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Abstract

This study investigates steady-state conductive heat transfer and water-vapor diffusion
through the external wall of a refrigerated warehouse with a specified load-bearing wall
assembly. The formal analogy between heat conduction and mass diffusion is stated and
used to establish a practical calculation framework for estimating heat and moisture ingress
through multilayer cold-store walls. Calculation routines are presented to determine the
temperature field and the corresponding water-vapor saturation and partial-pressure dis-
tributions across (and within) the insulation layer, enabling the identification of regions
prone to interstitial condensation. The analysis highlights the roles of (i) the vapor diffusion
resistance of the vapor barrier layer, (ii) the thermal resistance of the insulation, and (iii) key
outdoor boundary conditions in governing condensation risk. Increasing insulation ther-
mal resistance reduces external heat gains; however, it may also increase the likelihood of
condensation in layers close to the cold side by lowering local temperatures and saturation
pressures. Among external parameters, outdoor relative humidity exerts the strongest
influence on interstitial condensation risk. For the investigated wall assembly, increasing
outdoor relative humidity by 50% shifts the condensation onset location within the insu-
lation toward mid-thickness. The effects of vapor barrier diffusion resistance, insulation
thermal resistance, and changes in outdoor conditions (relative humidity, temperature, and
wind speed) are reported in tabulated form and illustrated through pressure–position and
temperature–position profiles.

Keywords: conductive heat transfer; moisture diffusion; refrigerated warehouse; wall
insulation; steady-state analysis

1. Introduction
The building sector is a major consumer of energy, with space heating and cooling

representing a significant share of total demand [1,2]. The thermal performance of building
insulation systems is a key factor in reducing energy consumption and greenhouse gas
emissions in a built environment [3]. In practice, however, insulation materials are rarely
maintained under perfectly dry conditions throughout their service life [4,5]. Moisture
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ingress caused by mass diffusion, air leakage, construction moisture, or minor defects
in the envelope components is often unavoidable and may persist for extended periods.
Therefore, understanding the long-term impact of moisture on the thermal behavior of
insulation systems is essential for reliable energy performance assessment and sustainable
building design.

Conductive heat transfer and moisture through insulated walls have been exten-
sively explored due to their critical role in maintaining thermal efficiency and preventing
moisture-related damage. Previous research [6–8] highlights that the presence of moisture
compromises thermal insulation not only by increasing its thermal conductivity (sensible
effect), but also—more significantly—through the latent heat flux generated by evaporation
and condensation, which may exceed the conductive heat flux. This dynamic demon-
strates that heat and moisture transfer are inseparably coupled phenomena and cannot
be analyzed in isolation. The critical influence of moisture content on the thermophysical
properties of insulating materials was also quantified by Jerman and Černý [9], who show
that the thermal conductivity of mineral wool can increase over fifteen-fold from dry to
saturated states, whereas moisture diffusivity can vary by up to two orders of magnitude.
Wang et al. [10] validate a coupled heat and moisture model, demonstrating a non-linear
relationship in which the drying of a compromised insulation layer could temporarily
improve its measured thermal resistance. This finding indicates that the effective thermal
resistance of an insulation layer is not a fixed property, but a transient state dependent on
its moisture content and the ongoing hygrothermal processes within the envelope.

The sensitivity of condensation risk to climatic boundary conditions was further em-
phasized by forward-looking analyses. A study applying the Glaser method to a wall
assembly in a humid-temperate climate demonstrates that projected changes in atmo-
spheric conditions—particularly increased volatility in monthly relative humidity—can
introduce interstitial condensation risk, which has not been previously predicted under
historical data [11]. Complementing material-level studies, a holistic assessment examined
the building-scale energy impact of moisture in fiberglass insulation under hot humid
conditions [12]. Laboratory measurements showed increased thermal conductivity with
moisture content; however, whole-building energy simulations revealed that even mod-
erately elevated moisture led to negligible changes in cooling energy demand, with less
than 2% monthly variation. The study [12] concludes that the energy penalty from wet
insulation is often moderated in practice by the composite behavior of the envelope assem-
bly and the relatively small contribution of the wall transmission to the total cooling load.
This underscores that while moisture degrades material properties, its system-level energy
consequences are non-linear and climate-dependent. Nagy et al. [13] investigated the in
situ degradation of mineral wool insulation extracted from a refurbished roof by comparing
new, built-in, and severely degraded samples. The study identified a critical failure mode
where “spoiled” samples, suffering from incomplete polymerization of the phenolic resin
binder, underwent catastrophic compression (68% strain under load). This mechanical
degradation reduced their effective thermal resistance by up to 40%, demonstrating that a
latent material defect, activated by in-service moisture exposure, can lead to severe and
coupled deterioration of both structural integrity and thermal performance. Investigations
of advanced insulation materials have also been extended to aerogel-enhanced systems.
One study prepared and characterized aerogel-enhanced plasters, blankets, and boards
under a wide range of temperatures (–20 ◦C to +60 ◦C) and relative humidity levels (0–95%
RH) [14]. The results quantify a strong hygric dependency: under 95% RH, the thermal
conductivity of the aerogel gypsum board doubled, whereas the maximum temperature-
driven increase was only 12%. This highlights that even for high-performance insulation,
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the moisture content remains the primary environmental factor driving the degradation of
the thermal resistance.

Because condensation-risk assessments rely on hygrothermal simulations, their cred-
ibility is fundamentally constrained by the quality of the input material properties. In
addition, standardized estimation approaches are generally valid only within the hy-
groscopic range and can break down near saturation, where the vapor-phase transport
dominates [15–17]. A study on hygroscopic insulation materials demonstrates that stan-
dard Heat Flow Meter (HFM) tests often require more than 160 h to reach full hygrothermal
equilibrium [11]. If measurements are stopped prematurely, thermal conductivity may be
overestimated by up to 40%, because latent heat associated with ongoing internal moisture
redistribution is mistakenly recorded as conductive heat flow. This procedural artifact
plausibly explains the pronounced scatter in the material property databases and indicates
that revised testing durations are required for accurate characterization.

