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Abstract 

This master thesis is a part of a project initiated by the energy technology department at KTH. The 

project aims to provide useful insights on the Swedish cold chain for food and evaluate the potential of 

refrigeration systems using carbon dioxide in a food processing and storage facility. 

This thesis includes a detailed description of the main parts necessary to sustain a typical cold chain and an 

analysis of a facility that employs CO2 as its only refrigerant. The facility has the complete 

instrumentations necessary to measure temperatures, pressures, and the energy consumed by the 

compressors and the fans in the storage rooms. The instruments have been installed at the beginning of 

2018, but only the first semester of 2020 is thoroughly analyzed in this thesis.  

The measurements collected throughout this period were good enough for the evaluation of such a 

system. Because of the multi-functionality of the units, different performances were calculated, thus 

providing the tools for a meaningful and complete analysis. Particular attention was directed towards the 

overall COP and the heat recovery COP to better understand the improvements that the units can 

undergo. The potential to recover “free” heat from the desuperheater and the intercooler is demonstrated 

and discussed in the final chapters of this paper. 

The experimental and theoretical studies reported in this thesis prove that CO2 based systems can be 

employed as efficient solutions in food processing and storage facilities. However, comparison with other 

systems is needed and this work will be presented in publications that follow the ongoing project. 

Abstrakt 

Detta examensarbete är en del av ett projekt initierat av KTH:s energitekniska avdelning. Projektet syftar 

till att ge användbar insikt i den svenska kylkedjan för livsmedel, och utvärdera potentialen i kylsystem 

som använder koldioxid i en livsmedelstillverknings- och lagringsanläggning. 

Avhandling innehåller en detaljerad beskrivning av de viktigaste delarna som är nödvändiga för att 

upprätthålla en typisk kylkedja och en analys av en anläggning som använder CO2 som enda köldmedium. 

Anläggningen har kompletta instrument som krävs för att mäta temperaturer och tryck samt 

energiförbrukningen av kompressorerna och fläktarna i förrådsutrymmena. Instrumenten installerades i 

början av 2018, men endast den första terminen av 2020 analyseras noggrant i denna avhandling. 

Mätningarna som samlats in under denna period var tillräckligt bra för utvärderingen av ett sådant system. 

Tack vare enheternas multifunktionalitet kunde olika prestationer beräknas, vilket gav verktygen för en 

meningsfull och fullständig analys. Särskild uppmärksamhet riktades mot den totala prestandakoefficienten 

(COP) och COP-talet för värmeåtervinning för att bättre förstå de förbättringar som enheterna kan 

genomgå. Potentialen för att återvinna ”fri” värme från överhettaren (desuperheater) och laddluftkylaren 

(intercooler) demonstreras och diskuteras i de sista kapitlen i denna uppsats. 

De experimentella och teoretiska studier som rapporterats i denna avhandling visar att CO2-baserade 

system kan användas som effektiva lösningar i livsmedelstillverknings- och lagringsanläggningar. 

Jämförelse med andra system behövs dock och detta arbete kommer att presenteras i publikationer som 

följer det pågående projektet. 
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1 Introduction 

1.1 Cold chain 

Cold chain is a temperature-controlled transport and storage energy system of refrigerated goods between 

upstream suppliers and consumers. It is designed to maintain the quality and safety of food products while 

minimizing cost, waste, and energy. (Mercier, Mondor et al. 2019) 

From the moment a fruit or vegetable is harvested, or an animal is slaughtered, the product starts to 

deteriorate. The delay before they become unmarketable or inedible depends on the food product itself 

and several environmental factors. These environmental factors include the storage temperature, pressure, 

relative humidity, and the other characteristics of surrounding gases. The temperature generally has the 

greatest impact on the shelf life of perishable food. (Ndraha et al. 2018) The rate of respiration and the 

growth of microorganisms, which can spoil some food products in a few hours or days, is increased when 

the temperature is too high. On the other hand, a temperature that is too low can create cold injuries and 

render the food product unmarketable. It has been reported that roughly one-third of global food 

production is wasted annually. A high share of these losses is related to poor post-harvest handling, lack 

of proper facilities, and insufficient training for operators in the cold chain. (Mercier et al. 2018) 

Perishable food products kept at the proper temperature can generally remain of high quality for multiple 

days or weeks, or even multiple months or years in the case of frozen food. Therefore, refrigeration plays 

a critical role in food loss. This is especially true in this current state of globalization, with fresh produces 

continuously travel long distances between countries and continents to meet consumers’ expectation of 

having a wide range of fresh produces available all year around. (Göransson et al. 2018) 

The stages found along a typical cold chain of a food product are presented in Figure 1.  
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Figure 1: Typical stages found in the cold chain (UN Environment and IIR 2018) 

When the product is harvested (for fresh fruits and vegetables) or processed (for processed fruit, 

vegetable, meat, and dairy products), its temperature is generally above the optimal range for the 

preservation of its quality and safety. As such, the food is first cooled to the desired range in a precooling 

facility, or in some cases, directly within a refrigerated container or vessel.  

Depending on the distance-to-market, the food product can be transported by land or a combination of 

land and sea or air to one or a series of distribution centers (DCs).  There pallets are sorted and sent to the 

proper client based on product demand and a predetermined management system. The food product can 

also transit through several cross-docking sites, to combine shipments of small suppliers and reduce 

transportation cost.  

After transiting through the last DC, the food product is transported to a retailer, where it is stored in a 

backroom or in a refrigerated display cabinet until it is sold to consumers. For small growers in developing 

countries, the food product can often bypass the distribution stages of the cold chain and be sent directly 

from harvest to retail, generally to nearby farmers’ markets. Once the food product has been bought by 

consumers, it is transported home and stored in a domestic refrigerator until consumption.  

The cold chain is often quite complex, with foods being chilled or frozen on more than one occasion. 

