use and flexibility of PDE models in 

Comsol. 

                                                           
* Also temperature ratios and transmission coefficients can be calculated 
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3.3 TESTCASES FOR RELIABILITY  
In [Comsol 2006] examples are already present which show the accuracy and reliability 

of Comsol. However there are no validations for typical building physics problems. 

Specific for validating building physics simulations in Comsol, this Section deals with 

two (very different) time dependent non-linear problems. Each problem is solved and 

compared with measured data.   

 

3.3.1 1D Moisture transport in a porous material 
The water absorption in an initially dry brick cylinder (length 24-mm) is studied. All 

sides except the bottom are sealed. This side is submerged in water at t=0 sec. The PDE 

and boundary conditions for this problem are shown in figure 3.5 (upper part). The 

corresponding Comsol code for defining the geometry, PDE and boundaries is shown in 

the lower part of figure 3.5  

θ∂

fem.geo
Dw=['(3
fem.dim
fem.equ
fem.equ
fem.bnd
fem.bnd

 

 

Figure 3.5  The

the Comsol code

 

 

0.024xon0
x
θ

0,xon0.27θ

0.024,x0onθ))(D(θ
t

==
∂
∂

==

<<∇⋅∇=
∂

m=solid1([0 0.024]);   % 1D geometry 
.2e-9)*exp(29*u)'];    % diffusivity fired clay brick,type I 
=1;      % one component 
.c={Dw};     % c equals diffusivity   
.da={1};     % da equals 1 
.h={1    0};    % boundary value  
.r={0.27 0};    % boundary value 

 PDE and boundary conditions (upper) and the corresponding part of 

 (lower) of the 1D moisture transport problem. 
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The coefficient form (3.1) is used.  The results of measured water absorption of several 

brick materials based on [Brocken 1998] are shown in figure 3.6, left hand side. The 

moisture profiles are shown versus lambda (lambda is defined by the position divided 

by the square root of the time).  For each material the diffusivity as a function of the 

moisture content is given [Brocken 1998] and used to simulate the corresponding 

profiles.  

 

0.4

 

Figure 3.6 Measured and simulated moisture

moisture transport problem. Left hand side:

side: Simulated moisture contents.  

 

The simulation results in figure 3.6, right ha

profiles*.  
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3.3.2 2D Airflow in a room   
This example from [Sinha 2000] deals with the velocity and temperature distribution in 

a room heated by a warm air stream.  In figure 3.7 the geometry and boundary 

conditions are presented.  

 

 

The boundary conditions are: 
At the left, right, top and bottom walls: 
u=0, v=0, T=0. 
At the inlet: 
u=1, v=0, T=1. 
At the outlet : 
Neuman conditions for u,v and T 

Figure 3.7  The geometry and boundary conditions for the 2D-airflow problem. 

 

The problem is modelled by 2D incompressible flow using the Boussinesq 

approximation with constant properties for the Reynolds and Grasshof numbers. The 

general form (3.2) is used for this type of non-linear problem. In figure 3.8, the PDE 

model, the corresponding PDE coefficients of (3.2a) and the corresponding part of the 

code are given.  
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   %Variables:  u1=u; u2=v; u3=p; u4=T  
   %           u1x = du1/dx, etc.  
eta=1/Re;beta=Gr/(Re*Re);alpha=1/(Re*Pr); %parameters 
fem.dim=4; 
fem.equ.da={{1; 1; 0; 1}}; 
fem.equ.F={{ '-(u1.*u1x+u2.*u1y+u3x)';... 
               '-(u1.*u2x+u2.*u2y+u3y)+beta*u4';... 
               '-(u1x+u2y)';... 
               '-(u1.*u4x+u2.*u4y)'}}; 
fem.equ.ga={{{  '-eta*u1x'; '-eta*u1y'};... 
             {   '-eta*u2x'; '-eta*u2y'};... 
                   0;... 
             {   '-alpha*u4x'; '-alpha*u4y'}}}; 
 
fem.bnd.r={ {    '-u1'; '-u2'; 0; '0-u4'} ... 
        {    '-u1'; '-u2'; 0; '0-u4'} ... 
        {     '1-u1'; '-u2'; 0; '1-u4'} ... 
    {   '-u1'; '-u2'; 0; '0-u4'} ... 
    {   '-u1'; '-u2'; 0; '0-u4'} ... 
    {   '-u1'; '-u2'; 0; '0-u4'} ... 
    {   0; 0; '-u3'; 0} ... 
            {      '-u1'; '-u2'; 0; '0-u4'} }; 
 
fem=femdiff(fem); % calculate divergence gamma on domain 

 

Figure 3.8 The PDE model and the corresponding Comsol code for the 2D-airflow 

problem. 
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 In [Sinha 2000] the problem is solved and validated with measurements for several 

combinations of Re and Gr. In figure 3.9 these results are presented. The left-hand side 

shows the results obtained by [Sinha 2000] and the right side show the corresponding 

Comsol results. The verification results are satisfactory. 
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a) Re = 50 , Gr=0 

 

 

 

 

 

 

 b) Re =1000 , Gr =0 

 

 

 

 

 

 

 

 c) Re = 1000 , Gr =2.5 10 7 

 

Figure 3.9  Dimensionless temperature contours comparison of the validated simulation 

results of [Sinha 2000] (left hand side) with the Comsol results (right hand side) for the 

2D-airflow problem. 
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3.3.3 Discussion on reliability 
The test cases in this Section show that Comsol is very reliable even for a highly non-

linear problem such as convective airflow.  Furthermore, for all the simulation results 

presented in this chapter, the default mesh generation and solver are used. So good 

results can be obtained without a deep understanding of the gridding and solving 

techniques. The simulation times (based on processor Pentium 3, 500 MHz) ranged 

from fast (order ~seconds) for linear problems such as the 2D thermal bridge example, 

medium (order ~minutes) for non linear problems in the coefficient form such as the 1D 

moisture transport example to high (order ~hours) for highly non linear problems in the 

general form such as the airflow problem.       

 

3.4 3D combined heat and moisture transport 
In this Section the challenging problem of simulating combined heat and moisture 

transport for a 3D geometry is presented. The problem is based on a 2D-problem 

[Kunzel 1996] but is now extended to a 3D problem. A brick specimen, initially dry and 

two of the flanks sealed, is placed with its lower surface about 1 cm under water. In 

figure 3.10, the geometry is presented.  

 

 
Figure 3.10  Geometry for the 3D combined heat and moisture transport.  
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The PDE model, boundary conditions and corresponding part of the code written in the 

coefficient form (3.1), are shown in figure 3.11. 

w∂

 

 

 

 

 

 

 

Figure 3.11  The
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fem.dim=3; 
fem.form='coefficient'; 
fem.equ.da={{1; 1}}; 
fem.equ.c={ 'Dw(w)'   'DF(T,w)'  0   'DT(w)'}; 
fem.bnd.g={ {0    0}    {B*wi A*Ti } {0 0} {0 0} {0 0} {0 0}}; 
fem.bnd.q={ {0    0}    {B    A    }  {0 0} {0 0} {0 0} {0 0}}; 
fem.bnd.h={ {1    1}    {0       0}  {0 0} {0 0} {0 0} {0 0}}; 
fem.bnd.r={ {wmax T0} {0     0} {0 0} {0 0} {0 0} {0 0}}; 
 PDE model and the corresponding Comsol code for the  3D combined 

e transport.  

del 3 material properties functions are defined: Dw(w), DF(T,w) and 

functions are calculated using the material properties presented in 

nd are shown in figure 3.12  
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Figure 3.12  The material properties for the PDE coefficients Dw(w), DT(w)  and 

DF(T,w) based on [Kunzel 1996]. 

 

The results of the simulated moisture distribution initially and after 5, 10 and 70 days 

are visualized by slices and planes with equivalent moisture content, in figure 3.13*.  

 

                                                           
* The reader should notice that the 2D validation data provided by [Kunzel 1996] can 
not be used in this case because we modeled (another) 3D case 
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Figure 3.13  3D moisture distribution profiles for 0 days (top), 5 days (middle) and 70 

days (bottom). Left hand side shows vertical slices and right hand side shows iso 

surfaces.  
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The extension of 3D modeling with different materials is left over for future research.    

 

3.5 CONCLUSIONS 
Comsol is evaluated as a solver for building physics problems based on partial 

differential equations (PDEs). Typical building physics problems such as moisture 

transport in a porous material, dynamic airflow and combined heat and moisture 

transport are relatively easy to model. The simulation results of the models used 

including 1D, 2D geometries show a good agreement with measurements*. The Comsol 

software is written in the MatLab environment and therefore it is possible to make use 

of the visualisation tools, toolboxes and all other programs written in MatLab. The 

evaluation illustrates the powerful and flexible nature of Comsol for solving scientific 

and engineering building physics problems.  
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Sinha, S.L., Arora, R.C. & Roy, S., 2000, Numerical simulation of two-dimensional 

room air flow with and without buoyancy, Energy and Buildings vol32., pp121-

129  

Kunzel, H.M., 1996 , IEA Annex 24 HAMTIE, Final Report - Task 1 

 

                                                           
* The 3D application is in fact a demonstration that Comsol can be used to model and 
simulate these types of problems. 
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Integrated building physics simulation with 
Comsol/SimuLink/MatLab 
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This Chapter covers the integration of PDE models into SimuLink. The combined 

MatLab toolboxes Comsol and SimuLink are evaluated as solvers for problems based 

on partial differential equations (PDEs). The following integrated building models are 

discussed: 1) A detailed case study on the combination of an indoor airflow model in 

Comsol connected to an on/off controller in SimuLink. In this case, the code of a 

Comsol model is implemented in the discrete section of a S-Function of SimuLink, so 

that the specialized solvers of Comsol can be used. 2) Other developed integrated 

building physics models in SimuLink are briefly discussed. These include a) a multi 

zone Heat Air and Moisture (HAM) indoor climate model, b) integration of this model 

with a thermal bridge model and controller and c) a 2D model of convective airflow 
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around a convector. At the conclusion the applications and the possible benefits for 

scientists, engineers and designers are discussed. 

 

(Section 4.1 – 4.3 from A.W.M. van schijndel published in proceedings of the 8 TH 

International IBPSA Conference, 2003, Vol. 3 pp. 1177- 1184;  

 

Section 4.4 – 4.5 from A.W.M. van schijndel published in Building Serv. Eng. Res. 

Technol. 2003, 24 Vol 4 pp. 289 – 300) 
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4.1 INTRODUCTION 
Many scientific problems in building physics can be described by PDEs. There are a lot 

of software programs available in which one specific PDE is solved. They are 

developed in order to get the simulation results in a short time and are most often 

emphasized on the simplicity of input of data, e.g. geometrical data. A disadvantage is 

that they often are not very flexible when the user wants to change or combine models. 

Also they most often act as black boxes.   

Another category of software like Comsol [COMSOL 2000], is developed special for 

solving PDEs where the user in principle can simulate any system of coupled PDEs (for 

example the Navier Stokes equations and combined heat and moisture transport). The 

user can focus on the model (PDE coefficients on the domain and boundary) and does 

not have to spend much time on solving and visualization. Comsol is a MatLab Toolbox 

[Mathworks 1998] and has facilities to export models to SimuLink [ Mathworks 1999] 

(Please note that the given references on Matlab, Comsol, and SimuLink are far from 

complete. They are intended as a starting point for further reading). The SimuLink 

simulation environment is flexible so that already developed building and HVAC 

models, like for example SIMBAD [CSTB 2001] can be coupled with the Comsol 

models. This combination can be very interesting for the following application areas:  

* Science. Scientists can fully concentrate on the physics behind the models 

and the validation of models.   

* Engineering. Engineers can combine or adapt already developed models for 

solving typical engineering problems using SimuLink. Furthermore, it is easy 

to create Graphical User Interfaces (GUI) of the input of SimuLink models, so 

engineers can develop user-friendly applications for end-users. 

* Design. Designers only have to concentrate on the parameters of the models 

and the outcome of the simulation results when using user-friendly developed 

applications in SimuLink. 

 

The further contents of the chapter is described now. Section 4.2 shows a complete 

example of an airflow problem, including the Comsol code and validation results.  In 
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Section 4.3, a detailed case study on the integration of the presented Comsol airflow 

model in SimuLink is discussed. Section 4.4 summarizes other developed integrated 

building physics models. 

 

 

4.2 A COMPLETE EXAMPLE 
The test cases of Section 3.3.2 show that Comsol is very reliable even for a highly non-

linear problem such as convective airflow. Furthermore, for all the simulation results 

presented in this chapter, the default mesh generation and solver are used. So good 

results can be obtained without a deep understanding of the gridding and solving 

techniques. The simulation time (based on processor Pentium 3, 500 MHz) are of order 

~hours for highly non linear problems in the general form such as the airflow problem.  

Complete mfiles, results and movies can be found at [Comsol 2006]. 

 

Some limitations on Comsol CFD modeling 

- 3D modeling is possible, however for practical usage, it consumes too much 

simulation time. 

- k-ε is the only present turbulence model at this moment, other models are not 

developed yet.  

 

Benefits of Comsol modeling  

Scientists who want to create their own models can benefit from the combined PDEs 

modeling, the compact code, the easy adaptation of models, the state of the art solvers 

and the graphical output. Engineers can easily use the already developed models for 

other geometries and boundary conditions. The Comsol models can be exported and 

connected with MatLab/SimuLink models, creating a flexible simulation environment 

for combined PDE and ODE (ordinary differential equation) based models (see the 

following Section).            
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4.3 AIRFLOW AND CONTROLLER  
This Section shows in detail how an airflow model of Comsol can be coupled to a 

controller of SimuLink. Comsol has standard facilities to export models to SimuLink 

[COMSOL 2006]. However, a standard export of the airflow model to SimuLink is not 

very practical because such a non-linear model can not be simulated efficiently by 

SimuLink (the standard solvers of SimuLink can not handle such a problem very well).  

A possible solution to this problem is to implement the Comsol code in the discrete 

section of a SimuLink S-function. The S-function solves each time step (in this case 1 

sec) an airflow problem using the Comsol solver. After each time step the solution is 

exported.  Dependent on the controller, different boundary values can be applied.  The 

use of the implementation of Comsol in a S-function is demonstrated in the following 

example.  Again the Comsol model of Section 3.3.2 is used. The airflow at the inlet is 

now controlled by an on/off controller with hysteresis (Relay) of SimuLink. If the 

temperature of the sensor is above 20.5 oC the air temperature at the inlet is 17 oC if the 

air temperature is below 19.5 oC the inlet temperature is 22 oC.  Initially the inlet 

temperature is 18 oC. Figure 4.1 through 4.4 give an overview of the results.  
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Figure 4.3 The air temperature distribution at 8 sec. (hot air is blown in) (o = sensor 

position). 

 

 
 

Figure 4.4 The air temperature distribution at 10 sec. (cold air is blown in) (o = sensor 

position). 
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Figure 4.5 shows details of how a S-function should be programmed for the use with 

this Comsol model and solver.  
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function [sys,x0,str,ts] = dsfun(t,x,u,flag) 
% t: time; x = state vector ; u = input vector; % flag = control parameter 
global OutT Outsol 
% Comsol model geomtry, mesh, PDE coefficents and       boundary conditions 
switch flag, 
    case 0, 
    [sys,x0,str,ts] = mdlInitializeSizes(fem,tstap,u0);% Initialization % 
    case 2,                                                 
    sys = mdlUpdate(t,x,u,fem,tstap); %update discrete part 
  case 3,                                                 
    sys = mdlOutputs(t,x,u,fem,tstap); %produce output  
    case 9,                                                 
    sys = []; %terminate 
 end  %end dsfunc 
function [sys,x0,str,ts] = mdlInitializeSizes(fem,tstap,u0) 
global OutT Outsol 
% calculated the next values needed for SimuLink 
% calculated initial values for time OutT(1) and  
% initial values for solution Outsol(1) 
% x0 are all values of the temperature on the mesh  
OutT(1)=0;   Outsol(1)=x0; 
function sys = mdlUpdate(t,x,u,fem,tstap) 
global OutT Outsol 
if u(1)>0.5 % if dimensionless Temperature of sensor > 0.5 then  
    fem.bnd.r={ {'-u1'; '-u2' ;0 ; '0-u4'} ... %boundary value cold air 
else 
    fem.bnd.r={ {'-u1'; '-u2' ;0 ; '1-u4'} ... % bounadry value hot air 
end 
tijd=[t; t+tstap/2; t+tstap]; %calculate simulatetime for Comsol model 
fem.sol=femtime(fem,'atol',{{.1,.1,Inf,.1}},'ode','fldae',... 
       'sd','on','report','on','tlist',tijd,'init',x); %simulate airflow 
OutT=[OutT  (t+tstap)]; % update time 
Outsol=[Outsol   fem.sol.u(:,ntijd)]; % update solution 
function sys = mdlOutputs(t,x,u,fem,tstap) 
global OutT Outsol 
Points=[69 84 101 167 188 211 259 261]; % location of sensor in mesh 
sys=mean(x(Points)); % output
ure 4.5 Example of the implementation of a Comsol model in the discrete section of 

-function of SimuLink 
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More Details about S-functions can be found in [Mathworks 1999]. The above results 

show that also highly non-linear models solved with Comsol can be exported to 

SimuLink by writing an appropriate S-function. The complete mfiles, results and 

movies can be found at [Comsol 2006]. 

