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ABSTRACT

Display cases are widely used in supermarkets to demonstrate commercial goods for customers, like milk, frozen 
food, ice-cream, etc. There are two types of display case: open case and closed case. The goods inside display 
cases need to stay within a stable temperature range to meet the quality standards.  However, due to variety of 
faults (e.g., leaving door opening), it is hard to maintain a stable temperature. The associated energy 
consumption from display cases is extremely high due to faults. There is a need for a dynamic energy model to 
accurately predict the good temperature and energy consumption under faults. A dynamic model is developed 
based on operation data collected through field tests in a low global warming potential (GWP) refrigeration 
system, at Oak Ridge National Laboratory.

KEY WORDS: Dynamic Energy Model, Display Case, Low GWP Refrigeration, Fault model, Refrigeration 
System. 

NOMENCLATURE

   specific heat for air                           (J/kg-K)

    mass of air inside the display case   (kg)

     air temperature of display case         (°C)

 heat transfer coefficient due to thermal conduction 
between compartment internal air and ambient (W/m2-K)

  overall surface area for thermal conduction 
between internal air and ambient                (m2)

 is the ambient air temperature                (°C)

   heat transfer coefficient due to convection between 
compartment internal air and goods  (W/m2-K)

  overall surface area for thermal convection 
between compartment internal air and goods (m2)

  goods temperature                       (°C)

 heat transfer coefficient due to convection 
between compartment internal air and evaporator 
average refrigerant temperature          (W/m2-K)

 overall surface area for thermal convection 
between compartment internal air and evaporator 
surface                     (m2)

 evaporator average refrigerant temperature (°C)

 air mass flow rate for the compartment air (kg/s)

 goods specific heat                     (J/kg-K)

 mass of the goods                        (kg)

 heat transfer coefficient due to thermal convection 
between compartment internal air and infiltration air                                             
(W/m2-K)

 overall surface area for thermal convection 
between compartment internal air and infiltration air                                 
(m2)

1. INTRODUCTION

https://www.ornl.gov/group/building-equipment-research
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Based on a market report, there are about 63328 supermarkets in the United States as of 2022[1]. They use 
display cases for demonstrating goods for customer purchase. There are two types of display cases: closed 
and open. The closed display case is more for low-temperature goods. It is mainly for frozen foods. The open 
display case is for fresh goods. It is mainly for fresh vegetables. The refrigeration system is behind those 
display cases, to provide cooling. Studies show, approximately 50% of the electrical energy consumption is 
used by refrigeration systems[2] for supermarkets. 
 
Because of the extremely high demands for power, supermarkets produce a considerable amount of global 
warming potential gas emissions, such as hydrofluorocarbon emissions from leaking of vapor compression 
cycling and CO2 emissions from electricity originating from power stations [3]. With the increasing 
requirements of reducing global carbon emissions, there is a demand to increase the efficiency of 
refrigeration systems and display cases. To reduce the power demands or carbon emissions, there are 
multiple tracks: (1) Investigating CO2 refrigerants has gained more attention because it has the best global 
warming potentials compared with traditional refrigerants[4] which are hydrofluorocarbon-based chemical 
compounds. (2) Improving the efficiency of refrigeration components (e.g., compressor[5–7]  and heat 
exchanger[8–11].) by using efficient materials is another approach. There are abundant research publications 
on this aspect. (3) Optimizing system efficiency is desired with updated new refrigeration components[12–
14]. The typical manner is to couple the vapor compression cycle system and display-case model as a 
cohesive framework [15,16].
 
However, available studies on refrigeration systems assume no fault in the component or system. Many 
studies applied computational fluid dynamics (CFD) techniques to model the display case internal 
temperature and airflow distributions[17]. They assume the display case is an enclosed space without faults. 
Faults are common for refrigeration systems [18]. Faults could cause more than 100% power demands[4]. 
How quantifying the fault impacts the power demands of refrigeration systems remains a challenge. There 
are some studies on the refrigeration faults, such as over-charging or under-charging[19] for chiller systems. 
A recent study shows faults are common for commercial heat pump systems [20]. Another study 
demonstrated five fault models using a grey-box format for CO2 refrigeration systems [4] and display cases, 
focusing on the supply air temperature and power demands. However, It did not consider the heat dynamics 
inside the display case. To the best of the author's knowledge, there is no study investigating the dynamic 
physical models (white-box format) considering faults for display cases of a CO2 refrigeration system. The 
display case is the energy demand side for refrigeration systems. It moves the thermal load from the goods to 
the evaporator to be cooled, which demands power from the compressor behind. 
 
This study demonstrates the display-door-open as the fault of the closed display cases, to develop the 
dynamic energy models. The measurement data for the evaporator is used to integrate the dynamic models of 
the display case. To connect with the refrigeration cycles, a deep learning model of the compressor is used to 
predict the power under fault conditions. There are two groups of study: one group is the baseline; the other 
group is for the fault.

