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Abstract: The energy use intensity (EUI) of convenience stores was substantially higher than that of
office buildings and hotels, due to a compact footprint but a high density of equipment yielded a
higher EUI. As a result, it is critical to assess and maintain the state of the convenience store in order
to obtain a lower EUI and reduce energy consumption. This study utilizes a convenience store to
evaluate energy consumption and perform a CFD simulation to see how the environment influences
by cold storage showcase (CSS) equipment. On the basis of field testing and on-site web-based
monitoring data, a survey of baseline information through data collecting and energy benchmarking
data has been provided and extensively examined. According to energy monitoring, the convenience
store’s highest electricity use is 23,055 kWh in June, and the lowest power consumption is 15,216 kWh
in February. The CFD simulation results revealed that the temperature near the CSS can be 3–5 ◦C
lower than in other regions. The temperature nearby return air will be lower as a result of the
low-temperature air impacts from CSS. The AC sensor detects that the environment has met the
indoor requirements and performs the load reduction operation. After adjusting the AC temperature,
it is discovered that the unit is unable to attain the appropriate temperature. Energy consumption
can be reduced, resulting in more energy-efficient AC and CSS operations. Furthermore, the CSS’s
cold air effect might be taken advantage of by raising the AC-2 temperature set point to generate
energy savings.

Keywords: convenience store; energy consumption; air conditioner; cold storage; computational
fluid dynamics

1. Introduction

Residential and commercial buildings have the potential to achieve water and elec-
tricity savings of 20 to 30 percent. Statistical data analysis performed in 2016 shows a
lot of promise for cost-effective energy reductions in Taiwan. The residential and com-
mercial sectors are responsible for 21.72 percent of Taiwan’s energy usage [1]. Taiwan
had 10,266 convenience stores as of the end of 2016 [2]. Due to the study field and the
major concern of a sustainable environment, energy consumption is has been a frequently
emphasized problem. However, due to the complexity of the situation, approaching the
optimization of energy use in all facilities is fairly difficult. The use of accessible energy
modeling to analyze energy use for whole-building simulations is generally acknowledged
to be the most successful approach [3].

Convenience stores require more energy than other types of retailers [4]. The re-
sults showed that a convenience store’s average annual energy consumption intensity
(EUI) was 2346 kWh/m2/year, which was much greater than that of office buildings
and hotels [5]. The EUI benchmark range for educational buildings was found to be
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47,628 kWh/m2/year [6]. The building sector’s energy usage is steadily increasing, ac-
counting for around 40% of total world energy consumption. Energy consumption of
buildings varies and depends both on their purpose and the year of construction [7]. Cool-
ing and refrigeration systems account for around 17% of global power consumption [8].
For energy consumption analyses, heat load and the ambient temperature are both very
significant in determining the cooling energy consumption [9]. Energy usage has an impact
on grocery profit margins, which are already low (about 1–2%). Electrical energy usage
can range from 700 kWh/m2 of sales space to over 2000 kWh/m2 in convenience stores,
according to Energy Star Certified Buildings and Plants [10]. Many academics have studied
how to increase the performance of HVAC systems in order to efficiently minimize energy
consumption [11].

Buildings’ energy usage is always a major concern. Regulations and rules are widely
used to restrict the energy consumption of buildings in order to accomplish the objec-
tive of energy conservation. However, the energy index used to assess energy efficiency
did not take into account the hybrid use of hotel facilities for various service objectives.
Convenience stores with a couple of air conditioners and cold storage units have been
thoroughly explored in this study. Regression data might be gathered in large quantities
by field measurements and testing of air velocity and temperature as part of a building
energy management system (BEMS) study [12]. Thus, energy management systems (EMS)
for HVAC and other equipment save around 14.07 percent and 16.66 percent of energy,
respectively [13]. Air conditioners are one of the primary causes of summer electrical load
peaks, accounting for over half of all power needs during the hot noon hours in some places
where electricity is costly. The wholesale power price is reduced as an incentive for use at
off-peak periods when utilities have spare electrical producing capacity due to decreased
demand [14]. The uniformly distributed indoor velocity and temperature field can further
reduce the energy required for air conditioning and refrigeration [15].