 

Benefits: 

Engineers can use this model to study the effect of controller type and settings on the 

indoor airflow and temperature distribution.   

 

4.4 OTHER DEVELOPMENTS 
In this Section some other recent developments in the area of integrated building 

physics with Comsol/ SimuLink/MatLab are discussed. In order to integrate HAM 

models, a multi zone indoor climate model in SimuLink has been developed:    

 

4.4.1 2D Convective airflow around a convector 
The objective of this project was to investigate the use of Comsol in case of a pure 

convective airflow. The practical application was to find the minimal surface 

temperature of a convector to compensate cold airflow due to a cold surface.  The same 

model as in Section 3.2 has been used, only the geometry and boundary conditions are 

adapted. In figure 4.6 the geometry is shown: 
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Figure 4.6 The geometry of the convector, cold surface and room (3m x 2.5 m). 

 

In figure 4.7 and 4.8 the simulation results are shown for an equivalent convector 

surface temperature of 25 oC and 37.5 oC respectively. The initial room temperature is 

20 oC. 
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Figure 4.7 The room temperature (in K, surface convector temperature is 25 oC)   

 

 
 

Figure 4.8 The room temperature (in K, surface convector temperature is 37.5 oC)   
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Figure 4.7 and 4.8 show that a mean convector surface temperature of 25 oC does not 

compensate the cold airflow, but a temperature of 37.5 oC does. The model is validated 

by measurements for the given geometry [van Schijndel & van Aarle 2000]. 

 

Benefits 

Designers can use this model to simulate the airflow with different temperatures and 

sizes for the cold wall and the convector. 

 

4.4.2 A Comsol model connected to a model in SimuLink 
The objective of this project is how to connect a Comsol model to a model in SimuLink. 

The thermal bridge model of Section 3.2 has been exported using the standard export 

facilities of Comsol and placed into the room model. In figure 4.9 the complete model is 

shown: 

 

 
Figure 4.9. The thermal bridge (Comsol) model connected with the room model. 
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The practical application* was to study the effect of lowering the air temperature during 

the night on the relative humidity near the thermal bridge. Figure 4.10 and 4.11 show 

the results:     

 

 
Figure 4.10 Internal and external air temperature, minimum and maximum surface 

temperature at the thermal bridge (top) and min./max. relative humidity near the 

thermal bridge (bottom) versus the time [days] with room temperature set point is held 

at 20 oC  

 

                                                           
* In this case, the indoor vapor pressure was fixed at 1170 Pa. 
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Figure 4.11 Internal and external air temperature, minimum and maximum surface 

temperature at the thermal bridge (top) and min./max. relative humidity near the 

thermal bridge (bottom) versus the time [days] with room temperature set point lowered 

to 15 oC during the night. 

 

The effect of lowering the air temperature during the night on the relative humidity near 

the thermal bridge is clear. The model is used as a demonstration model for students to 

simulate the interaction between building construction (the thermal bridge), the indoor 

climate and controller settings (room model).    

This project showed that a linear model in Comsol could easily be exported to 

SimuLink. The simulation time stays within limits (above simulation takes about 3 

minutes on a Pentium 600MHz). Note that not only detailed temperatures of the thermal 

bridge are simulated but also the heat flow to the thermal bridge from the room.  
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Benefits 

Engineers who have some experience with SimuLink can combine Comsol models with 

their own models and controllers in SimuLink. 

 

4.5 CONCLUSIONS 
The combination Comsol/SimuLink/Matlab is evaluated as solver for HVAC problems 

based on partial differential equations (PDEs). An example of the implementation of a 

typical HVAC modeling problem such as a dynamic airflow in combination with a 

controller is demonstrated. The simulation results of the presented airflow model agree 

reasonably well with measurements. Other presented models show that the combination 

Comsol/SimuLink/MatLab is a powerful and flexible environment for modeling and 

solving HVAC problems.  

Benefits for scientists are:  

* The wide application area. The software is designed to simulate systems of 

coupled PDEs, 1D, 2D or 3D, non-linear and time dependent.  

* There is a clear relation between the mathematical model and (compact) 

program code in terms of specified PDE coefficients and boundary conditions. 

* The easy-to-use default gridders and solvers give accurate solutions. 

* The graphical output capabilities. 

Benefits for engineers are: 

* Already developed SimuLink models and controllers can be connected with 

Comsol models. 

* It is relatively easy to combine or adapt models for solving typical 

engineering problems. 

* It is relatively easy to create Graphical User Interfaces (GUI) of the Simulink 

models.  

Benefits for designers are: 

The Comsol/SimuLink/MatLab environment facilitates state of the art PDE modeling 

with user-friendly Graphical User Interfaces.    
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Part II presents the case studies, focussing on the use of the simulation environment for 

performance-based design. The order of applications is based on an increase of 

complexity of the building systems and operation, i.e. the first application contains 
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relative simple systems and the last application has the most complex systems and 

operations. 

 

Chapter 5 presents a case study on the performance-based design for the indoor climate 

of a monumental hall. The aim of this study is to classify and evaluate the indoor 

climate performances for the preservation of the monumental interior. 

 

Chapter 6 provides a case study on the performance-based design of a HVAC system 

and controller of a museum. The study evaluates design solutions for the HVAC system 

and showcases for the preservation of paper fragments  

 

Chapter 7 presents a case study on the optimal operation of the climate control of a 

monumental church. Several operation strategies based on temperature and relative 

humidity change rates control are evaluated for best preservation of the monumental 

wooden organ. 

 

Chapter 8 presents a case study on the optimal operation of a complex hospital power 

plant. A model is used to calculate the energy loss and costs for different operation 

strategies.  
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Indoor climate design for a monumental 
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This Chapter presents a case study on the performance based design for the indoor 

climate of a monumental building with periodic high indoor moisture loads. Several 

scenarios of the past performance and new control classes are simulated and evaluated. 

The results include the influence of hygric inertia on the indoor climate and 

(de)humidification quantities of the HVAC system. It is concluded that: (1) The past 

indoor climate can be classified as ASHRAE control C with expected significant 

occurrences of dry (RH below 25%) and humid (RH above 80%) conditions; (2) 

ASHRAE control C is not suitable for the new hall. The climate control classification 

for the new hall ranges from B to AA.; (3) The demands on the HVAC system to 
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facilitate pop concerts in the new hall are 40 kW heating power, between 100 and 200 

kW cooling power, between 40 and 80 kW humidification power and 125 kW 

dehumidification power; (4) In case of control class AA, placing additional hygroscopic 

material has no significant effect. In case of control class B, the placing of additional 

moisture buffering material (5 air-volume-equivalents) does not decrease the 

(de)humidification power but decreases the (de)humidification energy by 5%. 

 

 

 

 

(A.W.M. van Schijndel published in Proceedings of the 26TH AIVC Conference in 

Brussel 2005 , pp301-313)  
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5.1 INTRODUCTION 
A monumental theatre, formerly used as a cinema, is renovated. The interior of the 

theatre, containing monumental paintings, wood and plaster, is well preserved. It is 

concluded that heating of the building in the past had no significant impact on the 

monumental interior. A new destination of the renovated theatre is to facilitate (pop) 

concerts. This will cause a much higher indoor moisture load as before. An important 

demand is that the indoor climate may not deteriorate the interior compared to the past 

situation. Currently the building is already under renovation, so measurement of the 

original situation was not possible. Therefore simulation is the only tool that can be 

used to check the indoor climate performances of the past situation and of new designs. 

The objectives of this paper are twofold: (I) Demonstration of the use of a new 

simulation and visualization tool by characterization of the past performance of the 

indoor climate; classification of the new climate control and calculating the required 

HVAC capacities. (II) A preliminary study of the effect of moisture buffering on the 

energy needed for (de)humidification by the HVAC system. The outline of the paper is 

as follows: Section 5.2 presents background information on the building and its 

monumental interior, performance criteria for the indoor climate and the used 

simulation tool HAMBase. Section 5.3 provides simulation results of the past indoor 

climate of the Luxor hall and new designs with and without placing additional 

hygroscopic material, using the new visualization chart. In Section 5.4, a discussion on 

the simulation results is presented. Section 5.5 shows the conclusions. 

 

5.2 BACKGROUND 
The current building and its monumental interior 

The Luxor theatre, designed by Willem Diehl, was built in 1915 in Arnhem 

(Netherlands). The main hall (volume about 1800 m3) has no windows. The outdoor 

walls are made of brick (0.8m) with air gap. The roof is made of tiles. It’s monumental 

interior consists of a wooden stage frame, gypsum/wooden ceiling artefacts and 
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paintings on wood and paper. Figure 5.1 provides an impression of the building and the 

hall. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1 Left: The Luxor Theatre in 1931; Right top: 

frame; Right bottom: Gypsum/wooden ceiling artefacts. 

 

The performance criteria and classification of the indoor

The performance criteria for the indoor climate are base

2003]. Details can be found in Section 5.3. 

 

The modeling tool HAMBase 

HAMBase is used as simulation tool (see PART I). 
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5.3 SIMULATION RESULTS 
 

Climate Evaluation Chart (CEC) 

All simulated scenarios are presented by Climate Evaluation Charts (CEC). Because 

there is a lot of information in the chart, an explanation of the CEC is given first. Figure 

5.2 presents an typical example of a CEC. The interpretation of the chart is explained 

below (the data itself are not important at this moment) 

 

 
 

 

6 

5 

1 
4 

2 
3 

 

Figure 5.2 Example CEC. 

 

The background of the chart is a standard psychometric chart for air, with on the 

horizontal axis: the specific humidity, on the vertical axis: the temperature and curves 

for the relative humidity. Area 2 shows the demanded performance (demands) on: (1) 

indoor climate boundaries: minimum and maximum temperature and relative humidity 
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(min T, max T, min RH and max RH) and (2) indoor climate change rate boundaries: 

maximum allowed hourly and daily changes in temperatures and relative humidities 

(DeltaTh, DeltaT24, DeltaRHh, DeltaRH24). Area 1 shows the indoor climate 

boundaries and the simulated indoor climate of a building exposed to a (Dutch standard 

test reference) year. The simulated climate is presented by seasonal (Spring from March 

21 till June 21, etc.) colours representing the percentage of time of occurrence and 

seasonal weekly averages. The colours visualize the indoor climate distribution. For 

example, a very stable indoor climate produces a narrow spot, in contradiction to a free 

floating climate which produces a large 'cloud'. Area 3 provides the corresponding 

legend. Area 5 shows the total percentage of time of occurrence of areas in the 

psychometric chart (9 areas). In this example 73% of the time the indoor climate is 

within the climate boundaries; The area to the left (too dry) occurs 10% of the time, the 

area to the right (too humid) occurs 17% of the time. The climates in the other 6 regions 

do not occur. Below area 5 the same information can be found for each season. Area 4 

shows the energy consumption (unit: m3 gas / m3 building volume) and required power 

(unit: W / m3 building volume) used for heating (lower), cooling (upper), humidification 

(left) and dehumidification (right), assuming 100% efficiencies. In this example the 

energy amount is 3.92 m3 (gas / m3 building volume) and required power is 82.51 (W / 

m3 building volume) used for heating. Cooling, humidification and dehumidification are 

zero in this example. Area 6 presents the occurrence (in percentage of time) outside the 

climate change rate boundaries. In the example the demand of maximum allowed hourly 

change of temperature of 5 (oC/hour) is shown as a blue line. The distribution per season 

is provided together with the percentage of time of out of limits. In this example, area 6 

shows that only 1% of the time, the hourly temperature change rate is out of limits. This 

is also specified for each season. Below area 6 the same can be found for the other 

climate change rate boundaries. All simulation results will be presented below. 

 

Simulated scenarios 

All simulations are performed using a test reference year for the Netherlands. The past 

performance is simulated using two scenarios, representing periodic and intensive use 

of the hall in the past. The goal of these scenarios is to simulate worst-case conditions. 
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The results are used for comparison with new control class designs. The future use of 

the hall includes (pop) concerts. This will cause a much higher moisture load in the hall. 

This effect is included in all future scenarios. The simulated control class scenarios 

[ASHRAE 2003] start with the lowest class, representing the same type of HVAC 

system as in the past and end with the highest class, representing precision control. 

Furthermore, extra scenarios are included with the use of additional hygroscopic 

material. The goal of these scenarios is to study the effect of moisture buffering on the 

indoor climate, energy consumption and required power. After presenting all scenarios 

the results will be discussed in Section 5.4. 

 

The hall used as cinema  

The hall was heated and ventilated by an air system. During a performance (duration 4 

hours, 200 sitting people producing 17 kW heat and 2.5 g/sec moisture) the system 

provided an estimated ventilation rate of 10 ACH. During the day (duration 10 hours, 2 

people) this was estimated as 2 ACH and 1 ACH for the rest (including infiltration). In 

order to estimate the past indoor climate, two extreme scenarios are simulated. The 

assumption is made that the past indoor climate was somewhere between the next two 

past scenarios: (1) periodic use of the hall: 2 times a week a performance, the hall is 

only heated during these performances. Furthermore a minimum air temperature of 5 oC 

is maintained. (2) intensive use of the hall: 6 times a week a performance, the hall is 

also heated during the day. A minimum air temperature of 10 oC is maintained. The 

results are presented in figure 5.3 and 5.4.  

 

All new designs have to facilitate: (a) 2 concerts a week (duration 4 hours, 700 moving 

people producing 63 kW heat, 27 g/sec moisture) with a designed ventilation rate of 10 

ACH; (b) 3 meetings a week (duration 4 hours, 100 people producing 8 kW heat, 1 

g/sec moisture) with a designed ventilation rate of 10 ACH; (c) During the day 

(duration 10 hours, 10 people, 2 ACH) and 1 ACH for the rest (including infiltration). 
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A control class C design  

First, a control class C design will be evaluated. Class C, defined as ‘to prevent all high 

risk extremes’, usually consists of basic heating cooling and ventilation. Two scenarios 

are presented: (1) HVAC system: heating, cooling and ventilating, without additional 

hygroscopic material, (2) HVAC system: heating, cooling and ventilating, with 

additional hygroscopic material. The results are presented in figure 5.5 and 5.6 (Note: 

There are no ‘percentages out of limits’ presented in these CECs, because (ASHRAE) 

control class C does not specify a limitation of the allowable change rates). 

 

A control class B design  

Also, a control class B design will be evaluated. Class B, defined as ‘precision control, 

some gradients plus winter temperature setback’, is usually a HVAC system, including 

cooling and (de)humidification . Two scenarios are provided: (1) HVAC system: 

climate control, without additional hygroscopic material. (2) HVAC system: climate 

control, with additional hygroscopic material. The demanded performance and results 

are presented in figure 5.7 and 5.8. 

 

A control class AA design  

Finally a control class AA design will be evaluated. Class AA, defined as ‘precision 

control, no seasonal changes’, is usually a high-tech HVAC system, including cooling 

and (de)humidification. One scenario is presented: HVAC system: climate control. The 

demanded performance and results are presented in figure 5.9. 
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Figure 5.3 The CEC of Scenario ‘periodic use of the hall’ 
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Figure 5.4 The CEC of Scenario ‘intensive use of the hall’ 
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Figure 5.5 The CEC of Scenario ‘control class C design without additional hygroscopic 

material 
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Figure 5.6 The CEC of Scenario ‘control class C design with additional hygroscopic 

material 
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Figure 5.7 The CEC of Scenario ‘control class B design without additional hygroscopic 

material 
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Figure 5.8 The CEC of Scenario ‘control class B design with additional hygroscopic 

material 
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Figure 5.9 The CEC of Scenario ‘control class AA design. 
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5.4 DISCUSSION OF THE RESULTS 

5.4.1 Evaluation of the scenarios 
Past performance 

Both past performance scenario results show high RH change rates (up to 94% of time 

out of limits) and high humidities (up to 17% of time is too humid) . Although this did 

not lead to visible damage* to the monumental interior so far, it should be reduced to 

prevent future damage. Furthermore, the other scenario in figure 5.4, results in low 

humidities (up to 26% of time is too dry). Both problems should be prevented in the 

future. 

