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A B S T R A C T   

In the past few decades, significant efforts have been made to improve the theoretical understanding of thermal 
transport mechanisms in thermal insulation materials and push the thermal conductivity’s lower limits. How
ever, most works focused singularly on specific types of materials, and the models used for thermal conductivity 
predictions are diverse - a model that fits one material might not fit others. Here, we improve and unify the gas 
and solid thermal conductivity models for porous materials. Through experimental characterization of several 
different materials as well as literature data for other materials, these models are validated. We have also found 
that the pressure-dependent gas thermal conductivity of most materials can be well fitted by using one or two 
pore sizes without using a complex pore size distribution. With the refined models, we decompose the effective 
thermal conductivity of several thermal insulation materials into gas, solid, and radiation contributions. For 
cellular (polystyrene and polyurethane) foams, the relative contributions from air, solid, and radiation are 
58–75%, 3–11%, 16–38%, respectively. For granular porous materials (polyurethane and silica in this work), the 
contributions from air, solid, and radiation are 45–66%, 34–46%, and 0–8%, respectively. This work is expected 
to provide guidance on the design and optimization of the next generation of thermal insulation materials, for 
example, through the effort of reducing gas conduction and radiation in foams and suppressing gas and solid 
conduction in aerogels.   

1. Introduction 

Thermal insulation materials with ultra-low effective thermal con
ductivity are critical for a variety of applications, including building 
envelopes [1–3], pipelines for oil, water, and natural gas transportation 
[4], aircraft and reentry spacecraft [5], engine and exhaust systems in 
automobiles [6], refrigerators, freezers, and tanks [7,8], and cold chain 
systems for vaccines [9]. For example, buildings are the largest energy 
consumption sector in the United States [10] and the European Union 
[11], responsible for about 40% of the total annual primary energy use. 
Unwanted heat flows through building envelopes (walls, roofs, and 
foundations) are responsible for 7.7 × 1018 J (7.3 quads) of energy 
consumption in 2010, and the number is projected to be 7.17 × 1018 J 
(6.8 quads) in 2035 [12]. Developing high-performance thermal 

insulation materials will decrease these unwanted heat flows, and 
therefore save energy, reduce greenhouse gas emissions, improve energy 
security, and lessen dependency on fossil fuels. The potential for energy 
savings in 2030 in U.S. residential buildings by using thermal insulation 
materials in walls with thermal resistivities of 42, 56, and 83 m K/W 
(R-6, R-8, and R-12 ◦F⋅ft2⋅h/BTU/in.) are 8.9 × 1017, 1 × 1018, and 1.2 
× 1018 J (0.836, 0.951, and 1.101 quads), respectively [12]. 

Heat transport in porous materials is mainly contributed by con
duction through solids and gases and radiation through voids [13–15]: 

keff = ksolid+gas+rad (1)  

where keff is effective thermal conductivity. Heat transport through 
convection is usually negligible owing to the small pore size. At the 
condition of a small temperature gradient (e.g., when the temperature 
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difference ΔT is much smaller than the absolute average temperature T), 
the radiation contribution to thermal transport could be regarded as 
thermal conduction [13] with an equivalent thermal conductivity krad. 
Note that as pointed out by Tao et al., the solid and gas conduction as 
well as the radiation are usually coupled with each other [16,17] and 
should not be decomposed. To see more clearly their individual con
tributions, Eq. (1) is often written as the summation of effective solid, 
gas, and radiative thermal conductivities [15,17–27]: 

keff = ksolid + kgas + krad (2) 

Often, there is a trade-off between the conduction through solid and 
gas and radiation heat transfer. For example, increasing the porosity can 
reduce the solid thermal conductivity but will increase the gas and 
radiative thermal conductivities. Although air thermal conductivity is 
low, increasing porosity while porosity is high (>95%) will significantly 
increase radiative thermal conductivity, which will result in the increase 
of total thermal conductivity. Reducing the pore size can reduce the gas 
thermal conductivity, but it often decreases the porosity (for a constant 
wall thickness), thus increasing the solid thermal conductivity. 
Reducing the pressure reduces gas thermal conductivity but it requires 
sealing in barrier films, which induces higher costs. Therefore, lowering 
the overall thermal conductivity of thermal insulation materials 
economically is a challenge that requires an accurate understanding of 
the effect of the three components. 

In the past few decades, significant efforts have been made to 
improve the theoretical understanding of thermal transport mechanisms 
in thermal insulation materials and push the thermal conductivity’s 
lower limits [15,17–27]. Accordingly, many recent works have reviewed 
the progress of the theory and experiment in the design and develop
ment of new thermal insulation materials. For example, Shrestha et al. 
reviewed the models for solid conductivity [28]. Rezgar et al. reviewed 
the theoretical models for gas, solid, and radiative thermal conductiv
ities for low-density polyethylene foams [15]. Walle reviewed the 
theoretical models, proposed a numerical framework to simulate the 
microscopic heat transfer at the pore scale, and studied the relationship 
between the pore structure and the effective thermal conductivity [18]. 
Hu et al. reviewed recent progress in developing porous materials for 
thermal insulation, focusing on strategies for creating gas voids [19]. 
Jelle reviewed the nano-based thermal insulation materials specifically 
for energy-efficient buildings [23]. Tang et al. reviewed thermal trans
port in particulate aerogels [24]. Liu et al. reviewed nano-cellular 
polymer foams focusing on polymer materials science and CO2-based 
foaming strategies [25]. He et al. reviewed recent advances in thermal 
conductivity models of nanoscale silica aerogel insulation material [26]. 
However, most works focused singularly on specific types of materials, 
and models used for thermal conductivity are diverse. As a result, a 
model that works for aerogels might not work for foams, and a model 
developed for polyurethane form might not work for polystyrene. Due to 
the lack of a unified and validated model, it is difficult to develop new 
thermal insulation materials. In addition, the accommodation coeffi
cient, an important factor that determines gas thermal conductivity, is 
seldom studied and unclear for most thermal insulation materials. 

In this work, we attempt to unify the models for thermal transport in 
insulation materials that can cover a diverse range of types of insulation 
material. We have improved the literature models and calibrated and 
validated them through extensive experimental measurements of 
various thermal insulation samples with different porosities, pore sizes, 
gases, and pressures. With these, we decomposed the thermal conduc
tivity into three components and propose the most efficient ways to 
further reduce the thermal conductivity of different porous materials. 
This work is aimed to provide a broader guideline to design the next 
generation of thermal insulation materials. 

