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Abstract - This numerical study investigates heat and mass transfer in a date palm concrete masonry wall with cement mortar using the 

Künzel model, examining steady-state (Dirichlet and Neumann conditions) and transient regimes. Results show boundary conditions 

significantly influence hygrothermal behavior, with temperature and humidity following linear gradients under Neumann conditions 

without reaching imposed surface values. Material interfaces exhibit pronounced capillary discontinuities, with date palm concrete 

showing higher water content (up to 55 kg/m³) than mortar joints (<3 kg/m³). In transient analysis, temperatures stabilize quickly (concrete 

~15.5°C, mortar ~17°C) while water content increases progressively. Date palm concrete demonstrates dual functionality as a moisture 

absorber and thermal insulator, highlighting the importance of understanding material-specific hygrothermal properties for sustainable 

building design. 
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1. Introduction 
Buildings are the globe's largest energy consumer and greenhouse gas emitter, according to recent statistics from the 

International Energy Agency (IEA). The industry accounts for approximately 36% of global energy consumption and 37% 

of global CO2 emissions, and it is responsible for becoming the prime driver of energy consumption and climate change [1]. 
Using sustainable construction materials through focusing on minimizing raw material usage and maximizing energy 

efficiency is a significant means of reducing greenhouse gas emissions [2]. Date palm concrete, in particular, has significant 

potential since it has an embodied energy much lower than the conventional materials [3-8].  
Masonry, a time-tested and widely employed construction material, continues to be a significant contributor to a wide 

variety of building uses even in the past few decades [9]. Its economical nature and flexibility render it a sought-after material 

with bricks and mortars as the components, which possess certain mechanical characteristics and shapes [10, 11]. These can 

be altered and combined in a multitude of means to yield an array of masonry assemblies, thus making it a strong and flexible 
choice for modern construction needs [12].  

Masonries' moisture content in the walls significantly affects overall building performance, such as energy consumption, 

structural behavior, durability, and service life [13, 14]. Due to these issues, a number of numerical models have been 
developed, which are defined by dimensionality, flow regime, chosen moisture potential parameter, and input data 

requirement. While most studies deal with homogeneous porous media, research on multilayered systems, which prevail in 

building practice, remains limited and encounters some challenges, in particular the continuity of the driving potential at 

interfaces[13]. Several theoretical models have been established to describe these transport processes, such as thermal 
conduction, convective transport, capillary flow, and vapor diffusion. These approaches are fundamentally characterized by 

their driving potential: moisture content [15-18], relative humidity [19-24], capillary pressure[25-27], or vapor 

pressure[28-30], respectively, as the primary mechanism for heat and moisture transport in porous materials. 
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The aim of this study was to examine the effect of different types of binders on the thermohydric behavior of date 

palm concrete masonry wall using cement mortar. The wall was exposed to typical Mediterranean climate conditions, 
and its performance was analyzed under steady state and transient regimes. 

 

2. Hygrothermal coupled model 
Heat and moisture transfer in porous media is a multifaceted problem in structural engineering with numerous 

concurrent physical mechanisms. It has been a subject of considerable research interest due to its central importance in 

building performance. 
The Künzel model, which has been widely applied to the simulation of coupled heat and moisture transfer in 

building materials, employs relative humidity as its driving potential rather than moisture content. Proven by Künzel 

[19] using laboratory tests under real weather conditions, this reduced method based on the Clausius-Clapeyron equation 

[31] has worked well in simulating permeable materials. While accurate in the hygroscopic range, the model shows 
limitations in over-hygroscopic cases [32]. Studies indicate that convective coefficients and adsorption isotherms play 

significant roles in model accuracy [33], with updated versions being more accurate for building envelopes than other 

models [34]. 
Based on assumptions in Künzel's model [35], heat and mass transfer governing equations are derived based on 

principles of energy and mass balance. The equations are meant to treat the transfer of heat and moisture by more than 

one process, such as conduction, convection, and vapor diffusion, and are expressed in 2D as: 
Mass conservation equation 

𝑑𝑧. 𝜉.
𝜕𝜑

𝜕𝑡
+ ∇. 𝑔 = 𝐺                     (1) 

𝑔 = −(𝜉𝐷𝑤∇φ + 𝛿𝑝∇(𝜑𝑝𝑠𝑎𝑡))  and 𝜉 =
𝜕𝑤

𝜕𝜑
         (2) 

