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Abstract 

 

The aim of this study is to investigate the potential of CO2 trans-critical booster refrigeration system 

integrated with geothermal storage to provide the cooling and the heating demands with high energy 

efficiency. During summer season, heat is rejected from the CO2 refrigeration system, increasing the amount 

of sub-cooling and storing this heat into the ground. During winter season, the heat stored in the ground is 

extracted and used as heat source to provide the heating requirements of the supermarket.  

Using field measurements data from medium size supermarkets in Sweden, existing solutions for integrated 

geothermal storage in a CO2 refrigeration system as well as proposal solution are modelled and compared 

with stand-alone CO2 trans-critical booster system. The techno-economical comparative analysis shows 

that hybrid CO2 trans-critical booster system with GSHP as an integrated geothermal solution has 6% lower 

annual energy use than a stand-alone CO2 system with heat recovery solution for refrigeration and heating 

in North of Europe. 

In addition to the computer simulations, field measurements monitoring of ten medium size supermarkets 

with integrated geothermal storage have been studied. Measurement system proposal guide is done to fulfill 

a proper energy analysis of the supermarket installation with the integrated solution. Evaluation of the 

missing measurements is done for the available supermarkets. One important conclusion of this part is that 

none of the supermarkets analyzed has enough measurement to realize a proper and comprehensive energy 

analysis 
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1 INTRODUCTION 

 Background 

Supermarkets are energy intensive buildings, which consume 3-4 % of the annual electricity production in 

developed countries (Karampour, et al., 2016). Most of this consumption comes from the refrigeration 

system, which must overcome the cooling loads of the fridges and freezers. However, the heating demand 

on the building is also important, especially in cold climates countries. Refrigeration systems do reject high 

heating capacity to the ambient, which could be recovered to overcome the requirements of the building. 

On the other hand, CO2 as natural and environmentally friendly refrigerant has particular characteristics in 

trans-critical conditions, which enables a considerable amount of heat energy to be recovered from the 

refrigeration system. For this reason, different solutions of CO2 refrigeration systems with heat recovery 

have been developed during the last years.  

In 1994, (Zubair , 1994) reintroduced the use of mechanical sub-cooling systems. Recently, this idea  has 

been studied for supermarket refrigeration systems integrating geothermal energy storage with a different 

concept. Increase the amount of sub-cooling in CO2 systems, increase the energy efficiency of the 

installation. Following this idea of mechanical sub-cooling, ground source is used as heat sink during 

summer time to reject the sub-cooling heat into it. Moreover, when heat recovery mode is activated, this 

heat is extracted from the ground to CO2 system increasing the heating capacity. Despite the number of 

CO2 systems with integrating geothermal storage installations in supermarkets, detailed analysis of their 

performance is needed where potential improvements in the system can be investigated.  

 Aim of the Study  

The aim of this study is to investigate the potential of integrated CO2 trans-critical booster refrigeration 

system with geothermal storage to provide the cooling and the heating demand with high energy efficiency.  

The objectives proposed for this study are: 

• Realize a literature review to visualize the potential of sub-cooling in CO2 refrigeration systems and 

similar solutions for integrated geothermal storage. 
 

• Investigate the current integrated geothermal solutions in the available supermarkets and proposed 

improvements or new system solutions. 
 

• The control strategies should be analyzed theoretically and compared with the experimental 

systems. 
 

• Modelling and performance analysis of different system solutions to overcome the cooling and 

heating demand of medium size supermarkets.  
 

• The geothermal storage, control and sizing should be evaluated. Ground heat exchanger should be 

designed and integrated in the refrigeration models.  
 

• Economic analysis of the different integrated geothermal solutions should be done in order to select 

the proper solution from a techno-economical point of view. 
 

• Develop a monitoring system guide to indicate the necessary measurements to realize an energy 

analysis of CO2 refrigeration systems with integrated geothermal storage.  
 

• Lack measurements evaluation of the available supermarkets with the integration solution to 

illustrate the existing situation of system acquisition data in supermarkets with this integrated 

solution.  
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 Methodology 

Firstly, online platform IWMAC is used to view the current solutions for integrating geothermal storage in 

CO2 refrigeration system in medium size supermarkets in Sweden. Moreover, alternative system hybrid 

solution of CO2 refrigeration system with ground source heat pump is propoused.  

After that, seven system solution to overcome the cooling and heating demand for medium size 

supermarkets are modelled in EES software. From field measurements, cooling demand and temperature 

supply profile of hot water for space heating are implemented in all the EES models. The heating demand 

implemented in the models are calculated for medium size supermarkets using the software CyberSmart.  

At the same time, ground heat exchangers are designed using the software EED. This software provides 

the mean temperatures of the heat-carried geothermal fluid. Several iterations are needed between EES 

model and EED heat exchanger models to achieve a convergence point in the thermal capacities of the 

geothermal sub-cooler and the GSHP heating capacity, as shown Figure 1. After that convergence, EES 

models calculated the power consumption and coefficients of performance for the different system 

solutions.  

The next step is calculated the Seasonal and annual Energy Efficiency Ratios (SEERs) and the Annual 

energy use (AEU). In order to calculated these energy indicators, power consumption from EES model is 

used in an Excel data processing with the Stockholm BIN hours. After that data processing, SEERs and 

AEU are available to realise the technical analysis of the different system solution for medium size 

supermarkets.  

Annual energy use is integrated in an Excel economical data processing with the investment cost of the 

installations, the market interest rate and the electricity price as input parameters. After that point, Net 

Present Value, payback period, Internal Rate of Return and justified extra investment cost are estimated as 

economic parameters in order to realise a proper economic analysis. After that, tecno-economical system 

solutions can be selected.  

 

 

Figure 1: Methodology Block Diagram 
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 Limitations 

There are some limitations regarding field measurements data. None of the supermarkets has enough 

measurements and assumptions is needed to realise a proper modelling analysis. Data measured in 

supermarkets are not synchronized. Due to this fact, a Python code is used to have all the data synchronized 

every 10 minutes. Lack of recorded data makes it impossible to realise field measurements analysis with the 

accuracy as we would like.    

Furthermore, EED software provides one value as the mean heat-carried geothermal fluid at the end of 

every month. More values with smaller resolutions, for example hourly, are needed in order to realise a data 

parametrisation, changing the dependency of these values from monthly to hourly ambient temperatures 

with higher accuracy.  
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2 REFRIGERATION SYSTEMS IN SUPERMARKETS 

 

 Carbon Dioxide (CO2) as Refrigerant 

Carbon dioxide (CO2) has been used as a refrigerant since the beginning of industrial refrigeration until the 

1930’s and 1940’s when the synthetic refrigerants appeared. These new refrigerants, known as CFCs and 

HCFCs, have a higher critical point and lower operation pressure than CO2, which can operate at higher 

ambient temperature without suffered loss in cooling capacity. These advantages together with the fact that 

the available technology at that time could not provide the tools to harness the high working pressure of 

CO2, caused the gradual replacement of carbon dioxide. During many decades, synthetic refrigerants were 

used for their safety and durability.  

In 1989, Professor Gustav Lorentzen proposed a solution for mobile air conditioning application, where 

CO2 cycle could be operated in trans-critical region using a throttling valve, which can control the high 

pressure (Lorentzen, 1990). This suggestion revived the interest in CO2 as a refrigerant and revealed new 

horizons to the industrial refrigeration. Afterwards, depletion of protective ozone catalysed Montreal 

Protocol (UNEP, 2007; United Nations, 1987), which forced the abandonment of ozone-depleting 

substances (ODSs).  Fluorochemicals (CFCs) and hydrochlorofluorocarbons (HCFCs) were phased out 

gradually, and the interest for natural refrigerants was again renewed. Following the successful response to 

the depletion of the ozone layer, the deteriorating situation with climate change become relevant. Due to 

this fact, European Commission intention is to limit the amount of fluorinated greenhouse gases emitted to 

the atmosphere by Regulation on the use of F-gases (Regulation (EU) No 517/2014, 2014). This Regulation 

ban the use of any refrigerant with global warming potential (GWP) higher than 150 for centralised 

refrigeration systems in supermarkets larger than 40 kW from January 2022 (Karampour, et al., 2016). From 

this point, CO2 is considered as one of the most attractive alternatives to solve these environmental 

problems, since it has zero potential for ozone depletion and a very low global warming potential. Thanks 

to the suggestions of the Professor Lorentzen (Lorentzen, 1994), running refrigeration systems in trans-

critical region could not only give beneficial COP, but also provide to CO2 refrigeration systems with a 

unique heat recovery capacity, very useful to overcome heating and cooling demands of the supermarkets. 

 

 Discussion on CO2 Properties 

The most important characteristic that distinguishes CO2 from other refrigerants is its critical point with a 

relatively low temperature of 31.06 °C and high pressure of 73.8 bars, as shown Figure 2. The triple point 

is at -56.6°C and 5.2 bars, which means that CO2 refrigeration cycle will always be running with higher 

pressure, because below the triple point, CO2 will become solid (Danfoss , 2008). In the sub-critical region, 

which is the zone between the triple point and the critical point, the pressure and temperature are dependent 

on each other, but in the trans-critical region, which is the zone above the critical point, this relationship 

does not apply. At temperatures and pressures higher than those at the critical point, no clear distinction 

can be drawn between liquid and vapour. This state is referred to as supercritical fluid. 

High working pressure of CO2 refrigeration systems has two significant thermos-physical advantages such 

as great value for volumetric refrigerating effect compared to other refrigerants, which means that for a 

given cooling capacity smaller refrigerant vapour volume flow rate is needed and high vapour density.  

Compared with other refrigerants with similar latent heat of vaporisation/condensation, higher volumetric 

refrigerating effect is achieved.  Moreover, high operation pressure causes low-pressure drop, which means 

that smaller components could be used in the refrigeration system. All these advantages front other 

refrigerants make it possible to design smaller size and more compact systems (Sawalha, 2008).  

 



5 
 

 

Figure 2: Phase Diagram of CO2 (Danfoss , 2008) 

In sub-critical region, CO2 as a relatively high thermal conductivity for liquid and gas and a high specific 

heat compared with other refrigerants. Moreover, the liquid to vapour density ratio for CO2 is lower than 

other refrigerants, which make a more homogenous flow. Another important characteristic in this region is 

the low surface tension, which facilitates the boiling refrigerant.  

Otherwise, in above the critical point, the flow is in a single phase with high density, with is a positive 

characteristic that permits the use of small components. Heat rejection in this region is achieved at a constant 

pressure where CO2 properties such as density, specific heat and Prandtl number change with temperature 

(Sawalha, 2008).  

Running CO2 cycle in trans-critical conditions causes that the discharge temperature of the compressors 

increase and with it the heating capacity, which can be recovered for different applications such as space 

heating and provide hot tap water. An excellent system gas cooler pressure control is essential to take 

advantage of this benefit that CO2 provides. Therefore, many investigations are carried out to find an 

optimal control of this pressure in order to run the system under optimum conditions and obtain the highest 

COP. 

 Refrigeration Systems in Supermarkets 

There is two main temperature level in supermarkets: medium temperature (MT) for the conservation of 

chilled food and low-temperature level (LT) for frozen products. In the cabinets, the chilled food is kept 

between 1ºC and 14ºC, while frozen products are maintaining at -12ºC to -18ºC, depending on the food 

safety regulations of the country (Karampour, et al., 2016). In order to maintain the products at this 

temperature, the evaporation temperature range for newer CO2 systems is around -7ºC for the MT level and 

around -31.5ºC for the LT level according to (Sawalha, et al., 2017).   

  

2.3.1 Conventional Indirect System 

After the most traditional direct refrigeration systems, indirect systems were the next generation of 

supermarkets refrigeration systems. The main aim was decreasing the refrigerant charge and minimise the 

potential refrigerant leaks. In this system, one secondary fluid is used to transport the heat rejected from the 

condensers to the dry cooler on the roof. The low temperature (LT) level has a direct expansion system 

while the medium temperature (MT) level has an indirect system with a secondary fluid loop, which 

conducted the heat from the cabinets to the direct expansion MT units as shows Figure 3. Low-temperature 

loop is sub-cooled by MT secondary fluid, in order to improve its poor efficiency, which is due to the high 

working pressure of low-temperature compressors Secondary fluids as glycols and alcohols are the most 

commonly used. 
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Figure 3: HFC Indirect System Solution 

 

2.3.2 CO2 Indirect System 

The first use of CO2 in supermarkets was a secondary fluid because of it has higher specific heat and lower viscosity than conventional secondary 
fluids. This makes the pumping power rather lower and less corrosion than in the conventional indirect systems. The main use of CO2 indirect 

systems has been in LT circuits, as shown  

Figure 4, where the operating conditions are further away from the critical point, the low working pressure 

and suitable components were rather available after the revival of CO2 (Lorentzen, 1994).  

 

 

Figure 4: CO2 Indirect System Solution 
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2.3.3 Cascade System 

The next generation of CO2 systems were cascade systems, which consisted of two separate refrigeration 

cycles connected to each other by a heat exchanger. CO2 is used in MT and/or LT levels but the absorber 

heat is rejected to the other cycle with different refrigerants, which may have environmental/safety problems 

when used in the supermarkets. These include HFCs, hydrocarbons or ammonia as shows the Figure 5. 

This intermediate heat exchanger, which suppose an “extra” heat exchanger, should be expensive in order 

to reduce the decreasing energy efficiency as much as possible. Nevertheless, this system can be a good 

solution for warm climates, because CO2 in the lower stage for ML and LT refrigeration levels never 

operates in trans-critical pressure achieving good performance of the entire system.  

 

 

Figure 5: Ammonia - CO2 Cascade Solution 

 

2.3.4 Trans-critical Booster System 

The ultimate CO2 refrigeration systems are the CO2 trans-critical booster system. This system is the unique 

solution which use carbon dioxide (CO2) as the only working fluid to provide cooling in MT cabinets and 

LT freezers. Is considered as one of the ultimate developments using eco-friendly refrigerants in Europe 

supermarkets. In order to improve the efficiency, the throttling losses have to be reduced. This reduction 

can be obtained introducing a mid-pressure receiver which works as a separator between the liquid and the 

vapour phase, as shown Figure 6. The refrigerant is expanded after the condenser/gas cooler to an 

intermediate pressure slightly higher than the medium temperature pressure (Sawhalha, 2013). The flash gas 

in the receiver is expanded before the high-stage compressor increasing the cooling capacity because the 

fraction of CO2 entering the evaporator has a lower quality than it has without the use of flash tank. 

Therefore, less vapour is entering to the evaporators, improving the performance of the system (Chesi, et 

al., 2014).  