2. METHODOLOGY

2.1 Display Case The display case is an enclosed space to cool the goods inside. The cooling energy is from 
the upstream source, e.g., evaporator. Behind the evaporator is a vapor compression cycle system (CO2 as 
refrigerant) with the compressor, condenser, and thermal expansion valve. The refrigeration system is running 
continuously to move the heat from inside the display case to the outside environment. Fig. 1 demonstrates the 
basic internal structure of the display case. In this study we used the closed display case. This study aims to 
develop the dynamic energy models for the closed display case. 
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Fig. 1 Display Case Diagram

2.2 Display Case Baseline Model The baseline model is the situation without faults involved. The purpose 
of the baseline model is to compare against the fault model. The equations are based on the balance of mass and 
energy, through the lumped parameter manner of using Resistance-and-Capacitance (RC). It is similar to the 
building/zone thermal model, in which the details are available in the two studies [21,22]. The energy transfer 
happens among the compartment air temperature (display case internal air temperature), goods temperature, 
ambient temperature, and evaporator coil surface temperature, due to the temperature difference. Other heat 
transfer items are ignored in this study (e.g., thermal radiation). In Fig. 2Fig. 1, the black arrow indicates the 
heat flux direction is going from high temperature to lower temperature. 

Fig. 2 Display Case Baseline Model

The equations describing the heat transfer are as below:
         (1)

                                                               (2)

                                                                         (3)
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In above equations, the compartment air temperature  and  are the unknown variables need to be 
solved from the ODE equations.   and  are obtained from the measurement. All other variables are 
obtained through literatures[4,15,16,23–26]. 

2.3 Display Case Fault Model This fault is defined as any behavior or occurrence causing the system or 
component away from normal operations. Display door open is a common fault. When the display door is open, 
the ambient air around the display case will be sucked into the compartment for cooling cycles. This is the 
infiltration, which has higher temperature than the compartment temperature. This leads to higher thermal load 
which the evaporator coil must move away through heat transfer. Because there is temperature control loop 
involved to maintain the compartment temperature at certain setpoint. This causes higher compartment 
temperature which might compromise the quality of goods. The compressor might work at higher/full capacity 
to meet the thermal load. The demonstration is given in Fig. 3. 

Fig. 3 Display Case Fault Model (Display Case Door Open)

The fault is modeled as the heat convection between the infiltration air and compartment air. The equation 
describes this fault is shown as below:

                 (4)

2.4 Data Collection The experiment runs were conducted in the lab environment. The details of the data 
collection of CO2 refrigeration can be found in the previous studies [27,28].

2.5 Solver The model contains a set of ordinary differential equations (ODE). The DOE solver is from Scipy in 
Python platform[29]. 

2.6 Compressor Model We applied the deep learning model to predict the power demands of the 
compressor. The dynamic energy model of the display case serves as a component to calculate the goods 
temperature and compartment air temperature, which are inputs to the compressor power calculations. Fig. 4 
shows the flowchart of dynamic energy models and compressors with major impacting input parameters and 
output parameters. The input parameters are: compartment temperature ( ), ambient air temperature ( ), 

outdoor air temperature (Toa), evaporator average temperature ( ), goods’ temperature ( ). The 
output parameter is the power consumption. The deep learning model is based on the PyTorch [30] platform. 
The dataset is divided into 80% for the training dataset and 20% for the testing data. More details are 
available in an on-going work for a journal publication. 
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Fig. 4 Compressor Model (Deep Learning)

3. RESULTS AND DISCUSSION

3.1 Goods and Compartment Temperature Under Steady Operations(Ideal) For steady 
operations in ideal conditions, the initial conditions are  = -5 °C and =15 °C . Fig. 5 demonstrates the 
goods and compartment temperature under steady operations. The steady operations mean the evaporator 
average temperature ( ), and ambient temperature ( ), are constant, which is ideal conditions. The purpose 
is to show how the goods and compartment temperature change under such ideal conditions. Baseline means 
the display case is closed without infiltration from the ambient. Fault means the display case with door 
partially open. The red line is the goods temperature of the baseline. The blue line is the compartment 
temperature of the baseline. The black dot line is the goods’ temperature under fault. The green dot line is 
the compartment temperature under fault. Those four lines are denoting the calculated values from the 
dynamic models. From the Fig. 5, we can see two interesting patterns: 

(a) Baseline scenario: baseline scenario achieves a target temperature (-5 °C) of around 200 seconds. The 
compartment temperature rises rapidly due to the high initial temperature of goods (15 °C). It rises to the 
peak value of about 10 °C, and then decreases slowly to the target temperature (-5 °C). This is 
reasonable because compartment air has smaller thermal capacitance and faster response to the thermal 
load. Goods temperature has a slower trend compared with compartment temperature due to the higher 
thermal capacitance. Eventually, the goods temperature also achieves the target temperature. 