Another important perspective concerns economic and integrated performance. An
optimization study by Zhang et al. [18] for a building located in a humid subtropical zone
analyzes the life cycle performance and cost for five insulating materials with different
thicknesses. This research highlights the critical concept of the “optimal economic thick-
ness,” representing a trade-off between initial investment and long-term energy savings.
In the analyzed climate, increasing the insulation thickness reduces the heating load but
may slightly increase the cooling load owing to the retention of internal heat during cool
nights. These counterintuitive dynamics underscore the complexity of the coupling be-
tween the thermal properties of the building envelope and external climatic conditions,
which directly influence the moisture balance and the interior surface temperature of the
wall. Recent studies have extended this perspective to alternative wall configurations and
efficient long-term numerical procedures for insulation design, including container-house
wall systems and long-term simulations used for insulation thickness optimization [19,20].

In response to these challenges, contemporary research has increasingly focused on
advanced numerical models based on Heat–Air–Moisture (HAM) theory. Tools such as
Delphin [21] and WUFI [22] have been developed and widely adopted to capture these
interactions under transient boundary conditions, providing valuable insight into long-
term envelope performance [7,23–27]. Despite their advanced modeling capabilities, these
hygrothermal simulation tools present notable limitations in engineering practice. The
accuracy of their predictions is highly dependent on extensive material property data,
careful calibration, significant computational effort, and advanced expertise for results
interpretation [28]. This can limit their use in early-stage design or in contexts where rapid
parametric evaluations are required. As a result, simplified methods continue to play an
important role in preliminary assessments, regulatory compliance, normative relevance,
and conceptual analysis [29,30]. Their applicability, however, is strongly dependent on the
operating conditions of the building under consideration.

Refrigerated warehouses represent a specific class of buildings characterized by highly
controlled and nearly constant indoor temperatures, large and persistent temperature
gradients across the envelope, and relatively stable indoor humidity levels. Under these
conditions, transient effects are reduced, and the envelope behavior may approach quasi-
steady-state operation for extended periods. This operational regime creates a markedly
different balance between thermal- and moisture-driving forces than that found in res-
idential or office buildings. Therefore, in the present study, the wall is evaluated for
representative operating states defined by fixed indoor setpoints and prescribed outdoor
boundary conditions, rather than through time-varying climatic histories.
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Despite the widespread use of cold storage facilities, the literature addressing moisture-
related risks in their envelope systems remains limited, particularly with respect to analyti-
cal evaluation methods tailored to their unique operating regime.

In this context, the present study develops and applies a steady-state analytical frame-
work for evaluating conductive heat transfer and water-vapor diffusion through the exter-
nal walls of refrigerated warehouses. The formulation remains a one-dimensional steady-
state heat-conduction and vapor-diffusion model and is evaluated through closed-form
relations and layer-wise algebraic routines implemented in Engineering Equation Solver
(EES) [31], with the corresponding calculation routines provided in Appendix A, Table A1.
Its specific contribution lies in translating this steady-state heat-and-vapor-transfer frame-
work into a practical calculation procedure for refrigerated wall assemblies, with evaluation
of the temperature and water-vapor pressure fields both at wall interfaces and within the
insulation layer for representative operating states. This enables a direct localization of
the condensation-prone zone within the insulation thickness and supports a transparent
parametric assessment of condensation sensitivity to insulation thermal resistance, vapor
barrier diffusion resistance, and outdoor boundary conditions. The distinction of the
present study therefore lies in how the steady-state framework is applied to multilayer
refrigerated wall assemblies and used for parametric condensation risk evaluation, rather
than in the introduction of new governing transport relations.

Rather than replacing advanced hygrothermal simulations, the proposed steady-state
framework is intended as a physically transparent and computationally efficient tool for
preliminary assessment and comparative analysis within its domain of validity.

The steady-state analysis presented in this study constitutes the first stage of a multi-
step design methodology. After identifying the dominant transport mechanisms and
selecting a preliminary wall configuration, the candidate solution can be further evaluated
under dynamic boundary conditions using transient hygrothermal simulation tools, while
accounting for climatic location, operating schedule, and wall orientation.

2. General Laws of Conductive Heat Transfer and Mass Diffusion
Conductive heat transfer and mass diffusion are governed by formally analogous

transport laws.

2.1. Thermal Conduction

Consider a body in space (Figure 1), locally heated at a point P on an isothermal surface
t. From point P, heat is transferred by conduction along the normal to the isothermal surface,
in the direction of decreasing temperature.

 

Figure 1. Heat transfer by thermal conduction along the normal to the surface, in the direction of
decreasing temperature.
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2.1.1. Fourier’s Law

The differential amount of heat, δQ, that propagates by conduction is proportional to
the temperature gradient, the differential area dA perpendicular to the direction of heat
propagation, the time interval dτ during which heat is transferred, and a proportional-
ity coefficient k that characterizes the material’s ability to conduct heat, called thermal
conductivity:

δQ = −k
∂t
∂n

dA·dτ [J] . (1)

The specific (unit) heat flux is defined as the amount of heat transferred by conduction
per unit time through a unit area normal to the direction of the heat transfer:

q =
δQ
dA

= −k
∂t
∂n

[
W
m2

]
. (2)

Thermal conductivity represents the amount of heat transferred by conduction per
unit time through a unit area for a unit temperature gradient (1[K] per unit length)

k =
q

− ∂t
∂n

[
W
m2

K
m

=
W

m·K

]
. (3)

2.1.2. Fourier Differential Equation (Without Internal Heat Sources)

During conductive heat transfer, the temperature within the body varies with the
spatial coordinates and time, t = t(x, y, z, τ)

∂t
∂τ

= a
(

∂2t
∂x2 +

∂2t
∂y2 +

∂2t
∂z2

)
, (4)

where

a =
k

ρ·cp

[
m2

s

]
, (5)

is the thermal diffusivity of the material through which heat propagates.

2.2. Mass Diffusion

Consider a body in space characterized by isothermal surfaces, whose temperatures
decrease along the direction of conductive heat flux (Figure 2).