This system has been improved by installing a heat recovery from the de-superheater, where the discharge 

pressure is controlled according to the heat requirements in the supermarket having high discharge pressure 

when heat is needed and keeping the discharge pressure as low as possible following the ambient 

temperature (floating condensing) when there are no heating requirements (Sawhalha, 2013).    
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Figure 6: CO2 Booster Solution 

At present, there are some innovative solutions installed in supermarkets to improve the performance of 

the standard CO2 trans-critical booster system. On the one hand, the main idea of parallel compression is 

reduced the throttling losses in a similar way of the standard CO2 trans-critical booster, removing the flash 

gas from the fluid using an auxiliary compressor as shown Figure 7. Compressing the vapour from the flash 

gas to the high-pressure side allows to compress it with a lower compression ratio and prevents the vapour 

from entering the evaporators increasing the cooling capacity (Karampour & Sawalha, 2015) (Chesi, et al., 

2014) 

On the other hand, the combination of CO2 trans-critical booster with geothermal storage provides to the 

refrigeration system the capacity to increase the sub-cooling with high ambient temperatures, extracting heat 

before the expansion valve and stored it in the ground by boreholes. With low ambient temperatures, this 

storage heat could be extracted from the ground and injected back into the refrigeration system in order to 

increase the reject heating capacity and therefore the amount of recovered heat by de-superheater, presented 

in Figure 8. These two improvements need to be investigated to find out if they provide an improvement 

in the performance of the entire refrigeration system. 
 

 

Figure 7: CO2 Booster Solution with Parallel Compression and 
Geothermal Sorage 

 

 

Figure 8: CO2 Booster Solution with Geothermal Storage 
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 Energy Usage in Supermarkets 

Refrigeration and the cold-chain consumed 15% of the worldwide electricity, which suppose approximately 

1% of CO2 emissions in the world (Mota-Babiloni , et al., 2015) and approximately 3% of the annual 

electricity production in Sweden is consumed by supermarkets (Karampour, et al., 2016). These indicators 

show that supermarkets are energy intensive buildings where the average annual specific energy 

consumption in supermarkets is about 366 kWh/m2 (ICA, 2016), which is higher respect another type of 

commercial buildings that the average is less than 265 kWh/m2 (Energimydegheten, 2010). 

The main energy usage for a typical supermarket in Sweden is refrigeration equipment with 30-50% of the 

total electricity consumption, 29% for lighting and 13% for HVAC (Arias, 2005). Refrigeration equipment 

and HVAC together suppose more than half of the total electricity consumption of the supermarket, which 

means that small improvements in the performance of these two systems provide huge energy savings. Due 

to this fact, refrigeration solutions which provide cooling, as well as heating, are investigated in order to 

reduce the electricity consumption of supermarkets. 

 

Figure 9: Breakdown of Energy Usage in a Supermarket in Sweden (Arias,2005) 

 Geothermal Energy Storage 

A novel CO2 refrigeration solution with integrated geothermal storage is beginning to use in supermarkets 

applications. This new solution improves the performance of the whole system providing sub-cooling in 

warm ambient temperatures and as a heat source in cold ambient temperatures. When sub-cooling is 

required, the heat extracted from the CO2 system is stored in the ground, which is used as a heat source to 

provide heat to the building, having better performance for heat recovery than a CO2 booster without 

integrated geothermal storage.  

This section describes the main ground, Secondary working fluid properties and borehole characteristics, 

which will use in later sections to make the borehole design of some of the models, which requires a ground 

source.  

2.5.1 Ground and Heat-carrier Fluid Properties 

Modelling simulations have been done in Stockholm, therefore the ground properties used for the borehole 

design are rock thermal conductivity of 3.1 W/m·K, volumetric heat capacity 2.16 MJ/m3·K and ground 

surface temperature 6.6 ºC (Acuña, 2013) 

An aqueous ethanol solution of 16% weight concentration is used has heat-carrier fluid for ground source 

heat pumps, which has a freezing temperature of -10 ºC (Melinder, 2007). The flow rate is 1,87 m3/h (0.5 

l/s), which is constant during all the operation time (Acuña, 2013). 
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2.5.2 Borehole Characteristics  

Groundwater-filled boreholes are the most common in Stockholm, where the groundwater level is 5.5 m 

below surface and has a thermal conductivity of 0.6 W/m. Based on field measurements, it is used 220 m 

depth for the boreholes with 8 m spacing between them. Simple U-pipe PE 80 is used, which has an outer 

diameter of 40 mm, the wall thickness of 2.4 mm and thermal conductivity of 0.42 W/m·K. The borehole 

diameter is 140 mm with shank spacing of 75 mm as Figure 10 shows.  
 

 

Figure 10: Borehole Cross Section View 

 Integrated Geothermal Solutions 

On the one hand, has been shown that CO2 systems with heat recovery in supermarkets can cover 

completely the heating requirements of the building consuming less energy than conventional indirect 

refrigeration systems. Moreover, using CO2 as refrigerant gives more flexibility to refrigeration system 

owing to the capacity to work in sub-critical or trans-critical conditions. All these improvements make that 

supermarkets install more and more CO2 refrigeration systems with heat recovery.   

On the other hand, (Sawhalha, 2013) shows that sub-cooling in CO2 refrigeration systems increase the 

performance in determinate operation conditions. However, the amount of sub-cooling is limited for the 

ambient temperature because, in this operation conditions, fans are running full capacity providing the 

maximum amount of sub-cooling restricted by this ambient temperature. In order to improve the 

performance of the system, new solutions for CO2 refrigeration are investigated.  Integrated Geothermal 

with this CO2 systems can improve the performance, using the ground as a source to provide more sub-

cooling than the existing systems and stored this heat extracted from the CO2 system in the ground in order 

to use it has heat source when it is required.  

Some supermarkets in Sweden are installed integrated geothermal with CO2 refrigeration systems but is not 

known how well are running and what solution for this new configuration achieve the highest performance. 

In the following sections, different integrated geothermal solutions are expressed.  

2.6.1 Integrated Geothermal Sub-cooler 

Increasing the amount of sub-cooling is one of the main parameters to achieve higher system performance. 

Due to this fact, sub cooler is installed after the gas cooler as Figure 11 shows, achieving lower temperatures 

before the expansion valve. In summer, when the ambient temperature is above 10 ºC, geothermal sub 

cooler is activated to increase the amount of sub-cooling available in the system using the ground as a source. 

The main advantage of using this solution is that the ground in summer has lower temperatures than the 

ambient temperature making possible the increase of sub-cooling in the refrigeration system.  
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Figure 11: Integrated Geothermal Sub-cooler Solution 

 

2.6.2 Integrated Geothermal Sub-cooler and Heat Extractor  

Several supermarkets in Sweden are installed this sub cooler with direct heat extractor in order to store heat 

from the sub-cooler in the summer period and injecting to CO2 refrigeration system in winter having 

theoretically more heat recovery. (Polzot, et al., 2017) suggest that using air cooler “load evaporator” in low 

refrigeration duty could be a solution when the recovery system is not sufficient to meet the heating demand 

of the building. Therefore, it is not known if this new evaporator provides or not performance 

improvements to the system. Direct heat extractor is a heat exchanger which function as geothermal “load 

evaporator” taking saturated liquid from the receiver and delivering overheated vapour at the high stage 

suction line. Figure 12 shown the system diagram of geothermal sub-cooler and direct geothermal heat 

extractor.  

 

Figure 12: Integrated Geothermal Sub-cooler with Direct Heat Extractor Solution 
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2.6.3 Hybrid System CO2 Booster Heat Recovery with GSHP 

This hybrid solution between CO2 Refrigeration heat recovery system with ground source heat pump 

(GSHP) working together with an appropriated control system. In summer, geothermal sub-cooler extract 

heat from the CO2 system and injecting to the ground, which makes increase the ground temperature as 

shown Figure 13. In winter, the stored heat is used by ground source heat pump to provide the heating 

requirements of the building until the ground temperature falls into a certain level when GSHP is switched 

off. After that, heat recovery from the CO2 refrigeration system is activated in order to cover the heating 

of the building. This hybrid solution can increase the amount of sub-cooling in summer as well as decrease 

the energy consumption in winter because of the use of geothermal seasonal energy storage. This innovation 

solution has greater potential, but research is needed to prove it.   

 

Figure 13: Hybrid CO2 Refrigeration System with GSHP Solution 
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3 COMPUTER SIMULATION  

 Systems Description  

All these systems are possible solutions for overcoming the main requirements in a supermarket, which are 

supplies cooling in the medium temperature (MT) cabinets and low temperature (LT) freezers as well as 

provide the heating requirements of the building. The first four solutions have already been investigated, 

but no study has been found on CO2 booster systems with integrated geothermal. 

Air temperature inside the cabinets and freezers is kept below +3ºC and 18ºC in order to preserve the quality 

chilled and frozen food products. The evaporation temperature in medium temperature level and low-

temperature level are assumed to be -8ºC and -32 ºC. These assumptions are based on field measurements 

of five supermarkets (Cottineau, 2010). 

The cooling demand at medium temperature (MT) level is dependent on the ambient temperature. It is 

assumed to remain constant at 100 kW for ambient temperatures below 10ºC. From 10ºC to 30ºC, the 

cooling demand increases linearly from 100 kW to 180kW, based on field measurements analysis of several 

medium size supermarkets in Sweden. Lack of glass lids in the cabinets is the main reason that cooling 

demand at medium temperature (MT) follows the ambient temperature. Field measurements show that low 

temperature (LT) remains almost constant through the entire year because the freezers are usually covered 

by glass doors (Karampour, et al., 2013). For the LT cooling demand is assumed 50 kW for the whole year.  

The heating demand for a medium size supermarket in Sweden is obtained by the program CyberMart 

(Arias, 2005). When the ambient temperature is above 10ºC, is necessary start supplying heat for space 

heating, which is the main heating demand in supermarkets. It is estimated that at ambient temperature of 

10ºC, the heating demand is 40 kW and it increases linearly to 190 kW at -20ºC.  

 

Figure 14: Medium Size Supermarket Refrigeration and Heating Demand 

Moreover, the heat distribution systems should provide the supply temperature in accordance with the 

heating requirements. For days with low ambient temperatures, a high delivered temperature will have to be 

furnished in order to heat the supermarket building properly. The heating demand decrease with the ambient 

temperature; therefore, lower delivered temperatures will have to be furnished in order to overcome the 

heating requirements of the building. Based on field measurements it is assumed that the supply temperature 

at ambient temperature of -18ºC is 45ºC and decrease linearly to 35ºC at 5ºC (Karampour & Sawalha, 2016). 

The return temperature is calculated based on the Equation (1), water pump speed is kept constant for other 

ambient temperature and variable heating demand that was explained after. The constant water mass flow 

is 3.11 kg/s, which is calculated assuming at 5ºC a temperature difference of 5K between the supply and 

return temperature (Granryd, 2005) and a heating demand of 65 kW. 

�̇�𝐻𝑒𝑎𝑡𝑖𝑛𝑔𝐷𝑒𝑚𝑎𝑛𝑑 = �̇�𝑤 · 𝐶𝑝 · (𝑇𝑤,𝑆𝑢𝑝 − 𝑇𝑤,𝑅𝑒𝑡) ( 1 ) 
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3.1.1 Conventional Indirect System with ASHP 

The system is referred to as S1. In this system, the conventional indirect system provides the cooling demand 

at medium temperature (MT) and low temperature (LT) levels and air source heat pump (ASHP) overcome 

the heating demand of the building, as shown in Figure 15. 

The conventional indirect system uses R404A as a refrigerant and the temperature difference approach in 

the heat exchangers is assumed of 10 K. The evaporators are assumed to have an internal superheat of 10 

K. Condensing temperature is 5K higher than the ambient temperature with a minimum condensing 

temperature of 10ºC. It is supposed constant compressors efficiency of 0.65. Fans consumptions are 

supposed 3% of the total heat rejected through the condenser. According to (Sawalha, et al., 2017), 

secondary fluid and condenser pumps consumptions corresponds to 20% of overall compressors power.  

ASHP uses R407C as a refrigerant and the temperature difference approach in the heat exchangers is 

assumed of 10 K. The total efficiency of the compressor is developed based on manufacture data (BITZER, 

2017). The evaporator is assumed to have an internal superheat of 10 K, and the evaporation temperature 

is 5K lower than ambient temperature.  

 

 

Figure 15: Conventional Indirect System with ASHP 

3.1.2 Conventional Indirect System with GSHP 

The system is referred to as S2. In this system, the conventional indirect system provides the cooling demand 

at medium temperature (MT) and low temperature (LT) levels, but unlike the previous system, ground 

source heat pump (GSHP) provides the heating demand of the building, as shown Figure 17. For 

evaporators and condensing temperature have taken the same assumptions as before. The conventional 

indirect system has the same characteristics describes in before section.   
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GSHP has the same characteristics and assumptions as ASPH, but evaporation temperature is not 5K lower 

than the ambient temperature because in this model there is ground source heat exchanger as an evaporator. 

Figure 16 shows the secondary working fluid mean temperatures are providing by geothermal heat 

exchanger model with Earth Energy Designer (EED). 

 

 

Figure 16: Mean Heat-carrier Fluid Temperatures GSHP System 2 

 

 

Figure 17: Conventional Indirect System with GSHP 

 

3.1.3 CO2 Booster (Floating Condensing) with ASHP 

The system is referred to as S3. In this case, CO2 Booster system provides the cooling demand at medium 

temperature (MT) and low temperature (LT) levels and air source heat pump (ASHP) overcome the heating 

demand of the building, as shown Figure 18.  
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Booster systems use CO2 as a refrigerant. The evaporators are assumed to have an internal superheat of 10 

K and external superheat of 10 K. Temperature approach of 5 K higher is assumed between ambient 

temperature and gas-cooler/condenser outlet temperature. The gas-cooler/condenser has a minimum gas 

cooler outlet temperature of 5 ºC and a minimum condensation temperature of 10 ºC. Fan consumption is 

assumed 3% of the heat rejected by the gas cooler/condenser. After the expansion valve, the liquid is 

separate for the vapour in the receiver, which is assumed an intermediate pressure of 8 bar higher than MT 

level pressure. 

 

Figure 18: CO2 Booster Floating Condensing (FC) with ASHP 

• Gas cooler/condenser Pressure and Exit Temperature Control (Floating Condensing) 

CO2 Booster runs in floating condensing which means that the pressure of the gas cooler follows the 

ambient temperature in the sub-critical region without sub-cooling and 5K approach temperature between 

gas cooler exit temperature and ambient temperature, to achieve as lower pressure as to reduce power 

consumption, increasing the performance of the system. In trans-critical region, the systems run at the 

optimum pressure for achieving as high COPs as possible. In this region, pressure and temperature are 

independents, therefore, optimum pressure algorithm is necessary. (Sawalha, 2008) suggested the optimum 

pressure control [bar] relation as a function of the gas cooler exit temperature [ºC] as shown Equation (2). 

𝑃𝑜𝑝𝑡,𝑔𝑐 = 2.7 · 𝑇𝑔𝑎𝑠𝑐𝑜𝑜𝑙𝑒𝑟 𝑒𝑥𝑖𝑡 − 6    ( 2 ) 

 

 

3.1.4 CO2 Booster with Heat Recovery 

The system is referred to as S4. In this system, an only-CO2 solution provides the cooling demand at 

medium temperature (MT) and low temperature (LT) levels as well as the heating demand of the building, 

as shown Figure 19. 
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This system has the same characteristics and assumption as CO2 booster floating condensing but has a new 

component: de-superheater. This new heat exchanger aim is to recover heat after the compressor to 

overcome the heating requirements of the building. 