Worldwide about 400 million tons of food are preserved using refrigeration and the overall volume of 

cold stores (refrigerated warehouses) around the globe is about 600 million m3. The International Institute 

of Refrigeration (IIR) estimates that the total of refrigeration, air-conditioning and heat pump systems in 

operation worldwide is roughly 3 billion, including 1.5 billion of domestic refrigerators. 90 million of 

commercial refrigerated equipment (including condensing units, stand-alone equipment and centralized 

systems) are operating in the world. There are also 4 million refrigerated road vehicles (vans, trucks, semi-
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trailers or trailers), 1.2 million refrigerated containers (reefers) and 477,000 supermarkets, with a footprint 

ranging from 500 to 20,000 m2 in operation and where up to 45% of the electricity consumed is used by 

refrigeration equipment. (UN Environment and IIR 2018) 

1.2 Driving policies 

Refrigeration and Air Conditioning Industry witnessed considerable development and modernization in 

the last three decades. Partly, this is the result of the international environmental policies where many 

refrigerants that have been used efficiently for decades, are held responsible to the Ozone Layer Depletion 

as well as Global Warming. The phase-out of ozone depleting substances (ODSs), under the Montreal 

Protocol, triggered significant changes in the industry moving towards alternative refrigerants and 

technologies that have zero Ozone Depletion Potential (ODP). (Palm 2008) 

In the October of 2016, in Kigali/Rwanda, more than 170 countries agreed to amend a new and more 

strict protocol. The Kigali Amendment aims for the phase-down of hydrofluorocarbons (HFCs) by 

cutting their production and consumption, through the complete phase-out of ODSs including 

chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs). (U.S. Environmental Protection 

Agency) 

The emissions of HFCs are also listed within the group of Greenhouse Gases (GHGs) under the climate 

related conventions such as the Paris Agreement and previously the Kyoto Protocol. However, actions to 

specifically control HFCs emissions within the climate regime are not yet set on a global scale, except for 

reporting requirements under the United Nations Framework Convention on Climate Change. (Hu et al. 

2019) 

The climate impact of refrigeration equipment depends on both direct and indirect effects. The direct 

effect is from its Global Warming Potential (GWP) and amount of a refrigerant emitted to the atmosphere 

(either from a leak, accident, or from improper handling or disposal). The indirect effect is associated with 

the energy consumed during the operation of equipment which, over its lifetime, occurs as a result of the 

CO2 (CH4 to lesser extend) produced by fossil fuel power plants, and is commonly greater than the direct 

effect. Minimizing direct and indirect impacts of emissions should be addressed through improved design, 

better field commissioning and maintenance practices, sound decommissioning procedures and 

enforcement to local relevant standards and regulations. 

There are several principal organizations developing standards related to the refrigeration and air-

conditioning sector. The UNEP International Standards in Refrigeration and Air-Conditioning booklet 

summarizes the main international standardization organizations and provides some examples of national 

and regional standard organizations. 

With this, UNEP aimed at putting the basis for a deeper analysis. The cold chain sector is in fact one of 

the most important but overlooked business segments in terms of being addressed in a holistic approach. 

It crosscuts with different economic, social, and technical areas such as the food industry, health, 

refrigeration, transportation, tourism, etc. The norms and directions for cold chain technologies selection 

with higher efficiencies, lower environmental impact, and affordable economics are scattered amongst 

different groups and entities even within the same country. (Saar) 

In September 2015, International Community adopted the 2030 Sustainable Development Goals (Figure 

2) stipulating Goal #2 “Zero Hunger” as the second global goal which needs to be achieved by 2030. This 

automatically means the urgent need to efficiently manage the portfolios of “Food Security” and “Food 

Waste” which depends on the cold chain capabilities. While this goal can be noted as the main goal with 

direct relation to cold chain, other goals are also connected to the cold chain business. For example, Goal 

#3: “Health and Wellbeing”, Goal #9: “Industry Innovation and Infrastructure”, Goal # 12: “Responsible 

Consumption and Production” as well as Goal #13: “Climate Action”. Therefore, the integrated approach 

in addressing the cold chain challenges can lead to multi socioeconomic and environment benefits. 

(United Nations 2020) 
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Figure 2: The UN Sustainable Development Goals (SDG) (United Nations 2020)  

1.3 New refrigerants 

Once the HCFCs emissions are approaching zero in Europe, the focus shifted to the reduction of HFCs 

emissions. While the share of HFCs in total greenhouse gasses emissions to date is approximately 1%, the 

consumption of HFCs is increasing at a high rate. (Calm 2008) 

HFCs phase-down is also an opportunity to redesign the existing refrigerating and air conditioning 

equipment to achieve improvements in their energy efficiency, similar to that achieved during HCFC 

phase-out. At the European Union level, the HFC phase-down has already started. Specifically, the EU 

Regulation No. 517/2014 (F-gas Regulation) established the global warming potential limit at 150 for 

most of the refrigeration and air conditioning vapor compression systems. (Devecioğlu e Oruç 2015) 

Conventional HFCs replacement with lower GWP refrigerants will open the doors in particular for natural 

fluids. These have always been considered in refrigeration and air conditioning systems. However, because 

of different reasons (safety, the cost of equipment, etc.), synthetic fluids have been preferred in many of 

the refrigeration applications.  

Ammonia (NH3), carbon dioxide (CO2) and other natural refrigerants came back to use after a widespread 

application in the early of the 20th century. In commercial refrigeration, CO2-based systems are being 

implemented always more thanks to recent technological advancements. On the other hand, industrial 

refrigeration will likely be dominated by ammonia-based systems. These two refrigerants represent great 

solutions, since they will not only solve the problems related to the environment but also provide systems 

that match or surpass the energy efficiency of old ones. (Mota-Babiloni et al. 2017) 

Low GWP synthetic refrigerants are also being considered as alternatives thanks to their reliability and 

their characteristics closer to the industry refrigerants currently employed. It was shown, however, that 

taking into account stability characteristics, toxicity, and suitable thermodynamic properties, the limits of 

chemistry result in only 62 low GWP fluids usable in refrigeration and air conditioning equipment, most 

of which are flammable. From these fluids, none is ideal in all regards and trade-off should be performed.  