Control class C design 

This design contains basic heating cooling and ventilation. Figure 5.5 shows that this is 

not an acceptable design because: (a) during the winter the RH is 21% of the time below 

25% and (b) 40% of the time the daily RH fluctuation is above 20%. Figure 5.6 shows 

that both problems are solved if a very large amount of additional moisture buffering 

material (100 air-volume-equivalents) is placed. The amount of additional moisture 

buffering material is expressed in air-volume-equivalents (of the 1800 m3 hall). This 

means 1 air-volume-equivalent (at 20 oC/50%) equals 14 kg of moisture. If wood 

fibreboard is selected as buffering material, 1 m3 wood can buffer 12 kg moisture (daily 

change rate of Rh 20%, density wood = 300 kg/m3, (de)sorption = 0.04 kgmoisture/kgwood). 

100 wood slices of 1 cm x 1m x 1m separated by 1 cm air gap fills 2 m3 of space. Thus 

100 air-volume-equivalent takes 230 m3 of space. However, due to the monumental roof 

and walls, it will be very difficult to place such amount of buffering material. This 

means that moisture control will be inevitable. 

Control class B design 

This design contains full climate control with RH between 40% and 60%. Figure 5.7 

shows that the only problem left is that still 34% of the time the daily RH fluctuation is 

above 20%. Figure 5.8 shows that if a reasonable amount of additional moisture 

buffering material (5 air-volume-equivalents, taking 12 m3 of space) is placed, then: (a) 

                                                           
* No visible damage does not mean that there is no damage at all.  
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it has only small effects on the humidification energy (decrease of 6%) and 

dehumidification energy (decrease of 4%); (b) it has no significant effect on the 

(de)humidification power and (c) the daily RH fluctuations remain too high. Note that 

these climate conditions are expected to be better than the past performance. One could 

argue that the monumental interior has not deteriorated in the past, so it probably will 

not deteriorated in better climate conditions. In this case control class B would be 

appropriate. But one can also argue that it is pure luck that the monumental interior has 

not deteriorated so far. In this case control class B would not be appropriate and a more 

stringent control class is required. 

Control class AA design 

This design contains full climate control with RH between 48% and 52%. This means 

there is almost no moisture buffering due to the steady RH. Figure 5.9 shows that the 

climate meets the demanded performance very well*. The disadvantages compared to 

the previous class B design are: (a) much higher humidification (increase of 270%) and 

dehumidification energy consumptions (increase of 200%) and (b) a significant effect 

on the humidification power (increase of 200%) and cooling power (increase of 190%).  

 

5.4.2 Evaluation of the moisture buffering effects on the HVAC 
performance 
From figure 5.7 and 5.8 it follows that the humidification energy drops from 1.51 to 

1.42 [m3 gas / m3 building volume] and the dehumidification energy drops from 2.34 to 

2.24 [m3 gas / m3 building volume] by placing 5 air-volume-equivalents of moisture 

buffering material. The next figure presents the (de)humidification energy as a function 

of the additional buffering material in more detail.  

 

                                                           
* This study focusses on the indoor climate. Further research is recommended to study 
the impact of this control class on the (monumental) constructions. 
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Figure 5.10 The (de)humidification energy as a function of the placed air-volume-

equivalents. 

 

Figure 5.10 shows an almost linear decrease of 0.01 [m3 gas / m3 building volume] per 

air-equivalent additional buffering material.  

 

5.5 CONCLUSIONS 
Revisiting the objectives of Section 5.1, the conclusions are: 

In relation to the use of the new simulation and visualization tool: (1) The past indoor 

climate can be classified as ASHRAE control C with expected significant occurrences 

of dry (RH below 25%) and humid (RH above 80%) conditions. (2) ASHRAE control C 

is not suitable for the new hall. The climate control classification for the new hall ranges 

from B to AA. Further research in the form of detailed HAM transport calculations in 

the (monumental) constructions are needed to select the appropriate class. (3) The 

demands on the HVAC system to facilitate pop concerts in the new hall are 40 kW 

heating power, between 100 and 200 kW cooling power, between 40 and 80 kW 

humidification power and 125 kW dehumidification power. All these quantities are 

based on 100% process efficiencies. 

Considering the effect of moisture buffering on the (de)humidification energy of the 

HVAC system, the conclusions are: (4) In case of control class AA, placing additional 
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hygroscopic material has no significant effect. In case of control class B, the placing of 

additional moisture buffering material (5 air-volume-equivalents) does not decrease the 

(de)humidification power and it decreases the (de)humidification energy by 5%. 
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This chapter presents a case study on the performance based design of a HVAC system 

and controller of a museum. A famous museum in the Netherlands has reported possible 

damage to important preserved wallpaper fragments. The paper provides an evaluation 

of the current indoor climate by measurements, showing that the indoor climate 

performance does not satisfy the requirements for the preservation of old paper. To 

solve this problem, possible solutions are evaluated by simulations using integrated heat 

air & moisture (HAM) models of respectively: the indoor climate, the HVAC system & 

controller and a showcase. The presented models are validated by a comparison of 

simulation and measurement results. An integrated model consisting of all different 
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models is applied for the evaluation of a new HVAC controller design and the use of a 

showcase. The results are discussed. 

 

(A.W.M. van Schijndel & H.L. Schellen published in proceedings of the 7TH Symposium 

on building Physics in the Nordic countries 2005 , vol 2; pp1118-1125) 
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6.1 INTRODUCTION 
In general, the aim of museums is to exhibit artefacts in its original state as long as 

possible. The climate performance surrounding the preserved artefact is of great 

importance. Furthermore, if present, the heating, ventilation and air-conditioning 

(HVAC) system plays a dominant role on the indoor climate. A famous museum in the 

Netherlands has reported possible damage to important preserved wallpaper fragments. 

Preliminary measurements indicate that the indoor climate performance does not meet 

the criteria for preservation of wall paper. A solution is sought-after, given that the 

current HVAC system cannot be replaced (only small modifications are possible) and 

that the use of showcases, although not prohibited, is not preferred by the decision 

makers. This leads to the next questions: First, what are criteria of the indoor climate for 

preservation of wall paper? Second, is it possible to improve the indoor climate 

performance, by a new control strategy of the current HVAC system, in such a way, that 

a showcase can be avoided? Third, if not, can the problem be solved by using a 

showcase? Due to the preservation of the object, measurement is not an option to 

answer these key questions because it is not allowed to experiment with the HVAC 

system. Therefore simulation is the only option and an integrated indoor climate, 

HVAC and showcase model is needed. There is no such a model available. This leads to 

two more key questions: First, can we develop an integrated heat air & moisture 

(HAM)/HVAC system model capable of predicting the current indoor climate and the 

climate in a showcase? Second, can we improve the climate surrounding the object, 

using this model?  

The aim of this chapter is to answer the key questions. The following methodology was 

used: (1) Reviews on the indoor climate criteria for preservation of wallpaper and on 

integrated indoor climate, HVAC and showcase models have been carried out. (2) The 

current indoor climate and HVAC performances were extensively measured. Data, 

measured by others, have been obtained for validating the showcase model. (3) Indoor 

climate, HVAC and showcase models were developed and validated. (4) An integrated 

model has been developed for the simulation of climate conditions near the object in 

case of a new HVAC controller design, with and without the use of a showcase. 
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The outline of the chapter is as follows: Section 6.2 presents review results on the 

optimal climate for the preservation of the object and the measured results of the actual 

indoor climate performance. Section 6.3 through 6.6 provide all modeling and 

simulation results by respectively HAM models of the indoor climate, HVAC system 

and showcase (Section 6.3), validation of the developed HAM models (Section 6.4) and 

applications of integrated HAM models (Section 6.5). Finally in Section 6.6, the key 

questions will be revisited and discussed. 

6.2 THE CURRENT INDOOR CLIMATE 
PERFORMANCE  

6.2.1 Review on climate recommendations for (wall) paper 
[Wijffelaars & Zundert 2004] reviewed several recommendations for the preservation of 

paper from literature. A short summary of this review is presented now. [Appelbaum 

1991] recommends a relative humidity (RH) between 40 and 50%. [LCM Foundation, 

2002] presents the next criteria for paper: (1) A RH between 48 and 55%. (2) A RH 

variation less than 3% per day. (3) An air temperature (Ta) between 16 and 18 oC. (4) A 

Ta variation less than 2 oC per hour and RH variation less than 3% per day. [Jutte 1994] 

recommends a RH between 48 and 55%. [Henne 1995] and [Johnson & Horgan 1979] 

both present criteria on storage conditions for paper. Their recommendations are almost 

the same: a RH between 45 and 60% and a mean Ta of 20 oC. Furthermore [Wijffelaars 

& Zundert 2004] discussed their review results with an expert on paper preservation. It 

was concluded that the [LCM Foundation 2002] provided the best recommendations for 

the preservation of the wallpaper. The next Section presents the actual indoor climate 

conditions surrounding the wallpaper.  

6.2.2 Measurements 
We start with a short description of the situation. All important paper fragments are 

fixed at several walls in a single room. The window is orientated north-east. The room 

is permanently filled with about 10-20 persons during museum opening times. 

Information on the HVAC system is provided in Section 6.3. Figure 6.1 provides some 

information on the geometry and constructions: 
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1.  external wall, (2x2.7m2), 
plaster - 0.2m brick  

 window, (1.1x1.7m2), Solar 
Gain Factor=0.25 

2 external wall, (2.4x2.7m2), 
wood - air gap - 0.2m brick 

3.  internal wall, (1.6x2.7m2), 
0.1m brick- air gap - 0.2m 
brick 

4  internal wall, (1x2.7m2), 
wood - air gap - 0.2m brick 

5  internall wall, (2x2.7m2), 
wooden  panels 

6  internal wall (5x2.7m2), 
wooden  panels 
 
ceiling, (5x2m2), wood 
 
floor, (5x2m2), linoleum - 
wood 

 

Figure 6.1 The geometry of the room and material properties of the constructions  

 

The measurements were carried out from June 2003 through February 2004. They 

include: (1) The Ta, RH, solar irradiance and rainfall of the external climate. (2) The Ta 

and RH at several places in the room and surrounding rooms. (3) The Ta, RH and mass 

flow of the air inflow to the rooms. Figure 6.2 presents the indoor climate conditions of 

the room that contains the wallpapers. 
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Figure 6.2 The Mollier frequency plot of the measured indoor climate for June 2003 

through February 2004. The grey area shows the percentage of time for each state to 

occur (scale see the colour bar). Summation of the whole coloured area equals 100%. 

In blue the recommended area is provided.  

 

We used a Mollier frequency plot for the visualisation of the measured indoor climate. 

It is very clear that the indoor climate does not satisfy the recommendations: First, from 

the Mollier frequency plot, it is concluded that 100% of the measured values are outside 

the recommended area (!). Second, from the variations plots, it is concluded that only 

the Ta change per hour is within the recommendations. Third, the RH change per day is 

almost 100% out of limits. As mentioned before, to solve this problem, simulation is the 

only option to study possible solutions of this problem. The next Section presents the 

used heat, air & moisture (HAM) models. 
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6.3 HAM MODELING AND VALIDATION 

6.3.1 A short review on HAM modeling 
(This short review, presented in the original paper, is omitted because it has already 

extensively been discussed in Section 1.2.) 

6.3.2 The indoor climate and HVAC modeling 
All models are developed using HAMBase [see PART I]. Figure 6.3 shows the 

input/output structure of the models and validation results. 

 

4 
1

2

Figure 6.3 Top: Input/output structure of the models. Bott

 

3

5

 
om: Validation results 
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The room model (1) has as inputs: heat flow Qin and moisture flow gin and output: Ta 

and RH. The HVAC system & controller model (2) has as inputs: indoor and outdoor 

climate and as outputs: heat flow and moisture flow. The measured outdoor climate is 

provided by (4). The heat flow to the room due to measured solar irradiation is provided 

by (3) and added to the heat flow of the HVAC model at (5). Bottom: measured and 

simulated room Ta , RH and vapour pressure. 

 

The room, mentioned in Section 6.2.2, is modelled using HAMBase (see PART I). 

Furthermore, the HVAC system controller is modelled using the current control strategy 

for the incoming air temperature Ta and a constant airflow of 1000 m3/hour. Ta is a 

function of the outdoor temperature (Te) and indoor RH: Ta = f(Te,RH)= max(17 ,20-

(Te+10)/3)+min (10, (RH-40)/2.5). After completing the models with the necessary 

input data, the complete model was validated by measurements with quite satisfactory 

results (see figure 6.3).  

6.3.3 The showcase modeling 
[Wijffelaars & Zundert 2004] developed a HAM model for a showcase. The model will 

be discussed very shortly, to get an idea of the background. Figure 6.4 provides a 

schematic view of the modelled quantities, the moisture related model equations* and 

validation results, where m is the water vapour mass; T is temperature; mmax(T) is 

maximum water vapour mass at temperature T; RH is relative humidity; βRH surface 

coefficient of vapour transfer; δ vapour permeability coefficient, µd the vapour 

diffusion thickness of paper; ps(T) is vapour saturation pressure at temperature T; dps(T) 

is air saturation pressure derivative at temperature T. The surface was 1m2. Subscripts: 

1-8 are locations presented at the bottom of figure 6.4. The showcase model was 

validated with data, measured by others. Unfortunately these data did not contain 

measured RH values inside the showcase. Therefore only the thermal part of the model 

                                                           
* The heat related model equations are based on a straight forward network of thermal 
resistances  
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is validated with satisfactory result. The moisture part of the model is verified by 

checking the mass balances in steady state.  
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Figure 6.4 Top: The moisture related model equations. Middle: The measured and 

simulated air temperature in the showcase. Bottom: Schematic view of the modelled 

quantities (φ = RH)  
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6.4 SIMULATION RESULTS OF NEW DESIGNS 
The models of the previous Section are integrated into a single model in HAMLab. This 

model is used as a tool to simulate the design options mentioned in Section 6.1.  

6.4.1 A new HVAC controller strategy without showcase 
As mentioned before, it is not allowed to install new hardware ((de)-humidification) to 

the current HVAC system. Only modifications of the control strategy are possible. The 

current HVAC system control strategy is partly based on a feed forward control of the 

external temperature. A feed back control of the Ta, using a set point of 18 oC, is 

suggested as possible improvement of control strategy. Figure 6.5 shows the new 

control model and the simulation results.  
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Figure 6.5 Top: The new control model. Bottom: Mollier frequency plot of the simulated 

climate in the room (see figure 6.2 for explanation. Note: scales are different) 

 

Although the temperature is within the limitations of the control strategy, it is clear that 

the indoor climate still does not satisfy the recommendations. First, from the Mollier 

frequency plot, it is concluded that 92% of the measured values are outside the 

recommended area. Second, from the variations plots, it is concluded that only the Ta 

changes are within the recommendations now. Third, the RH change per day is still out 

of limits. The problem we are facing now, is caused by the high moisture gains due to a 

high number of people inside the room. Without adding (de)-humidification sections to 
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the HVAC system, this problem cannot be solved. As mentioned before such 

modifications are not allowed and therefore we proceed with the next design option. 

6.4.2 The current HVAC system with a showcase 
The previous results show that the use of a showcase is almost inevitable. Figure 6.6 

provides the simulations results of the climate in a showcase if the showcase model is 

subjected to the current climate conditions of room.  

  

 
Figure 6.6 Mollier frequency plot of the simulated climate in the showcase (see figure 

6.2 for explanation. Note: scales are different) 

 

The indoor climate still does not satisfy the recommendations. This is mainly caused by 

the large range of indoor air temperature. Also the RH change per day is still out of 

limits. The problem is still not solved. 
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6.4.3 A new HVAC controller with a showcase 
Figure 6.7 shows the simulated climate in the showcase if the control strategy of Section 

6.4.1 is used. 