2. Literature review of theoretical models 

2.1. Solid thermal conductivity models 

Many models have been developed for estimating the effective 
thermal conductivity contributed by solids and gases together in porous 
materials [13,16,17,29–31]. Some decomposed models that account for 
the solid contribution only are provided in Table 1, including Russell 
[32], Maxwell-Eucken [33–35], Glicksman [36], and Bauer [37] models. 
These models have been frequently used in the literature [18–20,26,36, 
38–41]. A brief review of these models has been done by Shrestha et al. 
[28] and Rai et al. [42]. Since the Russell model in Eqs. (3) and (4) and 
the Maxwell-Eucken model in Eq. (5) do not consider the impact of struts 
that are usually presented in highly porous materials, Glicksman [36] 
modified the high-porosity approximation of the Russell model and 
derived the Glicksman model Eq. (6), where 0 ≤ fs ≤ 1 is the volume 
fraction of the solid in the struts. In addition, Bauer derived Eq. (7) based 
on spherical pores and introduced a geometry factor ξ to account for 
other shapes [37]. The best fit fs and ξ values for the Glicksman and 
Bauer models are provided in Table 1 based on Ref. [42]. Note that these 
models only work for isotropic foams and not anisotropic foams, which 
have direction-dependent thermal conductivity. 

The effective medium approximation (EMA) models assume that the 
solid material’s intrinsic properties, including density, sound velocity, 
specific heat, and heat carriers’ transport characteristic length, in the 
porous form are the same as those in the fully-dense bulk form. Although 
valid for polymer foams, this assumption does not hold for some mate
rials such as aerogels. It has been reported that the sound velocity v 
decreases linearly with increasing porosity [43], and to account for the 
impact of sound velocity on thermal conductivity, Nilsson et al. pro
posed the following model [44]: 

kNil
solid(φ, v) = k0

s
ρ
ρ0

v
v0

(8) 

This model has been widely used in the literature [19,45–48]. In 
silica, Resorcinol-Formaldehyde (RF), Melamine–Formaldehyde (MF), 
and carbon aerogels [43], 

Table 1 
Solid thermal conductivity equations based on effective medium approximation. 
k0

s is the bulk thermal conductivity of a fully-dense solid, which depends on 
temperature. φ is porosity which denotes the ratio of the volume of voids to the 
total volume of the porous structure. The models only work for foams with 
isotropic thermal conductivity.  

Effective medium approximation models for 
ksolid 

Applicable structures Eq. 
No. 

Russell [32] kEMA
solid (φ) =

k0
s

1 − φ2/3

1 − φ2/3 + φ  

• Normal-packed hollow 
cubes  

• Truncated octahedrons 
(Voronoi structures) 

(3) 

Russell (high 
porosity limit) 
[32] 

kEMA
solid (φ) = k0

s
2
3

(1 −

φ)

(4) 

Maxwell-Eucken 
[33–35] 

kEMA
solid (φ) =

k0
s

1 − φ
1 + φ/2 

(5) 

Glicksman [36] kEMA
solid (φ) = k0

s

(2
3

−

fs
3

)

(1 − φ)

• 0 ≤ fs ≤ 1 for general 
foams  

• fs = 0.51 for normal- 
packed hollow spheres  

• fs = 0.25 for close- 
packed hollow spheres 

(6) 

Bauer [37] kEMA
solid (φ) =

k0
s (1 − φ)

1.5ξ  

• ξ = 0.783 for Normal- 
packed hollow cubes  

• ξ = 0.782 for Voronoi 
foams  

• ξ = 0.892 for normal- 
packed hollow spheres  

• ξ = 0.837 for close- 
packed hollow spheres 

(7)  
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v
v0

≈ η ρ
ρ0

= η(1 − φ). (9)  

Here, v0 and ρ0 are the sound velocity and density of a fully-dense solid, 
ρ is the density of the porous material, η is a material-dependent con
stant, which is sensitive to the detailed material internal structures and 
manufacturing methods [43]. For example, heat-treated aerogels 
generally show higher sound velocities than untreated aerogels of the 
same density [43]. Based on these data, Gross and Fricke [43] fitted η 
values are around 0.78–1.25 for SiO2 aerogels, 0.82 for carbon aerogels, 
0.97 for MF aerogels, and 0.72–1.56 for RF aerogels. For some aerogels 
with low density ρ (e.g., <50 kg/m3), the sound velocity may also 
depend on the gas pressure P [49]. Using the theoretical relations given 
by Gross et al. [49], we derived a simple equation that evaluates sound 
velocity as a function of sample density (porosity) and pressure: 

v
v0

≈

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

η2(1 − φ)
2

−
φ(Pambient − P)

ρv2
0

√

(10)  

2.2. Models for gas thermal conductivity 

The gas contribution to total thermal conductivity is usually written 
as 

κgas = φκ0
g (11) 

Here k0
g is the gas thermal conductivity in the diffusive regime. This 

model was developed by Glicksman [36] and has been widely used in 
the literature for thermal insulation materials [14,18,19,24,26,36,45, 
50–59]. When the pore size is comparable to or smaller than the gas 
mean free path, the Knudsen effect needs to be considered: 

kgas(P, T, φ, D) = φκ0
g(T)

1
1 + 2β Λ(P,T)

D

(12)  

Here, kgas depends on pressure P, temperature T, porosity φ, and pore 
size D. Λ(P, T) = kBT̅̅

2
√

πd2P is the gas molecules’ mean free path. d is the 
kinetic diameter of the gas molecules and kB is the Boltzmann constant. 
A brief remark on the Knudsen effect is provided in the Supplementary 
Material. β is a parameter determined by the energy exchange rate be
tween solid and gas molecules, 