Many applications can benefit from simulation, including airflow (through CFD), com-
fort, and HVAC system design. CFD analysis on thermal comfort and energy consumption
is carried out to simulate variables of indoor airflow [16]. When there was more time for the
simulation, the optimization simulation was typically closer to the ideal solution [17]. The
design of low-energy and efficient buildings is increasingly reliant on building simulation
tools for performance prediction, which are frequently coupled to HVAC system design cal-
culations [18]. The research using CFD has been frequently applied sophisticated integrated
for investigating detailed information of flow in general [19]. The current CFD model is a
useful tool for evaluating air quality and thermal comfort [20]. Several studies have studied
interior air velocities using on-site observations and CFD numerical models [21]. CFD
predictions that agreed well with the experiment were generated [22]. CFD simulations,
when combined with an experimental database, provide precise predictions of in-door
airflow, and temperature parameters were studied [23]. Several investigations of the ve-
locity and temperature field in basic three-dimensional geometry have been conducted
using CFD, but without confirming the model with actual data [24]. Furthermore, a CFD
model was utilized to analyze the average velocity and temperature in a test room cooled
ceiling panel; the findings were confirmed using actual data first, and the velocity fields
were explored [25].

Field measurements easily determine the features of indoor air quality in various
situations [26]. Field measurements are taken to serve as the foundation for the parameters
that will be put up in the CFD simulation. These energy-saving capabilities are linked
to enhanced EMS functionalities. Furthermore, because of the demands of many green
and energy-efficient building standards and certifications, the building energy model has
been widely employed in building design. [27]. Field data collection is used to inform and
validate this simulation. Simulations are carried out to test and validate the typical fault of
mixing functioning of air conditioners and cold store units within the convenience store, as
well as the feasibility of energy-efficient techniques in the convenience store. Despite the
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fact that extensive research on energy efficiency in convenience stores has been undertaken,
the results still require additional information.

In this study, a field investigation was conducted to get actual data to use for the
boundary conditions in CFD modeling. Based on the simulation results, it has been dis-
covered that adjusting the temperature can most effectively aid in enhancing the thermal
comfort conditions [28]. Field measurements are taken to serve as the foundation for the
parameters that will be put up in the CFD simulation. To validate the simulation, the
CFD simulation is calibrated with the real conditions in the room. The CFD method was
used to find the improvement design to provide a comfortable environment for occu-
pants, and the prospects of energy-efficient ways in the convenience store are explored
through simulations.

2. System Description

The investigated convenience store is located in the northern region of Taiwan. The
general area is about 145.25 m2, the length is 15 m, the width is 9.5 m, the ceiling height
is 3.5 m, and the mezzanine is about 3 m. The electrical equipment in the store includes
two microwave ovens, water boilers, two coffee machines, a tea egg cooker, a hot dog
machine, a hot can machine, a steaming machine, and an electric cooker. The AC in the store
adopts the direct expansion type air conditioner; the main engine is two 6 RT inverter air
conditioners, and the air outlet equipment adopts the embedded type all-around blowing.
The indoor air conditioner temperature is set to 26 ◦C. The indoor lamps and the indoor
lamps use T8 lamps. The indoor unit of AC is placed on one table in front of the counter,
and the other is above the middle aisle of the central island-type open display cabinet. On
the other hand, the CSS equipment has 2 island-type open display cabinets, combination
refrigerators, freezer refrigerators, 6-foot open refrigerators, 4-foot horizontal refrigerators,
and ice cream machines, as sketched in Figure 1a.