 

Figure 19: CO2 Booster with Heat Recovery 

• Gas cooler/condenser Pressure and Exit Temperature Control  

The efficiency of the system and the amount of heat recovered is closely related to the discharge pressure. 

Therefore, proper pressure control is required to run the system with high performance. When the ambient 

temperature is greater than 10ºC, the system runs in floating condensing with the control that has been 

explained in the previous section. Below 10ºC ambient temperature, is the set point when heat recovery 

mode start. System control for this model is based on (Sawhalha, 2013).  

𝑃𝑚𝑎𝑥,𝑔𝑐 = 2.7 · 𝑇𝑑𝑒−𝑠𝑢𝑝𝑒𝑟ℎ𝑒𝑎𝑡𝑒𝑟 𝑒𝑥𝑖𝑡 − 6    ( 3 ) 

The pressure control suggests that firstly in the region 2, the gas cooler should be run with fans full capacity 

following ambient temperature until the minimum gas cooler exit temperature of 5ºC in order to maximum 

sub-cooling. High stage discharge pressure is regulated to overcome the heating demand in the de-

superheater as shows Figure 20.  

The positive effect of sub-cooling in the system is more dominant that increase of power consumption due 

to the pressure rise, which achieves better performance of the system.  There is a limit for increasing the 

discharge pressure above which the performance of the system will decrease. (Sawalha, 2008) suggests that 

his maximum discharge pressure can be calculated by Equation (3),where 5K approach temperature between 

de-superheater exit temperature and hot water loop return temperature has been taken. When the heating 

requirements increase, the system runs in region 1, where the discharge pressure reaches the highest limit; 

gas cooler’s fan speed should be reduced in order to increase the amount of heat recovery providing to the 

building. Finally, when there are high heating demands, the gas cooler is switched off and bypass it is using 

a three-way valve in order to reject the entire heat though the de-superheater and no sub-cooling are 

achieved. 
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Figure 20: Gascooler Pressure Heat Recovery Control 

3.1.5 CO2 Booster HR with Integrated Geothermal Sub-cooler 

The system is referred to as S5. This solution is an improvement of CO2 booster with heat recovery (HR), 

because is the same system but adding geothermal sub-cooler after gas cooler as shows Figure 21. (Llopis, 

et al., 2016) proves that using a dedicated mechanical sub-cooling in CO2 improve the performance of the 

system. Instead of using a dedicated heat pump to provide mechanical sub-cooling is used the ground source 

as a cold sink. This new configuration makes possible mechanical sub-cooling but also the capacity to storage 

this heat extracted from the CO2 system in the ground to extract it when is necessary. 

 

Figure 21: CO2 Booster HR with Integrated Geothermal Sub-cooler 

Based on (Sawalha, 2008) heat recovery control strategies, in summer conditions when the ambient 

temperature is above 10 ºC, CO2 booster systems runs in floating condensing. In this mode, fans are running 

full capacity providing the maximum sub-cooling possible limited by the ambient temperature. Integrating 
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this geothermal sub-cooler, gives the possibility to increase the amount of sub-cooling using the ground as 

a cold sink. Geothermal sub-cooler design capacity average is assumed 30 kW based on field measurements.  

This system operates in summer conditions, which has defined with ambient temperatures above 10 ºC, in 

order to achieve seasonal energy storage. Based on field measurements, several supermarkets with integrated 

geothermal storage provides between 8 and 10 K of sub-cooling. Due to this fact, it has select 9K of sub-

cooling as a design parameter for this and the rest of the models with integrated geothermal storage. This 

system needs 5 boreholes of 220 m depth, explained in Section 3.3.2, in order to provide this amount of 

sub-cooling. After modelling the necessary boreholes, mean heat-carrier fluid temperatures are implemented 

in this model to calculate the real sub-cooling capacity demand using Equation (4) and iterating as will be 

explained in Section 3.  

𝑄𝑠𝑢𝑏−𝑐𝑜𝑜𝑙𝑒𝑟 = �̇�𝐶𝑂2 · (ℎ𝑔𝑎𝑠𝑐𝑜𝑜𝑙𝑒𝑟 𝑒𝑥𝑖𝑡 − ℎ𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑟 𝑖𝑛𝑙𝑒𝑡)   ( 4 ) 

3.1.6 CO2 Booster HR with Geothermal Sub-cooler and  Heat Extractor 

The system is referred to as S6. Several supermarkets which integrated geothermal storage wants to take 

profit of the energy stored in the ground during the summer period. Due to this fact, one solution is installed 

in several supermarkets in Sweden to extracted the heat from the ground and injected into the refrigeration 

system during the winter period.  In this case, geothermal sub-cooler and direct heat extractor are proposed 

because is the most common solution for supermarkets with integrated geothermal storage.  

This system has the same geothermal sub-cooler explained in the previous section but adding direct heat 

injector, which is a heat exchanger connected to the ground between the liquid line of the receiver and the 

suction line of the high stage compressor, as shown Figure 22. Direct heat extractor function as a “load 

evaporator” when the recovery system is not sufficient to meet the heating demand of the building. It is 

assumed the same working conditions than medium temperature (MT) cabinets, which are evaporation 

temperature of -8 ºC and superheat of 10 K, in order to have the same number of pressure levels.  

 

 

Figure 22: CO2 Booster HR with Geothermal Sub-cooler and Direct Heat Extractor 

The main reason for adding this heat exchanger is to increase the amount of heat recovery on the system as 

well as cold the ground, which makes possible achieving a similar amount of sub-cooling with less number 

of boreholes. Due to this fact, this system needs 3 boreholes of 220 m instead of 4 boreholes, which will be 
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explained in Section 3.3.3. Using the methodology explained in Section 3 , mean heat-carrier fluid 

temperatures are calculated and implemented in the model to know the injection heat capacity from the 

ground to the refrigeration system using Equation ( 5 ). 

𝑄ℎ𝑒𝑎𝑡 𝑖𝑛𝑗𝑒𝑐𝑡𝑜𝑟 = �̇�𝐶𝑂2 · (ℎℎ𝑒𝑎𝑡 𝑖𝑛𝑗𝑒𝑐𝑡𝑜𝑟 𝑒𝑥𝑖𝑡 − ℎ𝑣𝑎𝑝,𝑠𝑎𝑡 𝑟𝑒𝑐𝑖𝑒𝑣𝑒𝑟)   ( 5 ) 

3.1.7 Hybrid System CO2 Booster Heat Recovery with GSHP 

The system is referred to as S7. An innovative hybrid system solution is proposed to take better advantage 

the potential of CO2 refrigeration systems with integrated geothermal storage. This hybrid system combines 

CO2 booster refrigeration system with heat recovery and ground source heat pump (GSHP) working 

together in winter conditions to cover the heating requirements of the building. In summer conditions, 

geothermal sub-cooler increase the amount of sub-cooling as the previous solutions described.  

In winter conditions, the return water of the space heating water loop goes through de-superheater 

increasing its temperature with the heat recovered from CO2 booster refrigeration system. After that, this 

water is sent to the condenser of the ground source heat pump (GSHP) increasing the water temperature 

until reached the service temperature, as shown Figure 23. 

 

Figure 23: Hybrid System CO2 Booster Heat Recovery with GSHP 

 

• Gas cooler/condenser Pressure and Exit Temperature Control  

Following the controls strategies for heat recovery in CO2 booster systems proposed by (Sawhalha, 2013), 

new improvements of this control are proposed in order to manage the hybrid system solution. Figure 24 

shows the new gascooler pressure control and the differences between the previous control.  
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Figure 24: Gascooler Pressure Hybrid CO2 System Control 

Firstly, when the ambient temperature goes below 10 ºC is necessary start to provide heat to the building in 

order to overcome the heating requirements: 

• Region 1: The heating to the building is provided by the preheating of the CO2 refrigeration system 

and extracting heat from the ground using ground source heat pump (GSHP). The return water of 

the hot water loop goes through the de-superheater of the CO2 booster system, which is running 

in floating condensing, increasing the temperature. After that, the water passes through the GSHP 

increasing its temperature until the service temperature value. As Figure 23 shows, the pressure in 

the gascooler is decreasing instead of increasing as the conventional CO2 booster because, in this 

region, a CO2 booster is running in floating condensing as it mentioned, following the ambient 

temperature. Due to this fact, the electricity consumption of CO2 refrigeration system in this region 

is lower with this new control than the conventional CO2 booster control. On the other hand, the 

preheating power is almost constant in this region. Therefore, variable GSHP capacity is needed it 

to cover the heating requirements. This GSHP is increasing the heating capacity until the nominal 

power when CO2 booster system starts to runs in heat recovery mode, which corresponds to region 

2.  

• Region 2: When the supply temperature starts to decrease compared to the reference supply 

temperature means that more heating capacity is required. Due to this fact, CO2 refrigeration 

system starts to run in heat recovery mode combined with GSHP in order to supply the service 

temperature. Figure 23 shown an increase of the gas cooler pressure, which means that CO2 booster 

starts to increase the discharge pressure in order to increase the amount of heat rejected and also, 

the heat recovered in order to cover this heating demand. The reduction of pressure compared with 

the conventional CO2 booster is lower. Therefore, the electricity consumption of the compressors 

in this region are lower than with the traditional CO2 booster control.  Based on optimisation 

modelling cases, GSHP is running full heating capacity extracting heat from the ground until when 

the evaporator temperature of GSHP will be lower than the evaporator temperature in the medium 

temperature (MT) level plus an increment of 6 K. After that point; the system control goes to the 

region 3.  

• Region 3 and 4: GSHP is switched off, therefore, all the heating demand of the building is cover 

by CO2 booster with heat recovery. In these regions, the control is the same of the conventional 

CO2 booster with the same heating demand, which was explained in section 3.1.4, when region 3 

and 4 corresponds to regions 1 and 2 of this section.  

 



22 
 

To summarise the models described, Table (1) shows a short description and the main advantages and 

disadvantages:  

Table 1: Advantages and Disadvantages Systems Description 

Name Description Advantages Disadvantages 

System 1 
Conventional Indirect System with 

ASHP 

-  Several years working 

- Optimized 

- High Energy Consumption 

- Less environmental friendly 

System 2 
Conventional Indirect System with 

GSHP 
- Several years working 

- Improve COP 

- High Investment Cost Boreholes 

- Borehole no Equilibrated 

System 3 
CO2 Booster (Floating Condensing) 

with ASHP 

- Lower energy CO2 consumption 

- Improve COP 

- Higher Invest Cost (ASHP) 

- Less Environmental friendly 

System 4 CO2 Booster with Heat Recovery 
- Unique system 

- Improve COP 
- No flexibility heating recovery mode 

System 5 
CO2 Booster HR with Integrated 

Geothermal Sub-cooler 

- Increase Sub-cooling 

- Increase COP 

- Higher Invest Cost (Boreholes) 

- No flexibility heating recovery mode 

System 6 
CO2 Booster HR with Geothermal 

Sub-cooler and Heat Extractor 

- Increase Sub-cooling 

- Increase COP 

- Higher Invest Cost (Boreholes) 

- No flexibility heating recovery mode 

System 7 
Hybrid System CO2 Booster Heat 

Recovery with GSHP 

- Increase Sub-cooling and COP 

- Heat Extraction Solved 

- Higher Invest Cost (Boreholes + 

GSHP) 

 

 Analysis and Modelling 

Several computer models in EES (Engineering Equation Solver) software are used to analyse the 

performance and energy consumption of the systems described in the previous section (Klein, 2006). This 

software contains numerous built-in mathematical and thermos-physical property functions to give as a 

result numerical solution for a set of an algebraic equation.  

Due to the number of different models analysed, it has preferred system 7 to describe the main equations 

implemented in the computer models because it is the most complex system analysed. Equations used in 

this model are similar or equal for the other models but simplifying them.   

For CO2 refrigeration system, the mass flow rates [kg/s] in MT and LT levels are calculated using the 

Equations (6)  and (7): 

𝑄𝑀𝑇 = �̇�𝑀𝑇 · ∆ℎ𝑀𝑇,𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟    ( 6 ) 

𝑄𝐿𝑇 = �̇�𝐿𝑇 · ∆ℎ𝐿𝑇,𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑜𝑟    ( 7 ) 

where 𝑄𝑀𝑇  and 𝑄𝐿𝑇   [kW] are the cooling demand in the MT and LT levels. Using these MT and LT mass 

flow rates and the liquid fraction in the receiver, the total mass flow rate [kg/s] is calculated: 

�̇�𝑡𝑜𝑡 =
(�̇�𝑀𝑇 +  �̇�𝐿𝑇)

𝛸𝑙𝑖𝑞

 ( 8 ) 

where 𝛸𝑙𝑖𝑞   is function of the gascooler pressure (𝑃 𝑔𝑐), gas cooler exit temperature (𝑇𝑔𝑐𝑒) in winter or sub 

cooler exit temperature (𝑇𝑠𝑐𝑒) in summer and the receiver pressure (𝑃𝑟𝑒𝑐).  𝑃 𝑔𝑐 , 𝑇𝑔𝑐𝑒  and 𝑇𝑠𝑐𝑒  are calculated 

using a set of equations and the algorithm control suggested by (Sawhalha, 2013) explained in the previous 

sections. 𝑃𝑟𝑒𝑐  is calculated using the Equation (9):  

𝑃𝑟𝑒𝑐 = 𝑃𝑀𝑇 + ∆𝑃𝑟𝑒𝑐   ( 9 ) 

where is 28 bar according to the saturation pressure of -8 ºC, which is the evaporation temperature in the 

medium temperature (MT) level. ∆𝑃𝑟𝑒𝑐 is 8 bar , which is the average between the value of 3 bar suggested 
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by Danfoss (Danfoss, 2009) to be as low as possible for FGBP-governed system and the value of 12 bar 

observed in field measurements of few supermarkets in Sweden.  

Compressors power consumption [kW] is calculated using the Equation (10): 

𝐸𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 =
�̇� · ∆ℎ𝑖𝑠

𝜂𝑡𝑜𝑡

 ( 10 ) 

where ∆ℎ𝑖𝑠 is the isentropic enthalpy difference over the high stage (HS) and low stage (LS) compressors, 

𝜂𝑡𝑜𝑡 is the overall compressors efficiency which are calculated based on field measurements using the 

Equation (11) and (12): 

𝜂𝑡𝑜𝑡,𝑀𝑇 =
−0.6513 · (

𝑃𝑔𝑐

𝑃𝑀𝑇
)

2

− 0.3091 · (
𝑃𝑔𝑐

𝑃𝑀𝑇
) + 72.677

100
  

( 11 ) 

𝜂𝑡𝑜𝑡,𝐿𝑇 =
−7.9279 · (

𝑃𝑀𝑇

𝑃𝐿𝑇
)

2

34.671 · (
𝑃𝑀𝑇

𝑃𝐿𝑇
) + 20.431

100
   

( 12 ) 

where 𝜂𝑡𝑜𝑡,𝑀𝑇 is the compressor efficiency of the HS and 𝜂𝑡𝑜𝑡,𝐿𝑇  is the compressor efficiency of LT, 𝑃𝑔𝑐 is 

the gas cooler pressure, 𝑃𝑀𝑇  is the saturation pressure of MT temperature and 𝑃𝐿𝑇 is the saturation pressure 

of LT temperature.  