β = β0⋅
2 − α

α , (0 ≤ α ≤ 1) (13)  

where α is the energy accommodation coefficient between the gas 
molecules and the solid material [60]. The value of α is very important 
for thermal insulation materials, especially when the pore size is small 
(e.g., <1 μm) or pressure is low (e.g., <10 mbar). For example, in a 10 μ 
m pore at 10 mbar, kair at 297 K is 7.5, 5.7, and 3.2 mW/m⋅K when α is 
1.0, 0.8, and 0.5, respectively. More discussion on the significance of α is 
presented in Supplementary Material. The α value depends on the solid 
and gas materials, and the surface condition of the solid. It also depends 
on temperature, tending toward unity as the critical temperature of the 
gas is approached [61]. It is generally accepted that, except on surfaces 
with unusual preparation, common gases have α between 0.7 and 1 at 
room temperature [61]. Light gases, such as hydrogen and He, may have 
much lower α values [61]. The α values of most thermal insulation 
materials are unclear. Recently, Feng et al. [62] studied the energy ex
change of He, Ar, N2, and O2 on the surface of polystyrene by all-atom 
molecular dynamics simulations and obtained α values in the range of 
0.5–0.9. In Eq. (13), β0 is the minimum value of β, when α takes its 
maximum value α = 1. β0 is usually determined by the thermal and 
kinetic properties of gas molecules [58,63,64]: 

β0 =
1
Pr

⋅
2γ

γ + 1
(14)  

where Pr is the Prandtl Number, γ = cp/cv is the specific heat ratio or 
adiabatic index, and μ is the absolute or dynamic viscosity. The value of 
β0 is usually in the range of 1.5–2.0. Another less commonly used 
method to calculate β0 is given by [65,66] 

β0 =
5π
32

⋅
9γ − 5
γ + 1

(15) 

The β0 values of some common gases are listed in the Supplementary 
Material. 

2.3. Radiative thermal conductivity models 

Radiation is generally considered as the most difficult mechanism to 
understand and accurately predict in porous materials, and it usually 
accounts for 20%–30% of the total heat transfer in high-porosity (φ 
>90%) materials [15,17–27]. For practical use, some simplified models 
are summarized in Table 2. Batty et al. [67] approximated the stacked 
cells as a series of parallel opaque planes that are separated by a distance 
that equals the cell size (D). That leads to Eq. (16), where εc is the cell 
wall emissivity, and σSB is the Stefan-Boltzmann constant. Batty et al. 
[67] also derived a radiative thermal conductivity model for when the 
surface emissivity is different from that of the cell walls. The Batty model 
significantly underpredicts the radiative component of heat transfer [18, 
36]. The largest limitation is that the model assumes each individual cell 
wall is opaque, which is not true since cell walls with <10 μ m thickness 
in most polymer insulation materials are highly transparent to the 
wavelength of the room-temperature radiation [36,68]. The other 
serious limitation is that the model assumes that the heat transfer be
tween the two planes is pure radiation, which neglects its coupling with 
conduction and underpredicts krad. For instance, if there is no conduc
tion, the radiative heat flux will be zero, and krad is zero, once any plane 
has zero emissivity. However, if conduction exists, it can bridge the heat 
transfer through these zero-emissivity planes and result in non-zero 
radiative heat flux (and non-zero krad). 

Williams and Aldao [69] recognized that the cell walls in thermal 
insulation materials are highly transparent, and they improved the Batty 
model to Eq. (17), where L is the total thickness of the porous material 
along the temperature gradient direction, dw is the cell wall thickness, r 
is the effective fraction of incident energy reflected by each wall, a is the 
absorption coefficient of the solid material (average value over the range 
of wavelengths of the radiant energy), t is the effective fraction of 
radiant energy transmitted through each wall, TN is the net fraction of 
radiant energy transmitted by each cell wall, and ns is the refractive 
index of the solid material (when porosity is zero). The values of a and ns 
are 1.51 and 6.61 × 10−2 μm−1 for polyolefin [75] and 1.59 and 7.53 ×
10−3 μm−1 for polystyrene [69], respectively. This model is suitable for 
cellular foams with cell walls dominating over struts and has worked 
well for polyethylene foams [15,75–79], Al foams [76], polymethyl 
methacrylate (PMMA), and poly(methyl methacrylate)-poly(butyl 
acrylate)-poly(methyl methacrylate) (MAM) foams [14]. 

Compared with the Batty and Williams–Aldao models, a more 
rigorous theory of the radiation in porous materials starts from Beer’s 
law, with which the transmissivity (Tr) of a material decays exponen

tially with thickness [36]: Tr∝exp( − K ⋅L) = exp
(

− L
MFPphoton

)
, where K, 

with the units of inverse length, is the extinction coefficient, L is the 
thickness of the sample, and MFPphoton = 1/K is the mean free path 
(MFP) of photons. Thermal insulation materials are usually optically 
thick since the typical photon MFP (≤1 mm) is much smaller than the 
sample thickness [36]. The most accurate way to determine K is through 
the integration of the spectral extinction coefficient eλ by Eq. (18) [20, 
70,71,80,81]. Here eλ is the spectral extinction coefficient of the porous 
material, λ is the wavelength of radiation, Ebλ is the spectral blackbody 
radiation intensity at a given temperature, and Eb is the integrated 
blackbody intensity at a given temperature. eλ can be determined by 
theoretical calculations or experimental measurements. For cellular 
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foams such as polymer and metallic foams, the total extinction coeffi
cient is contributed by cell walls and struts [70,71] shown in Eq. (19). es 
(m2/kg) is the specific extinction coefficients of struts, which depends on 
the strut diameter (ds) and can be calculated via the Mie theory. fs is the 
strut fraction in a solid. ew (m2/kg) is the specific extinction coefficient 
of the cell walls, which depends on the cell wall thickness (dw) and can 
be calculated via Snell’s law. Kuhn et al. [70] and Placido et al. [71] 
calculated es and ew for polystyrene. Although Eq. (19) can provide ac
curate results, the spectral extinction coefficient calculation is compli
cated and, hence, some simplified models have been developed to 
determine K in the literature. 

Hsu and Howell developed Eq. (20) for K that depends only on the 
average pore size, D, and porosity, φ, based on the experimental data of 
porous zirconia (ZrO2) [72]. The Hsu-Howell model works for porous 
materials made of dispersed pores in a solid matrix with a pore size 
larger than 0.6 mm [72,82,83]. It has been widely used in cellular 
(reticulated) ceramic foams for solar energy collection and fuel com
bustion [82–87], and the materials are not limited to ZrO2 but also 
yttria-stabilized zirconia/alumina composites, mullite, cordierite [86], 
alumina, silicon carbide (SiC), and FeCrAl [87]. 

