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ABSTRACT 
 
The objective of this research is to evaluate the potential of thermal energy storage in supermarkets with 
CO2 refrigeration systems. Suitable energy storage techniques are investigated and the seasonal storage 
technology of boreholes is chosen to be the focus of the study. The calculations are done for four 
supermarket refrigeration systems with different combinations of heating systems. The two heating systems 
analyzed are the ground source heat pump and the heat recovery from the supermarket’s refrigeration 
system. The simulation results show that the introduction of thermal energy storage in the scenarios with 
ground source heat pump can reduce the annual total energy by about 6%.  Moreover, it is established that a 
supermarket system with heat recovery consumes 8% less energy than the one using ground source heat 
pump. 
 

1. INTRODUCTION 
 
The efficiency of refrigeration systems is limited by its boundary conditions. At cold season the system can 
be controlled to run at low condensing temperatures where it will have high efficiency; while during the 
warm season the system will run at high condensing temperature and relatively low efficiently. Storing 
thermal energy may help changing the boundary conditions of the refrigeration system and improve its 
efficiency. 
With a thermal energy storage, the system benefits from the high efficiency periods to charge the storage, 
which is later used during low efficiency periods to cover the cooling demand. For example, the winter 
period is utilized to run the refrigeration system with higher efficiency and charge the thermal storage with 
cooling energy, which is later used during summer, when the system efficiency is lower and the cooling 
demand is higher. Simultaneously, the thermal energy storage heats up when it is utilized during the summer 
and thus helps to cover the winter heating load more efficiently. 
Both daily and seasonal storage technologies are feasible to implement in supermarkets. Ure & Beggs 
(1997) suggested using an ice tank storage integrated with the refrigeration and the HVAC systems of the 
supermarket. The refrigeration produces ice during nighttime and this cooling energy is then used in the 
HVAC system during daytime. For further benefits, they suggest using ice slurry for storage and as a 
secondary refrigerant. 
Hägg (2005) studied the usage of ice slurry as a thermal energy storage in supermarkets. The refrigeration 
system produces the ice slurry which is used as a secondary refrigerant. The study compares the usage of ice 
slurry against other types of secondary fluids. The main benefits are further cooling provided by the ice 
slurry, thus the decrease in the power needed from the refrigeration system, the decrease in the refrigerant 
volume rate, and the decrease in the pipe dimensions. 
Raeisi, et al. (2013) studied the usage of PCM in the freezing cabinets by two methods, pouches and 
honeycomb shaped. Both methods resulted into much lower compressor cycles. The PCM pouches increased 
the energy usage by 5%, due to the additional heat resistance created by the pouches, while the honeycomb 
PCM decreased the energy usage by 2%. 
The main method of seasonal storage is the usage of borehole thermal energy storage (BTES) where the 
energy is stored in the ground. Titze, et al. (2012) designed a supermarket refrigeration system which is also 
used as a heat pump. The ground is thus cooled by the medium temperature refrigeration level during the 
winter and this stored thermal energy is used to sub-cool the condenser output during summer. The system 
provides cooling in medium and low temperatures and heating through heat recovery. The two benefits of 
using a thermal energy storage with this design is the lower expansion valve input temperature, because of 
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the sub-cooling provided by the ground during summer, and the higher heat recovery, because of the heat 
taken from the ground during winter. 
This study researches the potential of thermal energy storage in CO2 supermarket refrigeration systems, and 
theoretically evaluates its influence on the electricity needed to provide cooling and heating. 
 

2. SYSTEM DESCRIPTION 
 
The theoretical simulation needs several input parameters, among which are the cooling and heating energy 
needs of the supermarket, the design of the thermal energy storage, the design of the refrigeration system, 
and the design of the heating system. The following section discusses the key parameters for the simulation 
model. 
 
2.1. Energy Profiles 
The energy profiles include the medium temperature cooling demand, the low temperature cooling demand, 
and the heating demand during a year. They are obtained from the CyberMart software, which simulates all 
types of hourly energy demands in a supermarket, depending on the location, the size, the refrigeration 
system, and the HVAC system designs (Arias, 2005). The chosen supermarket is located in 
Stockholm/Sweden, it is a very large one with an area of 14000 m2. 
 