Figure 2. Molar diffusion along the normal to the surface, in the direction of decreasing density.
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The conductive heat flux is accompanied by a diffusive mass flux that occurs in the
direction of decreasing density.

The direction of the surface normal corresponds to increasing density (Figure 2),
and the rate of density change along the normal direction per unit length is called a
density gradient.

In the case of molar diffusion, where the overbar denotes molar quantities, one
distinguishes:

(a) molar density gradient

grad ρ = lim
(

∆ρ

∆n

)
∆n→0

=
∂ρ

∂n

[
kmol
m4

]
, (6)

and correspondingly,

(b) molar density drop

−grad ρ = − ∂ρ

∂n

[
kmol
m4

]
(7)

Diffusive mass transfer arises from the random motion of particles of a given substance
through a medium, owing to a concentration gradient.

Mass transfer characterizes mixtures with two or more components, such as moist
air, which is considered a mixture of dry air and water vapor. The specific properties of
each component, or the average properties of the mixture, can be expressed on a mass or
molar basis.

Consider a gaseous mixture of ideal gases.
For molar averaging, the amount of substance measured in kmol is:

N = ΣNi . (8)

The molar density of a component i is denoted as:

ρi =
Ni

V
=

mi

Mi
· 1
V

=
ρi
Mi

[
kmol
m3

]
. (9)

The mean molar density of the mixture can be written as follows:

ρ =
N
V

=
ΣNi

V
=

n

∑
i=1

ρi . (10)

The molar composition of the mixture is expressed in terms of mole concentrations:

ci =
Ni

N
. (11)

From relations (9)–(11) it follows that:

ci =
ρi
ρ

. (12)

Assume that each component i moves in the mixture with a different velocity wi
[m

s
]
,

corresponding to a different molar flux Gi.
The concept of unit molar flux is introduced as the molar flow rate per unit area:

G =

[
kmol
s·m2

]
= ρ

[
kmol
m3

]
·w
[m

s

]
= Σ(ρi·wi) = ΣGi . (13)
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The mean mixture velocity can be defined as:

w
[m

s

]
=

1
ρ

n

∑
i=1

(ρi·wi) = Σci·wi. (14)

The difference (wi − w) is called the diffusion velocity of component i, and

Ji = ρi(wi − w)

[
kmol
m2·s

]
, (15)

is the unit molar diffusion flux of component i (or the molar diffusion velocity).

2.2.1. Fick’s First Law (Steady-State Diffusion)

The differential molar amount of substance, δN, transferred by diffusion is propor-
tional to the molar density drop, the differential area dA normal to the diffusion direction,
the time interval dτ, and a proportionality coefficient D, which characterizes the medium’s
ability to allow diffusion and is called the molar diffusivity coefficient [32]:

δN = −D
∂ρ

∂n
dA·dτ [kmol] . (16)

The unit molar diffusion flux, also referred to as the molar diffusion velocity, is defined
as the amount of substance, in kmol, transferred by diffusion per unit time through a unit
area perpendicular to the diffusion direction:

J =
δ

.
N

dA
= −D

∂ρ

∂n

[
kmol
s·m2

]
. (17)

The molar diffusivity D is the amount of substance, in kmol, that diffuses per unit
time through a unit area under unit molar density gradient of 1 [kmol/m3] per unit length:

D =
J

− ∂ρ
∂n

[
kmol
s·m2 ·

m
kmol
m3

=
m2

s

]
. (18)

For a component A of an ideal gas mixture diffusing through a medium B, relations (15)
and (17) can be expressed as follows:

JA = ρA·(wA − w) = −DAB
∂ρA
∂n

. (19)

Noting that:
ρA = cA·ρ, (20)

where ρ is the molar density of the mixture. Substituting into (19) yields:

JA = ρA(wA − w) = −ρ·DAB
∂cA

∂n
. (21)

If mass transfer is multidirectional, Equation (21) can be written as:

JA = ρA(wA − w) = −ρ·DAB·∇cA, (22)

where
∇cA =

∂cA

∂x
+

∂cA

∂y
+

∂cA

∂z
. (23)
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2.2.2. Fick’s Second Law (Unsteady Diffusion)

If the molar density of component A depends on both the spatial coordinates and time
ρA(x, y, z, τ), the molar diffusion differential equation can be written as

∂ρA
∂τ

= DAB

(
∂2ρA
∂x2 +

∂2ρA
∂y2 +

∂2ρA
∂z2

)
. (24)

Considering Equation (12), relation (24) can be expressed as

∂cA

∂τ
= DAB

(
∂2cA

∂x2 +
∂2cA

∂y2 +
∂2cA

∂z2

)
. (25)

3. Analytical Expressions for the Unit Fluxes
3.1. Thermal Conduction Through a Homogeneous Plane Wall

To derive the finite expression for the unit heat flux (Equation (2)), Fourier differential
equation (Equation (4)) is applied to a steady-state, one-dimensional process (along the
x-direction) for a homogeneous plane wall, as shown in Figure 3.

 

Figure 3. Schematic representation of one-dimensional steady conductive heat transfer through a
homogeneous plane wall of thickness δ, with boundary temperatures t1, t2 and heat flux q along the
x-direction.

Integration of the steady-state Fourier differential equation (Equation (4)) gives:

q =
t1 − t2

δ
k

=
t1 − t2

Rcond
t

. (26)

3.2. Mass Diffusion

To obtain the finite form of the unit molar diffusion flux (Equation (21)), Equation (25)
is applied to the steady-state, one-dimensional diffusion process as illustrated in Figure 4.

 

Figure 4. Schematic representation of one-dimensional steady molar diffusion of component A
through a plane wall of thickness δ, with boundary mole fractions cA,1, cA,2 and diffusion flux JA

along the x-direction.
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Integration of the steady-state Fick’s Second Law (Equation (25)) gives:

JA = −ρ·DAB
cA,2 − cA,1

δ
=

cA,1 − cA,2
δ

ρ·DAB

=
cA,1 − cA,2

Rmol
D

, (27)

where the molar diffusion resistance is

Rmol
D =

δ[m]

ρ
[

kmol
m3

]
·DAB

[
m2

s

] [m2·s
kmol

]
, (28)

with ρ representing the molar density of the mixture formed by components A and B.
A dimensional analysis confirms the correctness of this result:

JA

[
kmol A

m2s

]
(molar velocity or unit molar diffusion flux of component A) =

cA,1 − cA,2[−]

Rmol
D

[
m2·s
kmol

] .