Hendricks and Howell later revised the Hsu-Howell model by 
adjusting the coefficient 3 to be a material-dependent constant Cm, as 
shown in Eq. (21). They fitted the value of Cm to be 4.4 for reticulated 
porous partially stabilized zirconia and 4.8 for oxide-bonded SiC. 
Furthermore, it is found that 4.8 is suitable for solar dish systems based 
on SiC [88], and 4.4 is suitable for porous ceria (CeO2) [89]. Glicksman 
and Torpey [39] assumed that the cell walls are transparent, and the 
extinction coefficient is proportional to the total surface area of the strut 

per unit volume, which is proportional to 
̅̅̅̅̅̅̅
1−φ

√

D , assuming that the cells 
are pentagonal dodecahedrons and the struts are inscribed within 
equilateral triangles. Finally, they give Eq. (22). Cm depends on pore and 
strut geometries. Glicksman and Torpey [39] proposed the value of Cm 
to be 3.68. Later, the geometric coefficient Cm was revised to 2.64 by 
Cunsolo et al. [90], 2.71 by Li et al. [91], and 2.656 by Loretz et al. [92]. 
Cunsolo et al. [90] also proposed a model considering that the diameter 

of a strut is not uniform K =
2.62[1−0.22(1−lt)2

][1+0.22(1−lk)
2
]

D
̅̅̅̅̅̅̅̅̅̅̅̅
1 − φ

√
. The 

parameter lt is defined as the ratio of the minimum to the maximum 
diameter of struts, 0 ≤ lt ≤ 1. lk is defined as the ratio of the curvature 
radius of the circle circumscribing of the triangle to the local signed 
curvature radius of the sides, − 0.3 ≤ lt ≤ 1. This model was found to be 
more accurate than the Glicksman–Torpey model [90,91]. 

Glicksman [36] included the contribution from cell walls and pro
posed Eq. (23). The coefficient 4.1 is a constant related to the cell ge
ometry and is determined by assuming the pores are dodecahedra. KW is 

the extinction coefficient of the solid material. The KW values for poly
olefin [15,36,77,93], polystyrene [15,36,94], and polyurethane (PUR) 
[36,95,96] are 140 ± 20 cm−1, 80 cm−1, and 600 cm−1, respectively. 
Glicksman’s model has been extensively used for polymer foams [15,36, 
77,93–96]. Tao et al. fitted K for PUR in Eq. (24), which is only 
dependent on the sample density. Tao’s model has been used for PUR 
[97,98], foam insulation [99], metal foam [100], and syntactic com
posite foams made of hollow carbon microspheres as the filler and 
APO-bismaleimide resin as the binder [101]. 

3. Improvement of theoretical models 

The solid and gas thermal conductivity models in Section 2 have 
several drawbacks. The EMA model can account for the impact of the 
loss of mass on solid thermal conductivity but cannot include the effect 
of sound velocity softening. The Nilsson model can account for the effect 
of sound velocity softening but oversimplified the effect of loss of mass 
by using a factor ρ

ρ0
= (1 − φ). Therefore, an accurate model that can 

correctly account for both effects should be 

knew
solid(φ, v) = kEMA

solid (φ)
v
v0

(25)  

where kEMA
solid (φ) is obtained by the EMA models listed in Eqs. (3)-(7). This 

new model should not only work for insulation materials but also for 
general porous materials with low porosity. 

The gas thermal conductivity model (Eq. (11)) has been widely used 
in the literature for thermal insulation materials [14,18,19,24,26,36,45, 
50–59]. However, it was derived and simplified from the following EMA 
model 

κnew
gas ≈

φ2
3

1 − φ2
3 + φ

k0
g ≈

φ + 1
2

1 + φ
2
κ0

g (26) 

See the Supplementary Material for detailed derivation. Compared to 
Eq. (26), Eq. (11) is over-simplified, and the difference is prominent at 
lower porosities. Since gas thermal conductivity usually dominates over 
solid conduction and radiation, this difference will be important for the 
overall thermal performance. 

Since pore sizes in most materials are not uniform, it has been widely 
adopted to use a pore size distribution [56,102] to account for the 
Knudsen effect [63] of gas conduction. Here, we simplify the pore size 
distribution to two pore sizes. Combined with Eq. (26), the one-pore size 
and two-pore size models are 

Table 2 
Models for radiative thermal conductivity in thermal insulation materials.  

Models Equations Parameters Eq. No. 

Batty [67] krad =
4D

(2
εc

− 1
)σSBT3 

– (16) 

Williams–Aldao [69] 
krad =

4σSBT3L

1 +
L
D

(
1

TN
− 1

) TN =
1 − r
1 − rt

⋅
[

(1 − r)t
1 + rt

+
1 − t

2

]

r =
(ns − 1)

2

(ns + 1)
2 

t = exp ( − adw)

(17) 

Rosseland Spectral 
[70,71] krad =

16n2

3K
σSBT3 

K ≡
1

MFPphoton 

K =

[ ∫∞

0

1
eλ

⋅
∂Ebλ

∂Eb
dλ

⎤

⎦

−1 (18) 

Kuhn [70] K = (fses + (1 − fs)ew)ρ (19) 
Hsu–Howell 
[72] 

K =
3
D

(1 − φ)
(20) 

Hendricks–Howell 
[73] 

K =
Cm

D
(1 − φ)

(21) 

Glicksman– Torpey 
[39] 

K =
Cm

D
̅̅̅̅̅̅̅̅̅̅̅̅
1 − φ

√ (22) 

Glicksman [36] 
K =

4.1
D

̅̅̅̅̅̅̅̅

fs
ρ
ρ0

√

+ (1 − fs)
ρ
ρ0

Kw 
(23) 

Tao [74] K = 42.038ρ + 121.55 (24)  
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κnew
gas (P, T, φ, D) =

φ + 1
2

1 + φ
2
κ0

g(T)
1

1 + 2β Λ(P,T)

D

(27)  

and 

κnew
gas (P, T, φ, D1, D2, f ) =

φ + 1
2

1 + φ
2
κ0

g(T)⋅

⎛

⎜
⎜
⎝

f
1 + 2β Λ(P,T)

D1

+
1 − f

1 + 2β Λ(P,T)

D2

⎞

⎟
⎟
⎠ (28)  

respectively. Here, the pore with size D1 has a volume fraction f and D2 
has a volume fraction 1 − f . f = V1/(V1 + V2), where V1 and V2 are the 
total volumes of the pores with size D1 and D2, respectively. The one and 
two-pore size models will be examined on various materials. 

