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Abstract 
 

The Finite Element Method (FEM) is a widely used numerical method to simulate complex multi- 

dimensional transient physics phenomena. Detailed simulation results can be obtained due to the 

discretized modelling setup and the ability to explicitly solve governmental heat transfer equations. 

Despite its great potential, the usage of FEM programs in the field of building energy simulation has 

been limited. Previous research took a first step in simulating indoor climate conditions using FEM but 

detailed radiative heat transfer has yet to be integrated and analyzed. 

 

This research focuses on the assessment of using The Finite Element Method to determine indoor 

climate conditions in a test cell. Furthermore, the combination of solar radiation through translucent 

building parts is emphasized and its implementation in the FEM software COMSOL Multiphysics is 

treated thoroughly. A parametric and systematic modelling approach has been developed to construct a 

wide range of detailed model variants and each model variant has been analyzed extensively to assess 

the ability of simulating indoor climate conditions. The validity of the constructed model was assessed 

by means of different validation techniques, among which: comparative testing, empirical validation 

and analytical verification. Comparative testing by HAMBase software was used for rough result 

estimations. Empirical validation was used for the most detailed model variant that represents a virtual 

replica of the empirically measured case study (test cell). Analytical verification has been used wherever 

possible to assess the explicit radiative heat transfer features within COMSOL. 

 

It was found that solar radiation through translucent building parts can be modelled explicitly and 

accurately using FEM as the implementation of single radiative features showed maximum errors of 

only 0.25%. Although empirical validation was found to be too limited in stating any definitive 

conclusions on the overall validity of the model, a qualitative base case model has been established for 

simulating detailed radiative heat transfer. 
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1 Introduction 
 

1.1 Worldwide energy consumption building sector  
The Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC) showed 

that the building sector accounted for 32% of the total worldwide energy consumption in 2010. A recent 

study done by Beradi (2015) shows that the global building energy demand is expected to have 

increased by twofold in the year 2050.  This raises concerns regarding the current and overall energy 

consumption patterns. The increasing global energy consumption in the building sector has led to the 

installment of the European Performance of Buildings Directive (EPBD) in 2002. This directive was 

founded to create a framework for energy performance certification (EPBD 2002/91/EC). 

Subsequently, energy performance requirements for buildings were introduced to reduce the energy 

usage of buildings by energy regulations (building codes).  

 

1.2 Characterizing building performance 
The characterization and labelling of buildings is usually done during the design phase and should 

reflect its correct buildings performance. However, a variety of studies have shown, that the actual 

energy performance of dwellings often deviates significantly from its theoretically designed energy 

performance (Majcen, 2012). This deviation stresses out the importance of correctly characterizing the 

buildings performance. More detailed Insight in the energy consumption of a building can be obtained 

with the help of Building Energy Simulation (BES). BES programs provide an overall characterization 

of a building‘s performance by simulating different climatic conditions. 

 

High quality empirical data sets are of great importance to validate BES models. Unfortunately, the 

accuracy and reliability of data acquired from many on site measurements can be questioned. This 

stresses the need for accurate and reliable in situ dynamic testing and data analysis methods; the Annex 

58 research project (Roels et al., 2015). One of the elementary case studies of the Annex 58 project 

concerned a scale model of a simplified building and was set up to perform a full-scale measurement of 

the test box under real climate conditions in order to obtain reliable and dynamic data. Subsequently, 

Different data driven modelling techniques were used to characterize the test-box properties and results 

and findings have been analyzed extensively. A detailed forward modelling approach however, was 

lacking in this research and left open for future research.   

 

1.3 Limitations previous research: 
A follow up study performed by van Schijndel and Kramer (2016) aimed to assess the usefulness of 

FEM models for BES applications. They performed a finite element simulation on a virtual model of 

the test box. This modelling technique is classified as a forward approach and relies on mapping most 

of the energy transfer processes correctly in the systems structure to simulate output variables. The 

study just mentioned showed that a simplified heat conductive FEM model can accurately reproduce a 

comparative BES model based on lumped parameter modelling and made a first step towards more 

complex FEM simulations. Explicit modelling of radiative heat transfer, convective heat transfer (by 

means of CFD) and integration of translucent building parts however, is still left open.  
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1.4 Research objective and question   
This research will further extend and elaborate the annex 58 research project (Roels et al., 2015) and 

study of van Schijndel and Kramer (2016) by investigating the possibilities of creating a more detailed 

FEM model of the extensively measured round robin test box. Emphasis is put on the impact of solar 

radiation in combination with translucent building parts. COMSOL Multiphysics is used as a software 

platform to construct the detailed FEM model and its validity is tested by means of comparative testing 

and empirical validation. Furthermore, the desired FEM model is able to simulate multiple discretized 

output variables such as indoor air temperature, surface temperatures and heat flux values for 

extensively evaluating the indoor climate effects.  

 

Based on the research objective, the following main research question can be formulated: 

 

- Is it possible to use the finite element method to simulate detailed indoor climate effects focusing 

on solar radiation through translucent parts? 

 

To answer the main research question several sub questions will be addressed first.  

 

- (1) What approach is needed to construct detailed simulation models and subsequently analyze 

these models? 

 

-  (2) How can detailed radiative heat transfer principles be modelled in the Comsol Multiphysics 

environment?  

 

- (3) Is it possible to simulate the effects of solar radiation on opaque and translucent building 

parts within Comsol? 

 

 

1.5 Report outline 
The research objective is stating that a detailed finite element method model is desired to assess the 

possibilities of simulating detailed radiative heat transfer features. The stated sub questions are helping 

to answer the main research question and are therefore treated first. Sub question one is answered in 

chapter 2: ‘Methodology’ where the applied methodology is addressed to construct, validate and 

analyze the required simulation models. Chapter 3: ‘Theory and background’ is hereafter treated, in 

which the underlying theory is discussed to implement specific model features.  Sub questions 2 and 3 

are answered explicitly in chapter 4: ‘The model’ in which all essential simulating features within 

Comsol are carefully addressed. Chapter 5: ‘Results and discussion’ is dedicated to analyze and discuss 

the overall research results followed by a recap of addressing all sub questions. Lastly, chapter 6: 

‘Conclusion’ is used to answer the main research question and to evaluate the overall research.     
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2 Methodology 
 

The current chapter will discuss and explain the applied methodology in full detail and each consecutive 

step in this process is elaborated. The overall systematic methodology that is used to construct and 

analyze the desired simulation models has been depicted in Figure 1. The current methodology chapter 

is subsequently divided into 4 parts to address each step individually. The case study is addressed first, 

followed by the modelling setup, validation methodology and finished with analyzing the acquired 

results. The methodology of setting up the model will be addressed first, although the validation 

methodology partly dictates how the model will be set up. 

 

 

Figure 1  Schematic overview of the applied methodology 

 

2.1 Choice of case study 
The round robin experimental case study (which was part of the larger Annex-58 research project) is 

analyzed and evaluated for this research project. The round robin test box has been measured 

extensively and deliberately oversized datasets (1-minute resolution) have been created to be used for 

comprehensive validation studies. The very simplistic design of the case study also increases the 

informative level of the validation study to be performed since parameters are more easily controlled 

than compared to full scale buildings. A schematic overview of the associated aspects of the case study 

is displayed in Figure 2. 

 

 

 

Figure 2 Schematic overview methodology of case study 

Also stated in the research objective is the assessment of using the finite element method for 

constructing the various models. The program COMSOL Multiphysics will be used for the FEM 

simulations due to its ability to simulate multiple heat transfer mechanisms and its recently updated 

radiation module. This is especially crucial for simulating the effect of solar radiation on translucent 

building parts. Furthermore, the post processing capabilities and integration with MATLAB (van 

Schijndel, 2009) let this software package fit well in the overall systematic and iteratively modelling 

approach.  
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2.2 Method for setting up the model 
 

2.2.1 Basic characteristics case study  

The specific case study to be modelled concerns a simple scale model of a building, a so-called test box.  

The outer wall components are all identical in both material composition and dimensions which makes 

the box a perfect cube. One side of the box is, however, provided with a wooden frame double glazed 

window to account for solar radiation. A more detailed description of the exact composition and 

specifications of the box is given in chapter 4.1.  

 

2.2.2 General modelling approach 

To model this test box properly and to take the validation methodology into account, it was chosen to 

follow a systematic and parametric modelling approach. By doing so it becomes possible to have interim 

evaluations and analysis which not only facilitate comparative testing but also ensure a methodology 

for establishing cause and effect events. This approach results in the model being constructed through 

an iterative process ranging from a very coarse and simplified model, moving progressively towards a 

more complex and fine-grained replica of the concerned case study.  

 

The software package Comsol Multiphysics has been used for creating the FEM models and the models 

used for comparative validation (treated in next section) have been constructed in a parallel modelling 

track with the software Hambase. The software Hambase was chosen due to its parametric modelling 

approach and integration with MATLAB.  

 

Due to the distinct modelling approaches (the finite element method versus lumped parameter 

modelling) it is expected that the comparative analysis study might contain deviating results and will 

therefore only be used as a general guideline for constructing the model iterations.   

 

A strict workflow scheme has been set up and followed throughout the entire model realization to ensure 

the needed consistency while doing comparative testing and iteratively constructing model variants. 

The parametric approach has been applied as much as possible to simulate different settings and variants 

efficiently. 
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2.2.3 Workflow scheme 

The two most important reasons for setting up this workflow scheme are: reducing the input errors for 

the many different settings and creating consistency in each consecutive data transfer step. Four main 

categories can be distinguished in the workflow scheme: data preparation, running the model, storing 

and processing data, and data analysis. Automatic scripting is used for most of the steps and subroutines 

and was realized with MATLAB, which is a numerical computing software environment that enables 

large data manipulation and visualization (Matlab, 2017).   

 

Figure 3 displays the workflow steps and associated steps which are automated via automatic scripting. 

A more detailed and extensive description of all used scripts and subroutines can be found in chapter 4 

section 2.  

 
Figure 3 Workflow scheme for main steps  

2.3 Method for validating the model 
As stated by Judkoff, Wortman, O’Doherty and Burch (1983) and later summarized by Neymark et al. 

(2002) there are three ways to evaluate the accuracy and validity of a BES program or a model derived 

from:: empirical validation, analytical verification and comparative testing. As described in the previous 

section, Comsol is used for creating and simulating the FEM models and has already been subjected to 

numerous analytical and comparative validation tests (BESTests) concerning generalized heat transfer 

(Gerlich, Sulovská, & Zálešák, 2013). 

 

Empirical validation studies and test cases regarding detailed radiative heat transfer were found to be 

limited. These findings emphasize the research objective to primarily focus on the implementation of 

detailed radiative heat transfer and subsequently validate the model by means of empirical data and 

comparative testing. 

 

Figure 4 displays the schematic methodology for setting up the model and the different validation 

approaches. Here the modelling setup is characterized by iteratively adding complexity and details to 

the model which facilitates fast and efficient comparative testing opportunities throughout the entire 

modelling track.  

 



 Technische Universiteit Eindhoven University of Technology 

 

           Master Thesis  13 

 
Figure 4 Systematic methodology for setting up and validating the model 

The comparative validation study is consequently carried out while the model is being refined and the 

program Hambase is used to create comparable models in a parallel modelling track. Only the most 

detailed version of the modelled case study will be subjected to empirical validation since the earlier 

model iterations have not been experimentally tested. Furthermore, when comparative testing between 

Comsol and Hambase can no longer take place (due to deviating modelling fundamentals) implemented 

radiation features are validated analytically if possible.   

 

2.3.1 Empirical validation methodology  

Empirical validation has been subdivided into different levels by the National Renewable Energy 

Laboratory (NREL) methodology which are based on 7 types of errors. A distinction is made between 

external error types, which are independent of the calculation method, and internal error types which 

are caused by the method of calculation itself. External errors can be related to the incorrect 

implementation of building material properties, misrepresenting weather climate data or 

misrepresenting geometrical aspects of the model. The degree of control exercised over these different 

sources of error determines the overall level of validation. 

 

When empirically validating the model at the most basic level, the actual long-term energy usage (or 

heat transfer loss) is compared to the long-term energy usage calculated by the simulation tool without 

indexing or eliminating any possible sources of errors (Neymark et al., 2002). Due to the possibility 

that multiple errors sources are simultaneously operating and causing offsetting errors, it is not possible 

to draw any conclusions about the overall accuracy of the model.  
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To increase the overall level of validation it is necessary to eliminate or control as many sources of 

errors as possible. By selecting simple and controllable test cases it becomes easier to pinpoint these 

sources of errors and control them. The comparative and analytical validation methodology relies on 

the very same principle that too complex test cases will result in inconclusive analysis.  

 

This research focusses on controlling as many external sources as possible by consistently creating 

models via the iterative and systematic modelling approach. Here, many simple and controllable test 

cases for each model iteration have been modelled and parameters and variables have been added 

individually and checked thoroughly. 

 

2.4 Analyzing results   
As a final step in this methodology, the acquired results will be analyzed in a systematic approach as 

well. Two different validation techniques are applied to the model and they both require a different 

analysis perspective.   

 

Starting with the comparative testing analysis, there is no real truth value when comparing two datasets 

acquired via distinctive simulation fundamentals. Regarding the current comparative testing analysis, 

the main purpose is to look for general equality of the data sets and perhaps find a reason for when and 

why results are deviating. The assessment parameter for this analysis will therefore solely be the Mean 

Absolute Error (MAE) for indicating the overall agreement of both signals.  

 

The analysis methodology for empirical validation consists of a more detailed assessment.  The 

empirical data set that is used in the validation study is considered correct within its experimental 

accuracy. Here the simulated model is compared to measured data and the ability to correctly simulate 

these values will be assessed by several performance criteria. There are many different performance 

criteria that can be used to quantify the relationship between simulated and measured results. Certain 

performance criteria tend to emphasize specific characteristics or relationships more than others. E.g., 

the MAE is used to express the overall magnitude of disagreement and the Mean Squared Error (MSE) 

is a proper identification for expressing the number of large errors.  

 

Due to the absence of standardized performance criteria for empirical validation applied to BES, the 

usage and choices of these criteria are widely deviating among validation studies. A study done by 

Kramer and van Schijndel (2012) uses three performance criteria, i.e., MSE, MAE and goodness of fit 

(FIT). The strength of using this combination of performance criteria is stressed out in a study done by 

(Mustafaraj, Chen, & Lowry, 2010). 

 

As for the empirical validation study performed in this research, a combination of 3 different 

performance criteria is used but the MAE will be considered the most dominant performance indicator. 