The total power consumption [kW] is calculated based on the Equation (13): 

𝐸𝑡𝑜𝑡𝑎𝑙 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 𝑝𝑜𝑤𝑒𝑟 = 𝐸𝐻𝑆 +  𝐸𝐿𝑆 + 𝐸𝐺𝑆𝐻𝑃 + 𝐸𝑓𝑎𝑛  ( 13 ) 

where 𝐸𝐻𝑆 [kW] is the high stage (HS) compressor power consumption using the Equation ( 10 ) with �̇�𝑀𝑇 

and ηtot,MT, 𝐸𝐿𝑆 [kW] is the low stage (LS) compressor power consumption using the same equation with 

ṁLT and ηtot,LT, , 𝐸𝑓𝑎𝑛 [kW] is the power consumption of the gas cooler fans, which are 3% of the total heat 

rejected through the gas cooler based on field measurements (Sawalha, et al., 2017).  

3.2.1 Coefficients of Performance (COPs) 

In refrigeration systems with heat recovery, total coefficient of performance (𝐶𝑂𝑃𝑡𝑜𝑡𝑎𝑙) [-] is used as indicator 

to know the efficiency of the system in one determinate working point. It is defined has a ratio between the 

thermal loads divided by the power consumption as shows Equation (14): 

𝐶𝑂𝑃𝑡𝑜𝑡𝑎𝑙 =
𝑄𝑀𝑇  + 𝑄𝐿𝑇  + 𝑄𝐻𝑅  

𝐸𝐻𝑆 +   𝐸𝐿𝑆 + 𝐸𝐺𝑆𝐻𝑃 + 𝐸𝑓𝑎𝑛

  ( 14 ) 

where 𝑄𝐻𝑅   [kW] is the total recovered heat in the de-superheater and the other terms were explained after. 

Another important indicator is 𝐶𝑂𝑃𝐻𝑅 [-], which is suggested by (Sawhalha, 2013) to know the efficiency of 

the heat recovery system integrated in the CO2 refrigeration system using the Equation (15): 

𝐶𝑂𝑃𝐻𝑅 =
𝑄𝐻𝑅 

𝐸𝐺𝑆𝐻𝑃 + 𝐸𝐻𝑆 − 𝐸𝐻𝑆,𝑓𝑐 + 𝐸𝑓𝑎𝑛 − 𝐸𝑓𝑎𝑛,𝑓𝑐

   ( 15 ) 

where  𝐸𝐻𝑆,𝑓𝑐  [kW] is the power consumption high stage (HS) compressor runs in floating condensing mode 

and 𝐸𝑓𝑎𝑛,𝑓𝑐 [kW] is the fan power consumption when CO2 runs in floating condensing, which is 3% of the 

total heat rejected through the gas cooler in this run conditions as well as 𝐸𝑓𝑎𝑛 was estimated.  𝐶𝑂𝑃𝐻𝑅 is the 

ratio between the amount of heat recovered 𝑄𝐻𝑅 [kW] and the increment of electric power consumption of 

the high stage (HS) compressor between running in heat recovery mode and running in only refrigeration 

mode. With this 𝐶𝑂𝑃𝐻𝑅  is possible to compare the heat recovery system efficiency with other heating 

systems, which are current use to heating the supermarket building and analyzing the potential of integrated 

heat recovery as a heating solutions. 
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3.2.2 Seasonal Energy Efficiency Ratios (SEERs) 

In the previous sections was defined the total COP, which is used as efficiency indicator in one specific 

working point but it is not the proper efficiency indicator for operation time. Different working conditions 

occur during this period, therefore, total COP not remain constant during the operation time. Due to this 

fact, Seasonal Energy Efficiency Ratio (SEER) [-] is used as seasonal efficiency indicator. The total heat 

removed from the conditioned space (Summer Season) or the total heat injected into the conditioned space 

(Winter Season), divided by the total energy consumed by the heat pump during the same season ( 

ANSI/AHRI 210/240, 2008). SEER is more realistic efficiency indicator to compare different heating and 

cooling systems. SEER is calculated for summer season and winter season using Equations (16) and (17): 

𝑆𝐸𝐸𝑅𝑠𝑢𝑚𝑚𝑒𝑟 𝑠𝑒𝑎𝑠𝑜𝑛 = ∑
(𝑄𝑀𝑇,𝑖  

+ 𝑄𝐿𝑇,𝑖  
) · 𝐻𝑖

(𝐸𝐻𝑆,𝑖 +  𝐸𝐿𝑆,𝑖 + 𝐸𝐺𝑆𝐻𝑃,𝑖 + 𝐸𝑓𝑎𝑛,𝑖) · 𝐻𝑖

30

𝑖=11

   ( 16 ) 

𝑆𝐸𝐸𝑅𝑤𝑖𝑛𝑡𝑒𝑟 𝑠𝑒𝑎𝑠𝑜𝑛 = ∑
(𝑄𝑀𝑇,𝑖  

+ 𝑄𝐿𝑇,𝑖  
+ 𝑄𝐻𝑅,𝑖  

) · 𝐻𝑖

(𝐸𝐻𝑆,𝑖 +   𝐸𝐿𝑆,𝑖 + 𝐸𝐺𝑆𝐻𝑃,𝑖 + 𝐸𝑓𝑎𝑛,𝑖) · 𝐻𝑖

10

𝑖=−20

   ( 17 ) 

where 𝑖 is the ambient temperature because all the models are ambient temperature dependent, therefore, 

the efficiency of the systems change depending on the ambient temperature. 𝐻𝑖 [h] are the average hourly 

outdoor temperatures for Stockholm obtained from the software Meteonorm software (Meteotest, 2014), 

the resulting bin-hour temperature profile is reported in Figure 25. 

 

Figure 25: Bin-hour temperature profile Stockholm 

 

3.2.3 Annual Energy Use (AEU) 

One of the main parameters to compare different systems solutions is the power consumption. Minimising 

this value providing the same performance, energy savings are achieved as well as economic and 

environmental savings. Nevertheless, the power consumption is outdoor dependent because the working 

point is changing during the operation time. Due to this fact, Annual Energy Use (AEU) [kWh] is needed, 

which is the total energy consumed by the heat pump during the year. It is calculated using the Equation 

(18): 

𝐴𝐸𝑈 = ∑ (𝐸𝐻𝑆,𝑖 +  𝐸𝐿𝑆,𝑖 + 𝐸𝐺𝑆𝐻𝑃,𝑖 + 𝐸𝑓𝑎𝑛,𝑖) · 𝐻𝑖

30

𝑖=−20

   ( 18 ) 

where i is the ambient temperature 𝐻𝑖  [h] are the bin hours of Stockholm as it was explained in the previous 

section. AEU will be use to compare techno-economic viability of the systems described.  
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 Borehole Heat Exchanger Design and Modelling  

Borehole design, modelling and implementing are necessary to those systems which have integrated 

geothermal in order to know the proper characteristics of the boreholes as well as temperature variations of 

the heat-carrier geothermal fluid. Due to this fact, several boreholes configurations are designed and 

implemented using the proper software, in order to modelling systems as close as possible to the reality.   

3.3.1 Methodology for Borehole Heat Exchanger Design and Implementation 

Several borehole heat exchangers designs are analysed using the software Earth Energy Designer (EED) 

developed by (Blocon, 2015). This software use algorithms derivate from modelling and parameter studies 

with numerical simulation model (SBM) having analytical solutions of the heat flow with several 

configurations for the borehole geometry and pattern (g-functions). Mean heat-carrier geofluid temperatures 

are calculated using g-functions implemented in the software, which depends on borehole spacing, ground 

surface temperature and borehole depths as main parameters. The first g-function, Equation (19), 

implemented in EED is given by  (Eskilson, 1987), but current EED versions use improved g-functions.  

𝑇ℎ𝑒𝑎𝑡−𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑓𝑙𝑢𝑖𝑑(𝑡) =
𝑞

4𝜋𝜆𝑟𝑜𝑐𝑘

· (𝑙𝑛 (
4𝛼𝑟𝑜𝑐𝑘 · 𝑡

𝑟𝑏ℎ
2 ) − 𝛾) + (𝑞 · 𝑅𝑏ℎ) + 𝑇0  ( 19 ) 

where 𝑞 is the heat extraction rate, 𝜆𝑟𝑜𝑐𝑘 is the rock thermal conductivity, 𝛼𝑟𝑜𝑐𝑘 is the rock thermal diffusivity, 

𝑟𝑏ℎ  is the borehole radius, 𝛾 is Euler’s constant, Rbh is the effective borehole thermal resistance and T0 is 

the undisturbed ground temperature.  

 

Figure 26: Boreholes Design and Implementation Methodology 

Specific method (Figure 26) is required to obtain the power consumption and COP of the systems with 

integrated geothermal boreholes. Firstly, input design parameters are introduced in EED which are the 

characteristics of the boreholes describes in section 2.5, base and peak cooling/heating demand of the 

different systems analysed. After that, EED shows the mean monthly cooling/heating temperatures of the 

heat-carrier geothermal fluid during 25 years, which are implement in EES model using a parametrisation 

heat-carrier fluid with the average/peak monthly ambient temperature in order to have the heat-carrier fluid 

temperature in all ambient temperature range. The next step is running EES models, which calculate new 

base and peak cooling/heating demands of the geothermal sub-cooler, heat extractor or GSHP depending 

on the system analysed. These new base and peak cooling/heating demands are introduced again in EED, 

iterating until achieving close value between EED and EES model results. Finally, the proper parametric 

equation of the heat-carrier fluid temperatures in function of ambient temperature is implemented in EES 

model, which calculated the power consumption and COP of the system with integrated geothermal. Mean 

heat-carrier fluid temperatures at year 5 are selected in all the models to do the parameterization equation 

and implement it in EES model. 

It has select some design boundaries described in previous sections, but also is needed it heat-carrier fluid 

temperature range to design the boreholes. Based on field measurements and modelling analysing, the 
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maximum heat-carrier fluid temperature is 30 ºC because temperatures above that point are not proper to 

provide geothermal to the systems. The minimum heat-carrier fluid temperature is -10 ºC, which is the 

freezing point.  

Based on field measurements, a temperature difference of 3 K is assumed between inlet/outlet heat-carrier 

fluid temperature and mean heat-carrier fluid temperature. It means that outlet heat-carrier fluid temperature 

will be 3 K lower than mean heat-carrier fluid temperature in the summer season when heat is injected into 

the ground and 3K higher in the winter season when heat is extracted from the ground. For inlet heat-

carrier fluid temperature is the reverse assumption.  

3.3.2 Borehole Design S2 - Ground Source Heat Pump 

This system uses a ground source heat pump (GSHP) to provide the entire heating demand of the building. 

A total number of 24 boreholes of 247 m death with 5 m borehole spacing is needed it to overcome the 

heating requirements. Figure 16 shows the mean heat-carrier fluid temperature implemented in EES model. 

This system is extracting heat during the entire operation time, which decreases the ground temperature as 

shows Figure 27. Due to this fact, the efficiency of the GSHP will be decreasing over the years.  

 

Figure 27: Annual min-max Heat-carrier fluid Temperatures S2 

3.3.3 Borehole Design S5 - Geothermal Sub-cooler 

Geothermal sub-cooler system use borehole heat exchanger to increase the amount of sub-cooling during 

the summer season. The initial design capacity of geothermal sub-cooler is 30 kW peak based on field 

measurement of GIMO (Rogstam & Bolteau, 2015), which is ice rink installation with geothermal sub-

cooler and similar cooling demand than the supermarket model. Following the methodology described 

previously, a total number of 4 boreholes of 220 m depth in line with 8 m borehole spacing is needed it to 

improve the amount of sub-cooling in the system, which is design to achieve between 9-10 ºC peak sub-

cooling, based on field measurements. The maximum heat-carrier fluid temperature in the year 25 is 30 ºC, 

which it is inside the boundary conditions.  
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Figure 28: Mean Heat-carrier Geothermal Fluid Temperatures S5 

Mean heat-carrier fluid temperatures implemented in EES model are shown in Figure 28. Parametric 

Equation (20) is implemented in EES model from mean heat-carrier fluid geothermal temperatures 

calculated by EED. 

𝑇ℎ𝑒𝑎𝑡−𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑓𝑙𝑢𝑖𝑑 = 0.0072 𝑇𝑎𝑚𝑏
2 + 0.1508 𝑇𝑎𝑚𝑏 + 10.252 ( 20 ) 

This system is injecting heat into the ground during the summer season but without heat extraction during 

the winter months. Due to this fact, ground temperature is increasing over the years, shows in Figure 29, 

which produce a reduction in the amount sub-cooling provide by the geothermal sub-cooler. For this reason, 

more boreholes are necessary than the other systems with integrated geothermal storage and higher 

investment cost as will be shown in the economic analysis.   

 

Figure 29: Annual min-max Heat-carrier fluid Temperatures S5 

3.3.4 Borehole Design S6 - Geothermal Sub-cooler and Direct Heat Extractor 

This system uses geothermal heat exchanger as ground energy storage because is injecting heat into the 

ground by the geothermal sub-cooler in the summer season and extracting this heat from the ground in 

winter season with a direct heat extractor. Several supermarkets in Sweden are using this system 

configuration, but no performance analysis has done. Due to this fact, two operation modes have analysed 

in order to know this direct heat extractor is useful or not to the system.  

The same borehole methodology and design capacity of 30kW to geothermal sub-cooler and direct heat 

extractor are used to design the borehole heat exchanger, because to have the same performance over the 

years is necessary to achieve equilibrium between heat injection and extraction. A total number of 3 
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boreholes of 220 m depth in line with 8 m borehole spacing is needed it to improve the amount of sub-

cooling in the system as well as extracted heat from the ground.  

 

Figure 30: Mean Heat-carrier Geothermal Fluid Temperatures S6 

Mean heat-carrier fluid temperatures implemented in EES model are shown in Figure 30.  This temperature 

is similar to the previous system with geothermal sub-cooler but slightly lower, which produce more amount 

of sub-cooling available. Parametric Equation (21) is implemented in EES model from mean heat-carrier 

fluid geothermal temperatures calculated by EED. 

