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Abstract 

The concerns regarding sustainable development bring to light the importance of 
the consumption of natural energy resources by the building sector. The thermal 
renovation of old buildings should be a priority for reducing greenhouse gas 
emission. In fact, tuffeau, the main stone of Loire Valley, France, is a very 
porous limestone (43%) and seems to be very sensitive to atmospheric 
conditions. So, an inappropriate insulation technique can lead to moisture 
disorders harmful to the sustainability of the wall. Its compatibility with an 
insulation material can be numerically studied using a combined heat and 
moisture transfer model. One of the most important aspects on modeling is the 
knowledge of the material properties. The numerical tool WUFI based on Künzel 
model leads to identify the parameters whose measurement effort must be 
intensified as a result of a local sensitivity analysis. Those parameters are 
adsorption isotherm and convective coefficients in the case of static conditions. 
Keywords: tuffeau, renovation, hygrothermal performance, WUFI, sensitive 
analysis. 

1 Introduction 

The energy consumption related to the building sector is recognized as the major 
consumption in the EU. According to the Eurosat statistics in 2012 as nearly 
40% of final energy consumption, and consequently a significant source of 
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greenhouse gas emissions happen at houses. In France, around 70% of this 
energy is used for heating a partially ageing building stock (66% of the 
residential stock was built before 1974) [1]. Many efforts have to be done to 
insulate and thermally improve these buildings. In this context, professionals 
need to assess insulation techniques for old buildings made of tuffeau. Tuffeau is 
the main building stone of castles and old houses in the Loire valley, France. The 
walls made of this highly porous stone are prone to heat and moisture transfers. 
The implementation of a classical insulation technique could lead to disturbance 
of the hygrothermal transfer through the wall and then deteriorate significantly 
its performances.  
     A numerical tool based on hygrothermal approach is therefore essential in 
order to examine the risk of hygrothermal disturbance related to an insulation 
technique. However, heat and moisture transfer models require the knowledge of 
material related parameters and boundary conditions. Some of them can easily be 
measured but some others require great efforts to achieve reliable values. 
Nevertheless, it may be useless to seek high accuracy of a parameter if the heat 
and moisture transfer model is weakly sensitive to this parameter. 
     In the present study, the Künzel model is used to evaluate the influence of 
input parameters on its main outputs. Sensitivity analysis (SA) can allow to 
identify parameters for which a reduction in uncertainty specification will have 
the most significant impact on improving model performance measures or on 
which parameters the precision effort could be reduced. SA has been used in 
previous studies for this purpose and for various applications from finance to life 
sciences, from quantum physics to earth sciences and environmental engineering 
[2–4]. There are many different SA approaches. Overall, they can be categorized 
into two groups: local SA and global SA. The local SA explores the changes of 
model response by varying one parameter while keeping other parameters 
constant. However the global SA examines the changes of model response by 
varying all parameters at the same time. 
 

2 Methods and material 

2.1 Heat and moisture transfer model 

In the past two decades, numerical simulation has drawn a growing attention as 
being an efficient technique to study hygrothermal performance of building 
envelopes. Several numerical tools to predict combined heat, air, and moisture 
transport in building envelopes have been quoted in various publications [5–8]. 
Significant differences between them exist, such as the choice of driven potential 
of moisture transport, transfer mechanisms included in the conservation 
equations, the material properties needed as input data or the boundary 
conditions. 
     In the present work, we used the heat and moisture transfer model developed 
by Künzel [8, 9]. The governing equations are heat and mass balance equations, 
expressed as follows: 
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     The first equation deals with heat transfer by temperature gradient, driven 
thermal conduction and convection of latent heat of vaporisation. The second 
equation represents the moisture transfer due to relative humidity and water 
vapour pressure gradients. Both equations contain storage (volumetric heat 
capacity ρ0Cp and adsorption isotherm  𝜕𝑤

