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Abstract  
Cellular porous materials are frequently applied in the construction industry, both for structural and 

insulation purposes. The progressively stringent energy regulations mandates the development of 

better performing insulation materials. Recently, novel porous materials with nanopores or reduced 

gas pressures have been shown to possess even lower thermal conductivities because of the Knudsen 

effect inside their pores. Further understanding of the relation between the pore structure and the 

effective thermal conductivity is needed to quantify the potential improvement, and design new 

optimized materials. This paper presents the extension of a 3D numerical framework simulating the 

heat transfer at the pore scale. A novel methodology to model the reduced gas-phase conductivity in 

nanopores or at low  gas pressures is presented, accounting for the three-dimensional pore geometry 

while remaining computationally efficient. Validation with experimental and numerical results from 

literature indicates the accuracy of the methodology over the full range of pore sizes and gas 

pressures. Combined with an analytical model to account for thermal radiation, the framework is 

applied to predict the thermal conductivity of a nanocellular PMMA foam experimentally 

characterized in literature. The simulation results show excellent agreement with less than 5 % 

difference with the experimental results, validating the model’s performance. Furthermore, results 

also indicate the potential improvements when decreasing the pore size from the micrometre to the 

nanometre range, mounting up to 40 % reduction for such high-porosity low-matrix-conductivity 

materials. Future application of the model could assist the design of advanced materials, properly 

accounting for the effect of reduced pore sizes and gas pressures. 

Nomenclature 
 

Greek   

𝜆  thermal conductivity W/mK 

𝜌  mass density kg/m³ 

𝜎  Stefan-Boltzmann constant W/m²K4 

𝜖  Emissivity - 

   

Roman   

𝑇  Temperature K 

𝑇𝑛𝑒𝑡
𝑢𝑛𝑖𝑡  Net transmittance through a unit cell - 

𝑞  Heat flux W/m² 

𝑉  Volume m³ 

𝑐𝑉  Specific heat capacity at constant volume J/kgK 

𝐶𝑟𝑎𝑑  Heat capacity per volume for thermal radiation J/m³K 

𝐶(𝜖, 𝑆𝑓)  Radiation factor - 
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𝑆𝑓  Slenderness factor - 

𝑣  Speed m/s 

𝐿  Length M 

𝑅  Specific gas constant J/kgK 

𝑝  Pressure Pa 

𝑑  Thickness m 

𝑑𝑥  Mean distance in the x-direction m 

𝑎  Thermal accommodation coefficient - 

   

Abbreviations & Acronyms   

ETC Effective thermal conductivity W/mK 

eff effective  

cond conductive  

rad radiative  

x,y or z in the x, y or z-direction  

MFP Mean free path  

avg Average  

bdy boundary  

 

1. Introduction 
Heat losses through opaque building components like walls and roofs account for a large part of the 

total heating demand in buildings. Hence, porous insulation materials are often applied, offering a 

relatively low thermal conductivity due to their porous nature (Jelle, 2011; Schiavoni et al., 2016; Smith 

et al., 2013). Examples are insulation foams like XPS and PUR, mineral insulations like stone and glass 

wool, but also materials combining structural and insulating properties like aerated concrete or 

cellular glass. Complying with the progressively stringent energy regulations requires increasingly thick 

insulation layers, complicating the design and the refurbishment of new and existing buildings. A lot 

of research is hence focussed on obtaining better performing insulations materials, with effective 

thermal conductivities below that of still air (~25 mW/mK at 20 °C). 

One of the possible strategies is optimizing the pore structure parameters, since they directly 

influence the materials’ effective thermal conductivity (ETC). Indeed, the ETC originates from several 

heat transfer mechanisms at the microscale, most importantly being heat conduction through the 

solid matrix and through the gas, and thermal radiation through the material. To reduce the ETC, 

typical insulation materials have very elevated porosities, at which conduction through the gas phase 

accounts for the largest part of the total heat transfer (Solórzano et al., 2009). Hence, research has 

been focussing on reducing the contribution of the gas-phase conductivity. Several possible pathways 

were identified by Jelle et al. (2010): replacing the gas with a less conductive gas, reducing the gas 

pressure or confining the gas in nanoscale pores. The latter two strategies show great application 

potential for building insulation purposes, with examples like vacuum insulation panels, aerogels, 

nanocellular foams and hollow silica nanospheres (HSNS) (Baetens et al., 2010; Cuce et al., 2014; Hu 

et al., 2018; Liu et al., 2015). For such materials, it has been shown that the gas-phase conduction 

mechanism shifts from the Fourier to the Knudsen regime, resulting indeed in a reduction of the gas-

phase conductivity. Further optimization of these novel materials and design of new materials requires 

a better understanding though of the combined impact of the pore structure parameters like the 

porosity, pore shape or pore size distribution for example on the resulting ETC. 

Large-scale experimental production and characterization of such novel materials with different 

properties is very cumbersome though. Therefore, different modelling strategies have been 
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developed to advance the knowledge and understanding of porous materials with nanosized pores or 

low gas pressures. Analytical expressions, on one hand, allow predicting the ETC as a function of 

several pore scale parameters like porosity and pore size. Usually, a separate conductivity is derived 

for each relevant heat transfer mechanism based on empirically or theoretically derived correlations. 

Material characteristics like porosity or pore size are averaged to use in these correlations. 

Subsequently, the thermal conductivities of the different heat transfer mechanisms are combined by 

summation or through other formulations to obtain the ETC. Examples and reviews for different types 

of materials can be found in literature (Ferkl et al., 2013; He and Xie, 2015; Hu et al., 2018; Kan et al., 

2015; Machrafi and Lebon, 2015; Wang, 2017a). Such analytical expressions provide very useful 

insights regarding the expected impact of certain parameters. Indeed, Wang et al. (2017a) for example 

demonstrated the potential existence of an optimum porosity in nanocellular foams at which the ETC 

reaches a minimum value. However, since such models are based on averaged properties, they don’t 

allow studying the effect of parameters like the pore size distribution width or a locally varying pore 

shape. Furthermore, their validity and applicability for the whole porosity range or diverse pore 

structures is unclear. On the other hand, several highly detailed modelling strategies have been 

developed to study the effect of the gas pressure or the dimensions of the pore size and/or matrix 

walls. Examples are the molecular dynamics technique, phonon Boltzmann equation techniques and 

phonon hydrodynamics (Bao et al., 2018; Coquil et al., 2011; Guo and Wang, 2015). Very detailed 

information on the effect of several pore scale parameters can be gained from such models. However, 

they are currently still computationally very expensive, implying that they can only be used for 

modelling small or simplified configurations. This impedes their application for modelling a 

representative volume of the specimen or performing optimization efforts which require simulations 

of extended sample sets.  