𝑇ℎ𝑒𝑎𝑡−𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑓𝑙𝑢𝑖𝑑 = 0.0123 𝑇𝑎𝑚𝑏
2 + 0.1595 𝑇𝑎𝑚𝑏 + 7.9395 ( 21 ) 

Extracting heat with this system configuration during all the winter season reduce the performance of the 

system instead of increases, which will be explained with details in Section 3.4.3 . Due to this fact, the 

borehole heat exchanger design was done based on new control suggestion. In this new control proposal, 

direct heat extractor runs when the ambient temperature is 10 ºC in order to reduce the ground temperature 

increasing the amount of sub-cooling in summer season as well as improve the equilibrium between heat 

injection and extraction respect S5, which shows Figure 31. It has selected this range of temperatures for 

running direct heat extractor because modelling analysis shows that in low cold temperatures, this system 

has similar consumptions than a conventional CO2 booster. As shows, borehole heat exchanger as close 

temperatures between the first and the last year of operation time.  

 

Figure 31: Annual min-max Heat-carrier fluid Temperatures S6 
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3.3.5 Optimization Borehole Design S7 - Hybrid System CO2 with GSHP 

The last borehole heat exchanger design is for storage the heat injected into the ground from geothermal 

sub-cooler and extracted by ground source heat pump (GSHP) to overcome the heating requirements of 

the building. This is an innovative system because no similar configurations are found installed in 

supermarkets. In order to optimize the borehole heat exchanger three possible configurations are analysed 

with 2, 3 and 4 boreholes. Ground source heat pump heating capacity was adjusted for different scenarios 

in order to achieve similar heat-carrier geothermal fluid temperatures. Geothermal sub-cooler design 

capacity starts from 30 kW, and ground source heat pumps have final value heating capacity of 30 kW (2 

boreholes), 40 kW (3 boreholes) and 55 kW (4 boreholes) before several iterations in order to achieve similar 

sub-cooling and heat-carrier geothermal fluid temperatures.  

All boreholes have 220 m depth in line with 8 m borehole spacing to be possible an optimisation, fixing 

several design parameters and taking account heat-carrier geothermal fluid boundary temperatures. Control 

of this system was explained in 2.6.3. 

 

Figure 32: Mean Heat-carrier Geothermal Fluid Temperatures S7 

Parametric Equations (22), (23) and (24), corresponding to 2, 3 and 4 boreholes heat exchanger, are 

implemented in EES model from mean heat-carrier fluid geothermal temperatures calculated by EED, 

which are shown in Figure 32. 

 

Mean heat-carrier geothermal fluid temperatures are similar in the three configurations with slight 

differences. In the winter season, which are low ambient temperatures, the heat-carrier fluid temperatures 

are higher as less number of boreholes have the heat exchanger. In summer season with high ambient 

temperatures, the same behaviour happens with heat-carrier fluid temperatures. It happens because, in order 

to have similar heat-carrier fluid temperatures with a different number of boreholes, various heating 

capacities of the ground source heat pump are needed it. Larger heating capacities of GSHP extract more 

heat from the ground than lower heating capacities causing a ground temperature decrease, as it can be 
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𝑇ℎ𝑒𝑎𝑡−𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑓𝑙𝑢𝑖𝑑,2𝐵 = 0.0168 𝑇𝑎𝑚𝑏
2 + 0.3419 𝑇𝑎𝑚𝑏 + 1.568 ( 22 ) 

𝑇ℎ𝑒𝑎𝑡−𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑓𝑙𝑢𝑖𝑑,3𝐵 = 0.015 𝑇𝑎𝑚𝑏
2 + 0.3844 𝑇𝑎𝑚𝑏 + 1.3369 ( 23 ) 

𝑇ℎ𝑒𝑎𝑡−𝑐𝑎𝑟𝑟𝑖𝑒𝑟 𝑓𝑙𝑢𝑖𝑑,4𝐵 = 0.0132 𝑇𝑎𝑚𝑏
2 + 0.427 𝑇𝑎𝑚𝑏 + 1.1057  ( 24 ) 
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observed in Figure 32. Moreover, this ground temperature decrement will be higher when the heating GSHP 

capacity is increased.  On the other hand, decrease the ground temperature in winter season has a benefit in 

summer season because low heat-carrier fluid temperatures are achieved. That is the lower heat-carrier fluid 

temperatures are obtained during the winter season; the lowest heat-carrier fluid temperatures will be 

achieved in the summer season.  

 

Figure 33: GSHP Heating Capacity S7 

This system configuration extracts the heat from the ground using ground source heat pump (GSHP) as it 

was explained in previous sections. Depending on the number of boreholes, it is necessary different nominal 

heating capacities of the GSHP in order to cover the heating requirements of the building. This GSHP is 

working together with CO2 booster in heat recovery mode as a hybrid system. Due to this fact, when the 

ambient temperature goes below 10 ºC, GSHP is switched on with the preheating heat of CO2 refrigeration 

system. As ambient temperature decrease, the heating requirements increase, but the preheating from CO2 

booster remains constant. It makes that GSHP increase its heating capacity to cover the heating demand 

until achieving full heating capacity of GSHP. Before this point, GSHP is providing full heating capacity, 

and the rest of the heating requirements are cover by CO2 refrigeration system in heat recovery mode. 

When evaporation temperature of the GSHP is 6 K higher than the evaporation temperature in the medium 

temperature (MT) level, which is -8 ºC, GSHP is switched off and CO2 refrigeration system with heat 

recovery is overcoming the entire heating requirements. Heat recovery mode of CO2 refrigeration system 

will be activated depending on the nominal heating capacity of the ground source heat pump (GSHP). The 

Larger heating capacity of GSHP makes that heat recovery mode of CO2 refrigeration system will switch 

on with lower ambient temperature, as shows Figure 33. 

Heating injection and extraction are done by this system configuration because geothermal sub-cooler inject 

heat into the ground during the summer season which is extracted with the ground source heat pump 

(GSHP) in the winter season. Due to this fact, the ground temperature is increasing in the summer season 

and decreasing in the winter season. Nevertheless, this system achieves ground equilibrium, which means 

that the same amount of energy is extracted from the ground and injected again. It makes that the ground 

temperature during the years remains without perturbation, as shown Figure 34, which causes the same 

system performance during the years.  
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Figure 34: Annual min-max Heat-carrier fluid Temperatures S7 

 Comparative Analysis Results  

Using the models described in Section 3.1 and based on the input values and calculation presented in the 

early sections of this chapter, energy performance indicators and energy consumptions are calculated. The 

annual energy consumption of the systems selected is calculated for Stockholm because field measurements 

analysis was done for supermarkets in that city or close to it.  

In Table (2) is presented the main energy performance indicators, the annual energy use and the AEU 

savings comparing with system 1, which is the reference case in all the performance analysis.  
 

Table 2: Simulation Results 

 

 

Summer 

Seasonal Energy 

Efficiency Ratio 

(SSEER) 

Winter        

Seasonal Energy 

Efficiency Ratio 

(WSEER) 

Annual          

Energy 

Efficiency Ratio 

(AEER) 

Annual 

Energy Use 

(AEU) 

[MWh] 

% AEU Savings 

Compared 

Reference S1 

      

S1 2.27 3.41 2.95 622 - 

S2 2.27 3.69 3.08 594 4.4 % 

S3 2.47 3.61 3.16 581  6.6 % 

S4 2.48 3.71 3.21 571 8.1 % 

S5 2.61 3.71 3.28 559 10.1 % 

S6 2.71 3.71 3.29 556 10.7 % 

S7-2B 2.76 3.86 3.43 534 14.0 % 

S7-3B 2.76 3.92 3.46 529 14.9 % 

S7-4B 2.76 3.98 3.50 524 15.7 % 

• S1: Conventional Indirect System with ASHP 

• S2: Conventional Indirect System with GSHP 

• S3: CO2 Booster (Floating Condensing) with ASHP 

• S4: CO2 Booster with Heat Recovery 

• S5: CO2 Booster HR with Integrated Geothermal Sub-cooler 

• S6: CO2 Booster HR with Geothermal Sub-cooler and Direct Heat Extractor 

• S7-2B: Hybrid System CO2 Booster Heat Recovery with GSHP (2 Boreholes) 

• S7-3B: Hybrid System CO2 Booster Heat Recovery with GSHP (3 Boreholes) 

• S7-4B: Hybrid System CO2 Booster Heat Recovery with GSHP (4 Boreholes) 
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3.4.1 Seasonal Energy Efficiency Ratio Analysis 

Seasonal Energy Efficiency Ratio (SEER) is an energy performance indicator to compare different systems 

in a more realistic way because it takes account the performance of the system in various working points as 

well as the frequency-hours which the system are operating in these different conditions. Finally, is achieve 

a ratio between the total energy supply divided by the total energy consumption of the system.  

• Summer Seasonal Energy Efficiency Ratio Analysis  

In the summer season, which is defined when ambient temperatures are above 10 ºC, Summer SEER 

(SSEER) is used to evaluate the different refrigeration system solutions modelled without heating 

requirements. Figure 35 shows that S1 and S2 have the same SSEER of 2.27 because the refrigeration system 

is the same. For S3 and S4, SSSER has increased 9% respect the reference case due to refrigeration system 

changes for the conventional indirect system to CO2 booster refrigeration system. On the other hand, S5, 

S6 and S7 are systems improved from CO2 booster system, which includes integrated geothermal storage.  

Using S4 as a reference system to evaluate the performance improvements, SSEER increase 6% for S5 

improvement, 10% for S6 improvement and 13% for S7 improvement. This increasing of SSER is because 

the amount of sub-cooling available is higher when integrated geothermal storage is used. From S5 to S7, 

the amount of sub-cooling is increasing because S5 use geothermal storage only for sub-cooling, which 

increase the ground temperature providing less sub-cooling than S6.  

System 6 use geothermal sub-cooler to provide much amount of sub-cooling, but also, direct heat extractor 

is used some hours during the winter season, which decrease the ground temperature providing more sub-

cooling than S6, which only use geothermal sub-cooler. Note that S6 is using direct heat extractor just a few 

hours during winter period because it decreases the performance of this system in winter season as it will 

be explaining in next section.  

Finally, the highest SSEER is achieved for S7, which has similar values for the three solutions. This system 

uses in winter season a ground source heat pump (GSHP) to extract the heat from the ground. It causes 

that the ground temperature decrease in winter period and summer season remains cooler than the other 

system, which can provide more amount of sub-cooling. Due to this fact, this system has the highest SSEER.  

 

Figure 35: Summer Seasonal Energy Efficiency Ratio 
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• Winter Seasonal Energy Efficiency Ratio Analysis  

In the summer season, which is defined when ambient temperatures are below 10 ºC, Winter SEER 

(WSEER) is used to evaluate the different refrigeration system solutions modelled including the cooling and 

heating demand. Figure 36 shows WSEER of 3 to the system 1, which is the reference system. From S1 to 

S2, there is 8% increase of WSEER due to the different heating system used. Both solutions use the same 

conventional indirect refrigeration system, but S2 uses ground source heat pump (GSHP) instead of air 

source heat pump (ASHP) used in S1 to provide the heating requirements of the building.  

System 3 has 2% decrease of WSEER respect S2, due to in this system is used ASHP instead of GSHP, 

which has lower performance. Nevertheless, S3 has 6% increase of WSEER comply with the reference case 

because refrigeration system has changed for the conventional indirect system to CO2 booster running in 

floating condensing. On the other hand, uses a unique system to provide cooling and heating demand 

increase 9% WSEER has shows Figure 36 with S4. S5 has the same WSEER than S4, because using the 

same technology and the improvement for S5 is in summer season as it explained in the previous section.  

For S6, there is 1% decrease of WSEER due to the phenomenon explained in the previous section. Adding 

auxiliary evaporator, decrease the gas cooler pressure which should decrease the power consumption but 

this added increase also the mass flow rate. The power consumption of the high stage (HG) compressor is 

proportional to gas cooler pressure but inversely proportional to mass flow rate. In this case, increasing of 

mass flow rate has more impact on the power consumption than the gas cooler pressure decreasing. Due to 

this fact, S6 has slightly higher energy consumption with the same thermal loads than S4 and S5, which 

suppose a WSEER reduction.  

For S7, the increase in the number of boreholes and the heating capacity of the ground source heat pump 

(GSHP), variations of the annual energy consumption are observed between ambient temperatures of 6 ºC 

and 0 ºC. Power consumption depends on the ground source heat pump (GSHP) heating capacity, which 

also depends on the number of the boreholes. Hybrid system control was explained in 2.6.3, where in region 

1, CO2 booster system runs in floating condensing, and GSHP is providing the heating requirements 

together with preheating of CO2 booster system. In this region, the power consumption is lower than in 

region 2 where CO2 booster system switched on recovery heat mode. The higher the GSHP heating capacity 

is, the higher operation time in region 1 will be. For that reason, as the number of boreholes are increasing, 

GSHP heating capacity increases and the ASEER of the system is decreasing overcoming the same thermal 

loads.   It supposes increasing 2% of WSEER per borehole added.  

 

Figure 36: Winter Seasonal Energy Efficiency Ratio 
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• Annual  Energy Efficiency Ratio Analysis  

The main energy performance indicator is the annual  energy efficiency ratio (AEER), which makes possible 

the comparison of different systems solutions including cooling and heating demand during all the year. 

This energy indicator is calculated with the total energy produced divided by the total amount energy 

consumed during one year. Figure 37 shows the AEER and the increment of it using as reference 

conventional indirect system with ASHP (S1). 

 

Figure 37: Annual  Energy Efficiency Ratio 

An AEER increment of 4.7% is achieved by S2, which has the same SSEER than S1 but in winter 

conditions, using GSHP increase WSEER having an annual increase of the performance. Despite the 

decrease of performance on S3 in winter, the performance increase during summer season produce an 

improvement of 2% respect S2.  

Using the unique system to overcome heating and cooling demand (S4) has performance improvement of 

9% comparing to the conventional indirect refrigeration system with air source heat pump (ASHP), which 

is the most common refrigeration system in Sweden. Improved solutions from CO2 booster with heat 

recovery (S5, S6 and S7) shows higher AEER.  

S5 has the same performance in winter season whereas in summer season has huge energy efficiency 

increasing due to the growth of sub-cooling available. It causes an annual energy performance increase 

respect S4. On the other hand, S6 has decreased energy efficiency in winter compared to S4 and S5 but in 

the summer season, has a higher increment of the sub-cooling available having thus higher ASEER than S5.  

Finally, S7 has almost the same energy performance in the summer season, but in winter season energy 

performance depends on the GSHP heating capacity, which was explained in the previous section. For this 

reason, the annual energy efficiency ratio is the highest for this system solution and increasing the number 

of boreholes increases from 16% for 2 boreholes to 18% for 4 boreholes compared with the reference 

system (S1). It supposed an annual energy performance of 1% per borehole added.  

Figure 38 shows winter and summer seasonal energy efficiency ratio as well as the annual energy 

performance (AEER) as a resulting of complete year analysis.  
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Figure 38: Seasonal and Annual Energy Efficiency Ratio 

3.4.2 Annual Energy Use Analysis  

One of the main energy comparison parameters is the annual energy use (AEU), which is the total energy 

consumed by the system during the year. It is calculated with the power consumption every ambient 

temperature multiplied by BIN hours in Stockholm as was explained in 3.2.3. This parameter is important 

because annual energy use savings is proportional with economic and environmental savings, which make 

possible an energetic, economic and enviromental comparison between different system solutions. 