 

 
Figure 6.7 Mollier frequency plot of the simulated climate in the showcase (see figure 

6.2 for explanation. Note: scales are different) 

 

The indoor climate almost satisfies the recommendations. If the set point is lowered 

from 18 to 17.5 oC, a perfect climate arises in the showcase for the preservation of 

wallpaper.  

6.5 CONCLUSIONS 
If we revisit the key questions mentioned in the introduction, we come to the next 

conclusions:  

1. Recommendations for the climate conditions concerning the preservation of (wall) 

paper are given. 
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2. An integrated indoor climate, HVAC system and showcase HAM model has been 

developed and validated. It is used to simulate the climate conditions for the different 

design options. 

2. It is not possible to satisfy the indoor climate within the recommended limits, 

exclusively by the use of a new control strategy. Either (de-)humidification sections are 

needed in the HVAC system, which is not an option here, or the wallpaper fragments 

have to be placed in a showcase. 

3. In order to meet the recommendations, the wallpaper fragments should be placed in a 

showcase and a similar control strategy as presented in this paper, has to be 

implemented in order to limit the room air temperature change. 

Acknowledgement 
The contribution of Anke Wijfelaars, Kim van Zundert and Marcel van Aarle to this 

work is greatly acknowledged by the authors. Furthermore, the Netherlands Institute for 

Cultural Heritage is acknowledged for providing measured data concerning the 

showcase validation. 

REFERENCES 
Appelbaum, B., 1991. Guide to environmental protection of collections, Madison, CT: 

Sound View Press. 

Henne, E., 1995. Luftbefeuchtung, ISBN: 3486262890 

IEA Annex 41, 2005. http://www.ecbcs.org/annexes/annex41.htm 

Jutte, B.A.G.H., 1994. Passive conservation (Dutch), Netherlands Institute for Cultural 

Heritage, internal report 

LCM Foundation, 2002. Syllabus for a short course on preventive conservation (Dutch) 

Johnson, E.V. & Horgan, J.C., 1979. Protection of the cultural hertitage; technical 

handbooks for museums and monuments 2. Unesco. 

Wijffelaars, J.L., Zundert, K., 2004. Investigation on the indoor climate and wallpaper 

of a museum. (Dutch) Master Thesis 04.32.W Technische Universiteit 

Eindhoven 

 

 106



Optimal set point operation of the climate control of a monumental church                                            

Chapter 7 

Optimal set point operation of the climate 
control of a monumental church 
 

SIMULATION  ENVIRONMENT

APPLICATIONS 

Whole Building

    GLOBAL

Indoor
Construction
Outdoor

LOCAL

HVAC
Primary Systems

LOCAL

HAMLab

INTRODUCTION

DISCUSSION & CONCLUSIONS

WHY?
WHAT?

HOW?

USE?

OK?

CHAPTER 6

HVAC
Design

CHAPTER 7

HVAC
Controller
Design

CHAPTER 8

Primary
Sytems
Operation
Design 

CHAPTER 5

Indoor
Climate
Design

 
 

This Chapter presents a case study on the optimal operation of the climate control of the 

Walloon Church in Delft (Netherlands). It provides a description of constraints for the 

indoor climate, giving criteria for the indoor air temperature and relative humidity with 

the focus on the preservation of the monumental organ. The set point operation of the 

HVAC system is evaluated by simulation using MatLab, ComSol and SimuLink 

models. The next main model components are presented and combined in a single 

integrated SimuLink model: 1) a HAMBase SimuLink building model for simulating 

the indoor temperature and relative humidity, 2) a ComSol PDE model for simulating in 

a detailed way the dynamic moisture transport in the monumental wood (organ) and 3) a 
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SimuLink controller model. The building model is validated with measurements. The 

main advantage of the integrated model is that it directly simulates the impact of HVAC 

control set point strategies on the indoor climate and the organ. Two types of control 

strategies are discussed. The first type is a limited indoor air temperature change rate. 

The second type is a limited indoor air relative humidity change rate. Recommendations 

from international literature suggest that 1) a change rate of 2 K/h will preserve the 

interior of churches and 2) a limited drying rate is important for the conservation of 

monumental wood. This preliminary study shows that a limitation of indoor air 

temperature change rate of 2 K/h can reduce the peak drying rates by a factor 20 and a 

limitation of the relative humidity change rate of 2 %/h can reduce the peak drying rates 

by a factor 50. The second strategy has the disadvantage that the heating time is not 

constant. 

 

(A.W.M. van Schijndel, H.L. Schellen, D. Limpens–Neilen & M.A.P. van Aarle, 

published in Proc. of 2TH Int. Conf. On research in building physics, 2003  pp777-784) 
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7.1 INTRODUCTION 

 
In the Walloon Church in Delft a monumental organ is present which has been restored 

in the spring of 2000. To prevent damage to the organ again, the indoor climate has to 

meet certain requirements. Recent studies [Neilen 2003], [Schellen 2002], and [Stappers 

2000] have been performed for the preservation of the monumental organ. As a result 

several adjustments have been made to the heating system. Afterwards, measurements 

showed that the indoor climate did meet the requirements for preservation of the organ. 

However, the Walloon Church is not only used for services, but also for several other 

activities e.g. organ recitals. Since people are sitting in the church without wearing their 

overcoat, a temperature of 18 to 20 oC is desirable. The result of this rather high 

temperature for monumental churches, is that the Relative Humidity (RH) of the indoor 

air may become very low (30%). Since such a low RH can cause damage to the organ, 

the heating system is restricted. As soon as the RH of the indoor air threatens to drop 

below 40%, the heating system is shut down. As a result of this restriction it is not 

possible to reach an indoor temperature of 18 oC in winter when it is freezing outside. 

Humidification of the indoor air was seen as a possible solution. Due to this measure, 

the RH of the indoor air remains high enough for preserving the organ and at the same 

time the indoor air can be heated to the required comfort temperature of 18 oC. As a 

consequence of humidification during winter there is a risk for condensation and fungal 

growth on cold surfaces. For that reason a request for further research by simulations 

was received from the church council. With the help of these simulations an assessment 

can be made of the potential risks. The main task is to protect the wooden monumental 

organ from drying induced stresses. In recent studies it is concluded that: 

- the increase of drying rate causes a non uniform distribution of the moisture content in 

dried material and this involves drying induced stress [Kowalski 1999],    

- fracture is more likely if the dried body is thick and/or the drying rate is high 

[Kowalski 2002]. 

These studies show that the peak drying rate has to be minimized in order to minimize 

the risk of drying induced stress and fracture. 
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The main objectives are: 

- Development of a single model for simulating the indoor climate, the moisture 

distribution in the wood of the organ and the HVAC system. 

- Evaluation of the current set point operation strategy of the HVAC system in the 

Walloon church. 

- Development and evaluation of new strategies including RH control 

 

7.2 MODELING 

7.2.1 The church indoor climate model using HAMBase SimuLink 
The indoor climate us simulated using HAMBase (see PART I).  

Details of the geometry, material properties and boundary conditions of the HAMBase 

church model can be found in [Schellen 2002] and [Neilen 2003]. In SimuLink, the 

HAMBase model is visualized by a single block with continuous input and output 

connections. The input signal of the HAMBase SimuLink model is a vector containing 

for each zone heating/cooling power and moisture sources/sinks. The output signal 

contains for each zone the comfort temperature, the air temperature and RH.  In figure 

7.1 the input/output structure for the church model (containing 2 zones: church and 

attic) is shown: 
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Figure 7.1 The church model in SimuLink.  With Q = heating power [W], g = 

humidification [kg/s], T comfort = comfort temperature [oC], T air = air temperature 

[oC], RH air = air relative humidity  [-] 

7.2.2 The moisture transport model using ComSol   
See Section 3.2  

 

Although ComSol is well equipped for solving complex building physics problems (see 

Chapter 3), the ComSol model in this paper is quit simple. The emphasis of this study is 

not on the complexity of the individual models but on the complexity of the 

combination of models. The moisture transport is assumed to be 1D and dominated by 

vapour transport. This means for the PDE coefficients of  (7.1a –7. 1c) :   
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where w= moisture content [kg/m3], Dw= moisture diffusivity [m2/s], ßRH = surface 

coefficient of vapour transfer [kg/m2s], RH= indoor air relative humidity, RHsurface (w) = 

relative humidity at surface calculated from the hygroscopic curve. Furthermore it is 
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assumed that the diffusion coefficient is constant and the moisture retention curve is 

linear in the range of 20% < RH < 90%.  The thickness of the wood is 1 cm.  

The ComSol model is exported to SimuLink. In figure 7.2 the SimuLink model and its 

input/output structure is shown:  

 
Figure 7.2 The moisture transport model in SimuLink with the moisture exchange rate 

in [kg/m2s], wsurface = moisture content near the wood surface [kg/m3] and wmean = mean 

moisture content of the wood [kg/m3]. 

 

The implementation of a more accurate model for the moisture transport and moisture 

induced stresses is left for future research. 

 

7.2.3 The controller (Proportional)  using SimuLink  
In figure 7.3 the controller model is shown: 

 
Figure 7.3 The controller model. 
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The set point of the air temperature is generated by a pulse block with properties: 

Period: 1 week, start time 04.00 o'clock Sunday, duration: 12 hours, lower value: 10 oC 

higher value 20 oC.  The input of the PID controller consists of the set point minus the 

actual air temperature. The settings of the PID controller are: P = 107, I=D=0, so in this 

case it acts like a proportional controller. The output of the controller is limited between 

0 en 90 kW.   

 

7.2.4 The complete model in SimuLink 
The complete model consists of the models of the church, wood and controller.  In 

figure 7.4 the complete model is shown: 

 
Figure 7.4 The complete model. 

 

There are two closed circuits:  

a) an output of the church, the air temperature, is connected to input of the controller 

and the output of the controller, heating power, is connected to an input 

(heating/cooling) of the church. 

b) another output of the church, relative humidity, is connected to the input of the wood 

and an output of the wood, moisture exchange rate is connected to an input 

(humidification) of the church.  
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In this case, the amount of wood compared with other hygroscopic material (walls) is 

small. So the influence of the moisture exchange rate of wood on the indoor climate is 

also small. The connection between the output of the wood and input of the church 

therefore may be omitted. 

  

7.3 RESULTS 

7.3.1 Validation of the HAMBase model  
 

The HAMBase model has been subjected to a validation study by [Neilen 2003]. The 

measured and simulated air temperature and relative humidity of one month (December 

2000) are compared. In figure 7.5 the results are shown: 
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Figure 7.5 Validation of the HAMBase model. The measured and simulated air 

temperature and relative humidity during one month (December 2000) are compared 

[Neilen 2003]. 

 

Figure 7.5 shows an acceptable agreement between simulated and measured results. 
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7.3.2 Validation of the ComSol model 
In Section 3.3.1 a 1D-moisture transport model in ComSol is validated with satisfactory 

result. The same model is used, but with other material properties (wood) in [Schellen 

2002]. [Schellen 2002] studied the drying and wetting of wood by a fluctuating air 

relative humidity (35% < RH < 85%).  In figure 7.6 the drying result is shown:   
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Figure 7.6 Simulation and measurement of moisture profiles in case of drying of a 

cylinder of wood (diameter 25 mm) by a step in relative humidity from 85% to 35% 

[Schellen 2002]. 

 

Apparently the model can be used for simulating the drying of wood.  

 

7.3.3 Drying rates  
The moisture content near the surface and the drying rate (= rate of change of moisture 

content near the surface) is studied, by using the model of figure 7.4, for 2 cases: a) no 
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heating and b) full heating capacity, i.e. no limitations in air temperature or relative 

humidity change rate. The simulation period is again one month (December 2000).  For 

all following case studies, the set point operation of figure 7.3 is used. This means that 

the church is heated 4 times a month. In figure 7.7, the indoor air temperature, the 

relative humidity and the moisture content of the wood near the surface is shown for the 

2 cases, no heating and maximum capacity:    
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Figure 7.7 The indoor air temperature, the relative humidity and the moisture content of 

the wood near the surface. The simulation period is December 2000.   

 

In figure 7.8, the drying rate is shown during a period of 1 day (starting Saturday 0.00 

o'clock) for the 2 cases, no heating and maximum capacity:    
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Figure 7.8  The drying rate during a period of 1 day (starting Saturday 0.00 o'clock). 

 

A negative drying rate indicates that water is transported from the material to the 

surroundings i.e. drying. In figure 7.9, the peak-drying rate defined as the absolute value 

of the drying rate for that same period is shown on a log scale 
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Figure 7.9.  The peak drying rate during a period of 1 day (starting Saturday 0.00 

o'clock). 
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From figure 7.9 the difference in peak drying rate for the case of no heating and the case 

of full heating capacity is very clear: The peak drying rate, in the case of full heating, is 

of order ~100 times larger than in case of no heating. These peaks can cause drying 

induced stresses [Kowalski 1999] and have to be minimized to prevent possible 

damaging of the wood. In the next Section some alternative set point operations will be 

discussed. 

 

7.4 SET POINT OPERATION STUDY 
In Section 7.3 the results of the control strategies: No heating and full heating capacity 

are already evaluated. In this Section two alternative set point operations will be 

discussed. 

7.4.1 Limitation of the air temperature change rate 
Recommendations from international literature [Schellen 2002] suggest that an air 

temperature change rate of 2 K/h will preserve the interior of churches. The limitation 

of the air temperature change rate is modelled by a 'Rate Limiter' block of SimuLink.  

The complete model including the set point temperature Rate Limiter is shown in figure 

7.10: 

 
Figure 7.10 The complete model including a 'Rate Limiter' block for the limitation of 

the air temperature change rate.  
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The output of the air temperature set point is connected to a 'Rate Limiter' block of 

SimuLink.  This block has two parameters: the Rising slew rate (R) and the falling slew 

rate (F).  This block is modelled by: 
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where u = input of the block, y =  output of the block, t = time, ∆t=t(i)-t(i-1), (i) = actual 

time step, (i-1) = previous time step. In figure 7.11, the indoor air temperature, the 

relative humidity and the moisture content of the wood near the surface during a period 

of 1 day (starting Saturday 0.00 o'clock) is shown, for different cases including 

limitation of the air temperature heating change rate of 1.5 K/h and 2.5 K/h. (This 

means for the parameters of the rate limiter that the rising slew rate R equals 1.5/3600 

resp. 2.5/3600 and the falling slew rate F equals -8 in both cases).  
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Figure 7.11 The indoor air temperature, the relative humidity and the moisture content 

of the wood near the surface during a period of 1 day (starting Saturday 0.00 o'clock). 
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In figure 7.12 the peak-drying rate is shown for these cases: 
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Figure 7.12 The peak drying rate during a period of 1 day (starting Saturday 0.00 

o'clock). 

 

From figure 7.12 it follows that a limitation of the temperature change rate of 2 K/h 

reduces the peak drying rates by an order of ~10 compared with no limited temperature 

heating change. However, the peak factor is still an order of ~10 higher compared with 

no heating. 

 

7.4.2 Limitation of the relative humidity change rate 
A more challenging task is to model the heating of the church with a limitation of the 

relative humidity. In figure 7.13 the complete model including the relative humidity 

change limiter is shown. 
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Figure 7.13  The complete model including the relative humidity change limiter.  

 

The output of the air temperature set point block is connected to a new developed 

'Variable Rate Limiter' block.  This block has 3 inputs 1) the air temperature set point, 

2) the (variable) rising slew rate (Rvar) and the (variable) falling slew rate (Fvar). The 

output of this block is analog to the 'Rate Limiter'. It can now also handle variable rising 

and falling slew rates. The slew rates Rvar and Fvar are calculated by the block  

'calcTrate'. The inputs of this block are the air temperature and the relative humidity. 

The output consists of the slew rate of the air temperature. The output is calculated from 

standard psychometrics functions, already programmed in MatLab and the only 

parameter of this block, ∆RH, the relative humidity change rate in %/h: 

 

(7.3)/3600)
RH-RH

)(Tp RH(TTT as
dewarate ∆

⋅
−=  

 

where Trate = computed temperature change rate [oC/sec], Ta = air temperature [oC], Tdew 

= dewpoint function [oC], RH = relative humidity [%], ps = saturation pressure function  

[Pa], ∆Rh = maximum relative humidity change rate [%/h].  
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In figure 7.14, the indoor air temperature, the relative humidity and the moisture content 

of the wood near the surface during a period of 1 day (starting Saturday 0.00 o'clock), is 

shown for different cases including limitation of the relative humidity change rate of 

2%/h and 5%/h: 
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Figure 7.14 The indoor air temperature, the relative humidity and the moisture content 

of the wood near the surface during a period of 1 day (starting Saturday 0.00 o'clock 

 

In figure 7.15 the peak-drying rate is shown for these cases: 
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Figure 7.15 The peak drying rate during a period of 1 day (starting Saturday 0.00 

o'clock) 

 

From figure 7.15 it follows that a limitation of the relative humidity change rate of 2%/h 

reduces the peak drying rates by an order of ~50 compared with no limited temperature 

heating change. However, the peak factor is still an order of ~5 higher compared with 

no heating. Notice that in this case, the maximum occurring indoor air temperature is 16 
oC. This is far below the set point temperature of 20 oC.     