Devecioglu (2015) highlight that HFO (hydrofluoroolefin)/HFC mixtures present good characteristics to 

replace high GWP working fluids but they still require additional investigations to be widely used in the 

market. Moreover, along with the reduced atmospheric warming potential of these new refrigerants, they 

should be also as energetically efficient as possible. (Devecioğlu e Oruç 2015) 
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2 Objectives 

2.1 Background  

The cold chain is a long process through which the product is kept within a specified temperature range to 

maintain a good quality and extended lifetime. Different refrigeration equipment is used at different points 

of the cold chain process to maintain the required temperature range. At some points of the cold chain 

heating and refrigeration will be needed simultaneously which give the possibility for heat recovery, for 

instance during food processing/production.    

The environmental concern and the F-gas regulations affects the technological solutions for refrigeration 

in the cold chain. This thesis will investigate the current technical solutions for refrigeration in the cold 

chain and will propose new environmentally friendly technical solution and evaluate their performance.  

The product in the cold chain is usually food or pharmaceutical drugs, in this thesis the focus will be on 

cold chain for food.  

2.2 Project  

The main objective of this project is to analyze the energy performance and refrigerants used from 

technologies throughout the cold chain. A brief description of the different steps and technologies 

involved is reported. Different cooling system configurations are employed depending on the size and 

purposes of the cooling facilities, and a simulation tool is adopted to achieve useful results for a food 

processing and storage refrigeration plant in Sweden. The in-situ measurements allow validating these 

simulations which are then used to analyze the performance of the system according to different variables 

and different necessities. Focus is on system’s cooling performance and efficiency.  

The thermodynamic properties of the fluid are obtained through CoolProp and, through the model 

presented in the thesis, it is possible to simulate and analyze the performance of the system under scrutiny. 

Suggestions for possible improvements are also made. 

In summary, the schedule that has been followed can be divided into two different sections: the first is 

dedicated to a broad analysis of the cold chain, while the second focuses on a particular facility that can be 

set as an example for the systems used for that particular step of the cold chain.  

Part one:  

• documentation on refrigerating technologies in the cold chain, 

• identification of the most important steps in the cold chain, and  

• analysis and description of the identified steps. 

Part two: 

• collection of data on the refrigeration system of the food processing plant, 

• creation of a database for the technology investigated, 

• data processing, calculation of needed thermodynamic parameters, 

• calculation of the useful parameters using the measurements and the appropriate software,  

• model validations, and 

• proposition for improvements to optimize energy efficiency. 

2.3 Summary  

The work in this thesis started by analyzing the main steps found in a typical cold chain. A thorough 

analysis is presented in the first part of the thesis which includes chapter 3, chapter 0, chapter 0, and 

chapter 0. Each one of the chapters is dedicated to a different part of the cold chain and provides insights 

regarding the technologies and refrigerants involved.  
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The second part of the thesis (from chapter 7 to chapter 12) analyzes a facility located in Southern 

Sweden. This system was chosen because it is a representative of two of the stages found in the cold 

chain: food processing and food storage. Furthermore, all the units investigated employ only CO2 as a 

refrigerant, thus providing useful data on this environmentally friendly refrigerant fluid. 

The data collected allowed to perform theoretical evaluations and estimate the performance of different 

CO2 system solutions. Particular attention was directed towards the employment of heat recovery systems 

and the improvements they could bring to the units. Furthermore, it was possible to assess the influence 

of external parameters, such as outside temperature and/or evaporation temperature, and demonstrate 

their influence on the energy consumption of the various CO2 refrigeration systems. 

The analysis of this facility also grants the possibility of setting the basis for a future comparison with 

other similar systems that use CO2 as a fluid in the different stages of the cold chain. This project will 

provide a possible starting point for the evaluation of food processing and storage refrigeration systems 

and for the evaluation of CO2 as a long-term solution in the sector. 

2.4 Project partners 

Organization Participant 

KTH Samer Sawalha  

KTH Sotirios Thanasoulas 

IWMAC  
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3 Refrigeration in food production and processing 

There are many different types of food products, each with its different characteristics and its needs. In all 

cases, especially those involving processed food, refrigeration is necessary to preserve and maintain the 

microbial, nutritional and gustative qualities of the products. Diverse techniques and technologies are 

therefore required to obtain these results.  

Because of lack of data and to limit the analysis carried out, this chapter will focus only on the three 

categories of food that go through this first step of the cold chain. These are:  

• fruits and vegetables, 

• meat, and 

• eggs and dairy products. 

3.1 Abstract of refrigeration in food processing 

An efficient cold chain starts very early in the supply chain: it begins with picking or harvesting for fruits 

and vegetables, and with slaughtering for meat products. The level of necessity for early refrigeration 

varies depending on the nature of the food. In this section, some of the most common processes are 

briefly described. 

3.1.1 Precooling  

Precooling is the rapid removal of heat from the products in order to slow down metabolism and lower 

deterioration prior to transport or storage. Precooling represents the first crucial step of the cold chain 

and should start as soon as possible after harvest. (Sadashive Gowda et al. 1997) 

Fruits and Vegetables 

It is a well-established fact that temperature is the chief determinant and the most substantial 

environmental aspect that prompts the deterioration rate of harvested fresh produce. Respiration rates, 

and subsequently the amount of heat generated by the produce, is strictly dependent on the temperature: 

the higher the temperature, the higher the rate of generation. Therefore, the most critical step for fresh 

produce, particularly with inherently high respiration rates, is the rapid precooling process to the lowest 

safe temperature. Rapid precooling enhances the products, maintaining nutrition ingredients and 

freshness. Moreover, studies showed that the postharvest losses of commercial fruit and vegetable is 

almost up to 25%–30% without precooling in the whole storing and transporting chain while it is only 

5%–10% through precooling. (Teruel et al. 2004) Precooling also minimizes the designed heat load 

needed for cold rooms and provides marketing flexibility, allowing the grower to sell produce at the most 

proper time. (Thompson 2010) 

The economic viability of a specific precooling process as an added-value service must recover its cost 

through selling prices or achieving other economic benefits, considering that the capital investment and 

the running costs vary significantly among different precooling methods. These different methods can be 

recommended depending on the nature of the product. Among them, pulsed air is used for the majority of 

products, immersion or hydrocooling is used for small fruits (i.e. cherries, berries), and vacuum cooling is 

used for leafy greens (i.e. lettuce, spinach). (Elansari et al. 2019b) 
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Figure 3: Typical precooling facility for fruit and vegetables (Lorenzetti et al. 2019) 

Meat products 

Blast air systems are used to cool the surfaces of the carcasses, preventing the growth of harmful bacteria 

and microorganisms. In addition, the rapid surface cooling reduces moisture/weight loss. Unless carcasses 

are electrically stimulated it is recommended that a period of exposure to moderate cold (10-12°C) is 

applied before lowering the temperature down to chilling levels in order to avoid the risk of cold 

shortening, which can occur when a carcass is exposed too early to a temperature that is too low. 