4. Application—Moisture Diffusion from Moist Air Through a
Plane Wall

In this case, the thermodynamic driving force for diffusion is the drop in the molar
concentration of water vapor, ultimately leading to a drop in the partial pressure pv of
water vapor in moist air across the wall faces, along the direction of moisture transfer. For
moist air treated as an ideal gas at uniform total pressure, this formulation is equivalent to
expressing the driving force directly as the gradient of pv, and it refers strictly to diffusive
transport, without accounting for pressure-driven convective flow.

The expression for the unit molar diffusion flux (or molar diffusion velocity) (Equa-
tion (27)) is used, where the mole concentration of water vapor cA,1 and cA,2 on the two
wall faces (in the direction of decreasing temperature) is given by:

cA,1 =
pv,1

p
and cA,2 =

pv,2

p
, (29)

where component A is represented by water vapor, and p is the pressure of moist air
(atmospheric pressure).

Substituting relation (29) into relation (27) yields:

Jv =

pv1
p −

pv2
p

δ
ρma·Dvw

=
pv,1 − pv,2

p·δ
ρma·Dvw

[
kmol v

m2·s

]
, (30)

where Jv is the molar diffusion flux of water vapor through wall w, ρma is the molar density
of moist air (a mixture of water vapor and dry air), and Dvw is the diffusion coefficient of
water vapor through wall w.

A dimensional check confirms the correctness of the relation

Jv

[
kmol
m2·s

]
=

(
pv,1 − pv,2

)
[Pa]

p[Pa]·δ[m]

ρma

[
kmol
m3

]
·Dvw

[
m2

s

] =

[
kmol
m2·s

]
.

The wall molar permeability coefficient for water vapor can be defined as

ρma·Dvw

p
= µ

[
kmol
m3 ·m2

s

Pa
=

kmol ma
m·s·Pa

]
, (31)
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and represents the amount of moist air (in kmol) that permeates a wall of unit surface area
and unit thickness per unit time, driven by a unit difference in water vapor partial pressure
between the two faces of the wall.

Substituting Equation (31), Equation (30) can be written as:

Jv =
pv,1 − pv,2

δ
µ

[
kmol v

m2·s

]
. (32)

By extending the analytical reasoning developed for heat conduction through a plane
wall to molar mass transfer, the formal analogy between the two transport processes is
highlighted, as shown in Table 1.

Table 1. Similarity analysis between heat conduction and mass diffusion.

Thermal Conduction Mass Diffusion

Temperature gradient
− dt

dx

[
K
m

] Water-vapor concentration * gradient
(molar concentration difference)

−dpv
dx

[
Pa
m

]
Unit heat flux

q = −k dt
dx

[
W
m2

] Unit molar mass flux
Jv = −µ

dpv
dx

[
kmol
m2·s

]
Thermal conductivity coefficient

k
[

W
m·K

] Molar permeability coefficient
µ
[

kmol
s·m·Pa

]
Thermal diffusivity coefficient

a
[

m2

s

] Molar diffusivity coefficient
D
[

m2

s

]
Conductive thermal resistance

Rt =
δ
k

[
m2·K

W

] Molar diffusion resistance
RD = δ

µ

[
m2·Pa·s

kmol

]
* Equivalently expressed as a partial-pressure gradient under the ideal-gas assumption.

5. Design Calculation of the Refrigerated Warehouse Wall Insulation
The analysis considers the external wall of a refrigerated warehouse with a defined

load-bearing structure as shown schematically in Figure 5.

 

Figure 5. Layered structure of the composite external wall.
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The wall assembly comprises six layers, each characterized by its thickness δj, thermal
conductivity kj, and molar permeability µj, arranged from the exterior (warm) side to the
interior (cold) side, as follows:

• exterior plaster (render) (δ1, k1,µ1);
• expanded concrete masonry (δ2, k2,µ2);
• base coat plaster (cement mortar) (δ3, k3,µ3);
• vapor barrier (δ4, k4,µ4);
• insulation (δ5, k5,µ5);
• finishing plaster (δ6, k6,µ6).

Heat ingress from the outdoor environment toward the refrigerated space occurs by
convection at the exterior and interior wall surfaces, and by conduction through the wall
layers. The overall heat transfer coefficient is calculated as follows:

U =
1

1
he

+ ∑
(
δ
k

)
j
+
(
δ
k

)
ins

+ 1
hi

, j ∈ {1, 2, 3, 4, 6}. (33)

Radiative heat transfer at the exterior and interior wall surfaces is not modeled explic-
itly in the present study—the surface terms he and hi therefore represent only convective
heat transfer coefficients.

For a prescribed design value of the overall heat transfer coefficient U, the required
insulation thermal resistance Rins

t is:

Rins
t =

(
δ

k

)
ins

=
1
U

−
(

1
he

+ ∑
(
δ

k

)
j
+

1
hi

)
, (34)

where ∑
(
δ
k

)
j
represents the sum of the conductive thermal resistances of the load-bearing

layers, excluding the insulation layer.
For the north-facing external wall under consideration, the assembly comprises five

structural/insulating layers with specified materials and thicknesses, in addition to a vapor
barrier layer. The vapor barrier is positioned on the outdoor side of the insulation and is
intended to limit moisture ingress, thereby reducing the risk of interstitial condensation
within the insulation.

The mathematical model accounts for both heat transfer and water-vapor diffusion
from the outdoor air to the controlled indoor atmosphere of the refrigerated warehouse
(ti,φi, hi), which is maintained by the refrigeration system.

By analyzing the convective heat transfer at the exterior and interior wall surfaces,
together with the conductive transfer through the multilayer wall, it is possible to determine
the temperature profile across each layer and the corresponding water-vapor saturation
pressure profile based on the local wall temperature.