Based on Figure 39, AEU is decreasing from S1 to S7 because the energy performance is increasing. It 

means that to overcome the same thermal requirements of the supermarket, system solutions require less 

energy consumption. S7-4B has the highest annual energy use saving with a reduction of 16 % respect the 

reference system (S1). Is conclude that this system solution is the more proper from energy use point of 

view but deep technical analysis and economic analysis is needed to know what is the most appropriate 

solution from a techno-economical point of view.  

 

Figure 39: Annual Energy Use (AEU) 
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3.4.3 Integrated Geothermal Storage Results  

Further analysis has been made for systems solution with integrated geothermal storage in order to know 

more about systems behaviour because no studies are found about it. It has been analysed the power 

consumption of the different system solutions, the ground heat balance as well as several systems behaviour 

observations.  

• Power Consumption Analysis  

Annual Energy Use (AEU) was calculated to know which system solution has less energy consumption 

during a year but in order to understand the integrated geothermal storage systems behaviour, power 

consumption analysis is done. Figure 40 shows the power consumption of the different integrated 

geothermal solutions in function of the ambient temperature.  

For ambient temperatures above 10ºC which are consider summer season, all system solutions have less 

power consumption than the reference system (S4: Conventional CO2 Booster HR). This power 

consumption is increasing with the increase of ambient temperature because two main phonemes. The first 

one is the growth of cooling load for medium temperature (MT) level explained in previous sections causes 

an incrementation of the total mass flow rate. Moreover, the ambient temperature limited the condenser/gas 

cooler pressure, which is increasing as the ambient temperature rise. It causes higher pressure ratio of the 

high stage (HS) and consequently a reduction of the total efficiency of the HS compressors. Due to this 

phenomenon, the power consumption increases with higher ambient temperatures based on Equation (10).  

On the other hand, power consumption is also proportional to the amount of sub-cooling provided. Due 

to this fact, S5 has higher power consumptions than the other solutions because has less amount of sub-

cooling available as it will be explained in a future section. Increasing the amount of sub-cooling in the 

system makes a decrease of the mass flow rate. For this reason, keeping constant the other parameters of 

the Equation (10),  power consumption decreases.  

 

Figure 40: Power Consumption Variations in Integrated Geothermal Systems 

For ambient temperatures below 10 ºC, which corresponds to winter season conditions, several variations 

of the power consumption are observed. S5 has the same power consumption than the reference system. 
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ambient temperatures of 10 ºC and 0 ºC. Depend on the number of boreholes and the heating capacity of 

the ground source heat pump (GSHP), variations in the power consumption are observed between ambient 

temperatures of 6 ºC and 0 ºC. Power consumption depends on the ground source heat pump (GSHP) 

heating capacity, which also depends on the number of the boreholes. Hybrid system control was explained 

in 2.6.3, where in region 1, CO2 booster system runs in floating condensing, and GSHP is providing the 

heating requirements together with preheating of CO2 booster system. In this region, the power 

consumption is lower than in region 2 where CO2 booster system switched on recovery heat mode. The 

higher the GSHP heating capacity is, the higher operation time in region 1 will be. For that reason, as the 

number of boreholes are increasing, GSHP heating capacity increases and the power consumption of the 

system is decreasing overcoming the same thermal loads. 

• Geothermal Heat Extractor  

Several supermarkets want to take profit of the benefits of ground source energy storage extracting heat 

from the refrigeration system and stored in the ground to use when it will be required. For this reason, one 

of the most common solutions observed in field measurement for medium supermarkets with integrated 

geothermal storage. This solution is composed by geothermal sub-cooler, which extract the heat from the 

refrigeration system to the ground and direct heat extractor as a “load evaporator” to transfer the heat from 

the ground to the refrigeration system. Before doing the modelling and analysis of this system solution, 

interesting results has been found.  

It is assumed constant value of 30 kW for the heating capacity of the direct heat extractor, the evaporation 

of -8 ºC and superheat (SH) of 10 K, which is working as increment of cooling capacity of medium 

temperature (MT) level loads because has the same evaporation temperature and SH than MT cabinets. P-

h diagram at -5 ºC of ambient temperature (Figure 41) shows a reduction of S6 gas cooler pressure respect 

reference system (S4) because inlet temperature of high stage (HS) compressors decreases obtaining lower 

discharge pressure with system 6 solution. This gas cooler pressure reduction should be reduced the power 

consumption of the system, but further analysis is needed it.   

 

 

Figure 41: P-h diagram System 4 and System 6 
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Analysing power consumption of S6 solution respect the reference system (S4) for ambient temperatures 

between -20 ºC and 30 ºC, interesting results has been found. For temperatures below 10 ºC, which 

corresponds to the winter season, building heating requirements is needed it. For this reason, direct heat 

extractor runs with a constant capacity of 30 kW in this model.  

Figure 42 shows that while ambient temperature is decreasing from 10 ºC. gas cooler pressure has between 

5-8 % of reduction respect the reference case. Nevertheless, inject heat to the refrigeration system causes 

an increase in the mass flow rate which can observe in Figure 42 an increment of 17 % respect the reference 

solution. Equation (10) is used to calculate the power consumption, which is proportional to the mass flow 

rate and inversely proportional to the total efficiency of the compressor calculated using gas cooler pressure. 

As Figure 42 shows, the increment of mass flow rate is higher than the decrement of the gas cooler pressure 

which causes an increase in the power consumption of the system solution with direct heat injection.  

 

Figure 42: Direct Heat Extractor System Analysis 

It was expected a decreasing of the total power consumption before adding extra heating load with the same 

amount of heat recovered, but instead of that, an increase of power consumptions is observed. For low 

ambient temperatures is noted that the power consumptions are similar in both systems but S6 has higher 

cooling load because of the “load evaporator” which increase the COP heat recovery.  

It can be concluded that this system solution, which is present in most of the medium supermarkets, not 

works as expected, achieving lower performance than the reference solution. Due to this fact, it has been 

proposed for S6 use direct heat extractor for decreasing the ground temperature between ambient 

temperatures of 10 ºC and 6ºC. It supposes an increase of the power consumption during the period when 

direct heat extractor is running, but lower heat-carrier geothermal temperatures are achieved, increasing the 

amount of sub-cooling during the summer season. Therefore, annual energy performance higher than 

reference system is achieved.   

• Geothermal Sub-cooling Analysis  

Sub-cooling is one of the main parameters which is strong related with the performance of the system. Due 

to this fact, several solutions with integrated geothermal storages has been proposed in order to increase the 

amount of sub-cooling available, which increase the performance of the system. Using field measurements 

as design reference, all system solutions are modeled to provide between 6 K and 10 K of geothermal sub-

cooling.  
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On the other hand, sub-cooling power peak is important to use as realist as a possible heat exchanger, which 

connect the geothermal loop with the refrigeration system. It is selected a range between 40-50 kW of 

cooling power peak based on (Rogstam & Bolteau, 2015), which is refrigeration system integrating 

geothermal storage with the similar thermal load. 

As shown Figure 43, sub-cooling for S5 is more ambient temperature dependent than the other solutions 

because from 11 ºC to 30 ºC, the amount of sub-cooling is increasing from 0 K to 9K. Nevertheless, S6 as 

a slightly less ambient temperature dependent and more amount of sub-cooling available than S5.  

On the other hand, S7 is slightly ambient temperature dependent but further than the other system solutions. 

Moreover, this solution achieves a higher increase of sub-cooling during mid-warm ambient temperatures 

but the lower amount of sub-cooling during high-warm ambient temperatures.  

 

Figure 43: Sub-cooling Variations in Geothermal System Solutions 

The amount of sub-cooling available in the systems is stronger related with the heat-carried geothermal fluid 

temperatures. Due to this fact, different configurations of ground source heat exchanger provide different 

heat-carried geothermal fluid, which produced variations of sub-cooling in the system. 

On the other hand, cooling power peak is important to compare different system solutions with similar heat 

exchangers between the geothermal loop and the refrigeration system.  

 

It is proposed as design parameter 30 kW based on real installation with similar characteristics (Rogstam & 

Bolteau, 2015). Figure 44 shown higher peak cooling capacities than the design capacity because of iterations 

between EES model and EED borehole model heat exchanger.  

The cooling peak capacity is increasing as the ambient temperature increase until 23 ºC. After that point, 

for S5 and S6, the cooling peak load continue increasing, but S7 achieve quasi-constant cooling peak capacity 

of 40 kW, which is close to the design peak capacity. It is important to remark that cooling peak capacity is 

similar for all system solutions, but as it shown after, the amount of sub-cooling available in the systems 

changes considerably from one solution to other. 
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Figure 44: Cooling Power Peak in Geothermal System Solutions 

 

• Ground Heat Balance Analysis  

Based on performance analysis, S7-4B is the solution with the lowest annual energy use, therefore, is the 

proper solution to integrated geothermal storage in CO2 refrigeration systems. Nevertheless, it is necessary 

the analysis of other technical parameters as well as an economical analysis. Due to this fact, ground heat 

balance analysis is done for all systems solutions in order to know the amount of energy injected into the 

ground as well as extracted from it.  

S5 has heat injection but no heat extraction from the ground. It produces an increase of ground temperature 

during the operation time, which will be reduce the amount of sub-cooling available for this solution. Due 

to this fact, the performance of this solution will be decrease during the years, proportionally to the amount 

of sub-cooling reduction. 

 

 

Figure 45: Ground Heat Balance Analysis 
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Nevertheless, S6 has higher amount of energy injected to the ground but it is extracting heat during few 

hour in winter season. The balance point indicates how well is the geothermal installation balanced between 

the heat extraction and injection into the ground. For S6, the balance point is closer to 0 than S5, which 

means that this solution is better ground balance as shown Figure 44. Otherwise, this solution is not 

completely balanced which suppose a reduction of the performance during the years. 

On the other hand, S7 increase the amount of energy injected into the ground compared with the other 

solutions. Moreover, this solution has higher heat extraction from the ground than the other solutions and 

it is strongly related with the number of boreholes of the installation. As the number of boreholes increase, 

the amount of energy extracted from the ground increase with the same amount of energy injected into the 

ground for the three configurations. 

As Figure 45 shown that for system solution 7, the most balanced solution is the configuration with 2 

boreholes because has the ground equilibrium point closer to zero than the other two configurations. Note 

that in the previous section has been shown that S7-4B is the proper solution from the energy consumption 

point of view but after this analysis, this first solution selection changes.  

S7-4B is an unbalance ground solution that extract more amount of heat from the ground than injected it 

into the ground. It produced a decrease of the ground temperature during the years, which causes a 

performance reduction of the system through the operation life. 

 

• Coefficient of Performance Heat Recovery 

One of the main parameters to analyses to know of well is the system recovering heat is the coefficient of 

performance heat recovery (COPHR) which is explained in the section 3.2.1. The Figure 46 shown that S7 

has higher COPHR than the reference solution, which is CO2 booster with heat recovery. Moreover, increase 

the number of boreholes for the system solution 7, increase the COPHR from ambient temperatures between 

0K to 10K. This is because during these ambient temperatures, GSHP is providing the heating requirements 

of the building and CO2 is running in floating condensing. The power consumption of the hybrid solutions 

is lower than the reference case providing the same amount of heat recovered, which causes an increase of 

COPHR.  

 

Figure 46: COPHR of Integrated Geothermal Storage Solutions 
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Figure 47 shown the increase of this COPHR for the different configurations of S7 comparing to reference 

system (S4). Between ambient temperatures of 7 ºC and 9 ºC, COPHR is increasing around 50 % more than 

the reference case, which suppose high advance in order to be able of extracting heat from the ground as 

well as recovered to overcome the heating requirements of the supermarket.  

 

Figure 47: COPHR Increment in Integrated Geothermal Storage Solutions 

 

 Conclusion  

Several solutions are analysis form technical point of view in order to achieve the proper solution for 

integrated geothermal storage in CO2 refrigeration systems. Seasonal Energy Efficiency Rations (SEER) are 

calculated for all the solutions proposed for winter, summer and annual season. Moreover, annual energy 

use (AEU) is calculated in order to know the proper solution from the energy consumption point of view.  

S7-4B is the proper solution from energy consumption point of view. However, after doing ground heat 

balance analysis, it has been shown that S7-4B is an unbalanced ground solution, and the performance of it 

will decrease during the years.  

Due to this fact, S7-2B is proposed from the technical point of view as the proper solution for integrated 

geothermal storage in CO2 refrigeration systems because of it is the most balanced ground solutions as well 

as one of the solutions with lower annual energy use. 

COPHR is analysed for solution 7 in order to know how well is the heat extraction for the different 

configurations of this solution comparing to reference system as well as known in which ambient 

temperature range COPHR has the higher increment.  

Further studies are necessary to analyses S6, which has potential energy savings for supermarkets with a low 

cooling demand but high heating requirements. It is also necessary to analysis the potential energy savings 

of this system adding parallel compressor and optimizing  the control strategies.   
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4 FIELD MEASUREMENTS 

One relevant component of this project is field measurements of supermarkets in Sweden which has 

integrated geothermal storage in their CO2 refrigeration system. Several supermarkets are available with 

these characteristics in IWMAC (IWMAC, 2017). Energy analysis of integrated geothermal storage is 

necessary in order to know how well are this system solution working as well as increasing the knowledge 

of this systems. Due to this fact, energy analysis of integrated geothermal storage systems is proposed for 

the available data of supermarkets with this technology. 

After viewing the data available in several supermarkets, it is observed that non-one of their have the enough 

measurement to realise a proper energy analysis. Therefore, it has been analysis the different system 

solutions available in medium size supermarkets in Sweden and proposal guide of how monitor an 

installation with integrated geothermal storage. This guide includes the necessary measurements to realize a 

proper energy analysis.  

Moreover, lack of measurement in the available supermarkets is done in order to know how well are the 

supermarkets monetarised as well as provide significant information to the monitoring system responsible 

for the overcoming of these measurement lacks. Proper acquisition data system in a supermarket with 

integrated geothermal storage will allow to improve the knowledge of this system solutions.  

 

 Integrated Geothermal Storage Solutions in Supermarkets 

Different system solutions with CO2 refrigeration systems with integrated geothermal storage are observed 

in several supermarkets of Sweden. Most of these solutions are modelled in order to realise several computer 

simulations analysis.  

4.1.1 S5: CO2 Booster Heat Recovery with Geothermal Sub-cooler 

Around 20 % of the supermarkets analysed have CO2 booster heat recovery (HR) with geothermal sub-

cooler (GS). As shown Figure 48, geothermal sub-cooler is connected between the liquid receiver and the 

liquid supply line. In the model S5, the geothermal sub-cooler is connecter between the gas-cooler and the 

liquid receiver in order to increase the amount of sub-cooling available in the system as well as make sure 

that the refrigerant before the expansion valve is completely liquid.   

