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A B S T R A C T

Thermal bridges at panel junctions constitute a critical weakness in prefabricated cold storage systems, where 
localized heat transfer adversely affects energy efficiency, condensation control, and operational reliability. 
Although modular polyurethane sandwich panels are widely adopted, the thermal behaviour of junction ge
ometries in cold storage environments remains insufficiently addressed in current standards. This study in
vestigates thermal bridge formation and mitigation in prefabricated cold room panels, with particular emphasis 
on wall–wall, wall–ceiling, and wall–floor junctions. A combined experimental–numerical methodology is 
employed. Infrared thermography measurements performed on a cold storage test unit at an internal temperature 
of 273 K are used to validate high-resolution finite element models, achieving a numerical–experimental 
agreement of approximately 98%. The validated model is subsequently applied to six different joint configura
tions with identical material properties and boundary conditions, analysed under internal temperatures of 273 K 
and 255 K. Thermal performance is evaluated using temperature distributions, heat flux vector fields, and 
dimensionless parameters including normalised temperature and relative heat flux ratio (q*). While average 
surface temperatures across different joint geometries are found to vary within a narrow range around 285 K at 
273 K internal conditions, the corresponding heat flux values exhibit pronounced differences. Reference flat and 
Z-type joints show the highest heat flux levels, reaching ∼10 W/m2 at 273 K and ∼13 W/m2 at 255 K, indicating 
strong thermal short-circuit behaviour. In contrast, stepped and interlocking joint configurations reduce the 
effective heat flux to below 8 W/m2 at 273 K and approximately 12 W/m2 at 255 K, accompanied by more 
homogeneous thermal fields. The results demonstrate that surface temperature alone is insufficient to charac
terize thermal bridge severity, whereas heat flux intensity and relative heat flux provide more sensitive and 
geometry-dependent performance indicators. The results indicate that thermal bridge mitigation in cold storage 
envelopes can be effectively enhanced through geometric optimization of panel joints, while maintaining 
identical panel thickness and material properties. Furthermore, the proposed heat-flux-based, dimensionless 
evaluation framework provides a physically grounded tool for comparative assessment of joint designs and may 
support future improvements in cold storage design practices.

1. Introduction

Cold storage systems constitute a vital component of modern 
refrigeration infrastructure, particularly in ensuring the preservation 
and safety of perishable goods throughout the cold chain. With 
increasing global demand for reliable storage and transport of 
temperature-sensitive products, coupled with the steady rise in energy 
costs, optimizing the thermal performance of cold rooms has become a 

critical engineering objective. The regulatory framework established by 
the Agreement on the International Carriage of Perishable Foodstuffs 
and Special Equipment to Be Used for Carriage (ATP), adopted into 
Turkish legislation in 2012, has further driven the development of 
refrigerated storage and transport systems. This agreement mandates 
continuous thermal control during the shipment of various food cate
gories such as meat, dairy, seafood, frozen meals, and fresh produce, 
highlighting the essential role of thermal reliability in cold chain 
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systems [1].
Among the commonly adopted construction methods, prefabricated 

polyurethane insulation panels are widely used due to their modularity, 
ease of assembly, and favorable thermal properties. Nevertheless, the 
occurrence of geometric discontinuities or incorrect assembly details at 
junctions can lead to thermal bridging. These localized regions of 
elevated thermal conductivity compromise the uniformity of the insu
lation layer, resulting in increased energy consumption, prolonged 
refrigeration cycles, and surface condensation. Over time, these issues 
may lead to corrosion, microbial growth, and degradation of structural 
and hygienic performance in cold storage environments. Thermal 
bridges typically occur where different construction materials intersect 
or where continuity in thermal insulation is interrupted. These irregu
larities give rise to localized two-dimensional or three-dimensional heat 
transfer paths [2].

Experimental and numerical studies have shown that geometric 
discontinuities, such as 10 mm and 20 mm thick mortar joints between 
wall components, can increase localized heat flux by approximately 62% 
and 103%, respectively, depending on joint thickness and surface 
coverage [3]. Alternative materials including cork-based and 
mushroom-based mortars have demonstrated improved performance in 
mitigating these effects [4]. In reinforced concrete structures, regions 
such as beam-slab intersections and balcony extensions often exhibit 
significantly higher heat transfer rates, with differences reaching 58% 
across seasonal thermal loads [5,6]. Even more pronounced are steel 
junctions, such as door-wall intersections, where heat loss has been re
ported to be up to 28 times greater than adjacent insulated areas [7].

Accurate identification and evaluation of thermal bridges require 
advanced numerical approaches. Methods such as finite element, finite 
difference, and finite volume modelling offer detailed representations of 
temperature distributions and heat flow in complex geometries [8]. 
However, the accuracy of these simulations is highly sensitive to the 
specification of boundary conditions, geometric detail, and material 
properties. Prior studies have highlighted inconsistencies between 
simulation results and experimental data when simplified standard- 
based assumptions are applied, as observed with ISO 10211 geome
tries [9,10]. Despite these challenges, when properly implemented, 
numerical methods provide a robust framework for evaluating thermal 
bridge behaviour [11–13].

A considerable body of research has been devoted to understanding 
the formation mechanisms, heat transfer implications, and mitigation 
strategies related to thermal bridges in residential and commercial 
buildings [14–21]. These studies have provided valuable insights into 
the role of junction geometries, material interfaces, and insulation 
continuity in overall energy performance. While these studies highlight 
the combined influence of material properties, insulation continuity, 
and construction details, the present study specifically isolates the effect 
of joint geometry by maintaining identical material properties and 
boundary conditions across all configurations. However, despite their 
relevance, such investigations rarely extend to cold storage environ
ments, particularly those operating at medium or low temperatures. The 
unique thermal and structural demands of cold rooms and refrigerated 
transport systems present distinct challenges that remain underrepre
sented in current literature. In such systems, even minor thermal dis
continuities can lead to substantial energy losses, surface condensation, 
or temperature instability, directly affecting product safety and opera
tional reliability. Therefore, addressing thermal bridges in cold stores is 
not only an energy efficiency issue but also a critical factor for hygienic 
and functional performance. Despite the growing awareness of thermal 
bridge effects, current regulatory frameworks remain insufficient to 
fully address the challenges specific to cold storage structures. Most 
existing standards, including TS EN 13496 through TS EN 13500 and TS 
EN ISO 13370:2009, are primarily developed for conventional buildings 
and focus on general insulation practices rather than the junction- 
specific complexities of refrigerated environments. In Turkiye, TS 
4855 governs the design of cold storage systems but does not explicitly 

include guidelines or requirements for thermal bridge analysis. More
over, even TS EN ISO 10211, which introduces the thermal coupling 
coefficient L2D, has shown limitations in accurately capturing heat flow 
behaviour at complex junctions such as parapet walls and roof-to-wall 
connections [22,23]. These challenges emphasize the need for tar
geted research focusing on junction-level heat transfer in cold storage 
applications, where conventional insulation strategies and modelling 
assumptions often fall short.