 

7.5 DISCUSSION  

7.5.1 Comparing the control strategies 
The control strategies of limiting the temperature or relative humidity change rates look 

rather familiar for the peak drying rates (see figure 7.12 and 7.15). However, they are 

not the same. The difference in controlling strategy is shown in figure 7.16. In this 

figure the air temperatures of figures 7.11 and 7.14 are combined and shown for 2 

different days. 
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Figure 7.16 The air temperature for the controlling strategies. The upper part shows the 

air temperature at 6 December, the lower part shows the air temperature at 27 

December. 

 

From figure 7.16 it follows that the 5%/h relative humidity rate limitation approaches 

the 2.5 K/h temperature rate at 6 December, but it approaches the 1.5 K/h temperature 

rate at 27 December. Also from figure 7.16 it can be seen that the time needed for 

heating the church to 20 oC in case of the 5%/h relative humidity rate limitation varies 

from 0.25 days (= 6 hours) on 6 December to 0.15 days (=3.6 hours) on 27 December.  

These differences show that the 2 strategies, temperature and relative humidity change 

rate limitation are quit different. This is also shown in figure 7.17, where the air 

temperature (variable) Rising slew rate (Rvar) is plotted against time for the relative 

humidity change rate limitations. 
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Figure 7.17 The (variable) Rising slew rate (Rvar) versus time for the relative humidity 

change rate limitations. The time period is December 2000. 

 

From figure 7.17 it follows that the air temperature Rising slew rate (Rvar) can change 

by a factor ~3 during the time period in case of relative humidity change rate limitation.  

 

7.5.2 Optimal set point operation 
All heating strategies presented in this paper are now evaluated:   

- The best solution to prevent high peak drying rates is no heating. Due to thermal 

discomfort, this is not an acceptable solution. 

- The worst solution to prevent high peak drying rates is full heating capacity. From 

figure 7.9 it follows that the peak drying rate is of order ~100 times larger than in case 

of no heating. This is seen as the main cause of the damaging of the previous organ of 

the Walloon church [Schellen 2002], [Neilen 2003] and is therefore not acceptable. 

- Two possibilities to limit the peak drying rates are studied: Limitation of the change 

rate of the air temperature and the relative humidity. Both are rather familiar in case of 

the limitation of the peak drying rates. The disadvantages of a limitation of the relative 

humidity change rate compared to a limitation of the air temperature change rate are: 
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- The time to heat the church is not constant. 

- A more complex controller is needed (compare figure 7.10 with 7.13).  

Therefore a limitation of the air temperature change rate is preferred.   

 

The studied parameters of the limitation of the air temperature change rates of 1.5 and 

2.5 K/h are based on a recent study of  [Schellen 2002]. In this study it is suggested that 

a limitation of the indoor air temperature change rate of 2 K/h  will preserve the interior 

of churches.  A more detailed study based on drying induced stresses in wood is needed 

to further investigate this parameter and is left for future research.     

7.6 CONCLUSIONS 
The set point operation of the HVAC system is evaluated by simulation using MatLab, 

ComSol and SimuLink models. The following main model components are presented 

and combined in a single integrated SimuLink model: 1) a HAMBase SimuLink 

building model for simulating the indoor temperature and relative humidity, 2) a 

ComSol PDE model for simulating detailed dynamic moisture transport in the 

monumental wood (organ) and 3) a SimuLink controller model. The main advantage of 

the integrated model is that it directly simulates the impact of HVAC control set point 

strategies on the indoor climate and the organ in terms of peak drying rates.  

Two types of control strategies are discussed. The first type is a limited indoor air 

temperature change rate. The second type is a limited indoor air relative humidity 

change rate. A limitation of the air temperature change rate of 1.5 to  2.5 K/h is 

preferred.  A more detailed study based on drying induced stress in wood is needed to 

further refine the temperature change rate 
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Chapter 8  

Optimal operation of a hospital power plant 
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This chapter presents a case study on the optimal operation of a complex hospital 

installation. A mathematical model has been developed which is based on energy 

balances of the installed components. Manufacturer specifications of the components 

are used for calculating parameters.  The model is formulated using vector equations. 

Advantages of this type of model formulations are presented. The tools used for 

optimization are a custom developed back tracking method for calculating a good 

starting point and a SQP optimization tool for finding the optimum. Detailed control 

strategies are calculated for 3 types of optimization strategies simulated. The simulation 

results show the impact of the choice of a control strategy on the optimized operation.  

The results are also applicable for on line set point optimization.  

(A.W.M. van Schijndel, published in Energy and Buildings, 2002, vol34/10 pp1061-

1071 
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8.1 INTRODUCTION 
It is no longer sufficient to design a system which performs the desired task while 

observing constraints imposed by desired safety, economic output and other 

considerations.  Due to the need to increase efficiency, it has become essential to 

optimize the process to minimize or maximize a chosen variable. This variable is known 

as the objective function (or optimization criteria). Profit or cost is often used as 

objective function, though many other aspects, such as efficiency, energy, weight, size, 

etc., may also be optimized depending on the particular application. For example, a 

central heating plant can be designed for a desired amount of heat production. If a 

specific system is chosen, the various parameters such as operating temperature, heat 

exchange area, water flow, etc. may be selected over a wide range of specifications 

[Jaluria 1998]. All the designs may be acceptable because they satisfy the given 

requirements and constraints. It may however be necessary to seek an optimal design 

that will, for instance, consume the least amount of energy and is the most cost 

effective. An important optimization criterion of power plants is the efficiency of 

generating electricity. A small increase in efficiency can give a large increase in the 

profit. Nowadays a lot of power plants use the produced heat for heating purposes like 

the power plant at the academic hospital Groningen. In this case of combined heat and 

power (CHP), the efficiency of generating electricity is not the only optimization 

criteria because the produced heat can also reduce cost. Also present in the installation, 

is an absorption chiller, which generates cooling from heat. So in the summer, when 

cooling is needed, the produced heat of the power plant is not wasted but can be used 

for cooling purposes.  Energy saving criteria are very important in this case because the 

CHP part of the power plant is partly funded by the Dutch government. The main 

reasons for subsidizing CHP's are energy savings and CO2 reduction. Because of its 

complexity, it is very difficult to design an optimal operating strategy for the power 

plant. A computer model may do that.  

A recent similar study on optimal operation has been done by [Dentice 2001]. The 

subject is also a complex thermal plant that is quite similar to the one presented in this 

paper. Although both models are based on the same principles, the model syntaxes are 
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very different.  Benefits of using the model syntax in this paper are presented in Section 

8.3. Both studies use similar optimization solving techniques: Start with the best point 

from a selection of trial points and refine the optimum. An important extension of the 

work of [Dentice 2001] is that in this paper the plant analyses and optimizations are 

performed on a yearly base. The papers of [Fu 2000] and [Ahn 2001] deal with more 

complex modeling of components. The thermal and electric efficiencies in [Fu 2000] en 

[Ahn 2001] are dependent on temperatures. The thermal and electric efficiencies 

presented in this paper are modeled more low-level and are dependent on engine 

percentage loads.  In [Krause et al. 1999] the electrical efficiency of a CHP is also 

successfully modeled by engine percentage loads. Other studies of optimal operation 

[Kruse et al. 1999], [Bojic et al. 2000] and [Benonysson 1995] deal with district heating 

systems using CHP's.   

For modeling and optimization purposes a system is needed which generates an 

optimized output from certain input. This system contains a model and an optimization 

routine. The inputs of the model can be divided into a non-controllable input i(t) and a 

controllable input c(t). The output of the model is o(t). The output of the model is used 

as input for the controller (optimization routine).  The controller minimizes the impact 

of the non-controllable input i(t) by manipulating c(t). Figure 8.1 shows the principle of 

modeling and optimization.  
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Figure 8.1 The relation between model and optimization. 

 

In order to develop an optimization program seven steps are used:  

1) Design a  model  

2) Define non-controllable and controllable inputs and the output 

3) Define constraints 

4) Define optimization criteria 

5) Build a numerical model 

6)  Select an appropriate time scale  

7) Build a numerical optimization routine and calculate the optima 
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8.2 THE APPLICATION  
The central utility plant of the Academic Hospital Groningen has been selected as the 

subject for modeling and optimization. The installation meets the energy needs of the 

hospital. The installation is designed for producing domestic hot water and heating (30 

MW), steam (8 MW), cooling (12 MW) and electricity (7.5 MW). Typical energy 

aspects of the installation, built in 1995, are: total heat consumption including the 

absorption chiller: 66 GWh; total electricity consumption: 27 GWh; gas consumption of 

the gas engines: 13,000,000 m3; and gas consumption of the boilers: 3,000,000 m3. The 

central power plant consists of 3 boilers, each with a capacity of 12 MW, 5 gas engines, 

each generating 2 MW electricity and 2.5 MW heat, 1 absorption chiller for generating 

3 MW cooling from heat. Distributed over the hospital terrain, 7 cooling units are 

connected to the cooling circuit, each contains a mechanical chiller of 1.1 MW and an 

ice storage tank (TES) of 16 GJ.  Figure 8.2 shows the central power plant in detail  
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Figure 8.2 The power plant (the 7 cooling units, connected with the absorption chiller 

are not shown in this figure). 
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8.3 MODELING AND OPTIMIZATION  
In this Section the steps used for optimization, are described.  The model equations are 

based on a quasi-steady approach (the variables are approximate constant between two 

time steps) and contain scalars (normal letter type) and vector variables (bold letter) 

which contain values for this variable at each time step for a whole year. Compared 

with the model syntax of [Dentice 2001], this syntax has the following benefits:  

1) Time efficient computation: The vector-based model equations are identical to the 

equations programmed in MatLab. Because MatLab is a vector oriented numerical 

program, it is very time efficient on vector operations and optimization problems. 

2) Model validation: By putting the model equations, exactly as they are presented in 

this paper, into a symbolic computation software program like Maple; the model 

equations can be theoretically validated.  

In the project this benefit has successfully been used to correct preliminary errors in the 

model equations. The presented model syntax has also a drawback: It is perhaps more 

difficult to follow than a common model syntax.  

 

8.3.1 Design a model  
The model is based on energy flows. In Figure 8.3 the energy flows (heat, cooling, 

electricity and primary energy) are shown.  
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Figure 8.3 The energy flows of the power plant and cooling installations 

 

8.3.2 Define non-controllable and controllable inputs and the output 
The non controllable input consists of: The demand for cooling (QcA), heating (QhA), 

electricity (ElA), steam (msA), hot water (mlA) and the energy price for gas (gpB 

(boilers), gpG (gas engines)) and electricity (Epb, Eps).  The values of these variables 

are based on measurements and available utility rates. The controllable input consists 

of: The set points of the gas engine group 1 (G13) and group 2 (G45) and the set points 

of the mechanical chiller (CCD) and the absorption chiller (ACD). The output consists 

of: Total profit (Totp), the primary energy (Qprim), the wasted useful energy (Ekill) 

and the cooling energy stored in the ice storage tanks (QcB).  

8.3.3 Define constraints 
The controllable inputs (setpoints of: G13, G45, CCD, ACD) are constrained by a 

minimum of 0 (represents switching off) and a maximum of 1 (represents maximum 

capacity).  The state-of-charge of the ice storage tanks (QcBsum) is constrained with 0 
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(represents empty tanks) and QcBmax (full loaded tanks). Furthermore, the academic 

hospital is connected to the public electricity grid. The supply of electricity is therefore 

guaranteed. The capacity of the boilers is much higher than the maximum heat demand, 

the supply of heat is therefore guaranteed.  So no extra constraints are needed for 

electricity and heating. Figure 8.4 shows the principle of modeling and optimization 

together with the non-controllable and controllable inputs and the output and 

constraints.  
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Figure 8.4  The principle of modeling and optimization. 

8.3.4 Define optimization criteria 
The goal is to optimize the operation of the controllable input variables (set points) of: 

gas engine group 1 (G13), group 2 (G45), the compressor (CCD) and absorption 
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chillers (ACD), using an optimization strategy to minimize the chosen cost function.  

The next three optimization strategies are considered:  

Strategy 1: Maximize the profit,  

Strategy 2: Minimization of the primary energy use with the constraint that the profit is 

greater than zero,  

Strategy 3: Minimize the primary energy use.  

 

8.3.5 Build a numerical model  
In Table 5.I the input and output of the present components of the installation are 

summarized.   

 

Table 5.I Input and output descriptions of the components 
 

 
Description of  component 
 

 
Input 

 
Output 

Hospital cooling Cooling needs - 
Hospital steam Steam needs - 
Hospital hot water Hot water needs - 
Hospital heat Heating needs - 
Hospital electricity Electricity needs - 
Gas engines 1,2,3 primary energy (gas) electricity, heat 
Gas engines 4, 5 primary energy (gas) electricity, heat 
Boilers primary energy (gas) heat 
Absorption chiller (ACD) heat cooling 
Compression chiller (CCD) electricity cooling 
Ice storage cooling cooling 
Public electricity network electricity electricity 
Switch  ACD switching of  the ACD when heat is available  
Switch inter coolers switching of inter coolers for extra heating needs 

 

The 5 gas engines are divided into 2 groups. First G13 are the gas engines 1, 2 and 3 

with sub components: 1) electricity, 2) exhaust-heat exchanger to steam, 3) exhaust-, 

inter- and oil-heat exchanger for heating the academic hospital. Second G45 are the gas 

engines 4 and 5 with sub components: 1) electricity, 2) exhaust-, inter- and oil-heat 

exchanger for heating the academic hospital. The efficiencies of the gas engine 
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components depend on the operation of the engines themselves. For example, when the 

intercoolers are disconnected the electricity production efficiency increases and the heat 

production efficiency decreases. The three boilers, the seven mechanical chillers (CCD) 

and the ice storage tanks are considered each as one system. When more heat is 

produced than demanded by the hospital, the absorption-chiller (ACD) can be switched 

on. The excessive amount of heat is then used for cooling.  The ice storage has only a 

small heat gain from the surroundings. The efficiencies of the CHP units and chillers 

depend on their setpoints, according to the manufacture specifications. All other 

efficiencies are modeled as constants.  

The presented model is vector oriented. Furthermore the next functions are used in the 

model representation (x is a vector variable): 

 

posvec(x)=1/2 * abs(x) + 1/2 x        (8.1) 

 

negvec(x)=- 1/2 abs(x) + 1/2 x       (8.2) 

 

The next simple property can be derived from (1) and (2): 

 

x = posvec(x) + negvec(x)       (8.3) 

 

The above functions are used to cope with different parameters for positive and negative 

elements of x.  For example, to calculate the electricity profit, positive elements of the 

electricity balance vector have to be multiplied by the sale price of electricity and 

negative elements have to be multiplied by the purchase price of electricity  (see Eq 

8.20).  Another function used in the model is:  

 









<−
=
>

0xif1
0xif0
0xif1

xsign :)(        (8.4) 
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Because x is a vector, the result of sign(x) is also a vector with positive values of x 

replaced by 1's, negative values of x replaced by -1's and zero values of x are 

unchanged. This function is used for switching the supply heat to the absorption chiller 

(see Eq 8.10).  