All used criteria and their corresponding formulas are depicted below. 

 

Mean Absolute Error: 𝑀𝐴𝐸 =
1

𝑁
∑ |𝑦′ − 𝑦|

𝑁

𝑖=1

 (−) (1) 

    

Mean squared Error: 𝑀𝑆𝐸 =
1

𝑁
∑(𝑌′ − 𝑦)2

𝑁

𝑖=1

 (−) (2) 

    

Goodness of Fit: 𝐹𝐼𝑇 = 100 ∗ (1 −
𝑛𝑜𝑟𝑚(𝑦′ − 𝑦)

𝑛𝑜𝑟𝑚(𝑦′ − 𝑦 ′̅)
) (−) (3) 
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3 Theory and background  
 

This chapter provides some background information regarding different modelling techniques and 

explains the terminology of validation and verification subjected to BES. The Annex 58 research project 

and corresponding round robin case study is explained in more detail as well as the software used to 

conduct this research. Fundamental heat transfer principles are treated hereafter and the theory of 

radiation in particular is considered crucial for understanding applied methods in the model chapter.  

 

3.1 Different BES modelling approaches 
There are many different BES programs, each having their own advantages and disadvantages regarding 

their corresponding analysis tasks.  A full review of all currently developed BES programs was given 

by Harish and Kumar (2015). They made a distinction between two broadly used modelling approaches: 

the forward approach and the data driven approach. The forward modelling approach relies on mapping 

most of the energy transfer processes correctly in the systems structure. Subsequently, output variables 

can be simulated (predicted) by processing input variables through the system. Models developed with 

this forward modelling approach are called White-Box models since the system operations are known 

and transparent. The contrasting approach is the data driven approach where the input and output 

variables are known, yet little is known of the systems model which is normally governed by physical 

laws. Depended on the method used for parameter identification either White Box, Black-Box or even 

Grey-Box models can be established with data driven modelling. The terms black and grey are referring 

to systems which parameters bear little to none resemblance with physical laws. The scope of this 

research will be strictly bound to White-Box models only.  

 

3.1.1 Different analysis types  

As there are different model types, there are also different analysis methods which can be used to run a 

simulation (solve a heat balance for example). A distinction can be made between an analytical analysis 

and a numerical analysis. An analytical analysis can be described as the process of solving an equation 

with exact formulas, also called explicit solving. However, not all equations can be solved analytically, 

and in this case analysis can take place trough numerical analysis methods. These numerical analyses 

are approximations of mathematical models and algorithms that simulate physical and social systems 

(Conte & Boor, 1972) One of the more commonly used and sophisticated numerical analysis technique 

is used in solving partial differential equations with the finite element method (FEM).   

 

3.2 Verification and validation of BES software 
When a system is being modeled to perform operations such as data analysis and evaluation it is 

important that the accuracy and reliability of the model is guaranteed. Programs and tools used to create 

these models must therefore be validated and tested extensively to guarantee their performance. Before 

this validation methodology of software is explained in detail, it is important that there is no 

misunderstanding about the used terminology. Because of the large variety in research fields, many 

different definitions of the widely used terms verification and validation (V&V) are specified, each 

bound to their specific implementations. Since the following research is focused on modeling and 

simulations, the definitions of Roza, Voogd and Sebalj (2012) are used in this research, were they define 

a generic methodology for verification and validation. In short, the term verification is defined as the 

process of determining if an implemented model or system is consistent with its specifications and if 

the corresponding results are correct. Validation can be described as the process of determining if a 

model behaves as it intended to do, i.e. does the model meet the specified expectations of the 

stakeholder. 
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3.2.1 Validation methodology 

To evaluate the accuracy of a BES program and its representation of a buildings performance, one can 

validate the software using three techniques, namely; empirical validation, analytical verification and 

comparative testing. Furthermore, the importance of empirical validation is stressed out in a validation 

study done by Neymark et al. (2002) as well as the overall uncertainty it usually brings due to 

propagation of measurement uncertainties. Here the level of uncertainty is strongly bound to the 

execution quality of the measurement setup of the test cell or building.  

 

The empirical validation technique relies on accurate dynamic measurement data for its validation 

process. Subjected to the field of BES, high quality empirical data sets are of great importance to 

correctly characterize the actual energy performance of buildings. Unfortunately, the accuracy and 

reliability of data acquired from many on site measurements can be questioned, which rises the need 

for accurate and reliable measurements (Roels et al., 2015). 

 

3.3 Annex 58 research project 
With the lack of reliable and accurate full scale dynamic data measurements, the International Energy 

Agency (IEA) has collaborated with the ‘Energy in Buildings and Communities’–program (EBC) to 

form the international IEA EBC Annex 58 research project. The project aims to establish a framework 

in creating reliable in situ dynamic testing and analysis methods which in turn can be used to 

characterize the actual energy performance of buildings. A variety of different case studies were carried 

out, starting from simple exploratory systems to full size buildings.  

  

3.3.1 Round robin test box 

One of the elementary case studies of the Annex-58 project concerned a scale model of a simplified 

building and was set up to conduct a round robin experiment. The overall aim of the experiment was 

performing a full-scale measurement of the test box under real climate conditions to obtain dynamic 

data. As a first step in the experiment, the design of the test box was determined based on a numerical 

analysis. The constructed box was hereafter measured under four different climate conditions, ranging 

from Limelette in Belgium to Almeria in Spain, to account for different climate conditions. As a final 

step in the experiment, a dynamic data analysis was performed on the different data sets who were 

obtained in the previous step to characterize the composition of the test box.  

 

The test box was measured extensively and deliberately oversized datasets were created to support 

comprehensive validation studies. Furthermore, studies were done by Neymark et al. (2002) and Judkoff 

et al. (1983) both emphasizes on the need of using simple and controllable test cases because it is easier 

to pinpoint sources of error or inaccuracy than compared to full size buildings who serve as a test case.   
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3.4 Software usage 
the program COMSOL Multiphysics will be used for the FEM simulations due to its post processing 

capabilities and integration with MATLAB (Schijndel, 2009) Both preprocessing of input variables and 

post processing of the output variables will be done in MATLAB. Furthermore, the program, HAMBase 

will be used for the comparative testing of the model due to the parametric modelling approach and 

setup.  

 

3.4.1 Finite element method applied in BES 

The Finite Element Method is a widely used numerical method to simulate complex multi-dimensional 

transient physics phenomena (Zimmerman, 2006) Because of this feature it can be used to simulate 

indoor climate conditions of buildings with a high level of accuracy. However, the usage of FEM 

programs is very limited in the field of building energy simulations despite its great potential (Gerlich 

et al., 2013) One of the key reasons why this usage is very limited, is the long processing time it takes 

to set up and run a single simulation combined with the level of expertise required from the user. 

 

3.4.2 COMSOL Multiphysics 

COMSOL Multiphysics is a software platform for simulating physics-based problems and especially 

multiphysics phenomena. The program solves models using state-of-the-art numerical analysis methods 

with the emphasis on the finite element method (“COMSOL Multiphysics,” 2017). A study done by 

Schijndel (2009) showed that a large range of integrated heat air and moisture problems can be solved 

with the use of Comsol and SimuLink (“Simulink,” 2017). The validity of the program Comsol has 

been tested in a recent study by Gerlich et al. (2013) for its application in simulating heat transfer in 

buildings. The model accuracy was found sufficient and an excellent agreement between the numerical 

calculation and the analytical solution was found if the numerical solver is set properly. Despite its 

potential in BES, the software is not widely used for whole building simulations.  

 

3.4.3 HAMBase: 

HAMBase is using the integrated sphere approach and constructed models are represented by a thermal 

network consisting of multiple resistances and capacitances (Schijndel, 2012; Wit, 2009). This 

modelling technique approximates each zone as an isothermal domain, meaning a uniform temperature 

in each zone. The software is later abbreviated as lumped parameter modelling.  
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3.5 Fundamental properties of heat transfer   
When simulating and analyzing systems that are subjected to environmental changes, a basic 

understanding of thermodynamics is required to calculate the amount of energy that is needed for a 

given change.  The rate of energy change in particular is needed to properly formulate and analyze 

transient energy transfer phenomena. The proceeding chapter will focus on energy transport in the form 

of heat transport and will subsequently deal with the 3 fundamental heat transfer mechanisms.  

 

A clear distinction in three heat transfer mechanisms is made; heat transfer by conduction, convection 

and radiation. First, a brief introduction of both conduction and convection is given, followed by a 

detailed treatment of radiative heat transfer due to its key aspect in both understanding and modelling 

radiative properties.  

 

3.6 Heat transfer by conduction in solids 
Starting with conduction, heat is transferred as a result of vibrating molecules passing energy to nearby 

molecules. This type of energy transport can occur in any phase state of materials, ranging from solids, 

liquids and gasses. However, since the process of conduction in gasses and liquids is beyond the scope 

of this research only conduction in solids will be addressed.  The rate of heat transfer by conduction in 

1 dimension is dependent on the temperature gradient and the thermal conductivity (k) of the associated 

solid material. Fourier‘s law of heat conduction depicts this relationship for in formula 4. 

 

1D conductive heat transfer: 𝑄𝑐𝑜𝑛𝑑 = −𝑘𝐴
𝑑𝑇

𝑑𝑥
 (𝑊) (4) 

    

With 𝑘 = 𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑖𝑡𝑦 𝑖𝑛 (
𝑊

𝑚.𝐾
) and   

𝑑𝑇

𝑑𝑥
= 𝑡ℎ𝑒 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡. 

 

The thermal conductivity value is a material specific property and expresses the ability to conduct heat. 

Furthermore, the thermal conductivity value is dependent on the materials temperature and this 

characterization strongly varies between materials. However, average values for the thermal 

conductivity have been assigned to the presented model in this research since the temperature 

differences and corresponding influences are considered neglectable for its current application.   

Another material specific property is called the specific heat capacity (𝐶𝑝) which denotes the ability of 

a material to store heat. It is denoted as heat stored per unit mass (𝑗/𝑘𝑔. 𝐾) and is also temperature 

dependent. Again, an average value at room temperature is used in the created models due to its 

neglectable impact of temperature variations.  

 

Heat transfer by conduction can occur in multiple directions and the rate of multidirectional conductive 

heat transfer can be depicted in vector form with formula 5. A differential form of the temperature 

distribution and heat transfer rate is stated explicitly in the model chapter where its implantation in 

Comsol is treated in detail.  

 

Multidimensional 
conductive heat transfer: �⃗� = −𝑘 �⃗⃗� 𝑇 (𝑊/𝑚²) (5) 

    

With �⃗⃗� = Laplace differential operator containing the rate of change in x,y,z direction  
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3.7 Heat transfer by convection 
The second heat transfer mechanism is called convection and refers to the entire movement of multiple 

molecules within gasses or liquids. Two types of convection are distinguished, forced convection; 

where the moving liquid/gas is externally forced over the object and natural convection; where the 

moving liquid/gas is naturally excited over the object by means of buoyancy forces. The rate of heat 

transfer by convection is expressed by Newton‘s law of cooling depicted in formula 6. 

 

Heat transfer rate by 
convection: 

𝑄𝑐𝑜𝑛𝑣 = ℎ𝑐𝑣𝐴𝑠(𝑇𝑠 − 𝑇∞) (𝑊) (6) 

    

With ℎ𝑐𝑣 = convection heat transfer coefficient in (
𝑊

𝑚2.𝐾
) and 𝑇𝑠 − 𝑇∞ =the temperature difference 

between the materials surface and opposing medium. In contrary to material specific properties for 

conduction and radiation, there is no property for liquid or gasses that expresses the convective heat 

transfer coefficient. The corresponding value is dependent on the mediums velocity, type of medium 

(fluid or gasses) and surface geometry.  Because of the many dependencies, this value needs to be 

determined for each situation.  

 

3.8 Heat transfer by radiation 
The last distinct heat transfer mechanism is radiation and the driving force is equal to that of conduction 

and convection, namely a temperature difference. Subsequently, heat (energy) will be transferred from 

a body with a higher temperature to a body with a lower temperature until a thermal equilibrium is 

reached. A fundamental difference is however, the ability to transfer heat with the absence of a medium 

between two bodies. This is why solely radiative heat transfer can occur in a vacuum. Furthermore, in 

contrary to conduction and convection, heat transfer by radiation can also occur and pass through a 

medium which is colder than both the emitted and receiving object.   

 

The fundamental radiative heat transfer principle relies on emitting energy by matter via 

electromagnetic waves caused by changes in the electronic configurations at an atomic level.  These 

electromagnetic waves travel at the speed of light in a vacuum and are characterized by their wavelength 

and frequency. The relation of these properties is depicted in formula 7.  

 

Wavelength: 𝜆 =
𝑐

𝑣
 (𝜇𝑚) (7) 

    

With 𝑐 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑤𝑎𝑣𝑒 𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛 𝑖𝑛 𝑚𝑒𝑑𝑖𝑢𝑚 and 𝑣 = 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 𝑜𝑓 𝑤𝑎𝑣𝑒. Subsequently, the speed 

of wave propagation is calculated by dividing the speed of light in a vacuum by the index of refraction 

corresponding to that medium. See formula 8. 

 

Speed of wave 
propagation: 

𝑐 =
𝑐0

𝑛
 (

𝑚

𝑠
) (8) 

    

With 𝑐0 = 𝑠𝑝𝑒𝑒𝑑 𝑜𝑓 𝑙𝑖𝑔ℎ𝑡 𝑖𝑛 𝑎 𝑣𝑎𝑐𝑢𝑢𝑚 = 2.9979 ∗ 108 𝑚

𝑠
 and 𝑛 = 𝑖𝑛𝑑𝑒𝑥 𝑜𝑓 𝑟𝑒𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛  

 

The entire electromagnetic wave spectrum covers a wide range of applications and is categorized by its 

wavelength in micrometers due to its different behavior at each wavelength. The thermal radiation part 

extends the range of 0.1 to 100 µm and covers the entire visible light spectrum (0.4 -0.76 µm) and 

infrared radiation part (0.76 - 100 µm).  Whenever a body is above absolute zero it will emit radiation 

in all directions over a selective range of wavelengths. Furthermore, the intensity of emitted radiation 

is depended on material properties and the surface temperature of the emitted body. To express the 
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intensity level and other radiative properties, a reference case is used which is considered to be both a 

perfect absorber and emitter of radiation. The reference case is called a “black body” and is used to 

express the maximum amount of radiation a body can potentially emit and absorb. Formula 9 expresses 

the radiation emitted by a black body. 