𝜕𝜑
) and transport terms (thermal 

conductivity λ, liquid diffusivity Dφ and water vapour permeability δp), which all 
should depend on the material temperature and/or water content. The transport in 
liquid phase is controlled by the moisture gradient . The transport coefficient Dφ 
increases significantly with the water content while the influence of the 
temperature is limited to its effect on the viscosity of water. Vapor diffusion is 
governed by the water vapour partial pressure which depends on the relative 
humidity and the saturation water vapour pressure Psat. The diffusion coefficient 
δp depends slightly on the temperature and the water content while the saturation 
vapour pressure increases exponentially with temperature. The thermal 
conductivity λ and the specific heat Cp both depend on water content. 
     We carried out the simulations with the commercial software WUFI® 
developed at Fraunhofer institute for building physics (IBP) and based on the 
discretisation of the Künzel model by means of an implicit finite volume scheme. 
 

2.2 Material 

The tested wall is made of tuffeau. It is a stone composed of two main minerals: 
calcite CaCO3 and silica SiO2. Silica is shared between the quartz, opals and clay 
minerals. While calcite is present in two sizes: sparitic calcite (Ø ≈ 100 μm) and 
micritic calcite (Ø < 10 μm) [11]. The latter forms with opals the stone cement. 
The properties that served as the model input parameters are given in table 1.  
 

2.3 Wall description 

The wall geometry is described on figure 2. We tested the wall under static 
conditions by maintaining constant temperature and relative humidity on the 
inner and outer wall surfaces (table 2). The convection heat transfer coefficients 
for both inner and outer wall are set constant and their values are attributed 
according to the standard (ISO 6946). We set the lower and upper boundaries 
perfectly insulated and impermeable to ensure unidirectional heat and moisture 
transfer along the x axis. 
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Table 1:  The basic data of the tuffeau. 

Parameter Value 
Dry bulk density , ρ0 1310 [kg/m3] 
Porosity, n 0.487 [m3/m3] 
Dry specific heat , Cp 1000 [J/kg.K] 
Dry thermal conductivity ,  λ 0.41 [W/m2.K] 
Water vapor diffusion resistance factor , μ 30 [-] 
Water absorption coefficient  , A 0.5 [kg/m2.s0.5] 
Parameters of the GAB model  , expressed below, for the adsorption isotherm 
(figure 1) 

𝑤 =  𝑤𝑚  𝑘.𝐶.𝜑
(1−𝑘𝜑)(1−𝑘(1−𝐶)𝜑)                                         (2) 

wm : monolayer water content 
C : fitting parameter  
k: fitting parameter 

0.082 
14.1289 
0.9329 

[kg/m3] 
- 
- 

 
 

 

Figure 1: The adsorption isotherm of tuffeau. 
 

Table 2:  Boundary conditions and moisture source. 

Duration Initial 
conditions 

Inner  
conditions 

Outer  
conditions 

Moisture 
source 

3000 h 
T(°C) φ (%) T (°C) φ (%) T (°C) φ (%) No 

capillary 
rise 

20 50 20 50 5 90 
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Figure 2: Tested wall (left) – typical time evolution of the temperature and 
water content in the wall as calculated by the Künzel  model with 
parameters given in tables 1 and 2 (right). 

2.4 Sensitivity indicators 

The parameters of the model exert great influence on model performance  
[2, 12]. Some of the parameters may be observed or measured thus they can be 
vitiated by an error. 
     As previously pointed out, the values of the model input parameters are 
known with uncertainty. The goal of this paper is to quantify the influence of this 
uncertainty on the wall hygrothermal evolution. We applied a local sensitivity 
analysis (LSA) to point out the parameters that have an impact on the main 
model outputs: temperature and water content at different positions in the wall. 
To achieve the analysis, the parameters were varied in a ±5% range around the 
reference material parameter value and ±10% around the convection heat transfer 
coefficients. We carried out 19 simulations varying 9 parameters and assuming 
that these parameters can be varied independently.  
     We selected the relative error δy as an indicator of sensitivity: 
 