 
Figure 1. (a) Cooling and (b) heating load profiles of the supermarket 

 
Figure 1(a) shows the hourly cooling energy demand of the selected supermarket for both medium and low 
temperature levels as a function of the outdoor ambient temperature. The medium temperature cooling 
demand is 300 kW during winter and increases to 480 kW during summer. The low temperature cooling 
demand is rather constant around 65 kW. The points representing low cooling energy demand are caused by 
the defrosting of the supermarket at the opening and closing hours. Figure 1(b) shows the hourly heating 
energy demand of the supermarket as a function of the outdoor ambient temperature. The demand starts 
when the outdoor temperature drops below 15 °C and increases up to 700 kW during the coldest hours of 
winter. 
 
2.2. Thermal Energy Storage 
The study will be focused on seasonal storage, thus this section describes the design of borehole thermal 
energy storage, which includes the rock properties, the brine properties, and the borehole design properties. 
The simulation location is Stockholm, therefore the rock properties of Stockholm are used, with rock 
thermal conductivity of 3.1 W/m.K, rock density of 2700 kg/m3, rock specific heat capacity of 830 J/kg.K, 
and an undisturbed ground temperature of 8.6 °C (Acuña, 2010). The most common borehole brine used in 
Stockholm is the aqueous ethanol mixture, 25% by weight (Acuña, 2010), which has a freezing temperature 
of -15 °C (Melinder, 2007). 
The borehole itself is filled with water with a thermal conductivity of 0.6 W/m.K, has an active depth of 200 
m, and has a simple U-pipe, which has an outer diameter of 32 mm, a wall thickness of 3 mm, and a thermal 
conductivity of 0.42 W/m.K. The borehole has a diameter of 110 mm and a shank spacing of 70 mm; i.e. the 
distance between the centers of the pipes. 
The Earth Energy Designer software uses the above mentioned properties of the borehole to calculate the 
effective thermal resistance as 0.148 m.K/W. This resistance is defined between the brine and the borehole 
wall (Hellström, 1991). 
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Using the energy profiles described in section 2.1, Earth Energy Designer calculates the necessary number 
of boreholes to be 20. The limitation is the freezing point of the brine. 
The main variable calculated in the simulation is the brine temperature, which is given by (Eskilson, 1987): 

𝑇𝑏𝑟(𝑡) =
𝑞

4𝜋𝜆𝑟𝑜𝑐𝑘
× �𝑙𝑛 �

4𝛼𝑟𝑜𝑐𝑘𝑡
𝑟𝑏ℎ2

� − 𝛾� + 𝑞 × 𝑅𝑏ℎ + 𝑇0 (1) 

In the above equation, q is the heat extraction rate in W/h, λrock is the rock thermal conductivity in W/m.K, 
αrock is the rock thermal diffusivity in m2/s, rbh is the borehole radius in m, γ is Euler’s constant, Rbh is the 
effective borehole thermal resistance as described above, and T0 is the undisturbed ground temperature in 
°C. 
 
2.3. Refrigeration System 
In supermarkets the refrigeration system generally has two levels, medium and low temperature cooling, 
keeping chilled and frozen products respectively at around 3 °C and -18 °C. In Sweden, most current 
installations are designed with the two temperature levels in one single booster system, with CO2 as the only 
refrigerant (Sawalha, 2013). 
The low temperature level has an evaporation temperature of -30 °C. The evaporator is assumed to have an 
internal superheating of 10 K, the external superheating is 15 K. The medium temperature level evaporates 
at -10 °C with an internal superheating of 10 K and an external superheating of 10 K. The gas 
cooler/condenser has an approach temperature of 5 K between the incoming ambient air and the gas cooler 
output with a minimum condensation temperature of 10 °C and a minimum gas cooler output of 5 °C. After 
the gas cooler, the refrigerant is expanded to a level of 3 bar higher than the medium temperature 
evaporation pressure. A separator with flash gas bypass separates the liquid from the vapor, which goes 
directly to the high stage compressor, while the liquid is further expanded to the evaporation levels. In trans-
critical operation, the discharge pressure is controlled to the optimal level by (Sawalha, 2008; Liao, et al., 
2000): 