 

model equations 

 

Figure 8.3 is used as a guideline for the model equations below.  The primary energy 

power equations for the gas engines are:  

 

P13 G13= ⋅ ⋅gmax13 H

H

       (8.5) 

 

P45 G45= ⋅ ⋅gmax45        (8.6) 

 

The electrical power of the compressor chillers:  

 

maxCCD⋅= CCDElC        (8.7) 

 

The electricity balance (negative values mean a shortage of electricity): 

 

ElAElCP45P13Elbal −−⋅+⋅= 4513 EE ηη      (8.8) 

 

The heat balance:   

 

QhAP45P13QCHbal −+⋅++⋅= )()( 45451313 IhAhIhAh ηηηη    (8.9) 

 

The electric and thermal efficiencies of the CHP units depend on their setpoints, 

according to the manufacture specifications. Switching of the absorption chiller is given 

by positive elements of QCHbal meaning that the absorption chiller is allowed to 

switch on and is represented by ones in the variable QhSW. Negative elements of 
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QCHbal mean that the absorption chiller is not allowed to switch on and is represented 

by zeros):  

 

))(( QCHbalQhSW signposvec=       (8.10) 

 

The non-used heat due to the heat supply to the absorption chiller exceeding the 

maximum design heat supply: 

 

max)( QcSposvec −= QCHbalQACDback      (8.11) 

 

The used heat from the gas engines to the absorption chiller and heat supply for the 

central heating of the building:  

 

))(( QACDbackQCHbalACDQhSWQhACD −⋅⋅= posvec    (8.12) 

 

QhACDP45P13QhCH −+⋅++⋅= )()( 45451313 IhAhIhAh ηηηη    (8.13) 

 

The heat balance of the boilers (positive values mean a heat demand for the boilers), the 

heat demand of the boilers and the gas supply to the boilers: 

 

)()()( 13 cwahwacwastSh hhhhnegvec −⋅+−⋅+⋅−−−= mlAmsAP13QhAQhCHQBbal η (8.14) 

 

)(QBbalQB posvec=        (8.15) 

 

hKH η⋅
=

QBmgB         (8.16) 

 

The cooling power supply for the ice storage tanks: 

 

)( QcAQhACDElCQcB −⋅+⋅= cScC negvec ηη     (8.17) 
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The thermal efficiencies of the chillers depend on their set points, according to the 

manufacture specifications. If the cooling supply of the absorption chillers exceeds the 

cooling demand, the negvec function replaces positive elements by zeros, representing 

that the absorption chiller cannot charge the ice storage system. The wasted useful heat* 

supplied directly or indirectly by the gas engines is:  

 

)()()( QcAQhACDQhAQhCHQBbalEkill −⋅+−+−= cSposvecposvecnegvec η  (8.18) 

 

The three terms at the right hand side of the equation in Eq. 8.18 represent the wasted 

useful energy for respectively the steam production; the heating of the hospital and 

cooling produced by the absorption chiller. The total primary energy equivalent of the 

gas flow and electricity supply: 

 

EpubnegvecH η/)(ElbalP45P13mgBQprim −++⋅=     (8.19) 

 

The electricity profit (positive values mean profits), the gas cost (positive values mean 

costs) and the total profit  (positive values mean profits): 

 

)()( ElbalEpbElbalEpsEP negvecposvec ⋅+⋅=     (8.20) 

 

)( 45max13max G45G13mgBgP ⋅+⋅⋅+⋅= gggpGgpB     (8.21) 

 

gPEPTotp −=         (8.22) 

 

Note that the electricity prices for purchase and sale are vectors because they depend on 

the time (day and night values). The gas prices for the gas engines and boilers are 

different fixed prices.        

                                                           
* Wasted useful heat is the overcapacity of produced heat that cannot be used anymore. 
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8.3.6 Select an appropriate time scale 
The time scale is a very important factor when using the quasi-steady approach. The 

switching of gas engines is limited to once during the day (16 hours) and once during 

the night (8 hours). The ice storage can be loaded from empty to full capacity within 8 

hours.  The electricity prices are different during the day and night. When selecting a 

time step of 16 hours (day) and 8 hours (night), the optimization horizon can be limited 

to 24 hours. In this situation it is possible to generate cooling from the compressor 

chiller to the ice storage during the night when the electricity is cheaper and use it 

during the day.  Using a total simulation period of one year and a resolution of 2 steps a 

day, each variable contains 730 states.    

 

8.3.7 Build a numerical optimization routine and calculate the 
optima 
The goal is to optimize the controllable inputs in such a way that the output satisfies the 

given criteria and the constraints. A well-known problem with nonlinear optimization is 

that the calculated solution is not the global optimum but a local optimum. In order to 

prevent this and also to get a fast convergence, a good starting point is necessary. A 

backtracking method [Schijndel 1998] is used for this problem and it consists of the 

next steps: 

- divide all controllable inputs into discrete steps 

- calculate all possible combinations of the controllable inputs 

- simulate all combinations 

- select the best solution (back tracking) from all possible solutions given the 

optimization criteria.  

Using the back tracking method, it is necessary to compute all combinations from the 

next values for the controllable inputs: G13 and G45 (0, 0.25, 0.5, 0.75 ,1), CCD : (0, 

0.20, 0.35, 0.50 ,1) and ACD (0 or 1). These are 250 possibilities per period. A time 

frame of two periods must be evaluated. Given a day and night period then 62500 

possibilities are present. Figure 8.5 shows the results of the back tracking method. 
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Figure 8.5 The results of the back tracking method. The wasted energy, cooling energy 

to the buffer, gas consumption and used primary energy against the profit*. 

 

The wasted energy, cooling energy to the buffer, gas consumption and used primary 

energy are plotted against the profit.  Considering the constraint for the ice buffer, the 

next optima are selected: The maximum profit (o) , the absolute minimum used primary 

energy (*) and the minimum used primary energy with a constraint that the profit is 

positive (+). This method gives a rough estimation of the optima. Because the 

optimization problem is non-linear and discontinue (see also [Dentice 2001]), a SQP 

(Sequential Quadratic Programming) routine of the MatLab Optimization Toolbox 

[Mathwork 1998] is used to refine the optimization.  

 

                                                           
* Please note: 0.1 EUR/s = 3.15 million EUR/year; 1MW = 8.8 GWh/year 
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8.4 RESULTS 

8.4.1 The non-controllable input signals of the model i(t) 
Figure 8.6 shows some of the non-controllable inputs of the model: Cooling, heating, 

electricity and steam needed for the academic hospital against time.  
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Figure 8.6. The non-controllable inputs of the model: Cooling, heating, electricity and 

steam needed for the academic hospital against time. 

 

The above time series are simulated time series based on global values. The time period 

is one year and is shown in hours after 1 October. Other non-controllable inputs are the 

prices for purchasing and selling electricity and the price of gas.     
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8.4.2 The optimization results 
In Figure 8.7 the output signals: Profit, primary energy used, wasted energy and optimal 

operation of gas engines 1-3, are shown, when using optimization strategy 2, for a 

period of one year.  
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Figure 8.7 The output signals: Profit, used primary energy, wasted energy and set point 

of gas motors 1-3 against time. 

 

Also details on the optimal operation of gas engines 4-5, mechanical chillers and the 

absorption chiller are calculated. The yearly characteristics of the 3 strategies are listed 

in Table 5.II  
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Table 5.II The year characteristics of the optimization results of the strategies 
 
 

 
  Year characteristic  
 

 
Strategy 1 

 
Strategy 2 

 
 Strategy 3 
 

Total profit [Eur]      700,000                       0  -1,500,000 
Gas usage boilers [m3]    1,290,000   1,860,000   4,300,000 
Gas usage gas motors [m3]  27,900,000 20,150,000   8,200,000 
Total heat demand  [MWh]         69,000        69,000        69,000 
Total cool demand  [MWh]        17,000        17,000        17,000 
Electricity for hospital [MWh]         24,000        24,000        24,000 
Electricity for cooling [MWh]              800          1,100          4,800 
Total electricity produced [MWh]         87,800        62,700        25,500 
Total primary energy [MWh]      259,700      195,700      120,000 
Wasted useful heat [MWh]        33,700        12,500                 0 

 
 

8.4.3 Comparing the different strategies  
When comparing the different strategies, the primary energy versus the profit and the 

wasted useful heat versus the profit are shown in Figure 8.8.   
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Figure 8.8. The yearly primary energy and the yearly wasted energy versus the yearly 

profit. Labeling: 'o': result of SQP optimization method; ‘+': result of the back tracking 

method; ‘1,2,3’: label for strategy 1,2,3. The line (-) is calculated from varying the set 

points of all gas engines from 0% to 100% with the assumption that no energy can flow 

to or from the ice buffer (i.e. assuming no storage capacity of the ice buffer). 

 

The differences between the back tracking method and the SQP method seems to be 

small on the total scale of possible set points.  Still the SQP method gives always a 

higher profit (at least 0.05 MEur= million Euros) than the back tracking method.  When 

the set points of all the gas engines are held at 1 all year, the presence of the ice buffer 

can give an extra profit of 0.1 MEur and a reduction of 20 GWh (equal to the amount of 

heating 1000 average Dutch houses) of the wasted useful heat, each year.   
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8.4.4 The total efficiency of the power plant  
From the simulation results it is possible to look at the overall efficiency of the power 

plant. In Figure 8.9 part A, the efficiencies of the boilers and gas engines are shown and 

in part B the fraction of gas consumption of the boilers and gas engines is shown.  

 

 
 

Figure 8.9  Part A, the efficiency of the boilers and gas motors, part B the fraction of 

gas consumption of the boilers and gas motors. 

 

The total efficiency of the power plant is calculated from the efficiencies of the gas 

engines and boilers and weighted with the fraction of the total gas consumption of the 

gas engines and boilers.  The gas engines are designed for an overall efficiency of 0.73 

and the boilers 0.9. When the gas engines are off all year, the total efficiency equals the 

efficiency of the boilers. When the mean fraction of full power of the gas engines is 

0.20, then both boilers and gas engines have equal gas consumption. The total 
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efficiency is 0.82. When the mean fraction of full power of the gas engines is exceeds 

20% the efficiency of the gas engines decreases because the gas engines produce more 

heat than needed for the hospital. The total efficiency drops to 0.53 when the gas 

engines are set to 1 all of the year.   

 

8.5 CONCLUSIONS 
A model for a complex hospital combined heating, power and cooling plant is 

presented. The model is based on vector equations. The main advantages of this type of 

modeling are a time efficient computation and the possibility to check the model 

analytically.  The simulations facilitate an environment for testing different strategies 

for an optimal operation on a yearly base. Three strategies are used for the optimization 

of the operation of the power plant: The first optimization strategy is a pure economic 

one. This strategy gives a profit of 0.7 MEur with 260 GWh of primary energy 

consumption. This situation can be summarized as a) All gas engines at maximum level 

during day and night, b) The ice storage tanks filled at night. The second optimization is 

a pure energy optimization. This strategy gives a loss of 1.5 MEur with only 120 GWh 

of primary energy consumption. The third optimization is an energy optimization with 

the constraint that the profit must be positive. This strategy gives a profit of 0.0 MEur 

with 196 GWh of primary energy consumption. For the last two optimizations, the way 

the systems should operate is calculated in detail. It is however not possible to 

summarize these results in a simple way just like the first optimization. The method is 

also applicable for similar optimization problems. The thermal and electric efficiencies 

presented in this paper are modeled low-level as being dependent on load fraction only.  

Implementation of more complex models is left for future research.                   
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Chapter 9  

General Discussion and Conclusions 
 

9.1 RESEARCH ORIENTED (PART I) 

9.1.1 Evaluation 
(i) development of an integrated HAM modeling and simulation environment  

The problems caused by the difference in time scales between HVAC and building 

response are solved by the development of a HAMBase model in SimuLink. The hybrid 

model consists of a continuous part with a variable time step and a discrete part with a 

time step of one hour. For the HVAC installation and the room response on indoor 

climatic variations a continuous model is used. For the external climate variations a 

discrete model is used. The dynamics of the building systems where small time scales 

play an important role are accurately simulated as shown in figures: 2.6; 2.7; 2.8; 6.3; 

6.4; A2. Furthermore, the model becomes time efficient as the discrete part uses 1-hour 

time steps (A typical yearly based simulation takes about 2 minutes on a Pentium III, 

500 MHz computer). 

The simulation environment facilitates a relatively easy integration of the PDEs based 

models of Comsol. This is shown in Section 4.3; 4.4.2; 7.2.4 and the appendices. 

 

(ii) verification and validation  

Verification and validation (V&V) is a continuous process. The models presented in 

Chapter 2, the building zone model (HAMBase) and primary systems models, already 

show a good agreement with respectively the ASHRAE test [ASHRAE 2001] and with 

measurements. Preliminary results of ongoing research projects also point in that 

direction. In Appendix A the HAMBase model has been subjected to new V&V 

exercises of the IEA Annex 41 project. The final results will be published in 2008. The 

validation of a more advanced controller model is provided in Appendix B1. 
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Chapter 3 and 4 provide PDE based models. The 1D moisture case is validated with 

measurements. The 2D airflow models are simulated using the directly numerical 

solving (DNS) technique. This approach performed well for these specific examples. In 

general for modeling airflow, accurately 3D models are required because in principle, 

turbulence cannot be accurately approximated in 2D. Furthermore, due to the very 

limited computer recourses compared to what is needed for DNS on the scales of 

buildings, often turbulence models, like for example k-ε, are needed in order to get 

some results at all. It should be clear that the verification and validation (V&V) of CFD 

is still a major issue. [Oberkampf & Trucano 2002] provide useful guidelines for 

designing and conducting experiments for this kind of problems. The V&V of 3D HAM 

models of constructions is perhaps an even larger problem due to the fact that it is much 

more difficult to measure the required physical quantities inside capillary-porous 

materials than it is in air. 

 

(iii) evaluation of the simulation environment 

Limitations 

(L1) Some specific solvers such as time-dependent k-ε turbulence solvers are not 

available in the Comsol yet. This means that, for example, time dependent 3D 

airflow around buildings cannot be solved (yet);  

(L2) Although it is possible to construct a full 3D integrated HAM model of the indoor 

air and all constructions in Comsol, the simulation time would probably be far too 

long to be of any practical use at this moment;  

(L3) A radiation modeling toolbox is just recently available in Comsol and is not 

included in this research.  

 

Drawbacks 

(D1) The software package MatLab itself and basic knowledge of Matlab are required 

to use the models;  

(D2) At this moment HAMLab is a research tool. Therefore it lacks facilities for design-

oriented users such as user-friendly interfaces and user guides;  
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(D3) Although state-of-art solvers are present, the simulation of FEM based integrated 

models can easily become very computation time consuming. 

 

Benefits 

(B1) It takes advantage of the facilities of the well-maintained Matlab/SimuLink and 

Comsol simulation environment such as the state-of-art ODE/PDE solvers, 

controllers library, graphical capabilities etc;  

(B2) All presented HAMLab models in this thesis are public domain;  

(B3) Although not explicitly shown in this thesis, compared to other HAM models, it is 

relatively easy to integrate new models that are based on ODEs and/or PDEs;  

(B4) The simulation environment facilitates open source modeling and if desired, 

models can be compiled into stand-alone applications. 

 

9.1.2 Ongoing research driven projects 
Some preliminary results of current projects are summarized. All results are expected to 

be published in the near future. We refer to the appendix. 

 

Part A provides recent contributions to IEA Annex 41, including: First, an analytical 

verification of the hygric part of the HAMBase model. Second, a complete validation of 

the HAMBase model, by new experimental data. Third, the results of a driving rain 

simulation. Fourth, a demonstration of a full dynamic 3D heat and moisture model of a 

small corner construction. 

 

Part B provides preliminary results of current projects in cooperation with (MSc) 

students. Included are:  

(Part B1) Modeling and simulation of a high tech HVAC system of a museum. The 

preliminary results of this project indicate that the systems modeling approach of 

Chapter 2 can also be applied to high tech systems including more sophisticated 

controllers.  
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(Part B2) Application of system identification. This technique seems promising in 

reducing the large simulation times of (linear approximated) models with large degrees 

of freedom (DOF) such as 3D HAM models of constructions.  

(Part B3) Evaluation of full 3D airflow and constructions models. Preliminary results 

show that it is possible and relatively easy to model the interaction between 

constructions and air in Comsol. Furthermore, it seems possible to get reliable 

simulation results in cases for convective airflow and forced airflow. However, due to 

the limited computer resources used in this research (PC with 500 MB memory), the 

simulated volumes were small: less than 0.1 m3 and 2 m3 for respectively the convective 

and forced airflow case.  

 

These ongoing research projects indicate that the simulation environment as a tool for 

research, has already successfully been utilized for both scientific and educational 

purposes. 

 

9.2 DESIGN ORIENTED (PART II) 
In Chapter 5 through 8 the performance based designs of HVAC systems, controllers 

and set point operation strategies of multiple system components are successfully 

evaluated using the simulation environment. Overall it may be concluded that the 

simulation environment (HAMLab) is quite useful for performance-based design. In 

more detail, the impact on the design and actual building & systems is discussed 

separately for each case study. 