Figure 1b is the floor plan of the supermarket, which is divided into two areas, the
business space, and the rear storage room. The beverage refrigerator is in the rear storage
room, and there is a glass display door in the direction of the business space on the lower
left side of the business space. For the snack placement area, two island-style open display
cabinets are placed in front of the middle counter, and hot food heating equipment such
as steaming machines and electric cookers are placed in the hot food area on the right.
Large-scale machine equipment such as printers and multimedia consoles are in the upper
left half of the room. Section A-A’ plane will be used to evaluate the cold feet effect resulting
from the CSS equipment that produces cold air. Then, section B-B’ plane will be used to
evaluate the temperature variation from the AC-1 and AC-2 at different heights from the
floor to the ceiling.
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3. Field Measurement

Field tests were carried out in order to offer a solid baseline for comparison and to
validate the simulation results for performance improvement and energy-saving potential
evaluation. A TSI model 8380 was used in this experiment to measure the velocity of each
air velocity at AC. Then, using a velocity matrix, determine the air supply velocity. The
TSI-8380 sensor captured the AC airflow rate with a 3 percent accuracy. The temperature
and relative humidity of a room or location have a significant impact on the things in the
room. The temperature in this convenience store is regulated between 22 ◦C and 28 ◦C,
with a 2 ◦C tolerance. The temperature and humidity levels in this convenience store were
measured with the TSI model 9565P. The power meter model is HIOKI-3169-20/21, having
an operating range of 0–600 Vrms 0.5 A–5000 A. Previous studies have looked into wearable
devices, temperature sensors, and human motion detectors combined as smart sensors to
provide smart AC control. The results reveal that interior temperature can be precisely
regulated with errors of less than 0.1 ◦C [29]. Table 1 depicts the field measuring device
used at a convenience store.

Table 1. Apparatus for the field measurement.

Apparatus Model Item Operative Range Accuracy

TSI-8380
Velocity 0.125–12.5 m/s ±3%
Pressure Diff ± 3735 pa ±2%

TSI 9565TP
Temperature −10~60 ◦C ±0.3 ◦C

Humidity 5–95% RH ±3%
HIOKI-3169 Power Meter 0–600 Vrms, 0.5–5000 A ±3%

The demand for data acquisition and electrical loading systems has become apparent
in testing power consumption energy devices. A data acquisition system instrumented
without modifying and recording airflow and rate temperature was successful in system
measurement using Power Data Acquisition System (PDAS). The Internet of Things (IoT)
sensing controller is used to measure environmental parameters such as temperature, hu-
midity, carbon dioxide, and other information that can also be obtained by communicating
with the subsystem through the 2.4 G wireless module. Due to the large amount of equip-
ment in the supermarket, according to the configuration of the on-site power distribution
board, the configuration diagram of the energy consumption monitoring and measurement
system is shown in Figure 2. Each device is connected through each multi-channel cloud
meter. The information is transmitted to the cloud monitoring transmitter, then transmitted
to the cloud database through the network. All equipment information can be displayed
on the webpage. At the same time, the loop connection is mainly based on the convenience
of construction and on-site space, which can monitor the hourly, daily, and even monthly
energy consumption of each energy equipment in the reference building to understand the
energy usage density and schedule of each equipment that can use as a reference for the
input parameters of the energy simulation model.
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4. Numerical Simulation