Prefabricated modular cold storage units constructed with metal- 
faced polyurethane panels certified under European Technical 
Approval ETA 10/0376 [24] and standard EN 14509 [25] offer high 
thermal insulation efficiency and flexible installation advantages under 
standard test conditions. However, application experience shows that 
thermal bridges can still occur, particularly at structural joints where 
metal locking elements disrupt the insulation continuity. The forth
coming prEN 14509-1 and prEN 14509-2 standards [26–30] place 
greater emphasis on improving structural performance and thermal 
continuity at panel joints. In this context, the development and imple
mentation of advanced joint designs that go beyond current standard 
panel configurations are becoming important for increasing the energy 
efficiency and operational reliability of cold storage facilities.

In light of these gaps, the present study investigates the formation 
and mitigation of thermal bridges in a cold storage facility constructed 
with prefabricated polyurethane panels. A combination of experimental 
observations and high-resolution two-dimensional and three- 
dimensional finite element simulations is used to analyze heat transfer 
at wall-wall, wall-ceiling, and wall-floor junctions. The effectiveness of 
proposed assembly modifications is evaluated based on improvements in 
surface temperature distributions and the reduction of condensation 
risk. The outcomes of this study are intended to support the develop
ment of more thermally efficient and structurally reliable cold storage 
solutions.

2. Experimental and numerical methodology

This study aims to comparatively evaluate the thermal performance 
of different panel joint geometries used in prefabricated modular cold 
room panels. Initially, in the experimental phase, a panel thickness of 60 
mm was considered, and numerical modelling studies were conducted 
using thermal camera measurements taken at an internal ambient 
temperature of 0 ◦C and − 18 ◦C as a reference. The numerical tem
perature distribution results obtained using ANSYS Workbench 2025 R1 
software [31] were compared with the experimental measurements, and 
it was determined that the numerical model provided 98.2% accuracy. 
This validated model was scaled to a panel thickness of 120 mm and 
used in comprehensive thermal and heat flux analyses for six different 
structure configurations at indoor temperatures of 0 ◦C and − 18 ◦C.

Fig. 1 presents the measurement and modelling outputs for the cold 
storage room and panel joint area, which formed the basis of the 
experimental validation process. Fig. 1a shows the general view of the 
test room constructed with 60 mm thick polyurethane-filled sandwich 
panels. The chamber was tested under conditions where the internal 
ambient temperature was maintained at 0 ◦C. Fig. 1b shows the thermal 
imaging corresponding to the relevant measurement condition. The 
image highlights significant temperature deviations occurring at the 
door-wall junction, which has been identified as a potential thermal 
bridge. Surface temperature measurements were performed using a 
Testo 872 thermal imaging camera. According to the manufacturer's 
specifications, the device provides an infrared resolution of 320 × 240 
pixels (up to 640 × 480 pixels with SuperResolution), a thermal sensi
tivity of approximately 0.05 K, and a typical temperature measurement 
accuracy of ±2 ◦C. Point temperature measurements were recorded 
using a Testo 176 T4 data logger equipped with thermocouple inputs; 
the measurement accuracy and resolution of the system were specified 
based on the manufacturer's official technical documentation.

The 3D geometric structure forming the basis of the numerical 
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modelling is presented in Fig. 1c. This structure represents the charac
teristic Z-type interlocking connection at the panel joint area. Fig. 1d 
shows the temperature distribution obtained under a constant indoor 
temperature of 0 ◦C, with heat transfer intensity clearly observable at 
the edges in contact with the outdoor environment. Fig. 1e shows the 
heat flux vector field obtained from the validated model of the same 
structure. The direction and intensity of the vectors reveal that the heat 
flux is locally concentrated in the joint area and that this area acts as an 

effective thermal bridge.
During the model validation process, the experimentally obtained 

temperature profile was compared with the numerical analysis results. 
Fig. 2 shows the position-dependent variation of temperature data taken 
horizontally from the 60 mm thick panel joint area. The experimental 
(red dots) and numerical (green circles) data are seen to coincide to a 
high degree along the measurement line. The low average deviation 
indicates that the numerical model represents the physical behaviour 

Fig. 1. Experimental and numerical validation of thermal bridging at cold room panel junctions: (a) Modular cold storage unit used in the experimental setup; (b) 
Infrared thermography showing localized thermal anomalies at the door-wall interface under 0 ◦C set-point; (c) 3D representation of the 60 mm thick joint 
configuration used for modelling; (d) Numerical temperature distribution obtained via steady-state thermal simulation; (e) Heat flux vector field illustrating localized 
conduction pathways at the discontinuity.
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with good accuracy. Based on the comparison between experimental 
and numerical temperature values, the average relative error was 
approximately 2.1%, corresponding to an agreement level of 97.9%, 
which supports the suitability of the numerical model for further 
analyses.

In order to perform a comparative analysis in the study, six different 
panel joint models, each with an insulation thickness of 120 mm, were 
created. These models, summarised in Table 1, considered different 
levels of structural complexity, such as Z-joints, interlocking and multi- 
step connections. In all multi-step connections, the step depth was 
determined to be approximately 23% of the panel thickness, in line with 
typical production The numerical framework is restricted to steady-state 
conductive heat transfer and does not explicitly incorporate moisture trans
port or humidity-dependent phenomena. Accordingly, condensation-related 
interpretations are limited to indirect assessments based on surface temper
ature distributions and heat-flux-based indicators under prescribed internal 
temperature conditions. In the present study, a step depth corresponding 
to approximately 23% of the panel thickness was adopted, based on 
typical design practices in modular cold storage panel manufacturing 
[28–30]. This ratio allows for a comparative evaluation of the geometric 
parameters affecting thermal bridge formation.

