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HIGHLIGHTS

® Thermal bridges of the column are numerically simulated in the refrigeration room.
® Contribution shares of reinforcement concrete in the column on the cooling loss are discussed.
® Optimization method of energy-saving heat preservation is proposed to minimize the cooling loss.

ARTICLE INFO ABSTRACT

Thermal bridges are weakly insulated areas in the envelope of a building that can significantly increase the
energy load due to heat dissipation. To improve energy efficiency, a thermal bridge model is established to
simulate heat transfer through the column in a refrigeration room. The accuracy of the numerical simulation
program is verified by experimental data. A heat preservation method for the column that minimizes the cooling
loss is analyzed. The results show that the thermal bridging is mainly due to the steel bar in the column, because
the share of the cooling loss attributed to the steel bars is 42.02-55.87%. Moreover, applying heat insulation on
the column can provide more energy savings in low-temperature rooms than in high-temperature ones. The most
economical thermal insulation method as a function of the height and thickness of the insulation layer is
therefore proposed for the low-temperature column. By the optimum method, the amount of heat flux through
the whole column section, which includes both reinforced and non-reinforced areas, decreases by 37.34%, and
the total cooling loss decreases from 30.23 to 13.66 W, representing a 54.81% reduction. Therefore, a reduction
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in the cooling loss from thermal bridging is achieved for a low-temperature refrigeration room.

1. Introduction

In recent years, the use of refrigeration has increased tremendously
with the promotion of global cold chain commodity markets, the fresh
food industry and the Internet economy [1,2]. Refrigeration is one of
the most energy-intensive technologies used in the food supply chain
[3,4], and it accounts for about 35% of the electricity consumption in
the food industry [5], Moreover, energy is a major cost in cold food
storage operations [6,7]. Energy saving methods for refrigeration rooms
are thus a promising area for technological development.

There are many elements in refrigeration rooms that can form a
thermal bridge, resulting in a loss of heat or cold that increases the
building’s energy consumption [8-11]. Hao et al. [12] simulated ve-
locity and temperature fields using the finite volume method with the
standard k-¢ turbulence equation. Hoang et al. [13] studied the airflow
and heat transfer in a cold room filled with apple pallets. Carneiro et al.
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[14] developed 3D CFD modeling of the opening/closing cycle of cold
room doors. They found that the air infiltration rate through a sliding
door was 20% lower than through a hinged one and the air temperature
inside a cold room with a sliding door was 17% lower than that of the
hinged one. Tian et al. [15] developed an unsteady analytical model for
predicting the infiltration flow rate through the doorways of re-
frigerated rooms. Other scholars have studied the effect of thermal
bridges on a building’s energy efficiency. Freitas et al. [16] found that it
was necessary to consider the roles of thermal bridges since this factor
is of great importance for thermal comfort and energy consumption. Al-
Sanea and Zedan [17] investigated the thermal bridges caused by
mortar joints cutting across the insulation layers within building walls.
They recommended that the effects due to mortar joints should be re-
duced, since thermal bridges result in a higher inner surface tempera-
ture and transmission load fluctuations. Baldinelli et al. [18] developed
a mathematical algorithm to enhance the image resolution and
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accuracy of the energy loss assessment in thermal bridging, which could
provide an improvement in accuracy of up to 2% of the total building
envelope energy losses.

The computational fluid dynamics (CFD) approach is often used to
study load temperature distribution [19,20]. Smale et al. [21] and Lin
et al. [22] emphasized the complementary roles played by CFD analysis
and experimental studies. Ascione et al. [23] performed a numerical
analysis of thin-film heat flux sensors for the resolution of thermal
bridges, which was validated through comparison with experimental
data. They revealed very satisfactory results in terms of reliability and
accuracy. O’Grady et al. [24] numerically and experimentally in-
vestigated thermal bridging heat loss using a typical L-shaped thermal
bridge. They found that heat loss from a building surface is significantly
influenced by wind velocity. Ibrahim et al. [25] numerically presented
an innovative insulation coating to limit thermal bridge effects and
found that applying the coating reduces the window’s offset thermal
bridge load by about 24-50%. Prata et al. [26] evaluated the dynamic
thermal behavior of a linear thermal bridge in the corner of a wooden
building. Results show that the amplitudes of the internal surface
temperature and the heat fluxes are greater after thermal insulation.
Hence, various insulation materials [27-29] and optimization strategies
[30,31] are proposed to decrease thermal bridging.