This paper discusses the extension of an existing 3D image-based thermal conductivity model (Van De 

Walle et al., 2018) to simulate porous materials containing nanosized pores or with low gas pressures. 

The model performs simulations on the 3D pore structure of the material, inherently incorporating 

the effect of the pore structure parameters. An efficient methodology to include the effect of the local 

pore size, shape and gas pressure on the gas-phase conductivity is presented. The model framework 

is validated comparing the simulation performance with experimental measurements found in 

literature for a set of nano- and microcellular foams. The extended model framework hence aims at 

further understanding the effect of the pore structure on the ETC of porous materials, including the 

potential impact of reduced pore sizes or gas pressures. 

The model presented is aimed primarily at predicting the thermal conductivity of cellular materials, 

commonly found in typical porous building materials. Indeed, such pore structure topologies have 

been shown to combine low thermal conductivities with strong structural properties (Ashby and 

Medalist, 1983; Gibson and Ashby, 1997). Using the model presented in this paper, the authors hope 

to contribute to the further understanding of the thermal properties of cellular porous materials with 

application in the building industry. 

2. Extension of the model framework 
Recently, the authors presented an image-based model to study the effect of the pore structure 

parameters on the ETC in macro-cellular materials like cellular concrete or cellular glass (Van De Walle 

et al., 2018). Further thermal optimization of such materials could be achieved by reducing the pore 

size and/or the gas pressure as was discussed earlier. Therefore, this section discusses the extension 

of the model framework to incorporate the effect of such adaptations on the resulting ETC. Since these 
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modifications mainly target the reduction of the gas-phase conductivity, focus is placed on formulating 

a model strategy for this heat transfer mechanism. A calculation methodology quantifying the gas-

phase conductivity in every pore based on its local dimensions, shape and gas pressure is derived and 

validated with experimental measurements of the conductivity of some gasses found in literature. 

Subsequently, an analytical model proposed in literature (Wang et al., 2018; Wang, 2017a) to account 

for thermal radiation is revisited, before discussing the conduction through the solid matrix. 

2.1. Image-based prediction model 
A brief overview of the original 3D image-based model framework extended in this paper is presented 

here. The framework performs simulations on a cubic sample of the material and consists of three 

main parts. An illustrative overview is shown in Figure 1. 

 

 

Figure 1: Overview of model framework with (a) a µCT image of an aerated concrete, (b) a virtually generated cellular 

material, (c) the finite element mesh and (d) the temperature profile after the simulation (Van De Walle et al., 2018). 

First, a 3D representation of the pore structure needs to be obtained. This can be either through 

imaging techniques like µCT scanning or through virtual generation algorithms. The image format is a 

3D cubic voxel image matrix with side length 𝑑𝑠𝑎𝑚𝑝𝑙𝑒 [𝑚]. Subsequently, a finite element mesh is built 

directly on the 3D image using an adaptation of the open source codes iso2mesh and CGAL (Alliez et 

al., 2015; Fang and Boas, 2009). Finally, based on this mesh, a stationary thermal simulation is 

performed in a simulation package like COMSOL Multiphysics or Elmer. A constant temperature 

difference is applied across the sample and all other boundaries are set to adiabatic conditions. The 

thermal conductivity of the matrix phase and the gaseous phase are set to their specified values found 

in literature. The effective thermal conductivity of the sample is derived from the heat flow results of 

the simulation through the formula in Eq. 1, with 𝑞𝑥  [𝑊/𝑚²] the heat flux in the general heat transfer 

direction, 𝑇ℎ𝑜𝑡/𝑇𝑐𝑜𝑙𝑑 [𝐾] the applied boundary temperatures and 𝑑𝑠𝑎𝑚𝑝𝑙𝑒 [𝑚] the side length of the 

simulated cubic sample (Chen et al., 2015). All simulations are performed assuming dry conditions, in 

accordance with the usual practice of measuring a material’s thermal conductivity in dry conditions. 

 

𝜆𝑒𝑓𝑓 =
∫ 𝑞𝑥 ∗ 𝑑𝑉𝑉𝑐𝑢𝑏𝑒

(𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑) ∗ (𝑑𝑠𝑎𝑚𝑝𝑙𝑒)
2 (1) 

 

Thermal radiation is taken into account through an adapted version of Loeb’s method: a radiative 

conductivity is calculated in every pore based on its size and shape (Van De Walle and Janssen, 2016). 

As such, radiation is modelled as a surface-to-surface process in every pore and is incorporated locally 
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during the simulation. However, for materials where such modelling formalism is not valid due to 

thermal radiation transferring partially through the cell walls, the framework can be applied to 

calculate a conduction-only thermal conductivity 𝜆𝑐𝑜𝑛𝑑,𝑒𝑓𝑓, which can be summed with a macroscopic 

radiative conductivity 𝜆𝑟𝑎𝑑,𝑒𝑓𝑓, as shown in Eq. 2. This will be further discussed in section 2.3. 

 

𝜆𝑒𝑓𝑓 = 𝜆𝑐𝑜𝑛𝑑,𝑒𝑓𝑓 + 𝜆𝑟𝑎𝑑,𝑒𝑓𝑓 (2) 

 

The model framework has been validated using a sintered glass filter specimen of 36 % porosity and a 

Reapor block of 89 % porosity with a mixed cellular-granular pore structure. For both materials, good 

agreement was achieved between simulation results and experimental measurements, with 

deviations below 10 % (Van De Walle et al., 2018). More details on the model framework and the 

experimental validation can also be found in (Van De Walle, 2019). 

To incorporate the effect of nanoscale pores and reduced gas pressures, the next sections discuss their 

effect on the separate heat transfer mechanisms, together with their implementation in the model 

framework. 