4. Experimental methodology 

The accuracy of the models discussed in section 2 is examined 
through extensive experimental measurements on various existing 
commercially available thermal insulation materials. Moreover, we 
extracted the individual solid, gas, and radiation contributions to the 
overall thermal conductivity, which facilitates the design of the next 
generation of improved thermal insulation materials. We choose 
expanded polystyrene (EPS), high-density EPS (HD-EPS), PUR foams, 
PUR-based aerogels, fumed silica used in vacuum insulation panels 
(VIPs), and Standard Reference Material (SRM) 1449 fumed silica board 
as the diverse systems for a comprehensive study. The sample properties, 
including materials compositions, densities, porosities, and average pore 
sizes, are listed in Table 3. Most of these materials have high porosity, 
varying between 88.2% and 98.6%. The microstructures were charac
terized by scanning electron microscopy (SEM), as shown in Fig. 1. The 
pore size ranges from 0.16 to 700 μ m. The average pore sizes for the first 
three samples are estimated from the SEM images, and those for the last 
three samples are discussed in Sec. 3.3. 

The thermal conductivity was measured following the standard Test 
Method [103], as shown in Fig. 2. The test setup consists of Fox 200 Heat 
Flow Meter Apparatus enclosed in a sealed chamber, a roughing pump, a 
turbo pump, and three pressure gauges. All samples are 20 × 20 cm2, 
with thicknesses varying from 13 to 30 mm, sandwiched between two 
black plates with temperatures of 55 F and 95 F, respectively. The heat 
fluxes q of the two plates are monitored by the system, and the thermal 
conductivity is extracted from the Fourier law: κeff =

q
AΔT L, where A is 

the surface area, ΔT is the plates’ temperature difference, and L is the 
sample thickness. Since the materials are open-cell materials, we evac
uated the samples and measured the pressure-dependent thermal con
ductivity. When the pressure is below 20 mbar, the Agilent Varian CDG 
500, a deep vacuum gauge, is used to monitor the pressure, which has an 
uncertainty of 0.2%. For higher pressures, the pressure gauge MKS 
Baratron Pressure Transducer Model 750B with an uncertainty of 1% 
and Omega DPG104S with an uncertainty of 0.25% are used. The 
measurement error also includes the general 3% uncertainty of the Fox 
200 Heat Flow Meter Apparatus. 

5. Validation of improved theoretical models 

5.1. Validation of solid thermal conductivity model 

The improved solid conduction model (Eq. (25)) is examined against 
the EMA models (Eqs. (3-7)) and Nilsson’s scaling model (Eq. (8)). The 
materials selected for the comparison need to satisfy two criteria for 
better and accurate validation. First, the materials should have velocity 
softening relative to the fully dense solid counterpart, in order to 
differentiate the improved models from EMA models. This excludes the 
cellular polymer foams. Second, the materials should not have too high 
porosity (>95%), otherwise, the measured evacuated thermal conduc
tivity contains radiative thermal conduction, which may induce un
necessary uncertainty for solid conduction validation. We collected 
silica VIP core, SRM 1449 fumed silica board, and calcium silicate 
insulation, with detailed information listed in Table 4. The porosity 
ranges from 78% to 91%. The thermal conductivity measured at <0.01 
mbar is shown in Table 4, which can be viewed as ksolid since radiation is 
negligible. The theoretical density of the fully-dense solid is calculated 
based on the composition, and velocity scaling is read from the literature 
data based on the relative density. The fully dense solid thermal con
ductivities, k0

s , of silica and calcium silicate are obtained from the 
literature [104]. Two RF aerogels [105] from the literature are also 
included for examination. k0

s and ρ0 are obtained from Bakelite [65]. 
Fig. 3 shows the comparison of the models. EMA models, which do not 
account for sound velocity softening, overestimate the thermal con
ductivity significantly. The Nilsson scaling overestimates the thermal 
conductivity by 30%–50%. 

5.2. Validation of gas thermal conductivity model 

The modified gas thermal conductivity model is examined. First, we 
compare the factor in front of k0

g in the modified model (Eq. (26)) and 
the original model (Eq. (11)). As shown in Fig. 4 (a), the original model, 
which simply uses φ as the factor, largely underpredicts the gas thermal 
conductivity. This underprediction is more prominent at lower porosity. 
For most thermal insulation materials with porosity >95%, this under
prediction is too small to visualize. But for general porous materials, this 
effect might not be negligible. To validate the improved model, the 
model kgas is compared to the experimental kgas, which is obtained by 
subtracting keff of evacuated samples from the keff of ambient-pressure 
samples. For a better and more accurate validation, we only include 
the samples with large pore sizes, in order to avoid the unnecessary 
uncertainty brought by the Knudsen effect in small pores and the unclear 
thermal accommodation coefficient. We took the literature porous ma
terials (porous plastics, beef, apple, and pear with φ of 0.85, 0.76, 0.86, 
and 0.87, respectively [106]) as well as our own porous foams (EPS, 
HDEPS, and PUR foam) as examples to demonstrate the difference. As 
shown in Fig. 4 (b), the improved model gives more accurate results in 
general. This improvement could be important when the design of 
ultra-low thermal conductivity materials heads toward the low porosity 
end and when 1 mW/mK makes a difference. 

5.3. One-pore vs. two-pore gas thermal conductivity models 

To examine whether a pore size distribution is needed to reproduce 
the pressure-dependent thermal conductivity [51,56,57,89,102,107], 
we attempted to use the one-pore and two-pore models to fit the 
experimental data. When fixing all the other conditions except pressure, 
the effective thermal conductivity can be written as 

keff (P) = k0
g
φ + 1

2
1 + φ

2

1
1 + A

P
+ C (29)  

and 

Table 3 
Properties of the insulation materials studied in this work.  