Six different joint configurations have been created based on 120 mm 
thick panels. The flat butt joint model presented in Fig. 3(a) is defined as 
the reference structure, which does not involve any locking or overlap. 
The configuration in Fig. 3b represents the Z-joint type classic lap joint 
structure. Fig. 3c and d show the single lap overlap joint and double-lap 
overlap joint structures, respectively, and include details of panels 
overlapping in steps in the horizontal plane. Fig. 3e and f, which have 
more complex geometries, present the double-step interlocking joint and 
multi-step interlocking joint structures, respectively. In these two 

models, multiple stepped transitions are defined on the panel joint 
surfaces in both the horizontal and vertical planes, aiming to extend the 
conductive path and break the thermal flow. All models were compar
atively analysed in terms of thermal bridge effect and heat flux distri
bution at both 0 ◦C and − 18 ◦C indoor temperatures.

2.1. Mesh independence study

A network structure sensitivity analysis was performed to assess the 
influence of mesh density on the numerical results. Fig. 4 shows how the 
temperature values obtained at a characteristic monitoring point near 
the panel junction region vary under different network densities. As the 
number of elements was increased from approximately 0.5 million to 
values exceeding 5 million, the calculated temperature value converged 
asymptotically, and the difference between the last two network levels 
fell below 0.2%. This difference was considered sufficient to demon
strate that network independence had been achieved. The selected third 
network structure was determined by considering both computation 
time and accuracy. All numerical simulations were conducted under 
steady-state thermal conditions, and the solution procedure was there
fore independent of temporal discretization.

Fig. 5 presents a cross-sectional view of the joint region of the mesh 
structure. Local mesh refinement has been applied in regions where 
thermal gradients are concentrated, thereby enabling more accurate 
modelling of thermal bridging effects. This has allowed for the detailed 
capture of two-dimensional and three-dimensional heat transfer path
ways formed in panel joint regions, enabling the accurate representation 
of abrupt changes in temperature distribution. Furthermore, the fine 
mesh structure has increased numerical consistency in critical parame
ters such as surface temperatures and local heat flux vectors. The mesh 
resolution used in the modelling process has kept the computational 
load at a reasonable level while maximising the ability to represent 
physical reality.

2.2. Wall–floor junction modelling and analysis

In prefabricated modular cold room systems, the wall-floor junction 
is considered one of the most critical areas for thermal bridging for
mation, as it represents the interface between the vertical structural 
elements and the floor. Therefore, in addition to wall-wall and wall- 
ceiling junctions, wall-floor junctions were also addressed as a sepa
rate analysis topic in the study.

The reference geometric structure for the wall–floor joint, shown in 
Fig. 6, was created according to the typical rotary hook locking detail 
defined in the ETA-10/0376 standard [24]. In addition to this reference 
model, two-stage and multi-stage interlocking joint geometries, which 
showed the best thermal performance in the analyses performed for 
wall-ceiling joints, were adapted to the floor joint to create alternative 
models.

All wall–floor joint models were analysed under steady-state condi
tions using the same material properties, boundary conditions, and mesh 
density, consistent with the validated numerical modelling approach 
used for wall–wall and wall–ceiling joints. The analyses were performed 
for two different scenarios where the internal ambient temperature was 
set to 255 K and 273 K; thermal behaviour was evaluated through 
temperature distributions, heat flux vector fields, and average heat flux 
density. This approach enabled a direct comparison of the thermal 
performance of the reference and developed wall-floor joints. To un
derstand the thermal bridge behaviour in wall–floor junctions, the local 
concentration of heat flow in the reference junction geometry was first 
examined. Accordingly, the local heat flux distribution for the model 
representing the reference model was analysed in detail under condi
tions where the indoor temperature was 273 K.

To provide an initial illustration of the thermal bridge behaviour at 
wall–floor junctions, the spatial distribution of heat flux in the reference 
joint geometry was examined. Accordingly, the heat flux field for Model 
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Fig. 2. Experimental and numerical temperature distributions along the panel 
junction as a function of position.

Table 1 
Geometric specifications of panel joint configurations used in numerical 
analysis.

Model Type of model Panel thickness 
(mm)

Step depth 
(mm)

Ratio (r = d/ 
tpanel)

Model 
1

Flat butt joint 120 – –

Model 
2

Z-joint 120 30 ~0.25

Model 
3

Single lap overlap 
joint

120 30 ~0.25

Model 
4

Double-lap overlap 
joint

120 30 ~0.25

Model 
5

Double-step 
interlocking joint

120 30 ~0.25

Model 
6

Multi-step 
interlocking joint

120 30 ~0.23
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Fig. 3. Geometric configurations of modular cold room panel joints with 120 mm insulation thickness: (a) flat butt joint, (b) single-lap overlap, (c) double-lap 
overlap, (d) triple-step overlap, (e) double step interlocking joint, (f) Multi-step interlocking joint.
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1, representing the reference configuration under an internal ambient 
temperature of 273 K, was analysed. As shown in Fig. 7, the geometric 
discontinuity at the junction region does not lead to a purely localized 
heat transfer path confined to the immediate vicinity of the joint. 
Instead, the heat flux is redistributed over a wider area and propagates 
along the adjacent wall and floor components, indicating that the 
thermal load induced by the junction geometry is transferred to the 
surrounding structural elements. This spatial spreading of heat flux 
suggests that the influence of the thermal bridge extends beyond a single 
point, resulting in a distributed thermal effect within the wall–floor 
assembly. This distribution pattern highlights that junction-induced 
thermal effects are more appropriately interpreted at the assembly 
level rather than as a purely pointwise phenomenon.

Fig. 8 presents the front views of three different geometric configu
rations analysed for the wall–floor joint in prefabricated cold room 
panels. Model 1 (Fig. 8a–b) represents the reference geometry based on 
the ETA-10/0376 standard. Model 4 (Fig. 8c–d) incorporates the 
adapted floor application of the validated double-step overlapping joint 

method for wall–ceiling joints; it extends the transmission path with a 
step depth of 30 mm (25% r). Model 6 (Fig. 8e–f) increases thermal 
resistance and maximises insulation continuity by creating fractured 
transmission paths thanks to its multi-step overlapping structure. Such 
local heat flux concentrations are qualitatively consistent with the 
thermal bridge mechanisms observed in the classical panel–floor joint 
details reported in the literature [3,6,7,10,24].