2.2. Gas-phase conduction 
In high-porosity materials used for building applications, gas-phase conduction typically accounts for 

the largest part of the total heat transfer through the material. To study the potential strategies for 

reducing the gas-phase conductivity, insight in the physical process is necessary. Conduction through 

the gas phase originates from the microscopic movement of gas molecules, transporting their energy 

over small distances and exchanging energy upon collisions. Several formalisms exist in literature to 

study the microscopic behaviour and interaction of the gas molecules. In this paper, the kinetic theory 

of gases framework is used to model the gas-phase conduction and study the impact of reducing gas 

pressures and pore sizes. Although less accurate than more detailed simulations strategies like the 

molecular dynamics technique (Bi et al., 2014) or the DSMC technique (Denpoh, 1998; Zhu et al., 

2017), it provides reasonably accurate results and an intuitive picture of the effect of reducing the 

pore size and gas pressure. Furthermore, it allows to extend the existing numerical model in a 

straightforward way as will be shown further on. First, a short introduction to the kinetic theory of 

gases is presented, after which the calculation methodology is derived. 

2.2.1. Gas-phase conduction in bulk gases 
The simple kinetic theory of gases framework is an established formalism described for example in the 

seminal book of Kennard (1938). It allows studying macroscopic properties like the gaseous thermal 

conductivity by describing the gas as molecules in random motion. It assumes the gas to behave like 

an ideal gas, meaning gas molecules can be described as spherical masses occupying only a negligible 

space (dilute) and only interacting through elastic collisions (hence without other intermolecular 

forces). Such conditions are indeed valid for most gases around room temperature and at atmospheric 

pressure or below. Each particle is seen as an ‘energy carrier’, transporting its energy in whichever 

direction it is flying. When two particles collide, they exchange energy and change the direction of 

their path. This process will induce energy to flow (on average) from the warm side of the gas to the 

colder side of the gas. 

The framework allows to deduce a formula for the thermal conductivity 𝜆𝑔𝑎𝑠 [𝑊/𝑚𝐾] of such a gas 

as shown in Eq. 3: 
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𝜆𝑔𝑎𝑠 =
1

3
∗ 𝑐𝑉,𝑔𝑎𝑠 ∗ 𝜌𝑔𝑎𝑠 ∗ 𝑣𝑎𝑣𝑔,𝑔𝑎𝑠 ∗ 𝐿𝑀𝐹𝑃  (3) 

 

with, 𝑐𝑉,𝑔𝑎𝑠 [𝐽/𝑘𝑔𝐾] the specific heat at constant volume, 𝜌𝑔𝑎𝑠 [𝑘𝑔/𝑚³] the mass density, 

𝑣𝑎𝑣𝑔,𝑔𝑎𝑠 [𝑚/𝑠] the average speed of the gas molecules and 𝐿𝑀𝐹𝑃 [𝑚] the mean free path of the gas 

molecules. The specific heat depends on the gas temperature and is tabulated for most gases. The 

mass density depends on gas pressure 𝑝𝑔𝑎𝑠 [𝑃𝑎] and temperature 𝑇𝑔𝑎𝑠 [𝐾] and can be calculated 

using the ideal gas law shown in Eq. 4a, knowing the specific gas constant 𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐,𝑔𝑎𝑠 [𝐽/𝑘𝑔𝐾]. The 

average molecule speed, 𝑣𝑎𝑣𝑔,𝑔𝑎𝑠 [𝑚/𝑠], is a representation of the whole speed distribution of the 

gas molecules. Jiji (2009) proposed to approximate this speed by its root-mean-square value, and 

hence it depends on the specific gas constant 𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 and the gas temperature 𝑇𝑔𝑎𝑠 as shown in Eq. 

4b. 

 

𝜌𝑔𝑎𝑠 =
𝑝𝑔𝑎𝑠

𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐,𝑔𝑎𝑠 ∗ 𝑇𝑔𝑎𝑠
 

(4a) 

𝑣𝑎𝑣𝑔,𝑔𝑎𝑠 = √3 ∗ 𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐,𝑔𝑎𝑠 ∗ 𝑇𝑔𝑎𝑠 (4b) 

 

Finally, the mean free path 𝐿𝑀𝐹𝑃 represents the average distance a gas molecule travels between 

successive collisions. For bulk gases, this depends on the pressure and the temperature of the gas as 

well as on the gas molecule properties. For example, for air at 20 °C and atmospheric pressure, the 

mean free path is about 58 nm. 

When applying Eq. 1 with property values found in literature, results consistently underestimate the 

true gaseous thermal conductivity. As argued by both Zhang and Jiji (Jiji, 2009; Zhang, 2007), this is 

because the average distance between collisions is the mean free path for momentum transfer, and 

not for energy transfer. Often, a factor depending on the specific heat ratios 𝛾 is introduced in Eq. 1 

to correct for this issue. However, here we follow the solution proposed by Jiji (2009), defining a ‘mean 

free path for energy exchange’ that should be used in Eq. 1 instead of the physical distance between 

two collisions. This energy-exchange mean free path can be deduced from Eq. 1 using a tabulated 

value for the gaseous thermal conductivity and specific heat, and using Eqs. 4 for the mass density and 

average speed. For air at 20 °C and atmospheric pressure, this leads for example to an energy-

exchange mean free path of 180 nm, roughly 3 times higher than the physical mean free path. 

2.2.2. Gas-phase conduction at low gas pressures and in pore cavities 
The kinetic theory of gases highlights through Eq. 3 the effect of several parameters on the resulting 

gaseous thermal conductivity. In this paper, focus is only placed on the effect of the gas pressure and 

the effect of confinement in a pore cavity, both of which are currently targeted in optimization efforts 

of thermal insulation materials. These parameters will influence the mean free path of the gas 

particles and hence the resulting gas-phase conductivity as explained below. A calculation 

methodology is subsequently derived to predict the gas-phase conductivity in a certain pore 

depending on its size, shape and gas pressure. 
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The effect of the pore size and the gas pressure on the mean free path 

When a gas is confined inside a pore cavity, gas molecules will from time to time collide with the pore 

walls. As such, heat is conducted through the gas from one side of the pore to the other. This affects 

the actual (or effective) mean free path 𝐿𝑀𝐹𝑃,𝑒𝑓𝑓 [𝑚] of the molecules, which can be estimated with 