(Lorenzetti et al. 2019) 

 

Figure 4: Typical precooling facility for meat products (Lorenzetti et al. 2019) 

Eggs and dairy products 

According to Kumar et al., the decline of interior egg quality due to storage time is not affected by warm 

temperatures (21-27°C). After 30 days the conditions are basically the same of the eggs that undergo 

extended cooling period (from 12 up to 72 hours) at 12 to 14.4°C prior to washing and packing. This is 

valid as long as the shell is not broken or split. For this reason, some countries recommend keeping eggs 

at room temperature during transport and sale also to avoid possible condensation on the surface of the 

shell due to temperature fluctuations, which would be favorable for the development of germs. (Kumar et 

al. 2008) 

On the other hand, for milk and other dairy products cooling is essential to obtain a quality raw material. 

Milk leaves the udder at approximately 35°C, which is a favorable condition for bacterial growth and 

the microbial load could increase rapidly if the product is maintained at improper temperatures. 

Precooling helps preventing this and, under normal circumstances, the cooling is done in specialized 

tanks, able to lower the milk to 4°C in less than 2 hours. (Kansas State University 2004) 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/udders
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/microbial-load
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3.1.2 Chilling 

Once the product has reached the desired temperature, it has to be chilled and maintained at the adequate 

conditions. 

Fruits and vegetables 

Chilling can be carried out in specific devices such as chilling tunnels, but it is usually done in classic cold 

rooms equipped with adequate ventilation, sometimes in modified atmospheres. This step is crucial 

because improper chilling can irremediably injury many fruits and vegetables.  

Most crops of tropical and subtropical origin are sensitive to chilling injury and are very susceptible to the 

typical low, but nonfreezing, temperatures of the chilling process. At these temperatures, the tissues 

weaken because they are unable to carry on normal metabolic processes. Various physiological and 

biochemical alterations occur in the sensitive species in response to low-temperature exposure. These 

alterations lead to the development of a variety of chilling injury symptoms, such as surface pitting, 

discoloration, internal breakdown, failure to ripen, growth inhibition, wilting, loss of flavor, and decay. 

(Elansari 2009) 

There are different methods for alleviation of chilling injury, such as temperature preconditioning, 

intermittent warming, chemical treatments, hormonal regulation, controlled atmosphere storage, genetic 

manipulation, etc. 

According to their sensitivity, the food products can be categorized into the following three temperature 

categories: 

• High-sensitivity products (i.e. mangoes, melons, ginger, sweet potatoes, yams): temperatures 

below 8-12°C are not recommended, as they can cause metabolic disturbances that shorten the 

life of the goods. 

• Medium-sensitivity products (i.e. tangerines, green beans, potatoes): it is possible to lower the 

temperature down to 4-6°C, but not less. 

• Low-sensitivity products: a temperature of 2-3°C, down to just above the freezing point is 

recommended. (IIR-UN Environment 2018c) 

All recommended storage temperatures for fruits and vegetables can be found on online catalogues. Non-

compliance with these recommendations can lead to avoidable losses. (Mercier, Brecht e Uysal 2019) 

Meat products 

At this point, meat products need to undergo different processes to prevent or inhibit the growth of 

spoilage microorganisms. Depending on the equipment of the slaughterhouse, the temperatures required 

can be achieved in small chambers or in cooling tunnels. In cold chambers it is carried out in two or three 

phases. During the first phase the air temperature is maintained at about 0°C, carefully controlling the risk 

of superficial freezing while air movement is maintained at a high level. For large carcasses, after 10-12 

hours the air circulation inside the store is reduced, maintaining temperature and humidity conditions; this 

second phase lasts another six to 10 hours. After this period, the meat is transferred to cold storage 

chambers where the carcass temperature is stabilized, concluding the third phase (Feng et al. 2012). 

Eggs and dairy products 

As mentioned in the previous section, as long as their shell is intact, eggs can be conserved at relatively 

high temperatures compared to the dairy products. However, due to economic reasons and logistical 

difficulties (i.e. setting storage rooms to satisfy only one aliment’s needs), eggs are usually stored with 

products that require lower temperatures to be correctly conserved. This does not represent a problem 

since colder environments that are properly managed do not negatively affect this aliment. 

Dairy products, on the other hand, require a rigorous preservation to conserve the sanitary and 

organoleptic quality of the product until its consumption or its transformation. The conservation of 
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processed dairy products (cheese, yoghurts, fermented milks, ...) has to be done at adequate temperature 

(4-6°C) in order to avoid the development of spoilage or pathogenic germs.  

In summary, it is likely to find both eggs and dairy products in classical cold storage rooms at 

temperatures around 4-6°C. 

3.1.3 Freezing 

During freezing, the water in the food is separated out from other food components and is frozen. In this 

way the food is protected from deteriorating influences such as temperature and water. The lower 

temperature slows down the rate of chemical reaction and water is also removed from the sphere of 

activity. 

Freezing stops the metabolism of the fruit and vegetable products, and as long as the product remains 

frozen, it allows for very long storage durations. In most cases, this process takes place in specific 

equipment designed to provide low temperatures and high air velocities (typically -35°C to -45°C and 3 to 

7m/s) in order to ensure rapid freezing of the product. Following that, the product is stored at low 

temperature, (below -18°C) as required by international standards. 

On the other hand, a meat product can be considered frozen when its center has a temperature of -12°C 

or less. To reach this temperature the product passes through the temperature range of maximum 

crystallization (from -1° to -5°C). The speed of freezing is a very important factor as frozen meat quality 

depends mainly on the size of the ice crystal formed: the lower the speed of freezing the larger the size of 

the crystals. Slow freezing facilitates the separation of solution and the migration of water out of the 

muscle cells which is subsequently frozen, forming rather large crystals. Quick freezing conversely 

produces many small ice crystals, mainly formed within the muscle cells, and reduces water migration and 

separation of solution. It is obvious that the latter technology will preserve the meat closer to its original 

quality and, particularly during thawing, moisture loss will generally be lower. 