( )
ref

refsim

y
yy

y
−

=100%δ                                                 (3) 

 
 
 
 

where δy is the relative error, ysim is the output value determined with varied 
parameter (Δ = ±5% or Δ = ±10%) and yref  is the output value without 
uncertainty (Δ = 0%). 
     We calculated the relative error δy from temperature, relative humidity and 
water content time evolution during the transient phase, defined as the time 
necessary to achieve 99 % of the whole field variation between the initial and the 

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 83, © 2014 WIT Press

Advanced Computational Methods and Experiments in Heat Transfer XIII  421



steady states. Indeed, as the boundary conditions are static, we observe a 
transient phase followed by a steady phase, as shown on figure 2. 
     We performed statistical study of the relative errors for the different 
parameters and presented the results by means of the “Box and Whiskers Plot” or 
“Quartile Boxes” (figure 3). The box contains quartiles and includes an 
additional character to represent the mean of the data. The ends of the whiskers 
represent the minimum (m) and maximum (M) of all of the data. 
 

 

Figure 3: An example of Box plot with whiskers. 

- The first quartile Q1 is the lower quartile and it means that 25% of the 
data are lower than this value. 

- The second quartile Q2 is also called the median  and it divides the data 
set in two equal populations. 

- The third quartile Q3 is the upper quartile and it represents 75% of the 
data. 

3 Results  

We obtained the results presented in this section by performing 19 simulations 
and varying 9 parameters.  
     To illustrate the method of statistical analysis, we chose to present the results 
concerning the influence of the inner convection heat transfer coefficient on the 
temperature time evolution and of the adsorption isotherm on the water content 
time evolution. We thus selected a material parameter and a boundary parameter. 

3.1 Raw data comparison 

Figure 4 presents the temperature and water content time evolution at five 
different positions in the wall: 0 mm (inner wall surface), 20 mm, 40 mm, 60 mm 
and 80 mm (outer wall surface). Groups of curves are related to the same 
position and different values of the considered parameter (reference value and 
upper and lower value). The change in a parameter value can modify the 
temperature or water content time evolution, but the global curve shape remains 
unchanged. 
     For the temperature, each curve at a defined position starts from the same 
temperature because the varied parameter refers to the inner boundary condition. 
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The initial state is the same and the difference between the curves increases with 
time. A lower value of hi yields a lower temperature profile, which is in 
accordance with theoretical conclusions related to the influence of this 
parameter. Furthermore, the influence of hi vanishes as the distance from the 
inner surface increases. The inner heat transfer coefficient hi, as well as ho, has 
thus a global and local influence on the temperature time evolution. In fact, hi 
impacts the heat flow from the indoor air to the surface. The same conclusions 
were made in studies [12, 13]. 
     For the water content, differences appear right from the start because the 
initial condition is defined as an initial relative humidity. A variation in  
the adsorption isotherm logically implies differences in the initial water content. 
The adsorption isotherm exhibiting higher values of the water content for a given 
relative humidity yields higher curves. Unlike the boundary parameter hi, a 
change in a material related parameter implies changes in a field time evolution 
of the same order of magnitude over the whole wall. The effect of the change in 
the adsorption isotherm has thus a global effect on the material evolution. 
     These observations from raw data are qualitative remarks that need to be 
completed with quantitative analysis. 
 