By selecting the overall heat transfer coefficient U
[

W
m2·K

]
and specifying the outdoor

temperature te and refrigerated space temperature ti, the unit heat flux entering the refrig-
erated space can be determined as:

q = U(te − ti)

[
W
m2

]
. (35)

Given the unit heat flux q, the convective heat transfer coefficients he and hi, the
thickness δ and thermal conductivity k of each wall layer, the temperatures at the external
and internal faces of each layer (inter-layer temperatures) can be calculated.

https://doi.org/10.3390/thermo6020027

https://doi.org/10.3390/thermo6020027


Thermo 2026, 6, 27 12 of 25

For instance, at the warm (external) face of the insulation (Figure 5):

t5 = te − q
(

1
he

+
δ1

k1
+

δ2

k2
+

δ3

k3
+

δ4

k4

)
= te − q

(
1
he

+
4

∑
j=1

(
δ

k

)
j

)
. (36)

Noting that the temperature profile for conductive heat transfer normal to a plane
wall is linear, temperatures within each wall layer (intra-layer temperatures) can also
be determined.

Simultaneously with heat transfer, water-vapor diffusion occurs through the wall
layers. Given the temperature profile, the local saturation pressure ps(T) of water vapor
can be evaluated both at the interfaces and within the layers.

The unit molar flux of water vapor, Jv, diffusing through the wall is calculated as follows:

Jv =
pve

− pvi
δ1
µ1

+ δ2
µ2

+ δ3
µ3

+ δ4
µ4

+ δ5
µ5

+ δ6
µ6

=
pve

− pvi

∑6
j=1

(
δ
µ

)
j

=
pve

− pvi

∑6
j=1 Rdif

j
. (37)

Neglecting convective thermal resistance at the external and interior faces of the
composite wall, the water-vapor partial pressures at the two boundary surfaces are given by

pve
= φe·pse

, (38)

pvi
= φi·psi

. (39)

Since the unit molar water-vapor flux Jv is constant across all wall layers under steady-
state conditions, the corresponding partial pressures pv can be determined at any interface
between layers (inter-layer) or within any layer (intra-layer). For example, at the warm face
of the insulation layer (Figure 5)

pv5
= pve

− Jv

(
δ1

µ1
+

δ2

µ2
+

δ3

µ3
+

δ4

µ4

)
= pve

− Jv

4

∑
j=1

(
δ

µ

)
j
. (40)

In the analysis, the material properties of the wall layers are considered constant,
although in practice they may depend on temperature and moisture content. Consequently,
the calculated temperature field and the corresponding saturation and water-vapor partial-
pressure profiles refer to the prescribed steady-state operating conditions and the adopted
layer properties.

The temperature field and the saturation and water-vapor partial pressures profiles
were computed using EES [31].

Analysis of the relative positions of the saturation pressure curve ps and the water-
vapor partial pressure curve pv at a given temperature indicates the possibility of conden-
sation occurring in the considered layer (Figure 6).

In Figure 6, the saturation pressure profile ps at a given temperature and the water-
vapor partial pressure profiles pv, determined from temperature and humidity, are shown
on a T–s diagram.

At a given location, comparing the saturation pressure ps(T) with the vapor partial
pressure pv indicates whether condensation is possible. Where pv < ps, vapor remains in
the gaseous state; where pv > ps, interstitial condensation can occur. In cold-store walls,
condensation risk is typically highest within or near the insulation because, due to its
function and material properties, insulation produces a steep temperature drop, causing a
sharp decrease in ps that may fall below pv, thereby initiating condensation.
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Figure 6. Representation of the saturation pressure ps at a given temperature T along with several
water-vapor partial pressures on a T–s diagram.

6. Influence of External Environmental Factors on the Risk of
Condensation in the Refrigerated Warehouse Wall Insulation

This section investigates how, for a given thickness of the vapor barrier layer, variations
in outdoor climatic conditions can lead to condensation within the insulation layer.

The considered outdoor climatic parameters include relative humidity φe, temperature
te, and wind speed at the wall surface, the latter being represented by the convective heat
transfer coefficient he, which characterizes convective heat transfer at the interface between
the wall and the moving outdoor air.

The structural characteristics of the multilayer wall (Figure 5) are summarized in
Table 2 [33].

Table 2. Structural characteristics of the layers of the composite wall.

Layer Material Layers Thickness
δ [m]

Thermal Conductivity
Coefficient k

[
W

m·K

] Molar Permeability
Coefficient µ

[
kmol

m·s·Pa

]
1 exterior plaster (render) 0.03 1 7.18 × 10−13

2 expanded concrete masonry 0.25 0.4 9.34 × 10−13

3 base coat plaster (cement mortar) 0.03 1.16 7.18 × 10−13

4 vapor barrier variable 0.348 8.23 × 10−15

5 insulation variable 0.04 2.15 × 10−13

6 finishing plaster 0.03 1.16 7.18 × 10−13

6.1. Effect of Outdoor Relative Humidity

The analysis was performed for δins = 0.14 m (U = 0.23 W
m2·K , he = 25 W

m2·K ,
te = 30 ◦C), and for various vapor barrier thicknesses.

As shown in Figure 7, the saturation pressure dropped below the water-vapor pressure,
indicating the onset of condensation within the mid-thickness region of the insulation
at φe = 0.6. As the external relative humidity φe increased, the condensation zone
progressively shifted toward the warm surface of the insulation.

For the specified layer materials of the multilayer wall and the selected vapor barrier
material (Table 2), a vapor-barrier thickness of δ4 = 4 mm did not prevent condensation
formation, even in a relatively dry outdoor environment with φe = 0.6.

As the vapor barrier thickness increased (Figures 8–10), the location where conden-
sation occurred shifted further from the entry, following the direction of heat and mass
transfer, for the same φe. For a given vapor-barrier thickness δ4, an increase in the outdoor
relative humidity shifts the condensation risk toward the warm face of the insulation.
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Figure 7. Variation in temperature, saturation pressure (p s
)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 140 mm, for a vapor barrier layer of δ4 = 4 mm, under varying
external air relative humidity φe.