3.1.4 Supercooling and superchilling 

Supercooling (sometimes called undercooling) is the process of lowering the temperature below its 

freezing point but without freezing. Superchilling allows a low ice fraction by partial freezing so that only a 

small proportion of the water content is in the form of ice.  

These relatively new processes for food storage have recently appeared in the cold chain. These 

techniques have great potential to enable safe, high quality and long-term storage of foods without the 

consumer perceived detrimental effects of freezing. Furthermore, if they are combined with perfusion 

chilling for meat and fish, then additional benefits such as rapid cooling, low weight loss and novel 

products could result. Energy and environmental benefits are envisaged due to reduced heat loads and 

higher storage temperatures (compared to frozen food). 

Supercooling and superchilling have been adapted to animal products such as salmon and pork and extend 

the shelf life of the product considerably. However, difficulty in defining and maintaining the adequate 

temperatures for these processes prevents them from being widely employed. 

 

Figure 5: Difference between frozen and supercooled potato (IIR-UN Environment 2018c) 
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3.1.5 Other food processes that require refrigeration 

There are many other food processes that are used to satisfy the increasing desire for better quality and 

taste of the consumers.   

The following is a non-exhaustive list of these processes: 

• Crystallization of fat for the texturization of butter, margarines and some soft cheeses. 

• Cryoseparation of undesirable components, such as tartaric acid in white wines and champagne. 

• Cryoconcentration of components, as is done with fruit juices 

• Lyophilization (freeze-drying) of goods and drinks, most commonly coffee. (IIR-UN 

Environment 2018c) 

3.2 Refrigeration facilities in food production and processing 

The facilities briefly described in the following sections include only the ones that are found in the first 

stage of the cold chain. These include systems and the cold distribution loops used in plants operated 

according to the required temperatures and capacities.  

An analysis of the refrigeration systems used in refrigerated warehouses and commercial facilities will be 

conducted in other chapters.   

3.2.1 Small facilities 

In general, refrigeration is ensured by classic single-stage direct expansion systems. Piston/reciprocating 

compressors are widely used, and the refrigeration is produced by the refrigerant itself. These systems 

offer advantages since they are simple, reliable, the least expensive and easy to implement and maintain. 

(IIR-UN Environment 2018c) 

 

Figure 6: Typical refrigeration units in a medium-sized facility (Elansari et al. 2019a) 

3.2.2 Large facilities 

Depending on the food product that needs to be cooled, the components and complexities involved 

greatly vary. In general, the research for refrigeration technologies with high efficiencies has led to the 

development of other adapted technologies, although they are more expensive in terms of investment and 

maintenance. 
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• For chilling, single-stage systems with flooded evaporators are recommended. The use of a 

secondary refrigerant (a coolant such as propylene glycol) for cooling distribution dramatically 

reduces the use of the primary refrigerant. 

• For freezing, two-stage refrigeration systems (often with a screw and/or piston compressor in 

series) with flooded evaporators are often used and recommended. 

• For chilling and freezing, screw compressors are often used because of their high ratio 

refrigeration capacity/overall dimension, even if large piston compressors can represent valid 

surrogates. (Tanner 2016) 

 

Figure 7: Typical refrigeration units in a medium-sized facility (Elansari et al. 2019a) 

3.3 Refrigerants currently used and potential alternatives 

3.3.1 Small facilities 

In small facilities for food processing cooling, HFCs are currently the mostly employed refrigerating 

fluids. Their non-flammability, low toxicity and great heat transfer properties made them the favored 

option for many small facilities’ managers. 

However, due to their high GWP, EU and international regulations on climate change (Kigali 

amendment) require countries to progressively reduce or phase out their use. No phaseout dates are 

planned for the employment of any HFCs in small facilities, but their implementation is growing in 

strictness:  

• R-123, an HCFC is scheduled to phaseout in 2020 in new equipment. It is only used in centrifugal 

chillers and only provided by few major manufacturers around the world. 

• R-134a, an HFC that has no scheduled phaseout date yet. Provided in equipment by all major 

manufacturers, it is used in centrifugal chillers, water-cooled screw chillers, and air-cooled 

positive-displacement chillers. 

• R-410a is an HFC with no scheduled phaseout date. It is easy to find and is used in smaller air-

cooled positive-displacement chillers, packaged rooftop equipment, and residential equipment. 

• R-407c is also an HFC that has no scheduled phaseout date. It is commonly used in smaller air-

cooled positive displacement chillers and packaged rooftop equipment. (IIR-UN Environment 

2018c)  

For these applications, alternatives to HFCs could include the use of low-GWP refrigerants and/or blends 

of refrigerants adapted to the required temperature. HFOs also represent a possible alternative to HFCs. 

However, their availability, current cost, and mild flammability limit their widespread use. In addition, the 

long-term accumulation of their decomposition residuals in the environment must be further investigated. 
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On the other hand, blends of different refrigerants can be tailored to offer the best compromise between 

environmental impact, safety, and energetic performances. Some promising HFOs and blends are 

reported in the Table 1. 

Table 1: HFO and HFC/HFO blends with their properties and possible areas of implementation (IIR-UN Environment 2018c) 

 Substance GWP Composition Safety Group Replacement for 

HFC-HFO 

blends 

R449A 

R450A 

R513A 

1397 

605 

631 

R32/125/1234yf/134a 

R1234ze(E)/134a 

R1234yf/134a 

A1 

A1 

A1 

R404A 

R134a 

R134a 

HFOs R1233zd 

R1234ze 

4.5 

7 

- 

- 

A1 

A2L 

R134a, R404A 

R134a, R404A 

 

However, the majority of these blends have very high glide and for some applications, this peculiarity may 

cause some unavoidable problems.  

Other possible alternatives that are beginning to be developed in small facilities include: 

• the use of hydrocarbons (i.e. isobutane, propane). Their employment is possible, but only for very 

low refrigerant charges, due to their high flammability. 