As discussed above, thermal bridges are of great importance for
energy consumption. However, few studies have reported on the con-
tribution of thermal bridging through columns to the cooling loss and
temperature fluctuation in a refrigeration room. The existence of
thermal bridges causes a large amount of heat to enter the refrigeration
room, which results in temperature fluctuations and increases energy
consumption. Simultaneously, since the columns cross multiple tem-
perature regions, the columns become the most significant thermal
bridge in the refrigeration room and cause significant amounts of
cooling loss. Research on heat preservation in columns is therefore of
significance. This study is concerned with minimizing thermal bridging
through the columns in a refrigeration room to reduce energy con-
sumption. A thermal bridge model in a refrigeration room is proposed
to simulate the thermal transfer process through the columns. The effect
of heat transfer through the thermal bridge is analyzed, and the addi-
tion of heat preservation on the column is compared with no additional
heat preservation on the column. Based on a comprehensive approach
that considers reduction of both heat transfer and the amount of heat
insulating material, an optimal energy-saving insulation method is
proposed.

The remainder of this study is organized as follows: in Section 2, the
physical model and governing equations are modeled and experimen-
tally validated in low- and high-temperature refrigeration rooms; in
Section 3, the heat transfer of the thermal bridge with and without
consideration of the column insulation will be described, and the results
of the economic analysis of the case study are presented; and finally in
Section 4, some of the conclusions that can be derived from this study
are summarized.

2. Model and method
2.1. Description of the building model

As the main place for processing and storing frozen food, a re-
frigeration room has the characteristics of a large load and high tem-
perature difference between the inside and outside. For a refrigeration
room with multi-storey cold storage, the columns in the refrigeration
room will pass through the soil, the floor, the high-temperature re-
frigeration room (HTRR), the low-temperature refrigeration room
(LTRR), and the roof respectively, as illustrated in Fig. 1. (Many of these
cold storage spaces exist in southern China.) Obviously, the reinforce-
ment bars in the columns will form a thermal bridge, that is, many
thermal bridges are created by the extensive use of reinforcement bars
in cold storage buildings. Since heat can easily transfer from the high-
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temperature to low-temperature regions, this phenomenon will increase
the cooling load due to temperature variations in the refrigeration room
and will also affect the quality of the stored food.

Cold storage generally consists of a low-temperature refrigeration
room (LTRR) and a high-temperature refrigeration room (HTRR). The
LTRR design temperature is about T, = —18 °C for storing meat. The
HTRR design temperature is in the T, = 0-5 °C range (T, = 2 °C in this
study), which is mainly used for storing fruit, vegetables, and similar
items. If the LTRR is placed directly on the ground, it may cause the soil
under the floor to freeze and heave due to the low temperature, re-
sulting in damage to the refrigeration room structure. For a typical
multi-level refrigeration room as shown in Fig. 1, the HTRR is on the
first floor below the LTRR. Columns that are10.25m in length pass
through the LTRR and HTRR, which are 5m in height in total for both
the upper and lower levels of the refrigeration rooms and 0.25m
thickness in the floor layer. The cross-sectional dimensions of the
column are 0.5 X 0.5m. The floor slab consists of a 0.15-meter re-
inforced concrete layer on the HTRR side and a 0.1-meter insulation
layer on the LTRR side. The cross-sectional dimensions of the slab are
6 X 6 m, that is, the distance between the columns is 6 m. Twelve steel
bars that are 25mm in diameter are arranged in the reinforced con-
crete, but the hoop steel bars are ignored. The proportional area of the
steel bars is 2.36% of the total cross-sectional area of the column.