𝑃1,𝑜𝑝𝑡 = 2.7 × 𝑇𝑔𝑐,𝑒𝑥𝑖𝑡 − 6 (2) 

The pressure in the above equation is given in bar, whereas Tgc,exit is the gas cooler exit temperature in °C.  
 
2.4. Heating Systems 
In the simulations, two methods of heating are used in the supermarket. The first is a ground source heat 
pump designed specifically to cover the heating needs of the supermarket. The second relies on heat 
recovery to supply the heating demand completely from the refrigeration system. 
The first type of heating system simulated in the study is a ground source heat pump with R407C as 
refrigerant. In order to provide heating at the same temperature level as the heat recovery, the condensation 
temperature is chosen to be 40 °C. The heat pump has no sub-cooling, 5 K of internal superheating and 5 K 
of external superheating. The compressor total efficiency is assumed to be 65% while the approach 
temperature between the borehole brine and the evaporation temperature is assumed to be 10 K. In order to 
have a fair comparison, the number of boreholes and their design is the same as for the thermal energy 
storage scenarios. 
For a refrigeration system running with a refrigerant of high discharge pressure, such as CO2, the preferred 
method of heat recovery is with a simple desuperheater after the high stage compressor and before the 
condenser/gas cooler. The desuperheater provides the hot water to the supermarket by exchanging heat with 
the discharge gas. The hot water return from the supermarket to the desuperheater is assumed to be 30 °C 
and the desuperheater exit gas temperature to be 35 °C (Sawalha, 2013). 
The control strategy detailed by Sawalha (2013) is optimized to have a maximum COP in all conditions 
while recovering all the needed heat: the discharge pressure is increased just enough to recover the heat 
demand, while keeping a minimum gas cooler output temperature. When the discharge pressure reaches the 
maximum, 88.5 bar above which increasing the pressure is inefficient, the gas cooler exit is increased just 
enough to recover all needed heat, from the minimum of 5 °C up to 35 °C. No more heat can be recovered 
from the system when the discharge pressure reaches 88.5 bar and the gas cooler output temperature is 35 
°C. 
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In order to compare the efficiency of the heat recovery method to the efficiency of the heat pump, the 
heating COP of the refrigeration system with heat recovery is given by the ratio of heat demand to the power 
needed to supply the heat (Sawalha, 2013): 

𝐶𝑂𝑃1,𝐻𝑅 =
𝑄1

𝐸𝐻𝑅 − 𝐸𝐹𝐶
 (3) 

In the above equation, Q1 represents the heat demand, which is assumed to be equal to the heat recovered 
from the refrigeration system, EHR the power needed by the compressors of the refrigeration system with 
heat recovery, and EFC the power needed by the compressors of the refrigeration system on floating 
condensing mode, thus without heat recovery. The difference between EHR and EFC results into the power 
needed to supply the heat demand. 
 

3. SIMULATION CASES 
 
In this theoretical study, several case scenarios are devised to show the effect of thermal energy storage on 
the energy use of the supermarket. The cases are combinations of different heating systems and control 
strategies of the storage. Overall there are 5 scenarios, detailed below. 
The reference supermarket case, FC+HP shown in Figure 2, has separate heating and refrigeration systems. 
The refrigeration runs on floating condensing (FC) mode, while the heating is provided by a separate ground 
source heat pump (HP) connected to boreholes. 