 

Figure 48: Installation Diagram of System Solution 5 
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S5 increase the amount of sub-cooling available in the refrigeration system, injecting heat from the CO2 

refrigeration system into the ground during summer season. As it was explained in the previous sections, 

this system solution need heat extraction during the winter season in order to have a balance ground 

temperature and achieve similar performance during the operation life.  

4.1.2 S6: CO2 Booster HR with Geothermal Sub-cooler and Heat Extractor 

Other system solution for integrated geothermal storage in CO2 refrigeration systems is Solution 6 (S6), 

which has integrated geothermal sub-cooler as well as geothermal heat extractor (GHE). Around 10 % of 

the supermarkets analysed uses this system solution. In this case, Figure 49 shown that geothermal sub-

cooler is after gas-cooler and before expansion valve as model S5 is modelled. Geothermal heat extractor 

works as “load evaporator”, which extract heat from the ground, increasing the amount of heat absorbed 

by the refrigeration system.  

 

 

Figure 49: Installation Diagram of System Solution6 

 

Geothermal sub-cooler runs during the summer season increasing the amount of sub-cooling available in 

the system. On the other hand, geothermal heat extractor is running in winter season, extracting heat from 

the ground and injected to the refrigeration system.  

4.1.3  CO2 Booster HR with GS and Heat Extractor with Parallel Compression  

The most recently system solution observed in medium size supermarket is CO2 booster with geothermal 

sub-cooler and heat extractor as well as parallel compressor. This solution is observed in around 10 % of 

the supermarkets analysed. Figure 50 shown that geothermal sub-cooler is located after gas-cooler and 

before expansion valve similar to solution 6. Geothermal heat extractor is in the same way as solution 6 but 

connected to a parallel compressor.  
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Figure 50: Installation Diagram of Parallel Compression Solution 

Adding extra cooling load to the system makes an increase of total mass flow rate and a decrease of the gas-

cooler pressure. In previous sections was shown that the increment of mass flow rate has higher impact 

than the decrease of gas-cooler pressure in the power consumption. This makes achieving higher power 

consumption instead of a decreasing of it. In order to avoid this increment of power consumption, parallel 

compressor is installed. The increment of mass flow rate goes through the parallel compressor instead of 

go through the high stage (HS) compressor. This parallel compressor has a lower pressure ratio than HS 

compressor, because the evaporation temperature of geothermal heat extractor is higher than medium 

temperature (MT) level evaporation temperature. It causes that this parallel compressor has higher efficiency 

than HS compressor, which reduce the power consumption of it. 

Moreover, if the heating requirements of the building increase from the reference case, COPHR is higher 

than reference system (S4), which means that this solution would be potential solution for integrated 

geothermal storages systems. 

 

Figure 51: COPHR of Geothermal Heat Extractor without Parallel Compression 
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This system solution was founded in the final period of this project. Due to this fact, this system solution is 

not modelled in deep. Nevertheless, simple model is done in order to shown the potential of this integrated 

geothermal storage solutions. Based on field measurements, 30 kW of extra cooling load is used in the 

geothermal heat extractor.  

In order to simple modeled the parallel compression, it is assumed an 10 % efficiency increasing of the high 

stage compressors, simulating the higher efficiency of the parallel compression. It is needed this assumption 

because total mass flow rate goes through high stage compressor in the model, therefore, this increasing of 

efficiency simulates having a parallel compression in a two-stage compressor model without parallel 

compressor. Figure 51 shown that increasing the heating recovered, COPHR increase in a certain ambient 

temperature rage.   

 

 

Figure 52: COPHR of Integrated Geothermal Solution with Parallel Compression 

 

Combining geothermal heat extractor with parallel compressor in a proper control strategy increase COPHR 

in a higher ambient temperature than only extracting heat from the ground has shown Figure 52. From 

ambient temperatures between 6 ºC and -4 ºC, running parallel compression with geothermal heat extractor 

would be a proper solution for supermarkets with higher heating requirements and lower cooling demands. 

Moreover, this solution could be interesting to installations with high cooling demand but lower heating 

requirements because heat can be stored in the ground in summer season and extracted from the ground to 

sell it in winter season. One example of this installation could be ice rinks, which has higher cooling loads 

but lower heating requirement. This installation instead of rejected the heat to the ambient, could be possible 

storage into the ground to recovered when it will be necessary or sell this heat to the district heating network 

or other facilities.  

Further studies are needed for this system solutions as well as energy analysis in order to known the exactly 

potential of this solution of integrated geothermal storage in CO2 refrigeration systems.  
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 Monitoring System Proposal for Integrated Geothermal Analysis  

Having analysed the supermarkets available with integrated geothermal storage, it is observed that non-one 

supermarket has enough measurement to realise an energy analysis. Due to this fact, proper monitoring 

system is proposed with the necessary measurements to be able to perform an energy analysis.  

 

 

Figure 53: Measurement Points Diagram 

Table 3: Measurements for Integrated Geothermal Storage 

 ID DESCRIPTION 
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  T1 Inlet Ground Temperature  

T2 Outlet Ground Temperature 

T3 Inlet Geothermal Sub-cooler Temperature 

T4 Outlet Geothermal Sub-cooler Temperature 

T5 Inlet Geothermal Heat Extractor Temperature 

T6 Outlet Geothermal Heat Extractor Temperature 

FM Flowmeter Geothermal Fluid 

FM1 Flowmeter Geothermal Fluid or Design Flow Rate 

FM2 Flowmeter Geothermal Fluid or Design Flow Rate 
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T7 Discharge Temperature HS Compressor 

T8 Inlet Gas cooler Temperature 

T9 Outlet Gas cooler Temperature 

T10 Outlet Geothermal Sub-cooler Temperature 

T11 Outlet Geothermal Heat Extractor Temperature 

EHS/ELS Separate HS and LS Compressors Power Consumptions 
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Figure 53 and Table 3 shown the essential measurements and where are situated in order to realize a proper 

energy analysis of CO2 refrigeration systems with integrated geothermal storage. 

Energy balance of the ground is essential to know how well are the system designed as well as the 

performance of it will remain constant during the operation life. Due to this fact, it is necessary know how 

amount of  energy is injected into the ground and how amount of energy is extracted from it. Temperature 

sensors T1 and T2 as well as flowmeter (FM) are proposed in order to know this amount of energy. These 

temperature sensors are installed in the inlet and outlet ground source heat exchanger pipe, as shown Figure 

53. The flowmeter (FM) is installed after inlet ground source pipe. Based on (Melinder, 2007), the specific 

heat for heat-carrier geothermal fluid is 4.189 kJ/kg·K. Energy injected and extracted from the ground are 

calculated using Equation (25): 

𝑄𝑖/𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 = �̇�𝑔𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 · 𝐶𝑝 · (𝑇1 − 𝑇2)   ( 25 ) 

where 𝑄𝑖/𝑒  𝑔𝑟𝑜𝑢𝑛𝑑 [𝑘𝑊] is power heat injected or extracted from the ground. For heat injection, the value 

of 𝑄𝑖/𝑒  𝑔𝑟𝑜𝑢𝑛𝑑  should be positive and for heat extraction, this value should be negative. Mass flow rate 

�̇�𝑔𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙  [𝑘𝑔/𝑠] is the measured by the flowmeter. T1 [ºC] and T2 [ºC] are the temperature measurements 

before and after the ground source.  

On the other hand, energy balance of the system including integrated geothermal storage is important to 

know the heat loses and the energy flows. Due to this fact, all energy input and output in the whole system 

should be known.  

From the geothermal part, energy is extracted from the refrigeration system by the geothermal sub-cooler 

and it is injected to the refrigeration system by the geothermal heat extractor using Equation (26) and 

Equation (27): 

𝑄𝑔 𝑠𝑢𝑏−𝑐𝑜𝑜𝑙𝑖𝑛𝑔 = �̇�𝑔𝑠 · 𝐶𝑝 · (𝑇4 − 𝑇3)    ( 26 ) 

𝑄𝑔 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 = �̇�𝑔ℎ𝑒 · 𝐶𝑝 · (𝑇5 − 𝑇6)   ( 27 ) 

where 𝑄𝑔 𝑠𝑢𝑏−𝑐𝑜𝑜𝑙𝑖𝑛𝑔 [𝑘𝑊] is the thermal power extracted from the refrigeration system and 

𝑄𝑔 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑖𝑜𝑛 [𝑘𝑊] is the thermal power injected to the refrigeration system, �̇�𝑔𝑠 [𝑘𝑔/𝑠] is the mass flow 

rate of the heat-carrier fluid goes through the geothermal sub-cooler measured by FM1 and �̇�𝑔ℎ𝑒  [𝑘𝑔/𝑠]  is 

the mass flow rate of the heat-carrier fluid goes through the geothermal heat extractor measured by FM2. . 

𝑇3 [ºC] and 𝑇4 [ºC] are the temperature measurements before and after the geothermal sub-cooler. T5 [ºC] 

and T6 [ºC] are the temperature measurements before and after the geothermal heat extractor.  

One important parameter to realize a proper energy analysis is the refrigerant total mass flow rate. The 

proper method to calculated this parameter is using total efficiency method described in (Abdi, 2014). With 

this parameter is possible calculate the heat recovered and the heat rejected to the ambient through the gas 

cooler/condenser using Equation (28) and Equation (29):  

𝑄𝐻𝑅 = �̇�𝑡𝑜𝑡𝑎𝑙 · (ℎ7 − ℎ8)   ( 28 ) 

𝑄𝑔𝑎𝑠 𝑐𝑜𝑜𝑙𝑒𝑟 = �̇�𝑡𝑜𝑡𝑎𝑙 · (ℎ8 − ℎ9)   ( 29 ) 

Where 𝑄𝐻𝑅 [𝑘𝑊] is the heat recovered and 𝑄𝑔𝑎𝑠 𝑐𝑜𝑜𝑙𝑒𝑟 [𝑘𝑊] is the heat rejected to the ambient. The total 

refrigerant mass flow rate �̇�𝑡𝑜𝑡𝑎𝑙  [𝑘𝑔/𝑠] is calculate using the total efficiency method. ℎ7, ℎ8 and ℎ9 [kJ/kg·K] 

are the enthalpies before de-superheater, after de-superheater and after gas cooler/condenser. These 

enthalpies are calculated using the temperature measurements T7 [ºC], T8 [ºC] and T9 [ºC] and the 

measurement known of discharge pressure  𝑃𝐷𝑖𝑠𝑐ℎ [bar]. 

Medium temperature (MT) and low temperature (LT) cooling demand are calculated using the methodology 

described in (Sawalha, et al., 2017). The power consumption of the should be separated in order to be able 

of analyzed COPTOTAL, COPMT, COPLT and COPHR. It is proposed separate high stage (HS) power 
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compressors and low stage (LS) power compressors. With all these calculations explained, energy balance 

analysis is possible for the entire system. Figure 54 shown all the energy flows going in and going out to the 

system. 

 

Figure 54: Energy Flows in Integrated Geothermal Storage 

 

Energy balance should be calculated by Equation (30): 

𝑄𝐿𝑇 + 𝑄𝑀𝑇  +  𝑄𝐺𝐻𝐸  +  𝐸𝐻𝑆 + 𝐸𝐿𝑆  − 𝑄𝐻𝑅  − 𝑄𝐺𝑎𝑠 𝐶𝑜𝑜𝑙𝑒𝑟  −  𝑄𝐺𝑆 − 𝑄𝐻𝑒𝑎𝑡 𝐿𝑜𝑠𝑠𝑒𝑠 = 0 ( 30 ) 

Where 𝑄𝐿𝑇  [𝑘𝑊] is the low temperature (LT) level cooling demand, 𝑄𝑀𝑇  [𝑘𝑊] is the medium temperature 

(MT) level cooling demand, 𝑄𝐺𝐻𝐸  [𝑘𝑊] is the heat power injected to the refrigeration system coming from 

the ground, 𝑄𝐺𝑆  [𝑘𝑊] is the heat power extracted from the refrigeration system and injected into the 

ground, 𝑄𝐻𝑅  [𝑘𝑊] is the heat recovered by the de-superheater, 𝑄𝐺𝑎𝑠 𝐶𝑜𝑜𝑙𝑒𝑟  [𝑘𝑊] is the heat rejected to 

the ambient by the gas cooler/condenser, 𝐸𝐿𝑆  [𝑘𝑊] is the power consumption from the low stage (LS) 

compressor, 𝐸𝐻𝑆  [𝑘𝑊] is the power consumption from the high stage (LS) compressor and 

𝑄𝐻𝑒𝑎𝑡 𝐿𝑜𝑠𝑠𝑒𝑠  [𝑘𝑊] is the heat losses of all the components of the system. 

 

 Lack of Measurements in Supermarkets 

In the previous section is defined the necessary measurements to realise a proper energy analysis. After that, 

supermarket analysis is done in order to know how well are these supermarkets being monitored and find 

the lacks of measurements. Ten supermarkets CO2 refrigeration system with integrated geothermal storage 

are analysed with the monitoring system proposal in the previous section. Table 4 shown the results of this 

analysis: 
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Table 4: Lack of Measurements in Supermarkets 

 

 

Non-supermarket has the enough measurement system to realise a proper energy analysis of the installation. 

This is one of the main results after the analysis of several medium size supermarkets in Sweden. New 

supermarkets, which are supermarket 10 and 8, have almost all the measurements required to realise a proper 

energy analysis, but they not have measurements lack in flow meters on the geothermal part and the power 

consumption of the compressors divided in HS compressors and LS compressors.  

This analysis shows that a proper measurement system is necessary in order to know more about integrated 

geothermal storage in CO2 refrigeration systems and be able to realise a proper tracing of the improvements 

installed in the system.  

Figure 55 shown that some measurements required are already installed in all the supermarkets analysed but 

other are not installed in none of them. Discharge HS compressor temperature and outlet gas cooler 

temperature are already installed in all the supermarkets analysed because they are main parameters for 

having a proper control of the refrigeration system. Nevertheless, flow meters in the geothermal installation 

and divided power consumption of the compressors are lacks of measurements in all the supermarkets. It 

has been proposed flow meters in the geothermal system instead of the refrigeration system because the 

investment cost of these flow meters is less expensive for the geothermal installation than the refrigeration 

system. Moreover, divided the power consumption of the compressors does not suppose a huge investment 

cost compared to the all installation cost.  

It is interesting having the refrigerant temperature exit of the geothermal heat extractor in order to be able 

of know the heat losses between the ground source and the refrigeration system when geothermal heat 

extractor is activated.  