2.2. Simulation model

The steel bars existing within the columns will form a thermal
bridge, and the thermal balance leads to heat transfer from the HTRR
into the LTRR. This phenomenon is the main reason for the increase in
cooling load and energy consumption in the LTRR. To meet the needs of
a good engineering practice, the computational model includes the
column with the steel bars and concrete, floor slab and insulation layer.
The simplified geometry and arrangement are shown in Fig. 1.

Since the columns made up of steel bars and reinforced concrete are
in contact with the floor and insulation material, the convection heat
transfer, heat conduction, and multiple boundary conditions of the
thermal bridge should be considered in the refrigeration room. The
governing equations for the thermal bridge under steady-state condi-
tions can be established as:

2 2 2.
Ol & aT’”:o, m=1, 2, 3, 4
ox? dy? 072 1)

where x, y, and z are in the Cartesian coordinates, T is the temperature,
and the subscripts m = 1,2,3,4 represent the material categories of the
floor layer, insulation layer (polystyrene), column (reinforced concrete)
and steel bar (steel), respectively. Here, different material attributes are
shown in Table 1.The thermal conductivity of polystyrene has been
corrected to A = 0.0611 W-(mK) !, starting from a theoretical value of
A = 0.047 W-(mK) !, to account for the very low temperature, as
suggested by the Chinese Code for the Design of Cold Stores [32].

Since the inner wall temperature of the refrigeration room is close to
the indoor air temperature (no windows in the room), radiation heat
transfer can be neglected in this case. Thus, the thermal bridge model
can be obtained by Egs. (2) and (3) for between the HTRR and the
column, Egs. (4) and (5) for between the LTRR and the column, Eq. (6)
for between the HTRR air and the floor layer, Eq. (7) for between the
LTRR air and the floor layer, and Eq. (8) for between the steel bars and
the column, as follows:
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Fig. 1. Schematic diagram of the multi-level refrigeration room including the simulation model and details of the cross-section of the column.

Table 1

Physical property of different building materials according to the design code
for cold storage.

Materials Thermal Specific heat Dry density
conductivity capacity kgm™3
W-(mK) ! kJ-(kgK) ™1
Structural steel 58.2 0.48 7850
Polystyrene 0.0611 1.38 100
Reinforced concrete  1.74 0.92 2500
0Ty
-4 =a(h - T)
dy ®)
0T 0T
—A{—i+—ﬂ=aun—n)
ox Ay (6)
oT; 0T,
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where the subscripts a and b correspond to the LTRR and HTRR loca-
tions, respectively, A is the thermal conductivity, and a is the con-
vective heat transfer coefficient. In this case, the convective heat
transfer coefficients of the envelope material for both the floor and the
column [32] are determined to be a,=12Wm 2K~ ! and
ap = 18 Wm ™ %K™, respectively, in the LTRR and HTRR.

Due to the symmetry of the building structure, the four sides of the
floor slab and the top of the column are assigned as adiabatic walls. The
temperature at the bottom of the column is assumed to be constant due
to the surrounding soil. The geometry for the simulation model in Fig. 1
is created and meshed using the commercial Solidworks 2018 software.
After the grid independence study, the number of unstructured grid
cells is determined to be about 905,497. Based on the Solidworks code,
the thermal bridge is solved by a finite difference method under three-
dimensional steady-state conditions.

2.3. Model validation

Since the characteristics of thermal resistance involve a large mea-
surement range of temperature, a platinum resistance AZ8821 type
thermometer with + 0.15°C measurement accuracy and
—100 ~ 300 °C measurement range was selected to measure the flow
field temperature. The temperature was measured three times per
point, and then we took the average value. Moreover, the measurement

time for each measurement was more than 5min. (Here, the require-
ment for the response time in the thermometer specification was only
3 min.)The errors in the temperature measurement system in this paper
were mainly due to measurement errors, environmental errors and
operational errors. The working temperature of the test instrumentation
of the AZ 8821 was 0-50 °C while the ambient temperature was —18 °C,
which exceeded the preset working temperature, resulting in a sys-
tematic error. When the surface temperature of the column was mea-
sured, the platinum resistance probe did not fully contact the wall due
to the large size of the probe, so it still had a large area of exposure to
the air in the low-temperature cold room. This phenomenon would
result in a lower temperature (the air temperature in the low-tem-
perature cold room was lower than that on the surface of the column).
Under the influence of these two errors, the error in the temperature
measurement system was determined to be 1.18°C according to the
error evaluation method [33].