(b) Fault scenario: Patterns in this scenario are like those in the baseline case. Because of the fault, the 
compartment temperature and goods temperature achieve the ultimate temperature of around -3 °C. It did 
not achieve the target temperature of -5 °C. This is because the display door opens too much, which is 
beyond the maximum cooling capacity of the compressor. 
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Fig. 5 Temperature Under Steady Operations (Ideal)

3.2 Goods and Compartment Temperature Under Dynamic Operations (Baseline, Field Data) 
Actual operations of refrigeration systems are dynamically changing. In this scenario, we plug in the 
dynamic values of   and , into the above equations to solve for the goods temperature and compartment 
temperature. The solved values are compared against the measurement goods’ temperature and compartment 
temperature (Fig. 6). The red line is the goods’ temperature with the baseline scenario from the dynamic 
model. The blue line is the compartment temperature with the baseline from the dynamic model. The black 
dot line is the measured goods’ temperature under fault. The green dot line is the measured compartment 
temperature under fault. The root-mean-squared error (RMSE) for air temperature is 0.39°C. The RMSE for 
goods temperature is 6.19°C. Fig. 7 shows the input variables (ambient temperature and evaporator surface 
average temperature) to the dynamic models, using the measurement field data. 
We can see three major patterns: 
(a) Measurements: We can see the measurement has periodic changes, with drastic dynamics. The goods 
temperature follows along the compartment temperature. The ambient air temperature has drastic changes. 
The evaporator surface average temperature has periodic cycles. 
(b) Model: Similar patterns are observed from the dynamic models for the goods’ temperature and 
compartment temperature. 
(c) The goods’ temperatures are close between the measurement and model results. The compartment 
temperature has some discrepancies at some time steps. This indicates there is a need to consider more 
disturbances in the model (e.g. internal lighting). 
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Fig. 6 Temperature Under Dynamic Operations Without Fault 

 
Fig. 7 Input Variables Under Dynamic Operations Without Fault (Field Data)

3.3 Goods and Compartment Temperature Under Dynamic Operations (Under fault, Field 
Data) The initial conditions are = -18°C and = -18°C . Similarly, we plug in the dynamic values of   
and , into the above equations to solve for the goods temperature and compartment temperature, under 
fault scenarios. The solved values are compared against the measurement goods temperature and 
compartment temperature (Fig. 8). The red line is the goods temperature with fault scenario from the 
dynamic model. The blue line is the compartment temperature with the fault from the dynamic model. The 
black dot line is the measured goods temperature under fault. The green dot line is the measured 
compartment temperature under fault. The root-mean-squared-error (RMSE) for air temperature is 3.24°C. 
The RMSE for goods temperature is 2.51°C. Fig. 9 shows the input variables (ambient temperature and 
evaporator surface average temperature) into the dynamic energy model, from the field test data.
We can see three major patterns: 
(a) Measurements: The compartment and goods temperature are progressing higher and higher with each 
cooling cycle, from -18 °C to 15 °C within about 4500 seconds. Each cycle takes about 500 seconds. The 
goods’ temperature follows along with the compartment temperature. The cycle patterns are mainly due to 
the dynamic ambient air temperature. The upward pattern is due to the increasing evaporator surface average 
temperature. 
(b) Model: modeling results captures the same major patterns as in measurements.  
(c) The measurement and model results have a good agreement for the goods’ temperature. The compartment 
temperature still has a bias. This indicates the modeling need to include more terms, such as thermal 
radiation, internal lighting, etc.
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Fig. 8 Temperature Under Dynamic Operations with Fault 

 
Fig. 9 Input Variables Under Dynamic Operations With Fault (Field Data)

3.4 Power Predictions The Fig. 10 demonstrated the power demands between measurement and 
model under selected fault conditions. The Red line denotes the model predictions and the blue line is for 
the measurement. The prediction shows good agreement (RMSE=0.018).
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Fig. 10 Power Prediction

4. CONCLUSIONS

This study proposed a dynamic model for the display case for energy prediction purposes. The model 
demonstrated good agreement between the measurement data and prediction results. (1) For ideal scenarios, 
under steady operations, the fault strongly impacts the good's temperature and compartment temperature. (2) 
For actual dynamic operations, the proposed dynamic model can predict the goods' temperature and 
compartment temperature, with a good agreement through using baseline data and fault data.
 
There are a couple of items need to be considered in the future work:
(a)  Developing the dynamic models with other faults for vapor compressor cycles
(b) Integrating the vapor cycle model with the display case dynamic models, for further study
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