Matthiessen’s rule in Eq. 5 assuming independent scattering probabilities for both scattering 

mechanisms (Jiji, 2009). The importance of such boundary scattering events relative to particle-

particle scattering is often indicated through the Knudsen number, defined as the ratio of the bulk gas 

mean free path to the characteristic length of the system (i.e. the pore size). When the pores are 

relatively big, the amount of collisions with the wall are relatively small, and the Knudsen number will 

be low (<0.1). In that case, the effective mean free path almost equals the bulk mean free path 

𝐿𝑀𝐹𝑃,𝑏𝑢𝑙𝑘 [𝑚]. This regime is often called the diffusive regime since heat flow is diffusive from a 

macroscopic point of view. However, when the pore size reduces to the order of the bulk mean free 

path, molecules will collide relatively more often with the pore boundaries, and Knudsen number is 

around 1. The effective mean free path hence reduces, and so will the gas-phase conductivity. At 

further reducing pore size (and high Knudsen numbers >10), gas molecules travel directly from one 

pore boundary to the other, which is in the limit called the ballistic regime. The mean free path is in 

that case only influenced by the boundaries and is called the boundary mean free path 𝐿𝑀𝐹𝑃,𝑏𝑑𝑦 [𝑚]. 

 

1

𝐿𝑀𝐹𝑃,𝑒𝑓𝑓
=

1

𝐿𝑀𝐹𝑃,𝑏𝑢𝑙𝑘
+

1

𝐿𝑀𝐹𝑃,𝑏𝑑𝑦
 (5) 

 

At reducing gas pressure, on the other hand, the mass density of the gas will decrease according to 

the ideal gas law since there are fewer molecules per unit volume. At the same time, the bulk mean 

free path will increase since there are less molecules present to collide with. Both effects counteract 

each other in Eq. 3, leading to the bulk gaseous thermal conductivity hardly changing with reducing 

pressure. However, when confined in a pore cavity, the effect of the reducing effective mean free path 

described above will set in at relatively larger pore sizes. Indeed, since the bulk mean free path of the 

gas increases at reducing pressure, the effect of the pore confinement becomes already relevant at 

relatively larger pore sizes. 

To calculate the gas-phase conductivity inside a pore, one needs to calculate the effective mean free 

path and hence the boundary mean free path imposed by the pore boundaries. Expectedly, this 

boundary mean free path will depend on the pore size and the pore shape. Besides, it also depends 

on the efficiency of energy exchange between the gas molecule and the pore wall, as will be discussed 

further on. Similarly to the energy-exchange bulk mean free path, the energy-exchange boundary 

mean free path should be used in Eq. 5. Except for simple structures like parallel plates, calculating 

this energy-exchange boundary mean free path is far from trivial. Therefore, a new methodology is 

proposed here. 

Calculating the energy-exchange boundary mean free path 

The energy-exchange boundary mean free path depends on the pore size, pore shape and gas-

boundary interaction. Accurate calculations of the pore confinement effect so far required the use of 

complex strategies like molecular dynamics. Here, an intuitive and complete analytical solution is 

proposed to quantify the energy-exchange boundary mean free path. 

The boundary mean free path only relates to the effect a gas molecule experiences from the 

surrounding boundaries. Thus, by definition it boils down to the situation where no interactions with 
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other gas molecules is happening. To calculate this effect, we turn to the analogy with thermal 

radiation. Indeed, thermal radiation is often modelled as a process between surfaces, without any 

interaction between the photons. Considering the photons as particles, it hence shows great similarity 

with the process of gas molecules travelling directly between boundaries without scattering with 

other gas particles. Furthermore, similar to gas-phase conduction, the kinetic theory framework also 

allows to formulate an expression for the radiative conductivity as shown in Eq. 6 (Chen, 2005; Jiji, 

2009). 

 

𝜆𝑟𝑎𝑑 =
1

3
∗ 𝐶𝑟𝑎𝑑 ∗ 𝑣𝑟𝑎𝑑 ∗ 𝐿𝑀𝐹𝑃,𝑟𝑎𝑑 (6) 

 

The specific heat 𝐶𝑟𝑎𝑑  [𝐽/𝑚³𝐾] and speed of the photons 𝑣𝑟𝑎𝑑  [𝑚/𝑠] is defined as shown in Eq. 7, 

with 𝑣𝑙𝑖𝑔ℎ𝑡 [𝑚/𝑠] the speed of light and 𝜎 [𝑊/𝑚2𝐾4] the Stefan-Boltzmann constant. 

 

𝐶𝑟𝑎𝑑 =
16 ∗ 𝜎 ∗ 𝑇3

𝑣𝑙𝑖𝑔ℎ𝑡
 (7a) 

𝑣𝑟𝑎𝑑 = 𝑣𝑙𝑖𝑔ℎ𝑡 (7b) 

 

The effective mean free path for thermal radiation can again be calculated using Matthiessen’s rule 

(Eq. 5). The bulk mean free path of photons is usually several orders of magnitude larger than the 

cavity size when travelling inside a cavity filled with a non-absorbing medium as air. Hence, for thermal 

radiation, the effective mean free path equals the boundary mean free path, as shown in Eq. 8. 

 

1

𝐿𝑀𝐹𝑃,𝑒𝑓𝑓,𝑟𝑎𝑑
=

1

𝐿𝑀𝐹𝑃,𝑏𝑢𝑙𝑘,𝑟𝑎𝑑
+

1

𝐿𝑀𝐹𝑃,𝑏𝑑𝑦,𝑟𝑎𝑑
≅

1

𝐿𝑀𝐹𝑃,𝑏𝑑𝑦,𝑟𝑎𝑑
 (8) 

 

This boundary mean free path for thermal radiation can be deduced by comparing Eq. 6 with 

previously derived equations in literature for the radiative thermal conductivity in pores. Based on the 

methodology of Loeb (Loeb, 1954), the authors presented a model to calculate the radiative 

conductivity inside a pore cavity as a function of the pore size and shape (Van De Walle and Janssen, 

2016). The model was derived based on a large set of detailed radiation simulations performed in 

pores with varying pore size, shape and orientation. An analytical equation was fitted through the 

simulation results, allowing to calculate the radiative conductivity in any pore based on its dimensions 

and shape. The analytical model has been expanded recently to include the effect of the wall emissivity 

𝜖 [−] and is presented in Eq. 9a-c (Van De Walle, 2019). The pore size is characterized by its mean 

distance 𝑑𝑥  [𝑚] between the opposing pore walls in the general heat flow direction 𝑥. The factor 