2.3. Governing equations

The thermal behaviour of cold storage wall assemblies was modeled 
under steady-state conditions, assuming no internal heat generation, 
convection, or radiation within the solid domain. The formulation is 
based on the conservation of energy and Fourier's law of heat conduc
tion, which governs the diffusive transport of thermal energy in solids. 
The general 3D form of the steady-state heat conduction equation is 
expressed as [31–34]: 

Fig. 4. Influence of mesh density on temperature distribution.

Fig. 5. Detailed cross-sectional view of the refined computational mesh.
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∇⋅(k∇T) = 0 (1) 

Here, T is the temperature field (K), and k is the thermal conductivity 
(W/m⋅K), which may be spatially dependent in heterogeneous domains. 
In Cartesian coordinates, this expands to: 

∂
∂x

(

k
∂T
∂x

)

+
∂
∂y

(

k
∂T
∂y

)

+
∂
∂z

(
∂T
∂z

)

= 0 (2) 

The heat flux vector q is defined by Fourier's law as: 

q = − k∇T (3) 

which represents the conductive heat flow rate per unit area. In regions 
where material interfaces exist (e.g., panel joints), the continuity of both 
temperature and normal heat flux is enforced: 

T1 = T2, (k∇T)1n = (k∇T)2n (4) 

where subscripts 1 and 2 refer to adjacent materials and n is the interface 
normal vector. For numerical implementation via the finite element 
method (FEM), the weak formulation is derived by applying the 
weighted residual method. The integral form over the Ω is given by: 
∫

Ω
k∇T∇ωdΩ = 0 (5) 

where ω is a test function from the same function space as T. This 
formulation allows accurate approximation of temperature fields, 
particularly in geometrically complex regions such as cold storage panel 
junctions. Boundary conditions were applied as Dirichlet (fixed tem
perature) or Neumann (adiabatic or prescribed flux) depending on 
physical setup. Thermal contact resistance at internal junctions was 
neglected, assuming ideal contact conditions, consistent with literature 
practice. In addition to the differential formulation of heat conduction, 
the steady-state behaviour of thermal systems can be analogized using 
the concept of thermal resistance, in a manner similar to Ohm's law in 
electrical systems. In this analogy, the thermal resistance Rt of a material 
layer is defined as: 

Rt =
L

kA
(6) 

where L is the thickness of the layer (m), k is the thermal conductivity 
(W/m⋅K), and A is the cross-sectional area perpendicular to the direction 
of heat flow (m2). The corresponding heat flux across a layer of material 
can then be expressed as: 

q˝ =
k
L
(T1 − T2) =

1
Rt

(T1 − T2) (7) 

This formulation is particularly advantageous for interpreting ther
mal behaviour across layered systems. In composite wall assemblies, 
such as multi-jointed insulation panels, the total thermal resistance is 
computed as the sum of the individual resistances in series: 

Rtotal =
∑n

i=1

Li

kiA
(8) 

Fig. 6. The typical panel-wall-floor joint geometry (reference model) provided 
in the ETA-10/0376 standard [24].

Fig. 7. Detailed representation of the local total heat flux concentration formed at the wall–floor junction for reference model, representing the reference junction 
geometry, under conditions where the internal ambient temperature is 273 K.
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Fig. 8. Geometric dimensions of three wall–floor junction configurations 
(a–b) reference model based on ETA-10/0376 standard geometry [24], 
(c–d) model 4, (e–f) model 6.
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where each layer i may represent a different material in the joint 
configuration. ANSYS Workbench internally accommodates this 
resistance-based interpretation when solving one-dimensional conduc
tion problems, whether in planar or cylindrical geometries. This 
approach enhances both computational efficiency and conceptual 
clarity, especially in parametric analyses of thermal bridge locations 
within prefabricated modular cold storage panels.

2.4. Model assumptions, boundary and initial conditions

The numerical model employed in this study is formulated under 
steady-state thermal conditions. Heat transfer within the panel assem
blies and joint regions is assumed to occur solely through conduction, 
while convective and radiative heat transfer effects are not explicitly 
considered. Moisture transport and humidity-dependent phenomena are 
not included in the numerical framework; therefore, condensation- 
related interpretations are limited to indirect assessments based on 
surface temperature distributions and heat-flux-based indicators.

All materials are assumed to be homogeneous and isotropic, with 
temperature-independent thermal conductivity values. Perfect thermal 
contact is assumed at all internal material interfaces, and thermal con
tact resistance at panel joints is neglected. The geometric configurations 
are assumed to be ideal, without manufacturing defects, air gaps, or 
insulation discontinuities beyond those explicitly defined by the joint 
geometry.

Boundary conditions are prescribed as constant temperatures on the 
interior and exterior surfaces of the panels, corresponding to the defined 
indoor temperature scenarios of 255 K and 273 K. Lateral boundaries are 
treated as adiabatic where appropriate to represent symmetry and to 
isolate the heat transfer behaviour of the joint region. Since the analysis 
is conducted under steady-state conditions, the numerical solution is 
independent of initial conditions.

2.5. Dimensionless analysis of normalised temperature and relative heat 
flux

A unified framework for evaluating thermal performance across 
different joint configurations was established through the application of 
two dimensionless parameters: normalised temperature and q*. These 
quantities enable direct, geometry-independent interpretation of tem
perature distributions and heat transfer intensity, thereby enhancing the 
comparability of the numerical results.

2.5.1. Normalised temperature
To facilitate the comparative evaluation of temperature distributions 

obtained in different panel joint geometries, the numerical results have 
been rescaled in terms of the normalised temperature parameter (θ). 
This approach allows temperature variations to be interpreted within a 
unit interval, independent of the boundary conditions applied in each 
scenario [33,34].

Normalised temperature is defined as follows: 

θ =
Tmodel − Tmodel,min

Tmodel, max − Tmodel,min
(9) 

Here, Tmin represents the local temperature, while Tmax denotes the 
minimum and maximum temperature values in the calculation area. The 
temperature fields obtained through this definition are presented in a 
dimensionless form within the range of 0–1. This allows for a more 
distinct analysis of local thermal gradients caused by geometric dis
continuities.