To minimize the uncertainty caused by the error in the measure-
ment system process, every temperature point was measured three
times and the average value was taken. In addition, the temperature
measurement was carried out under stationary conditions. A compar-
ison between the simulation and test results of the heat transfer in the
thermal bridge of the column in the refrigeration room was then con-
ducted, as shown in Fig. 2. An error in the wall temperature can be seen
between the experimental data and simulation result.

As evidenced in Fig. 2, the column surface temperature gradually
decreases with the column height, and it is close to the air temperature
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Fig. 2. Comparison between the experimental data and simulation results of the
column wall temperature in the LTRR.
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Fig. 3. (a) Temperature and (b) heat flux density contours for the thermal bridge from the HTRR to LTRR.
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Fig. 4. (a) Isothermal contour temperatures and (b) iso-flux contours of the

heat flux density for the thermal bridge from the HTRR to LTRR in the unin-
sulated column.
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in the LTRR above a height of 1.25m. The errors in the wall tem-
perature in the LTRR between the experimental data and simulation
result are within about + 2.46% (that is, the maximum error was only

1.55°C) after considering the systematic errors (—1.18°C). It can be
concluded that the simulation results can reflect the actual temperature
distribution of the column in the refrigeration room with an acceptable
error rate. Thus, the simulation model of the thermal bridge of the
column was reliable and of sufficient accuracy for the present study.

3. Results and discussion
3.1. Thermal bridges of the uninsulated column

It is necessary to investigate the heat transfer process in the columns
of the thermal bridges with and without the addition of insulation
materials on the column. The following section discusses the thermal
transfer characteristics within the uninsulated columns, as shown in
Fig. 3.

As depicted in Fig. 3, the locations at y,, y», and y; represent the
planes through zero, two, and four steel bars, respectively. Heat transfer
by the thermal bridge centers around the upper and lower sides of the
floor. In Fig. 3(a), the temperature difference is 6.73 °C, from —11.27 to
—18°C, along with the column height above the floor, signifying an
average rate of temperature change of 1.346 °C per meter (i.e., 6.73 °C/
5m) in the column in the LTRR. Below the floor, the temperature dif-
ference is 4.33°C from —2.33 to 2°C, denoting an average rate of
temperature change of 0.866 °C per meter (i.e., 4.33°C/5m) in the
column within the HTRR. It can be seen that the temperature in the
uninsulated column drops rapidly on the LTRR side, and decreases
slowly on the HTRR side, showing that the column temperature at-
tenuates faster on the LTRR side. In Fig. 3b (locations in the y, and y;
directions), since the thermal conductivity of the steel bars is large, a
higher heat flux centers around the steel bar. This phenomenon results
in a large amount of heat flux transferring from the HTRR to the LTRR.
The maximum heat flux density is about 2313 W/m? in the steel bars.
This heat flux decreases by 2093 W/m? from 2143 to 50 W/m? in the
steel bar in the LTRR column, representing an average rate of flux
density change of 418.6 W/m> per meter (ie., 2093 W/m?/5m).
Moreover, the heat flux reduces by 1143 W/m? from 1193 to 50 W/m?>
in the steel bar of the HTRR column, signifying an average rate of flux
density change of 228.6 W/m? per meter (ie., 1143 W/m2/5m). The
decreasing temperature and heat flux on the LTRR side is much greater
than that on the HTRR side. In addition, these phenomena substantiate
the idea that the thermal bridge effect is susceptible to high thermal
conductivity materials, and thermal transfer by the thermal bridge is
marginal.