 
Figure 8. Variation in temperature, saturation pressure (p s

)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 140 mm, for a vapor barrier layer of δ4 = 12 mm, under varying
external air relative humidity φe.

https://doi.org/10.3390/thermo6020027

https://doi.org/10.3390/thermo6020027


Thermo 2026, 6, 27 15 of 25

Figure 9. Variation in temperature, saturation pressure (p s
)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 140 mm, for a vapor barrier layer of δ4 = 16 mm, under varying
external air relative humidity φe.

 

Figure 10. Variation in temperature, saturation pressure (p s
)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 140 mm, for a vapor barrier layer of δ4 = 20 mm, under varying
external air relative humidity φe.

Under the specified outdoor conditions and for an insulation thickness of δins = 140 mm,
only a vapor barrier thickness of δ4 = 24 mm prevents the risk of condensation, even at a
high outdoor relative humidity (φ e = 0.9) (Figure 11).

https://doi.org/10.3390/thermo6020027

https://doi.org/10.3390/thermo6020027


Thermo 2026, 6, 27 16 of 25

 

Figure 11. Variation in temperature, saturation pressure (p s
)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 140 mm, for a vapor barrier layer of δ4 = 24 mm, under varying
external air relative humidity φe.

6.2. Influence of Insulation Thickness on Condensation Risk

Increasing the insulation thickness lowers the temperature of the cold-side surface of
the insulation, approaching the refrigerated space temperature (ti). Consequently, the risk
of condensation near the cold surface increases. To prevent condensation, a vapor barrier
with lower moisture permeability or greater thickness is required. Although these are more
expensive construction solutions, a higher initial investment could be offset by operational
energy savings.

For a thinner insulation layer
(
δins = 100 mm, U = 30 W

m2K

)
, the analysis of different

vapor barrier thicknesses and outdoor relative humidity indicates that a vapor barrier
thickness of δ4 = 20 mm effectively prevents condensation, even under high external
humidity (φe = 0.9) (Figure 12).

Figure 12. Variation in temperature, saturation pressure (p s
)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 100 mm, for a vapor barrier layer of δ4 = 20 mm, under varying
external air relative humidity φe.
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6.3. Outdoor Temperature Influence on Condensation Risk

A case study was performed for an insulation layer thickness of δins = 100 mm, a
vapor barrier thickness of δ4 = 16 mm, and outdoor relative humidity of φe = 0.85.

Figures 13–15 show that an increase in the outdoor temperature (te) increases the risk of
condensation, particularly at high external temperatures. Both the saturation pressure and
the water-vapor partial pressure within the insulation increased with increasing outdoor
temperature. However, because pv rises more rapidly than ps in the colder layers, the
vapor pressure exceeds the local saturation pressure, leading to condensation.

Figure 13. Variation in temperature, saturation pressure (p s
)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 100 mm, for a vapor barrier layer of δ4 = 16 mm, and an external
air temperature of te = 20 ◦C.

 

Figure 14. Variation in temperature, saturation pressure (p s
)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 100 mm, for a vapor barrier layer of δ4 = 16 mm, and an external
air temperature of te = 30 ◦C.
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Figure 15. Variation in temperature, saturation pressure (p s
)
, and water-vapor partial pressure (p v)

within the insulation layer of δins = 100 mm, for a vapor barrier layer of δ4 = 16 mm, and an external
air temperature of te = 40 ◦C.

6.4. Influence of Wind Speed on the Exterior Surface of a Composite Wall

The outdoor convective heat transfer coefficient (he) at the wall’s exterior surface was
directly influenced by wind speed. Increasing he slightly increases the temperature and
saturation vapor pressure in the insulation layer. By contrast, the vapor pressure remains
practically unaffected (Tables 3–5). This indicates that external wind provides a protective
effect against condensation within the insulation layer.

Table 3. Variation in t, ps, pv within the insulation layer for δins = 100 mm, δ4 = 16 mm, φe = 0.85,
te = 30 ◦C and he = 20 W/

(
m2K

)
.

Intra Insulation
Layer Thickness x [m]

tintra_walls_ins
[◦C]

psintra_walls_ins

[Pa]
pvintra_walls_ins

[Pa]

0 19.14 2217 711.2
0.02 11.76 1381 594
0.04 4.375 835.3 476.7
0.06 −3.007 475.8 359.5
0.08 −10.39 251 242.3
0.1 −17.77 127.6 125

Table 4. Variation in t, ps, pv within the insulation layer for δins = 100 mm, δ4 = 16 mm, φe = 0.85,
te = 30 ◦C and he = 30 W/

(
m2K

)
.

Intra Insulation
Layer Thickness x [m]

tintra_walls_ins
[◦C]

psintra_walls_ins

[Pa]
pvintra_walls_ins

[Pa]

0 19.33 2244 711.2
0.02 11.92 1395 594
0.04 4.496 842.4 476.7
0.06 −2.923 479.1 359.5
0.08 −10.34 252.1 242.3
0.1 −17.76 127.8 125
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Table 5. Variation in t, ps, pv within the insulation layer for δins = 100 mm, δ4 = 16 mm, φe = 0.85,
te = 30 ◦C and he = 40 W/

(
m2K

)
.

Intra Insulation
Layer Thickness x [m]

tintra_wall_ins
[◦C]

psintra_wall_ins

[Pa]
pvintra_wall_ins

[Pa]

0 19.43 2257 711.2
0.02 11.99 1402 594
0.04 4.557 846 476.7
0.06 −2.881 480.9 359.5
0.08 −10.32 252.7 242.3
0.1 −17.76 127.8 125

The insensitivity of pv to changes in he is due to the neglect of convective resistance
when calculating the molar diffusion flux (Equation (37)).