• The use of carbon dioxide. While the intrinsic performances of this refrigerant in small systems 

are lower than those achieved with other fluids, the low environmental impact as well as the 

progress made in the designing of CO2 loops make this a potentially suitable alternative, especially 

in colder climates. (Tanner 2016) 

3.3.2 Large facilities 

In large facilities for food production and processing, ammonia is generally used. Despite certain 

unfavorable characteristics (i.e. toxicity and flammability), its excellent heat transfer and negligible GWP 

and ODP make it the most suitable refrigerant for these applications. It can be used in large cooling 

production loops for a long time without any other constraints than those imposed by its toxicity. It is a 

well-known fluid, and it has been implemented in this sector for a long time.  Designs to guarantee lower 

risks and increase the safety for the workers have been optimized throughout the years and fewer 

accidents are registered each year. (IIR-UN Environment 2018c) 

For freezing, the use of two-stage systems with liquid-vapor separation vessels and screw compressors 

remains a standard. In these systems ammonia is still the best option and is usually combined with other 

refrigerants to reduce its charge and improve the overall efficiency.   

Some approaches to achieve this goal have been development only recently, while the majority are well 

consolidated and have been used for a long time: 

• the chilling of food products employing cooling distribution loop based on a secondary 

refrigerant (a coolant such as propylene glycol). It significantly reduces the quantity of ammonia 

present in the system, and therefore dramatically improves the safety of the facility. 

• Frozen products are obtained using two-stage cascade systems with, for instance, HFC-R134a or 

ammonia in the high-temperature stage and CO2 in the low-temperature stage also reduces the 

ammonia charge. 

• CO2 systems have only lately entered this market and their employment is spreading thanks to 

their negligible environmental impact and recently achieved high efficiency. The design of only-

CO2 loops is aiming to take over the share of the market that deals with freezing and low-

temperature large facilities. (Liu et al. 2019b) 
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Table 2: Summary of current refrigerants and possible alternatives in food production and processing facilities (IIR-UN Environment 2018c) 

Refrigeration in food production and processing 

Types of Facilities 
Current higher GWP refrigerants 

(GWP kg CO2) 

Alternative lower GWP 

refrigerants (GWP kg CO2) 

SMALL 

HFC-134a (1430)                      

HCFC-22 (1810)                         

HFC-404A (3922)                      

HFC-407C (1774) 

HC (1.8-20)                             

HFO-1234 yf (4)                                   

HFO-1234 ze (4)                                

HFC-HFO blends (<1300)                           

R-744 (1) 

LARGE 

HFC-134a (1430)                      

HCFC-22 (1810)                         

HFC-507A (3985)                          

R-717 (0) 

R-717 (0)                                       

R-744 (1) 
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4 Refrigeration in food transport 

Over time, the increased demand for temperature sensitive goods and the extension of shelf-life, has led 

to the development of diverse means of transport. This has been accompanied by technical developments 

designed to maintain unbroken the cold chains.  

Transport refrigeration can be either by land, sea or air. Land transport being the most diverse comprise 

refrigerated semitrailers, containers rigid vehicles and small vans. Sea transport is now mainly refrigerated 

containers though entire refrigerated ships exist and significant numbers of fishing and fish processing 

vessels. Air transport times are short and the temperature control rudimentary.  

4.1 Abstract of refrigeration in food transport 

Transport refrigeration is provided by various means as the commodity is moved along the cold chain 

such as from the manufacturer to a distribution center and then to stores from where it may increasingly 

be delivered to a customer’s home, typically in a van or small truck. Regardless of the vehicle it is 

preferable to ship in bulk and having only one temperature required whenever possible as this incurs the 

least cost and complexity. 

A typical refrigerated vehicle cooling system interacts with the cargo space and regulates the space 

condition to a certain temperature by extracting the heat and transferring it to the external ambient 

environment. In most food refrigeration systems, heat is transferred primarily by convection: air 

temperature and its homogeneity are directly governed by the patterns of airflow. Different studies have 

shown a significant level of spatial temperature variability in some food refrigeration systems, with non-

uniform airflow as a major cause of this variability. (Zwierzycki et al. 2011) 

The air distribution system must provide sufficient airflow to absorb energy from heat sources (walls, 

door and often products itself) to avoid unacceptable temperature increase. The optimization of these 

systems is not an elementary problem and may require extensive experimentation. Furthermore, 

temperature spatial variability is also affected by the frequent door openings refrigerated food vehicles are 

subject to during their travel. In a survey carried by James et al. (2006), the authors stated that small-

refrigerated vehicles that conduct multi-drop deliveries can be subjected to as many as 50 door openings, 

where there is heat ingress directly from outside and from personnel entering to select and remove 

products. (Adekomaya et al. 2016) 

4.1.1 Refrigerated vehicles 

In a study presented by the United Nations Environment Program (UNEP), an estimation of around 4 

million refrigerated vehicles in service worldwide, including vans (55%), trucks (20%), semitrailers or 

trailers (25%) was reported, forecasting by 2030 a growth by 2.5% a year of global road freight transport. 

 

Figure 8: Percentages of different vehicles currently on the road (Tanner 2017) 
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The bodies of most refrigerated vehicles are insulated by a sandwich construction with an outer 

weatherproof protective layer, an interior frame of metal to provide structural rigidity surrounded by 

insulating materials and an inner protective layer. The inner protective layer often features “kick-plates” to 

protect against impacts from pallets and forklifts during loading and unloading. 

In the majority of developed countries such vehicles are subject to ECE/Trans/249 (“ATP”) regulations 

which require minimum insulation performance and heat extraction rates to ensure cold chain integrity. 

(Tanner 2017) There are two classes of insulation, Normal Insulation (IN) and Reinforced Insulation (IR) 

for frozen and chilled respectively. Below the value of 0.4 
𝑊

𝑚2∙𝐾
, vehicles are classified as IR, while between 

the value of 0.4 and 0.7 
𝑊

𝑚2∙𝐾
 they are classified as IN. Despite the level of insulation of the refrigerated 

vehicle, thermal performance of the insulation material still deteriorates with time due to inherent foam 

characteristics. Recent data showed a typical loss of insulation value between 3% and 5% per year which 

can lead to considerable rise in the thermal conductivity after few years, resulting in a significant increase 

in energy consumption and CO2 emissions if the large number of refrigerated vehicles in use worldwide is 

considered. (Artuso et al. 2019) 

The refrigeration equipment typically delivers cold air to the top of the body and the warmed air, having 

been drawn through the cargo, returns lower down. Multi temperature, multi compartment vehicles and 

their refrigeration systems are becoming increasingly common. 