To gain a better understanding of thermal bridging through the
uninsulated column, the isothermal contours for temperature and heat
flux within the column at location ysare presented in Fig. 4. In Fig. 4(a),
the isothermal values of —1 and — 6 °C temperatures in the column are
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concave toward the HTRR side, and those of —11 and —16°C are
convex toward the LTRR side. The isothermal contour varies from
concave on the HTRR side to convex on the LTRR side due to the heat
transfer effect from the thermal bridge in the column. In Fig. 4b, by
comparison with the isothermal value of the 100, 500, 900, and
1300 W/m? heat flux, heat transfer in the column is mainly accom-
plished by the steel bars from the high temperature in the HTRR side to
the low temperature in the LTRR side. Simultaneously, a large amount
of heat is conducted by the steel bars in the column, resulting in the
cooling loss (i.e., energy loss).

The surface temperature of the columns at location y; is close to or
the same as the surrounding air temperature of the column within a
short distance. From Figs. 3 and 4, it can be deduced that if the heat
transfer (i.e., the amount of cooling loss) is to be reduced, heat pre-
servation in the column on the LTRR side would be more effective than
on the HTRR side. According to the building model and boundary
conditions on the LTRR side, the cooling load entering from the HTRR
to the LTRR side via the column is go = 30.23 W (here, neglecting the
amount of heat transfer from the floor layer). It is necessary to em-
phasize that, although the cross-sectional area of a single steel bar only
accounts for 0.19% of the total cross-sectional area of the column, the
heat transfer for a single steel bar is about 1.408 W which accounts for
4.66% of the overall heat transfer. In particular, it can be concluded
that the total thermal transmittances of the column and the non-re-
inforced area can be determined to be 6.616 and 14.994 m?>KW !,
respectively, representing a 55.88% decrease (here,
(14.994-6.616 m* KW~ 1)/14.994 m* KW ™' = 55.58%). This observa-
tion reveals that the share contributed by the steel bars can reduce the
thermal transmittance by 55.58%, indicating that the contributing role
of the steel bars in the column to cooling loss cannot be ignored. For a
refrigeration room facility operated year-round, the annual cooling loss
can be calculated as 264.81 kWh. Thus, the addition of heat preserva-
tion to the LTRR column may be more effective at energy savings than
such an addition to the HTRR column.

3.2. Thermal bridges of the insulated column

To reduce the cooling loss in a refrigeration room, it is necessary to
take measures to decrease the energy loss generated by the thermal
bridge. One effective measure to decrease the amount of heat transfer is
to wrap an insulating material around the column. From the viewpoint
of effectively reducing the heat transfer and the amount of heat in-
sulating material, this would be related to the type of insulation ma-
terial and the storage temperatures, which would determine the
thickness (6) and height (h) of the insulation layer.

As proposed in Section 3.1, it is preferable to install the insulating
layer around the column on the LTRR side. In this study, the LTRR
column was wrapped with polystyrene insulation material. Fig. 5 gives
the cooling loss (q) in relation to the height of the insulation layer at
d = 0.15m as well as the thickness of the insulation layer at h = 1.25
on the LTRR side. Clearly, the cooling loss gradually decreased as the
height and thickness of the insulation layer increased. However, there
are optimum sizes for both h and A since the reduction in cooling loss is
limited.

The equivalent height I(h) and thickness I(§) of the insulated column
can be defined as:

lp) = o/l 9

where ¢ represents h or 8, and I = 0.5 m is the length of the side of the
uninsulated column.

The efficiency of the cooling loss reduction is used to evaluate the
effect of the insulation layer size, as shown in Eq. (10). If [ = 0, 5 goes to
zero; if ¢ is minimum, = 1.

—q(
qoiq() % 100%

0 =
7 e = o (10)
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Fig. 6. Effect of equivalent sizes for the insulated column on the efficiency of
the cooling loss reduction in the LTRR side.