Computational Fluid Dynamics (CFD) is a very powerful, useful tool with flexibility,
accuracy, and breadth of application for state-of-the-art research and is efficient in para-
metric studies for airflow and temperature distribution. This study uses ANSYS Fluent
code version 2020 R2 [30] to investigate the indoor thermal environment in a convenience
store. The layout model from the AutoCAD files was used to construct a 3D model for
model establishment using SolidWorks software version 2020. The dimension of the on-site
equipment was also measured as the actual condition and place relevant equipment objects
to build the full-scale convenience store environment with a length of 15 m, a width of
9.5 m, and a height of 3.5 m, as shown in Figure 3a. The geometry simplifies the complex
and multilateral mechanical equipment into regular rectangles of the same size. Although
AC and CSS are the focuses of observation, detailed models were established, and two
open CSS were arranged according to the site. The CSS is shown in Figure 3b, according to
on-site measurements with a length of 2.8 m, a width of 0.6 m, and a height of 1.4 m.
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In this study, four different setting temperature conditions were simulated, compared,
and analyzed. The steady-state condition was used in the simulation setup with the
realizable k-ε as the turbulence model. The boundary conditions for the CFD model
were provided by the field measurement, such as air velocity from the AC system and
different setting air temperatures, which can be seen in Table 2. The heat generated by walls,
windows, and the door was assumed to be the convection heat transfer, which comes from
the ambient temperature. For the internal wall, the free stream temperature was measured
at 27 ◦C with the amount of heat transfer coefficient being 3.9 W/m2K, respectively. Based
on the simulation, basic assumptions for this study are divided into:

(1) 3 Dimensions with a coordinate system.
(2) The fluid is an incompressible flow.
(3) The inlet air velocity is evenly distributed.
(4) Not considering the buoyancy effects.
(5) Ignore viscous dissipation and radiation effects.

Table 2. Boundary conditions of the simulation.

Boundary Condition Type Value

Supply Air Velocity Inlet Velocity: 2.5 m/s
Temperature: 14 ◦C

Return Air Pressure Outlet Temperature: 22 ◦C, 24 ◦C, 26 ◦C, 28 ◦C

Wall Wall

Thermal condition: Convection
Heat transfer coefficient: 3.9 W/m2K

Free stream temperature: 27 ◦C
Wall thickness: 0.20 m

Total heat source Wall Heat flux: 150 W/m2

As shown in Figure 4a, a number of grid tests were performed in this CFD simulation
with varying temperature values within a five-point range. Temperature data can be
depicted graphically by a variety of grids, as illustrated in Figure 4b, using comprehensive
data. In addition, the relative error in the number of grids was calculated and shown in
Table 3. To solve all of the equations concurrently, the well-known finite control volume
approach using a Semi-Implicit Method for Linked Equations (SIMPLE) algorithm is used.

Since the numerical simulation method will focus on the temperature and air distri-
bution, the number of grids is critical to affecting the calculation efficiency and accuracy
for simulation. The average temperature in the convenience store is chosen to assess the
right number of grids. Five sets of the number of grids are selected for comparison to verify
the relative error (%) of the temperature under different numbers of grids. The relative
error (%) can be determined by using the Equation (1). The average temperature grid test is
shown in Table 3. The grid numbers start at 100,890 with a relative error value under 10%
for each grid. However, while the number of grids increases from 773,384 to 912,790 with
a relative error value of 2.59%, it reveals the temperature change is not so obvious. After
compromising the simulation time and accuracy, this research will adopt the grid number
of 1,124,035 for numerical simulation.

Relative Error (%) =

∣∣∣∣Current Grid Error − Previous Grid Error
Current Grid Error

∣∣∣∣ (1)
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Table 3. The relative error in the number of grids.

Number of Grids
Relative Error (%)

Point 1 Point 2 Point 3 Point 4 Point 5

100,890 Base Base Base Base Base
294,502 7.44 5.02 0.60 12.92 7.51
454,922 5.02 1.63 6.27 12.81 2.53
501,640 0.04 12.48 7.94 8.53 0.93
733,384 1.56 2.61 7.80 1.47 2.91
912,790 2.59 1.36 0.52 3.96 0.73

1,124,035 0.27 0.01 0.04 0.05 0.05
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5. Results and Discussion
5.1. Field Measurement

There is a relatively low-temperature phenomenon near the CSS. As illustrated in
Figure 5, when the setting temperature of the AC is 26 ◦C, the temperature in the center
of the middle aisle CSS is relatively low. The temperature measured from 120 cm away
from the ground has an average temperature of 21.1 ◦C. At the same time, the average
temperature is 17.6 ◦C at a distance of 80 cm from the ground. Then measured from
40 cm above the ground, the average temperature is 13.7 ◦C. This also proves that the
low-temperature air-conditioning leaking from the open display cabinet will cause cold
feet, which has a great influence on the ambient temperature.