𝐶 [−] combines the influence of the wall emissivity and the pore slenderness factor 𝑆𝑓 [– ]. This 

slenderness factor characterizes the pore shape and is defined as the ratio between the mean distance 

between the opposing pore walls in the 3 main directions (𝑑𝑥 , 𝑑𝑦, 𝑑𝑧 [𝑚]). As follows logically from 

Eq. 9b, the slenderness factor depends on the general heat flow direction, so possible anisotropic 

effects can be included. 
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𝜆𝑟𝑎𝑑,𝑝𝑜𝑟𝑒 = 4 ∗ 𝜎 ∗ 𝑇
3 ∗ 𝑑𝑥 ∗ 𝐶(𝜖, 𝑆𝑓) (9a) 

  

𝑆𝑓 =
𝑑𝑧 ∗ 𝑑𝑦

𝑑𝑥
2

 (9b) 

  

𝐶 =

{
 
 

 
 
(

0.6615 + 2.4642 ∗ 𝑆𝑓

0.3526 + 2.8103 ∗ 𝑆𝑓 + 0.0189 ∗ 𝑆𝑓
2)

1.673−3.5092∗𝜖

∗ (0.7051 ∗ 𝜖)0.9604

𝜖

2 − 𝜖
 (𝑓𝑜𝑟 𝑆𝑓 > 8)

 (9c) 

 

By now equalizing Eq. 6 and 9a, we can deduce an expression for the boundary mean free path for 

radiation (Eq. 10). Note that this is also an ‘energy-exchange’ boundary mean free path, since it is not 

the actual distance a photon travels but is also influenced by the efficiency of energy exchange through 

the emissivity. 

 

𝐿𝑀𝐹𝑃,𝑟𝑎𝑑,𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 =
3

4
∗ 𝑑𝑥 ∗ 𝐶(𝜖, 𝑆𝑓) (10) 

 

The wave-particle duality of photons allows to interpret all photons as particles flying from surface to 

surface. This means the pore boundaries have a similar ‘confinement’ effect on the mean free path 

travelled by a single photon as they have on a single gas particle (provided there is no collision with 

other gas particles). Hence, Eq. 10 also applies to the energy-exchange boundary mean free path of 

gas molecules. Of course, in this equation, the wall emissivity is still present, which is not applicable 

for gas particles. However, a similar factor characterizes the efficiency of energy transfer between gas 

molecules and a boundary: the thermal accommodation coefficient 𝑎 [−]. If 𝑎 equals 1, a gas particle 

hitting the wall will reflect having the same thermal energy as the wall itself, while if its value equals 

0, no energy transfer takes place between the wall and the gas molecules during the collision. For 

most common materials, this value is around 0.9, although for very smooth metallic surfaces, the value 

can be only 0.1 (Zhang, 2007). Due to the physical similarity of this factor with the emissivity, we can 

replace it in Eq. 10 to obtain finally an expression for the energy-exchange boundary mean free path 

for gas molecules confined in a pore cavity (Eq. 11). 

 

𝐿𝑀𝐹𝑃,𝑔𝑎𝑠,𝑏𝑜𝑢𝑛𝑑𝑎𝑟𝑦 =
3

4
∗ 𝑑𝑥 ∗ 𝐶(𝑎, 𝑆𝑓) (11) 

 

Combining Eq. 11 with Eq. 3-5, this allows to calculate the gas-phase conductivity in any pore taking 

into account its size, shape, gas-boundary interaction and pressure. As example, Figure 2 shows the 

prediction of the thermal conductivity of air confined in a spherical pore for different pore sizes and 

gas pressures at accommodation coefficient of 0.9 (a), and for different accommodation coefficients 

at atmospheric pressure (b). The graphs show clearly the expected decrease of the thermal 

conductivity with decreasing pore size, gas pressure and/or thermal accommodation coefficient. 
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Figure 2: Predicted gaseous thermal conductivity in a spherical pore as a function of the diameter and gas pressure for an 

accommodation coefficient of 0.9 (a), and as a function of the diameter and the accommodation coefficient for atmospheric 

pressure (b). 

The presented equations are implemented in the model prediction framework where a separate 

gaseous thermal conductivity is calculated for every pore based on the pore size, pore shape, gas-

boundary interaction and gas pressure. 

2.2.3. Validation of gas-phase conductivity calculation 
The previously explained methodology to calculate the gas-phase conduction inside a cavity is 

validated against results found in literature. First, the gas-phase conductivity between two parallel 

plates is studied, followed by the gas-phase conductivity inside a cuboid pore. 

Gas confined between parallel plates 

Results of two studies are used here to validate the proposed calculation method for the gas-phase 

conductivity. First, experimental results performed by Braun and Frohn (1976) on the thermal 

conductivity of Argon gas are studied. The gas was confined between two plates with 1 mm 

separation, while the average temperature was kept at 323 K. The gas pressure was varied from 8.5 

Pa to 66735 Pa. The thermal accommodation coefficient of the plates was 0.7385. On the other hand, 

the numerical results obtained by Denpoh (1998) with the DSMC technique on the thermal 

conductivity of N2 gas are used. The gas was kept at 343 K average temperature and atmospheric 

pressure. The plate separation distance was varied between 1.6 nm and 22 µm. Furthermore, Denpoh 

explored the effect of different thermal accommodation coefficients by considering three values: 1, 

0.5 and 0.1. Details about both studies are summarized in Table 1. 

Table 1: Summary of studies used to validate the gas-phase conductivity calculation methodology. 

Study Config. Gas T [K] p [Pa] Size [m] a [-] 

Braun & Frohn 

1976 
// plates Ar 323 8.5 –  66735 1 ∗ 10−3 0.7385 

Denpoh  

1998 
// plates N2 343 101325 

1.6 ∗ 10−9 –  
22 ∗ 10−6 

0.1/0.5/1 

Zhu et al.  