Having all these measurements in the medium size supermarkets which includes integrated geothermal 

storage will allow to do a proper energy analysis, maintenance of the installation and help in the research of 

this recent integration systems for supermarkets.  
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T1 Inlet  Ground Temperature -1 1 -1 -1 1 -1 1 1 -1 1 50%

T2 Outlet  Ground Temperature 1 1 -1 -1 1 -1 1 1 -1 1 60%

T3 Inlet  Geothermal Sub-cooler Temperature 1 1 -1 1 -1 -1 1 1 1 1 70%

T4 Outlet  Geothermal Sub-cooler Temperature 1 1 -1 1 -1 -1 1 1 1 1 70%

T5 Inlet  Geothermal Heat Extractor Temperature 1 1 0 -1 0 0 1 1 1 1 86%

T6 Outlet Geothermal Heat Extractor Temperature 1 1 0 -1 0 0 1 1 1 1 86%

FM Flowmeter Geothermal Fluid -1 1 -1 -1 -1 -1 -1 -1 -1 -1 10%

FM1 Disgn Flow RateGeothermal Sub-cooler  or Optional FM -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 0%

FM2 Disgn Flow Rate Direct Heat Injector or Optional FM -1 -1 0 -1 0 0 -1 -1 -1 -1 0%
T7 Discharge  HS Compressor Temperature 1 1 1 1 1 1 1 1 1 1 100%

T8 Inlet  Gas cooler Temperature 1 -1 -1 1 1 -1 1 1 1 1 70%

T9 Outlet  Gas cooler Temperature 1 1 1 1 1 1 1 1 1 1 100%

T10 Outlet   Geothermal Sub-cooler Temperature 1 1 -1 1 1 1 -1 1 1 1 80%

T11 Outlet Geothermal Heat Extractor Temperature -1 -1 0 -1 0 0 -1 -1 -1 1 14%

EHS/ELS Separate HS and LS Compressors Power Consumptions -1 -1 1 -1 -1 1 -1 -1 -1 -1 20%
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Figure 55:. Measurements Installed in Supermarkets 

 Field Measurements Analysis  

The lack of measurements in the supermarkets analysed makes impossible do an energy analysis as it was 

explained in the previous sections. Nevertheless, control strategies view and control parameters has been 

analysed in order to know the real control of this systems and compared it with the theoretical control.  

Figure 56 shown two main control parameters of a real medium size supermarket in Sweden depending on 

the ambient temperature. Gas cooler pressure in this installation is controlled by two level of pressure which 

corresponds to winter and summer operation time.  

 

Figure 56: Gas cooler pressure (Pgc) and outlet temperature (Tgce) Control of Medium Size Supermarket in Sweden 
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This conventional control is far from the theoretical control strategies proposed by  (Sawhalha, 2013). In 

summer operation time, which is assumed for ambient temperatures above 5-10 ºC, gas cooler pressure in 

real supermarket installations is fixed instead of run in floating condensing in order to reduce the power 

consumption of the installation. In winter operation time, which is supposed for ambient temperatures 

below 5-10 ºC, gas cooler pressure is also fixed instead of control it based on the heating requirements as 

proposed  (Sawhalha, 2013).  On the other hand, temperature exit gas cooler in ambient temperatures 

between 0-15 ºC could be reduce by floating condensing. 

Other observations in field measurements, corroborate that real control for refrigeration systems in 

supermarkets is far from the theoretical control proposed by researchers which means that large amount of 

energy savings is available in these installations.  

  

  Conclusion 

Field measurement analysis is done for medium size supermarkets which have CO2 refrigeration systems 

with integrated geothermal storage. Energy analysis of these systems was proposed as objective but it was 

impossible to realised.  

After analysed a total number of 10 medium size supermarkets in Sweden, the main conclusion is that none 

of the supermarkets analysed has the enough measurements to realise a proper energy analysis. Due to this 

fact, two new objectives appear for this part of the project: make a proposal measurement guide with the 

necessary measurement to realise a proper energy analysis for CO2 refrigeration system with integrated 

geothermal storage and evaluated how good monitoring are the supermarkets analysed based on the 

measurement system proposed.   

Proposal guide for monitoring CO2 refrigeration systems with integrated geothermal storage is done and 

10 medium size supermarkets are evaluated using this proposal guide as reference. Results shows that none 

of the supermarkets has all the necessary measurements to realise a proper energy analysis. The best 

supermarket analyse has 71% of the necessary measurements with lack of flow meters in the geothermal 

installation and separate power consumption for the HS and LS compressors.  

Three necessary measurements that none supermarket are flowmeters foe the heat-carrier geothermal fluid, 

separated power consumption for HS and LS compressors and geothermal heat extractor exit temperature.  

Control strategies for real medium size supermarkets in Sweden are analysed. Observations shows that real 

refrigeration control runs with fixed gas cooler pressure instead of variable gas cooler pressure proposed by 

(Sawhalha, 2013).  

 

Two main conclusions of field measurement chapter are: 

• None of medium size supermarkets analysed has the enough measurements to realise a proper 

energy analysis, which could be essential to improve the knowledge of this recent integrated systems 

and quantify the energy savings. 

 

• Real control strategies for medium size supermarkets are far from the theoretical control of this 

installations. Potential energy savings for refrigeration system in supermarkets are possible 

combining the industrial and academic control knowledge.  
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5 ECONOMIC AND FEASIBILITY ANALYSIS  

In order to find the proper solution for integrated geothermal storage in CO2 refrigeration systems, 

economic analysis is needed. Several economic indicators are calculated for the different system solutions 

in order to selected the proper integrated solution from techno-economic point of view.  

Two methods are using to estimate economic analysis: discount method, where is calculated the Net Present 

Value and the Payback period and the extra investment cost justification for the different systems solution.  

 Discount Method Estimation  

For discount method estimation, several estimation parameters are needed. The drilling cost is estimated in 

250 SEK/m (Acuña, 2013). The breakdown installation investment cost for S7, which includes GSHP, is 

estimated 50% ground loop installation and 50% heat pump and other installation cost (Lu, et al., 2017). 

Market interest rate is assumed 4% as realistic parameter. The service life is assumed 15 years.  

Electricity price is one of the main parameters strongly related with the final economic analysis results. 

Nevertheless, electricity price forecast has huge uncertain because several scenarios could be happened in 

the future.  

 

Figure 57: Electricity Price Forecast (Sommerfeldt & Madani, 2014) 

Figure 57 shown that estimation of increase 4 % electricity price is not the proper assumption having a 

similar electricity market in the future. Due to this fact, a realistic projection of the electricity price forecast 

could be an increase during the next years until one point where this electricity price could be remaining 

constant. After this point, electricity price could be decrease because the integration of renewable energies 

in the electricity market and the equilibrium of electricity system (Sommerfeldt & Madani, 2014).  

Due to this fact, electricity price forecast proposed by (Sommerfeldt & Madani, 2014) is used with 1 

SEK/kWh as initial/current price of electricity. Figure 58 shows the electricity price forecast used in the 

economic analysis for the different integrated geothermal system solutions.  

 

 

Figure 58: Electricity Price Forecast 
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The economic analysis is estimated using as reference system S4, which use CO2 Booster Refrigeration 

System with Heat Recovery. The economical estimations are calculated based on Equation (31) and 

Equation (32): 

𝐶𝐹1 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (𝑘𝑊ℎ) · 𝑝𝑒𝑙𝑒𝑐,1 (
𝑆𝐸𝐾

𝑘𝑊ℎ
) − 𝐴𝑛𝑛𝑢𝑎𝑙 𝐶𝑜𝑠𝑡𝑠 [𝑆𝐸𝐾] − 𝐼𝑛𝑣𝑒𝑠𝑡𝑚𝑒𝑛𝑡 𝐶𝑜𝑠𝑡 [𝑆𝐸𝐾]  ( 31 ) 

𝑁𝑃𝑉 = ∑ 𝐶𝐹𝑗+1

𝑝𝑒𝑙𝑒𝑐,𝑗+1

𝑝𝑒𝑙𝑒𝑐,𝑗 · (1 + 𝑖𝑛𝑡)𝑗

𝑁

𝑗=1

 ( 32 ) 

Where CF1 is the Cash Flow the first year of operation, j is the years and int is the market interest rate. 

Payback period is calculated solving the year where the NPV is equal to cero in the Equation (32). 

One important economic parameter is the Internal Rate of Return (IIR) [%] is defined as opportunity cost 

which the NPV is equal to zero. Measures the mean profit generate by findings which remain invested in 

the project. A profitable investment requires an IIR higher than the market interest rate. It is calculate using 

Equation (32), where int should be the IIR when NPV is equal to zero.  

Table 5: Economic Analysis: Discount Method 

 

 

NPV (15 Years) 

[MSEK] 
Payback Period 

[Years] 
Internal Rate of 

Return (IRR)  
    

S5 -55 >15 - 

S6 25 12.2 4.2 % 

S7-2B 247 6.3 6.5 % 

S7-3B 203 8.3 5.1 % 

S7-4B 164 9.8 4.8% 

 

The discount method shows that the proper solution from an economic point of view it S7-2B because as 

Table 5 shown, this solution has the higher NPV than the rest of the solutions, the lowest Payback Period 

and the highest IRR.  

 

 Justified Extra Investment Cost Method  

Other method to know the proper solution form economic point of view is proposed by (Granryd, 2005). 

In this case, it is proposed a method to justify what is the extra investment cost (CJustified Extra Pay) calculated 

by Equation (33) and Equation (34): 

𝐶𝐽𝑢𝑠𝑡𝑖𝑓𝑖𝑒𝑑 𝐸𝑥𝑡𝑟𝑎 𝑃𝑎𝑦 = 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (𝑘𝑊ℎ) · 𝑝
𝑒𝑙𝑒𝑐,1

(
𝑆𝐸𝐾

𝑘𝑊ℎ
) · 𝑎  ( 33 ) 

𝑎 =
𝑖

1 − (1 + 𝑖)−𝑛
   ( 34 ) 

Where a is the annuity factor, i is the market interest rate and 𝑛 is the number of years of depreciation. In 

this method as equal to the previous one, n is the service live with value of 15 years. In this case, the 

electricity price and the annuity factor, which is function of the market interest rate.  

Due to this fact, different electricity prices and interest market rate are chosen to realise an economic 

analysis. 
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(a) 

 

(b) 

 

(c) 

Figure 59: Savings Justify Extra Investment Cost Variations 

Figure 58 shown the variations of savings justify for the extra investment cost of the different system 

solutions. In these estimations, the total investment cost is the same calculated in the previous section in 

order to having a comparative reference. All the savings justify extra investment cost which are above this 

investment cost could be a potential solution.  

 Conclusion 

In order to select the proper solution from economic point of view, both methods are put in common in 

two proposal scenarios. On the one hand, Conservative scenario has an electricity price of 1.5 SEK/kWh 

and interest rate of 8%. On the other hand, Realistic scenario has an electricity price of 1 SEK/kWh and 

interest rate of 4%. In this estimations, borehole and heat pump cost are calculated using the drilling cost 

of 250 SEK/m and the breakdown investment cost 50-50% proposed by (Lu, et al., 2017). 
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Figure 60: Conservative Scenario Economic Analysis 

 

 

Figure 61: Realistic Scenario Economic Analysis 

Figure 59 and Figure 60 shown the different savings justify the extra investment cost and the payback 

period from the discount method for conservative and realistic scenario. In both scenarios, S7-2B is the 

proper solution from economic point of view because has the lowest payback period and the difference 

between the investment cost and the savings justify the investment cost are higher than the other 

solutions.  

Combination of these two economical analysis methods shows interesting results in common. In the realistic 

scenario, S5 is not a proper solution for a service life of 15 years because has a payback period higher than 

15 years and investment cost is above the justify extra investment cost. On the other hand, the economical 

results show that for S7, when the number of boreholes are increasing, the energy saving are increasing as 

was explained in previous sections. Nevertheless, when the number of boreholes are increasing, the total 

investment cost is increasing because more meters of drilling and higher GSHP heating capacities are 

needed. Due to this fact, an economic analysis is necessary to be able of select a proper solution from a  

techno-economical point of view. 
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6 CONCLUSION 

There are several known CO2 refrigeration systems using the potential of an integrated geothermal storage 

enabling sub-cooling during summer seasons and being a heat source during winter seasons. Nevertheless, 

the described solution implemented in several medium size supermarkets of Sweden are not yet evaluated 

in practice.  

Literature review and field measurements analysis are done to find the current system solutions for 

integrating geothermal storage with CO2 refrigeration systems implemented in medium size supermarkets. 

Alternative hybrid CO2 refrigeration system with ground source heat pump solution for potential integrating 

solution and proper control strategies are proposed. Seven different system solutions for providing the 

cooling and heating requirements in medium size supermarkets were modelled in EES. Important 

assumptions in the models are taking from field measurements analysis. Seasonal Winter, seasonal summer 

and annual  Energy Efficiency Ratio are calculated for all the modelled system solutions. Annual Energy 

Use is calculated to select the proper system solution from technical point of view. Ground heat exchanger 

is designed and modelled using the software EED for all the system solutions with integrated geothermal 

storage. Size optimisation of ground heat exchanger and GSHP heating capacity are realised for the 

proposed hybrid solution(S7), having three possible solutions with 2,3 and 4 boreholes.  Economic analysis 

is done with two methods to pick out the proper system solution from techno-economic point of view.  

From technical point of view, S7-4B is the proper alternative for integrating geothermal storage in CO2 

refrigeration systems because it has annual energy use reduction of 15.7 % compared to conventional 

indirect refrigeration system with air source heat pump (S1). This solution (S7-4B) has 7.6 % reduction of 

the annual energy use comparing with the conventional CO2º booster refrigeration system with heat recovery 

(S4). The annual  energy efficiency ratio of S7-4B is 3.50. Nevertheless, ground heat balance analysis is 

realised to know the technical viability of the system solutions. This analysis shows that S7-4B is an 

unbalanced solution, which means that the performance of the system will decrease during the service life. 

S7-2B is the proper solution from this technical point of view because it has better ground heat balance 

than the other solutions.  

From economic point of view, two analysis methods are used: discount method analysis and justified extra 

investment cost method. Two different economic scenarios are analysed: conservative and realistic 

scenarios. The combination of two economic methods in the realistic scenario shows that the solution S7-

2B is the proper solution because it has lower payback period than the other solutions and the difference 

between the investment cost and the justified extra investment cost is higher than the other solutions.  

Technical and economic analysis shows that S7-2B is the adequate solution for integrated refrigeration 

systems with 14 % less annual energy use compared to conventional indirect refrigeration system with air 

source heat pump (S1). This solution has 5.9 % reduction of the annual energy use comparing with the 

conventional CO2 booster refrigeration system with heat recovery (S4). The annual energy efficiency ratio 

of S7-2B is 3.43. 

Furthermore, field measurements monitoring system of ten medium size supermarkets with integrated 

geothermal storage is studied. Measurement system guide is proposed  to realise a proper energy analysis of 

supermarket installation with this integrated solution. “Lack of measurements” evaluation is done for the 

available supermarkets. One important conclusion of this part is that none of the supermarkets analysed has 

enough measurement to fulfil a proper energy analysis. The theoretically control strategies are analysed and 

compared with the field measurements . 

As a suggestion for further works, direct geothermal heat extractor with parallel compression is the latest 

potential alternative system in supermarkets, but no comprehensive study or analysis is yet done. The 

opportunities and possibilities of extracting heat from the ground to sell it the neighbour buildings and 

district heating network can be another research topic. . The last but not the least, the control strategies 

synchronizing the gas cooler and geothermal sub-cooler is needed to be studied to maximize the energy savings.  
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