9.2.1 Evaluation 
(i) evaluation of applications 

Chapter 5 provides a design for the indoor climate control of a monumental theatre. The 

building is currently under renovation. A control class AA was originally suggested by 

a third party. The impact of the study was twofold: A reconsideration of control class B 

and a further investigation on the conservation of the monumental interior in case of 

control class AA by the third party. Chapter 6 presents an indoor climate controller 

design for the conservation of monumental paper fragments. A technically good 
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solution is provided. However, due to esthetical considerations, the decision makers 

have not decided yet what to do. Chapter 7 shows a set point operation strategy design 

for the conservation of a monumental church organ. The suggested climate control was 

realized in 2001. Since that time no problems were reported. The reader should notice 

that six years is to short to conclude the problem is solved permanently. Chapter 8 

provides an optimal operation strategy for a hospital power plant. At this moment the 

power plant is used for peak production of electricity.  

 

(ii) usability in relation with integral building assessment  

The application presented in Chapter 6 shows the usability in relation with integral 

building assessment. In this example both well defined required performance criteria 

and evaluation of these criteria are provided for a specific target, i.e. the conservation of 

paper fragments. A more systematically approach analog to [Hendriks & Hens 2000] is 

left over for future research. 

 

(iii) guideline 

A preliminary guideline for design-oriented users is provided in Part C of the Appendix. 

 

9.2.2 Ongoing design driven projects 
We refer to the Appendix. 

Part D provides, analog to Part B, preliminary results of current projects by (MSc) 

students but now for design oriented projects. The reader should notice that for these 

type of projects only standard models, available from the website were used by the 

students. Because almost no modeling and simulation guidance is given, the following 

results can therefore be considered as almost independently achievable by MSc 

students.  

(Part D1) The design of a hygrostatic controller. In this case, the same building is used 

as the one presented in Section 2.4, but indoor air heating is now hygrostatically 

controlled. The validation results are quite satisfactory for this controller. Several 

control strategy designs were evaluated.  
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(Part D2) The thermal comfort in the house of Senate. The whole building model is 

used for the simulation and evaluation of several design variants.  

(Part D3) The design of a more efficient hypocaust heating system for a monumental 

Church. In this project, a rare and complex hypocaust heating system is studied. The 

simulation environment is used to develop a HAM model for the building and it's 

heating system. Again this model is used for the simulation and evaluation of several 

design variants.  

 

9.3 RECOMMENDATIONS 
Research oriented 

It is quite clear that the development and validation of full scale 3D HAM (including 

CFD) models are still problematic. The author has two recommendations on this topic. 

First, the development of a small size (order 1 m3) multi zone test building that can be 

exposed to artificial climates, including wind, rain and irradiation, is recommended. The 

objective of this 'toy house' is to investigate and improve the validation of full 3D HAM 

models that possibly can be simulated using the simulation environment presented in 

the thesis. Second, the development of a classification system for different types of 

problems related to HAM modeling and simulation. With such a classification, perhaps 

some types of HAM related problems are easier recognizable and manageable. 

 

Design oriented 

The Matlab Webserver Toolbox seems promising in meeting drawbacks D1 (Matlab 

and some knowledge of it are required) and D2 (lack of user-friendly interfaces). 

Already a first study resulted in web applications including user-friendly interfaces, 

which are accessible by a web browser (http://archbps1.campus.tue.nl/matwebserver/). 

A further development is recommended especially with the focus on the usability for 

specialized designers. 

The simulation environment seems also promising for so-called early design decision 

support. A systematic research on this application is advised. 
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Index of models  
 

The next index provides an overview of the models used in the thesis.  

 

Abbreviations: 

Val: validation level:  (M)easurements; (A)nalytical; (C)omparison with other 

models; (D)emonstration  

Type: type of model:  (H)eat ; A(ir) ; (M)oisture 

Dim: model dimension: (0123D)  

time: timestep :  (cont)inuous; (hr) step; (stat)ic  

 

 

Acronym Title           Val      Type     Dim.    time Section  

Church1 Small church indoor climate   M  HAM 0D cont 7.2.1 

Church2 Large church indoor climate  M  HAM 0D hr D3 

Control1 On/off RH Control   D  HAM 0D cont. 2.3 

Control2 P controller & HVAC   D  HAM 0D cont. 6.4.1 

Control3 P controller & heater   D  HAM 0D cont 7.2.3 

Control4 Temperature change rate limiter  D  HAM 0D cont. 7.4.1 

Control5 RH change rate limiter   D  HAM 0D cont. 7.4.2 

Control6 Hygrostatic control   M  HAM 0D cont. D1 

HAMBase Whole building performance  MC  HAM 0D hr 2.2 

HAMBaseS  Whole building performance  MC  HAM 0D cont. 2.3 

HeatMois1 Heat & moisture transport in brick  D  HM  3D cont. 3.4 

HeatMois2 Heat & moisture transport in corner D  HM  3D cont. A3 

HVAC1 Primary HVAC system   D  H  0D cont 2.5 

HVAC2 Indoor climate & HVAC system  M  HAM 0D cont 6.3.2 

HVAC3 high tech system & controllers  DM  HAM 0D cont B1 

Hygric Hygric indoor climate   A  MA  1D cont. A 

Moist1 Moisture transport in brick   M  M  1D cont. 3.3.1 
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Moist2 Moisture transport in wood   M  M  1D cont. 7.3.2 

Primary1 Heat pump performance   M  H  0D cont. 2.4-5 

Primary2 Solar assisted heat exchanger  M  H  0D cont. 2.4-5 

Primary3 Thermal energy storage   M  H  0D cont. 2.4-5 

Power Hospital power plant   D  H  0D stat. 8.3.5 

RainDrop Raindrop trajectories   C  A  2D cont. A2 

RoomAir1 Airflow in a room   C  HA  2D cont. 3.3.2 

RoomAir2 On/off controlled airflow in room  D  HA  2D cont. 4.3 

RoomAir3 Cold wall and convector   D  HA  2D cont. 4.4.1 

RoomAir4 3D airflow small volume   D  HA  3D cont B3 

Senate House of Senate indoor climate  M  HAM 0D hr D2 

SI System identification model   C  H  0D cont B2 

Showcase Heat & Moisture transport showcase M  HM  0D cont. 6.3.2 

Theatre Theatre hall HAM performance  D  HAM 0D hr 5.3 

ThBridge1 Thermal bridge   D  H  2D stat. 3.2 

ThBridge2 Thermal bridge & indoor climate   D  H  2D cont. 4.4.2 

Wind Wind profile around building  C  A  2D stat. A 
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IEA Annex 41 preliminary results 
(Final reports expected in 2008) 

 

Verification study 

The hygric part of HAMBase has been subjected to new benchmark cases developed by 

the IEA Annex 41. The geometry is identical to the one in the [ASHRAE 2001]. Further 

test conditions are as follows: (1) there is only one 1D construction with linear 

properties; (2) the exposure is completely isothermal; (3) the outdoor relative humidity 

(RH) is 30%; (4) there are no windows; (5) the internal gains equal 500g/hour; (6) the 

ventilation rate is 0.5 ach. This study presents three solutions of the benchmark: (1) An 

(semi)exact solution, obtained by the integration of a Comsol model of the construction 

into a first order model of the room modeled in SimuLink as presented in the next 

figure:  

 
Figure A1. The SimuLink model of the (semi) exact solution 
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(2) Solutions obtained by HAMBase (hourly values) and (3) by HAMBase SimuLink 

(continuous value). Figure A2 and A3 show the results of two benchmarks representing 

moisture buffering by air alone and by combined air and the construction.  

 
Figure A2. Simulated RH of the indoor climate with only moisture buffering by air 

 
Figure A3. Simulated RH of the indoor climate with moisture buffering by air and the 

construction 
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The (semi) exact solutions are identical to the analytical solutions provide by [Bednar & 

Hagentoft 2005]. Furthermore, our semi exact solution was obtained before the 

publication of the analytical solution. The solutions obtained by the HAMBase and 

HAMBase SimuLink models are satisfactory.  

 

Validation study 

The intention of this study was to simulate two real test rooms, which are located at the 

outdoor testing site of the Fraunhofer-Institute of building physics in Holzkirchen. 

During the winter of 2005-2006, tests were carried out with the aim to compare the 

measurements with the models, developed within the Annex 41. In the reference room a 

standard common used gypsum plaster with a latex paint is used. The walls and the 

ceiling of the test room are fully coated with aluminium foil. The next results are 

presented: the measured and simulated RH in the reference room (A4), test room (A5) 

and heating power to the reference room (A6) and test room (A7).  

 

 
 

Figure A4. The measured and simulated RH in the reference room 
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Figure A5. The measured and simulated RH in the test room 

 

 
 

Figure A6. The measured and simulated heating power in the reference room 
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Figure A7. The measured and simulated heating power in the reference room 

 

Again, solutions obtained by HAMBase are satisfactory.  

 

Wind and driving rain study 

Another benchmark case is related with boundary conditions. For several building 

geometries, it is requested to: (1) Simulate (3D) wind velocity profiles around buildings; 

(2) simulate raindrop trajectories and (3) simulated wind-driving-rain coefficients on the 

building facades.  

A 3D solution of (1) could not be obtained using Comsol due to the limited capabilities 

of the current solvers. However, a 2D solution could be obtained using the standard k-ε 

turbulence model of Comsol. This presents a symmetric plane at the centre of the (3D) 

building. Although, it is notified that in principle 3D turbulence cannot be modelled 

correctly in 2D, it is interesting to investigate the accuracy of 2D turbulent models 

compared to 3D. Figure A8 shows the simulated 2D wind profile around the lower 

benchmark building.  
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Figure A8. The wind velocity profile: absolute value of the velocity [m/s] for each 

coordinate x, y [m]. 

 

The solution of (2) is obtained from the equation of motion of a raindrop, moving in a 

wind-flow field characterized by a velocity vector v: 

 

 
2

2

)(Re),(
dt

rd
dt
drvCdfg =−⋅+        (A1) 

 

where g is gravity, f is a function dependent on Re (Reynolds number) and Cd (drag 

coefficient), v is wind velocity, t is time and r is the position of raindrop. Equation A1 is 

solved with the ODE solver of Matlab providing raindrop trajectories. The result for the 

low building benchmark case is shown in figure A9. 
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Figure A9. The raindrop trajectories 

 

The solution of (3) is obtained from the locations of raindrops hitting the building 

façade. Figure A10 presents a comparison of our results (2D CFD) with the results by 

another 3D model (Fluent), 2D potential flow and calculation methods (PrEN and DRF-

RAF)  

 
Figure A10. Wind-driven rain coefficient at the centre of the building 
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Full 3D HAM modeling study 

This Section demonstrates the integration of a 3D HAM model of a roof/wall 

construction into a whole building model. The geometry of the building is identical to 

one in [ASHRAE 2001]. HAMBase SimuLink is used as whole building model. Figure 

A11 shows the input/output structure of the integrated model.  

 
Figure A11. Input/output structure of the SimuLink model 

 

The output (air temperature and RH) of this model and climate data are used as input for 

the Comsol model of a 3D roof/wall construction. The output of the Comsol model 

(heat and moisture flow) is connected to the input of the building model. The Comsol 

model is similar to the model presented in Section 3.4. Figure A12 and A13 

demonstrate the 3D temperature and vapor distributions at a specific time.  
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Figure A12. The temperature distribution: temperature [oC] for each coordinate x, y, z 

[m]. 

 
 

Figure A13. The vapor pressure distribution: vapor pressure [Pa] for each coordinate 

x, y, z [m]. 
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The integrated model is capable of simulating the indoor climate and construction 

details within reasonable simulation time: 1 year simulation, takes about 12 hours of 

computation time (Pentium 4, 500MB) 
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Appendix B. Ongoing research projects 
 

B1. The modeling of a high tech HVAC 
system of a museum 
 

From paper by A.W.M. van Schijndel & W.J. Timmermans, accepted for publication at 

7TH SSB Conference Liege 2006 December 

The study concerns the HVAC system of the National Naval Depot, which should have 

a very high reliability. However, during the year a seemingly harmless HVAC fault 

almost caused a serious problem for the preservation of the artifacts. As a result of this, 

the next research questions are investigated in this project. What is the performance of 

this high tech installation in case of a major failure? Is it possible to improve the climate 

control in such a case? The methodology of research was: First, we implemented heat, 

air & moisture (HAM) models of the building and installation components in SimuLink. 

Second, we validated the models by measurements. Third, we evaluated the current and 

new designs by simulation. In [Timmermans 2006], the following results are presented 

in more detail: (1) Evaluation of the current HVAC system components and indoor 

climate of the museum; (2) Evaluation of validation results; (3) Evaluation of the 

simulated performance of the current design in case of failure; (4) The performance of 

improved designs in case of a failure. It is concluded that the current design performs 

well if in case of a fault, the air supply to the depots is switched off automatically. The 

construction of the depots contains sufficient thermal inertia to maintain a stable indoor 

climate for a longer period in which the fault can be repaired. A further improvement of 

the design could be to control the climate surrounding the depots instead of controlling 

the indoor climate in the depots itself. In this case, even if the system would not detect a 

fault and thus supplies uncontrolled air at the surroundings of the depot, the indoor 

climate in the depot would remain stable.  
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Exemplary results 

Figure B1 shows the HVAC system including the cooling coil. Figure B2 presents the 

measured air temperature before the cooling coil and the measured and simulated air 

temperature after the cooling coil. 

 

Figure B1 HVAC system and cooling coil 

 

Figure B2 Air temperature before and after the cooling coil. 

Context to the thesis 

The preliminary results of this project indicate that systems modeling approach of 

Chapter 2 can also be applied to high tech systems including more sophisticated 

controllers.  
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B2. System Identification  
 

From paper by P.W.M.H. Steskens & A.W.M. van Schijndel accepted for publication at 

7TH SSB Conference Liege 2006 December 

The study focuses on the applicability of system identification to identify building and 

system dynamics for climate control design. The main problem regarding the simulation 

of the dynamic response of a building using building simulation software is that 

simulation results often lack information regarding fast dynamic behavior (in the order 

of seconds) of the building, since most software uses a discrete time step, usually fixed 

to one hour. However, information about fast dynamic behavior and transient responses, 

which often lie within this time step, may be essential for application of an appropriate 

control strategy such as on/off control. The paper has two objectives. The first objective 

is to study the applicability of system identification to identify fast building dynamics 

based on discrete time data (one hour). A second objective is to research the 

applicability of the system for climate control design, focusing on fast dynamics (in the 

order of seconds). First, a toolbox is selected for model identification of building 

dynamics and the quality of the results produced by this toolbox is verified. Second, the 

applicability of system identification for internal temperature control is researched 

based on a simulation with free-floating indoor air temperature and a simulation with 

on/off-controlled indoor air temperature. Third, model identification based on similar 

simulations of HAM processes has been evaluated.  Fourth, external data, retrieved 

from a building performance simulation, has been used to identify building dynamics. 

The study illustrates that the used system identification tool seems to be limited in 

accurate identification of continuous linear systems out of discrete (hourly) data due to 

the lack of fast dynamics in the hourly data.  

Identification of discrete linear systems out of discrete (hourly) data seems to be 

possible if these data contain enough 'impacts' in the time series, which can be indicated 

by the so-called Crest Factor.  
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Exemplary results 

The next figures show the linear system approach (B3) and the result (B4). 
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Figure B3 Continuous time state-space model of the building dynamics.  

 
Figure B4 Comparison between the indoor air temperatures predicted by the SI model 

and the HAMBase/Simulink model.  

 

Context to the thesis 

This technique is promising in solving drawback D3 and limitation L2.  
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B3. Full 3D HAM Modeling  
 

Abstract of corresponding MSc thesis by P.W.M.H. Steskens, 2006 June 

The purpose of this research project is to develop a computational model for multi 

dimensional transient Heat, Air and Moisture (HAM) flows in buildings. This project 

intends to produce a tool that enables the analysis of conditions leading to degradation 

of building components. It is the intention that with a combination of a transient 

multidimensional Heat, Air and Moisture (HAM) building model, models describing 

deterioration in building materials, and systematic collection of empirical knowledge, it 

may be possible to predict better the degradation processes in building materials. Two 

problems that are related to the development of a multidimensional transient HAM 

building model are studied. The first issue considers the research of the local 

temperature and humidity levels and variations in a room. The perspectives and 

possibilities of modeling a room with surrounding construction are studied. First of all, 

the airflow in the room as well as the temperature distribution in the building 

construction and materials is modeled. The modeling results in a transient 

multidimensional model of a room, which describes the thermal conditions (Heat and 

Air flow) in the room. Second, the model is verified and validated using experimental 

data. Third, the model is extended by adding moisture flow to the model. Finally, the 

obtained transient multidimensional HAM model of the room is verified and validated 

using experimental data obtained from literature.  