 

Emissive power 
blackbody: 

𝐸𝑏(𝑇) = 𝜎𝑇4 (
𝑊

𝑚2
) (9) 

    

With 𝜎 = 𝑆𝑡𝑒𝑓𝑎𝑛 − 𝐵𝑜𝑙𝑡𝑧𝑚𝑎𝑛𝑛 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 = 5.67 ∗ 10−8 𝑊

𝑚2⦁ 𝐾4 and T = temperature in kelvin (K).  

The blackbody emissive power summarizes the total energy of all possible wavelengths and the spectral 

blackbody emissive power expresses the radiative energy for a specific wavelength. Due to the 

temperature and wavelength dependence of emissive power it becomes a very complex task to calculate 

and analyze radiation in a computational model. For sake of simplicity and practical usage, wavelength 

bands are used to summarize the total radiative power in a specific range of wavelengths.  

 

In contrary to a black body emitter, real bodies are influenced by multiple parameters. Since materials 

are continuously emitting and receiving radiation, a distinction will be made in the following sub 

sections between emissive properties and receiving radiative properties.  

 

3.8.1 Emissive properties 

Elaborating on real bodies, a material specific property is the emissivity (Ɛ) value, which expresses the 

ratio of emitted radiation compared to that emitted radiation of a black body at the same temperature. 

This way the emitted radiation is normalized and expressed as a value from zero to one. Summarizing 

earlier discussed properties it is evident that the emissivity value is depended on both surface 

temperature, wavelength and directivity. Formula 10 depicts the spectral directional emissivity for a 

specific material.     

 

Spectral directional 
emissivity: 

𝜀𝜆,𝜃(𝜆, 𝜃, 𝜙, 𝑇) =
𝐼𝜆,𝑒(𝜆, 𝜃, 𝜙, 𝑇)

𝐼𝑏𝜆(𝑇)
 (−) (10) 

    

With 𝐼𝜆,𝑒= radiation intensity of emitting object per wavelength (spectral aspect) 

  𝐼𝑏𝜆 = radiation intensity of a blackbody per wavelength (spectral aspect) 

 𝜃 = direction in spherical coordinates, zenith angle (directional aspect) 

 𝜙 = direction in spherical coordinates, azimuth angle (directional aspect) 

 𝑇 = Temperature dependency  

 

Material properties are commonly documented as total hemispherical emissivity values meaning that 

all wavelengths are summarized and the directivity aspect is assumed to be completely diffuse.  This 

reduces formula 10 to formula 11 by removing the spectral and directional aspect.  

 

Total hemispherical 
emissivity:  

𝜀(𝑇) =
𝐸(𝑇)

𝐸𝑏(𝑇)
 (−) (11) 

    

The following research will, however, make a distinction between 2 broad and distinct wavelength 

bands, being the solar spectral band and the ambient spectral band. This results in different emissivity 

values for each band respectively and its implementation will be addressed later.  
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When calculating radiative heat flux, one is interested in the total amount of incoming radiation and the 

total amount of radiation leaving a body’s surface.  The latter is called radiosity and can be described 

as the summation of both emitted and reflected radiation by a surface. Although incoming radiation will 

be discussed in the next sub section, it is only fitting to address the parameter radiosity ‘J’ here as being 

an emissive property. Formula 12 is used to express this property for a diffuse, opaque and gray surface. 

 

Radiosity: 𝐽 = 𝜀𝐸𝑏 + 𝜌𝐺  (
𝑊

𝑚2
) (12) 

    

With 𝜀 = emissivity of the surface  𝐸𝑏= blackbody emissive power of the surface 𝜌 = reflectivity of the 

surface and 𝐺 = incident irradiation.   

3.8.2 Receiving radiative properties 

All emitted radiation will eventually reach the surface to which it is exposed and this is called irradiation 

(G). Viewing from the receiving end of this irradiation reaching its surface, a selection of the radiation 

is absorbed, transmitted and reflected according to its material properties. Absorptivity (α), 

transmissivity (τ) and reflectivity (ρ) are the phenomena respectively and are considered self-

explanatory. All these values are expressed as a ratio of its respective radiation portion compared to its 

total incident radiation. Furthermore, the conservation of energy principle dictates that the summation 

of all 3 values must equal the total incident radiation. Since each parameter is described with a ratio, 

one can use the relation in formula 13 in which the summation of all parameters equals unity.  

 

 Irradiation relation: 𝛼 + 𝜏 + 𝜌 = 1 (−) (13) 

    

Both emissivity and absorptivity are material specific properties but where emissivity is material surface 

temperature depended, absorptivity is not, but is completely depended on the radiating bodies 

temperature. A known property for almost all materials except for metals (electrically conductive) is a 

decrease in absorptivity when the radiative bodies’ temperature increases.  This relationship is 

particularly noticeable for radiation originating from the sun compared with radiation that is emitted by 

the built environment, due to the large temperature differences. The sun‘s surface temperature is 

estimated to be 5780 K and ambient surfaces temperatures are typically varying around 300K. 

Absorptivity values of common building materials for solar radiation can range between 0.1 - 0.5 α 

where the absorptivity value for the ambient radiation typically range between 0.8 and 1 α. The material 

absorptivity for ambient radiation is usually documented as emissivity and this is explained later. 

 

The last material specific property is the transmissivity, which is depended on the wavelength of the 

incident radiation. Translucent materials are characterized by their spectral transmissivity curve which 

expresses the transmissivity value for a given wavelength (incident on its plane). A well-known 

practical implication of this wavelength depended property is called the “greenhouse effect”. This effect 

applies to clear glass and polymer panels where visual radiation originating from the sun is largely 

transmitted but infrared radiation is almost completely blocked. As a result, a positive solar gain is 

experienced since more energy is entering the encapsulation then it is leaving. Regarding the following 

research, it is of importance to correctly model this effect due to its significant impact in heat gain. The 

earlier described division of using two distinct wavelength bands for modelling radiative properties will 

allow for assigning separate values for transmissivity, absorptivity and emissivity for each wavelength 

band respectively. 

 

The total solar irradiation expresses the radiation flux incident on a surface facing the sun measured at 

the outer edge of the atmosphere. However, when this radiation passes through the atmosphere it will 

reach the earth surface in an attenuated form due to some absorption effects present in the atmosphere.  
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The total solar irradiation measured at earth‘s atmosphere is 1373 W/m² and attenuates to approximately 

950 W/m² at earth‘s surface depending on the atmospheric conditions. Furthermore, the radiation 

perceived at ground level consists of partly direct solar radiation and partly diffuse solar radiation.  Here 

diffuse radiation refers to a combination of both scattered radiation as well as absorbed and subsequently 

emitted radiation in the atmosphere. Formula 14 shows the relation for the total solar irradiation. 

 

Total solar irradiation: 𝐺𝑠𝑜𝑙𝑎𝑟 = 𝐺𝐷𝑐𝑜𝑠 𝜃 + 𝐺𝑑 (
𝑊

𝑚2
) (14) 

    

With 𝐺𝐷 = 𝑑𝑖𝑟𝑒𝑐𝑡 𝑠𝑜𝑙𝑎𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛, cos 𝜃 = 𝑎𝑛𝑔𝑙𝑒 𝑜𝑓 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 𝑛𝑜𝑟𝑚𝑎𝑙 𝑡𝑜 𝑠𝑢𝑟𝑓𝑎𝑐𝑒  and  

𝐺𝑑 = 𝑑𝑖𝑓𝑓𝑢𝑠𝑒 𝑠𝑜𝑙𝑎𝑟 𝑖𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 

 

Using formula 5 (emissive power black body) and taken the sun‘s distance into consideration, one can 

calculate the direct solar radiation based on the surface temperature of the sun. Calculating the diffuse 

solar radiation can become more challenging since one would like to know the atmospheric temperature 

from which the ‘body’ is emitting radiation. Several text books refer to this fictitious temperature as the 

effective sky temperature which is assumed to emit radiation as a blackbody (Cengel, 2004). This 

analogy makes it possible to calculate the diffuse radiation with formula 15. 

 

Diffuse sky radiation: 𝐺𝑠𝑘𝑦 = 𝜎𝑇𝑠𝑘𝑦
4  (

𝑊

𝑚2
) (15) 

    

 

The direct and diffuse solar radiation values are of great importance for building energy simulations as 

they are contributing significantly to heat transfer. Both values are extremely depended on atmospheric 

conditions such as cloud cover and concentration of water molecules which makes it hard to accurately 

calculate these values purely based on above equations. Luckily, both direct and diffuse solar radiation 

can be measured at the earth’s surface which in turn will greatly improve the accuracy of a solar 

simulation such as one followed in this report.  

 

Lastly, Kirchoff‘s law dictates that an arbitrary body in thermodynamic equilibrium with its surrounding 

will have an emissivity value equal to its absorptivity value. Meaning that such a body is both emitting 

and absorbing radiation while the surface temperature of the body is equal to that of the surrounding 

irradiating body. Another restriction of this relation is that all radiation is considered diffuse and thus 

independent of direction. Although this statement is only valid for bodies in thermal equilibrium it is 

often used in practical analogy were temperature differences are considered limited. The ambient built 

environment is considered to have small temperature differences and will therefore be often subjected 

to this simplification in radiative analogy. It is also common practice to neglect directivity properties of 

many materials and assume them to be diffuse emitters and absorbers.  

 

Translating all above radiative properties and reevaluating the atmospheric radiation for practical 

implementation, one can formulate the total rate of heat transfer by radiation on a surface. Formula 16 

depicts all key elements, which can conveniently be rewritten to formula 17 because of Kirchoff‘s law.  

  

Rate of radiative heat 
transfer on surface: 

𝑞𝑟𝑎𝑑 = 𝛼𝐷𝐺𝑠𝑜𝑙𝑎𝑟 + 𝛼𝑑𝜎𝑇𝑠𝑘𝑦
4 − 𝜀𝜎𝑇𝑠𝑢𝑟

4  (
𝑊

𝑚2
) (16) 

    

Rate of radiative heat 
transfer on surface: 

𝑞𝑟𝑎𝑑 = 𝛼𝐷𝐺𝑠𝑜𝑙𝑎𝑟 + 𝜀𝑑𝜎(𝑇𝑠𝑘𝑦
4 − 𝑇𝑠𝑢𝑟

4 )  (
𝑊

𝑚2
) (17) 
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By now the fundamental properties of radiation have been treated and it became evident that material 

properties are affected differently by solar and ambient radiation due to large temperature differences 

and subsequently varying wavelengths. Proper documentation of material properties is therefore 

essential to correctly model and analyze heat transfer by radiation. It is desirable to have both 

absorptivity values and emissivity values of common building materials for a wide range of surface 

temperatures as well as radiating bodies ‘temperatures facing the material. This is however, practically 

unfeasible and material properties are therefore only assigned with absorptivity and emissivity values 

for the solar band and ambient band respectively. Kirchoff‘s law reduces the need of different 

absorptivity and emissivity values in the ambient band resulting in one value. Furthermore, common 

building materials do not exceed any significant temperatures which effect their emissivity values 

meaning that an absorptivity value in the solar band is sufficient. Table 1 illustrates these properties for 

white paint as a sample material coating.   

 
Table 1 Wavelength dependent material properties: White paint 

Band: Solar band: Ambient band: 

Absorptivity (α) 0.2 0.9 

Emissivity (Ɛ) - 0.9 

 

Wavelength: 

  
Temperature: 5800 [K] 300 [K] 

 

In many literature and documentation, the terms absorptivity and emissivity are used interchangeably 

which can cause confusion. From here on absorptivity values are referring to incident solar radiation 

and emissivity values are referring to ambient infrared radiation.  

 

The geometrical effects on radiative heat transfer have yet to been discussed, but since this quantity is 

processed mainly automatically in the simulation software, only a brief description of the quantity is 

given. The associated parameter to express the geometrical and oriental effect on surfaces receiving 

radiation is called the view factor. It describes the ratio of emitted radiation originating surface A that 

strikes on surface B. Shape size and orientation of surfaces are influencing the view factor directly 

which complicates analysis regarding complex geometries. Many relationships and expressions for 

common geometries have been established and it would be desirable to evaluate each point on a surface 

receiving radiation.  

 

Each software package will tackle the associated parameters and complexity regarding radiation 

differently, as is the case for the two distinct simulation programs used in this report: Hambase and 

Comsol. Without elaborating the reasoning of each simulation approach, it is essential to report how 

these different programs calculate radiation. Hambase assumes that all emitted radiation is spread 

equally over all interior surfaces by approximating the view factor with a delta star transformation (Wit, 

2009) Comsol on the other hand, calculates the view factor for each individual discretized element of 

the geometry. This accurate approach is possible since the finite element method already discretizes the 

entire geometry and all known coordinates (nodes) are exactly known (COMSOL Multiphysics, 2015). 
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4 The model  
 

As stated in the methodology, a specific case study that is used in the Annex 58 research project is used 

to create an identical 3-D virtual model of and to subsequently perform analyses on. The already 

provided but limited information about this case study is supplemented in the following section with 

some more background information. The proceeding chapter is hereafter dedicated to the detailed 

modelling approach and how the various models were setup in the used software. 

 

4.1 Background information and characteristics of the test-box  
The concerned case study represents a scale model of a simplified building and has been built to conduct 

a round robin experiment on. Three experiments were conducted: the first experiment includes a co-

heating with constant temperature test, the second experiment includes a free-floating indoor air 

temperature test and the last test concerns a dynamic heating test sequence. Although it is possible to 

simulate all of these different test series, it is chosen to solely simulate the free-floating indoor air 

temperature tests to minimize possible offsetting errors caused by uncertainties in measuring heating 

power. 

 

To incorporate different climate conditions, the test box was tested at the LECE laboratory in Almeria 

(Spain). This testing site was chosen due to the rather large temperature swings between day and night 

which comes in favor of measuring the heat-flux.  The experimental data measured at this location will 

subsequently be used for the empirical validation study later performed on the model.  

 

The test box was designed to be a cube with an exterior volume of 120cm³ and walls of 12 cm thickness. 

All façade elements were constructed with identical compositions except for the south facing façade 

which was fitted with a wooden frame double glazing window. This outer window frame and inner 

glazing part measures 71x71 cm² and 52x52 cm² respectively. Thermal bridges were avoided by 

creating a self-sustained firm layered structure of fiber cement board and cladding. Furthermore, the 

entire box was built on a steel frame to avoid direct contact with the ground surface. Figure 5 shows a 

visualization of the test box that was used in the Annex 58 research project and Figure 6 is representing 

the virtual modelled test box.  