Heat conservation equation 

𝑑𝑧. (𝜌𝐶𝑝)𝑒𝑓𝑓 .
𝜕𝑇

𝜕𝑡
+ ∇. 𝑔 = 𝑑𝑧𝑄 + 𝑞0          (3)      

𝑞 = −𝑑𝑧(𝑘𝑒𝑓𝑓∇T + 𝐿𝑣𝛿𝑝∇(𝜑𝑝𝑠𝑎𝑡))        (4) 

 

Where:  𝜉 = 𝜕𝑤/𝜕𝜑:  specific hygric capacity, 𝐷𝑤: (m².s -1 ) Moisture diffusivity, 𝜉𝐷𝑤 = 𝐷𝑙 (kg.m-2 .s-1) 
𝐷𝑙 : liquid transfer coefficient under a relative humidity gradient; In hygroscopic region 0 ≤ 𝜑 ≤ 95: 𝐷𝑙 =

(
1

𝜇(𝜑)∗ −
1

𝜇
) (𝛿𝑝,𝑎 . 𝑃𝑠𝑎𝑡) ; μ and μ* s the water vapor diffusion resistance fact for wet and dry cup test method described in 

EN ISO 12572. 𝜇 =
𝛿𝑝,𝑎

δp
 ; 𝛿𝑝,𝑎 : Water vapour permeability of air, given by:𝛿𝑝,𝑎 = (2.306. 10−5.

𝑃0

𝑅𝑣
. 𝑇. 𝑃𝑎) (𝑇/273.13)1.81; 

δp : Water vapour permeability  

 
- In the capillary water region, the liquid transfer coefficient, 𝐷𝑙,𝑤𝑠, is defined as follows: 

𝐷𝑙,𝑤𝑠 = 𝐷𝑤𝑠 . 𝜉, Where : 𝐷𝑤𝑠 = 3.8 (
𝐴

𝑊𝑓
)

2

1000
𝑤

𝑤𝑓−1⁄
 

 
Interface modeling is very important for the simulation of moisture transport in multi-layered materials like masonry. 

The interface between different materials is assumed to be a zero-thickness phenomenological zone having either perfect 

hydraulic contact (having no influence on moisture transport) or imperfect hydraulic contact (causing moisture flux 

retardation due to pore structure discontinuities or air gaps). Interface permeability is defined in terms of parameters KIF 
[s/m] or resistance RIF [m/s], and water transport through the interface (gIF) is provided by equations in terms of capillary 

pressure or relative humidity. These interfaces have zero thickness and no hygroscopic capacity [36-38].  

By applying Kelvin's equation, the moisture flow through the interface is given as follows [38]: 

𝑔𝐼𝐹 =
𝜌𝑤.𝑅𝑉 .𝑇

𝜑

∆𝜑

𝑅𝐼𝐹
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 𝜌𝑤.: water density [kg/m3], 𝑅𝑉  [J/(kg·K)]: universal gas constant for water vapour. 

 

3. Case study description 
The masonry wall chosen for the study is presented in the figure. It consists of bricks with dimensions of  of 290 

mm × 140 mm × 90 mm, with mortar joints of 15 mm thickness. The resulting structure is a masonry wall with a thickness 
of 395mm and a total height of 2790 mm.  

The properties of the materials used for the hygrothermal simulations are presented in Table 1. Two types of mortars 

were selected to analyze the impact of mortar type on the thermohydric behavior of the wall: cement mortar (CM) and natural 
hydraulic lime mortar (LM). 

 
   (a)                                                       (b)                                      (c) 

Fig.1: (a) configuration of the studied masonry wall, (b) lines taken for the results of the distribution of T, RH and wc, (c) points 

taken for the results of the evolution of T, RH and wc. 

 

The material properties used for the hygro-thermal simulations are presented in Table 1. 
 