To assess the physical plausibility of the predicted fields, a literature-based benchmark
against selected studies was performed. The comparison was restricted to quantities that
are directly obtained from the present model and are sufficiently comparable across the
selected studies, namely temperature in the compared wall zone, moisture-state indicators,
and condensation occurrence. Because the present model directly yields water-vapor partial
pressure and saturation pressure, an equivalent relative humidity, RHeq =

pv
ps

, was derived
where appropriate to facilitate comparison with studies reporting relative humidity; where
other moisture indicators were reported in the literature (e.g., moisture content or vapor-
pressure criterion), the comparison was retained at the level of the reported physical state.
The resulting benchmark is summarized in Appendix A, Table A2.

Overall, the predicted ranges of wall-zone temperature and moisture-state indicators
fall within the ranges reported in previous studies, supporting the adopted steady-state
formulation within its intended scope. Direct literature data for molar vapor flux and
time-dependent condensate accumulation are not reported in the selected studies and were
therefore not used as benchmark quantities.

7. Conclusions
This paper applies a rigorous analogy between conductive heat transfer and diffusive

moisture transport through the external wall of a refrigerated warehouse.
The physical mechanism leading to interstitial condensation in the insulation layer is

explained, and a practical methodology is presented to identify (i) the insulation region
where condensation is expected and (ii) the constructive measures required to mitigate
this risk.

Based on the relative positions of the saturation and partial vapor pressure profiles, the
location of condensation within the insulation layer can be determined. This paper provides
calculation routines to evaluate the temperatures, water-vapor saturation pressures, and
partial pressures at the wall inter-layer and within individual wall layers.

A parametric analysis quantifies the influence of the insulation thermal resistance
and vapor barrier diffusion resistance on the condensation risk. For the investigated
multilayer wall assembly, outdoor boundary conditions— especially outdoor relative
humidity—strongly affected the condensation onset within the insulation. The effects of
outdoor humidity, outdoor temperature, and wind speed were analyzed to support the
design-oriented evaluation of cold-store wall assemblies.

The present results refer to the adopted steady-state operating conditions and to the
assumption of constant wall-layer properties.

Future work will extend the present analysis to transient boundary conditions for the
selected wall configuration.
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Abbreviations
The following abbreviations are used in this manuscript:

EES Engineering Equation Solver
HAM Heat–Air–Moisture
HFM Heat Flow Meter
RH Relative Humidity
Latin Letters
A area normal to the heat/mass-transfer direction, [m2]
a thermal diffusivity, [m2·s−1]
ci molar composition of component i in a mixture, [–]
cp specific heat at constant pressure, [J·kg−1·K−1]
D molar diffusivity coefficient, [m2·s−1]
DAB molar diffusion coefficient of a component A through a medium B, [m2·s−1]
G unitary molar flux, [kmol·m−2·s−1]
h convective heat transfer coefficient, [W·m−2·K−1]
J molar diffusion flux or molar diffusion velocity, [kmol·m−2·s−1]
k thermal conductivity, [W·m−1·K−1]
M molar mass, [kg·kmol−1]
N amount of substance, [kmol]
n coordinate normal to the isothermal surface/transfer direction, [m]
P,p point, pressure, [Pa]
ps saturation pressure of water vapor, [Pa]
pv partial pressure of water vapor, [Pa]
q unitary heat flux, [W·m−2]
Rmol

D molar diffusion resistance, [m2·Pa·s·kmol−1]
Rcond

t conduction thermal resistance, [m2·K·W−1]
t temperature, [◦C]
T absolute temperature, [K]
U overall heat transfer coefficient, [W·m−2·K−1]
V volume, [m3]
w velocity, [m·s−1]
x coordinate through the wall thickness, [m]
Greek Symbol
δ layer thickness, [m]
µ molar permeability coefficient, [kmol·m−1·s−1·Pa−1]
ρ mass density, [kg·m−3]
ρ molar density, [kmol·m−3]
τ time, [s]
φ relative humidity coefficient, [–]
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Subscripts
A component A
D diffusive
e exterior/outdoor side
i interior/indoor side, component
ins insulation layer
inter-walls between different layers of wall
intra-wall inside a specific wall
intra_walls_ins layer inside the insulation layer
j = 1, 2, . . ., 6 wall-layer numbering from exterior to interior
ma moist air
v water vapor
vw vaporwall, of the water vapor through the wall

Appendix A
The calculation subroutines used are presented in Table A1.

Table A1. The subroutines employed for calculations.

Computed Parameter EES Subprogram

∑
(
δ
k

)
j
= ∑ Rcond

j FUNCTION R_cond

Temperature inter-wall PROCEDURE temp_inter_wall
Temperatura intra-wall FUNCTION t_intra_wall

∑
(

δ
µ

)
j
= ∑ Rdif

j FUNCTION R_D

ps inter-wall PROCEDURE p_s_inter_wall
pv inter-wall PROCEDURE p_v_inter_wall
ps intra-wall FUNCTION p_s_intra_wall
pv intra-wall FUNCTION p_v_intra_wall

δins PROCEDURE insulation

FUNCTION R_cond(delta_1, k_1, delta_2, k_2, delta_3, k_3, delta_4, k_4, delta_6, k_6)
R_cond := (delta_1/k_1) + (delta_2/k_2) + (delta_3/k_3) + (delta_4/k_4) + (delta_6/k_6)
END

PROCEDURE temp_inter_wall(te, ti, U_r, h_e, h_i, R_cond_1, R_cond_2, R_cond_3,
R_cond_4, R_cond_5: q, t_1, t_2, t_3, t_4, t_5, t_6, t_7)
q = U_r * (te − ti)
t_1 = te − q/h_e
t_2 = te − q * (1/h_e + R_cond_1)
t_3 = te − q * (1/h_e + R_cond_2)
t_4 = te − q * (1/h_e + R_cond_3)
t_5 = te − q * (1/h_e + R_cond_4)
t_6 = te − q * (1/h_e + R_cond_5)
t_7 = ti + q/h_i

END
FUNCTION t_intra_wall(t_in, t_fin, delta_wall, x)
t_intra_wall := (t_fin − t_in)/delta_wall * x + t_in
END

FUNCTION R_D(delta_1, mu_1, delta_2, mu_2, delta_3, mu_3, delta_4, mu_4,
delta_ins_chosen, mu_ins, delta_6, mu_6)
R_D := (delta_1/mu_1) + (delta_2/mu_2) + (delta_3/mu_3) + (delta_4/mu_4) + (delta_ins_
chosen/mu_ins) + (delta_6/mu_6)
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END