2.5.2. Relative heat flux ratio
To quantitatively evaluate the thermal bridge effect, the average 

heat flux values obtained for each joint geometry were dimensionless 
compared to the reference structure. This approach is an effective metric 

for directly and comparatively revealing the contribution of joint details 
to heat transfer. The q* is defined as follows [32,33]: 

q* =
qmodel

qref
(10) 

Here, the q* denotes the average heat flux density determined in the 
examined structure configuration, while q0 denotes the corresponding 
value obtained in the flat-contact reference joint. qmodel is the calculated 
average heat flux of the relevant model, and the heat flux of the refer
ence model is generally the highest (qmax ) which is selected because it 
has the worst insulation performance and the others are compared to it. 
This ratio numerically represents the additional heat losses caused by 
geometric discontinuities. A value above 1 indicates greater heat loss 
compared to the reference structure, while a value below 1 indicates 
better insulation performance. This dimensionless parameter enables 
the systematic comparison of different joint designs in terms of energy 
performance. Thus, the effect of thermal bridges can be examined.

2.6. Physical interpretation and relation to standard indicators

The dimensionless parameters used in this study are defined to 
enable both local and comparative interpretation of the thermal bridge 
behaviour associated with joint geometries. θ, renders the temperature 
field within the joint region independent of absolute temperature levels, 
thereby allowing direct comparison of local temperature distributions 
induced by different geometries. This parameter represents the intensity 
of thermal gradients formed within the joint region and the degree of 
temperature field homogeneity, and more uniform distributions have 
been examined as indicative of a more balanced heat transfer behaviour.

q*, is a dimensionless indicator that quantitatively expresses the heat 
transfer behaviour of a given joint geometry relative to a reference 
configuration. This parameter reflects the extent to which the joint ge
ometry alters the conductive heat transfer path, thereby directly 
revealing the influence of geometric discontinuities on the formation of 
thermal short-circuits. Relative heat flux ratios greater than unity indi
cate a more intense heat flux compared to the reference case and, 
consequently, a more pronounced thermal bridge effect, whereas values 
below unity indicate that the geometric arrangement is effective in 
reducing heat loss.

In this study, the use of dimensionless parameters enables the local 
distribution of heat transfer within the joint region to be examined in a 
geometry-oriented and comparative manner. This approach allows 
consistent evaluation of the thermal bridge behaviour of different joint 
configurations, through which the physical implications of geometric 
discontinuities on local heat transfer mechanisms have been assessed.

3. Results and discussion

3.1. Temperature field distributions and thermal bridging characteristics

The temperature field distributions of different joint geometries were 
examined, and their effects on thermal bridge formation were evaluated 
in a comparative manner. Fig. 9 shows the temperature distribution 
contours for six different joint models when the internal environment 
temperature is set to 273 K. Similar to the findings obtained at 255 K, 
Model 1 (flat-contact joint) exhibits a steep and intensely localized 
temperature gradient along the joint line, clearly revealing the direct 
heat transfer path. This confirms the inadequacy of this joint structure in 
preventing thermal bridging, particularly in scenarios where ambient 
temperatures are higher and heat input becomes more pronounced.

Model 2 (Z-joint), thanks to its single-step geometry, creates a ther
mal barrier that partially interrupts the conduction path, thereby 
limiting heat diffusion towards the interior volume to some extent. 
However, the low-temperature regions formed near the recessed corners 
in the joint area indicate that local heat conduction is still effective. 
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Model 3 (single-stage overlapping joint) and Model 4 (double-stage 
overlapping joint) extend the heat transfer path, allowing the thermal 
load to be spread over larger surfaces. Particularly in Model 4, the 
presence of multiple contact surfaces ensures a more homogeneous 
distribution of the temperature gradient and reduces the thermal in
tensity at the interface more than Model 3. Model 5 (two-stage inter
locking joint) and Model 6 (multi-stage interlocking joint), on the other 

hand, significantly extend the heat transfer path thanks to their multi- 
layered and interlocking geometric designs, thereby maximising insu
lation integrity. In these configurations, the temperature field becomes 
progressively smoother and more homogeneous, with Model 6 in 
particular offering superior insulation performance by exhibiting mini
mal thermal leakage along the joint line. These findings clearly 
demonstrate the advantages of complex interlocking structures in 

Fig. 9. Temperature contour distributions of six different joint configurations under an internal temperature of 255 K.
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suppressing thermal bridge effects under moderate cooling conditions. 
Furthermore, it confirms that the joint geometry plays a critical role in 
maintaining cold room thermal integrity not only at low temperatures 
but also under near-zero temperature conditions. This analysis, con
ducted under low-temperature conditions (255 K), allows thermal 
bridge effects to emerge earlier and more distinctly. This facilitates the 
visual tracking of weak points in insulation continuity and surface 
temperature differences. Furthermore, this temperature level is a value 
frequently encountered in commercial cold room applications and is 
considered representative for evaluating the behaviour of panel joint 
performance under critical thermal scenarios. Therefore, conducting 
temperature contour analyses below 255 K has formed the basis for 
comparative thermal performance analysis between configurations. 
Although the average surface temperatures obtained for different joint 
geometries remain within a relatively narrow range, the corresponding 
heat flux values exhibit pronounced variations. This clearly indicates 
that surface temperature alone is insufficient to reliably characterize 
thermal bridge severity, whereas heat flux provides a more sensitive and 
geometry-dependent indicator.

3.2. Heat flux vector analysis and directional conductivity characteristics

The orientation of heat flux vectors enables the thermal behaviour of 

composite structures to be examined in a level of detail that cannot be 
obtained solely from temperature contours. By examining the vector 
distributions obtained at an internal ambient temperature of 273 K, it is 
possible to evaluate how each composite geometry directs or concen
trates heat flux. These directional analyses enable the detection of local 
heat bridge formations and reveal the effectiveness of step or transition 
structures in distributing conductive loads. Minimising directional heat 
leakage is particularly critical for long-term insulation efficiency in 
modular cold room systems.