Table 1: Thermohydric Properties of Bricks and Mortars Used in the Simulation 

 
Property 

 
Specific 

heat  [J kg-1 K-1] 
Dry 

thermal 

conductivity 
[w m-1 K-1] 

Vapor 
resistance 

factor (wet 
cap) [-] 

Vapor 
resistance 

factor (dry 
cap) [-] 

Water 
adsorption 

coefficient 
[kg m-2 s-0.5] 

Water 
content at free 

saturation [kg 
m-3] 

Dry 
Density [kg 

m-3] 

Moisture 
supplement of 

thermal 
conductivity [-] 

DPC [35] 1500 0.185 5.57 6.310 0.165 429 954 10.19 

Cement 

mortar 

[28] 

932 1.72 25.00  0.060 180 2000 9.29 

 

4. Initial and Boundary conditions 
The study is carried out for two regimes: permanent and transient. For the permanent regime, the following initial 

conditions have been assumed: 𝑇𝑖 = 20°𝐶 and 𝜑𝑖 = 50%   [19] 

For the transient regime, the initial conditions are taken from the permanent state ‘Neumann conditions’. 

Two distinct boundary conditions were implemented in this study: Dirichlet conditions for the steady-state analysis (D-

SS), and Neumann conditions (N-SS) for the steady-state and transient-state simulations. 

Dirichlet conditions :Text = 14°C and 𝜑ext = 75 %  

Neumann conditions: 𝑄 = ℎ𝑡(𝑇𝑒𝑥𝑡 − 𝑇), where 𝑄:heat flow density (W/m2), ℎ𝑡: heat transfer coefficient (W/m2.K) 

takes into account both convection and radiation through the following relation:  ℎ𝑡=ℎ𝑟 + ℎ𝑐 ; 𝑇𝑒𝑥𝑡: External temperature 
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surface (K) and 𝑇: wall temperature (K). ℎ𝑡=11.57 W m -2 K -1 for the interior surface and ℎ𝑡=27 W m -2 K -1 for the exterior 

surface [19]. 

𝐺0 = 𝛽(𝜑𝑒𝑥𝑡𝑃𝑠𝑎𝑡(𝑇) − 𝜑𝑃𝑠𝑎𝑡(𝑇)) , with 𝐺0: convective moisture flow at boundary surface, used for the computation 

of the vapor saturation pressure. 𝛽: moisture transfer coefficient at boundaries. 𝛽 = 7𝑒 − 9 . ℎ𝑐. [39] 

 

5. Result and discussion 
The numerical simulations were performed by COMSOL Multiphysics software. The influence of mesh refinement on 

the accuracy of the numerically solved thermal and hydric field is shown through a series of computations with successively 
finer domain meshes. We compared our numerical model to the experimental work of [38], in which temperature and 

humidity fields were compared. Figure 3 shows the comparison result with satisfactory agreement. 

 
Fig.3 Model Verification Against [38] 

 

The figure 5 shows the temperature, water content and humidity distribution across a masonry wall made of date palm 

concrete with cement mortar binding for three different lines (mc-int, mc-ext, and moc) as indicated in Fig1. The temperature 
and humidity distribution strongly depends on the imposed boundary conditions. For the Neumann steady-state conditions 

(N-SS), the temperature and humidity inside the wall follow a nearly linear gradient. The temperature and relative humidity 

values in the N-SS case do not attain the values imposed on the wall surfaces, which is evident since the convective heat 
transfer and convective mass transfer coefficients induce a thermal and mass exchange with the internal and external 

environments. The mc-int and mc-ext curves have similar shapes (Fig.5(a) and (c)), with delicate slope transitions 

corresponding to the interfaces between mortar and concrete blocks. The moc curve (Fig.5 (a) and (c)), which describes 
respectively the temperature and humidity distribution in the mortar, is generally similar in trend to the mc-int and mc-ext 

curves, but with clearly lower values. There are more pronounced deviations between these curves at both boundary of the 

wall, probably indicating a difference in the hygroscopic behavior of materials near surfaces exposed to the indoor and 

outdoor environment. The temperature and relative humidity results obtained in the D-SS case are almost similar for the 
three lines, with a characteristic inflection attributable to the interface effect at the junction between the mortar and the DPC. 
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(a)                                (b)                                                      (c) 

Fig.4 Temperature (a), water content (b) and Humidity (c) distribution across masonry wall for (D-SS) 

 

 
(a)               (b)      (c) 

Fig.5 Temperature (a), water content (b) and Humidity (c) distribution across masonry wall for  (N-SS) 

 
(a)               (b)      (c) 

Fig.6 Time-dependent evolution of: Temperature (a), water content (b) and Humidity (c) 

 

Water content, Fig.4(b) and Fig.5 (b), gradually reduces from outside to inside of the wall, showing a natural gradient 

of moisture where water is transported from wetter to drier conditions. The abrupt falls observed at about 100mm and 300mm 

indicate material interfaces (concrete blocks and mortar joints) showing capillary discontinuity at these boundaries. The 
moisture content in DPC blocks (mc-int and mc-ext, up to 55 kg/m³) is significantly greater than in mortar (moc, less than 3 

kg/m³), and this suggests that there is a significant difference between the hygroscopic characteristics of the two materials. 