The second problem issue considers the research to the detailed thermodynamic 

behavior of a floor heating. First of all, models, describing the thermodynamic behavior 

of a floor heating, documented in literature and scientific articles are researched. 

Second, starting from a scientific article that is representative for the state-of-the-art in 

modeling floor heating thermal behavior, the results presented in the article have been 

reproduced. Third, the model is extended and improved for the general application in 

building services engineering and control design. The resulting model is expected to be 

a transient multidimensional detailed model of the thermal behavior of a floor heating 

system in a building.  
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Exemplary results 
The next figures show the results of a full 3D combined room airflow & wall model 

(B5) and combined duct airflow & floor model (B6). 

 
Figure B5. The temperature distribution of the air in a small room 

 
Figure B6. Temperature distribution of a concrete floor heated with an air duct  

 

Context to the thesis 

Preliminary results show that it is possible and relatively easy to model the interaction 

between constructions and air in FemLab 
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Preliminary Guideline 
This appendix provides a step-by-step guideline. Each step requires more knowledge of 

the building and systems details as well as the modeling environment. After each step, 

the simulation results should be evaluated. If the results are not satisfactory due to 

oversimplification of the model(s) go to the next step.  

 

Step 0: Selection of a similar building.  

The first step neither requires Matlab nor specific knowledge of modeling parameters. 

At the website of HAMLab there is a web base application containing already simulated 

results of several building types [http://sts.bwk.tue.nl/hamcases/]. For each building 

type graphical output is presented including time series and statistical information of the 

temperature, relative humidity (RH), thermal comfort, heating, cooling and 

(de)humidification in each zone for a specific period (year, month week). A building 

should be selected that is most similar to the design.  

 

Step 1: Editing/simulating the HAMBase model 

This step requires software package Matlab R13 and basic knowledge of HAM 

parameters of the building. After downloading HAMBase (public domain), the selected 

building of step 0 can easily be simulated by typing the name of building type at the 

Matlab prompt. The same results as presented at the website occur. The input file is a 

text file that can be edited to match the design. The model parameters are explained in 

the same file. The HAMBase model facilitates default systems and controllers. If it is 

necessary to model more details of the systems and controllers go to step 2.  
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Step 2: Including detailed systems and controllers 

This step also requires: SimuLink, included in MatLab R13, some experience with this 

tool and basic knowledge of systems and controllers. It is very easy to export the 

HAMBase model to a SimuLink block. The input/output structure of this block is as 

follows: for each zone the input consists of a heat and moisture source and the output 

consists of the air temperature, comfort temperature and RH. The exported SimuLink 

model simulates a free-floating situation of the building, where all systems and 

controller settings of the original MatLab model are ignored. Detailed system and 

controller models can be added in SimuLink in order to simulate a controlled situation 

of the building. Note that also models mentioned in Section 2.4 can be used in this 

stage. If it is necessary to model more details of the constructions or airflow go to step 

3. 

 

Step 3: Including detailed HAM/Airflow models 

This step requires: Beside the Matlab R13 software, a separate toolbox Comsol (R3), 

experience with this tool and specific knowledge of PDE modeling. To integrate 

HAM/Airflow models into SimuLink, the next sub-steps are required: (a) Select a 

Comsol model that is most suitable for the problem. Inspiring models can be found at 

the Comsol and HAMLab websites; (b) adapt the model, start simulations and evaluate 

the simulation results. If satisfactory, (c) export the Comsol model to SimuLink using 

the standard export facility or using S-Functions as shown in Section 4.3 

 

Step 4: Evaluation 

If the final model is ready, the simulation results should be evaluated and if necessary 

the modeling parameters and/or the models themselves should be modified. 
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D1. Conservational heating to control relative 
humidity and create museum indoor 
conditions in a monumental building 
 

Abstract by H.L. Schellen & E. Neuhaus submitted to Buildings X International 

Conference Clearwater Beach, Florida, 2007 December 

 

For the conservation of an important museum collection a controlled indoor climate is 

necessary. One of the most important factors is controlling relative humidity. These 

museum collections often are part of the interior of a monumental building. Originally 

these buildings did not have any other heating system than open fire or some kind of 

local heating system. Sometimes a central heating system was installed afterwards. In 

most cases the possibilities to fully control relative humidity, e.g. by installing a full air-

conditioned system are limited due to the dimensions of the ductwork and the necessary 

demolishing work. Furthermore local humidifying devices may lead to dramatic indoor 

air conditions with condensation effects on the cold indoor surfaces of the exterior 

walls, single glazing and roofs. One way to overcome this problem is to make use of a 

so-called ‘conservational heating’. A hygrostatic device to limit relative humidities 

controls the heating system. High relative humidity is prevented by starting heating and 

reaching low relative humidity will stop heating. The use of this control system is 

limited. In summer it may be necessary to start heating and during wintertime it may be 

necessary to limit heating. A comparison of the indoor climate for a usual thermostatic 

heating and a hygrostatic heating was gained, both by measurements in laboratory and 

on site. The results were compared with simulation results. A control strategy was part 

of the work.  
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Exemplary results 

Figure D1 shows the results of a humidistatically controlled room of the GEO test site 

(see also Section 2.4 – 2.6). 

 

Figure D1. Measured (red) and simulated (blue) results of a hygrostatic controlled 
indoor climate (top: temperature, bottom: Relative humidity) 

 

Context to the thesis 
In this case, the same building is used as the one presented in Section 2.4, but the 

heating of the indoor air is now more advanced controlled. The validation results are 

quite satisfactory for this type of controller. Moreover, several control designs were 

simulated and evaluated  
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D2. Thermal comfort problems in a 
monumental office building in summer 
 

From paper by H.L. Schellen , M. van Leth, M.A.P. van Aarle & A.W.M. van Schijndel 

accepted for publication at 12 TH Building Physics Symposium Dresden 2007 March 

One of the most important buildings in The Netherlands is the monumental building of 

the Senate. People working in the office rooms of this building have complaints on 

thermal comfort during summer time. A number of office rooms is overheated during 

warm summer days. Furthermore the rooms are ventilated in a natural way, i.e. by 

opening the windows. The installation of split air conditioning units or a HVAC system 

would have an unacceptable effect on the monumental interior and exterior. This paper 

will handle thermal comfort problems in a monumental office building in summer. One 

of the objectives of the work is to objectify the complaints. Furthermore it is the 

intention to have a better knowledge of the indoor climate of specific rooms in relation 

to the outdoor climate, their orientation and specific building physical properties and the 

use and related internal heat loads of the room. Moreover the aim of the work is to 

improve the summer indoor climate without affecting the monumental character of the 

rooms and the building itself. The method of approach is to objectify the complaints by 

measurements of the indoor climate in relation to the outdoor climate. Typical physical 

measurements considering thermal comfort were made. The results were compared with 

national guidelines regarding temperature exceeding limits, weighing hours and 

adaptive temperature limits. To improve the summer indoor conditions a simulation 

study on the indoor climate of a number of rooms was performed in HAMBASE (Heat, 

Air and Moisture, Buildings And Systems Engineering tool). The model was calibrated 

with the indoor climate results of the long term measurement sessions. A variant study 

on some improvement propositions was performed. Checking the indoor summer 

climate with the national guidelines indicated that about half of the measured rooms 

were too warm during warm summer days.  
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Exemplary results 

Figure D2 shows the results of a model validation study and the use for design 

 

 

 

 

 

 

 

 

Figure D2 Left: Measured and simulated indoor climate of a warm office room Right: 

Simulated indoor air temperature for suggested (passive) measures 

 

 

Context to the thesis 

A whole building model is validated and used for the simulation and evaluation of 

several designs 
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D3. A hypocaust hot air floor heating system 
in the Netherlands 
 

From paper by M.A.P. van Aarle, H.L. Schellen & A.W.M. van Schijndel accepted for 

publication at 12 TH Building Physics Symposium Dresden 2007 March 

In 2002 a PhD study was finished on Heating Monumental Churches at the University 

of Technology in Eindhoven. Most of the used heating systems in the Netherlands were 

examined. However, at a number of places which were not accounted for in the 

previous mentioned study, unique heating systems are applied. The Stevens Church is 

heated by a hypocaust heating system: floor heating by hot air underneath the floor. Hot 

air is transported through a constructional duct system of bricks. A part of the hot air 

enters the church via a wall and floor air supplies, the rest is recirculated. The system is 

not very energy efficient: First, through the massive floor the heating system is very 

slow. It takes a very long time to heat up the church, almost 40 hours to heat up 7 °C. 

Second, air is not the most energetic medium for transport of heat. Third, a part of the 

capacity is used for heating up the crawl space and the ground. The purpose of this 

research is to design a more efficient heating system considering the preservation of 

monumental objects (such as church organs), the building itself and thermal comfort of 

the church attendance. The methodology was: (1) Measurement of the current indoor air 

temperatures, relative humidities, air inlet flows, air infiltration rate and external 

climate; (2) Simulation of the current indoor climate; (3) Validation by comparing 

measurements and simulations; (4) Simulation and evaluation of the design options 

given the specific criteria for indoor climate for the monumental objects and thermal 

comfort of the churchgoers. In the paper the results of previous mentioned methodology 

will be extensively discussed. It is concluded that a more optimal heating system for the 

Stevens Church would be a floor heating with warm water underneath the flags (stone) 

with additional hot air heating with floor air supplies.  
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Appendix D 

Exemplary results 

Figure D3 shows the results of a model validation study. 

 

Figure D3 Measured and simulated of the current indoor climate of the church.   

 

Context to the thesis 

A whole building model is validated and used for the simulation and evaluation of 

several designs 
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Appendix E  

The thermal network of HAMBase revisited 
In HAMBase, the view factors are approximated with the integrating sphere approach. 

The main advantages are twofold: First, there is no restriction on the geometrical form 

of the room and second, all walls are connected to a single temperature node (Tx) 

providing computational benefits. Section 2.2 provides a short summary of the model 

developed by de Wit [de Wit 1988;2006]. This appendix provides an additional example 

to better understand the thermal network presented in figure 2.2. The example 

comprehends a room with an air temperature Ta and two walls: a relative small wall 

with inner surface A1 and temperature T1 surrounded by the second wall (i.e. A2>>A1) 

with temperature T2. Figure E1 shows the 'classical' thermal network including 

temperatures, heat flows and heat conductions.  

 
Figure E1. The thermal network of two wall nodes and one air node 

 

In figure E1 both constructions are connected with the air node (Ta) and with each other 

by radiation. The net heat flows to the walls are respectively: 
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Figure E2 shows the HAMBase thermal model where the two walls are connected to a 

single node (Tx). 

 
Figure E2. The HAMBase thermal network (see also figure 2.2) 

 

In this case, the net heat flows to the walls are respectively: 
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Appendix E                                            

The aim of this appendix is to verify that both thermal models of figure E1 and E2 are 

equivalent (assuming A1 << A2 ). This illustrates that the HAMBase thermal model in 

case of two walls is valid. A complete description is provided by [de Wit 2006].  

We verify the equivalence of both models by showing that heat flows to the walls are 

approximate the same i.e. ΦBx1≈ ΦAx1 (a) and ΦBx2≈ ΦAx2 (b) and heat balances for the 

air nodes are the same in both cases (c).  

 

The following equation is derived from the heat balance of node Tx of figure E2: 
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Substituting Equation 2.1 of Chapter 2 i.e.: 
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into E5 gives (after some basic algebra): 
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Now we can verify (a) by using equations E7, E3 and E1: 
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We can verify (b) by using equations E7, E4 and E2: 
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The last step is to show that the air node balances of both figures are the same. The heat 

balance air node Ta of figure E2 gives: 
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using E6 and E7 gives (again after some basic algebra):  
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and so 
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The latter is the heat balance air node Ta of figure E1  
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Dankwoord 
Zo'n twintig jaar geleden heb ik de eerste ervaringen opgedaan met modelleren en 

simuleren tijdens mijn afstudeerproject op de HTS. Toentertijd heb ik nog gewerkt met 

een TUTSIM versie die draaide op mijn Commodore-64 computer thuis (ter info: 64 

staat voor 64 kB geheugen). Als ik zo terug denk, zitten daar waarschijnlijk mijn 

wortels voor het modelleren. Vanaf de tijd dat ik bij de TU/e kwam werken, heb ik de 

ontwikkelingen op het gebied van de numerieke gereedschappen proberen bij te houden. 

Dit resulteerde in mijn eerste kennismaking met (PC-)MatLab. Omdat deze software 

toen al zoveel mogelijkheden bood, besloot ik me vooral te gaan concentreren op dit 

programma. Dit bleek later een gouden greep zijn omdat MatLab tegenwoordig is 

uitgegroeid tot hèt standaard gereedschap voor wetenschappelijk berekeningen. Het 

toepassingsgebied, warmte, lucht en vocht (WLV) in de gebouwde omgeving, is er 

sinds 1991 met de paplepel ingegeven. Eerst als onderzoekmedewerker in het 

laboratorium en later als universitair docent. Niet geheel toevallig, is de combinatie van 

WLV en modelleren, het onderwerp mijn proefschrift geworden.  

 

In 2004 ben ik officieel begonnen met mijn promotie onderzoek. Vanzelfsprekend ben 

ik velen dank verschuldigd die mij direct of indirect hebben geholpen. 

 

Allereerst wil ik de faculteit bedanken voor het beschikbaar stellen van de benodigde 

tijd. Hierdoor werd het voor mij mogelijk gemaakt om structureel aan dit proefschrift te 

werken.  

 

Mijn beide promotoren Martin de Wit en Hugo Hens wil ik bedanken voor hun goede 

steun en deskundige adviezen tijdens het hele proces. De overige leden van de 

kerncommissie, Jan Hensen en Dolf van Paassen, wil ik bedanken voor hun 

opbouwende kritieken in een later stadium van het project. De overige leden van de 

promotiecommissie, Anton van Steenhoven, Wim Zeiler en Jean Lebrun, wil ik 

bedanken voor hun bereidheid deel te nemen in de commissie. 
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Ook ik heb veel geluk gehad om mijn kamer te mogen delen met collega en vriend 

Henk Schellen. 'Henk, jongen, ... ' (normaal komt er hier een plagende opmerking die ik 

nu maar een keer achterwege laat) '...heel erg bedankt voor de ruim 15 jaar steun en 

toeverlaat'. Een andere vriend en collega die ik al meer dan 25 jaar ken is Marcel van 

Aarle. 'Marcel, bedankt voor je steun tijdens het werk en voor de gezelligheid ervoor en 

erna.' 

 

Mijn dank gaat ook uit naar collega's met name: Jan en Harrie voor de computer 

ondersteuning, Wout en Peter voor het op orde houden van de meetapparatuur die 

tijdens de diverse onderzoeken zijn gebruikt, Marco voor o.a. de web applicaties. 

 

De volgende reeds afgestudeerde studenten ben ik erkentelijk voor hun bijdragen aan dit 

werk: 'Paul, Walter, Rogier, Jordy, Kim, Dionne, Anke, Moniek & Edgar, allen 

bedankt!' 

 

Vrienden en familie. Jullie hebben dit proefschrift niet van dichtbij meegemaakt. Dat 

heb ik opzettelijk zo gedaan omdat ik me samen met jullie vooral wil bezighouden met 

andere belangrijke(re) zaken in het leven.  

 

Pap, Mam en Cor. Mijn wortels zijn gegroeid door de zeer goede aarde waarin ze 

stonden en nog steeds staan. 'Bedankt voor de veilige en onbezorgde omgeving waarin 

ik heb kunnen en mogen opgroeien'. 

 

Lieve Daan. Ik heb dit werk opgedragen aan je broertje Lars omdat ik ervan uit ga, dat 

jij later zelf je eigen creativiteit kwijt kan, in welke vorm dan ook. 

 

Last but not least, lieve Carin. Je vraagt je wel eens hardop af wat je hebt bijgedragen 

aan mijn boekje. Het antwoord is dat jouw steun en zorg in het dagelijks leven 

onmisbaar zijn voor mijn creativiteit en productie.  
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