Fig. 10 presents the heat flux vector distributions for each joint 
model in a scenario where the internal ambient temperature is set at 273 
K. These vector visualisations reveal both the direction of heat transfer 
and the local transfer intensity, enabling a qualitative assessment of the 
joint geometry's effect on thermal bridge formation. Model 1 (Flat butt 
joint) exhibits a strong thermal bridge effect, with heat flux being 
transferred linearly and intensely into the interior volume. The vectors 
in this structure pass through the joint plane with minimal resistance 
and are directed directly into the interior volume. Model 2 (Z-joint), 
with its single-step structure, causes the heat flow to change direction to 
a certain extent; however, localized concentrations are still observed at 
the inner edge corners. Models 3 and 4 (single and double overlap 
structures) spread the heat over wider surfaces, thereby increasing 
thermal conduction and reducing temperature differences in the joint 

Fig. 10. Directional and magnitude distribution of heat flux vectors for six different joint models under an internal setpoint temperature of 273 K.
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area.
In Model 4 in particular, multiple contact surfaces ensure a more 

uniform heat flow. Model 5 (Double-step interlocking joint) and Model 6 
(Multi-step interlocking joint) increase thermal resistance and limit heat 
transfer by directing the heat flow into the interior volume through 
broken paths. Model 6, in particular, minimises the thermal bridge effect 
with directionally broken low-density flux vectors. This analysis dem
onstrates that the joint geometry affects not only temperature fields but 
also heat flux direction. Complex interlocking structures offer significant 
advantages in enhancing interior insulation efficiency. The primary 
reason for choosing 273 K as the internal ambient temperature in this 
analysis is to more clearly visualise the directional deviations and 
magnitude differences of the heat flux vectors. At low temperatures (e. 
g., 255 K), heat conduction rates are limited, reducing the interpret
ability of vector distributions and causing the effect of fine geometric 
details to fade into the background. In contrast, at 273 K, the directing 
effect of the junction geometry on heat flow becomes more pronounced; 
thermal short circuits and directional leaks can be identified more reli
ably. Therefore, heat flux vector analyses were performed at a temper
ature of 273 K, and all configurations were compared in this context.

3.3. Comparative evaluation with standard joint designs

The standards prEN 14509-1 and prEN 14509-2 [24,35,36], which 
are planned to be published soon alongside ETA 10/0376 within the 
current regulatory framework, define the basic requirements for the 
structural and thermal performance of prefabricated sandwich panels. 
While these standards contain general rules regarding panel materials, 
mechanical strength conditions, and declared thermal conductivity co
efficients, they do not provide specific guidance on thermal bridge for
mation in joint areas. Within this context, the present study focuses on 
the influence of joint geometry on local heat flux paths and temperature 
gradients through high-resolution numerical analyses, providing addi
tional insight into thermal bridge behaviour at panel joints.

Fig. 11 presents a comparative analysis of the average surface tem
perature and heat flux values for six different junction models, with the 
ambient temperature set at 273 K. Model 1 with a flat joint geometry and 
Model 2 with a Z-type transition exhibited the lowest surface tempera
tures of 285.96 K and 286.51 K, respectively; at the same time, they 
reached the highest heat flux values of 9.87 W/m2 and 10.06 W/m2. This 
indicates that thermal short-circuit effects are dominant along the joint 
line in these two models, and heat bridge formation is pronounced.

In contrast, Models 4 and 6, which have a multi-step transition 
structure, stand out with high surface temperatures of 288.93 K and 
288.62 K; accompanied by low heat flux values of 7.46 W/m2 and 7.61 
W/m2, indicating better insulation performance. This situation shows 
that thermal bridge formation is limited and heat transfer in the joint 
region is minimised. Interlocking structures, which redirect the escaping 

heat flux by increasing geometric complexity, have made it possible to 
control heat losses at critical joint points. When evaluated in terms of 
condensation risk, the fact that all surface temperatures remain above 
the dew point temperature (~273 K, 100% relative humidity) under 
indoor conditions of 273 K indicates that the possibility of vapour 
condensation is reduced. Particularly in Model 4 and Model 6, the higher 
level of surface temperature maintenance prevents vapour condensation 
from occurring on the inner surface, thereby preventing moisture- 
related structural deterioration. Therefore, Models 4 and 6 clearly 
demonstrate that optimised interlocking joint geometries offer superior 
performance compared to traditional joint details in terms of both heat 
loss reduction and condensation risk limitation. The preference for these 
structures is increasing in terms of energy efficiency and the sustain
ability of indoor environmental quality. Despite comparable surface 
temperature levels, significant differences in heat flux magnitude are 
observed among the joint configurations.

Fig. 12 presents a comparative analysis of the average surface tem
perature and heat flux values for six different composite models under 
conditions where the indoor ambient temperature is defined as 255 K. 
High heat flux values and low surface temperatures are particularly 
evident for Model 1 (17.04 W/m2, 277.1 K) and Model 2 (17.31 W/m2, 
278.13 K), indicating significant heat loss and thermal discontinuity in 
the joint areas of these structures. This situation indicates that, despite 
the adiabatic external wall boundary conditions, energy transfer from 
the internal environment to the external environment is increased due to 
insufficient insulation. In contrast, Model 4 and Model 6 have the lowest 
heat flux values (12.83 W/m2 and 13.08 W/m2, respectively) and 
demonstrate the best insulation performance with high average surface 
temperatures of 282.29 K and 281.75 K. Model 4, in particular, stands 
out with both the lowest heat loss and the highest surface temperature, 
demonstrating that it offers an optimal joint geometry in terms of pre
venting heat bridge formation in cold room applications. When evalu
ated in terms of condensation risk, configurations such as Model 1 and 
Model 2, which have low surface temperatures, have values closer to the 
dew point under the assumption of 100% relative humidity in the indoor 
environment. Therefore, the potential for condensation is higher in the 
joint areas of these models. In contrast, the high surface temperatures 
observed in Model 4 and Model 6 allow vapour to remain on the surface 
without condensing, providing an advantage in terms of humidity 
management.

Table 2 presents a comparative analysis of the average surface 
temperatures and heat flux values for six composite models under two 
different scenarios where the indoor temperatures are set at 255 K and 
273 K. This evaluation aims to analyze the thermal insulation perfor
mance of the models under both low and high indoor temperature 
conditions. Model 1, with a flat joint, exhibits the highest heat flux 
values (255 K: 1266 W/m2, 273 K: 2276 W/m2) at both temperature 
levels, demonstrating the weakest insulation performance. Similarly, 
critically high heat flux was observed in Model 2 with a Z-type structure, 
indicating that the model is susceptible to thermal bridging and that its 
insulation capability is severely limited. Model 3 has balanced average 
surface temperatures and a significant decrease in heat flux values 
compared to Models 1 and 2 (255 K: 0.682 W/m2, 273 K: 1.402 W/m2). 
This structure provides a medium level of insulation performance. The 
most successful performance was achieved in Model 4 and Model 6, 
where multi-step interlocking structures were applied. Both models 
showed the lowest heat flux values in all scenarios (Model 4–255 K: 
0.390 W/m2, 273 K: 0.865 W/m2; Model 6–255 K: 0.415 W/m2, 273 K: 
0.868 W/m2), indicating effective thermal insulation. Furthermore, 
Model 6 stands out with values similar to Model 4, demonstrating that it 
can successfully maintain insulation continuity. Model 5, on the other 
hand, has demonstrated good insulation performance with low heat flux 
and high average surface temperature; it is understood that this model 
has also been improved, particularly from a design perspective. There
fore, in terms of limiting heat flux and increasing internal surface tem
peratures, Models 4 and 6 stand out as the models providing the highest 
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insulation efficiency in both temperature scenarios. Compared to other 
models, these structures offer optimised composite designs in terms of 
reducing heat loss and minimising condensation risk.