  

Figure 9: Schematic representation of a typical cooling system found in a refrigerated truck (Cavalier 2017) 

4.1.2 Refrigerated air cargo 

The air transport segment of the distribution chain starts when goods arrive at the airport cargo terminal 

in a temperature-controlled truck or trailer. The goods will remain in the cargo terminal for a few hours up 

to approximately 1 day, before they are taken onto the ramp for loading. Upon arrival at the cargo 

terminal, either airline or third-party cargo terminal handling personnel unload and inspect the goods. 

Air cargoes are used to transport a variety of vegetables and flowers with shorter storage lives to their 

destinations. Pharmaceutical cargoes are also common where cargo holds are typically kept between 15°C 

and 25°C with additional temperature control provided by passive or active systems.  

Active systems include refrigerants such as dry ice or phase-change materials (eutectic) which are packaged 

around the commodity in order to lower the rate at which a cargo warms or cools. To further reduce the 

influence of the surrounding air, passive systems such as insulating materials are also employed. Due to 

strict rules set by aeronautic regulatory bodies, it is not viable to have refrigeration systems such as in road 

or container systems due to the levels of redundancy and risk minimization required which drive costs up 

exponentially.  

In air transport, weight and space are the most limiting factors due to aerodynamic considerations which 

are prioritized over the ability to quickly load vast amounts of cargo. The advantages of air shipment come 
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with a hefty price tag when compared to other modes of transportation. By weight, shipping by air may be 

over 100 times more expensive than marine transport.  (Hundy et al. 2016) 

 

Figure 10: Refrigerated air cargo 

4.1.3 Intermodal refrigerated containers 

Intermodal refrigerated freight containers (“ISO” containers) are widely used for the international 

transportation of goods, especially aboard ships and trains. In insulated or refrigerated forms they are 

suitable for maintaining close control of transport temperatures for perishable commodities. 

They are widely used for the long distance transport of frozen food, fresh fruit and vegetables, and chilled 

meat. Because of journey times of up to 6 weeks, they have highly developed refrigeration and control 

systems and are capable of operating within a wide range of ambient conditions. Such ISO refrigerated 

containers are normally only used for point-to-point international transport involving a substantial sea 

journey. 

Nowadays containers are all equipped with relative humidity control systems in order to keep in check the 

quality of the air of the refrigerated space. Many live cargoes, such as fruits, require also fresh air venting 

to prevent gas build-up becoming detrimental. In fact, as fruits metabolize, they not only produce heat but 

also increase CO2 and decrease O2 levels. Some systems are available which can be retrofitted to 

equipment to allow precise control of these levels and usually are installed into the evaporator access panel 

of a compatible system. The storage life of some cargoes is greatly increased with low O2 and high CO2 

levels. 

Containers are made to the principles of ISO standard 1496 which stipulates dimensions and other design-

critical criteria. It is important for manufacturers to ensure compatibility with equipment such as cranes, 

lifting trucks, transport chassis etcetera all over the world. The equipment is usually removable (integral), 

mounted with bolts and feature forklift pockets to allow a severely damaged unit to be changed. However, 

some models have an integrated system that is inseparable from the container. These have the advantage 

of reducing heat leaks, and therefore power consumption, but it also means that it is not possible to 

replace the refrigeration system should it become heavily damaged.  

https://www.sciencedirect.com/science/article/pii/B9780081005965031590#bib5
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chilled-meats
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/chilled-meats
https://www.sciencedirect.com/science/article/pii/B9780081005965031590#bib5
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Figure 11: Standard intermodal refrigerated container 

4.2 Market trends and current issues 

4.2.1 Market trends 

The global refrigerated truck market will likely swell with a significant rate over the forecast period 2020-

2027, and the global refrigerated truck market size is expected to reach more than 13 billion USD by the 

end of 2027. The rising demand for chilled and frozen products, especially in the developing countries, is 

estimated to become the main driver in the global refrigerated trucks market in the upcoming periods.  

Additionally, over the past decade, principally in developed countries the cold chain has been extended to 

the customer’s doorstep as supermarkets and online distribution services competed for business and 

introduced home delivery services, increasing the amount of smaller delivery trucks in service.  

Finally, as developing countries obtain suitable infrastructure to facilitate implementation of a cold chain 

this will drastically reduce the amount of food waste and CO2 impact associated with food production. 

Simultaneously there will be an increase of the CO2 impact of vehicles and their cooling systems and 

therefore informed decisions need to be made on zero ODP refrigerant and low CO2 emitting vehicles. 

(United Nations 2015) 

4.2.2 Current issues 

Refrigerated transport are required to operate reliably in much harsher environment than stationary 

refrigeration systems, thus presenting a lower Coefficient of Performance (COP). In addition to the low 

COP (generally between 0.5 and 1.5), increasing the quantity of transported goods, home delivery and 

expectations on the quality of goods bring to increasing the use of refrigerated transport systems, resulting 

in a tremendous amount of energy consumption by the refrigerated transport industry. 

Transportation of goods has substantial economic and environmental consequences. The percentage of 

CO2 emissions caused by truck transportation in the European Union has increased from 5.6% in 1990 to 

9% in 2014 and is expected to keep growing. (Stellingwerf et al. 2018) 

Different classes of land vehicles and were investigated and the results are reported in Table 3. 

Table 3: Carbon emission from refrigerated vehicles excluding refrigerant leakage (CO2/pallet-km). An emission factor of 2.668 kg of CO2 per liter of 
fuel is considered. (Cavalier 2017) 

Category of the vehicle 
Ambient 

Condition 

Single drop 

(chilled) 

Multi drop 

(chilled) 

Single drop 

(frozen) 

Multi drop 

(frozen) 



 

-31- 
 

Medium Size 88 106 109 112 115 

Large Class 85 102 105 108 111 

32-ton articulated vehicles 56 69 70 73 75 

38-ton articulated vehicles 51 61 63 65 67 

  

4.3 Refrigerants currently used and potential alternatives 

Currently a large percentage of the transport market is using either HFC-134a or HFC-404A refrigerants. 