Fig. 6 gives the relation between the efficiency of the reduction in
cooling loss and the equivalent size of the insulated column. As de-
picted, 5(D) presents a significant increase to 94.51% as the equivalent
height increases from 0 to 3.5m at I(§) = 0.3 (ie, §/lp = 0.15m/
0.5 m), signifying a decrease in the cooling loss from 30.23 to 16.94 W.
The 5(l) also increases to 97.69% as the equivalent thickness increases
from O to 0.4 at I(h) = 2.5 (ie., h/lp = 1.25m/0.5m), representing a
reduction in the cooling loss from 30.23 to 14.16 W. These phenomena
can be explained by the increase in heat transfer resistance with con-
sideration of the insulating material, resulting in a reduction in the heat
transfer amount. However, the efficiency of the cooling loss reduction
varies from 93.6% to 97.37% in the range of l(h) = 3.5-6, and it varies
from 97.69% to 100% in the range of I(h) = 3.5-6, indicating that the
cooling loss is reduced slowly in this range. An optimum equivalent size
for the insulated column can be determined for minimizing cooling loss.
The range of variation in the cooling loss is the largest in the range of
both I(h) < 1.25 and I(§) < 0.3. Since the thicker insulation layer pre-
sents a higher cost for the refrigeration room, an optimum equivalent
size for the insulated column for I(h) < 1.25 and I(§) < 0.3 is explored
by comprehensively considering reducing both the heat transfer and the
amount of heat-insulating material.

3.3. Optimization of the energy-saving insulation method

To minimize the thermal bridge through the columns in a re-
frigeration room, the relationship between cooling loss and insulation
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layer size is explored in order to obtain a better insulation technique.
Hence, a binary quadratic empirical correlation for the cooling loss (q)
can be fitted as a function of the equivalent height and thickness in Eq.
(11) according to Fig. 6.

q = 1.6548-1(h)? + 195.2577-1(8)*—
28.8019-1(h)-1(8) — 2.1024-1(h)—

77.8327-1(8) + 30.23 an

It is noted that the fitted correlation in Eq.11 can reach up to
97.87%, representing a high accuracy. In addition, the cooling loss has
a non-linear relationship with the insulation layer size.

When the amount of insulation material needed is too large, the
operating costs saved may not be sufficient to cover the cost. Therefore,
there is a need to determine the most economical solution for the
amount of insulating materials needed. In this case, the insulation
material is priced at RMB 800 per cubic meter, and the cost of elec-
tricity is RMB 1 per kWh. Hence, the approximate cost of insulation
material on the column is given as:

51~ 800-[1(h)-1(8)-0.5-4] = 1600-1(h)-1(5) 12)

Based on Eq. (11), if the service life of the insulation material in the
refrigeration room is 20 years, and the refrigeration room is operated
365 days per year, 24 h a day, then the savings in cooling capacity (Q,
unit: Wh) over 20 years can be calculated as:

Q = (g, — q) X 24 X 365 x 20=
— [1.6548-1(h)? + 195.2577-1(8)*—
28.8019:1(h)-1(8) — 2.1024-1(h)—

77.8327-1(6)] X 24 x 365 % 20 13)

Since the refrigeration efficiency for a refrigerator room is generally
lower than that for air conditioners, an energy efficiency ratio of 2 is
assumed in the refrigeration system. Once the cooling loss is reduced,
the electricity consumption saved (W, unit: kWh) can be defined as:

Q. 1

2 1000

14)
If the electricity fee is RMB 1 per kWh, then the savings in operating
fees (s») for 20 years can be calculated as:

s, = Q/2000 (15)

By subtracting the savings in operating costs from the cost of in-
sulation material, the total cost savings (As) for 20 years can be ob-
tained from:

As =5, — 8§ (16)

A relation between the total cost savings amount and the height and
thickness of the insulation layer is presented in Fig. 9. As 0?As/0°l
(h) = —289.92 < 0 and 9%As/0%l(8) = —34209.15 < 0, the local
optimal solution can be determined in Eq. (16). Here, this case ignores
the appreciation or devaluation of money over 20 years. Using the op-
timization calculation in Eq. (14), the maximum total cost savings of
As = 927.43 (unit: RMB) at I(h) = 2.8 and I(§) = 0.42; that is, the most
economical thermal insulation method can be obtained at h = 1.4m
and$ = 0.21 m.

To verify the accuracy of the most economical insulation method,
three different insulation methods are randomly selected for compar-
ison. As depicted in Fig. 7, the more insulation material that is used, the
greater the cost savings are. In addition, for the same amount of in-
sulation material, different insulation methods mean that the cooling
loss is also different. The most economical insulation approaches not
only use less insulation material, but they are also the most cost-ef-
fective for the entire operating cycle. The accuracy of the above ideas
for finding the best solution can be substantiated.