After conducting the analysis based on energy consumption and the ambient tempera-
ture of the baseline energy usage intensity (EUI) of convenience stores could be derived
from simulation data accordingly. Figure 6. shows the energy consumption for each AC
under daily and monthly conditions. There is the highest power consumption in the daily
and monthly conditions. The line graph illustrates the amount of two kinds of AC system
locations (near the walkway and CSS) that consume power. Figure 6a shows power con-
sumption increased over the time given for AC near the walkway, while AC near the CSS
tends to be constant. It also shows that the highest daily energy consumption is around
14:00 for AC-1 near the walkway than AC-2 near the CSS, which shows stable condition.
In addition, Figure 6b shows power consumption fluctuated over a month. Concerning
the amount of power consumption used, it began at around 50 kW and then decreased at
30 kW, after which the figure fluctuated slightly until at 35 kWh for the AC-1 near the walk-
way. Likewise, approximately 20 kW power consumption of AC-2 near the CSS was used
on the first day, after which the figure fluctuated slightly and on the final day to around
13 kW. Overall results, the AC-2 which is located near the CSS presents the lower power
consumption. The CSS generates cold air, which could affect the surrounding environment
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cooler. It also affects the temperature set point in AC-2 near CSS, which often cuts in and
cuts out the power. As a result, the AC sensor/thermostat detects that the environment has
met the indoor requirements and takes action to reduce the load.
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Illustrated in Figure 7 is the amount of annual power consumption for AC. Units are
measured in kWh. It begins at more than 15,000 kWh in January and then decreases to
around 15,216 kWh. The energy consumption increased until June at around 23,055 kWh.
On the other hand, the power consumption of AC after June decreased slightly until around
15,000 kWh in December. Furthermore, the highest annual power consumption of AC was
in June with an almost increased 23,055 kWh.
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5.2. CFD Simulation

The CFD approach was applied to evaluate the thermal environment conditions under
different supply air temperatures in the convenience store. The air temperature model is
solved using the four different CFD models. It can be seen that the velocity parameters
could reach the desired temperature of 22 ◦C with a tolerance temperature of ±2 ◦C. The
results at different set temperatures field are shown in Figure 8 which is located at the
A-A’ section plane. The range temperature is from 5 ◦C to 30 ◦C. It can be found that
the upper air temperature over the air AC forms a good protective cover. So that lower
air temperature under the cover of the AC, the warm air from the warm food area at the
upper right cannot effectively reach the desired temperature. Near the open-type CSS, the
temperature increases to 22 ◦C. When the set temperature rises from 22 ◦C to 28 ◦C in the
upper left of the room, the temperature increases significantly to 25 ◦C. Although there
is a snack rack at the bottom left, allowing the leaking air of the CSS to form a backflow,
the flow field is thrust upward the rack, and mixed with the cool air blown by the air
conditioner to block the hot air in other areas. The setting is changed in the middle aisle
of the CSS. The temperature change is more obvious, mainly due to the interaction of low
air leakage from the CSS and AC, and the temperature rises from about 18 ◦C to 22 ◦C. In
the actual environment, the operation of the AC will be affected by the temperature of the
return air. After the simulation of the airflow velocity of the AC of 2.5 m/s, it is found that
the return air temperature will be lower than each set temperature, and the air conditioner
will operate at a reduced load, so this study further reduces the outlet airflow velocity of
AC-2 and observes the impact on the environment and the CSS when the airflow velocity
is lower.
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However, no matter what temperature the AC is set at, it can be found that the
environment around the CSS is in a low-temperature state. When the environment is near
the temperature set by the air conditioner, the temperature near the CSS can be lower than
other the temperature is around 3–5 ◦C, which also means that the impact of the CSS on
the surrounding environment is huge and cannot be ignored. Under the influence of this
leaked low-temperature air. The return air temperature of the adjacent AC will drop. The
sensor of the AC judges that the environment has reached the required indoor temperature
and performs the action of reducing the load. After the load is reduced, it is easy for other
hot air to intrude into the vicinity of the CSS. The cold air of the cabinet also cools the
environment, which in turn increases the load on the CSS.