Samples Materials Density ρ 
(kg/m3) 

Porosity 
φ 

EPS Polystyrene 13.81 98.62% 
HD-EPS Polystyrene 30.60 96.94% 
PUR Polyurethane 29.15 97.52% 
PUR aerogel Polyurethane 123.50 89.50% 
Fumed Silica (VIP 

core) 
Silica (TiO2 and carbon as 
opacifiers) 

196.23 91.08% 

SRM 1449, Fumed- 
Silica Board 

60% SiO2 + 35% FeTiO3 +

5% ceramic fiber 
330.94 88.17%  
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keff (P) = k0
g
φ + 1

2

1 + φ
2

⎛

⎜
⎝

f
1 + A1

P

+
1 − f
1 + A2

P

⎞

⎟
⎠ + C (30)  

for the one-pore and two-pore models, respectively. Here, A = 2β kBT̅̅
2

√
πd2D, 

A1 = 2β kBT̅̅
2

√
πd2D1

, A2 = 2β kBT̅̅
2

√
πd2D2 

, C = ksolid + krad, and f are pressure- 
independent constants and thus fitting parameters. As shown in Fig. 5, 
both models fit well the experimental data, with the two-pore model 
performing better, indicating that at most two pore sizes are needed to 
reproduce the pressure-dependent thermal conductivity while a com
plex pore size distribution is unnecessary. To further verify this, we also 
fit the experimental data in the literature. As shown in Fig. 6 (porous 
plastics) and Fig. 7 (porous beef), the two-pore model fits well all the 
data (with an average R2 = 0.9976) [106]. The fitting is also good for 
porous apple, pear [106], silica [107,108], RF [105] and xonotlite 
aerogels [109] (see the Supporting Information). 

Fig. 1. SEM images of the thermal insulation materials studied in this work. (a–c) EPS, HD-EPS, and PUR foams are cellular foams, and (d–f) PUR aerogel, silica VIP, 
and SRM 1449 fumed silica are granular forms. 

Fig. 2. Thermal conductivity measurement apparatus. (Left) FOX 200 Heat 
Flow Meter Apparatus enclosed in a sealed chamber. (Right) Vacuum pump. 
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6. Thermal conductivity decomposition for EPS, HD-EPS, PUR 
foam, PUR aerogel, and silica-VIP cores 

6.1. EPS and HD-EPS 

After kgas is obtained, we calculate ksolid and krad to validate kgas+

ksolid + krad against the experimental keff data. For EPS, ksolid can be 
calculated by EMA models with fs = 0 in Table 1. Taking the bulk fully 
dense polystyrene thermal conductivity k0

s = 0.16 W/m⋅K [110], we 
estimate ksolid of EPS as 1.44 mW/m⋅K, as shown in Fig. 8. 

For evaluating the radiation component, the most accurate method is 
through the Rosseland model with the extinction coefficient calculated 
by the spectral integration using Eq. (18). Kuhn et al. [70] did this 

calculation for polystyrene and obtained the specific extinction co
efficients of cell walls (ew) and struts (es) in polystyrene as functions of 
cell wall thickness (dw) and strut diameter (ds), respectively. Therefore, 
we can use Kuhn et al.‘s results to evaluate the krad in our EPS sample 
using Eq. (19). 

To do that, we need to determine the dw, ds, and fs (volume fraction of 
struts) of our EPS. Since EPS usually does not have struts [71] (fs = 0, ds 
= 0), we only need the dw value. However, directly measuring dw is 
difficult. For this, Placido et al. [71] proposed a formula to calculate dw 
and fs using ds and D, based on the geometry model proposed by Kuhn 
et al., in which cells, walls, and struts are modeled respectively like 
regular pentagonal dodecahedrons, thin slabs (platelets), and cylinders 
[70]. dw and fs are given by 

dw =
0.348(1 − φ)D3 − 2.8d2

s D + 3.93d3
s

1.3143D2 − 7.367dsD + 10.323d2
s

(31)  

fs =

[

1 +

(
1.3143D2 − 7.367dsD + 10.323d2

s

)
dw

2.8d2
s D − 3.93d3

s

]−1

(32)  

When struts are negligible (fs = 0), the cell wall thickness solely depends 
on porosity and pore size. Equation (31) is reduced to dw = Cw(1 − φ)D, 
where Cw is a constant depending on the geometry of the pores. Cw =

0.265, 0.461, 0.323, and 0.264 for regular pentagonal dodecahedrons, 
cubes, normally stacked hollow spheres, and tightly stacked hollow 
spheres, respectively (See Supplementary Material for detailed deriva
tion). For cubes, D is the equivalent diameter of a spherical pore with the 
same volume as the cube. For stacked hollow spheres, D is not the 
diameter of each sphere but rather the average diameter of all the voids, 
including the hollow spheres and the void spaces encompassed between 
the adjacent spheres. The four Cw values result in dw of 0.174, 0.318, 
0.223, and 0.173 μ m, respectively. The calculated kgas + ksolid + krad 

agrees well with the experimental keff data in general with an average 
error <7%, as shown in Fig. 8. In comparison, the other krad models do 
not replicate well the experimental data in this study, except for Tao’s 
model, which agrees reasonably well with the experiment considering a 
certain amount of uncertainty. 

Similarly, for HD-EPS, ksolid is also calculated with EMA models with 
fs = 0, which give ksolid ≈ 3.15 mW/m⋅K, as shown in Fig. 9. Here we use 
Cw = 0.265 to evaluate the wall thickness since the cells of HD-EPS can 
be well represented by pentagonal dodecahedrons rather than cubes or 
spheres. The obtained dw is 0.406 μ m. Knowing the dw value, we 
calculated krad by using Kuhn et al.‘s extinction coefficient. The calcu
lated kgas + ksolid + krad agrees well with experimental data (with an error 
<2%), as shown in Fig. 9. In addition to that from Kuhn’s model, the 
extinction coefficient from Tao’s model also agrees well with the 
experimental data, which indicates that Tao’s model fitted from PUR 
data in the literature may also work for other polymers (e.g., 
polystyrene). 

6.2. PUR foam and PUR aerogel 

The predictions for PUR are more complicated to estimate than for 
polystyrene because the former represents a category of materials rather 
than a specific one, and there is no exact chemical formula for this 
compound. Therefore, solid PUR has a broad range of thermal conduc
tivity values reported in the literature, from 0.21 to 0.26 W/m⋅K [36,70, 
95,96,111], a broad range of densities from 1.145 to 1.225 g/cm3 [95, 
111–114], and a radiative property that is not predictable owing to the 
lack of an exact chemical formula [70,71]. 