 
Figure 2. Schematics of floating condensing and ground source heat pump (FC+HP) 

 
The second case, FC+HPC shown in Figure 3(a), connects the heat pump to the refrigeration system. The 
borehole brine, after being cooled down by the heat pump, sub-cools the gas cooler output in the 
refrigeration system. This sub-cooling is only done when the heat pump is turned on and is supplying the 
heating needs. HPC, which stands for heat pump connected to the refrigeration system, is a commercially 
applied solution. 
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Figure 3. Schematics of (a) FC+HPC and (b) FC+BTES 

In the third case, FC+BTES shown in Figure 3(b), the boreholes are performing as thermal energy storage 
(BTES). As in the previous case, when the heat pump is running, the brine, after being cooled down, sub-
cools the gas cooler output in the refrigeration system. As a modification from the previous case, the 
borehole brine continues to sub-cool the gas cooler output even when the heat pump is not turned on. As a 
result, the brine is heated up, and the heating energy stored in the boreholes is used during the heating 
season. 
The fourth case provides the heating completely by heat recovery (CHR) from the compressor discharge. It 
has no heat pump nor thermal energy storage. 
 

4. SYSTEM ANALYSIS 
 
The simulation of the 5 scenarios is carried out with the design parameters described above. The results 
include the hourly thermodynamic properties for interest points in the system cycles as well as the power 
needed to run the system and the cooling and heating COPs. Although the simulation is run over 10 years to 
take into account the temperature changes in the ground, the results shown in the following section present 
only the values of the last year. A comparison of the medium temperature level cooling COP and the total 
power needed to run the refrigeration system and the heat pump is presented. The cooling COP of the low 
temperature level follows the same pattern as the COP of the medium temperature level. Hence, the paper 
presents only the COP of the medium temperature level, hereafter referred by COP. 
 
4.1. FC+HP vs. FC+HPC 
The objective of this comparison is to show the effect of connecting the heat pump to the refrigeration 
system; however, only during winter. Figure 4(a) shows that FC+HPC has a higher COP than FC+HP below 
ambient temperatures of 15 °C. Above this temperature, the two curves overlap and show the same COP for 
both cases. The reason for this improvement is that below 15 °C there is a heat demand and the heat pump 
starts operating, which leads to sub-cooling of the gas cooler output and a better COP. The brine temperature 
in FC+HP fluctuates between -5 °C during winter and 5 °C during summer. The approach temperature 
between the brine and the refrigerant in the sub-cooler is set to be 5 K. 
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Figure 4. (a) Cooling COP and (b) Total power needed of FC+HP vs. FC+HPC 

 
The effect of the higher cooling COP can be observed in Figure 4(b), where FC+HPC uses less power to run 
the heat pump and the refrigeration system than FC+HP. Another reason for the lower total power is the 
slightly higher heating COP. As the borehole brine sub-cools the gas cooler output in the refrigeration 
system, the brine itself is heated up, which leads to a higher evaporation temperature in the heat pump and a 
higher heating COP. Overall, FC+HPC has an annual total energy usage of 1339 MWh, 2% less than 
FC+HP. The refrigeration system uses 1004 MWh/year, 1.8% less than FC+HP, and the heat pump uses 335 
MWh/year, 2.8% less than FC+HP. 
 
4.2. FC+HP vs. FC+BTES 
The objective of this comparison is to show the effect of thermal energy storage on a refrigeration system 
operating in floating condensing mode. Figure 5(a) shows that FC+BTES has always a higher cooling COP 
than FC+HP. As the ambient temperature increases, the improvement in the cooling COP gets larger. The 
reason for this is that high ambient temperatures force the condensation temperature to be higher and this has 
a negative effect on the COP. But with sub-cooling provided from the thermal energy storage, it is possible 
to lower the expansion valve inlet temperature and have a better COP. Therefore, the usage of thermal 
energy storage results into lower total power need to operate both the heat pump and the refrigeration 
system, as shown by Figure 5(b). Overall, FC+BTES has an annual total energy usage of 1281 MWh, 6.3% 
less than FC+HP. The refrigeration system uses 948 MWh/year, 7.3% less than FC+HP, and the heat pump 
uses 333 MWh/year, 3.5% less than FC+HP. 
 