 

 
Figure 5 Experimental test box structure 

 

 
Figure 6 Simulated test box structure 
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Each façade element of the test box was provided with both external and internal surface temperatures 

sensors as well as a heat flux sensor positioned at the internal surface. External air temperature and both 

horizontal and direct solar irradiance was measured at a nearby weather station. Subsequently all 

measured variables have been stored in a (deliberately oversized) dataset with a resolution of 1-minute. 

The composition of the box has also been accurately documented and the corresponding thermal 

properties can be seen in Table 2.  

 
Table 2 Material properties test box as documented in the research of (Roels et al., IEA EBC Annex 58-project, 2015). 

  Thermal conductivity Specific density Heat capacity 

Material name: [W/(mK)] [kg/m³] [J/(kg/K)] 

Fibre cement boards inside 0.35 1250 1470 

XPS insulation 0.034 25 1450 

Fibre cement board outside 0.35 1250 1470 

Fibre cement cladding 0.6 1925 1018 

Wood window frame 0.17 700 2070 
 

4.2 Modelling approach (detailed workflow) 
A systematic and iterative modelling approach is followed to construct a wide range of selective models. 

The former introduced workflow scheme consists of many separate steps to be performed and is 

displayed in Figure 7. Many of these data input, transfer and processing steps have been automated with 

the use of Matlab to reduce input errors and to increase consistency throughout the entire model 

realization. The steps provided with a letter ‘M’ are referring to these automated processes. 

Furthermore, each consecutive step is explained and elaborated in full detail in appendix A. 

 

 
Figure 7 Detailed workflow diagram 
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4.3 Comprehensive overview of simulating model in software 
Whenever a system such as the test box is exposed to environmental changes, the system‘s elements 

will be subjected to multiple heat transfer mechanisms as explained earlier. One can model each of the 

heat transfer mechanisms explicitly and when all parameters and dependent variables are known, this 

yields obviously the most accurate solution. However, the type of software package determines together 

with its user’s considerations which mechanisms can be modeled explicitly and where certain 

assumptions have to be adopted.  

 

As stated in the research objective, the emphasis will be on examining the simulation possibilities within 

Comsol, but for clarification and consistency, Hambase's capabilities will also be briefly explained if 

necessary. The next section will therefore first address the modelling capabilities of both software 

packages followed by an in-depth section of implementing said functionalities.   

 

4.3.1 Software simulation capabilities  

Heat transfer by conduction will be modelled explicitly in Comsol with the heat transfer module which 

is one of the core functionalities of the software. Subsequently, radiative heat transfer will be modelled 

explicitly by using the additional ‘surface to surface’ radiation module as this is one of the main 

objectives of this research. Although it is also possible to model convection explicitly by means of CFD, 

its steeply increasing simulation time and dependency of more variables have led to using heat transfer 

coefficients to approximate convective heat transfer. It must be noted that this simplification is bound 

to predetermined conditions and this is an important aspect with regard to analyzing and interpreting 

the results.  

 

Hambase on the other hand, represents the model as a thermal network containing thermal resistances 

and capacities. This lumped parameter model simplifies both radiative and convective heat transfer to 

combined internal and external surface resistance values respectively.  Furthermore, only very limited 

geometrical information is needed since the model is not physically constructed or rendered which can 

be both a positive and negative characteristic.  

 

4.3.2 Modelling conductive heat transfer 

The finite element method discretizes the model in small elements which are all evaluated with localized 

heat balances.  Conductive heat transfer is modelled with fourier‘s law of heat conduction and the 

internal energy state of each single element is continuously evaluated. This produces highly accurate 

results throughout the entire geometry of the model. The temperature distribution inside a 3D solid is 

expressed in differential form by stating the cartesian coordinates explicitly and incorporating specific 

heat capacity, thermal conductivity and density of the material depicted in formula 18.  

 

Differential form conductive 
heat transfer: 

𝜕

𝜕𝑥
(𝑘

𝜕𝑇

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝑘

𝜕𝑇

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝑘

𝜕𝑇

𝜕𝑧
) + �̇� = ρ𝐶𝑝

𝜕𝑇

𝜕𝑡
 (𝑊/𝑚²) (18) 

    

With �̇� = thermal energy generation and ρ𝐶𝑝
𝜕𝑇

𝜕𝑡
 = total change in thermal energy. 

Comsol uses a slightly altered version of formula 6 to evaluate the heat balance for each discretized 

element. Here, additional heat source variables are added to the formula for a complete energy balance 

evaluation. Furthermore, correctly assigning material specific properties and geometrical information 

to various construction elements of the model is a crucial step but implementing stated properties and 

input parameters is considered self-explanatory in the software.  
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4.3.3 Modelling convective heat transfer  

As mentioned above, heat transfer coefficients for convection will be assigned to the model in Comsol 

whereas Hambase uses combined surface resistance values for both convection and radiation. The 

standardized values defined in (ISO 6946:2007(E)) will be used for consistent implementation of stated 

variables. Table 3 represents the combined surface resistance values and their reciprocal (i.e. the heat 

transfer coefficient) for internal and external surfaces. The heat flow direction affecting the surface 

resistances is assumed to be horizontal as advised when multiple heat flow directions are likely to occur. 

 
Table 3 Combined surface resistances and heat transfer coefficients 

 Combined surface resistance: 

[m².K/W] 

Combined heat transfer coefficient: 

[W/m².K] 

Interior: 𝑅𝑠𝑖 = 0.13 ℎ𝑖 = 7.7 

Exterior: 𝑅𝑠𝑒 = 0.04 ℎ𝑒 = 25 

 

Next, formula 19 is used to obtain solely convective heat transfer coefficients by subtracting the 

radiative heat transfer coefficient of the combined value. An average surface and ambient temperature 

of 20 [˚C] has been used to obtain the values represented in Table 4.  

 

Convective HTC: ℎ𝑐𝑛 = ℎ𝑐𝑜𝑚𝑏𝑛 − 𝜀𝜎(𝑇𝑎𝑚𝑏
2 − 𝑇𝑠𝑢𝑟

2 )(𝑇𝑎𝑚𝑏 + 𝑇𝑠𝑢𝑟)  (
𝑊

𝑚2𝐾
) (19) 

    
Table 4 Convective surface resistances and heat transfer coefficients 

 Convective surface resistance: 

[m².K/W] 

Convective heat transfer coefficient: 

[W/m².K] 

Interior: 𝑅𝑐𝑜𝑛𝑣𝑖 = 0.36 ℎ𝑐𝑖 = 2.75 

Exterior: 𝑅𝑐𝑜𝑛𝑣𝑒 = 0.05 ℎ𝑐𝑒 = 20.1 

 

Implementing the convective heat transfer coefficients is done by assigning a heat flux boundary 

condition to the surface areas subjected to convection. Newtons law of cooling is used to calculate the 

heat flux entering or leaving the material‘s surface.  The heat transfer coefficient represents, together 

with the temperature difference the magnitude of the convective heat flux. Comsol however, is only 

able to assign external heat flux boundary conditions to the model. This is because the surrounding air 

volume is considered infinitely large and its temperature will not be affected by local changes in the 

model. The interior air domain however, has a finite volume and this temperature will be affected by 

local changes caused by e.g. convection. The resulting heat flux is dependent on the interior air 

temperature but is also affecting the very same air temperature which causes a circular dependency. 

Implicit equations such as these cannot be solved with the proposed heat flux boundary conditions.  

 

An alternative method for modelling internal heat transfer coefficients is required and this can be 

achieved by enhancing the thermal conductivity of the air domain. This method translates to using an 

equivalent thermal conductivity for air in which the corresponding convective surface resistance is 

integrated. From here on, it becomes important how this equivalent thermal conductivity is 

implemented in the air domain. Depending on the heat flow symmetry either one of the following two 

proposed methods can be used.   

 

The first method treats the entire inner air volume with this equivalent thermal conductivity, resulting 

in a linear proportional resistance spanning the entire internal volume. Doing so, is considered a valid 

approach whenever symmetrical heat fluxes are present in the air domain. Figure 8 illustrate this method 

in which each directional heat flux is equal.  



Technische Universiteit Eindhoven University of Technology  

 

28  Master Thesis  

 
  Figure 8 Equivalent volumetric thermal resistance air 

 

This rather simple method, however, cannot be used when significant asymmetrical heat fluxes are 

occurring in the model such as radiation striking through the glazing. Direct solar radiation is heating 

up surfaces near the window resulting in multidirectional heat fluxes. Here, the heat fluxes orientated 

to the window will be subjected to lower air resistances compared to heat fluxes orientated to the roof 

due to the linear proportionality of the modelled air domain. Figure 9 depicts this phenomenon and 

emphasizes the incorrectness when asymmetrical heat fluxes are present. The thermal resistance 

dependent on convection is in fact regarded as a surface phenomenon rather than a volumetric 

occurrence which implies equivalent resistances  for multidirectional heat flows. Although there is no 

consensus about the thickness of this air resistance layer, it will be more realistic to simulate a thin layer 

close to the surface. The second method is therefore modelling an air resistance layer of 50 [mm] with 

the same convective surface resistance value of 0.36 [m².K/W] calculated in Table 4, to obtain equal 

thermal resistance values for multidirectional flows as shown in Figure 10. Model iterations with 

multidirectional heat flows will subsequently be constructed with the air resistance layer.  

 

 
Figure 9 Equivalent volumetric thermal resistance air 

asymmetrical heat flow 

 
Figure 10 Equivalent surface thermal resistance air 

asymmetrical heat flow 

 

Hambase on the other hand, adds the thermal surface resistance values directly to the total resistance 

values of the construction components. The air resistance layer is therefore not physically modelled 

since the software is representing the model as a thermal network containing resistances. One can 

imagine the air resistance layer as infinitely small using the analogy described above.  
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4.3.4 Modelling radiative heat transfer 

The last heat transfer mechanism to implement in Comsol is radiation and this is also considered the 

most important mechanism to treat and analyze. As described in the previous chapter, formula 17 is 

used to define the rate of radiative heat transfer on a surface. The very same formula is used in Comsol 

to define radiative boundary conditions for heat flux entering or leaving a surface. For clarification and 

verification purpose, a relatively simple heat balance is analyzed for a situation where only ambient 

radiation is modeled. When only modelling ambient radiation, the direct solar constant is removed from 

the equation and the ambient temperature will serve as an emitting body. Formula 20 is therefore used 

in Comsol to calculate the radiative heat flux boundary condition if solar radiation is disregarded.  

 

Ambient Radiative 
boundary condition: 

−𝑛 ⦁ 𝑞 = Ɛ(𝑛²𝜎𝑇𝑎𝑚𝑏
4 − 𝑛²𝜎𝑇𝑠𝑢𝑟

4 )  (
𝑊

𝑚2
) (20) 

    

 

A solid reference case of the test box is modelled to verify the net radiative heat flux of Comsol by 

comparing the solution with an analytical calculation by hand. A test case variant is used for verification 

in which solely ambient radiation is modelled with the surface to surface module. Table 5 is showing 

an excellent agreement between both solutions and the completely elaborated calculation method can 

be found in appendix C as well as a graphical representation. 

 
Table 5 Verification ambient radiative heat flux Comsol (Variant 6D) 

 Comsol: [W/m²] Analytical: [W/m²] Error: [%] 

Ambient irradiation: (Gamb) 357.58 357.58 ~ 0.001 

Surface radiosity: (J) 354.94 354.93 ~ 0.001 

Net radiative heat flux: (qrad) 2.65 2.65 ~ 0.001 
 

It must be noted that the resulting radiative heat flux is strictly dependent on the ambient temperature 

parameter which in this case is the external outside temperature.  

 

Elaborating further on the dependency of the ambient temperature parameter, it becomes evident that 

correct ambient temperatures are essential for the model to simulate accurate results. Recapping that 

the driving force of radiation heat transfer is a temperature difference between two bodies. The addition 

of solar radiation to the model therefore has a large impact. Not only is direct solar radiation contributing 

significantly to heat transfer via exposed exterior surfaces, it is also causing interior surfaces to rise 

noticeably in temperature and emit longwave radiation. Therefore, radiation exchange between interior 

surfaces will continuously occur due to temperature differences, with the sun irradiating the exterior 

surfaces from various solar positions being the most influential factor.   

 

The radiative heat flux of interior surfaces can now be calculated via the same equation already 

discussed, but a view factor has now been added to the formula to account for geometry influences. 

Formula 21 is therefore used to define the radiative interior boundary conditions in Comsol. Luckily 

enough, the ambient view factors are calculated automatically for each discretized element that is facing 

opaque surfaces in the model. An incomprehensible task by hand, which would also have required many 

simplifications, emphasizes the complexity associated with radiation exchange and moreover the 

benefits of using the finite element method to simulate radiative heat transfer.    

  

Radiative boundary 
condition interior surface: 

−𝑛 ⦁ 𝑞 = Ɛ(𝐹𝑎𝑚𝑏𝑛²𝜎𝑇𝑎𝑚𝑏
4 − 𝑛²𝜎𝑇𝑠𝑢𝑟

4 )  (
𝑊

𝑚2
) (21) 

    

With 𝐹𝑎𝑚𝑏 = view factor ambient radiation 
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The limiting case of only ambient radiation has now been treated and analyzed. The reality however, 

differs strongly from this scenario, and so does the model that will be simulated later in this report. To 

properly calculate the radiative heat flux, more variables need to be added and subsequently analyzed 

in full detail. Therefore, before stating the complete and explicit formula for radiative heat flux, the 

calculation methods for radiosity and irradiation will be treated first. 

 

4.3.4.1 Radiosity and irradiation comsol: 

Recapping the theory part, the radiosity of a surface can be described as the summation of both emitted 

and reflected radiation by that surface. Irradiation on the other hand is referring to all incoming radiation 

on a surface and given the importance of both values for calculating the radiative heat flux, a clear 

understanding of both calculation methods is desirable.  

 

A slightly altered version of formula 12 is used in Comsol to describe the radiosity of a surface. The 

most noticeable difference is the subdivision of irradiation striking the respective surface. Here, a 

distinction is made between the external irradiation, mutual irradiation and ambient irradiation. Mutual 

irradiation being the irradiation originating from other surfaces (radiosity) and external and ambient 

irradiation are considered self-explanatory. Combining all parameters results in formula 22 which is 

used to express the radiosity ‘J’ for a diffuse and gray surface.      