For the PUR foam, ksolid is evaluated with EMA models with fs = 0. 
Taking k0

s = 0.235 ± 0.025 W/m⋅K and ρ0 = 1.177 ± 0.030 g/cm3, ksolid 

is estimated as 3.91 ± 0.68 mW/m⋅K. After examining all the krad 
models, we found that the Rosseland equation (with the extinction co
efficients calculated by the Tao model, the Glicksman model, and the 

Table 4 
Modeled and measured solid thermal conductivity of porous materials. RF0.6 
and RF7 aerogels data are taken from Ref. [105], while the others are measured 
in this work. * ksolid was measured in a vacuum and consists of both solid con
duction and radiative conduction. As discussed in the main text, radiative con
duction is negligible in these samples due to either high density or high 
extinction coefficients.  

Materials/ 
Properties 

Silica VIP 
core (this 
work) 

SRM 1449, 
Fumed- 
Silica 
Board (this 
work) 

Calcium 
silicate 
(this 
work) 

RF 0.6 RF 7 

ρ (g/cm3) 0.196 0.331 0.62 0.33 0.32 
ρ0 (g/cm3) 2.2 2.8 2.9 1.35 1.35 
ρ/ ρ0 0.08918 0.11832 0.21379 0.24444 0.23704 
v/ v0 0.059 ±

0.011 
0.091 ±
0.025 

0.21 ±
0.02 

0.26 ±
0.03 

0.25 ±
0.03 

φ 0.9108 0.8817 0.7862 0.7556 0.7630 
k0

s (W/mK) 1.4 1.4 1.1 0.23 0.23 
EMA, Eq. (3-7) 

(W/mK) 
85.79 114.97 168.81 40.81 39.46 

sound velo 
scaling, Eq.  
(8) (mW/mK) 

7.37 ±
1.40 

15.07 ±
4.22 

48.77 ±
4.88 

14.56 ±
1.46 

13.63 ±
1.36 

EMA + sound 
scaling, Eq.  
(25) (mW/ 
mK) 

5.06 ±
0.96 

10.46 ±
2.93 

35.01 ±
3.50 

10.57 ±
1.06 

9.87 ±
0.99 

Experimental 
ksolid* (mW/ 
mK) 

4.0 7.52 34.6 10.0 11.0  

Fig. 3. Comparison of three different models for solid conduction in porous 
materials. The detailed materials’ properties are listed in Table 4. 
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Glicksman-Torpey model) agrees well with the experimental data, 
whereas the others, such as the Batty model, give a large discrepancy, as 
shown in Fig. 10. 

For the PUR aerogel, since the structure is network-like rather than 
cellular, we use the Glicksman model (i.e., Eq. (23)) with a high strut 
fraction (>90%) to evaluate ksolid, which is approximately 9.05 ± 1.58 
mW/m⋅K, as shown in Fig. 11. If the radiative thermal conductivity is 
evaluated by Tao’s model, which gives krad = 1.65 mW/m⋅K, the total 
kgas + ksolid + krad is higher than the experimental keff . Since Tao’s model 
[74] was fitted for PUR foam with unrealistically larger pore sizes 
(D~102 μ m) than our PUR aerogel (D~10−1 μ m), we suspect that it 
strongly overestimates krad of PUR aerogel since krad is generally pro
portional to pore size. Therefore, we suspect that the krad in our PUR 
aerogel is much lower than that predicted by Tao’s model. Indeed, after 
examining the other krad models discussed in Sec. 2.4, we find that most 
of them give negligible krad, i.e., krad ≈ 0. With this, the total calculated 

kgas + ksolid + krad values agree very well with the experimental keff , as 
shown in Fig. 11. 

6.3. Silica-based VIP-core materials 

For the fumed silica VIP core and SRM 1449, the radiative thermal 
conductivity is negligible since the pore size is small (<1 μ m), porosity 
is not high (88%–91%), and opacifiers are added to the materials. 
Therefore, ksolid = keff (P ≈ 0), as shown in Figs. 12 and 13. The pre
dictions have error bars because the sound velocity of porous silica with 
a given density has a broad range of uncertainty. That is, for SiO2 
samples with the same density, the sound velocity can vary by a 
considerable amount. 

Fig. 4. Comparison between literature and improved gas thermal conductivity model. Experimental data in (b) include both literature data [106] and this work.  

Fig. 5. Effective thermal conductivity as a function of pressure. All experiments are done at 297 K with pores filled with air. The blue and red curves represent the 
one-pore and two-pore model fittings, respectively. The error bars for experimental data are from the measurement uncertainty, 3%, given by the apparatuses. In (c), 
blue and red curves overlap. 
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6.4. Relative contribution of kgas, ksolid, and krad to keff 

To determine the dominant heat transfer mechanisms and find 
optimal strategies to reduce effective thermal conductivity, the indi
vidual kgas, ksolid, and krad are summarized in Fig. 14. For polymer foams 
(EPS, HD-EPS, and PUR in this work), kgas and krad dominate the thermal 
conductivity whereas ksolid is very small, indicating that the most 

efficient way to reduce the effective thermal conductivity of cellular 
polymer foams is to reduce the pore size, which can simultaneously 
reduce kgas and krad. Since the pore size in these foams is currently 
around 10–103 μ m, there is a large space to reduce the pore size. 
Reducing pore size may sacrifice some porosity and increase ksolid, but 
this will not offset the decrease in kgas and krad since k0

s is low. Therefore, 
identifying strategies to manufacture nano-cellular polymer foams is a 

Fig. 6. One-pore and two-pore size fitting of gas thermal conductivity for the plastics filled with various gases studied by Harper and Sahrigi [106].  

Fig. 7. One-pore and two-pore size fitting of gas thermal conductivity for the porous beef filled with various gases studied by Harper and Sahrigi [106].  
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promising direction for the next generation of thermal insulation 
materials. 

For aerogels (PUR aerogel, silica VIP, and fumed silica), the domi
nant thermal conductivity components are kgas and ksolid whereas krad is 
negligible owing to the small pore size and the addition of opacifiers. 
Although the pore size is already ~10−1 μ m, if new manufacturing 
methods can further reduce it to ~10 nm while maintaining the 
porosity, significantly reduced keff can be achieved. For inorganic ma
terials, k0

s is generally high; hence, it might not be ideal to decrease 
porosity, which can significantly increase ksolid. Therefore, more op
portunities should be sought in engineering polymers that have small k0

s . 
For example, in the case of PUR aerogel, which has kgas = 10.5 mW/m⋅K 
and ksolid = 9.0 mW/m⋅K, the best strategy is to further reduce the pore 
size while maintaining porosity. Another strategy is to replace PUR with 

other polymers with smaller intrinsic k0
s , such as polystyrene. For these 

materials, changing air to CO2 (or other gases with lower thermal con
ductivity) may further reduce keff because CO2 has a lower thermal 
conductivity than air and CO2 MFP is larger than air. The gas with lower 
MFP benefits more from the small pore size. Since particulate aerogels 
have smaller gas accommodation coefficients, they might more easily 
achieve lower thermal conductivity values than foams. In addition, 
particulate aerogels can be made with engineered interfaces to further 
reduce thermal conductivity through a solid. 