 
Figure 5. (a) Cooling COP and (b) Total power needed of FC+HP vs. FC+BTES 

 
4.3. FC+HP vs. CHR 
This comparison shows the effect of having a heat recovery from the refrigeration system instead of a heat 
pump, to cover the heating demand. The cooling COP includes the total power used by the compressor. For 
CHR, the compressor of the refrigeration system is used for providing both cooling and heating by 
increasing the discharge pressure when heating is needed; therefore, the COP does not represent a fair 
comparison of efficiency between the two cases. In order to have a fair comparison, the heating COP of the 
ground source heat pump is compared to the COP of the heat recovery operation of the refrigeration system, 
introduced in eq. (3). Figure 6(a) shows that the heating COP of CHR is greater than the one of FC+HP for 
the whole heating demand range, although it has variations. The heating COP of CHR is much higher than 
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the reference case’s for low heating demand. The reason is that, as the heating demand is low, the 
refrigeration system can recover all the needed heat with a minimum increase in the discharge pressure, 
which does not require much power. As the heat demand increases, the COP has a negative slope because 
recovering more amount of heat requires much larger discharge pressure increase and therefore much larger 
compressor power. The slope of the COP becomes positive for heat demand higher than 200 kW. At this 
point, the refrigeration system starts to run in trans-critical mode and a slight increase in the discharge 
pressure, provides a much higher heat recovery. This positive slope continues until a heat demand of 380 
kW. At this point, the discharge pressure is at its maximum of 88.5 bar and is not increased anymore. 
Instead, the gas cooler runs at reduced capacity and its exit temperature increases. This results into a higher 
mass flow of refrigerant and has a negative effect on the heating COP. 
 

 
Figure 6. (a) Heating COP and (b) Total power needed of FC+HP vs. CHR 

 
Figure 6(b) compares the total power to run each case. For ambient temperatures where heating load is 
present, CHR works much more efficiently that FC+HP. For higher ambient temperatures where there is no 
heating load, both systems run on floating condensing mode and need an equal amount of power. Overall, 
CHR has an annual total energy usage of 1257 MWh, 8.1% less than the reference case. 
 

5. CONCLUSIONS 
 
The potential of thermal energy storage in CO2 supermarkets have been investigated. After presenting daily 
and seasonal energy storage technologies suitable for supermarkets, the research focused on the seasonal 
storage alternative, choosing boreholes as the solution. 
Four cases of supermarket systems have been presented for simulation. The first is the reference case, 
FC+HP, which provides the heating with a ground source heat pump, and does not have a thermal energy 
storage. The second case, FC+HPC, is based on the reference case, except the heat pump is connected to the 
refrigeration system, providing sub-cooling during the operation time of the heat pump. The third case, 
FC+BTES, is also based on the reference case, but the stored cooling energy in the ground by the heat pump 
is used to provide sub-cooling to the refrigeration system during the warm periods of the year, thus utilizing 
the boreholes as a thermal energy storage. The fourth case, CHR, provides the heating by means of heat 
recovery with a desuperheater and does not have a thermal energy storage. 
First, the simulation results show that FC+HPC, which is commercially applied, performs better than the 
reference case, FC+HP, but with a slight change in the design and the control system, it can use the 
boreholes as a thermal energy storage and perform more efficiently, as in case FC+BTES, which uses about 
4% less energy than FC+HP.  
Second, it has been proved that the supermarket systems with heat recovery, as the commercially applied 
CHR, perform more efficiently than the ones using a ground source heat pump. 
Therefore, it can be concluded that existing supermarket systems with ground source heat pump can reduce 
energy use by about 6% by making small changes in the design and the control systems, by using the 
boreholes as thermal energy storage. As for new supermarket systems, the case with heat recovery is 
recommended, CHR. If the heating demand is significantly more than what the refrigeration system can 
cover, an additional compressor can be added to take heat from the boreholes and act as a heat pump. In this 
case, the heat recovery system will be used with borehole thermal energy storage. 
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The solution with the highest energy saving is the refrigeration system with heat recovery, which has also 
less investment costs as a ground source heat pump is not used. 
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