3.4. Evaluation of dimensionless thermal field characteristics

Fig. 13 presents the results obtained at reference temperatures of 
255 K and 273 K for six different model configurations, with values 
presented comparatively. The fact that the profiles obtained under both 
temperature scenarios show very similar trends indicates that the ther
mal performance of the analysed geometric structures exhibits an 
insensitive character to the inlet temperature. This is important in that it 
shows that the thermal stability of the designed models can be main
tained under different external environmental conditions.

The results obtained for Model 4 and Model 6 stand out with their 
low and horizontal values in both scenarios. The low relative heat flux 
indicates that heat transfer is minimal in these areas, thus reducing heat 

leakage and providing effective insulation. In these models, the ten
dency of normalised temperature values to approach →1 also indicates 
that the temperature difference is minimised and the temperature dis
tribution on the surface is balanced, which can be said to limit the for
mation of thermal bridges. Furthermore, as the values approach 1, the 
values also approach zero, indicating not only that the surface temper
atures have become homogeneous, but also that the heat flow in these 
areas has been reduced to a negligible level. The simultaneous attain
ment of ideal values for these two dimensionless parameters clearly 
demonstrates that the relevant structural components both suppress 
heat transfer through conduction and exhibit superior performance in 
terms of thermal continuity. These findings confirm that Model 4 and 
Model 6 provide better thermal continuity in the building envelope, 
suppress heat transfer, and exhibit a homogeneous distribution of tem
perature gradients. Consequently, this analysis using normalised 
dimensionless parameters strongly highlights not only the temperature 
field but also the effect of geometric variations on systematic heat loss, 
providing a robust engineering criterion for model comparisons.

3.5. Wall-floor junction thermal bridges

The thermal behaviour of wall-floor junctions has been examined 
based on numerical results obtained for reference and improved geo
metric configurations. Evaluations were carried out based on tempera
ture fields and heat flux distributions. Fig. 14 presents the temperature 
distribution contours for three configurations developed for the wall- 
floor joint at an internal ambient temperature of 273.15 K. Fig. 14(a) 
serves as a reference based on the rotary hook locking geometry in the 
ETA-10/0376 standard, exhibiting a distinct thermal gradient (ΔT ≈ 10 
K) and a pronounced thermal bridge effect along the joint line. Fig. 14(b) 

Fig. 12. Comparative evaluation of temperature and heat flux values under 255 K indoor.

Table 2 
Comparative thermal performance and heat flux evaluations of joint models at 255 K and 273 K internal temperatures.

Model Avg. Surface Temp. 
(255 K)

Avg. Surface Temp. 
(273 K)

Heat Flux (W/m2)- 
255 K

Heat Flux (W/m2)- 
273 K

Thermal Performance Heat Flux Evaluation

1 283.92 289.47 1.266 2.276 Poor insulation High heat flux at both temperatures → Poor 
insulation

2 284.53 289.99 1.117 2.010 Poor insulation Critical heat flux values → Severely limited 
insulation

3 286.61 291.38 0.682 1.402 Moderate insulation Noticeably reduced flux → Moderate 
insulation

4 288.78 292.85 0.390 0.865 Highly effective 
insulation

Lowest flux observed → Highly effective 
insulation

5 287.60 291.97 0.509 1.021 Good insulation Low and stable flux → Enhanced insulation 
performance

6 288.16 292.40 0.415 0.868 Highly effective 
insulation

Comparable to Model 4 → Highly effective 
insulation
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homogenises the gradient (ΔT ≈ 6 K) by extending the transmission path 
with a double-step overlap; Model 6 (Fig. 14c) achieves the lowest local 
cold spot density at ΔT ≈ 4 K and maximises insulation continuity 
through multi-step overlap. These contours demonstrate that stepped 
geometries systematically reduce the thermal bridge effect.

In assessing the thermal bridge effect at wall-floor junctions, average 
surface temperatures do not provide a distinctive performance metric, as 
they typically vary within a limited range. In contrast, heat flux density 
is the fundamental physical quantity that directly reflects the extent to 
which the junction geometry shortens or lengthens the conduction path. 
Therefore, the thermal performance of these junctions was evaluated in 
this study based on heat flux rather than temperature levels. Changes in 
heat flux reveal the degree of insulation continuity disruption and local 
thermal bridge behaviour more accurately, and the effectiveness of 

geometric improvements can be directly monitored through this 
parameter. Fig. 15 shows the average surface temperature and heat flux 
values for Reference model, Model 4, and Model 6 configurations 
examined for the wall-floor joint at an internal ambient temperature of 
273.15 K. The heat flux values show significant differences between the 
models. Reference model, representing the reference geometry, pro
duces the highest heat flux at approximately 6.7 W/m2; in the double- 
stepped overlapping Model 4, this value drops to ≈6.6 W/m2, and in 
the multi-stepped interlocking Model 6, it reaches a minimum level of 
≈6.5 W/m2. These results show that, although the composite geometry 
has a limited effect on surface temperature, it significantly reduces heat 
flux by extending and directing the heat transfer path.

Fig. 16 presents the temperature distribution contours for three 
different configurations examined for the wall–floor junction at a 

Fig. 14. Temperature distribution contours at an internal ambient temperature of 273.15 K in wall-floor junction configurations: a) reference model, b) model 4, c) 
model 6 d).