 

 
 

 

Figure 4: Time evolution of the temperature for hi (top) and of water content 
for adsorption isotherm (bottom). 
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3.2 Statistical study 

We analysed the differences between the reference curve and the curves with 
varied parameters by means of local or global computation of statistical 
indicators. The density probability functions are computed and presented in the 
form of quartile boxes. Figure 5 and 6 present the local quartile boxes 
determined respectively from the temperature time evolution with variable hi and 
from the water content time evolution with variable adsorption isotherm. 
     We can see on figure 5 that the influence of hi is more important at the inner 
surface and decreases with depth. The repartition around the median (quartile Q2) 
is tight as compared to the relative error range. For example, at 10 mm the 
relative error ranges from 0% to 3% for hi + 10% whereas Q1 is about 2% and Q3 
less than 2.1%. We conclude that at 10 mm, the relative error is quite constant 
during the transient phase. These observations confirm those made in the 
previous section. Another important piece of information is that an uncertainty of 
10% on the value of hi yields a difference of only 2.5% on the temperature 
profile. 
     The quartile boxes for the adsorption isotherm (figure 6), underline the global 
influence of this parameter on the water content. The impact is equal to the 
uncertainty initially introduced (±5%) and is nearly constant throughout the wall 
except for surfaces (x = 0 mm and x = 80 mm). We can explain it by the 
importance of the boundary conditions at the surfaces compared to the properties 
of materials. This graph shows that accurately measuring the adsorption isotherm 
is of great importance to simulate the water content evolution in a wall, because 
the uncertainty is not reduced by the model. 
 
 
 

 

Figure 5: Evolution of the relative errors for temperature due to hi variability. 

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 83, © 2014 WIT Press

424  Advanced Computational Methods and Experiments in Heat Transfer XIII



 

Figure 6: Evolution of the relative errors for water content due to adsorption 
isotherm variability. 

     In order to classify the parameters with respect to their influence on the 
temperature or water content fields, we computed the statistical indicators over 
the whole wall thickness. Figure 7 and 8 present the results for the 9 parameters. 
     The less influent parameters are obviously the porosity n and the resistance to 
water vapour diffusion µ. Even with uncertainty of 5%, the mean relative error 
remains lower than 0.1%. In this particular case of heat and moisture transfer 
through a tuffeau wall, these parameters do not have to be accurately determined. 
The same observation can be done for the density ρ and the specific heat 
capacity Cp, for which the mean relative error is lower than 0.1%, even if the 
total range is larger (1%). The Künzel model is not very sensitive to uncertainty 
on these parameter values. 
     We propose a classification for the sensitivity of the Künzel model towards 
the parameters of the model (table 3). 
 

 

Figure 7: Evolution of the relative errors for water content. 
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Figure 8: Evolution of the relative errors for the temperature. 

Table 3:  Classification of the Künzel model parameters. 

Sensitivity Parameter 
Temperature Water content 

Low w(φ), A, n, μ,ρ,Cp n, μ,ρ,Cp 
Medium λ A, λ 

High hi, ho w(φ), hi, ho 

3.3 Discussion 

We carried out the simulations on a single layer wall. The same simulation on a 
multilayer wall could lead to a different classification, especially for the thermal 
conductivity and the volumetric heat capacity, or more generally for the diffusion 
coefficient and the storage parameters. 
     Moreover, the results obtained in this study are relative to a 80 mm thick wall 
and for the tuffeau. In future works, it is necessary to achieve more general 
results, in particular by taking into account the relative influence of the different 
parameter values. Indeed, different time scale can be associated to the material 
properties: thermal time scale, moisture diffusion time scale, water vapour 
transfer time scale... We can build dimensionless numbers with these different 
time scales, which characterize the predominant phenomena in the hygrothermal 
evolution of the wall. The tuffeau is characterized by its own dimensionless 
numbers and the classification we proposed could be only relative to this 
particular case as pointed out in [14] and [15]. It could thus be necessary to 
perform simulations on the basis of dimensionless numbers. 

4 Conclusion 

The local sensitivity analysis in case of a wall under static conditions allows 
defining influential parameters which are the adsorption isotherm and the 
convection heat transfer coefficients. Those parameters play an important role in 
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the water content of the material. The temperature profile is also sensitive to the 
variations of the convective coefficients. 
     Nevertheless, the results we presented could be relative to a single layer 
tuffeau wall. Future work should be dedicated to the determination of the 
influence of the material properties through dimensionless parameters to avoid 
this limitation.  
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