For the best energy-savings insulation method, Fig. 8 gives the
isothermal contours for temperature and heat flux inside the insulated
column at the y3; plane. When comparing Figs. 4(a) and 8(a), the
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Fig. 7. Total cost savings at different insulation heights and thicknesses over
20 years.
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Fig. 8. Isothermal contours for (a) temperature and (b) heat flux in the in-
sulated column from the HTRR to the LTRR.

volume of isothermal value for low temperature is larger and protrudes
toward the LTRR side after adding the insulation layer. This phenom-
enon indicates that the temperature difference between the column
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Fig. 9. Cooling loss distribution on the column section (a) without the insula-
tion layer wrapped column, and (b) with the insulated column, at the most
economical thermal insulation method.

surface and the surrounding air becomes small in the LTRR. When
comparing Figs. 4(b) and 8(b), the maximum heat flux of 1848.45 W/
m? for the most economical insulation method is 37.34% lower than
that of 2368.98 W/m? for the uninsulated method. Simultaneously, the
isothermal density body is very small at a heat flux of 1300 W/m?>.

To compare the effect of thermal bridging with and without the
insulation material wrapped around the column, Fig. 9 presents a
comparative heat transfer through the cross-section of the column. As
shown in the figure, the cooling loss of the non-reinforced area is
13.339W in the uninsulated column and 7.923W in the insulated
column, representing a decrease in heat transfer of 40.6% due to the
heat preservation scheme. Among the 12 steel bars, the heat transfer
from the steel bars at the four corners of the column is the largest, and
the average heat transfer for the most economical insulation method is
66% lower than that of the method without the insulation. It can be
concluded that after adding the insulation layer, the total cooling loss
decreases from 30.23 to 13.66 W, representing a 54.81% reduction. The
share of cooling loss contributed by the steel bars is 55.87% and
42.02%, respectively, before and after heat preservation. Therefore, the
method with insulation for the column can effectively reduce the
cooling loss by thermal bridging.

In addition to setting up the HTRR beneath the LTRR, there are
many other methods of preventing the soil from freezing under a low-
temperature refrigeration room, such as overhead ventilation and dif-
fuse cooling methods. These methods are of interest for further study
that would explore the energy loss and structural damage of thermal
bridging to refrigeration buildings.
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4. Conclusions

To reduce the energy consumption and operating costs in cold sto-
rage facilities, a cooling loss minimization method is worthy of study.
This study takes the refrigeration room as an example to propose an
optimal insulation scheme for the column that decreases the cooling
loss. Then, the thermal bridge model is established to simulate the heat
transfer process through the column from the high-temperature re-
frigeration room (HTRR) to the low-temperature refrigeration room
(LTRR). The calculation accuracy of the numerical procedure is quali-
fied by comparison with experimental data. A method to optimize heat
preservation in the column is proposed to reduce the cooling loss. The
main conclusions are summarized as follows:

The thermal bridge effect is susceptible to high thermal conductivity
materials such as steel bars in this study, and thermal transfer is mar-
ginal by the thermal bridge. The share of cooling loss contributed by the
steel bars and pure concrete are 42.02-55.87% and 44.13-57.98%,
respectively. Since the decreasing amount of temperature and heat flux
in the LTRR side is much greater than that in the HTRR side, adding
heat insulation onto the LTRR column is considered more effective for
energy savings than adding it on the HTRR column.

The cooling loss has a non-linear relationship with the size of the
insulation layer. After consideration of the insulation material wrapped
around the LTRR column, the amount of heat flux can decrease by
37.34% relative to the uninsulated column, and the total cooling loss
decreases from 30.23 to 13.66 W, representing a 54.81% reduction. By
optimizing the solution, the most economical thermal insulation
method can be obtained with an insulation layer that is 1.4 m in height
and 0.21 m thick to minimize cooling loss from the thermal bridge,
signifying a maximum total cost savings amount of RMB 927.43 over
20 years. The insulation technique for the column can therefore effec-
tively reduce the cooling loss from the thermal bridge.
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