G.A. Kilic and E. Yalcin                                                                                                                                                                                                                       Journal of Energy Storage 162 (2026) 122105 

14 



storage interior temperature of 255 K. Although similar surface tem
perature ranges are observed in all models at low temperature levels, it 
is seen that the isotherms concentrate in different ways along the joint 
line depending on the joint geometry. In Reference model, representing 
the reference geometry, the sharp compression of the isotherms in the 
joint region indicates a strong conduction path and pronounced thermal 
bridge behaviour. In the stepped-overlap Model 4, the isotherms exhibit 
a more diffuse distribution, indicating an elongated conduction path; in 
the multi-step-overlap Model 6, the fractured and stepped isotherm 
structure reveals that heat conduction changes direction and effective 
thermal resistance increases in the junction region. These observations 
confirm that, under critical operating conditions such as − 18 ◦C, ther
mal bridge behaviour is shaped more by how the geometry directs the 
heat transfer path than by the temperature level.

Fig. 17 presents the average heat flux and surface temperature values 
for reference model, Model 4, and Model 6 configurations examined for 
the wall–floor junction under conditions where the indoor ambient 
temperature is 255 K. At this temperature level, the average surface 
temperatures for all models' cluster within a very close range, and it is 
understood that the temperature differences provide limited informa
tion for distinguishing thermal bridge behaviour. In contrast, the heat 
flux values are directly sensitive to joint geometry and show significant 
differences between models. Reference model, representing the refer
ence geometry, has the highest heat flux at approximately 12.6 W/m2, 
while this value drops to ≈12.3 W/m2 in the stepped overlapping Model 

4 and reaches a minimum of ≈12.2 W/m2 in the multi-stepped over
lapping Model 6. This trend demonstrates that, at low indoor tempera
tures, evaluating the thermal bridge effect based on heat flux density 
rather than surface temperatures is more accurate and distinctive; it 
confirms that the joint geometry effectively limits heat loss by extending 
the conduction path.

To enable a quantitative comparison of thermal bridge behaviour in 
joint regions, normalising the absolute heat flux values relative to a 
reference configuration is a common and physically meaningful 
approach. In this context, the relative heat flux is defined as the ratio of 
the average heat flux obtained in each joint geometry to the heat flux of 
the reference model defined under the same boundary conditions. As a 
dimensionless quantity, q* allows for a direct and scale-independent 
comparison of the thermal bridge severity of different geometries.The 
relative heat flux values presented in Fig. 18(a) enable the thermal 
bridge behaviour of the joint geometries to be quantitatively evaluated 
relative to the reference model. For Reference model, representing the 
reference configuration, the q* value is equal to the unit value, and the 
other models are normalised relative to this value. In the stepped 
overlapping Model 4, the q* value falls below the unit value under both 
temperature conditions, indicating that the joint geometry limits the 
thermal bridge effect by extending the heat transfer path. The multi- 
stepped overlapping Model 6 exhibits the lowest q* values, providing 
the most effective thermal improvement compared to the reference 
configuration. Furthermore, the fact that the q* curves obtained for 255 
K and 273 K are quite close to each other reveals that the relative heat 

Fig. 15. Comparison of average surface temperature and average heat flux values at 273.15 K in wall-floor junction configurations.

Fig. 16. 255 K temperature distribution contours for the wall–floor junction at 
indoor temperature.
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flux is largely independent of the temperature level and that the geo
metric effect plays a dominant role. Fig. 18 (b) shows the relationship 
between the normalised surface temperature (T*) and the q*. Although 
the T* values are very close to unity for all joint geometries, the q* values 
are seen to differ significantly. This clearly demonstrates that surface 
temperature is limited in distinguishing thermal bridge severity, 
whereas heat flux density provides a metric that is sensitive to joint 
geometry and more discriminating.

4. Conclusion

In this study, the effect of different joint geometries on the thermal 
bridge behaviour of prefabricated modular cold room panels was sys
tematically investigated through high-resolution numerical analyses, 
experimentally validated. The analyses were performed for wall–wall, 
wall–ceiling, and particularly wall–floor joints at internal ambient 
temperatures of 255 K and 273 K; the results were evaluated in terms of 
temperature fields, heat flux vectors, and dimensionless performance 
parameters. The results clearly demonstrate that the joint geometry 
plays a decisive role in the formation of thermal bridges. It was observed 
that flat-contact and simple Z-type joints create short and direct trans
mission paths along the joint line, leading to high local heat flux in
tensities. In contrast, it was determined that stepped overlapping and 
multi-step interlocking joint geometries effectively limit heat transfer 
by extending the conduction path and changing its direction. This effect 
was consistently observed in both absolute heat flux values and the q* 

parameter, particularly in Model 4 and Model 6 configurations.
The results indicate that surface temperatures exhibit only minor 

variations among the investigated joint geometries, whereas heat flux 
values differ markedly between the models. Accordingly, the findings 
confirm that thermal bridge assessment based solely on surface tem
perature may lead to misleading interpretations, while heat-flux-based 
metrics offer a more robust evaluation framework. This situation dem
onstrates that approaches based solely on surface temperatures are 
insufficient for evaluating thermal bridge severity; in contrast, heat flux 

density and relative heat flux provide a performance metric that is 
sensitive to the joint geometry and more discriminating. The relation
ship between T* and q* confirms that thermal bridge behaviour is 
largely independent of the temperature level and is determined by 
geometric discontinuities.

The analyses presented in this study are based on steady-state ther
mal conditions. Within this framework, long-term performance is not 
addressed through time-dependent modelling, but rather interpreted 
using time-independent physical indicators such as heat flux intensity, 
extended heat transfer paths, and the tendency for thermal short-circuit 
formation. The steady-state results enable an assessment of how these 
indicators are influenced by joint geometry. In this context, the findings 
allow a qualitative evaluation of the trends that geometric improve
ments may induce in long-term thermal behaviour [37].

Analyses specific to wall–floor junctions revealed that this interface 
is one of the most critical thermal bridge areas in prefabricated cold 
room systems. In the reference junction geometry based on the ETA-10/ 
0376 standard, a pronounced local heat flux concentration and domi
nant thermal short-circuit behaviour were observed. In contrast, 
adapting validated stepped and interlocking designs from wall-ceiling 
joints to floor joints reduced heat flux intensity and increased insu
lation continuity. This finding demonstrates that existing standard joint 
details can be thermally improved with advanced geometric designs. 
This study demonstrates that evaluating thermal bridges in pre
fabricated cold room panels using heat flux-based and dimensionless 
metrics rather than temperature-based indicators provides a more ac
curate and reliable approach. The findings indicate that joint details, 
which are not sufficiently addressed in current standards, are critical in 
terms of energy efficiency and reducing the risk of condensation. The 
study results are expected to provide an engineering-based reference for 
future standard revisions and the development of cold room joint 
designs.
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