2017 
Cuboid Ar 300 101000 

24 ∗ 10−9 –  
1.4 ∗ 10−6 

1 

 

Using the proposed calculation method (Eq. 3-5 & 11), the gas-phase conductivities in both presented 

studies are predicted. Necessary properties of the bulk gas (𝑐𝑉,𝑔𝑎𝑠, 𝜆𝑏𝑢𝑙𝑘,𝑔𝑎𝑠 & 𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐) are found in 

specialized literature (Engineering ToolBox, 2004; NIST, 2018). The obtained results are compared with 

the results of both studies in Figure 3a. Results are shown as a function of the plate separation distance 
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normalized by the collision mean free path of the respective gas. As can be seen, results agree very 

well with the literature results, both for the case of a reducing gas pressure (Braun & Frohn) and a 

reducing plate separation distance (Denpoh). Furthermore, the effect of the thermal accommodation 

coefficient is very well predicted using the energy-exchange boundary mean free path calculation. 

Also shown are the results obtained with the often applied analytical formula for gaseous heat 

conduction between parallel plates, described for example in the book by Zhang (2007). As expected, 

results show again a very good agreement. 

Gas in a cuboid nanopore 

Zhu et al. (2017) numerically studied the gas-phase conductivity of Argon gas confined in a cuboid 

pore using the DSMC technique. The gas was set to atmospheric pressure and a temperature of 300 

K, the thermal accommodation coefficient to 1. The pore’s side length was varied between 24 nm and 

1.4 µm. Details are again summarized in Table 1. The proposed methodology is again applied to 

calculate the gas-phase conductivities for the cases presented in the study by Zhu et al. Results are 

shown in Figure 3b. Again, a very good agreement is obtained between the numerical results obtained 

through the proposed model and the DSMC technique. Also shown are the results obtained using the 

analytical expression for gas-phase conduction between parallel plates (Zhang, 2007). This time, less 

agreement is obtained with the numerical results. This is due to the cuboid shape of the pore 

influencing the gas-phase conductivity, while the analytical expression was derived for parallel plates. 

This highlights the importance of taking into account the pore shape, as is done in the newly proposed 

methodology. 

 

Figure 3: Gas-phase conductivity results predicted by the new model agree very well with experimental and numerical 

results in literature, both for gas confined between parallel plates (a), and gas confined in a cuboid pore (b). 

2.3. Thermal radiation 
Radiative heat transfer in porous materials can contribute significantly to the total heat transfer 

through the material, certainly at high porosities and high temperatures. For macro-porous cellular 

materials, the authors proposed to model thermal radiation as a process from pore wall to pore wall, 

following the methodology of Loeb and other authors (Bakker et al., 1995; Loeb, 1954; Van De Walle 

and Janssen, 2016). As such, it is assumed that all radiation is emitted and absorbed at the pore 

surface. However, with reducing pore size, the pore cell wall thickness will be reduced as well. Below 

a certain thickness, thermal radiation will transfer partially through the cell wall (Glicksman and 

Torpey, 1989). Thus, the surface-to-surface model is expected to be not valid for nano-porous cellular 

materials and might underestimate the contribution of thermal radiation to the total heat transfer. 

Since radiation waves can travel through several pores and pore walls before being extinct, it makes 

more sense to model the process on a material scale, taking into account as much as possible the local 
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structural properties of the pore structure (i.e. cell wall thickness, pore size, refractive index of 

material). 

Detailed modelling of the full interaction between the radiation waves and the complete pore 

structure is fairly complex. Some very detailed studies have been performed in literature on several 

types of foams, using for example ray-tracing algorithms (Baillis et al., 2013; Coquard et al., 2013; 

Petrasch et al., 2007). Such simulation strategies allow to carefully study the impact of very specific 

pore scale parameters like cell size, strut geometry or wall thickness. However, due to their 

computational intensiveness, in this study an analytical approach proposed by Wang et al. (Wang et 

al., 2018; Wang et al., 2017a) is adopted which shows very good agreement with experimentally 

measured data.  

A macroscopic radiative conductivity is calculated for the whole material and summed with the 

conduction-only conductivity of the material (Eq. 12). The conduction-only conductivity is obtained in 

this paper with the detailed image-based model explained before.  

 

𝜆𝑒𝑓𝑓 = 𝜆𝑐𝑜𝑛𝑑,𝑒𝑓𝑓 + 𝜆𝑟𝑎𝑑,𝑒𝑓𝑓 (12) 

 

Wang et al. (2017a) proposed to calculate the macroscopic radiative conductivity similar to the 

approach proposed by De Micco & Aldao (2003). It hence depends on the average temperature 

𝑇𝑎𝑣𝑔 [𝐾], the cell size 𝑑𝑝𝑜𝑟𝑒 [𝑚], cell wall thickness 𝑑𝑤𝑎𝑙𝑙 [𝑚], the sample thickness 𝑑𝑠𝑎𝑚𝑝𝑙𝑒 [𝑚] and 

the net transmittance through 1 unit cell 𝑇𝑛𝑒𝑡
𝑢𝑛𝑖𝑡  [−] (Eq. 13). 

 

𝜆𝑟𝑎𝑑,𝑚𝑎𝑐𝑟𝑜 =
4 ∗ 𝜎 ∗ 𝑇𝑎𝑣𝑔

3 ∗ 𝑑𝑠𝑎𝑚𝑝𝑙𝑒

1 +
𝑑𝑠𝑎𝑚𝑝𝑙𝑒

𝑑𝑝𝑜𝑟𝑒 + 𝑑𝑤𝑎𝑙𝑙
∗ (

1

𝑇𝑛𝑒𝑡
𝑢𝑛𝑖𝑡 − 1)

 
(13) 

 

To come to an analytical expression for the net transmittance of radiation through a unit cell, Wang 

et al. simplified the pore structure as a set of cubic cells made by orthogonal plates representing the 

matrix (Figure 4). Thermal radiation will interact with the cell walls by reflection, transmission and 

absorption. Since the roughness of the cell walls is relatively small compared to the wavelength of the 

thermal radiation (~10 µm), all reflection is assumed to be specular. The matrix walls that are parallel 

to the direction of general heat flow will hence only contribute to the attenuation of the radiation by 

absorption, since the specular reflection will not change the component of the wave’s direction 

parallel to the general heat transfer direction. The cell walls perpendicular to the heat flow will 

attenuate the radiation both by absorption and reflection. Hence, Wang et al. simplified such a unit 

cell as three pore walls parallel to each other, all three absorbing equally the thermal radiation while 

only the first reflects thermal radiation (Figure 4). 
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Figure 4: Simplified pore structure representation used to derive the analytical model for thermal radiation by Wang et al. 

(2017a). 