 

Radiosity Comsol: 𝐽 = (1 − 𝜀)(𝐺𝑚(𝐽) + 𝐺𝑒𝑥𝑡+𝐺𝑎𝑚𝑏) + 𝜀𝐸𝑏(𝑇) (
𝑊

𝑚2
) (22) 

    

With 𝜀 = emissivity of the surface,  𝐸𝑏= blackbody emissive power of the surface, 𝐺𝑚(𝐽) = mutual 

irradiation, 𝐺𝑒𝑥𝑡=external source irradiation and 𝐺𝑎𝑚𝑏=ambient irradiation.  

Until now, only the radiation principles regarding gray surfaces have been treated, but to calculate 

spectral surfaces, more variables have to be taken into account. When calculating the radiosity and 

irradiation for a diffuse spectral surface, the wavelength dependent properties come into play. Correctly 

implementing the wavelength dependent variables requires a full integration over all possible 

wavelengths outcomes, but because the simulation in this study uses only two distinct wavelength 

bands, a summation of both bands is sufficient. Defining a solar and ambient wavelength band will 

consequently yield in irradiation and radiosity values for each band respectively. Without stating each 

spectral band dependent variable explicitly in this section, the corresponding solar spectral and ambient 

spectral variables are denoted with subscript B1 and B2 respectively.  

 

Having analyzed all dependent variables and subsequently discussed the implementation of wavelength 

dependent properties, it is possible to construct the complete and explicit formula for radiative heat flux 

in Comsol.  

 

Explicit Radiative 
boundary condition: 

−𝑛 ⦁ 𝑞 = 

∑ Ɛ𝐵𝑖

𝑁

𝑖=1

((𝐺𝑚,𝐵𝑖(𝐽𝐵𝑖) + 𝐺𝑒𝑥𝑡,𝐵𝑖+𝐺𝑎𝑚𝑏,𝐵𝑖) − 𝐸𝑏(𝑇)𝐹𝐸𝐵𝐵𝑖(𝑇))  
(

𝑊

𝑚2
) (23) 

    

With 𝐵𝑖 =solar band (B1) and ambient band (B2), 𝐹𝐸𝐵𝐵𝑖 = fractional emissive power corresponding to each 

band.  

 

Formula 23 can be translated in to a summation of both resulting spectral band values. Many variants 

of the test box have been extensively analyzed to verify and test the calculation method associated with 

the different radiation sources applied to the model. It is worth noting that although most of the solar 
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spectral power is distributed in the region below 2.5 [µm], a small percentage of this radiation is 

distributed over the ambient spectral band.  Values obtained from simulation variant ‘7D’ are showing 

a distribution of 96,46 % and 3.54 % in the solar and ambient band respectively. These fractional 

emissive power quantities over a specified wavelength band can also be determined theoretically via a 

dimensionless quantity called ‘blackbody radiation function’ (Cengel, 2004). Stating that the sun’s 

surface temperature is 5780 [K], a theoretical distribution of 96.6 % has been obtained for the solar 

band below 2.5 [µm] which matches the distribution simulated by Comsol.  

 

4.3.5 External solar radiation: 

As both simulation programs are simulating the external solar radiation, the exact trajectory of the sun 

is an essential aspect for determining the radiative power distribution. Moreover, the location, date and 

time of day, are all dependent variables that must be accurately matched for both simulation programs. 

The built-in climate files of Hambase, however, are limited to solely climate data measured at De Bilt 

in the Netherlands and Comsol has access to only a limited amount of weather stations worldwide 

(excluding De Bilt). Both programs are therefore provided with tailor-made climate files that contain 

values corresponding to those measured at the empirical measurement location. Sub variants and early 

stage models will, however, be simulated with the metrological year 1981 measured at De Bilt.  

 

4.3.6 Atmospheric radiation 

The incoming longwave radiation is dependent on several factors, including: external air temperature, 

neighboring exterior surface temperatures and the atmospheric temperature. Section 3.3.4 has dealt with 

ambient radiation exchange in which the entire environmental surroundings are presumed to have equal 

temperatures. Atmospheric radiation exchange is neglected in the ambient boundary condition and is 

therefore modelled additionally. To properly account for night sky radiation, one can either adjust the 

external air temperature to a fictitious clear sky temperature or model the atmospheric radiation 

exchange separately. This type of radiation is especially important for the roof since it is directly aimed 

at the lower temperatures of the atmosphere. 

 

Adjusting the external air temperature to a fictitious clear sky temperature requires detailed longwave 

radiation measurements for a variety of surface orientations. This measurement data is not readily 

available which is why the atmospheric radiation exchange is approximated via the external air 

temperature and cloud cover ratio. Formula 24 is used in Hambase to calculate the horizontal 

atmospheric radiation and will subsequently be used in Comsol to assign additional heat flux values. 

Vertical surfaces, which are more shielded from the atmosphere are calculated by multiplying the 

horizontal value by 0.5. An important note is that formula 18 interprets atmospheric radiation as 

radiation leaving a surface, which translates to a negative heat flux. 

 

Horizontal 
atmospheric radiation: 

((
𝑇𝑎𝑚𝑏 

1000
+ 2.7315)

4

∗ (5.67 − 0.543 (
𝑇𝑎𝑚𝑏 

1000
+ 2.7315)

2

))

− (61.3 ∗
𝐶

8
)   

(
𝑊

𝑚2
) (24) 

    

With 𝐶 =Cloud cover (value 0-8) 

  

Figure 11 is visually representing the horizontal atmospheric radiation as a function of ambient 

temperature for a variety of cloud cover scenarios. Here, it can be noted that the atmospheric radiation 

is mostly influenced by the cloud cover ratio, whereas changes in ambient temperature are much less 

influential. 
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Figure 11 Atmospheric radiation Hambase as a function of ambient temperature 

4.3.7 Direct and diffuse solar irradiation data  

Sufficient input parameters are essential for correct building energy simulations and moreover, correct 

and reliable input parameters are needed. The presented research relies heavily on the dataset provided 

by the Annex 58 research group which is considered to be very reliable, as this has been the reason for 

conducting this research in the first place. Some parameters, however, need to be derived from other 

provided parameters since those parameters have not been measured directly at site. Both direct and 

diffuse horizontal solar irradiation were measured and provided in sufficiently detailed tabular form. 

But since detailed radiation simulation and analysis requires irradiation values on tilted surfaces and 

different orientations as well, a conversion of horizontal to vertical values is needed.   

 

Depending on the used software and its radiative simulation capabilities, a conversion is either 

performed automatically, or is limited in its functionality. Hambase performs this conversion, among 

many other building energy simulation programs, automatically and uses the Perez diffuse irradiance 

model (Perez, Seals, Ineichen, Stewart, & Menicucci, 1987). Comsol does not distinguish direct and 

diffuse radiation and does not provide any conversion method either. Solar radiation can be solely 

modelled as an external source orbiting the model and therefore only simulating the direct part. 

Subsequently, measured horizontal solar irradiation needs to be converted to the external source‘s 

intensity which is then redistributed over all respective surfaces automatically. The direct to source 

conversion is done with a dummy calculation which will be explained later. Diffuse radiation needs to 

be modelled separately in Comsol and requires a different kind of conversion. 

 

The conversion for diffuse radiation is not implemented easily since diffuse radiation scattered by the 

atmosphere is a very complex phenomenon and depends on many unmeasurable parameters. Over the 

years, different methodologies and relationships have been proposed by researchers ranging from 

simple to very sophisticated relations. A validation study done by E.Maxwell, T.Stoffel and R.Bird 

(1986) compared 5 conversion algorithms to measured data and concluded that the majority of 

conversion algorithms overestimate irradiance on tilted surfaces. Moreover, none of the current 

conversion algorithms provide consistent and accurate evaluation of all orientations which emphasizes 

its complex implementation in radiation models. The Perez model, which was one of the 5 tested 

algorithms, was found to be the best performing algorithm among different orientations and will 

therefore be used in this research for conversion.  
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The algorithm proposed by Perez consist of multiple empirically derived coefficients and its basic form 

is depicted in formula 25. The empirical coefficients F1 and F2 are derived from a table based on sky 

clearness and brightness and can be found in appendix C.  

 

Diffuse irradiance: 𝐷𝑐 = 𝐷ℎ [0.5(1 + cos(𝑠))(1 − 𝐹1) + 𝐹1 (
𝑎

𝑐
) + 𝐹2 sin(𝑠)] (

𝑊

𝑚2
) (25) 

    

With  Dc = diffuse irradiance on a plane of slope (s) 

 Dh = horizontal diffuse irradiance  

 F1 = generic circumsolar coefficient 

 F2 = horizon brightening coefficient 

 a = solid angle occupied by circumsolar region weighted by its average incidence on the slope 

 c = solid angle occupied by circumsolar region weighted by its average incidence on horizontal 

 s = angle of tilted surface 

 

In addition to the direct and diffuse solar irradiation striking a surface, one can also calculate and add 

the ground reflection component to the total irradiation. The ground reflection can be calculated with 

the corresponding terrain albedo value but is disregarded in this research. The impact on total surface 

heat flux is assumed to be small and consequently does not outweigh the added uncertainty it brings 

regarding the albedo parameter input.   

 

4.3.8 Converting diffuse solar irradiation Comsol 

To convert the horizontal diffuse irradiation to different orientated tilted surfaces (vertical), the Perez 

model will be used which is conveniently integrated in the Hambase software. A custom climate file 

that matches the empirical data measured at site will be used to extract the diffuse irradiance component 

per surface calculated in Hambase. It must me noted that the associated calculation method takes the 

direct/diffuse ratio [Ɛ] in consideration which translates to anomalies and presumable physically 

incorrect values when the direct component is disregarded. Both components are therefore used in the 

conversion calculation only to subtract the direct component later in post processing.  

 

4.3.9 Converting direct solar irradiation Comsol 

The external radiation source intensity which is needed in Comsol can be determined based on 

measurement location (longitude and latitude), date and time of day. However, using any other method 

than used by Comsol‘s own solar position feature will result in processing errors. The corresponding 

formula is not stated explicitly which is why a dummy calculation for the desired simulation length was 

run. A fixed radiation source of 1000 [W/m²] emissive power is used to extract corresponding horizontal 

irradiation values calculated in the model. Conversion coefficients have been calculated based on input 

output values and were stored in a tabular format with corresponding date stamps. Measured horizontal 

direct irradiation values can subsequently be easily converted to Comsol‘s external source intensity. 

Figure 12 illustrates the performed conversion by showing the dummy calculation‘s irradiance in blue 

and the measured irradiance in red. 
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Figure 12 External irradiation conversion Comsol performed on measured data (Almeria Spain) 

 

4.3.10 Implementing obtained radiation values in Comsol 

Both the direct and diffuse irradiation component needs to be implemented in the model. The direct 

component will be implemented using the approach explained earlier but the implementation of diffuse 

irradiation is not supported. The extracted diffuse irradiation values per orientated surfaces will be 

modelled as individual boundary heat-fluxes each subjected to their respective orientation in the model. 

The south orientated surface containing the window element is particularly challenging as the diffuse 

radiation is still considered short-wave radiation. Diffuse irradiation striking the window should pass 

through the glazing and should therefore be modelled as a boundary heat flux inside the test-box. 

Defining localized heat fluxes inside the box however, can cause disturbances in virtual measurements 

and given the relatively small influence of heat flux location it is chosen to assign the heat-flux at the 

exterior glazing surface. Both the conversion steps and implantation of described heat fluxes to the 

Comsol model is visualized in Figure 13. 
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Figure 13 Conversion of horizontal measured irradiation to tilted surfaces in Comsol 

4.3.11 Material specific radiative properties  

At this point it is needed noticing how Comsol treats and simulates radiation in more detail, since it 

dictates how a particular model can be built. The previously discussed and modelled radiative properties 

(i.e. emissivity and absorptivity) have been specified as boundary conditions applied to the different 

surfaces of the model. Those boundary conditions are only applicable to opaque materials since the 

radiative heat transfer is considered a boundary phenomenon for opaque solids. This translates to 

radiative energy (heat) striking a surface and then being absorbed immediately in the materials surface 

(boundary). Consequently, the heat transfer mechanism is no longer considered radiative, but solely 

conductive which favorites the computational cost. The associated calculation module in Comsol is 

referred to as the ‘Heat Transfer with Surface-to-Surface Radiation’ module (HT, RAD).  

 

A fundamental characteristic of the HT RAD feature is assessing radiation as boundary fluxes rather 

than reckon radiation as single rays containing energy particles. Instead of ray tracing (a technique used 

for determining the entire trajectory of rays) the software computes once many view factors for each 

discretized model element which are then used to compute the energy balances.  

 

When direct solar radiation is ‘striking’ the interior surfaces of the box, part of it is absorbed by the 

surface and the remaining portion is reflected completely diffuse inside the box. In fact, what really 

happens is a continuous evaluation of irradiation and radiosity values per element which are dependent 

on view factors. Furthermore, materials are either specified as opaque or translucent which determines 

whether or not radiation can pass through the solid/liquid. View-factors are only constructed between 

opaque surfaces (or external radiation sources) meaning that any translucent material obstructing the 

view factor is completely disregarded. This requirement dictates that radiative properties such as 

emissivity can only be assigned to opaque materials. A very important implementation of these 

requirements is that radiation cannot be absorbed by translucent parts (glass) but can only be 

‘transported’ trough the material without interfering since there is no ray being modeled.  
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Simulating radiative heat transfer inside semitransparent materials thus requires a completely different 

approach. To properly model associated properties such as absorption and transmissivity in translucent 

materials (glass in this case), one needs to model the exact radiative energy transport inside the material. 

Contrary to the previous method, the explicit radiative transfer equation needs to be solved which is not 

only increasing the computational cost significantly but is also increasing the complexity of the model. 

The associated calculation module is called the ‘Heat Transfer with Radiation in Participating Media’ 

module (HT, RPM) and can only model gray media. Since the transmissivity curve of glass is showing 

that almost all ambient radiation is blocked by the glazing, it is acceptable to assume glazing as a grey 

media since it properties are only applicable to the solar spectral band. To satisfy the radiative transfer 

equation however, more parameters are needed, and many of these parameters are dependent on the 

angle of incident. Even if all parameters are available (via literature and product specifications), a severe 

drawback unfolds when using the HT RPM feature. Namely, only incident surface intensity can be 

defined as boundary condition, meaning any information about source direction and wavelength is 

completely lost.  

 

Since the directivity and wavelength aspects of external solar radiation are of significant importance, 

one should actually model radiation as individual rays containing energy. Simulating radiation as 

separate rays enables modelling of energy attenuation in translucent solids as well as reflectivity and 

absorptivity. The ‘Ray Optics’ module in Comsol can theoretically be used for accurate modelling of 

solar rays, although an additional validation study is needed before implementation.   

 

In conclusion, to correctly model solar radiation and corresponding absorptivity effects in glazing, a 

combination of multiple ‘physics modules’ are needed. Implementation of all combined modules in 

Comsol however, will greatly exceed the scope and complexity of this research and this is why an 

alternative method will be applied. 

 

Utilizing the possibilities within the HT RAD module, has led to creatively account for absorption inside 

the glazing without violating boundary conditions and requirements. The current model is simulated 

with two spectral bands but Comsol allows defining wavelength dependent variables up to 5 spectral 

bands which leaves 3 bands unused. To bypass the restriction of not being able to assign diffusive 

properties on transparent solids, multiple artificial wavelength bands are created which are paired with 

specific properties. Since absorptivity is expressed as a fraction of total irradiation being absorbed by a 

surface, one can also express absorptivity as a fractional emissive power amount. This comparison only 

applies to irradiation over a single wavelength band, which holds true for direct solar radiation in this 

case.  As it has been possible to verify the fractional emissive power amount of the sun radiating under 

2.5 [µm] it is also possible to inversely calculate the wavelength value under which a specified fractional 

emissive power is distributed.  

 

To account for a fixed amount of absorption (e.g. 15%), the exact wavelength value is needed under 

which that part of the sun‘s total emissive power is distributed. The artificial wavelength band limits 

can subsequently be set to these values and surfaces concerning absorption can now be coupled to this 

band. Figure 14 is used to illustrate the artificial absorption wavelength band applied in the solar 

spectrum. Here, a logarithmic scale is used for the wavelength spectrum to clarify its purpose. For the 

non-distorted total spectral emissive power graph of the sun is referred to appendix B.   
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Figure 14 Spectral blackbody emissive power of the sun 

The blackbody radiation function has been used to obtain a wavelength value of 0.42 [µm] for the 

absorption band. Additional wavelength bands can be added to the spectrum by defining upper and 

lower wavelength values, representing a given emissive portion. Subsequently, the values 0.42 and 0.65 

[µm] are obtained for the reflectivity band which accounts for 29% of the total emissive power. The 

remaining 56% is distributed between the wavelengths 0.65 and 2.50 [µm] which is denoted as the 

transmissive band. Lastly, the opacity of solids can be defined for each individual wavelength band 

which enables the glazing to be set completely transparent for the transmissive band but opaque for the 

absorption and reflection band. 

 

A graphical representation of proposed method is shown in Figure 15 and Figure 16where the actual 

heat transfer through translucent materials is compared with its simulated heat transfer in Comsol. 

Diffuse boundary conditions are applied to the interior and exterior surface of the glazing to match the 

respective glazing properties used in the experimental setup. The glazing’s surface will be assigned with 

an absorptivity value of 1 and 0 for the absorption band and reflection band respectively. Furthermore, 

the double-glazing window is modelled as one homogeneous solid material due to the limited available 

wavelengths bands. Density and thermal conductivity values are adjusted to match the glazing 

specifications provided by the Annex-58 group.  

 

 
Figure 15 Actual heat transfer through translucent parts 

 
Figure 16 Simulated heat transfer trough translucent parts 
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4.3.12 Ambient radiation  

When simulating surface-to-surface radiation, it is necessary to define diffuse surfaces as boundary 

conditions on each selective surface that will be subjected to radiation. Here, a rather interesting 

observation was made when simulating a test box in which one of the interior surface elements has been 

excluded from the surface-to-surface radiation feature. The ambient view factor evaluation plot no 

longer shows ‘0’ values inside the enclosed volume but view factor values are increasing towards the 

excluded surface area. The absence of a direct line of sight from a surface within the enclosed cube to 

its ambient surroundings makes this observation theoretically impossible since the view factor cannot 

exceed zero. The surface area which has been excluded in this analysis is therefore projected as ambient 

area in Comsol, rendering ambient view factor values higher than zero.  

 

Table 6 illustrates this phenomenon by showing the view factor and temperature plot for test variant 

‘A’ and ‘B’. Test variant A is modelled with all interior surfaces exposed to radiation and test variant 

B is modelled with the single backside surface excluded from radiation.   

 
Table 6 Implications of modelling ambient irradiation 

  

 Variant A, Ambient view factor [/], t=12 [h]  Variant A, temperature [˚C], t=12 [h] 

  

 Variant B, Ambient view factor [/], t=12 [h]  Variant B, temperature [˚C], t=12 [h] 

 

The increased ambient view factor is causing the interior temperature to rise or drop faster since the 

software assumes direct contact with its surrounding temperature. It becomes evident that the changes 

in indoor temperature are becoming more pronounced when there are large fluctuations in ambient 

temperature. Figure 17 is showing the implementation on interior air temperature of variant A and B 

where variant B (red line) is showing a quicker temperature response.  

 

To avoid this physically incorrect effect while modelling surface to surface radiation, it is important to 

define all exposed surfaces as diffuse boundary conditions. Even though some surfaces will neither emit 

nor absorb radiation, a diffuse boundary condition with all values set to zero is required. 
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Figure 17 Modelling surface to surface radiation while excluding surfaces 

4.3.13 Solver settings: 

The time dependent solver, which is used in Comsol for solving transient phenomena, can be adjusted 

to change the parameters regarding time steps taking by the solver algorithm. When using the default 

solver settings of Comsol, the software will freely determine the step size and these step sizes tend to 

be very large to reduce the simulation time as much as possible. Increasing the time steps however, 

reduces the accuracy of the solution which creates an inversely proportional relationship between 

simulation speed and accuracy.  

 

The impact of different step size settings on accuracy is illustrated in Figure 18 and Figure 19. A very 

simplistic solid test object is created that will solely be exposed to a varying external heat flux, being 

the outdoor temperature. For illustrative purpose, both the volume average and surface average of the 

test variant is plotted versus the outside temperature.  The use of larger time steps in Figure 18 can be 

clearly seen via the sharp-edged temperature lines. The energy balance is computed after each step size 

and intermediate values are interpolated either linear or parabolic. Fine grained and sensitive changes 

in time are incorrectly displayed due to the coarse time stepping. The solution time is however, limited 

to 40 sec. Figure 19 is showing results were the solver was forced to use a maximum length of 10 

minutes for each time step. Conceptual variants and bulk simulations will therefore be run with default 

time step settings (length is free of choice) whereas the final model variants will be run with regulated 

time step sizes.  

 

 
Figure 18 Variant A: default time stepping (free length), 

solution time: 40 [s] 

 
Figure 19 Variant B: time stepping capped at 10 [min], 

solution time 160 [s] 
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4.4 Model variant overview 
As stated in the methodology, a wide range of model variants will be constructed trough an iterative 

process of progressively adding complexity (more features) to the model. The process starts with a 

simplified and coarse version of the test box with only one heat transfer mechanism. As the model 

moves towards the fine-grained replica of the case study, more detailed material properties and features 

will be added which enables the ability of simulating detailed radiative heat transfer.  Table 7 

summarizes the model properties corresponding to each model variant number. 

 
Table 7 Model variant simulation features and properties 

Model variant: 1 2 3 4 5 

Geometry simplification √ √ √     

Homogeneous composition √ √       

Heterogeneous composition √ √ √ √ √ 

Window integration simplified     √     

Window integration detailed with frame       √ √ 

Conductive heat transfer √ √ √ √ √ 

Heat transfer by convection (approximated) √ √ √ √ √ 

    Volumetric air resistance layer √ √       

    Surface air resistance layer     √ √ √ 

Heat transfer by radiation   √ √ √ √ 

    Direct solar radiation   √ √ √ √ 

    Diffuse solar radiation         √ 

    Atmospheric radiation   √ √ √ √ 

    Surface to surface radiation   √ √ √ √ 

    Absorption translucent parts       √ √ 

Generic weather data and input parameters √ √ √ √   

Empirical measurement data         √ 

Solution time in minutes 2m 6m 30m 60m 90m 
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5 Results and discussion 
 

The proceeding chapter is dedicated to analyzing and interpreting the results of constructed models. 

Each model iteration is simulated with features and properties that are covered extensively in the 

previous chapter. Recapping the methodology states that the latest model variant (representing an exact 

replica of the case study) is subjected to empirical validation, whereas all the other variants are analyzed 

via comparative testing. It must be repeated that given the two distinct modelling techniques, the 

comparative testing analysis only serves as a general guideline.  

 

The assessment parameters: MAE, MSE and FIT are used for the empirical validation and solely the 

parameter MAE is used for the comparative testing. Nevertheless, all parameters have been displayed 

in the proceeding sub sections for completeness and identification purpose. Each model variant is 

discussed separately, and the current chapter is finished with a more general discussion. Furthermore, 

each variant (iteration) is briefly summarized with respect to its most significant properties and for a 

more comprehensive overview of modelled features is referred to Table 7 in chapter 4 section 4. 

 

Lastly, all model variants have been simulated and processed to express the average interior air 

temperature. This parameter is directly comparable with the indoor temperature calculated in Hambase, 

as well as with data from the empirical measurement setup.  

 

5.1 Iteration 1 (closed box, conductive heat transfer) 
The most simple and abstracted variant consist of both simplifications in geometry and heat transfer 

mechanisms. The first iteration is subsequently constructed with dimensions corresponding to the 

original test-box but the window is excluded from the model. Furthermore, only heat transfer by 

conduction is explicitly modelled and both internal and external surface resistances are used to 

approximate convection and radiation.  

 

Different construction compositions have been modelled to investigate the ability of simulating 

different conductive properties and their effect on indoor temperature. Table 8 summarizes the modelled 

compositions and their corresponding naming abbreviations which are used in the proceeding figures.  

 
Table 8 Variant composition properties and naming abbreviation 

Material name Thickness in [mm] Naming abbreviation 

XPS insulation 120 COMSOL_XPS HAMBASE_XPS 

Fibre Cement Board  120 COMSOL_FCB HAMBASE_FCB 

Cement Board Cladding 120 COMSOL_CBC HAMBASE_CBC 

Fibre Cement Board 

XPS insulation 

Fibre Cement Board 

Cement Board Cladding 

36 

60 

16 

8 

COMSOL_ALL HAMBASE_ALL 

 

Prior to each simulation period, at least two extra days have been simulated to prevent discrepancies in 

initial simulation conditions. Figure 20 represents the simulated interior air temperature of all box 

compositions over a period of 7 days for both software programs. Different colors are used to represent 

the varying box compositions and different marker settings are used to distinguish results from Comsol 

and Hambase.  
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Figure 20 Comparison variant 1, different compositions 

Looking at the presented results, a very good agreement between both simulating approaches is 

observed for all four box compositions.  This observation is also supported by the assessment 

parameters Table 9 in which an incredible small MAE value is obtained for all variants. In fact, the 

results are surprisingly similar given the two very distinct modelling mechanisms. The combination of 

simulating a completely symmetrical object in combination with limited modelling features is 

presumable causing this good agreement. Advantages and disadvantages of both software packages are 

not yet expressed by simulating this simple variant. 

 
Table 9 Assessment parameters variant 1 

 

Variant name 

Parameter type 

MAE [˚C] MSE [˚C] FIT [%] 

XPS 0.077 0.010 96.2 

CBC 0.081 0.010 94.6 

FCB 0.078 0.008 94.6 

ALL 0.084 0.012 90.2 

  

5.2 Iteration 2 (closed box, conduction and radiation) 
As a next step, the heat transfer mechanism radiation is added to the model variants by explicitly 

simulating direct solar radiation, ambient radiation exchange and atmospheric radiation. The external 

radiative heat source in Comsol is modelled to dissipate heat at fixed rate of 1000 [W/m²] to 

approximate the direct solar radiation. To match the same radiative power in Hambase, it was chosen 

to adjust the climate file input in which the direct solar radiation was also set to be 1000 [W/m²] for 

each consecutive hourly value.  

 

Before analyzing the results of variant 2, a comparison of the direct irradiation distribution regarding 

the two modelling techniques is presented in Figure 21. Different input parameters are isolated and 

analyzed as much as possible to minimize external errors. Observing Figure 21, the solar radiation 

striking the different surface orientations is showing similar values for both software programs which 

indicates a similar simulating approach for rendering the solar trajectory.  
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Figure 21 Irradiation distribution comparison Hambase and Comsol (variant 2a) 

A more detailed analysis however, shows offsetting hourly values and different sunrise times despite 

using the exact same geographical coordinates and time zone for both software programs respectively. 

The software‘s solar calculations cannot be altered, meaning the observed off shifts must be taken in to 

account for the evaluations and analysis to come. For a more detailed graph and overlay of both 

programs solar irradiation distribution is referend to appendix B, Figure 30. 

 

Given the closely matching prior results of simulating only conductive heat transfer, it is presumed that 

adding a relatively simple heat source to the model will still yield matching results. Figure 22 is 

representing the results of the identical box compositions used for variant 1 but now subjected to 

radiation features.   

 

 
Figure 22 Comparison variant 2, different compositions 
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An acceptable agreement between both simulating programs is observed for all four box compositions 

based on visual assessment and parameters presented in Table 10. The results are showing only minor 

changes in interior air temperature which leads to the assumption that observed deviations are caused 

by differences in calculation methods rather than differences in input parameters given the prior results 

of variant 1. 

 
Table 10 Assessment parameters variant 2 

 

Variant name 

Parameter type 

MAE [˚C] MSE [˚C] FIT [%] 

XPS 0.276 0.098 90.1 

CBC 0.148 0.036 91.3 

FCB 0.130 0.026 91.4 

ALL 0.150 0.030 84.8 

 

5.3 Iteration 3 (glazing in geometry) 
The proceeding step is to incorporate translucent parts into the geometry of the model variants. In this 

current stage of iterations, no absorption nor reflectivity properties are assigned to the glazing and the 

window frame is left out. As a result, a significant amount of incident radiation is ‘trapped’ inside the 

box since only shortwave radiation can pass through the glazing and ambient radiation (longwave) 

cannot. From here on, only one box composition is modelled, which is the exact composition of the 

round Robin test box. A graphical representation of variant 3 is presented in Table 11 in which the 

dominant effect of solar radiation through glazing is clearly visualized with both a temperature and an 

irradiation plot at different time samples.  

 
Table 11 Visualization of variant 3: external direct irradiation and temperature plot at various time intervals 

  

 

 

Direct solar irradiation [W/m²], t=10 hour Direct solar irradiation [W/m²], t=12 hour  

  

 

 

Surface temperature [˚C], t=10 hour Surface temperature [˚C], t=12 hour  
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A glazed surface of 700x700[mm] is modelled in both Comsol and Hambase with a U-value of 5.64 

[W/m²K] (representing a single pane of 10mm). Furthermore, combined standardized interior and 

exterior surface resistance values of 0.13 and 0.04 [m²K/W] respectively are used in Hambase. Since 

radiation exchange is explicitly modelled in Comsol, solely convective surface resistance values are 

used that matches the standardized values. Figure 23 is subsequently representing the interior air 

temperature results of variant 3 and Table 12 is showing the corresponding assessment parameters.  

 

 
Figure 23 Comparison variant 3, single window pane 10mm (U-value=5.64) 

Table 12 Assessment parameters variant 3 

 

Variant name 

Parameter type 

MAE [˚C] MSE [˚C] FIT [%] 

ALL 3.36 11.54 29.4 

 

It can be observed that temperature differences between the two distinct modelling programs are 

becoming more pronounced by adding a window in to the geometry. These large deviations are 

presumably caused by 3-dimensional heat transfer effects. The large ratio of exterior surface area to 

interior surface area increases these 3D effects, and even more considering the large share of translucent 

material. Comsol, which uses the finite element method, is specifically designed to simulate detailed 

3D heat transfer effects whereas Hambase is originally designed to evaluate large building components 

with minimized geometric information.   

 

The model variant simulated in Hambase is constructed using the average surface area between interior 

and exterior surfaces. This simplification is needed since the lumped parameter modelling technique is 

not physically representing the geometry. Subsequently, to test the stated hypothesis of 3D effects 

causing the large deviations, different model variants containing varying surface areas, are simulated in 

Hambase and compared using the same assessment method.   

 

Two additional sub variants are simulated. One variant with exterior surface area dimensions for all 

orientations and one variant with interior surface area dimensions. The results of Figure 24 are showing 

a significant off-shift in temperatures for both sub variants while only small adjustments were made in 

input parameters. All in all, the results are strongly suggesting that 3D effects (at this scale level) are 

difficult to simulate with Hambase and misrepresented. Table 13 highlights these findings in which all 

assessment parameters are strongly deviating among the sub variants.  
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Figure 24 Comparison variant 3 with varying surface areas modelled in Hambase 

Table 13 Assessment parameters additional variants 3 

 

Variant name 

Parameter type 

MAE [˚C] MSE [˚C] FIT [%] 

ALL_average 3.36 11.54 29.4 

ALL_inside surface 5.05 27.10 9.71 

ALL_outside surface 1.59 3.07 57.0 

 

Among the additionally modeled sub variants, the exterior surface area variant is found to fit the Comsol 

variant better. Nevertheless, the ratio of surface area compared to glazed area is an influential parameter 

while calculating indoor temperatures in Hambase. The effect of exterior irradiation is ideally simulated 

using the outside surface area while incoming radiation trough glazing is ideally simulated with the 

interior surface area. As stated, the software‘s limitation prohibits such alterations and the observed 

temperature deviations are therefore clearly emphasizing the differences between the used software 

programs.  

 

Despite the large deviations between the modelled variants with single glazed windows, it can be stated 

that the temperature trends are still showing acceptable resemblances, indicating that the core mechanics 

for handling solar radiation remain in good agreement.  

 

5.4 Iteration 4 (detailed modelling of radiative material properties) 
The most significant model change of variant 4 concerns the implementation of radiative material 

properties regarding the translucent window part. The modelled test-box has also been constructed with 

identical geometrical properties as used in the experimental setup. 

 

Given the prior observations and limitations of Hambase, it is no longer meaningful to compare 

simulated results between Comsol and Hambase. The effect and ability to simulate detailed radiative 

heat transfer in translucent parts is tested within the Comsol environment by simulating multiple model 

variants containing different material properties.  

 

A base case variant has been created that contains double glazed window properties with the solar 

transmissivity set to 100%. Subsequently, an absorption variant has been modelled that contains 

absorption, reflection and transmissivity properties assigned to the glazing to compare stated properties. 
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The proposed methodology described in chapter 3.3.11 is used to model the glazing properties and the 

simulated results are verified with theoretical input values. Table 14 shows the irradiation striking the 

interior surfaces and its effect on the surface temperature for the base case variant and the absorption 

variant respectively.   

 
Table 14 Visualization of variant 4: modelling absorptivity and transmissivity 

  

 

 

Base-case variant, solar irradiation [W/m²] Absorption variant, solar irradiation [W/m²] t=180 

  
 

Base-case variant, surface temperature [C] Absorption variant, surface temperature [C] t=180 
 

The effect of absorption modelled in the glazing can be clearly observed when looking at the surface 

temperature of the glazing. The absorption variant shows a glazed surface of approximately 5 degrees 

higher due to the 15% modelled absorptivity. The effect of transmissivity is also clearly indicated by 

the significant lower interior surface temperatures for the absorption variant. Lastly, the very small 

observed errors in Table 15 are indicating a very good verification for all modelled glazing properties. 

 
Table 15 Verification between modelled irradiation in Comsol and theoretical irradiation values  

 Theoretical: [W/m²] Comsol: [W/m²] Error: [%] 

Base case variant: 100% transmisivity 857.94 857.94 0% 

Absorption variant: 56% transmisivity  480.44 481.63 0.13% 

Absorption variant: 15% absorption 128.69 129.70 0.12% 

Absorption variant: 29% reflection 248.80 246.61 0.25% 
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5.5 Iteration 5 (empirical validation setup) 
The empirical measurement values are used as input parameters for the final iteration of the modelled 

test-box to represent a virtual replica of the measured round Robin testbox. Although the majority of 

material specifications are provided in the reports published by the Annex-58 group, some important 

radiative properties are missing. The interior and exterior surface finisching is only informative 

described as ‘mat black’ and ‘white’ coloured respectively.  The provided information regarding the 

wooden window frame is also limited to soley conductive heat properties which is why the absorbtivity 

and emissivty values in Table 16 have been assumed.  

 
Table 16 Assumed radiative properties of used materials 

Material: Absorbtivity (α) Emissivity (Ɛ) 

Exterior cladding white 0.4 0.9 

Interior paint mat black 0.9 0.9 

Wooden window frame 0.35 0.9 

   

Furthermore, the empirical data set‘s resolution of 1 minute is too high with regard to time stepping in 

the FEM model as it is too calculation intensive. Before the dataset can be resized to an adequate 

timestep of 10 minutes (redcues the calculation time from 1 day to a few hours), the dataset first needs 

to be smoothend to remove the high sensor fluctuations present in the variables. A moving average filter 

of 9 minutes is used to smooth and subsequently resize all used data signals. Figure 25 visualizes the 

filter and resize process for the external temperature with an abritraty sample length of 80 minutes.  

 

 
Figure 25 Smoothing and resizing measured data (external temperature) 

The smoothed and resized signal (green) is compared with the non-smoothed resized signal (red) and 

the possibility of falsely represented local minimum and maximum values emphasizes the use of a 

moving average filter.   

 

All used input parameters have been rezized to a timestep of 10 minutes except for the diffuse irradation 

data, since the data conversion in Hambase is bound to a timestep of 60 minutes. Figure 26 displays the 

applied conversion where measured horizontal diffuse radiation is converted via Hambase to different 

orientated surfaces.   
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Figure 26 Diffuse irradiation distribution on a tilted surface based on measured data 

The final step in constructing and simulating the last model variant, is defining the available 

measurement data period to be used in the simulation. As stated in the methodology, only free-floating 

experimental data is used since heat sources inside the test-box are not simulated. The directly available 

measurement data however, contains very limited free-floating data of measurements conducted in 

Almeria Spain. The empirical validation study of the modelled test-box is therefore limited to only 2.5 

days of data analysis.  

 

Furthermore, an important remark must be made regarding the initialization period prior to the 

simulated and comparable data. An interior heating sequence was performed right before the empirical 

free-floating measurement period started, which causes discrepancies in initial heat capacity levels 

between simulated and measured test-box. Figure 27 is representing the measured and simulated interior 

air temperature of variant 5 and Table 17 is showing the corresponding assessment parameters. 

 

 
Figure 27 Final iteration model variant 5: exact replica of the round Robin test box 
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Table 17 Assessment parameters variant 5 

 

Variant name 

Parameter type 

MAE [˚C] MSE [˚C] FIT [%] 

ALL 0.39 0.29 74.2 

 
Table 18 Visualization of variant 5: external direct irradiation and temperature plot at snapshot t= 12:00 hour 

  
Solar irradiation [W/m²], t=12:00 (h) Surface temperature [C], t=12:00 (h) 

 

Table 18 shows the solar irradiation distribution and surface temperature plot of the final model iteration 

at mid-day. The simulated indoor air temperature of variant 5 shows a decent fit with the experimental 

data and the small MAE and MSE parameters are contributing to this observation. The limited 

simulation period however, prohibits any conclusions to be drawn regarding the validity of the model 

since more and consistent data comparison is required. The interior air temperature is also affected by 

many more variables inside the model and to properly interpret and analyze the presented results, ideally 

all measurable parameters need to be examined individually.  

 

Nevertheless, considering the above-mentioned implications, a very precautionary attempt has been 

made to analyze the limited results globally. The constructed model seems to underestimate the solar 

radiation during late afternoon but is successfully modelling the night and morning period.  

 

explanations for this underestimation can be tight to the modelled absorption coefficient of the façade 

material (which value has been assumed). Exact product details are therefore necessary to rule out any 

external errors such as parameter input uncertainty. Furthermore, limited on-site measurement data 

shows that vertical surfaces orientated to the south are receiving significantly more longwave radiation 

in comparison with the modelled longwave radiation. These differences in longwave radiation might 

influence the observed temperature differences. It can be questioned whether the implemented 

atmospheric radiation formula is correct. At least the vertical south surface is observed to receive a 

continuous positive heat flux during daytime. This is contradicting the applied formula since 

atmospheric radiation is always calculated to be a negative heat flux tight to the surface. The used 

formula for calculating the atmospheric radiation is an estimation and should therefore be avoided if 

longwave measurement data is available. 

 

Lastly, the impact of ground reflected solar radiation has been presumed to be small on total surface 

heat flux and has therefore not been integrated in the model. The experimental data used for validation 

however, concerns a significant share of solar radiation which means that ground reflection should have 

been treated in the model. The absence of ground reflected solar radiation might be responsible for the 

lower simulated temperatures during daytime. 
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5.5.1 General discussion: 

In this section, the 3 sub questions formulated in the research objective will be discussed and answered 

first, followed by a general discussion about the overall research and corresponding end product.  

 

The first sub question in this research concerns the approach that is needed to construct detailed 

simulation models and subsequently analyze these models. The proposed methodology of 

systematically and iteratively setting up different model variants was proven very useful in constructing 

consistent and detailed simulation models. Progressively adding complexity to the models and 

subsequently analyzing each iterative model step led to establishing cause and effect events, and 

pinpointed significant model parameters. The entirely automated post processing and visualization of 

simulated datasets has been a key aspect in analyzing the interim results as this allowed for quick 

insights and possibility of implementing alterations quickly and efficiently. Although no explicit 

parameter sensitivity study was performed, the applied methodology and automated setup lends itself 

extremely well for such a purpose and its elaboration can be considered in future research.  

 

The second sub question dictates how detailed radiative heat transfer principles can be modelled in the 

Comsol Multiphysics environment. Assessing and testing different radiative modelling capabilities 

within the software, it was found that ‘surface to surface radiation’ modelling has been the most fitted 

modelling feature to simulate detailed radiative heat transfer with respect to solar radiation. Source 

directivity properties and view factors are automatically calculated and updated each timestep which is 

essential for simulations containing solar trajectory movement. Material specific properties such as 

emissivity and absorptivity have been assigned via ‘diffuse surface’ boundary conditions on each 

respective surface to reflect different material properties. Furthermore, direct solar radiation was 

approximated by simulating a built in external solar source that orbits the model according set 

coordinates and time interval.  The implementation of diffuse solar radiation is not directly supported 

in Comsol and can not be modelled with available radiation features since diffuse radiation is neither 

characterized as a point source nor as an equally distributed dome source surrounding the object. The 

diffuse solar radiation is therefore modelled separately for each differently orientated surface by adding 

an external heat flux boundary condition. Atmospheric longwave radiation is calculated similarly by 

adding external heat flux boundary conditions to each respective surface and ambient radiation is 

modelled with a built-in feature that surrounds the model with a uniform temperature domain. 

 

Overall, all important and most relevant radiative heat transfer principles have been modelled within 

the software except for ground reflected solar radiation. This type of radiation has been assumed to be 

of small influence and therefore not explicitly modelled. Whenever the ground albedo is known or 

reasonably approximated, the radiation can then be implemented rather easily in the constructed model 

by modifying the direct solar source and diffuse boundary conditions respectively in future alterations.  

Chapter 4 has thoroughly treated how to implement stated properties in the software and provides a 

base case methodology for future radiation simulations within Comsol.      

 

The last sub question deals with the ability of simulating the effect of solar radiation on translucent and 

opaque building materials. the latter is indirectly addressed in sub-question 2 since the radiative material 

properties are determining how the material (surface) is dealing with incoming and outgoing radiation. 

The associated diffuse boundary conditions were easy implemented as this functionality is one of the 

core principles of the surface to surface radiation module. The effect of solar radiation on translucent 

parts on the other hand is not that easy implemented since it is not directly supported in Comsol. 

Absorptivity and transmissivity properties of glazing have been modelled by setting up artificial 

wavelengths bands to assign multiple single absorption values that, if converted properly, match the 

desired glazing properties.  
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Accuracy of implemented model features was found incredibly high with a maximum error of only 

0.25% which is presumable caused by converting the total emissive power value to wavelength band 

percentages and corresponding significant digit conversion. Implementing solar radiation effects on 

translucent and opaque building parts is therefore found sufficiently accurate. 

 

The applied methodology of systematically and iteratively setting up different model variants facilitated 

for extensive comparative testing throughout the entire model realization. The opportunity of 

comparative testing in general, and the possibility to perform this action in every model iteration in 

particular, has resulted in a close understanding of modeling techniques and associated implications of 

model parameters. Most importantly has been the general provided guidance in obtaining simulation 

results. Reference models serve as rough solution indicators and programs that are considered better 

validated can be of great value when creating detailed models. Reevaluating this research, only one 

comparable software package has been used in comparative testing, which is also very distinct with 

respect to the desired FEM models. Adding another comparable program that shows some more 

resemblances with the investigated model while running tests, would have been better as this allows for 

a more comprehensive analysis and possibility to reduce software biases. Future simulations with 

comparative testing should ideally be run with at least 3 software programs, which can easily be 

implemented in provided automatization tools.     

 

Furthermore, the automated data storing and processing within Matlab creates the possibility of saving 

all desired model variants into an easy accessible database for reference model variants. This reference 

database feature has proven particularly useful when model changes are made at a later stage and 

consequently effect and relate to previously created variants. It must be noted that a clear and strict 

naming convention format is needed for indexing and saving model variants. This is especially true 

when using a database feature since consistent and correct archiving of reference cases is crucial.    

 

A full-fledged model that attempts to simulate reality as good as possible should make use of as much 

empirical data as possible to prevent external errors and minimize input uncertainty. Empirical 

horizontal direct and horizontal diffuse solar radiation data has been used as input parameters in the 

simulated models. Atmospheric longwave radiation however has been approximated as well as 

absorptivity values of material finishes. Ground reflected solar radiation has not been modelled and this 

raised, together with the approximated values, the overall level of uncertainty of the simulated model. 

Despite the current level of uncertainty and based on preliminary empirical validation results, it is 

expected that whenever these approximations can be replaced with correct (fitted) data, the model will 

perform very well. This expectation is based on the ability to accurately simulate all individual radiation 

features and based on the outcomes of the simplistic case studies. All in all, a very promising detailed 

FEM model has been obtained that can contribute to complex radiative heat transfer analysis when 

tweaked correctly.  

 

Finally, although this research has been primarily focused on detailed radiative heat transfer, it is worth 

mentioning that convective heat transfer has been approximated via standardized heat transfer 

coefficients and equivalent thermal conductivity values. Subsequently, heat transfer coefficients were 

assumed to be constant, whereas in reality they are dependent on wind speeds and varying temperatures. 

Either simple or more complex realtions can be established to incorporate time dependent heat transfer 

coefficients in the simulations. It is expected that wind speed data can contribute to more accurate 

simulations since this parameter is significantly dictating the heat transfer rate at exterior surfaces in 

means of forced convenction.  

 

 



 Technische Universiteit Eindhoven University of Technology 

 

           Master Thesis  53 

6 Conclusion and recommendations 
 

This research focused on simulating radiative heat transfer using the finite element method and 

proposed the following research question to investigate: “Is it possible to simulate detailed indoor 

climate effects focusing on solar radiation through translucent parts?”  

 

At first, the radiative modelling capabilities of Comsol Multiphysics were assessed. Many controllable 

test cases were simulated and subsequently analyzed and validated using different techniques. It was 

found that comparison of lumped parameter (Hambase) and FEM (Comsol), only makes sense when 

using very simplistic and symmetrical models. A-symmetrical heat flows caused by translucent surfaces 

provide unrealistic results for models with high surface to volume ratios when using lumped parameter 

modelling. In summary the two modeling approaches (FEM and lumped parameter) differ to much 

fundamentally to be compared one on one, specifically regarding models with high detail and lack of 

symmetry. However, they can both be used to provide a general reference.  Taking into account the 

above statement, comparative testing with Hambase showed that closed box models subjected to solar 

radiation, were capable of simulating indoor climate effects (air temperature) with a high level of 

accuracy based on the MAE parameter and model fit of at least 85%. 

 

The effect of radiation on translucent parts has been modelled explicitly in Comsol and crucial material 

properties regarding absorption and reflection have been implemented correctly in the software. A 

maximum error of 0.25% has been observed while simulating these radiative properties.  

 

The overall effect of radiation on indoor climate conditions was assessed and validated empirically. 

However, limited experimental data prohibits any definitive conclusions to be drawn regarding overall 

validity of proposed model. But although very limited empirical measurement data has been used for 

validating the FEM model, it can be concluded that a qualitative base case model is established that can 

properly simulate explicit radiative heat transfer in combination with both opaque and translucent parts.   

   

Furthermore, when performing detailed radiative heat transfer simulations, it was found that input 

parameter uncertainty cannot be ruled out entirely. E.g. sometimes experimental weather data needs to 

be assumed (as not all weather stations are measuring sufficient parameters) and radiative material 

specifications are not always available, which adds a certain degree of uncertainty to the overall 

simulation. 

 

All in all, a very well-founded first step has been made towards more comprehensive and detailed FEM 

simulations that can contribute to both analyze and understand 3-dimensional radiative heat transfer 

problems. Lastly, applying an iterative and parametric methodology while extensively testing many 

model variants made it possible to observe and interpret important physical phenomena and their 

implementation in state of the art FEM software.  
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Recommendations 

A thorough examination and comparison between all simulated variables and measured variables 

requires a standalone study and is left open for future research.  Such an extensive data analysis study 

can pinpoint the most dominant and sensitive parameters regarding detailed radiation simulations and 

assess the usefulness and overall validity of the constructed model in this study. If proven useful, a 

follow-up step would be to use a very detailed FEM model (as made in this study) for specific purposes 

in BES and to solve more challenging radiative issues. 

 

The presented model made use of hemispherical glazing properties (i.e. independent of solar position 

and angle of incident). Some glazing properties are angular dependent and can theoretically be 

integrated in the model.  A comprehensive parameter sensitivity study should be conducted to determine 

the usefulness of such an accurate refinement approach before implementing angular dependent 

variables.   

 

Ground reflected radiation has not been integrated in the presented model and is advised to incorporate 

in future model variations. Extending the research on modelling longwave radiation is also 

recommended since this parameter is not always measured at weather stations and depending on the 

climate conditions, its influence can be significant. A general train of thought, to simplify building 

energy simulations, yet producing qualitative and accurate data, highlights the important considerations 

to make when extending this research 
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Appendix A: Detailed description of workflow steps 
 

This appendix is dedicated to the detailed workflow steps described in the model chapter section 4.2 

and executed steps are explained and elaborated in full detail. 

  

Data preparation step 
As a first step in setting up a simulation, it is necessary to define the input parameters in a correct format 

that the program can use. Therefore, a data preparation script has been made which includes the 

following actions: 

 

 Data stored in the generic weather file of 1981 and the empirical dataset measured at Almeria 

Spain will be converted to a specific data matrix for further processing. 

 A simulation domain is specified and the selected input parameters for the model are converted 

to the corresponding timestep if necessary. Table 19 summarizes the extracted parameters.  

 All temperature values are converted to absolute temperatures in kelvin [K].  

 HAMBase radiation output values are converted to separate data functions in a custom data 

matrix that is subsequently converted to a comma separated value (CSV) file that can be read 

by Comsol. 

 The empirical dataset is smoothed by a 9-minute moving average filter. 

 The empirical dataset is hereafter resized in resolution from 1 minute to 10 minutes for Comsol. 

 The empirical dataset is also resized in resolution from 1 minute to 60 minutes specifically for 

the conversion of horizontal diffuse irradiation in Hambase (Perez sky algorithm). 

 The resized dataset is converted to a custom-made weather file for HAMBase and converted to 

a CSV file with multiple parameter functions for Comsol. 

 
Table 19 Parameters extracted in data preparation 

Parameter name Variable name Variable unit 

Exterior temperature T K 

Solar irradiation (diffuse) Gd W/m² 

Solar irradiation (direct) GD W/m² 

Solar beam irradiation GB W/m² 
 

Input GUI HAMBase 
To run a model in Hambase, one needs to manually setup the model configurations e.g., construction 

composition, material properties and simulation domain. each model iteration needs to be setup 

separately and all the corresponding input/output data needs to be categorized correctly. This process, 

which is not only time-consuming, is also susceptible to carelessness errors. To simplify these actions 

and to stick with the automatization principle, a custom made graphical user interface (GUI) was created 

for the model configuration. The Hambase GUI is also used to store input settings and parameters easily 

in an accessible data matrix. Figure 28 depicts the visualization of the created GUI. 
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Figure 28 Custom made graphical user interface HAMBase for model configuration  

Simulation sequence 
The Hambase simulation is run within Matlab and has been integrated in a combined script for reasons 

mentioned earlier. The automated script performs the following actions: 

 

 Run the custom-made GUI and store the input variables to the globally* defined data structure.  

 Run the Hambase simulation code with settings and input parameters imported from the GUI. 

Common properties such as object dimensions and orientations that are applicable on all created 

models are included as fixed values and therefore excluded from the GUI. 

 The output and input data are combined and categorized by model name. The data is hereafter 

saved in a separate data structure file named after the model variant (naming convention is used 

for consistency). 

 

* The term global data structure is referring to a data file that is stored locally on the PC and can be 

accessed by other scripts.  

 

Setting up the model in COMSOL is done manually since the software package cannot be paired directly 

with Matlab. Yet to ensure consistency between the two distinct modelling techniques, a specific 

naming convention is used. Prior to the simulation, unique names are assigned to the different variants 

that contain associated properties and settings. The Comsol model is identically labeled as the Hambase 

models and therefore also constructed using the same input configuration. A summary of the 

constructed models and corresponding properties is highlighted in section 3.4. 

 

The Comsol simulation is run for a wide range of model variants and selected output parameters are 

generated in a tabular data format delimited with tabs. This tabular data is subsequently saved and 

labelled according the naming convention and can be used for further data processing.  
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Storing and processing data 
Where the previous steps mainly concerned the creation and storing of single data sets, this step involves 

combining and processing the various datasets. An automated script is used for indexing both Hambase 

and Comsol model variants to create two data structure files of all combined model variants. The 

following actions are performed: 

 

 Output of Hambase variants is minimized to selective output parameters. 

 Output of Comsol variants is adjusted to previously defined time vector (minutes). The timestep 

is kept as small as possible (depending on simulation output). 

 Output parameters are labeled and included in the data structure. 

 Date of model creation and characteristic name is added for model identification. 

 Hambase structure file is saved and called “HamBase Data” (HBD) and can be indexed by 

model name. 

 Comsol structure file is called “Comsol Data” (CD) and can also be indexed by model name. 

 

Analyzing data 
As stated in the methodology, two different analysis techniques will be used to assess and analyze the 

various data sets. The comparative testing analysis requires more time and more actions are needed to 

be performed than the empirical validation because many more simulation variants can be compared 

and subjected to assessment. A powerful visualization tool is made to speed up this process and make 

it more efficient. It was chosen to not only compare Comsol variants with Hambase variants, but also 

integrate options for multiple variant analysis or specific parameter plots. These different visualization 

options ensure that during the modeling process quick and additional insight is provided for the current 

and future simulations. Here a second GUI has been created to select the different visualization options 

i.e., batch plot, single plot, parameter plot and 1on1 comparison plot.   

 

In addition to visualizing all model variants and assessing them graphically, the final assessment is done 

through strict performance parameters. This final step in the workflow diagram is performed in a 

separate script function in which the desired model variants are provided with the performance 

parameters defined in the previous chapter.  
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Appendix B: figures and graphs 
 

 
Figure 29 Spectral blackbody emissive power distribution of the sun (non distored view) 

 
Figure 30 Comparison irradiation distribution exterior surfaces Hambase and Comsol 
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Appendix C: Verification, calculations and constants 
 
Table 20 Simulated irradiation, radiosity, surface temperature and radiative heat flux for test variant 6 

  

Ambient irradiation = 357.58 [W/m²], t = 12 (hour)  Surface radiosity = 354.94 [W/m²], t = 12 (hour) 

  

Surface temperature = 280.75 [K], t = 12 (hour) Radiative heat flux = 2.65 [W/m²], t = 12 (hour) 

 
Table 21 Theoretical radiosity and radiative heat flux calculation for test variant 6 

 𝑇𝑎𝑚𝑏(𝑡 = 12) = 281.1[𝐾]    
𝜎 = 5.6704 ∗ 10−8  
𝑛 = 1 
Ɛ = 0.5 
 

𝑞𝑟𝑎𝑑 = Ɛ(𝐺𝑎𝑚𝑏 − 𝑛²𝜎𝑇𝑠𝑢𝑟
4 ) 

𝑞𝑟𝑎𝑑 = Ɛ(𝑛²𝜎𝑇𝑎𝑚𝑏
4 − 𝑛²𝜎𝑇𝑠𝑢𝑟

4 ) 

𝑞𝑟𝑎𝑑 = 0.5(1𝜎281.84 − 1𝜎280.754) 
𝑞𝑟𝑎𝑑 = 0.5(1𝜎281.84 − 1𝜎280.754) 
𝑞𝑟𝑎𝑑 = 2.65 [𝑊/𝑚²] 

𝐽 = Ɛ𝑛2𝜎𝑇𝑠𝑢𝑟
4 + 𝜌𝐺𝑎𝑚𝑏   

𝐽 = Ɛ𝑛2𝜎𝑇𝑠𝑢𝑟
4 + (1 − Ɛ)𝐺𝑎𝑚𝑏  

𝐽 = (0.5 ∗ 1𝜎280.754) + (1 − 0.5)1𝜎281.84  
𝐽 = 176.14 + 178.79 
𝐽 = 354.93 [𝑊/𝑚²] 

𝐺𝑎𝑚𝑏 = 𝑛²𝜎𝑇𝑎𝑚𝑏
4  

𝐺𝑎𝑚𝑏 = 1𝜎281.84 
𝐺𝑎𝑚𝑏 = 357.58 [𝑊/𝑚²] 
 

 
Table 22 Verification between Comsol values and analytical solution for test variant 6 

 Comsol: [W/m²] Analytical: [W/m²] Error: [%] 

Ambient irradiation: (Gamb) 357.58 357.58 ~ 0.001 

Surface radiosity: (J) 354.94 354.93 ~ 0.001 

Net radiative heat flux: (qrad) 2.65 2.65 ~ 0.001 
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Figure 31 Empirical derived coefficients table for the diffuse sky algorithm (Perez, et al. 1987) 

 

Sky clearness: 𝜖 =
(𝐷ℎ + 𝐼)

𝐷ℎ
  (−) (26) 

    

With I = direct normal incidence irradiance   

Sky brightness: 𝛥 =
𝐷ℎ ∗ 𝑚

𝐼0
  (−) (27) 

    

With m = relative air mass and I0 = normal incidence extraterrestrial radiation  