The airflow temperature between AC-1 and AC-2 was evaluated at different heights
(from the floor to the ceiling) and also different temperature settings for each at 22 ◦C,
24 ◦C, 26 ◦C, and 28 ◦C, as shown in Figure 9. The different heights will produce different
temperature results. When the air velocity is 2.5 m/s, the monitoring results of AC-1 are
shown in Figure 9a. It can be found that when the set temperature is increased, the room
temperature is also increased accordingly. When the height is raised from the floor to
1.8 m, it can be found that the temperature in this state is cooler, and then as the height
rises, the temperature is also increasing. When the set temperature is 22 ◦C, the return
air temperature is about 23.5 ◦C. When the set temperature increases, the temperature
detected by the return air also increases. When the set temperature is 28 ◦C, the return air
temperature is also about 28 ◦C.

In the middle of the CSS and the monitoring line of the AC-2, the temperature is shown
in Figure 9b. It can be found that when the height is raised from the floor to about 1.8 m,
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the temperature gradually increases from low temperature. Then as the height rises, the
phenomenon of the temperature becoming warm is not obvious, which means that in this
area, there is no hot air absorbed from the outside or the air blocked by the beam backflow
and balance each other. At the height of 1.2 m, the temperature of the air conditioner is set
at 22 ◦C, while the temperature in the middle of the CSS is only about 14 ◦C. When the set
temperature is raised to 28 ◦C, the temperature is only about 19 ◦C, which is significantly
different from the operating temperature in other places. The ambient temperature in the
middle of the CSS will be significantly affected by the leakage of low-temperature cold air.

The overall temperature from the height of 0 m to 1.8 m is relatively lower than at
other heights, specifically near the AC-2, which is located in between the CSS. It revealed
that the CSS produced the cold air around 8 ◦C to 10 ◦C. The situation would make the
sensor of the AC-2 sense that the set temperature has been reached and also often occurred
cut-off. Furthermore, the cold effect from the CSS could be used to take advantage by
increasing the temperature set point of the AC-2 to produce energy-saving.
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6. Conclusions

This study takes a convenience store to conduct energy consumption measurement
and CFD simulation analysis to study the impact of the environment on the CSS. From
the energy consumption monitoring, it is found that the peak electricity consumption of
the convenience store is June with 23,055 kWh, and the lowest electricity consumption
is 15,216 kWh in February. Electricity is usually considered the most power-consuming.
The AC consumes 14.73% of electricity. In terms of the power consumption of the AC,
it was found that the power consumption of the two AC systems was uneven. Through
CFD simulation, it is found that when the environment is near the temperature set by the
AC, the temperature near the CSS can be 3–5 ◦C lower than in other places. Under the
influence of low-temperature air effects from CSS, it will further cause the temperature of
the return air of the adjacent AC drops. Therefore, the sensor of AC determines that the
environment has reached the indoor requirements and performs the action of reducing the
load. Then, it uses the low temperature from the CSS to cool the environment and increases
the CSS power consumption. After changing the AC temperature setting, it is found that
the AC cannot successfully reach the desired temperature. The air intrusion in the hot area
increases the extra load of the CSS. Furthermore, the cold feet effect of the CSS might be
exploited to its advantage by increasing the temperature set point of the AC-2 to achieve
energy savings.
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The convenience store’s average energy usage intensity (EUI) was much greater than
that of office buildings and hotels. The research related to the energy consumption in a
convenience store with a small area, but high equipment density will produce higher EUI
than other building applications. So, it is important to evaluate and maintain the condition
of the convenience store in order could achieve a lower EUI and energy-efficient concern.
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