The absorbance, reflectance and transmittance of one cell wall are calculated using the expressions 

formulated by Born & Wolf for each wavelength, angle of incidence and polarization (Born and Wolf, 

2003). The type of material constituting the cell walls influences these properties through the 

material’s complex refractive index 𝑛 + 𝑖𝜅. The thin film interference effect, occurring due to 

reflection of thermal radiation on both interfaces of the cell wall, is naturally incorporated in these 

formulas. The properties are averaged for both polarizations, weight-averaged with the wavelength-

dependent emission density and integrated over all incident directions to obtain the total absorbance, 

reflectance and transmittance of a cell wall. It is assumed that half of the absorbed radiation is re-

emitted forwards while the other half is re-emitted backwards. The net fraction of radiation 

transmitted through the unit cell can then be calculated taking into account multiple reflections, 

absorption and re-emission of the cell walls. 

Wang et al. (2017a) validated the analytical calculation of the thermal radiation with literature data 

on XPS foams. Very good agreement was obtained in predicting the radiative component, with relative 

deviations below 10 %. 

2.4. Solid conduction 
For non-electrically-conducting solids, matrix conduction occurs due to the vibration of atoms. The 

quantized vibration waves are usually called phonons. For crystalline materials, the kinetic theory of 

gases framework is often applied to estimate the effect of reducing material thickness on the 

material’s thermal conductivity, considering the phonons as a phonon gas. For amorphous materials, 

like polymers or glass, the mechanism of solid conduction is much less understood (Kommandur and 

Yee, 2017; Wingert et al., 2016). The analogy of a phonon gas has been shown to be less applicable 

here, and the accuracy of the kinetic theory framework approximation becomes hence highly 

questionable for the intended application of the presented model (Cahill and Pohl, 1988; Lv and Henry, 

2016). A proper interpretation of the matrix conduction requires atomistic simulation strategies, 

which is outside the scope of this paper. Nonetheless, the kinetic framework has been applied 

previously in literature to obtain a first idea of the effect of the cell wall size on the matrix conductivity, 

as for example by Hu, Wu & Sun or Wang et al. (Hu et al., 2018; Wang et al., 2017a). They showed 

that, using such analogy, the mean free path of the phonons in typical low-conducting polymers used 

to create insulation materials is on the order of 1-2 nm. Hence, the reducing effect on the solid thermal 

conductivity only sets in at cell wall thicknesses below 10 nm. This is also confirmed by results with 

molecular dynamics on thin polystyrene films (Ma and Tian, 2015). Given that such small wall 

thicknesses are not considered relevant for our study, in this paper the matrix conductivity is 

considered as an a priori known parameter and kept fixed during the simulation. 
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3. Model framework validation 
The previous section discussed the implementation of the different heat transfer mechanisms in the 

model framework, taking into account reduced pore sizes and gas pressures. The gas-phase 

conduction implementation was furthermore validated with data found in literature. This section 

discusses the performance of the model for predicting the thermal conductivity of a nanoporous 

material, where all three heat transfer mechanisms occur at the same time. The performance of the 

model for macroporous materials was already validated in earlier work by the authors (Van De Walle 

et al., 2018). 

3.1. Material 
The model framework is applied to predict the thermal conductivity of nanocellular foams. Similar to 

better known and often used microcellular foams like PUR and XPS, these foams are made of a 

polymer matrix containing pores with nanoscale dimensions. Although currently only producible in 

small amounts and small dimensions, several literature papers discuss the potential improvements of 

these foams regarding thermal and structural properties (Costeux, 2014). In this paper, the model 

framework is compared to experimental measurements performed by Wang et al. (2017b) on PMMA 

based foams. Varying the foaming process parameters, four foams were created with average pore 

sizes between 205 nm and 4.63 µm and porosities between 86 and 91 %, as summarized in Table 2. 

All foams have a mono-modal pore size distribution, but no further information on the distribution 

width is detailed. Their thermal conductivity, measured with a Hot Disk TPS 2500 sensor, is also 

summarized in Table 2. As can be seen, the reduced pore size has a reduction effect on the foam’s 

effective conductivity. 

Table 2: Summary of the experimental results of four nanocellular foams produced and characterized by Wang et al. 

(2017b) 

Pore size [nm] Porosity [%] ETC [W/mK] 

205 87.5 0.0248 

930 86.1 0.0369 

2860 90.4 0.0362 

4630 88.7 0.0383 

 

3.2. Simulation setup 
The model framework extended in this paper is applied to predict the ETC of the foamed specimens 

presented by Wang et al. Given that no actual μCT images are available, a virtual generation algorithm 

is employed to create a foam-like microstructure mimicking the material’s true microstructure. The 

generation algorithm, as described by Randrianalisoa et al. (2013), is based on the Voronoï technique. 

First, a number of seeding points are located on a body-centred cubic lattice in a cubic volume, and 

slightly displaced in a random direction according to a perturbation factor. The Voronoï technique will 

divide the volume in separate cells based on the seeding points. The thickness of the cell walls is varied 

to obtain different porosities for the same pore locations. A strut-rounding algorithm based on dilation 

and erosion with a spherical element was implemented to obtain more realistic microstructures. A 

SEM picture by Wang et al. (2017b) of a foam with an average pore size of 205 nm is shown in Figure 

5a. An example of a generated foam-like sample is shown in Figure 5b-c together with a cross-section 

through the middle. The generated foam shows good visual agreement with the SEM picture. 
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Figure 5: SEM picture of a foam specimen by Wang et al. (2017b) (a), slice of a virtually generated sample (b) and 3D view 

of a virtually generated sample (c). 

Three different pore structures are generated with a perturbation factor of 0.3, resulting in a good 

visual agreement between the virtually generated samples and the SEM pictures of the samples given 

in Wang et al. (2017b), see Figure 5a&b. Exploratory simulations with different perturbation factors 

indicated only a secondary impact for the considered material. The cell wall thickness of each sample 

is adapted to obtain three different porosities for each pore structure. Subsequently, the size of the 

voxels is rescaled to obtain samples with four different average pore sizes similar to the experimentally 

created samples. Each sample of the resulting 36 samples is simulated with the model framework 

explained and expanded in the paper. The thermal conductivity of the solid PMMA matrix was set to 

0.2098 W/mK, consistent to the value measured by Wang et al. (2017b). The properties of the air 

inside the pores are found in literature or calculated using Eq. 4 and are summarized in Table 3. A 

thermal accommodation coefficient of 0.9 was assumed for the air-PMMA interface, a value 

commonly assumed in literature (Zhang, 2007). The gas temperature and pressure are taken as 23 °C 

and 101325 Pa, similar to the conditions reported by Wang et al (2017b). Thermal simulations are 

performed on a machine with 60 cores, yielding results in approximately 30 minutes. 