PROCEDURE p_s_inter_wall(t_1, t_2, t_3, t_4, t_5, t_6, t_7: p_s_1, p_s_2, p_s_3, p_s_4,
p_s_5, p_s_6, p_s_7)
p_s_1 = P_sat(Water, T = T_1)
p_s_2 = P_sat(Water, T = T_2)
p_s_3 = P_sat(Water, T = T_3)
p_s_4 = P_sat(Water, T = T_4)
p_s_5 = P_sat(Water, T = T_5)
p_s_6 = P_sat(Water, T = T_6)
p_s_7 = P_sat(Water, T = T_7)
END

PROCEDURE p_v_inter_wall(p_v_e, p_v_i, R_D_1, R_D_2, R_D_3, R_D_4, R_D_5, R_D_6:
w, p_v_1, p_v_2, p_v_3, p_v_4, p_v_5, p_v_6, p_v_7)
w = (p_v_e-p_v_i)/R_D_6
p_v_1 = p_v_e
p_v_2 = p_v_e-w * R_D_1
p_v_3 = p_v_e-w * R_D_2
p_v_4 = p_v_e-w * R_D_3
p_v_5 = p_v_e-w * R_D_4
p_v_6 = p_v_e-w * R_D_5
p_v_7 = p_v_e-w * R_D_6
END

FUNCTION p_s_intra_wall(t_in, q, x, k)
t = t_in − q * x/k
p_s_intra_wall := P_sat(water, T = t)
END

FUNCTION p_v_intra_wall(p_v_in, w, x, mu)
p_v_intra_wall := p_v_in − w * x/mu
END

PROCEDURE Insulation(k_ins, h_e, h_i, R, U_est, te, tr, ti, m: delta_ins_c, delta_ins_chosen,
U_r, U_s, N)
delta_ins_c = k_ins * ((1/U_est) − ((1/h_e) + R + (1/h_i)))
IF (delta_ins_c > 0.03) AND (delta_ins_c < 0.065) THEN delta_ins_chosen := 0.06
IF (delta_ins_c > 0.065) AND (delta_ins_c < 0.083) THEN delta_ins_chosen := 0.08
IF (delta_ins_c > 0.083) AND (delta_ins_c < 0.104) THEN delta_ins_chosen := 0.10
IF (delta_ins_c > 0.104) AND (delta_ins_c < 0.110) THEN delta_ins_chosen := 0.12
IF (delta_ins_c > 0.110) AND (delta_ins_c < 0.139) THEN delta_ins_chosen := 0.14
IF (delta_ins_c > 0.140) AND (delta_ins_c < 0.199) THEN delta_ins_chosen := 0.16
IF (delta_ins_c > 0.200) AND (delta_ins_c < 0.249) THEN delta_ins_chosen := 0.18
U_r = 1/((1/h_e) + R + (1/h_i) + (delta_ins_chosen/k_ins))
U_s = 0.95 * ((te − tr)/(te − ti)) * (1/m) * alpha_e
IF (U_s > U_r) THEN N := 0 ELSE N := 1
END

Table A2 provides a literature-based benchmark of the present model against pub-
lished wall-scale hygrothermal studies, using aligned temperature, moisture-state, and
condensation-related quantities.
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Table A2. Literature-based benchmark for the present steady-state wall model.

Compared Wall Zone Temperature Moisture-Related
Quantity

Physical
Interpretation

Consistency
with Present

Model
Source

Near-exterior zone of
a multilayer envelope

in a transient HAM
simulation (profiles
reported over the

outer part of the wall)

Temperature profile:
≈20–28 ◦C, in the

reported near-
exterior/mid-height

wall zone, with lower
temperatures in the

coupled HAM case than
in the heat-only case

RH ≈ 50–75% and
vapor pressure

across the plotted
sections

≈ 2.20–2.65 kPa,
increasing with time

Moisture ingress
increases RH with time;
away from the exposed
outer surface, condensa-

tion/evaporation is
required to satisfy local
vapor balance. Coupled

moisture transfer
lowers local

temperature relative to
heat transfer alone.

Qualitative [6]

Insulation–structure
interface, point P2,

rock-wool-board wall;
winter 10-day

monitoring

Interface temperature:
cool winter interface,

≈9–12 ◦C at P2

Moisture content at
P2

≈1.6–2.1%

Even the least damaged
wall retained

measurable moisture at
the interface; across the
monitored walls, higher

moisture content was
associated with lower
interface temperature

Partial [10]

Critical condensation
plane in a wall section
assessed by the Glaser

method

Not reported at the
plane; critical months

occurred under outdoor
monthly means

of ≈4–5 ◦C, with RH up
to ≈87–89% in the

future scenarios

saturation pressure
ps ≈ 0.836–0.898

kPa;
vapor-pressure line

pv ≈ 0.722–0.794
kPa, with monthly

condensate
≈ 0.0195–0.0359 kg

m2

A wall that is
non-condensing in the

historical climate
becomes seasonally

condensing in future
MPI/GFDL scenarios
once vapor pressure

exceeds the local
saturation threshold.
The condensate mass

remains below the
1 kg m−2 criterion, but

condensation onset
is explicit.

Consistent [11]

Insulation layer of the
refrigerated-wall

assembly (100 mm
case; warm side to

cold side)

Insulation temperature:
decreases from

≈19.1–19.4 ◦C at the
warm face

to ≈−17.8 ◦C at the
cold face

saturation pressure
at the warm face: ps
≈ 2.22–2.26 kPa,

with vapor-pressure
pv ≈ 0.711 kPa.
At the cold face:

ps ≈ 0.128 kPa and
pv ≈ 0.125 kPa;

derived RH = pv/ps
rises from ≈32% to

≈96–98%

Strong cooling through
the insulation drives the
cold-side region close to

saturation; in
parametric cases,

condensation occurs
when the local vapor
pressure reaches or

exceeds the
saturation pressure

Reference present study
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