HCFC-22 remains common outside Europe and North America where less strict regulations are present 

and is also used on the majority of reefer ships. There are a few other options available however they are, 

currently, by no means common.  

Different types of refrigerated transport adapt to the introduction of improved technologies and 

refrigerants differently. The road transport sector, for instance, has always been relatively quick to adopt 

alternative lower-GWP gases, since it operates over distances of a few hundred kilometers, returning to a 

base to be serviced. On the other hand, the container industry has been much slower due to the technical 

and logistical challenges of ensuring the global availability of tools and supply chain of gases. Containers 

are employed mainly for long distances and therefore spend months at sea travelling around the globe. For 

a new technology to be introduced, both the departing and the arrival areas (mostly in different countries) 

must be accustomed to it.  

In different occasions, the container industry has proven more resilient to change. Currently, only one of 

the large manufacturers has tried to implement a CO2 system in one of their models. Although only 

relatively small numbers have been sold, this may represent a steppingstone towards a more sustainable 

pathway.  

So far there have been minimal impacts upon the aerospace industry due to the systems used. Alternative 

technologies such as cryogenics and sorption are available and may become more widespread. 

Table 4: Summary of current refrigerants and possible alternatives in refrigerated food transport (IIR-UN Environment 2018d) 

Transport Refrigeration  

Types of Transport 
Current higher GWP refrigerants 

(GWP kg CO2) 

Alternative lower GWP 

refrigerants (GWP kg CO2) 

REFRIGERATED 

CONTAINERS, ROAD 

TRANSPORT, TRAINS 

HFC-134a (1430)                      

HCFC-22 (1810)                         

HFC-404A (3922)                   

HC-290 (3)                               

HFC-452A (2141)                                                                 

HFC-513A (631)                            

R-744 (1) 
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5 Refrigeration in food storage  

Refrigerated warehousing and cold storage is a key element to the effort of bringing fresh, perishable 

products to the market. Once food is brought to the desired temperature after primary and secondary 

processing (food chilling/freezing or processing into a secondary product such as a meal), the storage and 

distribution stages of the cold chain should maintain it at a constant temperature. However, this is not 

always the case as food is often chilled or frozen in the storage chamber rather than being chilled or 

frozen in a dedicated blast chiller/freezer.  

The systems involved in this crucial step of the cold chain are usually considered within the industrial 

refrigeration sector. As such, cold storage warehouses are characterized by refrigeration systems that 

greatly differ from the others present in the chain because of the large scale and complexities involved. 

Heat extraction rates of these systems can go up to 10 MW and operate as chillers or freezers.  

Generally, most freezers operate between -22 and -26°C, although there are exceptions such as specialty 

ice cream freezers and niche products such as sushi which may be stored at -60°C. Food may be stored in 

freezers for several months, while storage times in chillers can vary considerably from a few hours or days 

to up to a year for certain fruits and vegetables. Chillers typically operate between -1 and 4°C, with some 

fruit, bakery and vegetable products being stored at between 8 and 12°C. (IIR-UN Environment 2018a) 

5.1 Abstract of refrigeration in food storage 

Cold storage facilities are usually located in areas where the products are produced or procured and in 

centers where the products are consumed (big urban areas). Such facilities may be sections of food-

processing enterprises and allow for the provision of a steady year-round supply of seasonal food products 

to cities and other industrial centers.  

Their main function is storing a product at the correct temperature and to prevent quality loss as 

economically as possible. In chilled storage rooms temperature control is a food safety issue since its 

increase may be detrimental to the safety and shelf life of the product. On the other hand, in frozen 

storerooms food safety is not an issue; assuming that the temperature in the room is maintained below –

10°C, which is the temperature that is generally accepted as the minimum temperature for microbe 

growth.  

Temperatures in storage warehouses are better controlled than any other sector of the cold chain, as 

shown in Figure 12Figure 12. The results shown in the picture were achieved by an investigation 

conducted by Derens et al. in 2007, presented in Bejing at the International Congress of Refrigeration 

during the same year. Derens and his team conducted a thorough analysis of the food cold chain in France 

and its impact of food safety.  
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Figure 12: Temperature control in the different stages of the cold chain (IIR-UN Environment 2018a) 

The cold store market is extremely diverse consisting of small stores with volumes of 10-20 m3 up to large 

warehouses with hundreds of thousands of cubic meters. 

The capacity and design of a store is chosen based on the following considerations:  

• keeping capital expenditures for construction as low as possible,  

• proving conditions for the maximum mechanization of freight handling, and  

• creating temperature and humidity conditions that will reduce storage losses. 

Freight handling at cold storage facilities is mechanized with the aid of hoisting and conveying machines. 

Such machines include freight elevators (for multistory facilities), electric loaders, storage battery trucks 

and freight trolleys. 

Finally, for the storage of fruits, vegetables and certain other products, cold storage facilities are built with 

“special” rooms which, along with the required temperature and humidity conditions, maintain also an 

atmosphere consisting of air with a specific gas composition. These rooms may be characterized by higher 

concentration of nitrogen or carbon dioxide than ordinary air. This allows to prolong the storage of 

products, improve the quality of stored products, and reduce the losses incurred during storage.  

5.2 Market trends and current issues 

Refrigerated warehouses have one of the highest electric energy consumption rates in the commercial 

building sector. After personnel, energy is usually their second highest operating expense, with 

refrigeration accounting for more than 70 percent of overall electricity used. In Europe alone there are 60-

70 million cubic meters of cold storage for food, using up to 50 kWh/m3/year.  

According to the Intelligent Energy Europe (IEE) program, the potential for energy savings in this sector 

is around 30-40%, achievable by optimizing usage of the stores, and repairing or retrofitting the current 

equipment. (By Victoria Salin, Texas A&M Universityfor the International Association of Refrigerated 

Warehouses) 

5.2.1 Market Trend 

The local population and its preference towards fresh or frozen foods is a key driver of the demand for 

refrigerated warehouse services. