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PREFACE 
 

DEAR PARTICIPANTS AND GUESTS OF CESBP AND BAUSIM 2016! 

We are delighted to welcome you in Dresden at the joint-conference of CESBP and BauSIM. During the three 

days, researchers und experts will share and discuss their experiences and project results on different topics of 

building physics as well as of building and plant simulation. The large number of submitted papers on various 

topics finally selected by the scientific committee reflects the variety and complexity of specific research 

questions concerning building physics, buildings and systems. As shown in the official program, a large part is 

dedicated to those contributions in the field of simulation applications focused on lifecycle aspects of buildings, 

district balancing, as well as the interaction of Building – System – Human. Two full days of presentations on 

dataflow and numerical procedures are offering a sufficient number of topics for all fans of simulation 

techniques open for hopefully interesting and inspiring discussions with colleagues.  

We hope that the event may provide an appropriate framework for the successful exchange of information and 

the permanent professional networking, so that you keep your stay in Dresden in good memory. 

 

LIEBE TEILNEHMENDE UND GÄSTE VON CESBP UND BAUSIM 2016! 

Wir freuen uns sehr, Sie hier in Dresden zu der gemeinsamen Konferenz von CESBP und BauSIM begrüßen zu 

dürfen. In den drei Veranstaltungstagen werden Forscher und Fachexperten ihre Erfahrungen und 

Projektergebnisse zu unterschiedlichsten Themen aus der Bauphysik sowie der Gebäude- und 

Anlagensimulation teilen und zur Diskussion stellen. Die große Zahl der eingereichten und durch die 

wissenschaftlichen Komitees für das Programm ausgewählten Beiträge zu den Themenschwerpunkten ist 

Ausdruck der Vielfalt und Komplexität konkreter bauphysikalischer, gebäude- und anlagentechnischer 

Forschungsfragen. Wie aus dem Programm ersichtlich, nehmen im Bereich der Simulationsanwendungen 

Beiträge zu den Lebenszyklusbetrachtungen von Gebäuden, der Quartiersbilanzierung, sowie der Interaktion 

von Gebäude-Anlage-Mensch einen großen Raum ein. Für die Freunde der Simulationstechniken bieten zwei 

volle Tage mit Referaten zu Datenflussketten und numerischen Lösungsverfahren auch ausreichend Stoff für 

hoffentlich interessante und anregende Gespräche mit Fachkolleginnen und -kollegen.  

Wir wünschen uns, dass die Veranstaltung so einen geeigneten Rahmen für den erfolgreichen 

Informationsaustausch und die bleibende fachliche Vernetzungen bieten kann, so dass Sie Dresden in guter 

Erinnerung behalten. 

 

Prof. Dr.-Ing. John Grunewald  Prof. Dr.-Ing. Clemens Felsmann 
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ABSTRACT 

AixLib is a Modelica model library with focus on 

modeling the dynamic behavior of buildings, HVAC 

equipment and distribution networks to enable 

integrated analyses of energy systems on the scales 

from single building to city district. The library is 

available at www.github.com/RWTH-EBC/AixLib. 

In this paper, we present the library and its 

integration within the IEA Annex 60. Possible 

applications are demonstrated using two use cases for 

the controls of a single building and for the heat 

demand of a city district. The paper concludes in a 

discussion of typical applications for AixLib and 

which developments we plan for the future.  

INTRODUCTION 

Modelica with its object-oriented and equation based 

approach is becoming a widely used modelling 

language for building performance simulation (BPS), 

as reflected by the IEA EBC Annex 60 project "New 

Computational Tools for Building Performance 

Simulation". Among other goals, this project aims at 

harmonizing the use of Modelica for BPS by means 

of the Annex 60 library, a common core library with 

basic functionalities. As explained by Wetter et al., 

2015, this library is not meant to be used by end users 

directly, but to be merged into specialized model 

libraries that provide the user with additional models, 

further examples and documentation. Libraries using 

this approach and integrating the Annex 60 library 

include Buildings (Wetter et al., 2014), 

BuildingSystems (Nytsch-Geusen et al., 2013), 

IDEAS (Baetens et al., 2012) as well as AixLib 

(Fuchs et al., 2015). A major benefit of this approach 

is the increased collaboration on common base 

classes and increasing compatibility between these 

individual libraries. The open development of the 

Annex 60 library can be followed and contributed to 

at https://github.com/iea-annex60/modelica-annex60.  

The main aim of AixLib is to provide a building 

performance library of Modelica models to enable 

integrated analyses of energy systems on the scales 

from single building to city district. In addition to the 

models from the Annex 60 library core, AixLib 

consists of models for building physics, HVAC 

models and ready-to-use data sets. The range of 

building models includes a more detailed high order 

approach (Constantin et al., 2014) as well as a low 

order approach to reduce computing times for city 

district scale simulations (Lauster et al., 2014). 

AixLib follows an open-source approach and 

encourages third parties to take part in the 

development and application of the library. It is 

published using the open source Git repository 

hosting service GitHub. The library can be 

downloaded, cloned and forked at 

www.github.com/RWTH-EBC/AixLib. 

In this paper, we present the library's structure and 

the basic concepts using Modelica. We show how the 

Annex 60 activities influence the design of AixLib 

and sketch the further steps of development for the 

library. Two examples illustrate the benefits of using 

Modelica and the application of simulation models 

for different scales. They show how the simulation’s 

goal influences the modelling and which decisions 

have to be made when designing such models. The 

first use case focuses on a high order model of a 

single building with detailed HVAC system to 

analyze demand side management control strategies. 

The second use case combines multiple low order 

models and idealized HVAC to calculate heat 

demands of an entire city district. The paper 

concludes in a discussion of what typical applications 

for AixLib are and which developments we plan for 

the future. With this library, we contribute to the 

ongoing process towards harmonized open-source 

tools for powerful and interconnected BPS on various 

scales. 

INTEGRATION WITH ANNEX 60 

LIBRARY 

The main goal of the Annex 60 library is to 

harmonize the work on building performance 

simulation model libraries in Modelica, which had 

suffered from fragmentation prior to the Annex 60 

efforts. In addition to its function as a platform for 

collaborative development between different library 

development teams, one important focus of the 

3

A-02-3 AixLib – An open-source Modelica library within the IEA-EBC Annex 60 framework

http://www.github.com/RWTH-EBC/AixLib
https://github.com/iea-annex60/modelica-annex60
http://www.github.com/RWTH-EBC/AixLib


library with regard to this goal is to provide common 

base classes and basic functions for other libraries to 

use.  

Especially the base class concept enabled by the 

object-oriented modeling approach of Modelica is a 

crucial factor for compatibility of models between 

different libraries for the end user. Prior to the Annex 

60 development, e.g. different implementations for 

fluid connectors, media properties or energy balances 

would in many cases prevent using component 

models from different libraries to model a building 

energy system. In contrast, the Annex 60 library 

contains among other models two-port and four-port 

base classes that define standard connectors for fluid 

in- and outflow as well as energy balances. By 

merging these models into the respective target 

library, it can extend those base classes to model e.g. 

different HVAC components that, as a result, can 

then be connected to component models from other 

libraries using the Annex 60 base classes. 

In addition, the collaborative development within the 

Annex 60 group allows for testing different model 

and function implementations and distributing the 

most efficient implementations into all participating 

libraries by means of merging the Annex 60 library 

into these target libraries.  

With help of the Python package BuildingsPy, 

the Annex 60 library can be merged into other 

Modelica libraries automatically. This merging 

method fully integrates the package structure of the 

Annex 60 library into the target library’s package 

structure. At the time of writing, in addition to a 

resources directory and experimental packages, the 

Annex 60 library contains the following main 

packages: 

 Airflow 

 Boundary Conditions 

 Controls 

 Fluid 

 Media 

 Types 

 Utilities 

In case the target library already contains a package 

of the same name at the same hierarchical level, both 

packages will be merged. If there is no corresponding 

package of the same name at the target library’s 

corresponding level, the package will simply be 

copied into the target library. 

 

Figure 1: Scheme of a room model with thermal 

connectors (red squares) from HighOrder 

approach 

 

Similar to other libraries using the Annex 60 library, 

AixLib not only integrates the Annex 60 library by 

this automatic merge, but also follows its design 

guidelines regarding model implementation, 

documentation and unit testing. More detail on how 

the integration of the Annex 60 library changed the 

structure of AixLib can be found in Fuchs et al., 

2015. Furthermore, the Annex 60 library contains 

automated unit tests and reference results to check the 

library for side effects of changes and to verify its 

correct functioning. The unit tests are prepared by 

example models and mos-scripts that can then be 

automatically run in a test suite with the Python 

package BuildingsPy. 

AIXLIB OVERVIEW 

With the objective to model the dynamic behavior of 

buildings, HVAC equipment and distribution 

networks to enable integrated analyses of energy 

systems on the scales from single building to city 

district, AixLib contains model implementations with 

varying levels of detail. In many cases, analyses of a 

single building allow for (and may require) a more 

detailed modeling approach, while analyses of 

multiple buildings on a city district scale often rely on 

simplified models with a lesser level of detail. This 

concept applies to both the models for building 

physics and for HVAC components. 

The AixLib adds three main packages to the Annex 

60 library while integrating several sub-packages into 

the Annex 60 structure: 

 Building 

 DataBase 

 HVAC 
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The models for building physics are collected in 

AixLib’s Building package. The two modeling 

approaches with different levels of detail can be 

found in the sub-packages HighOrder and 

LowOrder, in reference to the order of states used 

to model the building envelope. While the 

HighOrder approach models all individual 

elements of the building envelope and their spatial 

context in high detail, the LowOrder approach uses 

a spatially aggregated model for thermal zones with 

less detail but also higher calculation speeds. Thus, 

the LowOrder model is a useful tool for analyses on 

district scale and fast parameter studies while the 

HighOrder model is designed for in-depth analyses 

of single buildings. 

In addition, the HighOrder building model aims at 

facilitating case studies on different setups of typical 

building properties by means of user-friendly 

parametrization and pre-defined datasets. Currently, 

such datasets included in AixLib represent building 

envelope properties based on German energy saving 

ordinances from different years for light-weight, 

medium, and heavy building types. These datasets 

can not only be directly used by an end-user, they can 

also be used as a template to add own datasets 

according to own requirements. The model 

propagates these property datasets through the whole 

bottom-up approach in which wall elements (with 

optional window and door parts) are combined to 

room models which in turn are used to assemble 

building models. Fig. 1 shows the scheme of such a 

room model. As a result, the properties of the entire 

building with all its components can be varied at the 

top level, so that parameter studies can easily be 

performed once the model has been assembled. More 

information on the HighOrder building model can 

be found in Constantin et al., 2014. 

In contrast to the high spatial resolution of the 

HighOrder approach, the LowOrder approach 

(Lauster et al., 2014) aggregates all wall elements of 

the same type (adiabatic interior walls and diabatic 

exterior walls) into one representative wall type 

element (Figure 2). Each element is represented by a 

resistance-capacitance model. The model is based on 

the VDI Guideline 6007 (German Association of 

Engineers, 2012), from which the methods for 

aggregation and calculation of the resistance and 

capacitance values are adapted. Lauster et al., 2013 

give more details on the differences with the also 

widely used model specified in ISO 13790. With its 

fast simulation times, the LowOrder model has been 

shown to perform well for analyses of multiple 

buildings in an urban context (Lauster et al., 2014). 

Through Modelica thermal connectors, both of these 

building models can be connected to models of 

HVAC systems to form an integrated model of the 

building energy system. To this end, AixLib contains 

different models for components of heating and 

cooling systems as well as for ventilation and air 

conditioning components. 

 

Figure 2: Thermal network of LowOrder model 

 

As the Annex 60 library also contains a growing 

number of such component models, the user can in 

some cases freely choose between the AixLib and the 

Annex 60 implementation for a certain component. 

Because of the shared base classes, these models are 

often interchangeable, though they offer a different 

level of detail or modeling approach in most cases. 

As the background of AixLib’s development stems 

from German research project, the component models 

have a stronger focus on water-based heating systems 

than on cooling systems. Examples for basic 

component models included in the library are heat 

generation equipment like heat pumps, solar thermal 

collectors or gas boilers as well as components for 

the distribution and transmission of heat like pumps, 

pipes, valves and radiators.  

For ventilation and air handling, the library similarly 

includes model for fans and ducts as well as models 

for air handling units, humidifiers and de-humidifiers. 

Especially the air handling unit model is designed to 

also work with the LowOrder building model, so 

that for city districts with a non-residential building 

stock (e.g. a research campus) the energy demand for 

air conditioning can be estimated in addition to the 

buildings’ heating and cooling demand as a time-

dependent function of the outdoor conditions. 

 

USE CASE: DEMAND SIDE 

MANAGEMENT FOR AN APARTMENT 

The first use case deals with an apartment in a multi-

family dwelling configured as a heavy building and 

using the thermal insulation regulation WSchV1984. 

The apartment consists of two bedrooms, a living 

room, a corridor, a bath and a kitchen with an overall 

net floor area of about 70 m² (Figure 3). The heating 

system consists of a generation system with a boiler 

and a delivery system with radiators equipped with 

thermostatic valves. 

 

5

A-02-3 AixLib – An open-source Modelica library within the IEA-EBC Annex 60 framework



 

Figure 3: Floor plan of the investigated apartment 

 

The intention of this use case is to investigate the 

possibilities of Demand Side Management (DSM) by 

overheating the apartment when it is empty. This 

allows storing heat within the walls and using this 

heat in times of high energy prices. The heat load is 

shifted from times of high energy prices to times of 

lower energy prices. 

For this use case, we need to model the building 

physics as well as the hydraulic system in detail. The 

time constants within DSM concepts are within 

hours, thus all effects with similar time constants 

need to be considered. This includes a discretized 

modelling of thermal masses (primarily the walls) as 

well as of hydraulic circuits and radiators, boilers, 

etc. For that, we use the HighOrder building 

model with one wall model per actual wall and a 

layer-based discretization for each wall (each layer of 

a wall is modelled by two resistances and one 

capacitance) to model each room separately. Heat 

transfer through walls to adjacent rooms incorporated 

in this approach. The boundary conditions are 

defined for each room, which allows dedicated 

occupancy profiles per room. We combine the 

HighOrder model with detailed models for 

hydraulic components as pipes, valves, radiators, 

pumps and boiler all again representing one actual 

component in the “real” system and discretized in 

space if necessary (Figure 4). 

 

 

Figure 4: Hydraulic distribution system of 

investigated apartment 

 

 The following simple demand side scenario is 

simulated: two hours before the users return home 

after work, from 16:00 until 18:00 the house is pre-

heated by setting a higher set temperature. Once the 

users arrive the temperature is set back. The usual set 

temperatures are 20°C during day time and 18°C 

during night time, from 22:00 to 6:00. A reference 

case, without DSM, uses only these set temperatures. 

During the short pre-heating period in the afternoon, 

energy will be stored in the buildings mass and given 

back to the room gradually over time.  

Figure 5 shows the profiles for air temperature and 

the radiator power in the living room for both cases. 

For the DSM case the radiator power is lower 

throughout the day, around 14% less after the pre-

heating, while at night there is no need for the 

thermostatic valve to open. Considering that period 

after 18:00 is considered peak time, with a flexible 

energy tariff cost reductions are achievable with such 

a strategy. 

 

Figure 5: Simulation results for demand side 

management use case 

USE CASE: HEAT DEMAND OF A CITY 

DISTRICT 

Subject of this use case is a research campus with 200 

buildings of different use (office and lab), year of 

construction and net floor area. All buildings are 

connected to a local heating grid. The aim is to 

predict heat loads for the years 2020 to 2050, 

considering a renovation rate of 1.7 % per year. Such 

predictions help to evaluate energy savings potential 

and design central heating systems that are not 

oversized in future scenarios. 

To model such a complex city district, the AixLib 

provides the LowOrder building model that allows 

fast simulation times while focusing on predominant 

physical phenomena. Data acquisition is often 

elaborate on district scale, which leads to a sparse 

information density. A building model incorporating 

details of minor importance is hard to parameterize 

on such a basis and can hardly supply additional 

benefits considering the high uncertainties in data 

acquisition. In addition, the LowOrder model still 
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provides sufficient accuracy and successfully passes 

verification tests such as  those according to VDI 

6007 (German Association of Engineers, 2012) and 

ASHRAE 140 (ASHRAE, 2011) and shows good 

agreement with measurements done by Annex 58 

(Strachan et al., 2015). 

The LowOrder model comes with a dedicated 

workflow automation tool and parameterization 

algorithms in the programming language Python, 

called TEASER. This tool integrates the LowOrder 

model into high-level Urban Energy Modelling 

(UEM) tools at our institute as well as provides 

interfaces to information models such as CityGML as 

well as application programming interfaces (API). 

Similar to AixLib, TEASER will be released as an 

open-source project at www.github.com/RWTH-

EBC/TEASER. 

Using TEASER and AixLib, we set up one model per 

building with seven zones each (divided by the usage, 

e.g. office, laboratory, floor, etc.). Each building 

model is customized by its net floor area, year of 

construction, building height and building type. 

These properties influence the wall constructions, 

material properties, geometric dimensions and 

boundary conditions (internal gains). Internal gains 

and weather conditions are given in hourly time steps 

to allow dynamic investigations. The building models 

calculate indoor air temperatures and heat loads using 

several models from the HVAC part of AixLib, 

including a mode based Air Handling Unit (AHU) 

model and ideal heater and cooler models. With a 

workstation (12 cores, 2.9 GHz, 32 GB RAM, 

Dymola 2016 FD 01), the one-year simulations for all  

200 buildings with an hourly output time step took 

less than 8 hours. 

The investigated research campus operates extensive 

measurements what allows a detailed comparison of 

simulation results and measurement on campus scale. 

Figure 6 shows daily values of heat load for 

simulation and measurement for the entire building 

stock. The simulation shows good agreement with the 

measurement even in times of high variations. The 

trend, mean values and variances (based on hourly 

values) of both curves are similar with some 

overestimation of the heat loads in the simulation for 

summer times. This is mainly related to 

dehumidification in the AHU’s to condition 

laboratory zones. The visual impression of high 

agreement is verified by a coefficient of 

determination of R²=0.91. 

 

Figure 6: Comparison of simulation results and 

measurement 

 

To predict heat loads in 2020 to 2050 with the given 

renovation rate, we used a functionality in TEASER 

to automatically retrofit buildings to a given 

renovation standard. Depending on the simulated 

year, a corresponding number of buildings are 

considered as retrofitted in the simulation. In this 

way, we determined heat load duration curves for 

pre-defined reference years (2020, 2030, 2040 and 

2050). Figure 7 shows the annual load duration 

curves in hourly time steps as well as the energy 

savings within the decades. Comparing 2020 and 

2050, 47% of heat demand could be saved with the 

given renovation rate. Even more important, the 

duration curves tend to flatten over the decades, 

leading to a higher relative share of base load. The 

shape of duration curves influences the dimensioning 

of heating systems as Combined Heat and Power 

units (CHP) that work efficiently and economic in 

base load without start-ups and shut-downs or part 

load operation. 

 

Figure 7: Annual load duration curves 

CONCLUSIONS AND FURTHER 

APPLICATIONS 

The presented use cases gave an overview of some of 

the capabilities and possible applications for AixLib 

as a model library for building performance 

simulation on scales from a single building to urban 

districts. While the first use case showed, how the 
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more detailed building model can be used to 

investigate control strategies like Demand Side 

Management in a building, the second use case 

demonstrated the applicability of AixLib’s low order 

model for scenario analyses regarding the dynamic 

heat demand of a district. 

In addition to the presented use cases, AixLib is 

continuously used in different research projects, 

resulting in new models and functionalities being 

added to the library. Currently, some key areas of 

development include improved methods to 

automatically generate models for urban energy 

systems, the addition of further component models, 

the modeling of exergy losses as well as the modeling 

and evaluation of new control strategies for building 

and district energy systems. 

In combination with TEASER, we plan to further 

integrate our urban energy and building stock models 

into the Urban Energy Modelling research field and 

extend our approaches for statistic parameter 

estimation. This goes hand in hand with the activities 

within the Annex 60 regarding the development of 

adaptive ReducedOrder models with a flexible 

number of wall elements and variable spatial 

discretization of these wall elements. These new 

models will extend the existing LowOrder 

calculation core in AixLib and allow smooth 

variations of the model’s order. 

In addition to TEASER, further workflow automation 

tools for urban energy systems modeling are planned 

for upcoming open-source releases. This includes the 

Python packages uesgraphs and uesmodels. While 

uesgraphs aims at providing an open graph model 

framework to describe different network contexts 

within an urban energy system, uesmodels contains 

methods to automatically create Modelica models for 

district heating and cooling networks based on 

AixLib components. In combination with building 

models from TEASER output, this approach allows 

for creating dynamic system models of urban energy 

systems with significantly reduced manual effort. 

Also, as presented by Stinner et al., 2015, we 

currently work on alternative implementations of 

thermal energy system models using a newly 

developed connector. These implementations focus 

on energy flows instead of mass flows and feature 

high user friendliness (“plug-and-play”). The aim is 

to use the same calculation cores for the actual energy 

system components while extending either standard 

fluid connectors in one variant or the developed plug-

and-play connector in the other variant. 
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ABSTRACT 

The transition of the German energy-system 

(German: Energiewende) is a big challenge for both 

energy-efficient construction and the existing 

energetic infrastructure. Buildings change from 

“consumer” to “prosumer” (prosumer means 

consumer and producer at once). This results in new 

tasks for all social disciplines. To take into account 

this development, new findings and solutions for 

energy- and building-concepts for the future have 

been worked out on one of the first real built Plus-

Energy Settlements in Germany. The extension of the 

observations from single buildings to settlements and 

districts plays an important role. Moreover the 

interdisciplinary research results show clearly that the 

transition of the German energy-system with 

technology alone is not feasible. The users play a 

crucial role and must at all times be taken into 

consideration.  

INTRODUCTION 

The energy-efficient construction of buildings in 

Germany since the 1970s has been a continuous 

development, which is reflected both in the tightening 

of legal requirements as well as new building 

standard definitions. The year 2002 was a milestone 

for energy-efficient construction in Germany and 

Europe. The building directive "Energy Performance 

of Buildings" (EPBD) of the European Union and the 

Council drew massive changes in the approach to 

buildings. The introduction of the German Energy 

Saving Ordinance (EnEV 2002), which was called for 

in the EPBD from 2002, represented an important 

step towards the holistic view of buildings. Until 

then, the building and the technique for providing the 

necessary heat supply were seen separately. Due to 

EnEV, the interaction of construction and the energy-

system; energy efficiency was placed in the focus for 

the first time. 

In the current version of the EPBD of July 08, 2010, 

the mandatory requirement for “nearly zero energy 

buildings” (NZEB) for all new buildings from 

January 01, 2021 was firmly anchored. The European 

Union determined that the buildings must have a very 

high energy performance and nearly zero energy 

needs which are covered if possible exclusively from 

renewable energy sources and best locally. The 

demand for the NZEB is the next logical step. While 

the combination of buildings and technical equipment 

was completed by the first version of the EPBD, the 

holistic view of building- and supply-concept are 

addressed in the current EPBD. This includes on the 

consumer side, in addition to the energy use for heat 

supply, all electrical needs. Moreover, in addition to 

reducing the energy demand by passive measures is 

also the self-supply with the on-site recovered 

renewable energy. 

The next logical step is to increase the overall energy 

efficiency with the use of synergies in the combine of 

buildings in settlements and districts. For example, 

shifts of production- and consumption-peaks can be 

done locally. In this way, the energy use and 

production behaviors are "smoothed" and the 

surrounding supply structure relieved by the 

reduction or even complete avoidance of feed- or 

demand-peaks. 

The building sector took an elementary change with 

the introduction of energy-efficient construction. 

Now, the energy-efficient construction of buildings is 

itself at a crossroads of major changes . 

MOTIVATION 

“Securing a reliable, economically viable and 

environmentally sound energy supply is one of the 

great challenges of the 21st century.” (BMWi 2010) 

In order to create the desired "Energiewende" in 

Germany until 2050, the “Energy Concept for an 

Energy+-settlements and -quarters – definition, planning, operation, monitoring and certification
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Environmentally Sound, Reliable and Affordable 

Energy Supply" was launched in 2010. (BMWi 2010) 

The building sector is an important part of the 

"Energy Transition" because buildings are 

responsible for nearly 40 percent of the whole of 

energy consumption. (EPBD 2010) The demand for 

the NZEB poses additional challenges for the 

building sector . 

Currently, the view of building focuses mainly on the 

thermal energy demand. Exploiting the passive ways 

of reducing energy consumption (passive house) 

making new paths necessary to improve the energy 

performance of buildings. There is active power 

generation equipment for use, provided by available 

locally renewable energy sources, electrical and 

thermal energy. The self-generation requires a whole 

new way of looking at energy supply concepts for 

buildings. Why reduce the energy demand with 

passive measures to the extreme when enough 

renewable energy for self-supply are at the location? 

Rather, it is useful to coordinate the active and 

passive measures with each other to strive for the 

energetic optimum over the entire life cycle. In 

addition, the sinking thermal energy demand and the 

requirement for a very high overall energy efficiency 

of buildings engages the electrical energy demand for 

the operation of the building in the focus. A separate 

analysis of electrical and thermal energy will no 

longer be effective in the future. 

The change of buildings away from the "pure 

consumer" to the "prosumer" both internally and 

externally, predicts an exciting future for the energy-

efficient construction. The goal seems dictated by the 

statutory provisions. But the road is varied due to the 

new technical possibilities. The model homes from 

(Voss et al 2011, Fisch et al 2012, Hegger 2013) 

demonstrate that it is technically possible to construct 

buildings that in the course of a year produce more 

energy than they consume. This development has not 

yet arrived in the everyday construction process and 

makes the viewing of buildings in connection with the 

entire infrastructure necessary. The surpluses 

represent for the supply networks an additional 

challenge, since these are not designed for the 

decentralized supply of variable energy flows from 

renewable energy sources. For this purpose, efficient 

facility and building concepts act as a "battery" and 

ensure the balance between production and 

consumption peaks. (Synwoldt 2013, Taphorn 2013, 

Herkel et al 2014) Settlement- and district-concepts 

for this case are of particular importance. (Erhorn-

Kluttig et al 2011) 

Another important aspect is the involvement of the 

user in the energy contemplation of buildings . The 

better the energy standard of a building, the more 

important is the user behavior. (Richter et al 2003) 

The building and the technical equipment therein can 

achieve ambitious energy targets only if the user 

accepts a certain amount of "heteronomy" by used 

measurement and control technology (German: Mess-

, Steuer- und Regelungstechnik (MSR) ) and the 

engineering systems are understood and used in the 

right way. However, this is only possible if the user is 

aware of his own behavior. Therefore the use of 

information and communication tools is an almost 

indispensable element of modern buildings. 

The planning, construction and the energy-efficient 

operation of settlements and neighborhoods is in 

increasingly higher needs for all involved in 

construction. Width-ready planning and valuating 

tools are currently not able to take into consideration 

all relevant factors for future buildings. However, this 

will be necessary to allow for the planning reliable 

forecasts about the energy behaviour in the use phase. 

(Van Treeck et al 2014) The comparison of targeted 

values with the measured energy consumption figures 

provides important options for the future. For this 

purpose, in addition to the development of 

appropriate calculation tools a method is required 

that enables entire and adequate accounting of 

settlements and districts throughout the whole life 

cycle. To ensure energy-efficient operation of the 

technical equipment in use, operation optimization 

plays an important role. (Plesser et al 2010) 

GOALS 

The current changes in the environment and the new 

challenges for energy-efficient construction make 

completely new approaches in the development of 

sustainable energy supply concepts for buildings 

necessary . Therefore the following research question 

for the work presented asked: 

What do energy supply concepts for settlements and 

districts of the future look like and what factors must 

be taken into consideration so that they are able to 

contribute to the “Energiewende” and thus to achieve 

Energy+-settlements and -quarters – definition, planning, operation, monitoring and certification
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the objectives of the energy concept of the federal 

government? 

The goal is to answer this question and to develop an 

independent standard definition in the general 

principles for energy supply concepts of settlements 

and districts. Here all the current building standard 

definitions and the European Union (EU) 

requirements for the NZEB standard are respected 

and these increases the view from the individual 

building to settlements and districts. 

In order to support the multiplication of modern 

supply concepts for settlements and districts, we need 

solutions that allow the prompt implementation in 

practice. The development of such implementation 

approaches represents a fundamental objective of this 

work. In addition to the planning process, the 

subsequent operation and possibilities to optimize the 

energy result will also be addressed. 

The potential of the electrical and thermal self-

generation and the various uses of the provided 

energy make a completely new way of looking at 

future supply concepts necessary. Which energy 

flows must be given special consideration and the 

context in which they relate to each other were also 

developed as the impact of the changed conditions on 

the overall energy system of the settlements and 

districts. 

The better the energy standard of buildings, the 

greater the influence of the user on the energy result. 

(Richter et al 2003) For this reason, special attention 

should be paid to the user awareness.  

With current accounting methods, it is impossible to 

evaluate supply concepts for settlements and districts. 

The comparison of planning and measurements is 

currently neither possible nor planned. Self generated 

energy can be credited only to the extent of its own 

energy needs. The achievement of a valuate energy 

surplus is not envisaged in the EnEV. However, all 

these points are necessary to accounting settlements 

and districts in terms of energy comprehensively. To 

account for the above-mentioned aspects in this work, 

an accounting procedure was developed which makes 

a comparision of the calculated values and 

measurements of settlements and districts possible. 

They take place almost entirely in accordance with 

established procedures, but surpass the quality of 

previous processes in their combination. Electrical 

and thermal energy supply systems should also be 

given attention, such as the ability to achieve a 

accounting energy surplus. Another objective is the 

comparison of implementation variants. 

RESULTS 

The results of the presented work were derived 

largely from the knowledge gained from the research 

project "Plusenergiesiedlung Ludmilla-Wohnpark in 

Landshut", which was one of the first Plus Energy 

Settlements created in Germany from 2009 to 2010 

and scientifically studied from 2010 for four years. 

The energy-efficient construction stands by the 

requirement of NZEB-standards is one of the biggest 

challenges. Buildings are currently primarily seen as 

a thermal energy consumer. The sinking thermal 

energy demands make it inevitable to consider the 

electrical energy needs in the future. Electric and 

thermal energy can no longer be considered 

separately. However not only the energy needs, but 

also the supply of energy from renewable sources 

pose challenges. Buildings converted from 

“consumer” to “prosumer” places new challenges on 

the surrounding energy infrastructure. The building 

can not be considered alone, but must in conjunction 

with the infrastructure. Thus, settlement and district 

concepts must get special definitions in the future, 

because they allow the use of the potentials in the 

energy network of producers and consumers and at 

the same time relieve the energy infrastructure. 

The current development of energy-efficient building 

away from "consumer" to "prosumer" makes it 

necessary to adopt new approaches. To meet this 

process, the term "Energy⊕" was introduced and 

defined in this work. Energy⊕ does not claim to be a 

new building standard! Rather Energy⊕ aims to unite 

all current building standards and to link the relevant 

social and technical areas of building together. The 

view is extended from settlements and districts to 

single buildings. All electrical and thermal energy 

flows including their own generation and the 

necessary fuel use need attention. All supply systems 

that provide heat and/or electricity from renewable 

energy sources, with the exception of heating and 

power plants, are Energy⊕ concepts. Here, Energy⊕ 

is not limited to the construction of new residential 

buildings. The implementation of renovations and 

non-residential buildings as Energy⊕ are possible and 
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recommended. The self-production enables 

completely new solutions for supply concepts. 

Alternatively or in addition to the pure thermal 

demand reduction through passive measures the 

efficiency of the overall system could be increased by 

active measures. For Energy⊕ there are no limitations 

in the choice of fuels used. Furthermore Energy⊕ 

demands do not go beyond the EnEV insulation 

standard. By integrating the embodied energy and 

electric mobility, buildings are more than energy 

consumers in everyday use. Importantly this is a first 

step in establishing a holistic approach and offers 

opportunities for the use of synergies.  

There are various possibilities for implementing 

Energy⊕ supply concepts. Thus, the reduction of the 

heating energy demand by passive measures is 

important but not the only alternative for Energy⊕ 

supply concepts. Rather, the self-generation and 

exported surpluses allows a more diverse perspective. 

A higher energy need for the building operation and 

the associated savings in embodied energy can be 

useful if the necessary energy is covered from 

renewable sources themselves or they accounted by 

exported surpluses. The energy provision of heat and 

electricity makes the consideration of all relevant 

areas necessary. This includes the energy production 

as well as the heat-distribution and the use of storages 

beyond the required auxiliary energy. Factors like the 

location, the building physics and above all the user 

behaviour must be given attention. While the 

combined production of heat and electricity with co-

generation heat and power generator (CHP) offers an 

interesting possibility, especially the hot drinking 

water (DHW) distribution network which needs 

special attention because of the high operating 

temperatures and the associated heat losses. Electrical 

and thermal energy storage systems become an 

important role in Energy⊕ supply concepts both from 

an energy and economic point of view. Supply and 

need, especially in the use of renewable energy 

sources, often do not match. Through the use of 

storages the shift of energy flows are possible and 

thus enables high own-use and own-coverage levels. 

But only with the right operating characteristics, 

complex supply concepts reach their full efficiency. 

Therefore, optimizating operations represents an 

almost indispensable tool. The savings potential are 

enormous. This fact is underlined by the results from 

the optimization operation on the district heating 

network of the Ludmilla-Wohnpark in Landshut 

(LWP) which reached energy savings of 20 percent 

for heat supply and 50 percent on auxiliary energy. 

In Energy⊕ objects have various options to satisfy 

both need coverage and energy use. The coverage of 

energy demands may be completely or partly from its 

own generation. The technical realization of the 

energy demand coverage for the thermal and 

electrical energy can be very variable for different 

concepts. The same applies to the use of self-

generated energy. It can be even used completely or 

partially or be used to account balance for the supply 

out of public supply networks. However, the self-use 

should always take precedence over the export. The 

highest possible own-use and own-coverage levels 

should be the aim to reduce the energy import to a 

minimum level. Storage have a positive influence on 

this.  

Through the export of electric and thermal surpluses 

a accounting compensation of the energy supply is 

possible. The complete compensation of the electric 

energy needs is not required, but should be pursued 

under the existing technical and economic aspects. 

User behavior has a enormous influence on the 

overall energy balance of settlements. But the energy 

behavior of people is as varied as the people 

themselves. The investigated metrics from the LWP 

clearly show, that deviations in the energy user 

behaviour of ±100 percent and in extreme cases even 

+150 percent or more from the average value are 

possible. The influence of the user increases with the 

improvement of the building quality. In addition, as 

the influence of extreme energy consumers rises, the 

less flats the supply concept includes. Thus, a reliable 

prediction of the real energy consumption in the 

planning phase is not possible. In order to make 

statements under statistical probabilities on the 

energy demand, generic user classes must be 

developed. Energy-efficient buildings and systems 

can use their full potential only when they are used 

correctly. To facilitate a positive influence on user 

behavior, the basic understanding and the 

expectations as well as the attitudes of users towards 

energy efficient buildings have been developed by 

social science studies. Occupants of energy efficient 

buildings should be well aware of their influence on 

here own energy consumption. However this is 
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greatly underestimated. Potential is seen primarily in 

electric and less in thermal energy consumption. 

Comfort is more important than energy saving. The 

monetary aspects are the focus, less than the energy 

savings itself. This fact is especially for Energy⊕ 

objects of special importance, because the own power 

supply significantly reduces the cost of energy 

purchases and additional money can be earned 

through the export of energy surpluses. Through 

energy-conscious behavior, saving of 5-25 percent is 

possible. To take full advantage of these savings, user 

awareness is of particular importance. It is possible to 

use different tools. Very important is the initial 

instruction of users on the existing building, 

supported by information events, user guides and 

manuals. 

However, the influence of the behavior is only 

comprehensible to a user, if he understands the 

consequences of his behavior change. This is possible 

through the use of visualization tools such as the 

realizied "online visualization of energy 

consumption" (O-ViVE) developed by the author as 

part of the research activity. O-ViVE allows not only 

the assessment of their own behavior but beyond to 

the comparison with the average of all users. By 

forming an average value for a settlement the data 

protection can be ensured. Furthermore it is possible 

to compare one's own consumption with a 

benchmark. By coloring after traffic light principle, 

the comprehensibility is garanteed . The explorations 

out of the work studies show, depending on the user, 

that savings of 15-25 percent can be realized by 

consumption visualization with large-scale use. 

Regarding the energy-efficient building itself, the 

building energy accounting and valuation is facing 

serious challenges. In the process, according to 

EnEV, only single buildings are adressed. Also 

achieving a negative energy balance is currently not 

possible. The accounting and valuation of settlement- 

and district-concepts with the aim of an energy-

surplus is currently not feasible. The developed 

process for Energy⊕ objects makes in three 

consecutive steps; the consideration of building 

operation, the comparison of energy consumption and 

energy output for the entire system. It is also possible 

to compare different implementation variants for 

Energy⊕-concepts by using the "Energy-Certificate⊕ 

for Energy⊕-settlements and -districts" in the 

planning and operation. In addition to the energy 

balance the electric own use and own coverage as 

well as the embodied energy will be considered for 

the overall system. More accounting options were 

examined on their current and future usefulness. One 

year has been set as the accounting period and as the 

system boundary the surrounding plot of the 

settlement or the district are defined. The assessment 

is carried out for both final and primary energy. 

"Energy⊕ Efficiency Classes" and the "Efficiency 

House⊕" were introduced as well as the "Efficiency 

Class Diagram" to compare implementation variants. 

To guide the user to influence his positive behavior 

and to encourage the planners adopting realistic 

planning values, the comparison of planning- and 

measurement-values as a kind of "building-TÜV" 

must be obligatory. The users are encouraged to 

sustainable use. In this way rebound-effects will 

counteracted.  

CONCLUSION 

The findings in this study allow for the statement that 

Energy⊕-settlements and -districts can make a big 

contribution to the future energy supply in Germany 

and beyond. Beginning in 2021 all new buildings 

must meet the NZEB. Therefore, the implementation 

of new construction projects such as Energy⊕ 

concepts must already be the declared goal. 

However, the overall energy situation in Germany 

and Europe should never be disregarded. Normally 

the produced electric surpluses are from solar 

radiation. The export is very uneven as a result of 

seasonal and daily fluctuations. Furthermore, the 

conformity of consumption and production is rarely 

identical.  

Thus current conventional power plants are operated 

to regulate times with low energy supply out of 

renewable. Times when the renewable electricity 

significantly exceeds the current energy consumption 

also create problems. Currently, the surpluses are 

reduced among other countries by exporting to the 

networks of European neighbors. This is in the long 

run, however, no solution, especially in terms of 

future growth of renewable energy. Expanding the 

distribution and building of more storages will create 

the infrastructural opportunities to adjust the 

regenerative power to the power consumption. 

However, the users can play their part, by adapting 
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their energy demand for the supply of the renewable 

energy sources. 

In areas where there are already high fluctuations in 

the network, the problem is enlarged by surpluses 

from Energy⊕-settlements and -districst. For this case 

Energy⊕ concepts offer a possible solution with the 

possibility of partial or even complete power self-

sufficiency, through the use of storage and variable 

power generation systems such as CHP. Through the 

intelligent use of the available storages, the 

regenerative production peaks can be reduced or 

maybe completely prevented. Theoretically, a 

purchase from the public network would be possible 

at peak times. This could even be an economic 

model, because a negative price arises at peak times. 

Thus, it might be sensible not to operate their own 

power generation and instead utilize external energy. 

Furthermore, an agreement with the public network 

operator could be made that agrees to separate the 

settlement or the district from the mains in times of 

high demand. For this purpose, the settlement or 

district must be able to guarantee an autonomous 

energy supply for this time. Energy⊕-settlements and 

-districts could provide balancing energy as an energy 

storage, thus helping to equalize production and 

consumption peaks. A settlement or district alone can 

not fulfill this function. However, if in the future, all 

new and renovated buildings will impliment the 

Energy⊕ concepts and the communication with each 

other is made possible (smart grid), this approach 

may be a fundamental part of the German energy 

transition. The cost of balanding production and 

consumption would be distributed on many shoulders 

in this way. 

If Energy⊕ concepts are to represent the standard of 

technology for the supply of settlements and districts 

in the future, they must be technically mature, operate 

on the energetic optimum and be architecturally 

appealing. To be successful integrated planning must 

not only be an empty word, but a living reality. In 

addition to the technical and economic aspects, in 

particular the social aspects need to be considered. 

The energy transition can only be achieved if it is 

accepted and supported by the people. 
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ABSTRACT 

The effective energy consumption of buildings in operation often differs a lot from the predicted energy 

performance. This phenomenon is pervasive enough that it meanwhile has its proper name: the “Performance 

Gap”. The reasons for it are numerous and well known: Assumptions that do not correspond to reality, applied 

models that are not adequate or measurements that are not accurate enough. But this does in no way mean that 

overcoming the performance gap is not possible or not payable. The remaining challenge is rather not to further 

develop the available methods and tools, but to use the existing technologies adequately and to effect the 

necessary paradigm change from standard based to monitoring based energy performance certification. Cases 

from today’s practise show that – with payable effort – it is possible to create whole building models matching 

perfectly with measured reality. Nonessential details are simplified, but all essential dynamic interactions and 

states of the investigated systems are considered. Such cases are no singularities any more, but represent the 

mainstream in state of the art of building planning practice, that absolutely goes in the right direction. 
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ABSTRACT 

 

New analytic expressions have been developed to 

determine the thermal resistance between the heat 

pipes and the interior air. The expression accounts for 

the distance between the pipes, the depth and the 

surface resistance (including inner cladding). 

Comparisons with numerical calculations are 

presented. Combined with analytical expressions for 

the ground heat losses of buildings without floor 

heating (Hagentoft 1988, Claesson et. al. 1991), (ISO 

EN 13370), handy formulas for the performance can 

be presented.  

 

INTRODUCTION 

 

In recent years the demand of floor heating systems 

have increased in Sweden. This is caused by the fact 

that floor heating is potentially giving a good indoor 

comfort. Another reason for the increasing demand is 

that some of the suppliers of the systems claim that 

the systems are energy saving, although under the 

condition that the indoor air temperature is reduced.  

A slab on grade with floor heating do give higher 

heat loss to the ground in comparison with a slab 

without floor heating. The reason for this is that the 

slab with floor heating has higher temperature and 

this increases the heat loss.  

 

In earlier studies (Roots, Hagentoft,2000,2001,2002), 

a global performance factor has been introduced in 

order to calculate the fraction of heat released to the 

interior, the beneficial part. The performance factor 

gives the opportunity to evaluate how the energy use 

in a building is affected by a floor heating system. 

The global performance factor is based on the 

relationship between the thermal resistance above and 

below the heat source.  

 

In the Swedish floor heating practice, it is quite 

common to use wooden flooring (parquet flooring) on 

top of the concrete, which together with the surface 

resistance gives a substantial total surface resistance.  

 

When calculating the feed forward temperature in a 

floor heating system the heat flow density is required 

for the building. The EN-1264 standard is based on 

the fact that the released heat to the indoor air in a 

concrete slab on grade can only be calculated by 

simulating the foundation in a  program that solve the 

general heat equation. In the simulation, it is also 

assumed that the extra heat loss to the soil beneath 

the slab is 10 %. In Sweden this is not accurate 

anymore for new buildings. The foundation insulation 

thickness is normally 0,3 m or more.  

 

In this paper, an alternative analytic calculation 

method for the feed forward temperature in a floor 

heating system is presented. The method is based on 

that the thermal resistance between the heating pipe 

and the indoor air is constant. The result shows that 

there is a possible to use an analytic expression for 

the calculating of the feed forward temperature in a 

floor heating system in the stationary case. The case 

represents the average condition, which according to 

(Karlsson, 2010) is sufficient in order to control well-

insulated buildings.  

 

HEAT FLOW TO THE INTERIOR FROM 

THE PIPES 

A slab on grade with floor heating has been 

numerically simulated with different numbers of heat 

pipes with same temperature, se Figure 1. The pipes 

are positioned in the middle of the concrete layer.  

 

 

The calculations are done in accordance with ISO EN 

13370. The simulations are done starting with one 

pipe to the left, at the edge beam, and adding more 

pipes to the right, with a given fix distance. The result 

in Figure 2 shows that the heat flow to the interior is 

increasing linearly with increasing number of heat 

pipes. It can be shown that same results is also 

approximately correct if the insulation was replaced 

with soil, i.e. corresponding to a concrete slab 

directly on the soil. 
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Figure 1. Slab on grade with floor heating and 
different numbers of heat pipes. The thermal surface 

resistance is ms (m2K/W) and the interior 
temperature is 0°C. At the edge, where the wall 

stands on the slab, the surface is adiabatic (q=0).  
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Figure 2. Total heat flow to the interior from the 

pipes. The surface thermal resistance between the 
slab surface and the interior is ms (m2K/W). The 
number of heat pipes is varying between 1 and 9. 

 
Why do we have this behavior? Each new pipe seems 

to add the same amount of heat flow to the interior. 

The far most pipe to the left, at the edge beam, and 

the one far most to the right are exposed a bit 

differently to the surroundings, while the pipes in 

between face the same conditions. So when adding 

one more pipe we get a constant addition to the heat 

flow. Figure 3 shows the numerically calculated 

isotherms around the heat pipes, which are very 

similar for all pipes, except for those at the 

perimeters. 

 
Figure 3. Simulated isotherms for the foundation 

presented in Figure 1.  
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Figure 4.   Pipes in a semi-infinity domain divided 

into two cases by using the principle of 
superposition. The temperature in the pipes in case I 
is Tm. In case II the temperature in each pipe is equal 

to the temperature difference, Ti, from the mean 
temperature in case one.  
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The thermal resistance between a pipe and the 

interior is basically independent on the thermal 

resistance below the pipes. The simulated released 

heat to the interior, for the case shown in Figure 3, is 

4.7705 W/m when the material below the concrete 

slab consists of thermal insulation with the thermal 

conductivity of 0.04 W/mK, and thickness 0.3 m. 

When instead the material below the slab only 

consists of soil with the thermal conductivity of 2 

W/mK, the released heat to the interior is 4.7044 

W/m. The difference between the cases is small (1.4 

%). The same results are achieved for other similar 

cases. This means that the thermal resistance between 

the heat pipes and the interior is basically only 

depending on the material that embeds the heat pipes 

and the slab surface conditions. 

 

THERMAL RESISTANCE BETWEEN 

PIPES IN AN ARRAY AND THE 

INTERIOR 

 

In order to determine the thermal resistance, a 

theoretical model for pipes in a semi-infinite domain 

is used. By using the principle of superposition the 

thermal process can be divided into two cases, see 

Figure 4. The pipe has the distance D from the 

surface of the soil to the center of the pipe. The 

distance between the pipes is c (m). The surface 

thermal resistance is ms (m2K/W). 

 

 

In case II in Figure 4 the temperature deviation from 

the mean temperature is illustrated for a linear drop 

of temperature along the whole pipe. This gives a net 

heat flow to the interior equal to zero. Even for a 

nonlinear temperature drop along the pipe, the 

analysis of the case with the average pipe temperature 

is sufficient. 
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Figure 5. The heat flow, qi, from the pipes to the 
interior air caused by the temperature difference Ti.  

 

THERMAL RESISTANCE FOR A 

SINGLE PIPE 

 

For a single pipe in a semi-infinite heat flow domain 

(x-horizontal, z-vertical downwards) the temperature 

becomes (Claesson et al 1983): 
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The heat flow from the pipe is q (W/m). The thermal 

conductivity in the domain is denoted by λ (W/mK). 

Re represents the real value and i the imaginary unit. 

 

The temperature at the circumference of the heat 

pipe, with the exterior radius equal to R (m), in a 

semi-infinite homogeneous material layer, shown in 

Figure 6, can be calculated from the following 

expression:  
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Figure 6. A heat pipe in a semi-infinite domain. 

 

 

The thermal resistance, m, between the pipe and the 

surface is then: 
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The first term 0m in (3) represents the case with no 

surface resistance.  
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THERMAL RESISTANCE FOR A 

SINGLE PIPE IN AN INFINITE ARRAY 

OF PIPES 

 

According to the results in Figure 2, each pipe 

contributes equally to the heat flow to the interior. 

The situation can be theoretically modeled using strip 

domains with adiabatic surfaces and with a single 

pipe in the middle, see Figure 7.  
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Figure 7. The theoretical model is based on that the 

domain is divided into strips with equal width and 

with adiabatic surfaces at the strip boundaries. 

 

The temperature of the pipe in the middle is affected 

by all the others pipes (or it can be interpreted as heat 

reflections at the strip boundaries). The temperature 

in Equation (2) will therefore be corrected by taking 

into account the influence of the other pipes: 

 

pTRTRT  )()( 0                       (4) 

 
The last factor on the right hand side represents the 

influence that the other pipes have on the pipe in the 

middle. By summing up all these disturbances from 

the surrounding pipes we get: 
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The thermal resistance becomes:  

** mmm o                                                (6) 

Using the formula for an infinite array of heat sources 

without surface resistance (Claesson 1983), i.e. the 

summation of logarithms, we get: 
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The first term *
0m in (6) represents the case with no 

surface resistance.The formula is known from e.g. 

(Holman, 2010). 

 

EXAMPLE 

 

The analytical formulas are validated against 

numerical simulations using the program HEAT2 

(Blomberg, 1996) on the problem defined by Figure 

8. 
Ti=0

Tp=1

ms

Tb=0

Soil

Insulation

Concrete

c

dT

dn
=0

dT

dn
=0

n̂

 
Figure 8. The theoretical model in the case with 

surface resistance. The interior temperature, Ti, is 0 

°C, the temperature at the bottom, Tb, is 0°C and the 

temperature in the pipe, Tp, is 1°C. All other surfaces 

is adiabatic. The space between the heat pipes is c. 

 

 

 
Table 1: Input data for simulation of the thermal 

resistance in the program HEAT2. 

      (W/mK)  Thickness (m)   
Concrete   1.7       0.1    
Insulation 0.04       0.3   
Soil    2.0   10 
    
c (m)                 0.1-0.3 
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The comparison, between the analytical formula and 

the results from the numerical simulation, shows a 

very small difference of maximum 2.6%. See also 

Figure 9.  
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Figure 9. The thermal resistance between one of the 

pipe and the interior. The presented results is based 

on simulation (sim) with the program HEAT2 and 

calculated (eq) with equation (7) according to the 

strip case presented in Figure 8. The space, c, 

between the heat pipes is varying between 0.1 to 0.3 

m. The thermal resistance of the surface, ms, is 

varying between 0.1 to 0.5 m2K/W. 

 

 

The result is compared with a complete foundation 

construction as in Figure 1. The average pipe thermal 

resistance, with 9 heat pipes and varying space c, is 

shown in Figure 10. 
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Figure 10. The thermal resistance between the heat 

pipe the ground calculated (equation) and simulated 

(with HEAT2) surface according to the case 

presented in Figure 1. The thermal resistance of the 

surface, ms, is varying between 0.01 to 0.5 m2K/W. 

The distance between the heat pipes is varying 

between 0.1 to 0.3 m. 

 

The error of the pipe thermal resistance is less than 

7%. The error is greatest for the case with shortest 

distance between the pipes and the lowest surface 

resistance.  

 

The results show that the equation can be used to 

calculate the thermal resistance between the heat pipe 

and the interior air with great accuracy, at least for 

the analyzed cases with rather small surface 

resistances, representing floor covering with small 

thicknesses. 

 

MAXIMUM SURFACE TEMPERATURE 

FOR AN INFINITE ARRAY OF PIPES 

 

In order to keep the surface temperature controlled 

we need to know the maximum one. The highest 

increase in the surface temperature, ΔT, due to the 

pipes is found right over one of the pipes (x=0,z=0). 

It becomes: 
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The first term represents the surface temperature for a 

single pipe in a semi-infinite domain. 

 

DESIGN RULES 

 

Now we can write down the general formulas for 

dimensioning a floor heating system. 

Assume that the following building heat demand for 

the floor heating is equal to Q (W), and the total 

length of the pipe is L (m), we have: 

 

L

Q
q               (9) 

With a specified total, approximately linear, 

temperature drop along the pipe of ΔT (=Tf-Tr), the 

feed forward temperature becomes: 

2

T
mqTT if


                (10) 

This formula needs to be altered in order to cover 

non- linear temperature drop along the pipe. 

 

Using the performance factor η (-) for the floor 

heating (Roots, Hagentoft 2005) we have total heat 

flow from the pipe equal to: 



Q
Qtotal                (11) 

Where 
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)(1



D

mU s               (12) 

Here, U (W/m2K), is the U-value of the foundation 

(From interior to exterior). It can be found from 

(Hagentoft, 1988) or (ISO-EN 13370). 

 

For the case when the floor is covered by a material 

layer and we need to determine the increase in the 

surface temperature on top of this (the surface in 

contact with the interior air) we get: 
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s                                              (13) 

 
Here, msi (m2K/W) represents the surface heat 

transfer resistance between the interior and the floor 

surface. 

 

With a fluid specific heat capacity of cf (J/ kg °C) and 

a density of ρf (kg/m3) we get the following 

requirement for the fluid volumetric flow rate 

fm (m3/s): 

 


)( rfff
f

TTc

Q
m                (14) 

 

CONCLUSION 

 

This study has shown that simple handy design 

formulas, based on analytical solutions, can be used 

for well-insulated foundations with small floor 

surface resistances. The formulas can handle both the 

dimensioning of the maximum surfaces temperature 

as well as the flow rate determination. 
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ABSTRACT 
In a chapel wall paintings are deteriorating for years. 
The paintings have started to crack and peel off from 
their background. There were indications about 
expected high groundwater levels due to a nearby 
lying Selzer creek and its flooding. In the past two 
years several climate conditions in and around the 
chapel have been measured. The chapel has been 
modelled with a multi-zone model for heat and 
vapour flows in a building giving boundary 
conditions for the walls and foundation finite element 
model. The course of rising moisture was 
investigated. The results show that rising moisture 
nearly always takes place.  
 

INTRODUCTION 
The interior of Saint Catherine’s Chapel in Lemiers 
was painted by the artist Hans Truijen in 1977-1978. 
The paintings show Truijen’s interpretation of the 
Christian story of creation and the life of Christ. Parts 
of the wall paintings have been significantly 
deteriorated because of moisture problems in the 
church. The aim of this study is to provide 
environmental data that would help explain the 
deterioration of the wall paintings and to give 
recommendations on how the indoor climate in the 
church can be improved. For a period of two years 
continuous measurements have been performed on 
the outdoor and indoor climate conditions as well as 
the microclimate conditions close to the walls. In 
addition, instantaneous measurements of the moisture 
content of the walls have been carried out. 
Furthermore, hygrothermal building simulation 
models of the church have been created to derive heat 
and moisture sources in the building. With help of 
these models, sustainable strategies have been 
investigated to diminish the moisture problems in the 
church. 

The building 

History 
Saint Catherine’s chapel is a hall church in 
Romanesque style. It dates either from the second 
half of the 11th century or from the 12th century. 
Among the foundations are remains of an even older 
building, probably from the 8th century, the time of  

 
Charlemagne. The choir was added in either the 13th 
or 14th century, possibly in 1350, when the building 
was consecrated to St. Catharine. Until then the 
chapel has belonged to the nearby situated castle.  
As a whole, the building is the only complete 
surviving example of the earliest type of stone 
churches known in the Netherlands, a one-aisled 
building without a tower (Figure 1). Despite its later 
addition, the rectangular closed choir is typical for 
these earliest churches as well. 
The building has undergone several changes: in 
1648, the choir was heightened and vaulted and the 
small turret was added to the roof. In 1683, the small 
windows were enlarged. In 1893-1897, after a new 
church was built in the village, the chapel was closed 
and restored by P.J.H Cuypers, who reconstructed the 
small windows and closed the large ones. In addition, 
the entrance in the south wall, which had been closed 
with brick, was reopened while the entrance at the 
north side, which dated from the 17th century, was 
closed. The building was registered as a Dutch state 
monument in 1967. On request, the chapel can be 
visited by a guided tour and is occasionally used for 
events. 
 

 
Figure 1. The exterior of the church of Lemiers  
(Source: nl.wikipedia.org 2012). 

Building Environment 
The church is located in Lemiers, in the municipality 
of Vaals (Limburg), at coordinates 50.47° latitude 
and 5.59° longitude (Figure 2). The church was 
probably built on the site of a former religious 
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building. The surrounding buildings in the street are 
low-rise buildings, so these building do not form 
obstacles for the entering of daylight. However, trees 
at the north side of the church and the nearby 
building at the west side block the entering of 
sunlight during a few hours in the afternoon.  

 
Figure 2. Map of Lemiers, The Netherlands. The 

location of the church is indicated by a red dot, the 
flooding creek by a blue dot [Source: Google maps] 

Constructional analysis 
The typical ground plan of a church in Romanesque 
style is a basilica plan with three naves and a 
transept. Small rural churches usually consist of a 
longitudinal plan, oriented from east to west, with a 
simple central nave and an altar at the east side. 
The nave has a rectangular shape and has no side 
aisles (Figure 3). The ground floor in the nave 
consists of approximately 300mm sand, 100mm 
concrete and 27mm natural stone marble floor tiles. 
The floor of the altar has a surface uplift of 150mm 
with respect to the central nave floor. The floor is not 
thermally insulated.  
 

 
Figure 3. Ground plan of the church 

 
From the outside, the church is accessed through a 
door located on the south wall of the central nave. 
The door is made of timber and has a thickness of 
70mm. 
Inside the nave, a stair brings one to the choir. The 
floor of the choir consists of a timber construction 
with a total thickness of 185mm. The central nave is 
wider and higher than the altar. The crypt, a domed 
space of rectangular-shaped where the relics of the 
saints were kept, is located below the altar. It has a 
depth of 3.10 meters and a length of 2.80 meters. The 

estimated floor construction of the crypt consists of 
300mm sand, 150 gravel concrete and 150mm 
concrete.  
The central nave has a width of approximately 5.60 
meters and a depth of approximately 10 meters. The 
altar has a width of approximately 3.70 meters and a 
depth of approximately 5.40 meters. The internal 
wall between the central nave and the altar is made of 
masonry, is on both sides covered with plasterwork 
and has a thickness of 750 mm. 
The central nave has a barrel-vaulted roof 
construction, which replaced the original wooden 
roof for security purposes. The roof is composed of a 
series of semi-circular arches, which are reinforced 
by three transverse arches that divide the barrel-
vaulted in four equal sections. The external walls 
support the roof construction. The vault of the central 
nave is made of wooden beams that are fixed to a 
wooden construction. Two fan vaults, completely 
constructed out of stone, cover the altar.  
The vault of the central nave starts at approximately 
4.1 meters above the ground floor and its highest 
point is located at approximately 6.2 meters above 
the ground floor.  
The attic floor above the altar is made of plasterwork 
and natural stone and concrete. The vault of the altar 
starts at approximately 2.20 meters above the ground 
floor. The highest point of the vault is located at 
approximately 4.30 meters above the ground floor. 
The attic above the nave can be reached via the attic 
above the central nave. 
The main supporting elements of the church are the 
stone walls. The thick masonry walls provide a high 
thermal mass. The outdoor walls are free of 
adornments, the facade is very uniform, linear and  
crude and the stones are unpolished; these are all 
characteristic elements of the simple Romanesque 
style. 
The external walls of the nave are made of masonry 
with lime mortar; their thickness varies between 750 
and 900mm.  
 

 
Figure 4. Cross sections of the chapel 

For structural reasons, the windows had to be rather 
small. Moreover, the church served as a place of 
shelter, so there was also a need for the door and 
windows to be small. For this reason, the amount of 
daylight entering the church is very limited. The 
external walls of the nave contain 10 windows. All 
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the window panes are made of leaded glass and are 
divided in parts with frames made of steel. The 
windows contain blank single glazing. Only two 
windows can be opened for ventilation of the church: 
W2 at the south wall and W7 at the north wall. The 
windows of the central nave have a textile protection 
inside, probably to protect the painting from direct 
solar radiation. The furniture in the church is sober: 
some wooden benches and chairs are placed around 
the perimeter of central nave. There are several 
cracks present in these benches, which could be 
caused by unfavorable climatic circumstances at the 
time the church had warm air heating. A stone pulpit 
is located on the altar. The internal walls are covered 
with plasterwork, on which the famous frescoes of 
Hans Truijen were painted.  

MEASUREMENTS  
The measurements performed in this study have 
various objectives: one is to get a complete image of 
the current indoor and outdoor climate of the church 
and to relate these conditions to the deterioration of 
the wall paintings; the other objective is to provide 
data for the simulation model and to validate the 
outcome of the model. When the outcome of the 
model is in agreement with the measurements, the 
model will be used to answer a number of research 
questions. 
The measured parameters of this research can be 
divided into instantaneous and continuous 
measurements. Instantaneous measurements have 
been carried out for the moisture content of the walls 
and the groundwater level.  
Continuous measurements were taken of the 
following parameters: 

- Outdoor and indoor air temperature 
- Outdoor and indoor air relative humidity  
- Indoor surface temperature 
- Indoor surface relative humidity 
- Heat flux of external walls 
- CO2 concentration 
- Global solar radiation 

Moisture content of the walls 
The subsurface moisture content of the walls was 
measured by a digital microwave measuring tool.  
For measuring the moisture content, the measuring 
tool takes the relative high dielectric constant of 
water in comparison to the dielectric properties of 
other materials. For example, common sand has a 
dielectric constant of about 4 compared to the 
dielectric constant of water, which is about 80. So 
when a value of 80 is measured one can conclude 
that the material is fully saturated with moisture. 
However, this measuring tool is limited in its 
accuracy, since it can only measure up to a depth of 
300mm. The penetration depth is reduced further 
when the region near the surface of the wall is fully 
saturated with moisture or when water is dripping 
from the wall. On the other hand, the measuring 
device gives a clear indication of dry or wet materials 
at the surface.  

 
Figure 5. Damaged wall painting in the chapel up to 

about 1 m above floor level 
 
Measurements of the moisture content of the walls 
were performed twice: on October 26th 2012 and on 
the 4th of March 2013 (Muñoz, C.M. et al. 2013). 
These measurements were performed close to the 
floor, so at a height of approximately 0 meters, 
further on at a height of 0,5m from the floor and at 1-
meter height. The distance between the measuring 
points was approximately 1 meter. At the very first 
visit to the chapel, before the start of the research, the 
crypt was completely flooded: up to the entrance 
hatch. During the first measurements, the water level 
in the crypt was a few centimetres measured from the 
hatch of the crypt as can be seen in figure 6. During 
the second measurement campaign the crypt was dry. 
Figure 7 gives an indication of the average measured 
results. 
It can be noticed that the highest dielectric values 
were measured closely to the floor and in the wall 
above the crypt between nave and altar. In these 
areas the loss of wall paintings has also been severe. 
Furthermore, the measurements indicated rising 
moisture caused by high ground water levels. 

Groundwater level 
Apart from measuring the moisture content in the 
walls, the ground water level has been measured. At 
the north side of the chapel, closely to the corner of 
the nave and choir, a monitoring well has been 
constructed. Weekly measurements indicated high 
ground water levels. There was a small fluctuation in 
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the groundwater level, up to 10 centimetres. Yearly 
the level is quite steady-state around 75 centimetres 
below ground-level.  
 

 
Figure 6. Entrance of the wet crypt with a few 

centimetres of water at the bottom  
 

 
 

 
Figure 7. Indication of the averaged measured 

dielectric constant, representing moisture content in 
the chapel’s walls; the blue line indicates the mean 

groundwater level 

SIMULATION 
HAMBase 
The multi-zone hygrothermal building simulation 
model HAMBase (Wit et al. 2006) was used to 
calculate the indoor temperature (Ti) and relative 
humidity (RHi) inside the chapel as a result of the 
outdoor climate conditions, the building properties, 
the climate control system and the building use. 
HAMBase characterizes the indoor climate by 
uniform values for radiant temperature, air 
temperature and RH per zone.  
The HAMBase model of the church consists of three 
zones: the chapel, the attic and the crypt. The indoor 
climate conditions were first simulated for a constant 
ventilation rate per zone and without internal heat 
loads, additional vapour sources and heating plants. 
Secondly, the additional demands for (fictive) 
heating, cooling, humidification and 
dehumidification were calculated in HAMBase by 
setting the measured temperature and RH as set 

points for the minimum and maximum temperature 
and RH in the HAMBase model.  
A comparison between the measured and in this way 
simulated simulated indoor temperature, RH and 
humidity ratio in the chapel showed that the 
simulated temperature was slightly lower than the 
measured temperature. 

Inverse modelling 
Besides the use of HAMBASE, which is a forward 
modelling approach, a multi-zone model was 
developed using Inverse Modelling. Inverse 
Modelling is also called System Identification 
(Kramer R.P. et al. 2013).  
Inverse Modeling is the inverse of traditional 
modeling. In traditional modeling, the system is 
known and the output is unknown. By modeling the 
system, the output can be simulated. 
In Inverse Modeling, the output is known, e.g. 
measured, but little is known about the system’s 
parameters. The objective is to identify the parameter 
values of the model by repeatedly trying different 
parameter values and comparing the simulated output 
with the measured output.  
The goal is to minimize the simulation error, 
formulated as an objective function, e.g. mean 
squared error. The process of finding the parameter 
set, which minimizes the objective function, is called 
optimization. 
Lemiers’ church has also been modeled using Inverse 
Modeling. Six models were identified: a thermal and 
a hygric model for the three zones: attic, chapel, 
crypt. Because the models are represented in State 
Space form, the simulations are very fast: 1 year with 
hourly time steps is simulated in 0.016 seconds on an 
ordinary computer (i5-processor). After validation of 
the identified models, the three thermal models were 
coupled resulting in one multi-zone thermal model 
and the three hygric models were coupled resulting in 
a multi-zone hygric model. 

 

RESULTS 

 
Figure 8. Chapel: comparison between the simulated 

and measured data 
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As mentioned before, the chapel was divided into 
three zones: chapel (nave + choir), attic and crypt. In 
the following sections a comparison is made between 
the measured data and the simulated data.  

Chapel 
A first comparison in the output was made for the 
nave and choir, defined as the zone called chapel. 
The differences between the original model and the 
optimized model are small, but noticeable as can be 
seen in figure 8.  

Attic 
The simulation results were validated with the 
measurements and show a near agreement with each 
other as can be seen in figure 9. During summer the 
temperature in the attic is slightly higher compared to 
the measurements.  

 
Figure 9. Attic: comparison between the simulated 
and measured data 

Crypt 

 
Figure 10. Crypt: comparison between the simulated 
and measured data 
 
For the validation with the measurements the 
absolute humidity in the crypt compares well, 
although the relative humidity is still much higher 
compared to the simulation, for which most deviation 
occurs during winter.  
 

No additional moisture source was modelled in the 
crypt, while during certain periods a layer of water 
appears at the bottom of the crypt which evaporates. 
To model the quantity of moisture inversely, the 
profile for the crypt was set different. The relative 
humidity was set equal to the measured relative 
humidity of the crypt. So evaporation and 
condensation lead to humidification and 
dehumidification, which was determined by inverse 
modelling (Kramer R.P. et al. 2013). Both 
humidification and dehumidification were activated 
in the model in order to match the relative humidity 
curve with the measured data.  
As can be seen in figure 10, the relative humidity of 
the measured data is a highly fluctuating curve. This 
led to a demand in (artificially modelled) 
humidification and dehumidification in order to 
match this highly fluctuating curve. If an average is 
taken between humidification and dehumidification, 
the quantity of moisture is more or less in balance 
and smaller than it appeared at first sight. Most 
measured data of the relative humidity were above 
80% as can be seen in figure 10 and 11. This is the 
range for which this kind of measuring equipment 
shows large deviation with the calibration.  
Another cause that could have led to the large 
deviation in relative humidity is related to the lower 
air temperatures in winter for which deviation is 
large. Closer looking into the background of the 
relative humidity, a plot was made of the Mollier 
diagram. Figure 12 shows that for lower air 
temperatures the (curved) lines of the relative 
humidity are closer to each other. 

 
Figure 11. Inverse modeling of the relative humidity, 

with the activation of (artificial) 
humidification/dehumidification in order to match 

the measured data  
 
This means that for a slight deviation (of less than 
one degree Celsius) in air temperature this could 
mean a large deviation in relative humidity (up to 
10%). Together with the higher inaccuracy of the 
measuring equipment and not modelling an 
additional moisture source this can be seen as the 
main cause for the (at first sight) large deviation 
between simulated and measured results. Besides, the 
measuring equipment in the crypt is placed on the 
screen of the crypts access hatch (figure 14). 
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Figure 12. Mollier diagram of the simulated data  

 

 
Figure 13. Mollier diagram of the measured data 
  

 
Figure 14. Crypt entrance: measurement equipment 
is placed on the screen of the hatch between chapel 

(nave) and crypt 
 

This means that the crypt is in open connection with 
the chapel. Therefore, the measured data of the crypt 
can be influenced by the chapel, but to what extend 
has not been considered further.  

Summarized, the indoor climate conditions do not 
immediately indicate a relation with the damages that 
occur in the chapel. Surface condensation did occur 
as the measurements indicated, but not as frequently 
as the damage indicated. Validation between the 
simulated indoor climate and measured climate 
conditions corresponds quite well. The difference in 
the results is due to the difficulty of setting user 
profiles that correspond exactly with the logbook, 
which is too time consuming to model. Also the 
inaccuracy of the measuring equipment decreases for 
higher relative humidities. Finally, as just has been 
pointed out, the zone that has shown most deviation 
is the crypt. Here the measuring equipment is placed 
on the screen between crypt and chapel (nave), and 
an additional moisture source has not been modelled, 
which may have influenced the measured data.  

Finite element modeling 
This chapter focuses specifically on the moisture 
problems (2D) in the walls using a multiphysics 
finite element package COMSOL.  

Moisture Transfer 
When a wall is in contact with water, moisture will 
rise by capillary suction. This depends on the 
capillary properties of the wall (e.g. the water 
sorption coefficient, radius of the capillary pores), 
but also on the evaporation at the surface. In narrow 
capillaries the water rises higher than in wide ones. 
Although, in a vertical capillary the flow will stop 
eventually by gravity. Since the capillary properties 
of the construction are unknown, focus lays on other 
aspects of moisture transfer.   
 

 
Figure 15. Visualization of the 2D moisture transfer 
in the chapel’s wall due to a saturated foundation 

 
The moisture transfer equation used combines two 
extremes: the vapour transfer equation and the liquid 
water transfer equation. There are three possible 

Te 
PVe 

w = saturated 

Ti 
PVi 
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moisture potentials in the moisture transfer equation 
that can be measured/solved, namely: relative 
humidity, capillary pressure and the moisture 
content. The moisture content is preferable above the 
other two, because it is the only one that can be 
measured in a construction.  
Figure 15 visualizes the construction and its basic 
behaviour: wetting and drying of the walls in both 
directions and a constant upward force of water on 
the foundation. Parameters mentioned in the figure 
can all be implemented from the HAMBase model. 
So for this specific case the moisture transfer 
equation for the moisture content becomes: 
    
!"
!#
= 𝑑𝑖𝑣	𝐷" grad w     

 
For which the diffusion coefficient Dw varies with the 
moisture content: 
 
  𝐷" =

!*
+
	𝑝-.#

/
0
  for vapour transfer  

  
 𝐷" =

12
3
	 for liquid water transfer  

  
The moisture content is not continuous at an interface 
between two different materials. In this case there is 
only one material (the contact with the soil is 
modelled as zero flux boundary), that is why the 
moisture content is chosen as potential. Figure 16 
shows an example (Wit, M.H. 2009) of the diffusion 
coefficient for vapour and liquid moisture transport.   

Figure 16. Function of the diffusion coefficient 
varying with the moisture content. Left part vapor 

transfer, right part liquid transfer  
 
The moisture diffusivity in the liquid part (so the 
right part of the figure) is represented by an 
exponential function. In the vapour part (so the left 
part) the diffusion coefficient is a decreasing function 
of the moisture content, while for liquid the opposite 
occurs as it is increasing. The diffusion coefficient 
has a minimum near the critical moisture content.  
 
 

PDE Comsol 
The COMSOL module called ‘Coefficient Form PDE 
Interface (c)’ was used for this study in version 5.0. 
This tool contains the feature of a scalar coefficient 
form equation that is described by a balance equation 
(Williams Portal, N.L. 2011). The balance equation 
contains a single dependent variable u that is an 
unknown function on the computational domain Ω. 
For this study the single depend variable u is the 
moisture content w. 
The partial differential equation (PDE) in COMSOL 
is described by the following: 
 
𝑒.

567
5#6

+ 𝑑.
57
5#
+ ∇ −𝑐∇𝑢 − 𝛼𝑢 + 𝛾 + 𝛽∇𝑢 + 𝑎𝑢 =

𝑓   
 −𝑛 ∗ −𝑐∇𝑢 + 𝛼𝑢 − 𝛾 = 𝑔 − 𝑞𝑢  
 
The upper equation is the PDE that must be satisfied 
within the computational domain Ω. Whereas the 
lower equation is the Neumann boundary condition 
that must hold on the domain boundary Ω. Since the 
convective vapor transfer within the material is 
neglected in this study, the coefficients 𝑒., α, β, γ and 
a are equal to zero. Therefore, the equation can be 
simplified to: 
 
 𝑑.

57
5#
+ ∇ −𝑐∇𝑢 = 𝑓    

  
 −𝑛 ∗ −𝑐∇𝑢 = 𝑔 − 𝑞𝑢   
 
In the equation above n is the outward unit normal 
vector on ∂Ω (-). From the material properties c is the 
diffusion coefficient Dw that has been implemented. 
As mentioned before u is the dependent variable that 
is unknown, in this case the moisture content w. 
Adding a damping or mass coefficient da of 1 to the 
upper equation makes the problem transient. The 
lower equation defines the boundary conditions 
whereas g is defined as the flux/source. If no 
boundary absorption is assumed, then q is equal to 
zero.  
At the top boundary of the model a so-called zero 
flux condition is assumed. At the bottom boundary 
according to figure 15 the foundation is saturated, so 
that the moisture content is at its capillary value. 
Therefore, a Dirichlet boundary condition was 
applied here in the model, so a boundary within the 
model with a fixed value wc.  

Model setup 
The entered parameters for the constructed model are 
described in table 1. Properties for the diffusion 
coefficient and critical moisture content are assumed 
to be the same as for brick.  
The graph of the moisture content w (kg/kg) as a 
function of relative humidity (-) is called the sorption 
curve and is plotted in Figure 17. 

ln(Dw/Dwc) 
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Figure 17. A plot of the sorption curve w=f(ϕ) 
(kg/kg) for brick plotted from COMSOL  
 
Figure 18 shows the uptake of water of the wall 
construction of the chapel due to the continuous 
contact of water with the foundation. Apart from the 
unknown exact material properties of wall and 
foundation, the results clearly indicate the effect of 
water uptake on the surface moisture content near the 
floor. 

Table 1: 
Model parameters diffusion 

RESULTS AND CONCLUSIONS 

 
Figure 18: Moisture content 100*w/wc in the 
construction after one year 
 
The evaporation of water at the bottom of the 
paintings, together with the transportation of salts, 
makes clear that the uptake of water is the main 
origin of the deterioration of the wall paintings in the 
chapel. 
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Para-
meter 

Value Unit Definition 

Dw 
2.1 ∗
10JK𝑒L.LM/N∗"   m2/s Diffusion coefficient  

wc 290 kg/m3 Capillary moisture content 

wi 15 kg/m3 Initial moisture content 

Te Te(t) °C External temperature 

Ti Ti(t) °C Indoor temperature 

he 25 W/m2K External surface 
coefficient of heat transfer 

hi 7.7 W/m2K Internal surface coefficient 
of heat transfer 

qe he*(Te-Tse) W/m2 External heat flux 

qi hi*(Ti-Tsi) W/m2 Internal heat flux 

ϕe(t) RHe(t)/100 - Outdoor relative humidity 

ϕi(t) RHi(t)/100 - Indoor relative humidity 

βe 2*10-8 s/m 
External surface 
coefficient of vapour 
transfer 

βi 10-7 s/m Internal surface coefficient 
of vapour transfer 

ge(t) 
βe*(pe–ϕg(w)* 
psat(Tse)) 

kg/m2s External moisture flux  

gi(t) 
βi*(pi–ϕg(w)* 
psat(Tsi)) 

kg/m2s Indoor moisture flux 

D 0.8 m Thickness of the wall 
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ABSTRACT 

Good airtightness results in a lower energy use, 

increased comfort and reduced risk for hygrothermal 

degradation. However, there is a lack of knowledge 

on the cost of airtightness measures, the relative 

impact of specific solutions on the overall airtightness 

and cost-optimal performance levels. 

This paper presents a methodology to predict the 

performance and cost of airtightness measures and 

heating devices. When no airtightness level  is 

imposed, it seems favorable to invest little in 

airtightness measures with respect to the fuel cost. 

When the passive house standard is imposed, the 

most cost-effective measures are concentrated in 

roof-wall, floor-wall and window-wall joints. 

INTRODUCTION 

Airtightness is one of the crucial factors in the overall 

thermal performance of buildings. Up to 10% of 

overall primary energy use is used to compensate for 

infiltration of cold air in buildings, built with the 

regulations of 2006. In addition, the impact of air 

leakages increases with the higher insulation levels of 

buildings. For an almost energy-neutral building, the 

percentage increases to 30% of the primary energy 

use for compensating airtightness (Wouters et all, 

2012).  Next to energy losses, air leakages cause cold 

draughts, surface condensation, mould growth 

through infiltrating air and distortions of the balance 

in the HVAC system. As the building codes and 

energy regulations only get stricter, the obliged 

airtightness level of buildings will only increase.   

 

In Belgium, there is currently no general guideline for 

maximum air leakage rate defined for residential 

buildings. The effect of air leakages in the building 

envelope is not taken in account in energy 

calculations, unless a blower-door measurement is 

executed. Fortunately, the number of airtightness tests 

in new built dwellings is rising year after year. In 

2009, the airtightness of only 7% of a new built 

dwellings was measured, in 2013 this was 55% and in 

2014 almost 80% (Vlaams Energie Agentschap, 

2015).  

 

Only in cases where the passive house standard is 

required, the maximum leakage rate is fixed on 0,6 h
-

1 
(WTCB, 2012). It is likely to assume that this will 

become a general guideline in the future, as Europe 

imposes that all new built constructions should be 

almost energy-neutral by 2021.  

 

In the current building practice, contractors adopt the 

“as good as it gets” approach, even in cases were the 

airtightness level of 0,6 h
-1

 is imposed. The 

achievable performance level for a given combination 

of construction and installation techniques is 

estimated based on their experience from other cases. 

There is a lack of knowledge of the relative impact of 

specific solutions on the overall airtightness, on the 

cost of airtightness measures and on cost-optimal 

performance levels. 

 

This paper presents a methodology to predict the 

airtightness of a building an cost for a given set of 

installation techniques.  The study was conducted 

according to the principles of the Pareto efficiency. 

This method allows to evaluate a high number of 

combination on multiple criteria, e.g. airtightness 

level and costs (Fonseca, 1995)(Coello,1996). The 

study was conducted for three types of dwellings, 

alternately modelled as masonry and wood-frame 

construction. Optimistic, neutral and pessimistic 

scenarios for costs and achievable performance have 

been developed to get an idea on the sensitivity of the 

methodology. Lastly, the impact of energy use 

reduction was taken into account in the overall cost 

by means of the total present value over 30 years. 

PARETO-ANALYSIS 

Introduction 

In previous research, the Pareto-efficiency was used 

to evaluate the measures for the optimization of 

extreme low energy dwellings (Verbeeck, 2007). The 

study was conducted in two phases. Firstly, measures 

on the building envelope were evaluated. In a second 

step, the changes in heating, cooling and ventilation 

devices were compared. According to this research, it 

is advised to invest first in a high performant building 

envelope, by means of a high insulation and 

airtightness level.  
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A second study (Van Der Veken et al, 2013), was 

based on the renovation of 5 types of residential 

dwellings. The analysis takes improvements of the 

airtightness level in account by replacement of 

windows and renovation of roofs. E.g. replacing a 

window could decrease the airtightness level with 1,5 

m³/hm² (Van Der Veken et al, 2013). In this paper, a 

model is constructed to focus more in detail on the 

airtightness level reachable and the cost of these 

measures. In this paper, the Pareto-analysis was 

applicated on the residential dwellings used in (Van 

Der Veken et al, 2013). 

Reference buildings and n50-value 

Three types of residential buildings were compared: a 

terraced house, a semi-detached house and a detached 

house. The buildings were modelled alternately with 

a traditional construction method and a timber frame 

construction. Both building methods have a slightly 

different approach as it comes to airtightness 

measures. In timber frame constructions, the 

airtightness of the inside wall surface is created with 

airtight OSB-panels and airtightness tape. Whereas in 

the traditional method the inside surface is rendered 

with plaster. Consequently, no extra measures for 

airtightness are necessary. 

 

Each reference building is defined by a maximum n50-

value, listed in table 1.The n50-value is calculated by 

summing up the typical air leakage flow through all 

critical points in a building, e.g. window-wall 

connections, floor-wall intersections or roof-wall 

junctions. The values were based on own 

measurements or data found in literature (Relander, 

2009)(SBRCURnet, 2013)(Penne et al, 2012)(Bracke 

et al,2014). 

 

Table 1:Maximum n50-value [h
-1

] of each dwelling in 

the Pareto-analysis 

 Traditional Timber frame 

Terraced house 2,348 2,478 

Semi-detached house 2,161 2,317 

Detached house 1,795 1,842 
 

In comparison with other estimations methods, these 

n50-values seem underestimated. E.g. n50-values 

estimated with other models from ASHRAE, 

SENVIVV and SBR seems to vary between 0 and 10 

h
-1

 (Van Den Bossche, 2005). Consequently, the 

Pareto-analysis is conducted with a range of n50-

values, characterized by an optimistic, neutral or 

pessimistic view on air leakage and cost (table 2).  

 

Table 2:Optimistic, neutral and pessimistic view on 

air leakage rate (n50, table 1) and cost 

 Initial Leakage  Cost 

Optimistic 2 . n50  costavg - σ 

Neutral n50 costavg 

Pessimistic 0,8. n50 costavg + σ 

The cost includes the price of the materials and 

mounting cost. This was calculated by 7 building 

contractors and 1 architecture office, resulting in an 

average price (costavg) with standard deviation (σ).  

Airtightness measures and cost 

The initial n50-value (Table 1) of the three buildings 

can be decreased by improving the airtightness on 

critical points in the building envelope. 

These critical points are:  

 Junctions in walls (timber frame construction) 

 Junctions in the vapor barrier of a sloped roof 

 Connections between floor and wall 

 Intersections of the floor, wall and vapor barrier 

of a sloped roof 

 Connections between wall and flat roof (only in 

terraced house) 

 Corners of walls 

 Connections between the side edge of the saddle 

roof and the wall 

 Roof-ridge of the sloped roof 

 Electric cables through the wall 

 Electric cables through the vapor barrier 

 Penetrations of ventilation ducts 

 Connections between windows/doors and the 

wall 

 

For each critical point, a number of measures are 

formulated. The propositions differ in material use 

and cost. E.g. for the window – wall connection, there 

are 6 possible measures. These vary from doing no 

effort (0 €/m), adding foils locally (13,82 €/m), 

additional reinforcing of the corners in the foils 

(15,09 €/m) to installing a foil to connect the window 

frame with the airtight layer (Fig. 1) or the usage of a 

prefabricated frame around the window filled with 

polyurethane foam  (Fig. 2) or additionally, a 

combination of a frame and a connection foil (Fig. 3).  

 
Figure 1: Proposition 4: Airtight foil (folie) to 

connect the window frame to the airtight layer 

(OSB). (14,32 €/m) 

 

 

 

 

 

 

 

Figure 2: Proposition 5: Prefabricated multiplex 

frame with PUR insulation (11,52 €/m) 
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Figure 3: Proposition 6: Prefabricated multiplex 

frame wit PUR insulation and additional airtight foil 

to connect the frame to the airtight layer (OSB). 

(21,43 €/m) 

 

The first step of the Pareto-analysis was thus to find 

the best combinations of measures on all critical 

points listed above, in order to find the perfect 

balance between airtightness level and cost.  

Energy cost 

In order to select the best Pareto-combination, the 

Total Present Value was calculated over 30 years for 

the airtightness investment and compared with the 

actualized energy use to compensate the heat loss by 

infiltrating air. This was calculated by estimating the 

total energy use over one year due to air leakages 

(Equation 1).  

 

Year

EnergyUse
V

Km

J

day

h

year

reedays




inf.
³.

03,91824deg6,3190    (1) 

 

In equation 1, the number of degree days is based on 

data from 2013 (Weerstation Beerse, 2013), while 

918,03 J/m³K is the specific heat capacity of air. Vinf  

(m³/h) is calculated from the n50-value [m³/h.m²] with 

equation 2 and 3. The n50-value was estimated for 

each building (Table 1). 

A

V
v




 50
50

  [m³/h.m²]            (2) 

15
)

50
(

2

5050
inf

nPn
n n 


  [h

-1
]           (3) 

 

Lastly, the energy cost is also depending on the 

heating device and fuel used (Table 3). The energy 

cost is composed of the increase in price (Re) and the 

present value factor (Fnv). The latter was calculated 

for a period of 30 years, taken in account an average 

inflation of 2,85% and an interest of 4% (Statistiek en 

Economische informatie, 2012). The cost of the 

heating device itself was not included. 

 

Table 3:Energy cost 

 Price  

(€/kwh) 

Re Fpv  

(30 years) 

Natural gas 

(>5000 kWh) 

0,055 70,5 % 31,89 

Oil fuel 0,071 95% 32,28 

Wood pellets 0,052 85% 32,13 

Results n50 – investment cost 

Figure 4 shows the result of the investment cost 

against the achieved n50-value, for a terraced house 

with a traditional construction method. The 

estimations are based on a neutral view (Table 2). 

With a investment of €5281, the n50-value can be 

decreased from 2,348 h
-1

 to 0,306 h
-1

. An investment 

of minimum € 3242 is sufficient to reach the passive 

house level (n50  < 0.6 h
-1

). 

 

 
Figure 4: Pareto-Optimum (black line) for a 

traditional built terrace house, neutral perspective. 

 

When calculating with an optimistic view, the results 

show a lower investment cost against a higher impact 

on the n50-value. Whereas executing the Pareto-

analysis with a pessimistic view, the cost is much 

higher against a lower impact on the reached n50-

value. 

 

Table 4:Investment cost for minimal n50-values 

according to the Pareto analysis for a terraced house 

with traditional construction method.  

 

 Maximum decrease 

in n50 

Cost 

Optimistic 4,696 h-1 → 0,612 h-1 € 3289 

Neutral 2,348 h-1 → 0,306 h-1 € 5281 

Pessimistic 1,878 h-1 → 0,245 h-1 € 7272 

 

Table 5 compares the investment cost to reach the 

passive house airtightness level ( n50  < 0,6 h
-1

), 

viewed from an optimistic, neutral and pessimistic 

perspective. In general, the investment costs to reach 

the passive house level do not differ much comparing 

the three types of houses. The investment cost in a 

timber frame construction is also slightly more 

expensive than in a traditional method, except in the 

case of a terraced house.  In the section ‘Discussion’, 

the advised airtightness measures will be analyzed 

further. 

 

 

0.6 

€ 3242 

€ 5281 

0.3 
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Table 5:Minimum price to reach n50 < 0,6 h
-1

 for the 

three dwellings. *for the traditionally build terraced 

house, the minimum n50 reached was 0,612 h
-1

 

 

Optimistic Terraced Semi-

detached 

Detached 

Traditional € 3289* € 2901 € 3167 

Timber Frame € 2520 € 3019 € 3381 

Neutral Terraced Semi-

detached 

Detached 

Traditional € 3242 € 3244 € 3611 

Timber Frame € 2978 € 3384 € 3651 

Pessimistic Terraced Semi-

detached 

Detached 

Traditional € 3824 € 3707 € 3830 

Timber Frame € 3800 € 3919 € 4509 

 

Results investment cost airtightness – Energy cost 

When looking at the total present value (fuel cost + 

airtightness investment) for a traditional built terraced 

house, the optimal investment cost for airtightness 

measures lies between €253 (wood pellets, oil fuel 

HR-boiler and condensing boiler) and €1921 (Gas 

boiler) (Figure 5). This investment cost results in a 

n50-value of 1,915 h
-1

 and 0,990 h
-1

 respectively and 

is calculated from the neutral perspective (Figure 5).  

 

 

 
Figure 5: Total present value over 30 year, 

composed with the fuel cost and total investment cost 

for airtightness measure. Calculation for a 

traditional built terrace house, neutral perspective. 

 

At first sight, it seems favorable to invest a low 

amount in airtightness measures if there is no clear 

airtightness level imposed. When looking at the 

larger investment costs for airtightness measures, the 

total present value rises with the airtightness 

investment. However, the share of fuel cost decreases 

in the total cost. E.g. comparing the airtightness 

investment cost to reach 0,6 h
-1

 (€ 3242) with the 

total present value using a gas boiler (€ 4179), the 

fuel costs over 30 years is € 937. Whereas investing 

only  €1921 in airtightness measures results in a fuel 

cost of € 2258 over 30 years (+141%!) to compensate 

for air leakages only. 

DISCUSSION 

Which measures are most cost-effective to reach 

n50 < 0.60 h
-1

? 

Tables A.1 and A.2 in annex give an overview of the 

most cost-effective measures for a traditional and 

timber frame construction to reach n50 < 0,6 h
-1

 , for 

the three types of dwellings. The results are generated 

with a neutral perspective.  

 

In all cases, the most cost-effective measures 

(neutral) to reach an n50–level below 0,60 h
-1

 are 

(Table A.1 and A.2): 

 Saddle roof: Seal the joints of the vapor barrier. 

 Wall-Floor-Wall: Airtight foil in the joint and 

connection with airtightness tape to the plaster 

rendering/ airtight OSB panels. 

 Saddle roof: connect the vapor barrier of the roof 

surface with a connection foil on the wall. 

 Saddle roof: connect the vapor barrier of the roof 

surface with the roof-ridge, with airtightness 

tape.  

 Ventilation ducts: close openings with poly-

urethane foam or a kit. 

 Window-wall: Use a multiplex framework 

around the window and close the gap between 

frame and wall with poly-urethane foam (Figure 

2). 

When only considering the total present value over 

30 years (fuel cost + investment airtightness 

measures), the most important measure is closing the 

penetrations of ventilation ducts through the vapor 

sealing with PUR-foam. In the case of a traditional 

built terraced house and the use of gas boiler (Figure 

5), the wall-floor connection should be secured with a 

foil in the joint and the window-wall connection 

should be executed with a multiplex frame (according 

to Figure 2). This results in an airtightness level of n50 

= 0,990 h
-1

 at a cost of € 1921. 

Price difference in timber frame and traditional 

terraced houses? 

When comparing timber frame constructions with 

traditional building methods (Table 5), the price 

differences are very limited. However, there are some 

differences in airtightness measures. In traditional 

buildings, there are no measures necessary to close 

junctions in the wall surface, the penetrations of 

electrical cables through a wall or an airtight seal. In 

the model, it is presumed that all traditional buildings 

have a plaster rendering at the inside surface. Hence, 

the airtightness layer is automatically created. 

However, it is not necessary to add reinforcements in 

the corners of plaster renderings or extra foils in the 

connection with flat roofs to reach the passive house 

standard (n50 < 0.60 h
-1

).  

€ 4179 

 € 2291 

€253                 €1921         €3242 (n50 < 0,60 h-1) 

Traditional Built Terraced House 
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When looking closer at timber frame constructions, it 

is remarkable that it is not necessary to seal the 

vertical joints between airtight OSB-panels, nor to 

use additional foil in the connection between first 

floor and wall. However, it is advised to reinforce the 

vertical joints in corners.  

 

Different measures for different housing types? 

At first sight, there are small differences in advised 

measures when comparing the three building types. 

However, the results in table A.1 and A.2 should be  

put in perspective.  E.g. from table A.2, one can think 

that a terraced house needs more measures at the 

floor-wall-roof connection and the connection of the 

flat roof with the wall, in contrast with the semi-

detached and detached house. However, when 

looking to other combinations in the Pareto-front of 

the terraced house, it seems possible to reach a n50 of 

0.637 h
-
² when neglecting the wall-floor-roof 

connection in the terraced house, for a slightly lower  

investment cost of €2947.  

Impact of optimistic and pessimistic view on 

advised measures? 

Table A.3 lists the  measures to reach an n50 < 0,60 h
-

1
 for a timber frame constructed terraced house,  

resulted from a Pareto-analysis with an optimistic, 

neutral and pessimistic view. As stated before, in the 

optimistic view the material and mounting cost is 

lower while the initial n50 value was higher, while in a 

pessimistic view, the investment cost is higher and 

the initial n50-value is lower. In the optimistic view, 

there is thus more improvement with less investments 

possible.  

 

In all three perspectives (Table A.3), for a timber 

frame terraced house,  the most-cost effective 

measures are: 

 Wall-Floor-Wall: Airtightness foil before 

installing the floor slabs. After installation attach 

the to the airtight OSB-panels with airtightness 

tape. 

 Wall-Floor-Roof: Airtightness foil before 

installing the floor slabs. After installation attach 

the foil to the airtight OSB-panels and vapor 

barrier of the roof surface with airtightness tape. 

 Reinforce the corners of wall panels with 

airtightness tape. 

 Saddle roof: connect the edge of the vapor 

barrier on the roof surface with the wall surface. 

 Saddle roof: connect the vapor barrier with the 

roof-ridge. 

 Ventilation ducts: close openings with poly-

urethane (PUR) foam or airtight gasket. 

 Window-wall: Use a multiplex framework 

around the window and close the gap between 

frame and wall with poly-urethane foam (Figure 

2). 

 

These are nonetheless the same recommendations as 

found when comparing all housing and construction 

types on a neutral basis (table A.1 and A.2). 

SUMMARY 

This paper presented a methodology to predict the 

total present value and airtightness level reachable, 

according to the investment cost for airtightness 

measurements. Concerning the current guidelines in 

Belgium for passive house buildings (n50 < 0,60 h
-1

), 

the investment cost varies between €2978 for a 

timber frame terraced house to €3651 for a timber 

frame detached house, calculated with a neutral 

perspective.  

 

With equation 1, it is possible to compare the total 

present value for energy use with the investment cost 

on airtightness measures. When no specific 

airtightness level is required, the optimal investment 

cost for airtightness levels lies between € 253 (wood-

pellets, Oil fuel HR-boiler and condensing boiler) 

and € 1921 (gas boilers), for a traditional build 

terraced house. 
 

Considering all building types, methods and 

calculation perspectives, the most cost-effective 

measures to improve the airtightness  to n50 < 0,6 h
-1

 

are concentrated in the connections of the roof and 

wall, floor and wall and window-wall.  
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ANNEX  

Table A.1: 

Most cost-effective measures to reach n50 < 0,6 h
-1

 for the three dwelling with a traditional constructions 

method.  

 

NEUTRAL - 

TRADITIONAL 

TERRACED HOUSE SEMI-DETACHED DETACHED HOUSE 

n50 0,591 h
-1 

0,597 h
-1 

0,599 h
-1 

Cost € 3242  € 3244 € 3611 

Wall surface  

(plaster rendering) 
No measures No measures No measures 

Roof surface Sealing joints of the 

vapor barrier 
Vapor barrier without 

sealing 
Sealing joints of the 

vapor barrier 
Bottom Floor-Wall Airtight foil in the joint 

and connection with 

airtightness tape to the 

plaster rendering 

Airtight foil in the joint 

and connection with 

airtightness tape to the 

plaster rendering 

No measures 

Wall-Floor-Wall Airtightness foil before 

installing the floor slabs. 

After installation attach 

the foil to the plaster 

rendering with 

airtightness tape. 

Airtightness foil before 

installing the floor slabs. 

After installation attach 

the foil to the plaster 

rendering with 

airtightness tape. 

Combination of 

airtightness foil (top 

surface floor) and joint 

strip (bottom surface 

floor)  

 
Wall-Floor-Roof Combination of 

airtightness foil (top 

surface floor) and joint 

strip (bottom surface 

floor)  

Combination of 

airtightness foil (top 

surface floor) and joint 

strip (bottom surface 

floor)  

No measures 

Vertical joint-corner No measures No measures No measures 
Flat roof No measures    
Saddle roof: side edge of 

roof surface –wall surface 
Connecting airtightness 

foil of the roof surface 

with a connection foil on 

the wall  

Connecting airtightness 

foil of the roof surface 

with a connection foil on 

the wall 

Connecting airtightness 

foil of the roof surface 

with a connection foil on 

the wall  
Saddle roof: roof-ridge 

and surface 
Airtightness foil is 

connected to the roof-

Airtightness foil is 

connected to the roof-

Airtightness foil is 

connected to the roof-
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ridge with airtightness 

tape  
ridge with airtightness 

tape  
ridge with airtightness 

tape  
Electric cables  No measures No measures No measures 
Electric cables through 

airtight seal 
No measures Airtight gasket No measures 

Ventilation ducts Closing with kit or PUR 

foam 
Airtight gasket Closing with kit or PUR 

foam 
Window-Wall Multiplex framework and 

closing with PUR-foam 

(Figure 2) 

Multiplex framework and 

closing with PUR-foam 

(Figure 2) 

Multiplex framework and 

closing with PUR-foam 

(Figure 2) 
 

Table A.2: 

Most cost-effective measures to reach n50 < 0,6 h
-1

 for the three dwelling with a timber frame constructions 

method.  

 

NEUTRAL -  TIMBER 

FRAME 

TERRACED HOUSE SEMI-DETACHED DETACHED HOUSE 

n50 0,598 h
-1 

0,595 h
-1 

0,594 h
-1 

Cost € 2978  € 3384 € 3651 

Wall surface OSB joints untaped OSB joints untaped OSB joints untaped 
Roof surface Sealing joints of the 

vapor barrier 
Sealing joints of the 

vapor barrier 
Sealing joints of the 

vapor barrier 
Bottom Floor-Wall No measures No measures No measures 
Wall-Floor-Wall Airtightness foil before 

installing the floor slabs. 

After installation attach 

the foil to the airtight 

OSB-panels with 

airtightness tape. 

Airtightness foil before 

installing the floor slabs, 

after installation attach 

the foil to the airtight 

OSB-panels with 

airtightness tape. 

Airtightness foil before 

installing the floor slabs, 

after installation attach 

the foil to the airtight 

OSB-panels with 

airtightness tape. 
Wall-Floor-Roof Airtightess foil before 

installing the floor slabs. 

After installation attach 

the foil to airtight OSB-

panels and vapor barrier 

of the roof surface with 

airtightness tape  

No measures No measures 

Vertical joint-corner Airtightness tape (Hg2) Airtightness tape (Hg2) Airtightness tape (Hg2) 
Flat roof Airtightness foil attached 

on the wall before 

installing the roof frame. 

After installation, folding 

the foil around the roof 

frame and tape to the 

vapor barrier on the roof 

surface  

  

Saddle roof: edge of roof 

surface –wall surface 
Airtightness tape to 

connect the vapor barrier 

of the roof surface with 

the airtight OSB-panels 

of the wall  

Airtightness tape to 

connect the vapor barrier 

of the roof surface with 

the airtight OSB-panels 

of the wall  

Airtightness tape to 

connect the vapor barrier 

of the roof surface with 

the airtight OSB-panels 

of the wall  
Saddle roof: roof-ridge 

and surface 
Airtightness foil is 

connected to the roof-

ridge with airtightness 

tape  

Airtightness foil is 

connected to the roof-

ridge with airtightness 

tape  

Airtightness foil is 

connected to the roof-

ridge with airtightness 

tape  
Electric cables through 

wall 
No measures Closing with kit or PUR 

foam 
No measures 

Ventilation ducts Closing with kit or PUR 

foam 
Closing with kit or PUR 

foam 
Closing with kit or PUR 

foam 
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Window-Wall Multiplex framework and 

closing with PUR-foam 

(Figure 2) 

Multiplex framework and 

closing with PUR-foam 

(Figure 2) 

Multiplex framework and 

closing with PUR-foam 

(Figure 2) 
 

Table A.3: 

Most cost-effective measures to reach n50 < 0,6 h
-1

 for the terraced house  with a timber frame construction, view 

from the optimistic, neutral and pessimistic perspective. 

 

TERRACED HOUSE-  

TIMBER FRAME 

OPTIMISTIC 

€ 2520 

NEUTRAL 

€ 2978 

PESSIMISTIC 

€ 3800 

Wall surface Taped OSB joints OSB joints untaped OSB joints untaped 
Roof surface Sealing joints of the vapor 

barrier 
Sealing joints of the vapor 

barrier 
Sealing joints of the vapor 

barrier 
Bottom Floor-Wall Airtight foil in the joint and 

connection with airtightness 

tape to the airtight OSB-panel 

No measures No measures 

Wall-Floor-Wall Airtightness foil before 

installing the floor slabs. After 

installation attach the to the 

airtight OSB-panels with 

airtightness tape. 

Airtightness foil before 

installing the floor slabs, 

After installation attach the 

foil to the airtight OSB-

panels with airtightness 

tape. 

Airtightness foil before 

installing the floor slabs. 

After installation attach the 

foil to to the airtight OSB-

panels with airtightness 

tape. 
Wall-Floor-Roof Airtightness foil before 

installing the floor slabs. After 

installation attach the foil to 

the airtight OSB-panels and 

vapor barrier of the roof 

surface with airtightness tape. 

Airtightness foil before 

installing the floor slabs. 

After installation attach the 

foil to the airtight OSB-

panels and vapor barrier of 

the roof surface with 

airtightness tape. 

Airtightness foil before 

installing the floor slabs. 

After installation attach the 

foil to the airtight OSB-

panels and vapor barrier of 

the roof surface with 

airtightness tape. 
Vertical joint-corner Airtightness tape  Airtightness tape  Airtightness tape  
Flat roof Airtightness foil attached on 

the wall before installing the 

roof frame. After installation, 

folding the foil around the roof 

frame and tape to the vapor 

barrier on the roof surface. 

Airtightness foil attached 

on the wall before 

installing the roof frame. 

After installation, folding 

the foil around the roof 

frame and tape to the vapor 

barrier on the roof surface   

No measures 

Saddle roof: edge of 

roof surface –wall 

surface 

Airtightness tape to connect 

the vapor barrier of the roof 

surface with the airtight panels 

of the wall.  

Airtightness tape to 

connect the vapor barrier 

of the roof surface with the 

airtight panels of the wall.  

Airtightness tape to 

connect the vapor barrier 

of the roof surface with the 

airtight panels of the wall.  
Saddle roof: roof-ridge 

and surface 
Airtightness foil is connected 

to the roof-ridge with 

airtightness tape. 

Airtightness foil is 

connected to the roof-ridge 

with airtightness tape. 

Airtightness foil is 

connected to the roof-ridge 

with airtightness tape. 
Electric cables through 

wall 
Closing with kit or PUR foam No measures No measures 

Ventilation ducts Airtight gasket (difference 

with PUR is very small) 
Closing with kit or PUR 

foam 
Airtight gasket 

Window-Wall Multiplex framework and 

closing with PUR-foam 

(Figure 2) 

Multiplex framework and 

closing with PUR-foam 

(Figure 2) 

Multiplex framework and 

closing with PUR-foam 

(Figure 2) 
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ABSTRACT 
 Motomachi Sekibutsu is the stone Buddha carved 
into the cliff in Oita city, Japan. It is difficult for 
Motomachi Sekibutsu to prevent heat and moisture 
transfer through the cliff behind the statue. Therefore, 
various degradations have been in progress. In this 
paper, we focus on the salt damage which is one of 
the biggest problems in Motomachi Sekibutsu. 
Assuming that salt damage by Na2SO4 can be 
estimated by the temperature and humidity in and 
around the Buddha statue, we investigate the 
influence of the current surrounding environment on 
the salt damage in Motomachi Sekibutsu by 
numerical analysis of heat and moisture transfer. 

1. INTRODUCTION 
Motomachi Sekibutsu is the stone Buddha carved 
into the cliff in Oita city, Japan in the 11th–12th

 
century, and has been designated as a national 
historic site in 1934. Motomachi Sekibutsu is always 
affected by the heat and moisture transfer through a 
cliff because it cannnot be separated from the cliff. 
Therefore, at Motomachi Sekibutsu, various 
preservation measures have been taken: main 
measures are constructing a shelter to intercept wind 
and rain and boring a tunnel behind Motomachi 
Sekibutsu to reduce the ground water level. However, 
the main factor of degradation, salt damage, has still 
not been prevented [1]. 
Our ultimate aim is to suppress degradation from salt 
damage by rebuilding the shelter covering the 
Buddha statue and controlling the room environment. 
In this paper, we focus on the Buddha of healing, 
which is located at the center of Motomachi 
Sekibutsu and has been affected by salt damage, and 
we investigate the heat and moisture behavior and 
clarify the mechanism of the progress of salt damage 
of each part of the Buddha statue by numerical 
analysis of the heat and moisture transfer. 

2. SALT DAMAGE 
2.1 Mechanism 

Salt damage is considered to be due to salt 
precipitated in the porous material and salt destroys 
the porous body when the salt is exposed to a thermal 
expansion and hydration [2]. Salt that has been 

observed at Motomachi Sekibutsu is primarily  
sodium sulfate (Na2SO4) and calcium sulfate (CaSO4) 
[3]. Among them, it is believed that Na2SO4 is a 
paricularly destructive salt, and the destruction 
mechanism of the porous material with Na2SO4 is 
considered to be caused by the the pressure when the 

 
Figure 1: The Buddha of healing 

 
Figure 2: The exterior of the shelter 
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state of Na2SO4 changes from anhydrate (thenardite) 
to decahydrate (mirabilite) [4].  
2.2 Relationship of salt damage and temperature 

and humidity 
It is believed that salt damage caused by Na2SO4 
occurs under the process of Na2SO4 changing from 
thenardite to mirabilite. In this paper, assuming that 
the state of Na2SO4 is determined by the temperature 
and humidity at each regions of the Buddha statue in 
which Na2SO4 accumulates [5], we can estimate 
whether salt damage occurs by analyzing the 
temperature and humidity in the Buddha statue. In 
this papar, we examine the influence of heat and 
moisture transfer on salt damage, although salt is 
assumed to present uniformly in the material.  Using 
this approach, we plot the annual calculated 
temperature and humidity variations on the phase 
diagram of Na2SO4. And then, we investigate the 
progress of salt damage. 

3. SURROUNDING ENVIORONMENT 
Even after Motomachi Sekibutsu had been covered 
with a wooden shelter: about 7m wide, 5m long, and 
3.5m high, the statue has been suffering from the 
influence of the surrounding environment, including 
heat transmission by the roof and walls, ventilation 
into the front door, solar radiation transmission into 
windows, and rainfall penetration into the cliff 
behind the statue.  
Fig.3 shows the measured outside and inside 
temperature and humidity for one year from April 
2013. It demonstrates the effect of the shelter that the 
fluctuations of the indoor temperature and humidity 
are smaller than those of the outdoor throughout the 
year. In addition, solar radiation through the windows 
of the shelter is incident on the stone Buddha from 
time to time. It varies by time and the season 
depending on the shape and location of the windows 
(Fig.4). Further, the shelter of Motomachi Sekibutsu 
has two doors at the front entrance. Ventilation could 
occur by opening those doors. 

The cliff where Motomachi Sekibutsu is carved 
consists of two layers, tuff and soil. The soil deposits 
on the tuff layer and the cliff top is covered with trees. 
In turn, The drain tunnel behind Motomachi 
Sekibutsu and slightly-sloped holes were bored in 
1998 to 1990 in order to drain ground water below 
the ground as shown in Fig. 5. This is considered to 
have an effect of reducing the ground water level to 
approximately 1 m below below the ground level. 

4. NUMERICAL ANALYSIS 
4.1 Methodology 
We show the method for a numerical analysis to 
solve the heat and moisture behavior in the stone 
Buddha including a cliff. The heat and moisture 
balance equations for porous materials are 
respectively written by [6] 

cρ
∂T
∂t

= ∇ ∙ ��λ + rλTg′ �∇T�+ ∇ ∙ �rλµg′ ∇µ� (1) 

ρw �
∂ψ
∂µ
�
∂µ
∂t

= ∇ ∙ �λµ′ (∇µ − nxg)� + ∇ ∙ (λT′ ∇T) (2) 

where the relation between the chemical potential of 
water 𝜇 and the relative humidity h is given by 

𝜇 = 𝑅𝑣𝑇 lnℎ. (3) 

The boundary conditions for heat and moisture are: 
𝛼(𝑇0 − 𝑇𝑖) + 𝑟𝛼𝑚′ (𝑝0 − 𝑝𝑖) + 𝑞𝑠

= −�𝜆 + 𝑟𝜆𝑇𝑇′ �
𝜕𝜕
𝜕𝜕

− 𝑟𝜆𝜇𝜇′
𝜕𝜕
𝜕𝜕

 
(4) 

𝛼𝑚′ (𝑝0 − 𝑝𝑖) + 𝐽𝑝 = −𝜆𝜇′ �
𝜕𝜕
𝜕𝜕

− 𝑛𝑥𝑔� − 𝜆𝑇′
𝜕𝜕
𝜕𝜕

 (5) 

 

 
Figure 3: Outdoor and indoor climate from April 

2013 to March 2014 

 
Figure 4: Plan of Motomachi Sekibutsu 

 
Figure 5: Section of Motomachi Sekibutsu 
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4.2 Conditions 
In this study, we analyze the two-dimensional 
vertical section of the cliff. The analysis model is the 
cliff containing the stone Buddha shown in Fig. 6. 
Heat and moisture physical properties of the soil is 
decided in reference to the paper of Li et al. [7], and 
the properties of the tuff are estimated by referring to 
the literature data [7][8][9]. Fig.8,9,10,11 show the 
moisture retention curve of the soil and tuff, thermal 
conductivity of those, moisture conductivity of the 
tuff, and moisture conductivity of the soil, 
respectively. The coefficient of heat transfer is used 
as 9.3 W/m2K for the inside of the shelter and 23.3 
W/m2K for the outside and the coefficient of 
moisture transfer is calculated by using the Lewis 
relationship. In this analysis, we use the explicit 
finite-difference method for numerical analysis.  

 
Figure 6: Schematic diagram of the analysis model 

 
Figure 7: Analysis position 

Table 1 shows the room conditions used in the  
analysis. First, we compare the measured and the 
calculated temperature at the surface of the stone 
Buddha. Next, we conducted a steady state analysis, 
namely Case 1, in order to clarify the influence of the 
heat and moisture behavior in the stone Buddha 
given by the shape of the statue and the ground water. 
In Case 1, we figure out the average heat and 
moisture behavior by using the annual average room 
temperature and humidity from April, 2013 to March, 
2014. Then, we  performed a periodic steady state 
analysis considering the annual fluctuation of the 
inside and outside conditions, including the solar 
radiation and rainfall so as to clarify the effects of the 
seasonal transition of the boundary condition on the 
heat and moisture behavior. In Case 3, we  suppose 
the situation that the ventilation rate is so large as the 
room temperature and humidity match to the values 
of the outside.  
Three other important conditions for the analysis are 
described below. 
(1) In Case 1, the inside and outside temperature and 
relative humidity are the constant values which are 
the annual average value of the room condition: 
temperature (temp.) is 17.7°C  relative humidity 
(R.H.) is 69% 
(2) In Case 2 and Case 3, the inside temperature and 
relative humidity measured in the shelter [10] and the 
outside temperature, relative humidity and horizontal 
rainfall intensity measured by Japan Meteorological 
Agency in Oita city [11] are used for April 2013 to 
March 2014. Half of the measured horizontal rainfall 
intensity is imposed on the top of cliff, taken into 
account blocking effects by trees. 
(3) The radiation is calculated by converting the 
measured global solar radiation into the direct solar 
and diffuse radiation considering the shape of the 
roof, the transmittance of the windows and the solar 
azimuth and the altitude. The solar radiation at the 
exterioir surface of the roof is take at 0 as trees cover 
the shelter.  
Fig.12 shows the intensity of solar radiation which is 
incident on various parts of the Buddha statue [12]. 
The Dirichlet boundary condition is applied to the 
bottom of the ground: the temperature is 16.7 °C at 
12.2 m below the ground level and the chemical 
potential of water is - 7 J/kg with the ground water 
level of 1.1 m below the ground level. The Neumann 
boundary condition is applied to the vertical 

rain

Transmitted

convention

convention

N
eum

ann boundary condition

：insulation, prevention of w
ater

Neumann boundary condition
：insulation, prevention of water

Dirichlet boundary condition ： Temp16.7℃ the chemical potential of water -7J/kg

water table

soil
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Near the surface : the space lattice width
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Indoor temp. and R.H. 

of the shelter 
Outside temp. and R.H. 

of the shelter 
Amount of solar radiation Amount of rainfall 

Case1 Constant(1) Constant(1) 0 0 

Case2 Measured value(inside)(2) Measured value(outside)(2) Estimated value(3) Measured value(2) 

Case3 Measured value(outside)(2) Measured value(outside)(2) Estimated value(3) Measured valule(2) 

Table 1 Calculation condition 
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boundaries in the ground: no heat and moisture flux 
is taken into account.  

 
Figure 8: Moisture retention curve 

 
Figure 9: Thermal conductivity 

 
Figure 10: Moisture conductivity of the tuff 

 
Figure 11: Moisture conductivity of the soil 

 
Figure 12: Annual variation of the solar radiation 

incident on each part of the Buddha statue 

5. R ESULTS AND DISCUSSION 
5.1 Comparison of the measured value and 

analyzed value  
Fig. 13 shows the comparison of the measured and 
analyzed values of the temperature and relative 
humidity at the surface for Case 2. The daily 
fluctuations of the analyzed values sometimes do not 
correspond to those of the measurement. However, 
the annual variations of the analyzed values are 
correspondent with those of the measurement. This 
error is considered to be mainly attributable to the 
reproducibility of the intensity of solar radiation in 
the analysis.  

 
Figure 13: The simulated and measured 

temperatures 

 
Figure 14: The simulated and measured relative 

humidities 
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5.2 The influence of the ground water and the 
shape of the statue  

Motomachi Sekibutsu is 
strongly affected by the 
ground water because 
the distance from the 
ground water level to the 
ground level is very 
close (about 1 m). Also, 
heat and moisture 
behavior would depend 
on the complicated 
geometry of the Buddha 
statue. In this section, 
we examine the effect of 
heat and moisture 
behavior in the Buddha 
statue by using the 
results of the steady 
state analysis, e.g. Case 
1. 
Fig. 15 shows the 
moisture content 
distribution in the Buddha statue. It can be seen that 
due to the influence of the ground water, the moisture 
content is high in the deep area and reduces near the 
surface of the statue. It is also seen that the moisture 
content depends on locations due to the geometry 
effect. The moisture content of the head and knee 
which are convex to the air is low not only near the 
surface but also in the deep area. On the other hand, 
that of the abdomen which is at the corner of the 
body is low near the surface although it is still high in 
the deep area.  
Fig. 16 shows the temperature, moisture content and 
the amount of evaporation at the surface of the statue 
for Case1. The position corresponding to Fig. 16 is 
shown in Fig. 7. Similar to the results in Fig. 15, the 
water content near the surface is low from the head to 
the leg except for the foot (P4). In the field survey, 
bryophytes were observed below the knee and/or at 
the recessed site of the body, so it is considered that 
the moisture content is high at these locations. 

 
Figure 16: Temperature and moisture content profile 

on the surface of Buddha statue 

5.3 The annual fluctuation of the water content  
In the following, we will examine the influence on 
the heat and moisture behavior in the Buddha statue 
of the annual fluctuation of the room temperature and 
humidity, the solar radiation, and the ventilation. Fig. 
17 shows the annual fluctuation of the moisture 
content at each regions of the statue. It tends to be 
low water content on the all regions throughout the 
year except for P4 as well as in Section 5.2. 
In Fig. 17, it can be seen that the moisture content at 
the each part becomes higher from June to early July 
when the relative humidity in the room becomes high. 
In particular, at P2 and P4, the moisture content 
increases from June to July and reduces from 
October to December significantly. 

 
Figure 17: Annual distribution of water content on 

the respective parts 

5.4 Effect of heat and moisture fluctuations on 
potential Na2SO4 phase changes 

In the saturated salt concentration, the sodium sulfate 
(Na2SO4) would take three states depending on the 
temperature and humidity: solute, decahydrate 
(mirabilite) or anhydrous hydrate (thenardite). In this 
section, assuming that the salt concentration of the 
solution in the material is saturated, we check the 
phase of salt based on the fluctuation of the 
temperature and humidity. In the following, we focus 
on the knee, i.e. position P3, where salt damage is in 
progress, and examine the phase-change process of 
Na2SO4. Figs. 18 and 19 show the results obtained by 
superimposing the calculated annual temperature and 
relative humidity values on the phase diagram of 
Na2SO4 at the surface of the knee and at the depth of 
3 mm from P3 in the horizontal direction, 
respectively. First, we explain the relationship the 
state of Na2SO4 and the temperature and humidity. 
Na2SO4 changes from thenardite to mirabilite as the 
relative humidity rises. When the humidity increases 
further, Na2SO4 deliquesces. The salt tends to 
become mirabilite at a lower temperature and 
thenardite at a higher temperature. 
In Fig. 17, at P3, the relative humidity is low 
throughout the year and Na2SO4 remains to be 
thenardite because the water content is low as shown 
in Fig. 18. However, when the relative humidity rises, 
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thenardite sometimes changes to mirabilite. On the 
other hand, the relative humidity is higher at the 
depth of 3 mm from P3 than the surface of P3 as seen 
in Fig. 19, and thenardite changes to mirabilite more 
frequently. In particular, the relative humidity rises 
from winter to spring, so that salt damage is likely to 
occur during this period. 
Fig. 20 shows the results obtained by superimposing 
the calculated annual temperature and relative 
humidity on the phase diagram of Na2SO4 for Case 3. 
Compared to Case 2, the fluctuation of temperature 
and humidity is larger and changes from thenardite to 
mirabilite occurs more frequently. Based on the 
above-mentioned discussion, it is suggested that 
ventilation should be reduced to mitigate the 
currently observed salt damage. 

 
Figure 18: The temperature and relative humidity on 

the phase diagram at P3 

 
Figure 19: The temperature and relative humidity on 

the phase diagram at the depth of 3mm from P3 

 

Figure 20: The temperature and relative humidity on 
the phase diagram at P3 (Case 3) 

6. CONCLUSION 
In this paper, we focus on Motomachi Sekibutsu, 
which is the stone Buddha carved into the cliff in 
Oita city, Japan, and developed a two-dimensional 
model for coupled heat and moisture transfer and 
calculated the heat and moisture behavior in and 
around the Buddha statue of healing. Assuming that 
the salt concentration of the solution in the pores is 
saturated and the state of Na2SO4 is determined by 
the temperature and humidity, we evaluate the 
progress of salt damage by the fluctuation of the 
temperature and humidity and the change of the state 
of Na2SO4. Main results are as follows. 
1) In Motomachi Sekibutsu, the ground water is so 
high that the water content is high in the depth of the 
statue, but can decreases near the surface of some 
locations. In particular, the moisture content is lower 
in the external corner than in the internal corner. 
2) Thenardite changes to mirabilite more frequently 
in the depth of 3mm from the surface than at the 
surface.  
3) More serious salt damage caused by the phase 
change of Na2SO4 would occur when the ventilation 
rate of the shelter is increased. 
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APPENDIX A 
In this analysis, the evaporation is calculated by the 
water content and the liquid water flux at each point.  
The amount of evaporation: 

W = −�
𝜕𝜌𝑤𝜙
∂t + ∇𝐽2𝑤� (6) 

The liquid water flux: 

𝐽2𝑤 = −𝜆𝜇𝜇′ �
𝜕𝜕
𝜕𝜕 − 𝑛𝑥𝑔� − 𝜆𝑇𝑇′

𝜕𝜕
𝜕𝜕 (7) 

APPENDIX B 
The solar radiation incident on the Buddha of healing 
is estimated in the following manner. We calculate 
the temporal period in which solar radiation is 
incident to the Buddha statue, taking into account the 
position of the sun, the shape of the eaves and the 
opening of the roof. The direct solar and diffuse 
radiation are derived from the global solar radiation 
measured at Oita city weather stations by using both 
Bouguer’s and Berlage’s formulae and the 
atmospheric transmittance [14]. By taking into 
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account the transmission rate of the glass and the 
orientation of the statue, we calculate the solar 
radiation incident on the statue. In this paper, the 
transmittance rate is taken at 0.75 for the front 
entrance and 0.4 for the side window. Fig. 22 
compares the estimated value with the measured 
value for November 7, 2014. The estimated value is 
sufficiently accurate. 

 
Figure 21 Solar radiation 

 
Figure 22 The measured and analyzed radiation 

incident on the statue 

APPENDIX C 
The equilibrium moisture content of tuff is 
determined by the following formula based on [8]. 

𝜓(𝜇) = 𝜓𝑀𝑀𝑀 − (𝜓𝑀𝑀𝑀 − 𝜓𝑀𝑀𝑀) �𝐴𝐵log10−𝜇� (8) 

where 𝜓𝑀𝑀𝑀 = 0.392 , 𝜓𝑀𝑀𝑀 = 0 , A=0.001, and 
B=0.4. Also, the water conductivity of tuff is referred 
to the literature values [7] which is summarized and 
expressed using the following formulae. 

𝜆𝜇𝜇′ = 𝐾𝑠𝑠𝑠 �
𝜌𝑤
𝑔 � �

𝜓
𝜓𝑠𝑠𝑠

�
𝑛

 (9) 

𝜆𝜇𝜇′ = 𝜆𝑝′ �
𝜕𝜕
𝜕𝜕
� × 𝜓𝑚𝑚𝑚−𝜓+0.001

𝜓𝑚𝑚𝑚
  (10) 

where 𝐾𝑠𝑠𝑠 is 1.10 × 10−7[𝑚/𝑠] by referring to the 
experiments with specimens taken from the boring 
survey [9], 𝜆𝑝′  is 1.2 × 10−10, and n is 15. 
 

SYMBOLS 
c : specific heat [J/kgK] 

ρ : density [kg/m3] 
𝜌𝑤 : density of liquid water [kg/m3]  
𝑔 : gravitational acceleration [m/s2] 
t : time [s] 
𝑇 : temperature [K]  
𝑝 : water vapor pressure [Pa] 
𝜓 : volumetric moisture content [m3/m3] 
𝜇 : chemical potential of water [J/kg]  
ℎ : relative humidity [-] 
r : heat of phase change from vapor to liquid water 
[J/kg]  
α : overall heat transfer coefficient [W/(m2·K)]  
𝛼𝑚′  : water vapor transfer coefficient [kg/(m2·s·Pa)]  
𝜆 : thermal conductivity [W/(m·K)] 
λ𝑇′  : moisture conductivity related to temperature 
[kg/(m·s·K)] 
λ𝑇𝑇′  : vapor conductivity related to the temperature 
[kg/(m·s·K)] 
λ𝜇′  : moisture conductivity related to the chemical 
potential gradient of water [kg/(m·s·(J/kg))] 
λ𝜇𝜇′  : vapor conductivity related to the chemical 
potential gradient of water [kg/(m·s·(J/kg))]  
𝜆𝜇𝜇′  : liquid conductivity related to the chemical 
potential gradient of water [kg/(m·s·(J/kg))]  
𝑛𝑥 : unit vector vertically downward [-]. The vector 
is 1 for the vertically downward direction and 0 for 
the horizontal direction. 
𝑊 : evaporation rate per unit volume [kg/(m3·s)]  
𝑞𝑠 : absorbed amount of solar radiation [W/m2] 
𝐽𝑝 : rainfall intensity [kg/(m2·s)] 
𝐽2𝑤 : liquid water flux [kg/(m2·s)] 
𝐾𝑠𝑠𝑠  : saturated permeability [m/s] 
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ABSTRACT 

This paper follows up a previous work aimed at 

generation of a critical weather year for hygrothermal 

simulations using partial weather data sets. Since only 

the demonstration of the method without the 

verification was provided in the original research 

paper, the objective of this work is to complete the 

research by providing a complex verification of the 

novel method. The verification is done on the basis of 

direct comparison of hygrothermal performances of 

several chosen constructions loaded by both Test 

Reference Year (TRY) and critical weather year. For 

that purpose, two damage functions are adopted, in 

order to evaluate the severity of both TRY and 

critical weather year. Based on the outputs of applied 

damage functions it can be concluded that the critical 

weather year is able to induce more severe stress to 

the studied constructions than TRY. Therefore, the 

verification of the original method is considered as 

successful. 

INTRODUCTION 

Boundary conditions are considered as one of the 

most important factors having direct influence on the 

results of hygrothermal simulations. Since the 

complexity of new and refurbished building 

envelopes and structures is growing, the hygrothermal 

design of both building envelopes and construction 

details (Langmans and Roels 2014; Kočí et. al, 2012; 

Kočí et al., 2013; Künzel and Zirkelbach 2013) is 

gaining more and more importance, which is logically 

followed by the increased demands for the boundary 

conditions.  

The contemporary simulation tools, e.g., Lengsfeld 

and Holm (2007), Grunewald (2000) or Kruis et al. 

(2010), use dynamic boundary conditions as hourly 

values of weather data. The data is implemented 

mostly in the form of Test Reference Years (TRY) or 

Typical Meteorological Years (TMY). Some 

examples of generation of TRY were given by Bilbao 

et al. (2004), Kalamees and Kurnitski (2006) or Lee 

and Yoo (2010). Generation of TMY for various 

locations were presented by Chan et al. (2006), Oko 

and Ogoloma (2011) or Zang et al. (2012). The TRY 

and TMY are constructed based on long-term average 

of weather data spanning a period of more than 20 

years. Therefore, the numerical simulations with 

TRY/TMY boundary conditions are suitable for long-

term assessment of building performance from a 

certain point of view. However, in hygrothermal 

design the boundary conditions should impose as 

much severe stress as possible for given locations and 

therefore TRY/TMY is not always suitable for these 

purposes. Since the moisture induced damage is 

caused by sudden or rapid changes of the 

environment, the reference or typical years must be 

replaced by more severe environmental loads, but 

still these loads must be realistic for given locations. 

The ideal solution may be found in the form of a 

critical weather year which can be defined as one 

particular weather year from the weather history 

typical for studied location that imposed most severe 

stress to the construction. 

Estimation of induced stress to the construction may 

be done in several ways regarding the nature of 

studied damage. In the literature there are described 

several damage functions that quantify the damage. 

For example RHT – Index (Mukopadhyaya, 2006) 

and Time-of-Wetness (Corvo et al., 2008; Van den 

Bulcke et al., 2009; McCabe et al., 2013) belong to 

the most popular damage functions describing the 

moisture induced damage. Kočí et al. (2014a) 

introduced Winter Index damage function that is 

suitable for regions with sub-zero temperatures where 

frost damage of building structures takes place. Some 

other damage functions were described by Salonvaara 

et al. (2010). 

Having the appropriate damage function for studied 

type of damage, the selection of a critical weather 

year should be quite simple. The only thing that is 

required is to perform a series of year-long 

simulations for each weather year from the weather 

data history for given location and then quantify the 

damage by respective damage function. In such a 

scenario, the worst weather year from the history (i.e. 

the year with worst output of damage function) is 

chosen and declared as a critical weather year. 

Unfortunately, the ideal solution described above is 

applicable only for such location where the complete 

weather data history is available in the digital form. 

As required by the modern simulation tools, the 

weather data must contain information about 

temperature, relative humidity, wind characterization, 

rainfall and solar radiation. However, there exist only 

few countries and locations all over the world, where 
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the weather data are complete both qualitatively and 

quantitatively and may be used in the above 

mentioned scenario for determination of the critical 

weather year. Very good weather data coverage is for 

example in Germany or USA, but most countries 

have to deal with the issue of selecting of a critical 

weather year based on incomplete weather data sets. 

The solution to this problem was proposed by Kočí et 

al. (2014a) who introduced the method for selection 

of the critical weather year using partial weather data 

sets. The method is based on creation of an artificial 

weather data history of studied location using 

reference years from several different places having 

similar climate to the investigated location. Then, the 

severity of each weather year was ranked by the 

Winter Index damage function and inverse analysis 

was applied in order to find the mathematical 

formulas linking the weather data and damage 

function outputs. Finally, the derived mathematical 

formulas were used for selection of the critical 

weather year using the monthly averages of partial 

weather data for the given location, which makes the 

approach cost effective, affordable and applicable in 

various locations on the Earth. The practical 

demonstration of the method was done on the 

example of Prague, Czech Republic, where the year 

1996 was pointed as one of the most severe in past 30 

years. Kočí et al. (2014a) introduced the 

methodology and its demonstration only, however, 

they did not provide any verification of their method. 

This paper can be considered as a follow-up of the 

work presented by Kočí et al. (2014a) providing a 

complex verification of the method for selection of 

the critical weather year. The objective is to 

investigate the severity of 1996 weather year in 

comparison with TRY and to conclude wheater the 

1996 is more severe than TRY or not. In case the 

1996 is more severe than TRY, such conclusion 

would support the previous reseach work. The 

verification is done by comparing the hygrothermal 

response of several contemporary building envelopes 

loaded by TRY and critical weather year. The 

hygrothermal response of the constructions is 

investigated by the mean of the frost damage. 

However, contrary to the original research another 

frost damage functions were added to the damage 

function portfolio to make the verification process as 

thorough as possible. 

VERIFICATION OF THE CRITICAL 

WEATHER YEAR 

Weather data 

The verification of the method for selection of the 

critical weather year was done on the basis of 

comparison of hygrothermal responses of the studied 

constructions exposed to two different sets of 

boundary conditions. The verification process follows 

the demonstration of the method for selection of the 

critical weather year presented in the original paper 

(Kočí et. al, 2014a). Since the authors demonstrated 

the applicability of the method for the climatic 

conditions of Prague, Czech Republic, the 

verification is done for the same location. The first 

set of boundary conditions was represented by the 

Test Reference Year for Prague, Czech Republic. 

The second set was represented by the weather year 

1996 for the same location. All the weather data were 

obtained from the Czech Hydrometeorological 

Institute (CHMI), which is the official authority for 

meteorology, climatology, hydrology and air quality 

protection in the Czech Republic. The summary of 

temperature, relative humidity and precipitation of 

both involved weather years is given in Table 1. The 

data for the year 1996 were custom-prepared and its 

completion took several months. In Table 1, Temp is 

average monthly temperature, RH is average monthly 

relative humidity and PP is monthly amount of 

precipitation. 

Table 1: Summary of chosen weather characteristics 

of involved weather years 

 Temp [°C] RH [%] PP [l/m2mth] 

 TRY 1996 TRY 1996 TRY 1996 

Jan -1.13 -4.75 78.71 89.56 25.80 7.20 

Feb 0.00 -4.33 78.89 82.59 20.00 11.10 

Mar 4.51 -0.42 68.70 83.35 26.70 13.00 

Apr 7.84 7.77 70.13 66.18 34.70 11.30 

May 13.43 11.45 68.25 82.87 64.40 98.90 

Jun 15.81 16.02 72.86 75.34 70.20 81.52 

Jul 18.25 15.23 67.73 77.80 80.70 115.78 

Aug 17.87 16.59 69.14 79.42 73.20 61.80 

Sep 13.47 9.94 77.43 83.79 46.70 40.00 

Oct 8.78 9.30 78.89 84.82 28.80 30.40 

Nov 3.39 4.27 83.43 85.68 28.80 24.70 

Dec 1.12 -4.69 76.21 88.18 21.50 17.60 
 

Although only temperature, relative humidity and 

precipitation are shown in Table 1, the other weather 

data such as wind direction, wind velocity, diffuse 

and direct short wave radiation, sky long wave 

emission radiation and long wave emission radiation 

were used in the numerical simulations as well. The 

temperature and relative humidity as a function of 

time are shown in Figures 1 and 2. 

 

Figure 1: Temperature development during the year 
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Figure 2: Relative humidity development during the 

year 
 

Studied building envelopes and computational 

simulation of their hygrothermal performance 

The verification of the critical weather year was done 

on several different types of heavy building 

enclosures having both contemporary and historical 

composition in order to make the verification as 

extensive as possible. All of the studied materials 

were used in the Czech Republic in the past or are 

being used nowadays. The load-bearing materials 

were represented by autoclaved aerated concrete 

(AAC), concrete, ceramic brick, advanced hollow 

clay brick filled with expanded polystyrene and 

sandstone. The contemporary building envelopes 

were provided with different types of thermal 

insulation layers, including polystyrene and mineral 

wool. The historical masonry was considered without 

any thermal insulation. The exterior plasters were 

chosen with respect to the material composition of 

the envelopes. On the interior side of all studied 

structures 10 mm thick lime-cement plaster was 

assumed. The detailed list of studied building 

envelopes used in the verification process is given in 

Table 2. Following abbreviations are used in the 

table: AAC – autoclaved aerated concrete, AHCB – 

advanced hollow clay brick, EPS – expanded 

polystyrene, MW – mineral wool, LCP – lime-cement 

plaster, LPP – lime-pozzolan plaster, RPHM – 

renovation plaster for historical masonry,  

Table 2: List of studied constructions 

No. Load-bearing 

material 

Thermal 

insulation 

Plaster 

1 AAC 

(375 mm) 

EPS 

(100 mm) 

LCP 

(10 mm) 

2 AAC 

(375 mm) 

MW 

(100 mm) 

LCP 

(10 mm) 

3 Ceramic brick 

(450 mm) 

N/A LCP 

(10 mm) 

4 Ceramic brick 

(450 mm) 

EPS 

(100 mm) 

LCP 

(10 mm) 

5 Ceramic brick 

(450 mm) 

MW 

(100 mm) 

LCP 

(10 mm) 

6 Concrete 

(300 mm) 

EPS 

(100 mm) 

LCP 

(10 mm) 

7 Concrete 

(300 mm) 

MW 

(100 mm) 

LCP 

(10 mm) 

8 AHCB 

(500 mm) 

N/A 

 

LPP 

(10 mm) 

9 AHCB 

(500 mm) 

EPS 

(100 mm) 

LPP 

(10 mm) 

10 Sandstone 

(800 mm) 

N/A N/A 

11 Sandstone 

(800 mm) 

N/A RPHM 

(10 mm) 
 

For each building envelope listed in Table 2, 

computer simulation of hygrothermal performance for 

5 consecutive years was conducted. Each simulation 

was carried out with both TRY and critical weather 

year as the boundary conditions in order to allow the 

direct comparison of the hygrothermal performance. 

The computational simulations were accomplished 

using HEMOT simulation tool (HEat and MOisture 

Transport) (Kočí et. al, 2010) which is based on the 

general finite element package SIFEL (SImple Finite 

Elements) (Kruis et al., 2010) and uses 

implementation of Künzel’s mathematical model of 

coupled heat and moisture transport (Künzel, 1995). 

However, the Künzel’s mathematical model was 

further modified in this case in order to distinguish 

more precisely between liquid and gaseous phase of 

moisture transport and in this way to bring higher 

accuracy to the calculations (Ďurana et al., 2015; 

Maděra et al., 2015a, Maděra et al., 2015b). HEMOT 

allows the simulation of transport phenomena in 

constructive building details for 1D and 2D 

problems, whereas the basic variables characterizing 

the hygrothermal state of building constructions 

(temperature, moisture content, relative humidity) can 

be obtained as functions of space and time. The 

HEMOT code allows an investigation of variants 

concerning different constructions, different 

materials, and different climatic loads. HEMOT uses 

a material database as data source, which simplifies 

computations and allows obtaining more complex 

results. The hygric, thermal and basic physical 

properties of building materials which were used in 

the simulations as input parameters were taken from 

the following sources: ceramic brick (Čáchová et al., 

2014), autoclaved aerated concrete (Jerman et al., 

2010, Jerman et al., 2013), advanced hollow clay 

brick (Korecký et al., 2013a, Korecký et al., 2013b), 

concrete (Vejmelková et al., 2010), sandstone (Kočí 

et al., 2014b), mineral wool and expanded 

polystyrene (Jerman and Černý, 2012, Jiřičková and 

Černý, 2006), lime-pozzolan plaster (Maděra et al., 

2015b) and renovation plaster for historical masonry 

(Vejmelková et al., 2012). 

Applied damage functions  

For the assessment of severity of TRY and critical 

weather year, several damage functions were used. 

All of the damage functions were designed to 

quantify the severity in terms of frost induced 

damage. However, since they are designed to be 
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applied directly on the results of hygrothermal 

simulations only, their application is thus limited to 

relative comparison of different weather years or 

relative comparison of different constructions under 

the same environmental load. Therefore, these 

damage functions are not intended to quantify or 

describe any kind of particular damage. 

The dominating damage function was the Winter 

Index approach, which the original method presented 

by Kočí et al. (2014a) was based on. The Winter 

Index function was extended by another damage 

function called Time-of-Frost in order to provide 

complex verification of the selected critical weather 

year. Both damage functions work on the basis of 

hourly values of temperature and relative humidity 

from 365 consecutive days (8760 hours) and their 

definitions are given below. 

The Winter Index (WI) is the damage function 

proposed in the original research paper by Kočí et al. 

(2014a). WI calculates the level of severity as 

  



8760

1

00

i

ii RHRHTTWI , (1) 

where T0 and RH0 are reference values of temperature 

and relative humidity and Ti and RHi are hourly 

values of temperature and relative humidity. The 

reference values T0 and RH0 were set as 0 °C and  

95 %, respectively. The WI is calculated only when 

both Ti < T0 and RHi > RH0.  

The Time-of-Frost (TOF) is newly introduced 

damage function inspired by traditional Time-of-

Wetness damage function (Corvo et al., 2008; Van 

den Bulcke et al., 2009; McCabe et al., 2013). TOF 

calculates the number of hours during the year when 

the conditions in the investigated point of the 

structure are favourable for ice formation, i.e., the 

temperature is below the reference temperature while 

the relative humidity is above the reference value. 

The reference values are the same as in WI function. 

The TOF ranges between 0 and 8760, alternatively it 

can be expressed in %. 

Alternatively, both damage functions can work with 

temperature and moisture content values as well. In 

this case, the critical amount of moisture content 

usually corresponds to the hygroscopic moisture of 

the material. 

RESULTS AND DISCUSSION 

The building envelopes listed in Table 2 were 

subjected to the computer simulations with two 

different sets of boundary conditions. For the 

investigation of their hygrothermal performance 

damage functions described in previous section were 

used. The points of investigation were placed 5 mm 

under the exterior surface of each building envelope 

(i.e., in the exterior plaster) and 2 mm in the load-

bearing material of each envelope. In case of building 

envelope made of plain sandstone where the exterior 

plaster was omitted (building envelope #10), only the 

point located 5 mm under the exterior surface was 

investigated. The choice of investigation points were 

done just for monitoring of the hygrothermal 

processes that occur in the material and to describe 

material deterioration from the hygrothermal point of 

view. Another important point should be placed at the 

interface of the load-bearing material and plaster in 

order to describe mechanical aspects of ice damage. 

However, in this case an advanced mechanical model 

would be needed in order to quantify the detachment 

proces. The hygrothermal performance was analyzed 

in the 5
th

 year of the computational simulations in 

order to avoid the results being affected by initial 

conditions. The results of applied damage functions 

are summarized in Tables 3 and 4. The graphical 

summary of damage function outputs is given in Figs. 

3 and 4. 

Table 3: Comparison of the hygrothermal 

performance of the building envelopes investigated 5 

mm under the exterior surface 

BE WI [-] TOF[h] 

# TRY 1996 TRY 1996 

1 -243.1 -539.6 87 263 

2 -177.7 -362.3 78 213 

3 -116.0 -238.2 53 155 

4 -234.8 -554.8 85 259 

5 -225.8 -518.9 83 258 

6 -227.0 -497.6 84 246 

7 -183.8 -401.7 75 222 

8 -605.3 -641.6 132 272 

9 -680.5 -730.1 139 289 

10 -150.3 -76.3 49 82 

11 -170.1 -107.1 57 104 
 

 

Table 4: Comparison of the hygrothermal 

performance of the building envelopes investigated 2 

mm under the load-bearing material 

BE WI [-] TOF [h] 

# TRY 1996 TRY 1996 

1 0 0 0 0 

2 0 0 0 0 

3 -3.8 -197.5 16 145 

4 0 0 0 0 

5 0 0 0 0 

6 0 0 0 0 

7 0 0 0 0 

8 -143.7 -340.7 72 206 

9 0 0 0 0 

11 -53.2 -70.5 30 90 
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Figure 3: Comparison of Winter Index values of 

studied building envelopes in 5 mm under the 

exterior surface 
 

 

Figure 4: Comparison of number of Indicative 

Freeze/thaw Cycles in studied building envelopes in 

5 mm under the exterior surface 
 

The results presented in the paper clearly show that 

the critical weather year for Prague, Czech Republic, 

which was defined as the weather year 1996, can 

induce more favourable conditions for ice-forming 

process in the studied construction than TRY 

constructed for the same location. As the method for 

definition of the critical weather year presented by 

Kočí et al. (2014a) includes some uncertainties due to 

involving partial weather data, i.e., monthly averages 

of temperature, relative humidity and precipitation 

only, certain level of uncertainty was brought to the 

verification process. More to that, Kočí et al. (2014a) 

suggested the weather year 1996 to be most critical 

for most of the studied constructions, but not all of 

them. Therefore, there appeared several exceptions in 

the verification process, where the critical weather 

year did not prove the higher severity in all studied 

aspects. The exception can be found in sandstone 

masonry, both plain and plaster-provided (building 

envelopes 10 and 11). In these cases, Winter Index 

damage function returns lower (i.e., more severe) 

values for the construction loaded by TRY. However, 

the difference between hygrothermal performance of 

TRY- and critical weather year-loaded building 

envelope is not significant. The other applied damage 

function, Time-of-Frost, speaks in favour of the 

critical weather year. The explanation of this 

phenomenon can be easily given by high porosity and 

high moisture diffusivity of sandstone allowing the 

moisture to be retained in the masonry. Even if the 

masonry loaded by TRY is exposed to the favourable 

ice forming conditions for significantly shorter period 

than loaded by critical weather year (see TOF values 

in Table 2), the high level of moisture accumulation 

in the masonry caused rapid increase of the Winter 

Index value. Therefore, in order to stay on the safe 

side of the calculations it can be concluded that the 

weather year 1996 in the Czech Republic can be 

considered as the critical weather year for most types 

of the building envelopes except for building stones 

having high water absorption properties. In such case 

the declaration of 1996 weather year as the critical 

weather year is at least questionable. 

CONCLUSIONS 

The main objective of the paper was to verify the 

method for generation of the critical weather year for 

the geographical areas with an alternation of freezing 

and thawing periods. Since the method for the 

generation of the critical weather year includes some 

simplifications in the form of using partial weather 

data of several environmental variables only, the 

complex verification was needed to make the 

approach usable in real applications. 

In this paper a complex verification was provided 

following up the demonstration of the novel method 

proposed by Kočí et al. (2014a). It was done aimed at 

different building envelopes of both historical and 

contemporary material compositions. The verification 

was based on the direct comparison of hygrothermal 

performance of the studied building envelopes loaded 

by Test Reference Year and critical weather year. For 

the quantification of the severity of both weather 

years, two damage functions were adopted.  

Based on the presented results it can be concluded 

that 1996 weather year is more severe than TRY, 

which supports the conlusions from previous work. 

Therefore, the 1996 weather year should be used as 

the critical weather year when assessing a frost 

induced damage in Prague, Czech Republic. 

However, some nuances have been discovered in the 

case of sandstone masonry and therefore in the 

applications of the critical weather year for such kind 

of envelopes one should proceed with caution. 
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ABSTRACT 

Rising damp can reduce building’s aesthetical value, 
comfort and health mark, when combined with the 
existence of soluble salts in the building components 
and in the ground water can even lead to material 
decomposition and compromise its structural 
performance. 

This research work intended to study the effect of 
different absorption cycles of two saturated solutions 
of sodium sulphate and potassium chloride in the 
capillary absorption curves obtained through the 
partial immersion of red brick samples without and 
with different joints. The results revealed significant 
differences in the capillary coefficients obtained 
when samples were tested with salt solutions. 

INTRODUCTION 

Rising damp is one of construction’s major problems 
especially in old, ancient and historical buildings 
associated porous materials used in this industry. The 
phenomenon is caused by the migration of the salt 
ions dissolved in water into the porous network of the 
building’s walls. This is where they remain and 
crystalize after the water evaporates creating great 
pressure aginst the pore walls and eventually 
resulting in their fracture after many cycles of 
crystallization/dissolution (Guimarães et al., 2013, 
2012). This mechanism has a massive influence on 
the degradation of historical buildings since they 
were built in a time when construction technologies 
made no effort to prevent this kind of pathologies. 

The construction industry uses materials with porous 
caracteristics that favour the moisture fixation 
through mechanisms such as capillary, higroscopicity 
and condensation (Hens, 2007; Delgado et al., 2006; 
Hall and Hoff, 2002; Hall, 1989 and Gummerson et 
al., 1981). Rising damp, one of the moisture 
propagation mechanisms that accelerates the 
deterioration in buildings, may be explained by the 
capillary water migration from the the soil through 
the porous network of the materials in the building 
elements. In old buildings, mostly constucted in 
mansory, the effects of rising damp assume a greater 
expression, due to the porous materials tipically used 
such as ceramic bricks, mortars and stones 
(Guimarães et al., 2013, 2012). 

The presence of dissolved salts in the water, which up 
rises through the porous network of building 
elements, constitutes an annoying factor for its 
degradation (Young, 2008 and Pel, 2003). The salts 
follow the water during its rise in liquid phase, 
however the same doesn’t occur when the water 
evaporates. The salts remain in the pores of the 
building materials, eventually crystallizing after the 
solution has reached its super-saturation state. The 
salt crystallization can occur on the surface of the 
materials, developing efflorescence that disturb the 
aesthetical appearance of the building, or inside the 
porous network, dealing great pressures in the pore 
walls that can fragment them when exceeds its 
mechanical resistance (Azevedo, 2013 and 
Gonçalves, 2007). The hygrothermal variations of the 
surronding environment may promote cycles of 
crystallization/dissolution and develop breaking 
tensions in the pores for each cycle. 

The elements and components in the constructive 
systems, specially the masonry, hinge their functional 
efficiency on the combination of different materials 
and characteristics, which adds to the complexity of 
the moisture transfer analysis. This heterogeneity 
require knowledge about the individual 
characteristics of the materials as well as the 
continuity conditions of the interface that separates 
the different materials, bidding the crucial importance 
of the study of the joints influence in the transport 
phenomenon (Guimarães et al., 2015; Derluyn et al., 
2011 and Freitas, 1992). 

This paper intends to report the experimental work 
carried out with brick specimens, aiming to evaluate 
the effect of salt solutions in the capillary absorption 
of monolithic brick specimens in comparison with 
water. Sodium sulphate and potassium chloride were 
the chosen salts to perform the experiments. The first 
is one of the salts that impose more degradation to 
buildings, the second was chosen for being very 
commonly found in building materials, especially the 
ion chloride. 

MATERIALS AND METHODS 

The test specimens used were nine red brick 
monolithic samples with the dimensions 5x5x10 cm3 
(three for each solution including water). All the 
specimens were sealed in the lateral faces with an 
epoxy coating to avoid the evaporation through these 
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sides and assure the unidirectional moisture flow 
from the bottom to the specimens’ top surface. Tests 
were performed only for pure water and two saturated 
salt solutions (KCl and Na2SO4). 

The capillary absorption tests followed the procedure 
nº II.6 “Water Absorption Coefficient (Capillary)” of 
RILEM (1980). The tests were preceded by the 
drying of the specimens in an oven at about 60ºC 
until obtained constant mass, in order to calculate the 
dry mass of the specimens. After this step, specimens 
were stored in the test room for some days, until they 
reach the hygrothermal equilibrium. 

Mukhopadhyaya et al. (2002) confirmed the 
temperature influence on capillary absorption 
coefficient of brick specimens in his study with 
different porous materials. In order to minimize the 
effect of temperature on our results, tests were 
performed in a room with controlled temperature. 
The values of temperature and relative humidity (RH) 
of the air were measured every ten minutes for 33 
days using a sequential data recording device. The 
mean values obtained were 22.8 ºC for the 
temperature and 52.7 % for the RH. 

Tests began with the partial immersion of the 
specimens 5mm deep. After the immersion, 
weightings were performed periodically in order to 
determine the amount of water absorbed during the 
test. On the first day, weightings were performed on 
all samples at minute 1, 3, 5, 10, 15, 30, 60, and 
afterwards at least once an hour. In general, 
weightings were attempted every two hours on the 
second day, every three hours on the third day and 
once a day for the remaining days of testing. This 
timing had yet to suffer some adjustments for some 
combinations tested. For instance, for the specimens 
with air space between layers, after the wet front have 
reached the interface the time between weightings 
were extended since the moisture transport at the 
interface took place in the vapour phase and was 
therefore much slower.  

The second cycle was done, several days after the 
first cycle. The specimens were dried and the all the 
procedure used in the first cycle repeated. 

The amount of absorbed water per unit area at time ti 
assay Mw,i (kg/m2) is calculated using Eq. (1), where 
M0 (kg) is the dry mass of the sample, Mi (kg) of the 
mass of sample at time ti and A (m2) is the area of the 
base of the specimen. 

A

MM
M i

iw
0

,
−

=              (1) 

Once determined the amount of water absorbed over 
the time until the saturation of the porous media, it 
was then possible to calculate the capillary absorption 
coefficient and the maximum moisture flow through 
the interface. The capillary absorption coefficient 

corresponds to the slope of the first linear portion of 
the absorption curve, that expresses the amount of 
water absorbed per unit area (kg/m2) as a function of 
the root of time (s1/2). The maximum moisture flow 
through the interface corresponds to the slope of the 
linear approximation of the absorption curve that 
expresses the amount of water absorbed per unit area 
(kg/m2) as a function of time (s) once reached the 
interface. 

The results of capillary absorption are given by the 
sorptivity S (m/s0.5). This property, which depends on 
both the material and the liquid, expresses the 
tendency of a building material to absorb and 
transmit a liquid by capillarity (Hall and Hoff, 2002), 
as shown by Eq. (2): 

SS &

2/1









=

η
σ

              (2) 

where σ is the  surface tension of the liquid, η is the 

viscosity of the liquid and S&  is the intrinsic sorptivity 
of the material. 

RESULTS AND DISCUSSION 

Figure 1 sketch a representation of the monolithic 
specimen, hydraulic continuity interface with a 
cementitious mortar with 7 mm thickness, perfect 
contact interface (the contact couldn’t be absolutely 
perfect but both contact faces were sanded) and air 
space interface where, to guarantee 3 mm of air 
between the parts, metal plates were applied in each 
face (of the 4 lateral faces) to connect the parts. 

Monolithic Perfect 
Contact 

Hydraulic 
Contact Air 

Space 

 
Figure 1: Virtual representation of the different types 

of specimen tested. 
 

The capillary absorption curves obtained for those 
specimens, in the second cycle of absorption, for each 
one of the three solutions tested are represented in the 
Figure 4. The capillary absorption coefficients 
determined from these curves are represented in 
Table 1. 

The results support the theory that wetting kinetics of 
the porous materials, at least for brick materials as it 
was the material used in this study, is affected by the 
presence of soluble salts dissolved in water.  
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Figure 2: Illustration of some samples before the 

beginning of the 2º cycle tests: (a) monolithic 
specimens, (b) hydraulic continuity interface and (c) 

air space interface. 
 

 

Figure 3: Illustration of some samples after several 
weeks of the 2º cycle tests: (a) air space interface and 

(b) monolithic specimens. 

The cappillary absorption coefficient illustrate that 
the presence of sodium sulphate induces an decrease 
in this coefficient in comparison with the reference 
test (pure water). On the contrary,  the coefficient 
determined for the specimens immersed in saturated 
solution of potassium chloride was significantly 
higher than the one obtained for the reference 
solution. The different between the reference 
absorption coeffient and the saturated solution is 
higher in the potassium chloride case than it is in the 
sodium sulphate. Our results are in line with that 

observed by Azevedo (2013) who concluded that 
salts with potassium ion (K+) lead to the increase of 
the capillary absorption coefficient when compared 
with pure water, while salts with sodium ion (Na+) 
induce a decrease in the capillary absorption 
coefficient. 

The capillary absorption curve of Red Brick samples 
as a function of the root of time, after 1 and 2 cycles, 
with the three different solutions for each joint type, 
is represented in the Figure 4. 

A more detailed analyse was done in Figure 5, and 
the results obtained show that comparing the 1st and 
2nd absorption cycles, it is possible to conclude that 
the specimens immersed in water practically absorbed 
the same amount of water, but when the samples are 
immersed in salt solutions (Na2SO4 and KCl) the 
mass gain in the absorption process is lesser in the 
2nd cycle than in the 1st cycle. 

Table 1. 
Capillary absorption coefficient of monolithic red 
brick specimens partially immersed in pure water 

and saturated solutions of KCl and Na2SO4. 
 

Solution 

Capillary absorption coefficient 
[kg/(m2.s1/2)] 

Mean Standard 
deviation 

Variation 
Coeff (%) 

Water 0.0675 0.0035 5.2% 
Water+Na2SO4 0.0551 0.0025 4.5% 

Water+KCl 0.0660 0.0025 10.6% 
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(d) 

Figure 4: Capillary absorption curve of Red Brick 
samples as a function of the root of time, after 1 and 
2 cycles, with pure water and saturated solutions of 
KCl and Na2SO4, for: (a) monolithic specimens, (b) 
hydraulic continuity interface, (c) perfect contact 

interface and (d) air space interface. 

Figure 6 shows the mass gain by the samples tested in 
water and both salts solutions, for the three different 
joints analysed. For hydraulic continuity interface, the 
contact between layers were done with a mortar joint 
of 7 mm and with an interpenetration of both layers. 
Figure 6 shows a slowing of the wetting process when 

the moisture reaches the interface due to the interface 
hygric resistance. This result reveals the existence of 
a resistance associated with the maximum flow 
transmitted (FLUMAX), who presents the higher 
value FLUMAX, as showed in Figure 7. The 
maximum flow transmitted value is a parameter easy 
to obtain experimentally and an important input for 
the hygrothermal programs available in literature 
(Delgado et al., 2010). FLUMAX can be obtained 
with the curve that relates the weight variation as a 
function of the time and can be defined as the 
pendent of the curve, after the water reach the 
interface, which means, the pendent of the second 
part of the curve. 
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Figure 5: Water absorption coefficient of Red Brick 
samples after 1 and 2 cycles, with pure water and 
saturated solutions of KCl and Na2SO4, for: (a) 
monolithic specimens, (b) hydraulic continuity 

interface, (c) perfect contact interface and (d) air 
space interface. 

In the case of the perfect contact interface, the curve 
in Figure 6 shows a slowing of the wetting process 
when the moisture reaches the interface, due to the 
interface hygric resistance. Once again, this result 
reveals the existence of a resistance associated with 
the maximum flow transmitted, but the lower slow 
mass gain by the samples indicate a high hygric 
resistance and an expectable lower maximum flow 
transmitted value than the obtained in the hydraulic 
continuity interface situation.   

Finally, for the samples with air space interface, the 
samples are separated by about 3 mm of an air space 
in order to have an hidric cut that prevents the 
moisture transfer in liquid phase. Figure 6 shows a 
slowing of the wetting process when the moisture 
reaches the interface due to the interface hygric 
resistance however, this hygric resistance is higher 
than the resistance observed in the perfect contact 
interface. This phenomenon is observed by the 
extremely slow weight gain presented in Figure 6, for 
the situation described, and once again reveals the 
existence of a resistance associated with the 
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maximum flow transmitted. This value is expected to 
be lower than the obtained with a perfect contact 
interface (see Figure 7). 
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(c) 

Figure 6: Representation of the absorption in the 
monolithic specimens, and specimens with hydraulic 
continuity interface, Perfect contact interface and air 

space interface, for: (a) pure water, (b) saturated 
solution of KCl and (c) saturated solution of Na2SO4. 
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Figure 7: Effect of the different interfaces on the 

FLUMAX of monolithic specimens, hydraulic 
continuity interface, perfect contact interface and air 

space interface. 

CONCLUSIONS 

In this work an extensive experimental campaign was 
presented to study the effect of different absorption 
cycles of two different saturated solutions of sodium 
sulphate and potassium chloride in the capillary 
absorption curves obtained through the partial 
immersion of red brick samples without and with 
different joints. The drying kinetic process was also 
analysed for all the samples tested.  

The main conclusions were: 
− Both salts influence the capillary absorption 

coefficient in a distinct way. The presence of 
sodium sulphate induces a decrease in this 
coefficient compared to tests performed with pure 
water, while the tests performed with potassium 
chloride showed an increase of the capillary 
absorption coefficient compared to pure water, 
despite presenting a lower difference. 

− All three types of interface studied presented hydric 
resistance during the capillary absorption tests, 
although with different levels of magnitude. 
Specimens with air space between layers offered 
much more resistance to moisture transport through 
their interface compared to both perfect contact and 
hydraulic contact specimens due to the fact that 
moisture only flow in vapour phase unlike the other 
two which also support liquid phase transport.  

− Comparing our results with those obtained by 
Freitas (1992) helped sustaining the author’s theory 
that maximum moisture flow through the air space 
and perfect contact interfaces (individually) may be 
fixe within a close range of values for the same 
material, since the maximum moisture flow values 
determined in this work were very close to the 
author’s for a similar used material. 

− Specimens with hydraulic contact interface 
presented more heterogeneous results. Furthermore 
this kind of interface’s hydric resistance depends on 
several factors like the water/cement ratio and 
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curing conditions. Despite the difference between 
the specimen’s characteristics, a comparison 
between ours and Cunha’s results shows distinct 
behaviours in moisture transport through the 
interface despite using the same cement material. 
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ABSTRACT 

A 3D model for the prediction of the effective thermal 

conductivity of porous building blocks is introduced. 

Simulations are performed directly on the 

microstructure using voxel images and the finite 

element technique. Very good agreement with 

analytical solutions is achieved. The model is used to 

investigate the miscalculation effect of 2D 

simulations, clearly indicating the need for a 3D 

model. Furthermore, a method for incorporating 

radiative heat transfer at the microscale is 

implemented and applied on a synthetic sample, 

demonstrating the influence of thermal radiation on 

the effective thermal conductivity.  

INTRODUCTION 

Highly porous building blocks find frequent use in the 

construction of buildings because of their relatively 

high resistance to heat transfer. Typical examples 

include cellular concrete, cellular glass, and more 

recently also building blocks based on slag waste and 

other secondary materials. However, due to 

increasingly stringent energy regulations, there is an 

ever growing demand for even better insulating 

building blocks. 

The heat flow through such building materials is 

usually described at the macroscale with Fourier’s law 

using the effective thermal conductivity (ETC), while 

in fact it originates from the aggregation of 

conductive, radiative and convective heat transfer at 

the microscale. The relative contribution of each of 

these heat transfer mechanisms depends strongly on 

the microstructural parameters, i.e. porosity, pore size, 

matrix connectivity etc. (Carson et al. 2003). A correct 

understanding of the direct relation between these 

microstructural parameters and the total heat transport 

is therefore crucial in the development of improved 

building blocks. However, current models attempting 

to study their influence still exhibit large errors due to 

2D simplifications, neglect of thermal radiation or 

their very limited applicability for a restricted class of 

materials (Randrianalisoa & Baillis 2014). 

This paper presents a newly developed 3D FEM 

model for simulating the heat transport through a 

porous structure at the microscale. The first part 

explains the workflow of the model, followed by a 

verification study on an elementary pore structure. 

Subsequently, a method for incorporating radiative 

heat transfer at the microscale is studied and extended. 

Finally, in the remainder of the paper, the model is 

used to make a first study on the discrepancy between 

2D and 3D simulations of the same sample, and to 

study the share of thermal radiation on the ETC. 

SIMULATION MODEL 

The effective thermal conductivity of a porous 

material is obtained by simulating the heat transfer 

through a representative cubic sample at the 

microscale. The model is subdivided in three steps: (1) 

obtaining the geometrical representation of the 

microstructure, (2) creating a finite element mesh and 

(3) simulating the heat flow through the 

microstructure. All three steps are explained below. 

Each step is completely controlled via a set of Matlab 

routines, hence leading to an automated and easily  

parameterized workflow. A summarizing overview of 

the model workflow is shown in Figure 1. 

Geometry: 3D voxel image of the microstructure 

The model is based on a 3D voxel image – the 3D 

equivalent of a 2D pixel image – representation of the 

microstructure. The numeric value of each voxel 

indicates which material phase is located at that 

specific location. These voxel images can generally be 

acquired in two ways: via micro-CT scanning or via 

synthetic generation techniques. 

Using the micro-CT technique, the microstructure of a 

physical sample is obtained through x-ray imaging and 

computed tomography. Objects containing features 

down to several micrometers can be resolved, hence 

allowing to incorporate the true microstructural 

properties of the sample. A CT scan voxel image of a 

cellular concrete is shown in Figure 1a. 

Using synthetic generation methods, the 3D voxel 

image is constructed in a deterministic or stochastic 

manner. The technique hence allows for fast designing 

and testing of new microstructures and a more 

thorough study of specific microscale parameters. A 

classic method is the generation and insertion of 

sphereous pores in a solid material like described by 

67

B-03-1 A thermal conductivity prediction model for porous building blocks



She et al. (2014). Besides, the discrete voxel image 

format also allows for the generation of non-

analytically describable pore structures, leading often 

to much more realistic microstructures. Recent 

examples can be found in Gaiselmann et al. (2014). 

For this paper, we have currently implemented a 

simple sphere generation algorithm based on the 

method of W. She. An example of a generated 

structure is shown in Figure 1b. 

Both methods provide a 3D voxel image, with a level 

of detail depending on the used resolution (the total 

amount of voxels). A higher resolution should hence 

be used for resolving smaller features, taking into 

account the increasing memory usage. Finally, the 

image can be imported into Matlab as a 3D binary 

matrix. This allows for an easy manipulation of the 

sample and the calculation of several microstructural 

properties like porosity, pore size distribution etc. 

Meshing procedure 

A finite element mesh is created from the 3D voxel 

image using the open source iso2mesh Matlab toolbox 

(Fang & Boas 2009). This provides an extensive set of 

routines for manipulating the sample and extracting a 

tetrahedral mesh based on the c++ CGAL library 

(Alliez et al. 2015). To cope with the complex pore 

scale geometry, the code makes use of the Delaunay 

triangulation technique, resulting in a fast generation 

of relatively qualitative elements. Furthermore, the 

technique inherently smooths jagged surfaces between 

the different material phases. We extended the 

meshing procedure with a point insertion algorithm, 

leading to a better approximation of the straigth edges 

of the cubic sample. The density of the mesh is 

controlled through the set maximum radii for the 

surface and tetrahedra circumscribing Delaunay ball. 

A quadratic shape function is used in all the elements.  

An example mesh is shown in Figure 1c. 

Simulation 

The finite element mesh is imported into the COMSOL 

simulation package to perform heat transfer 

simulations. The thermal conductivity of the gaseous 

and solid phase are applied to the respective regions. 

A method for including thermal radiation is elaborated 

further in the paper. Natural convection on the other 

hand can effectively be neglected for pores with a 

diameter smaller than 4 mm (Clyne et al. 2006) and is 

hence not implemented. 

A temperature difference of 10 K is applied between 

opposing boundaries while the other boundaries are 

set to adiabatic boundary conditions. The succesive 

over relaxation (SOR) solver with relative tolerance of 

10-4 is applied, showing good performance for solving 

the system of equations. An example temperature 

profile of a sample is shown in Figure 1d. 

After the stationary simulation, the ETC can finally be 

calculated by rewriting the Fourier heat law according 

to J. Chen et al. (2015) for cubic samples: 

𝜆𝑒𝑓𝑓 =
∫ 𝑞𝑥 ∗ 𝑑𝑉

𝑉𝑐𝑢𝑏𝑒

(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑) ∗ (𝐿𝑠𝑎𝑚𝑝𝑙𝑒)
2 (1) 

𝜆𝑒𝑓𝑓  = the effective thermal conductivity of the sample 

[W/mK]; 𝑉𝑐𝑢𝑏𝑒 = the volume of the cubic sample [m³]; 

𝑞𝑥 = the heat flux in every element in the direction of 

the applied temperature gradient [W/m²]; 𝑇ℎ𝑜𝑡/𝑇𝑐𝑜𝑙𝑑 = 

the temperature applied at the hot, respectively cold 

side [K]; 𝐿𝑠𝑎𝑚𝑝𝑙𝑒  = the thickness of the cubic sample. 

VERIFICATION OF THE MODEL 

The model is verified using a synthetic sample having 

identical spherical pores arranged in a lattice of the 

face-centred cubic (fcc) type. This elementary packing 

of spheres consists of a repetitive cube having a pore 

centered on every corner and on every face, as shown 

in Figure 2b. 
 

 

Figure 2: A sample with fcc packing at 50 % porosity 

(a), the repetitive cube (b), and the unit cell (c). 

Figure 1: Different steps in the workflow of the model 
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Although the heat flow through such a repetitive cube 

is – due to the perfect symmetry – representative for 

larger arrangements, a larger sample is generated to 

demonstrate the possibilities of the model for working 

with larger datasets. A cubic sample consisting of 

5x5x5 of these representative cubes is generated, 

following the recommendations of Chen et al. (2015) 

on the size of a representative volume for heat transfer 

in random microstructures. Samples at 5 different 

porosities between 10 % and 90 % and with a side 

length of 1 mm are obtained by varying the diameter 

of the pores. A sample of 50 % porosity is shown in 

Figure 2a. A resolution of 400³ voxels is used for 

constructing the 3D binary image of the 

microstructure together with a maximum Delaunay 

radius of 1/50 mm for the meshing procedure. The 

thermal conductivity of the matrix and the air-filled 

pores are set to respectively 1 W/mK and 0.025 

W/mK, the temperature difference across the sample 

to 10 K.  

The resulting effective thermal conductivities of the 

samples are calculated using Eq. 1, and are shown in 

Figure 3 as a function of porosity. They are compared 

with solutions of an analytical approximation derived 

by McKenzie et al. (1978) for the effective 

conductivity of fcc sphere packings up to their 

maximum porosity of 74 %. The analytical 

approximation still neglects however higher order 

terms, resulting in deviations from the correct solution 

at high porosities. Therefore, this analytical reference 

solution is complemented with numerical simulations 

performed directly in COMSOL. A representative unit 

cell of the fcc structure shown in Figure 2b is 

modelled, using the program’s own geometry and 

mesh creation functions. These results are also shown 

in Figure 3, together with the relative error 𝜂 between 

the model and this numerical reference solution. 

The pore-scale model agrees very well with both of 

the reference solutions until a porosity of about 60 %, 

showing relative errors of less than 2 %. As expected, 

above 60 % porosity the analytical approximation gets  
 

less accurate showing larger discrepancies with the 

numerical reference model. The pore-scale model still 

performs very good though when compared with the  

numerical reference model, resulting in relative errors 

of less than 5 % for porosities up to 90 %. 

Influence of resolution and mesh size 

The accuracy of the simulations depends strongly on a 

correct approximation of the porous structure by the 

3D image and the extracted finite element mesh. This 

is affected by the model through the resolution and 

maximum mesh element size. To investigate the 

influence of both parameters, 9 unit cells with 

different porosities of the face centred cubic pore 

structure are simulated using the voxel-image-based 

model. Each sample is modelled using 3 different 

resolutions (25³, 50³ and 100³) and 3 different 

maximum mesh sizes (𝐿𝑠𝑎𝑚𝑝𝑙𝑒/10, 𝐿𝑠𝑎𝑚𝑝𝑙𝑒/25 and 

𝐿𝑠𝑎𝑚𝑝𝑙𝑒/50). The results are compared with the 

numerical reference model of the unit cell modelled in 

COMSOL. The relative errors are shown in Figure 4 

as a function of porosity, resolution and mesh size. 

As expected, a finer resolution and smaller mesh size 

generally lead to more accurate results. Resolution 

Figure 4: Influence of porosity, resolution and mesh size on accuracy. 
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seems to be the most important parameter, with a 

resolution of 503 or higher leading to relative errors 

lower than 5 % for every studied porosity and mesh 

size. Furthermore, it appears that high porosity 

samples require a finer resolution. This phenomenon 

could be attributed to the matrix walls becoming 

thinner at higher porosities, which means they get 

represented by a relatively smaller amount of voxels 

leading to a poor conformity between the mesh and the 

geometry. These findings should be considered when 

applying the model in future studies. 

INCORPORATION OF RADIATIVE 

HEAT TRANSFER 

Radiative heat transfer between the pore walls can 

play an important role in the total heat flow through 

the material,  particularly in materials with high poro-

sity, at elevated temperatures, or with a low thermal 

conductivity gas in the pores (i.e. vacuum insulation). 

However, due to it’s modelling complexity and 4th  

order terms, it is often neglected to simplify simu-

lations, leading to underestimations of the real ETC as 

pointed out by Wang & Pan (2008). Simple cor-

rections for the neglect of thermal radiation are then 

often made by adding a macroscale effective radiative 

conductivity to the effective thermal conductivity: 

𝜆𝑒𝑓𝑓 = 𝜆𝑐𝑜𝑛𝑑,𝑚𝑎𝑐𝑟𝑜 + 𝜆𝑟𝑎𝑑,𝑚𝑎𝑐𝑟𝑜 (2) 

The value for 𝜆𝑟𝑎𝑑,𝑚𝑎𝑐𝑟𝑜 is usually obtained via either 

a formula based on averaged microscopic properties 

or via an experimental test defining a mean extinction 

coefficient. However, both methods are often not very 

accurate and the experimental parameters are 

cumbersome to obtain. Furthermore, the mutual 

influence of conductive and radiative heat transfer at 

the microscale is not taken into account. 

To overcome the aforementioned limitations, the 

model developed in this study includes radiation 

directly at the pore scale. Classic thermal radiation 

modelling methods using view factors or Monte Carlo 

beams would however require unreasonable amounts 

of both CPU time and RAM memory due to the large 

total pore surface area. Therefore, a method 

introduced by Loeb (1954) is adopted and expanded. 

Based on the analogy with radiative heat transfer 

between parallel plates, he described the radiative heat 

transfer in a pore as a conductive process by defining 

an equivalent radiative thermal conductivity 𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒 

at the pore scale as a function of the pores 

characteristics: 

𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒 = 4 ∗ 𝜖 ∗ 𝜎 ∗ 𝑑𝑚𝑎𝑥 ∗ 𝛾 ∗ 𝑇3 (3) 

𝜖 = the radiative emissivity of the matrix walls; 𝜎 = 

the stefan-boltzmann constant; T = the mean 

temperature of the pore in Kelvin; dmax = the maximum 

distance inside the pore; 𝛾 = a geometrical factor. 

Loeb analytically determined the geometrical factor 𝛾 

to be 2/3 for spherical pores and 𝜋/4 for cylindrical 

pores perpendicular to the heat flow. This 𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒 

can subsequently be added to the thermal conductivity 

of the gas inside the respective pore (i. e. 0.025 W/mK 

for air). Hence, radiation is incorporated locally at the 

microscale, while maintaining a feasible simulation 

model. This method was further investigated by 

Bakker et al. (1995), numerically determining the 

geometrical factor for a range of oblate ellipsoid 

shaped pores. His results showed values for 𝛾 varying 

from 0.45 to 0.66, hereby demonstrating the large 

dependence of the geometrical factor on the pore 

geometry. However, until now a clear relation 

between the pore’s geometrical parameters and the 

geometrical factor 𝛾 is still lacking, hence impeding 

the correct incorporation of radiative heat transfer at 

the microscale. 

Therefore, this paper extends the studies of Loeb and 

Bakker with a large range of elliptic and ellipsoidal 

pores, considering the fact that most pores inside 

porous building materials can effectively be 

approximated using ellipsoids. An analytical formula 

relating the geometrical factor to the pore’s geometry 

is proposed. 

2D calculation of radiation in pores 

As a stepping stone for more complex 3D simulations, 

we start with 2D simulations of radiative heat transfer 

in elliptic pores. The equivalent geometrical factor 𝛾 

is calculated performing a set of simulations on a 

square containing just one such elliptic pore. Different 

ellipses are studied by varying the 3 different 

geometrical parameters (the long diameter ‘a’, the 

ratio of the diameters ‘b/a’ and the angle ‘𝛼’ with the 

horizontal) shown in Figure 5.  
 

 

Figure 5: View on the elliptic pore parameters 
 

The opposing sides of the squares are assigned with a 

temperature diffence of 1 K, while the matrix and air 

thermal conductivity are set to 1 W/mK and 0.025 

W/mK. Simulations are performed at 7 different mean 

temperatures. In this first study, only an emissivity of 

0.9 is considered, although Fitzgerald & Strieder 

(1997) have shown that the pore scale radiative 

conductivity does not behave completely linear with 

emissivity for all pore shapes. This will be adressed in 

future studies, together with the influence of the 

matrix’s thermal conductivity. Caution should 

therefore be applied when extending the results to low 

emissivities. The parameters and studied values are 

listed in Table 1. All mutual combinations are studied, 

hence covering a very broad range of possible elliptic 

pore shapes. 
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Table 1: 

Studied parameters for 2D elliptic pores. 
 

PARAM. VALUES 

a [mm] 0.1 – 0.25 – 0.5 – 0.75 – 1 – 1.5 – 2 

b/a [-] 0.33 – 0.5 – 0.75 – 1  

𝛼 [°] 0 – 18 – 36 – 54 – 72 – 90   

𝑇𝑚𝑒𝑎𝑛 [K] 263 – 273 – 283 – 293 – 303 – 313 – 323 
 

The heat flow through the square is simulated 

including radiative heat transfer inside the elliptical 

pore using the view factor method in COMSOL. The 

effective thermal conductivity 𝜆𝑒𝑓𝑓,𝑤𝑖𝑡ℎ 𝑑𝑖𝑟𝑒𝑐𝑡 𝑟𝑎𝑑 of 

the square is obtained via the Fourier formula. 

Subsequently, the same simulation is performed with-

out including radiative heat transfer, resulting in a 

𝜆𝑒𝑓𝑓,𝑛𝑜 𝑟𝑎𝑑. Finally, a search algorithm determines the 

equivalent 𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒,𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙  that should be added to 

the thermal conductivity of the air inside the pore so 

the relative error defined in Eq. 4 is smaller than 0.1%: 

 𝜆𝑒𝑓𝑓,𝑤𝑖𝑡ℎ 𝑑𝑖𝑟𝑒𝑐𝑡 𝑟𝑎𝑑 − 𝜆𝑒𝑓𝑓,𝑤𝑖𝑡ℎ 𝑐𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝑟𝑎𝑑

𝜆𝑒𝑓𝑓,𝑤𝑖𝑡ℎ 𝑑𝑖𝑟𝑒𝑐𝑡 𝑟𝑎𝑑 − 𝜆𝑒𝑓𝑓,𝑛𝑜 𝑟𝑎𝑑

 (4) 

The determined values for 𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒,𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙  show to 

be perfectly related to the temperature according to the 

T³ term in Loeb’s formula. For every pore the resulting 

geometrical factor 𝛾 can then be calculated as: 

𝛾𝑝𝑜𝑟𝑒 =
𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒,𝑛𝑢𝑚𝑒𝑟𝑖𝑐𝑎𝑙

4 ∗ 𝜖 ∗ 𝜎 ∗ 𝑇3 ∗ 𝑑𝑚𝑎𝑥

 (5) 

As expected, it was found that 𝛾 depends strongly on 

the geometrical parameters ‘a’, ‘b/a’ and ‘𝛼’. To avoid 

calculating these 3 parameters for every pore in future 

studies, a new, more easy to calculate factor is 

introduced combining the effect of all 3 geometrical 

parameters: 

𝑆𝑓,𝑖  =
𝑀𝐻𝑝𝑜𝑟𝑒

𝑀𝐷𝑝𝑜𝑟𝑒

 (6) 

𝑆𝑓,𝑖 = the slenderness factor in direction ‘i’ of the cube 

[-]; i = the direction of the heat flow; 𝑀𝐻𝑝𝑜𝑟𝑒  = the 

mean heigth of the pore, calculated perpendicular to 

the direction ‘i’ [m]; 𝑀𝐷𝑝𝑜𝑟𝑒  = the mean distance of 

the pore, calculated parallel to the direction ‘i’ [m]. 

A low slenderness value means that the pore is 

elongated in the direction of the heat flow while a high 

value means the pore is elongated in a direction 

perpendicular to the heat flow. A circular pore has by 

definition a slenderness of 1. Important to notice is 

that the slenderness of a pore depends on the direction 

of the heat flow. Furthermore, we propose to replace 

the maximum distance ‘dmax’ used in Loeb’s formula 

(Eq. 3) with the mean distance 𝑀𝐷𝑝𝑜𝑟𝑒 , for more 

consistency in the formula. This is also adapted in the 

calculation of 𝛾 for every pore. The relation between 

𝛾 and the slenderness factor is shown in Figure 6. 

It can be seen that a very close relation exists between 

the factor 𝛾𝑝𝑜𝑟𝑒 and the slenderness factor. The results 

furthermore confirm the intuitive idea that a vertically 

elongated ellips, with a high slenderness factor, has a 

larger 𝛾 and hence higher radiative heat transfer. The 

fitted relation between both is used to adapt Loeb’s 

formula to: 

𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒,𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 = 

4 ∗ 𝜖 ∗ 𝜎 ∗ 𝑇3 ∗ 𝑀𝐷𝑝𝑜𝑟𝑒 ∗ 

0.231 + 2.547 ∗ 𝑆𝑓,𝑖

1 + 2.456 ∗ 𝑆𝑓,𝑖 + 0.0235 ∗ 𝑆𝑓,𝑖
2  

(7) 

Figure 7 compares for all the pores the analytical and 

numerical calculation of 𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒, showing good 

agreement.  

3D calculation of radiation in pores 

The same methodology as described for 2D pores is 

applied for the 3D case. A cube containing one 

ellipsoidal pore is simulated modelling radiative heat 

transfer directly using view factors and subsequently 

determining the equivalent radiative thermal 

conductivity of the pore. The parameters in 2D are 

extended with the length c of the short axis in the 3rd 

dimension, and 2 other angles to allow the pore to have 

any form and orientation. Only one temperature of 293 

K is studied since the 2D calculations confirmed 

already the adoption of T³ in Loeb’s formula. For the 

emissivity, again only a value of 0.9 is used, keeping 

in mind the remarks made under the 2D calculations. 
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Figure 7: Comparison of numerical and analytical 

calculation of 𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒 (for 2D and 3D pores) 
Figure 6: Relation between 𝛾𝑝𝑜𝑟𝑒  and the slenderness 

factor (for 2D and for 3D pores) 
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The combination of all the parameters and their 

studied values are listed in Table 2. 

Table 2: 

Studied parameters for 3D ellipsoidal pores. 
 

PARAM. VALUES 

a [mm] 0.5 – 1 – 1.5 – 2 

b/a [-] 0.33 – 0.5 – 0.75 – 1  

c/a [-] 0.33 – 0.5 – 0.75 – 1 

𝛼1 [°] 0 – 30 – 60 – 90   

𝛼2 [°] 0 – 30 – 60 – 90   

𝛼3 [°] 0 – 30 – 60 – 90   
 

The slenderness factor is now extended to the 3rd 

dimension by incorporating the mean width 𝑀𝑊𝑝𝑜𝑟𝑒 

of the pore: 

𝑆𝑓,𝑖  =
𝑀𝐻𝑝𝑜𝑟𝑒 ∗ 𝑀𝑊𝑝𝑜𝑟𝑒

(𝑀𝐷𝑝𝑜𝑟𝑒)
2  (8) 

The geometrical factor 𝛾 can again be calculated using 

Eq. 5 where again the distance of the pore is replaced 

with the mean distance. A good relation between the 

slenderness factor and 𝛾 appears also for 3D pores, as 

shown in Figure 6. 

The Loeb formula can be expanded in an analogous 

manner as the 2D case: 

𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒,𝑎𝑛𝑎𝑙𝑦𝑡𝑖𝑐𝑎𝑙 = 

4 ∗ 𝜖 ∗ 𝜎 ∗ 𝑇3 ∗ 𝑀𝐷𝑝𝑜𝑟𝑒 ∗ 

0.223 + 3.125 ∗ 𝑆𝑓,𝑖

1 + 3.649 ∗ 𝑆𝑓,𝑖 − 0.03989 ∗ 𝑆𝑓,𝑖
2  

(9) 

Figure 7 compares for all the pores the analytical and 

numerical calculation of 𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒. Good agreement is 

again obtained demonstrating the validity of the 

analytical approximation. 

Implementation in Matlab 

The adapted Loeb formula is used to assign an 

equivalent radiative thermal conductivity to every 

pore in the sample based on the pore’s slenderness 

factor. A number of Matlab scripts have been 

implemented with the purpose of calculating this 

slenderness factor for every pore. 

The first step consists of splitting the pore space into 

separated pore clusters. Indeed, in high porosity 

materials often a large part of the pores are 

interconnected with smaller connection zones. 

However, when the opening width of the connection 

between two pore clusters is relatively small, thermal 

radiation travelling from one cluster to the other can 

effectively be neglected. Hence the 2 pore clusters 

should be separated and a different slenderness factor 

for both clusters should be calculated. The splitting of 

the pores is executed according to the watershed-based 

procedure described in Morpho+ (Brabant et al. 2011), 

by calculating the distance transform of the binary 

image matrix. This procedure will split all the pores at 

their narrowest point, resulting in a set of completely 

disconnected pores. However, when pore clusters 

were originally connected via a relatively large 

opening width, their splitting is not desirable since 

thermal radiation travelling between 2 pore clusters 

will have an important impact in this case. Therefore, 

the rejoining procedure described in Morpho+ is also 

implemented. This procedure first calculates the radii 

of the maximum inscribed balls of 2 originally 

connected pores. Subsequently, the largest of both 

radii is compared to the radius of the maximum 

inscribed circle in the connection zone between both 

pores. If the ratio of these radii is larger than a set 

value (the rejoin factor 𝑅𝑓), the pores are rejoined: 

𝑟𝑖𝑛𝑠𝑐𝑟𝑖𝑏𝑒𝑑 𝑐𝑖𝑟𝑐𝑙𝑒 𝑜𝑓 𝑐𝑜𝑛𝑛𝑒𝑐𝑡𝑖𝑜𝑛

max(𝑟𝑖𝑛𝑠𝑐𝑟𝑖𝑏𝑒𝑑 𝑏𝑎𝑙𝑙𝑠 𝑜𝑓 𝑝𝑜𝑟𝑒𝑠)
> 𝑅𝑓 (10) 

If the rejoin factor is set to 0, all separated pores will 

be rejoined, if set to 1 all pores will stay separated. The 

binary image matrix is hence transformed to an image 

matrix consisting of several pore clusters, each arising 

from a number of pores that pass the rejoining test. For 

every pore cluster the slenderness factor is calculated 

using Eq. 8, which is finally used to calculate the 

equivalent radiative thermal conductivity in every 

pore cluster. Since these conductivities can simply be 

added to the thermal conductivity of the gas in the 

pores, the whole simulation procedure remains the 

same as described in the first section. 

PRELIMINARY INVESTIGATIONS 

USING THE MODEL 

The model is used to investigate the impact of both the 

difference between 2D and 3D simulations and the 

influence of thermal radiation on the total heat 

transfer. A synthetic sample is generated, having a 

porosity of 81.73 %, a side length of 1 cm and a pore 

size distribution as shown in Figure 8 (left). The 

resolution is set to 600³, the mesh size parameter to 

Lsample/50. The sample is shown in Figure 8 (right). 
 

       

Figure 8: The pore size distribution (left) and a 

render of the investigated sample (right) 
 

The effective thermal conductivity excluding thermal 

radiation is calculated with the model, resulting in a 

value of 0.064 W/mK. 

2D versus 3D calculations 

For simplification, a lot of calculation models use a 2D 

approach with an image acquired via generating 
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algorithms or scanning electron microscopy as input. 

This is however a strong simplification of the real 

microstructure and the pathways of the heat flow 

through the material. This is demonstrated on the 

generated 3D sample: five equidistant 2D slices are 

cut through the sample, starting and finishing with the 

bottom and upper slice. The middle slice is shown in 

Figure 9. 
 

      

Figure 9: Location of the slice (left) and 2D view of 

the slice (right) 
 

The effective thermal conductivity of every slice is 

calculated using the model, excluding thermal 

radiation. The resulting ETC of the respective slices 

are shown in Figure 10. 
 

 

Figure 10: 2D versus 3D calculation. 
 

A first conclusion is that the 2D calculated values 

differ a lot from each other, due to the different 

porosity and microstructure of each slice. Further-

more, most of the values are lower than the 3D value, 

and so is also the average of the 2D values. This is due 

to the fact that in 3D the heat flow can pass the 2D 

obstructions in the 3rd dimension. Hence, 2D 

calculations will result in a strong underestimation of 

the true effective thermal conductivity.  

Influence of radiation 

The effect of radiative heat transfer on the ETC of the 

synthetic sample of Figure 8 is investigated. This is 

done through the method described before, 

incorporating radiation at the pore level. A rejoin 

factor of 0.5 is applied, leading to a subdivision of the 

pores in 13 pore clusters. For each cluster, the 

geometrical factor 𝛾 is calculated using the cluster’s 

slenderness factor previously defined. 

To reduce computation time, the mean sample 

temperature is used in the adapted Loeb formula 

instead of the local temperature. With the temperature 

difference across the sample being set to 10 K, this 

should induce only a very small error. The simulation 

is performed at 3 different mean temperatures: 273 K, 

293 K and 313 K. The results are summarized in Table 

3, together with the ETC of the sample excluding 

thermal radiation. The relative difference with this 

value is also shown. 
 

Table 3: 

ETC at several temperatures, with and without 

radiation 
 

TMEAN [K] ETC [W/MK] REL. DIFFERENCE 

No radiation 0.064 N.A. 

273 0.0713  10.24 % 

293 0.0730   12.33 % 

313 0.0749 14.55 % 
 

It is clear that thermal radiation has a non-negligible 

influence. Even at a mean temperature of 273 K, the 

ETC is found to be 10 % higher than the one 

neglecting thermal radiation. As expected, this 

increases with increasing temperature. It is 

furthermore expected that the influence will be even 

larger at higher porosities. 

The model results are compared with two analytical 

macroscale calculations of the thermal radiation. The 

first is based on the calculation of the mean extinction 

coefficient following an empirical formula from Hsu 

& Howell (Howell 2000) for open-celled reticulated 

ceramic foams: 

𝜆𝑟𝑎𝑑,𝑚𝑎𝑐𝑟𝑜  =
16 ∗ 𝜎 ∗ 𝑇3

3 ∗ 𝜅
 (11) 

𝜅 =
3

𝑑𝑝𝑜𝑟𝑒,𝑚𝑒𝑎𝑛

∗ (1 − 𝜙) (12) 

The other method is a simplified calculation for closed 

cell materials derived by Batty et al. (1984): 

𝜆𝑟𝑎𝑑,𝑚𝑎𝑐𝑟𝑜  =
4 ∗ 𝜎 ∗ 𝑇3 ∗ 𝑑𝑝𝑜𝑟𝑒,𝑚𝑒𝑎𝑛

2
𝜖

− 1
 (13) 

The values for 𝜆𝑟𝑎𝑑,𝑚𝑎𝑐𝑟𝑜 are summed with the 

thermal conductivity of the sample calculated without 

thermal radiation (0.064 W/mK). The results of the 

two analytical macroscale approximations are shown 

in Figure 11 as a function of mean temperature, 

alongside the results obtained with the model. 

As expected, the model results lie in between both 

approximations, since the synthetic sample is neither 

completely closed- or open-celled. The much higher 

values for the Hsu & Howell model can be attributed 

to the fact that their formula is derived for very open 

porous ceramic foams. Though further verification 

studies are still needed, this is already a strong first 

indication of the possibilities of this microscale 

approach. 
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Figure 11: ETC at several temperatures, with and 

without radiation 

CONCLUSION 

This paper introduced a model framework for 

performing 3D heat simulations on microstructures of 

porous samples. Good agreement was found for an 

elementary type of pore structure for porosities 

between 10 % and 90 %. The method of Loeb for 

incorporating thermal radiation at the microscale has 

been implemented and extended on the basis of a 

broad set of pore scale radiative heat transfer 

simulations. A slenderness factor has been introduced, 

allowing for an accurate calculation of Loeb’s 

geometrical factor. This makes it possible for 

including radiative heat transfer at the pore scale, 

based on local structural characteristics instead of 

Loeb’s non-intuitive factor 𝛾. The model is 

subsequently used to show the discrepancy between 

2D and 3D simulations, and to show the importance of 

including thermal radiation. 
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ABSTRACT 

Since 2012 a quality control system is in operation in 
Belgium to provide confidence in the quality of the 
works of cavity wall insulation in existing walls. 
When the works are in line with the quality 
framework, the installer may provide a declaration of 
conformity to the client, which he can use to receive 
subsidies or for energy performance certification. 

A field study was performed to analyze the 
relationship between the information provided by 
installers in the declaration of conformity, the results 
of the conformity checks performed by the 
certification organization and the effective cavity wall 
performance measured on site. 

INTRODUCTION 

The mass market application of cavity wall insulation 
in existing walls is an important measure to achieve a 
reduction of the energy use and greenhouse gas 
emissions related to heating the existing Belgian 
housing stock. Approximately 25% of the existing 
Flemish housing stock still has non-insulated cavity 
walls today (U ≈ 1.5 W/m²K), with cavity widths 
larger than 50 mm in more than 80% of the houses. 

Since 2012 a quality control system is in operation in 
Belgium to provide confidence in the quality of the 
works of cavity wall insulation in existing cavity 
walls. This technique allows to insulate existing 
cavity walls by blowing or pumping insulation 
product into the empty cavity through pre-drilled 
holes in the outer or inner masonry leaf.  

Existing cavity walls are considered suitable for 
correct installation of thermal insulation on following 
conditions: (1) the minimum cavity width is 50 mm, 
(2) the façade and wall are in good condition, with no 
sign of damage or cracks (3) the driving rain load is 
limited – façade height should typically be lower than 
8m, (4) the indoor moisture load is limited (STS 
2012). 

For cavity wall insulation to perform correctly, three 
criteria must be met: (1) the building must be 
inspected and shown to be suitable, (2) the insulation 
system must have been tested and shown to meet a 

number of criteria and (3) trained technicians must 
carry out the installation to a high standard (STS 
2012, Janssens et al. 2012). 

When the works are performed according to these 
criteria, the installer may provide a declaration of 
conformity to the client. In the Flemish region in 
Belgium the authorities subsidize the installation of 
cavity wall insulation in existing walls on the 
condition that a declaration of conformity is 
presented by the building owner. Furthermore, if the 
installation of insulation is part of a major renovation 
for which energy performance requirements apply, 
the retrofitted cavity wall should have a declaration 
of conformity and achieve a U-value not higher than 
0.55 W/m²K.  

The whole system is managed by a quality control 
and certification organization which is responsible for 
the assessment and approval of products and systems, 
the training of installers, and the conformity checks 
on building sites. The Belgian technical approval 
authority in construction (UBAtc) and the Belgian 
construction certification association (BCCA) take up 
this role. Typically over 1500 installations per month 
are executed within the system (on a market of 
600.000 houses with non-insulated cavity walls) 
(www.ikisoleermijnspouw.be, 2015). 

The reported cavity width is an important element in 
deciding whether the cavity may be filled with 
insulation product, and in defining the U-value of the 
wall in EPC-reports. Therefore the installer should 
measure the cavity width at least at one point per 
façade during inspection, and at least once every 10 
m² façade surface during installation, with a minimum 
of 3 measurements for each façade. 

Previous studies showed that the quality of 
installation of cavity wall insulation might be a 
concern. For example, a field study was carried out in 
the UK to determine the as built thermal performance 
of a sample of 70 dwellings during 2005 and 2006 
based on in-situ U-value measurements (Doran and 
Carr 2008). The study showed that the actual realised 
improvements to U-values were in many cases less 
than would be expected on the basis of calculating U-
values. The improvement in thermal resistance was, 
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on average, 38% less than that which would be 
expected on the basis of measured cavity widths. 

Since the quality control system in Belgium has been 
operational for a relatively small time span, and the 
conformity checks are performed on a small sample 
of all installations, it is unclear whether the system 
effectively meets the objectives of improving the 
quality of the works. Therefore a field study was 
performed to analyze the relationship between the 
information provided by the installers in the 
declaration of conformity, the results of the 
conformity checks performed by the certification 
organization and the effective cavity wall 
performance on site. 

The analysis of the field study is focusing on both the 
compliance of input data and the quality of the works 
by confronting the different sources of information: 

• Compliance of input data: to what extent is 
the information provided by installers 
conforming with specifications (wall area, 
cavity width,…).  

• Quality of the works: relation between 
measured U-values and theoretical U-value 
based on reported cavity width and insulation 
product data. 

METHODS 

The study is based on the field investigation of 26 
detached and semi-detached houses, built between 
1900 and 1995, with retrofit cavity wall insulation 
installed in 2012 or 2013 under the quality control 
framework. The field measurements were performed 
in winter 2014. The projects were selected in 
collaboration with BCCA, the organization 
responsible for the independent audits of certified 
materials and installers. The selected case studies in 
the sample were scattered over Flanders, to get 
representative results. Next to that, the case studies 
can be split according to two parameters: type of 
insulation product and conformity after installation; 
which is shown in Table 1. 

Three insulation products are considered, as these are 
the only products with technical approval used on the 
Belgian market: loose-fill glass wool, EPS-beads and 
PUR-foam (for this application typically of the open 
cellular type). More than half of the houses in the 
sample were checked by the certification organization 
and have an auditing report available. During an audit 
on site the assessor checks whether the technical 
guidelines for inspection and product installation are 
correctly followed, and takes material samples for 
further analysis of product properties. It was also 
decided to include a number of projects for which the 
declaration of conformity was not granted due to non-
compliance to one of the installation guidelines. 
Typical non-conformities are of a procedural nature, 

eg incorrect registration of tests of the installation 
equipment prior to installation. 

The share of assessed and non-compliant projects in 
the sample is not representative for the amount of 
projects which are checked in practice or for the 
amount of projects that are non-compliant. These 
cases were included in the sample to be able to 
investigate whether the occurrence of independent 
assessments, or the occurrence of non-conformities 
had an influence on the performance of the insulated 
cavity walls. 
 

Table 1: 
Number of cases included in each control group 

 

 Check BCCA 
Compliant 

(CC) 

Check BCCA 
Non-compliant 

(CNC) 

Not checked 
by BCCA 

(NC) 
MW 3 2 4 
EPS 3 2 3 
PUR 3 2 4 
 

For each case study information was collected from 
the certification organization and the owners, to allow 
for an accurate estimation of the U-value of the walls, 
and for an assessment of the correctness of input data 
provided by the installers. The following information 
was used for further analysis: 

• the declared thermal conductivity of the 
insulation product λD, available in the 
technical approval document 

• cavity width d, provided in the inspection 
and installation reports by the installers (in 
12 out of 26 projects the installer only 
reported a single value, contrary to 
specifications) 

• results of conformity checks, provided in 
auditing reports by the independent assessor 

• wall composition, derived from analysis of 
architectural drawings and from observation 
on site.  

U-value calculation 

For each project the collected information was used 
to estimate the wall U-value. The correctness of data 
provided by the installers as well as the quality of the 
works was assessed based on the comparison between 
the U-value measured on site and the calculated U-
values.  

The design value of a retrofit insulated cavity wall is 
calculated according to section 7.2 of STS 71-1 (STS 
2012). This method is also included in the 
specifications for defining transmission 
characteristics in the framework of energy 
performance regulations (TRD 2014), which are in 
force if the installation of insulation is part of a major 
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