6.5. Coupling between solid, gas, and radiative conduction 

As has been reported and studied in many works [48,53,54,65], the 
pressure-dependent thermal conductivity of some granular or 

Fig. 8. The model prediction of kgas + ksolid + krad compared with experimental 
data (keff ) for EPS filled with air at 297 K as a function of pressure. Curves are 
theoretical predictions with different radiation models. The shaded area in
dicates the prediction uncertainty with the Kuhn model. This sample has a 
porosity of 98.62% and a density of 0.0138 g/cm3. 

Fig. 9. The model prediction of kgas + ksolid + krad as compared with experi
mental data keff for HD-EPS filled with air at 297 K as a function of pressure. 
Curves are theoretical predictions with different radiation models. The shaded 
area indicates the prediction uncertainty. This sample has a porosity of 96.94%, 
and a density of 0.0306 g/cm3. 

Fig. 10. The model prediction of kgas + ksolid + krad as compared with experi
mental data keff for PUR foam filled with air at 297 K as a function of pressure. 
Curves are theoretical predictions with different radiation models. The shaded 
area indicates the prediction uncertainty. This sample has a porosity of 97.52%, 
and a density of 0.0292 g/cm3. 

Fig. 11. The model prediction of kgas + ksolid + krad as compared with experi
mental data keff for PUR-based aerogel filled with air at 297 K as a function of 
pressure. Curves are theoretical predictions with different radiation models. 
The shaded area indicates the prediction uncertainty. This sample has a 
porosity of 89.5%, and a density of 0.1235 g/cm3. 
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fiber-based materials can exceed the theoretical maximum gaseous 
thermal conductivity. In our work, we also observed this phenomenon in 
glass fibers used in VIP cores, SRM 1450b fibrous-glass board, and cal
cium silicate. This abnormal pressure-dependent thermal conductivity 
has been reported as the coupling between gas thermal conductivity and 
solid thermal conductivity. When pressure is relatively high (e.g., >0.1 
mbar), the solid can absorb some gases molecules, which can consid
erably increase the heat transport through the solid (ksolid). When pres
sure is low (e.g., vacuum), there are fewer gas molecules to be absorbed 
by the solid surfaces, and the solid heat transfer is reduced. Therefore, 
the effective thermal conductivity should be written as 

keff (T, P) = kgas(T, P) + ksolid(T) + kcoupling(T, P) + krad(T) (33)  

6.6. Near-field radiation 

The other potentially important heat transfer mechanism is near- 
field radiation, which has been recently found to be important theo
retically in polymer insulation foams when the pore size is below 1 μm 
[115]. Near-field radiation occurs at sub-wavelength separation dis
tances when propagating electromagnetic waves experience interfer
ence and may exceed the blackbody limit by ~100 times owing to the 
tunneling of evanescent electromagnetic waves [116–118]. However, 
based on the radiative thermal conductance between two parallel SiO2 
plates measured in Ref. [118], the derived radiative thermal conduc
tivity is only on the order of 0.01–0.1 mW m−1 K−1, which is negligible 
compared with gas or solid thermal conductivity (See Fig. 15). The 
negligible radiative thermal conductivity can partially explain why VIPs 
can achieve ultrahigh R values. Nevertheless, the role of near-field 

Fig. 12. The model prediction of kgas + ksolid + krad as compared with experi
mental data keff for fumed silica VIP core filled with air at 297 K as a function of 
pressure. The inset shows the solid thermal conductivity predicted by various 
models as compared with the experiment. This sample has a porosity of 91.08% 
and a density of 0.1962 g/cm3. 

Fig. 13. The model prediction of kgas + ksolid + krad as compared to experi
mental data keff for SRM 1449 fumed silica filled with air at 297 K as a function 
of pressure. The inset shows the solid thermal conductivity predicted by various 
models as compared to the experiment. This sample has a porosity of 88.2% and 
a density of 0.331 g/cm3. 

Fig. 14. The thermal conductivity components, kgas, ksolid, krad, and the total 
effective thermal conductivity keff calculated from theories as compared with 
keff measured in our experiments. The data are for samples filled with air at 297 
K, 1 atm. 

Fig. 15. Experimentally measured radiative thermal conductivity between two 
SiO2 parallel plates at room temperature derived from the radiative thermal 
conductance G measured in Ref. [118] by using krad = G

A d, where A is the 
plates’ area and d is the gap size. 
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radiation in thermal insulation materials is still open to investigation. 

7. Conclusions 

In this work, we improve the solid and gas thermal conductivity 
models to predict heat transfer through solid and gas in porous thermal 
insulation material. The former is realized by including the sound ve
locity softening in the EMA, and the latter is done by using the EMA 
model. Both improvements are crucial to calculate effective thermal 
conductivity of insulation materials. We decomposed gas, solid, and 
radiative thermal conductivities in several thermal insulation materials 
in EPS, HD-EPS and PUR foams, PUR aerogel, silica VIP, and fumed 
silica. For polymer foams (EPS, HD-EPS, and PUR in this work), kgas and 
krad dominate the thermal conductivity whereas ksolid is very small, 
indicating that the most efficient way to reduce the effective thermal 
conductivity of cellular polymer foams is to reduce the pore size, which 
can simultaneously reduce kgas and krad. For aerogels (PUR aerogel, silica 
VIP, and fumed silica), the dominant thermal conductivity components 
are kgas and ksolid whereas krad is negligible owing to the small pore size 
and the addition of opacifiers, indicating that the most efficient ways to 
reduce keff are to further reduce pore size and to choose a solid material 
with low thermal conductivity k0

s . This study is expected to provide 
guidance to the design and optimization of the next generation of 
thermal insulation materials for a broad scope of applications. 
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