Table 3: Thermophysical properties of air at 23 °C and atmospheric pressure. 

Property Value 

𝑅𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 (Engineering ToolBox, 2004) 287 J/kgK 

𝜌𝑎𝑖𝑟  (Eq. 4) 1.19 kg/m³ 

𝑐𝑉 (NIST, 2018) 717 J/kgK 

𝑣𝑎𝑣𝑔,𝑔𝑎𝑠 (Eq. 4) 505 m/s 

𝜆𝑔𝑎𝑠,𝑏𝑢𝑙𝑘 (NIST, 2018) 0.0259 W/mK 

 

For the radiative part, the model by Wang et al. (2017a) is used as explained previously. The complex 

refractive index of the PMMA matrix is approximated as 1.47+0.02𝑖  for the most pertinent wavelength 

of 10 µm of room temperature thermal radiation (Berisha et al., 2016). The cell wall thickness is 

deduced from the 3D image of the generated samples by a distance transformation algorithm and is 

weight-averaged by the cell wall area. The material thickness is taken as 1 cm, comparable to the 

dimensions of the measured foam samples. The total effective conductivity is finally obtained by 

summing the conductive part obtained using the 3D model with the radiative part obtained using the 

analytical model. 

3.3. Results & Discussion 
The conduction-only results obtained using the 3D model for the 36 simulated samples are compared 

with the four experimental results in Figure 6a. Results are presented as function of the samples’ 

porosity while the color highlights the average pore size of the sample. A least-squares power-law 
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trendline is fitted through the simulations for every pore size. The error bars on the experimental 

measurements present the +/- 5 % uncertainty associated with the Hot Disk sensor. As can be seen, 

the conduction-only results agree already very well with all four measurements. Deviations with the 

per-pore-size simulation trendlines are below 10 % at the corresponding porosity, for all pore sizes. 

Simulation results furthermore confirm the expected decrease of the thermal conductivity with 

increasing porosity and/or decreasing pore size. A decrease of over 40 % when reducing the average 

pore size from 4.6 µm to 205 nm is found at these relatively high porosities. 

Simulation results for the radiative conductivity are shown in Figure 6b. They show an increasing trend 

with porosity due to the decreasing amount of absorbing material in the samples. Furthermore, they 

also highlight an increasing trend with decreasing pore size, contrary to the conduction-only results. 

This is explained by the decreasing cell wall thickness for decreasing pore sizes. The effect of the 

increasing transmissivity of such thin cell walls outweighs the counteracting effect of an increasing 

number of cell walls per meter of sample thickness, as was already argued by Wang et al. (2017a). The 

absolute values of the radiative conductivity are relatively small, due to the high absorption coefficient 

of the PMMA material constituting the matrix. 

 

Figure 6: Comparison of simulated conduction-only conductivity with experimental results (a); results obtained for radiative 

conductivity (b). 

The results for the combined effective conductivity of the simulated samples are shown in Figure 7. 

As can be seen, including the thermal radiation improves the agreement between the simulation 

results and the experimental results. Only a 5 % difference occurs at the respective porosity with the 

corresponding simulation trendlines. This indicates the well-performance of the model and its 

capability of predicting the effect of decreasing the average pore size to nanoscale dimensions. Since 

the implemented physical description of the gas-phase conduction in the model functions the same 

for low-pressure samples, it is expected that equally good results will also be obtained for low-

pressure materials. 

The simulation and experimental results also allow to assess the potential improvement of reducing 

the pore size. Indeed, a reduction of about 30 % is found when reducing the average pore size from 

4.6 µm to 205 nm at 83 % porosity, mounting even to 40 % reduction at 91 % porosity. For the studied 

material at 83 % porosity, decreasing the pore size seems to have almost the same effect as increasing 

the porosity with 10 %. Of course, in low-porosity materials (<65 %), the effect of a reducing pore size 
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will be less pronounced, since gas-phase conduction is less pertinent in that case. Furthermore, for 

materials with a less absorbing solid matrix, thermal radiation will play a more important role at 

increasing porosities and decreasing pore sizes. Indeed, for the studied material, radiative heat 

transfer contributed only 2 – 15 % to the total thermal conductivity, depending on the pore size, 

porosity and wall thickness. In future work, the model framework will be employed to study the impact 

of the mentioned structural and physical parameters. 

 

Figure 7: Comparison of simulated effective conductivity with experimental results show very good agreement for all 

porosities and average pore sizes (𝑇𝑎𝑣𝑔 = 23 °𝐶 & 𝑝𝑔𝑎𝑠 = 101325 𝑃𝑎). 

4. Conclusions 
Improving the thermal conductivity of porous building materials is one of the key pathways to 

decrease the heating needs of the building industry. Reducing the pore size or the gas pressure in 

porous materials can lead to significant improvements, as is the case in novel materials like vacuum 

insulation and aerogel materials. This paper discussed the extension of a 3D image-based model 

framework to quantify the effect of such parameters on the effective thermal conductivity of cellular 

materials. A simple calculation method was developed based on the analogy with thermal radiation, 

to quantify the gas-phase conductivity in a pore based on its local dimensions, shape, gas-wall 

interaction and gas pressure. Validation of the method with experimental results from literature 

showed very good agreement for predicting the gas-phase thermal conductivity at different gas 

pressures and pore sizes. The gas-phase conductivity calculation has been implemented in the larger 

model framework to study the ETC of cellular porous materials based on their 3D pore structure. 

Together with  an analytical method to account for thermal radiation, the framework was applied to 

predict the thermal conductivity of four nanocellular foam specimens experimentally measured in 

literature. Simulation results agreed within 5 % difference of the measured thermal conductivities for 

all pore sizes and porosities. Furthermore, they also indicated a potential reduction of the effective 

thermal conductivity with about 40 % when reducing the pore size from a few micrometre to a few 

100 nanometre for such high- porosity low-matrix-conductivity materials. The model framework can 

thus help in exploring new opportunities for designing materials with specific properties. 
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