The shapes of the mc-int and mc-ext curves are the same but shifted, i.e., boundary conditions (interior and exterior) influence 
moisture distribution in the wall differently. For both D-SS and N-SS cases, slight differences in maximum and minimum 

values are observed at the wall boundaries. With Dirichlet conditions (Fig.4(b)), the boundary values are strictly imposed, 

resulting in more defined values at the wall extremities, whereas for the Neumann case (Fig.5(b)), fluxes are imposed, which 
may lead to slightly different values at the boundaries.  

The temperature evolution (Fig.6 (a) shows initial temperatures of approximately 20°C followed by sharp temperature 

drops within the first 1000 seconds. MC-DPC stabilizes at approximately 15.5°C while MC-CM-H and MC-CM-V stabilize 

at approximately 17°C. After this initial stabilization process, temperatures are relatively constant throughout the remainder 
of the simulation. The water content (Fig.6 (b)) shows that MC-DPC has the highest water content (15-19 kg/m³), rising 

steadily with time. In contrast, MC-CM-H and MC-CM-V contain considerably lower water contents of approximately 1-2 

kg/m³. Horizontal and vertical mortar joints (CM-H and CM-V) experience nearly identical water content behavior 
throughout the simulation period.  The trend of relative humidity development (Fig.6 (c)) presents increasing trends for all 

the observation points during the time. MC-DPC presents the highest values of relative humidity, with an increase from 
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about 0.50% to about 0.66%. MC-CM-V presents intermediary values, and MC-CM-H presents the lowest values of relative 

humidity among the three points. The temperature and relative humidity follow almost the same evolution tendencies for the 
two points of the vertical and horizontal mortar joints (MC-CM-V and MC-CM-H), while the DPC material has different 

behavior with lower equilibrium temperature, with much more water content, and with higher relative humidity values. These 

differences refer to the distinct hygrothermal properties of materials involved in the wall construction and their distinct 
response to environmental conditions. The DPC appears to have a higher moisture absorption capacity but provides thermal 

insulation as well, as indicated by its lower temperature overall. 

Mortar joints (CM-H and CM-V) show very similar behavior, with much lower values of water content than DPC 

(between 0.8 and 1.8 kg/m³). Their water content increases very slightly and almost linearly over time, with a much lower 
slope of increase (around 10 times less pronounced) than that of DPC. Vertical mortar (CM-V) maintains a slightly higher 

water content than horizontal mortar (CM-H), but this difference remains minimal. 

However, the water content in the DPC is significantly higher, starting at around 14.5 kg/m³ and reaching almost 20 kg/m³ 
after 9000 seconds. The curve shows a progressive and continuous increase, without reaching a stabilization plateau during 

the observation period. The rate of increase is more pronounced, with a relatively constant slope, but which seems to decrease 

slightly towards the end of the period (suggesting a potential slowdown in absorption). 

 

4. Conclusion 
This numerical analysis of heat and mass transport in a cement mortar date palm concrete masonry wall demonstrates 

that temperature and humidity distribution is strongly dependent on boundary conditions, Neumann conditions producing 

linear gradients and Dirichlet conditions imposing strict boundary values. The material interfaces are characterized by a 

significant capillary discontinuity with very much higher water content in concrete blocks (up to 55 kg/m³) than in mortar 

joints (less than 3 kg/m³). Temperatures in transient analysis come to equilibrium quickly (concrete ~15.5°C, mortar ~17°C), 
and the water content increases progressively, particularly in concrete. Horizontal and vertical joints of mortar exhibit similar 

behavior with very small difference. Date palm concrete demonstrates higher moisture absorption capacity and thermal 

insulation. The focus of this research is on the need for material-specific hygrothermal characteristics in masonry wall design 
and their influence on building performance in general. 
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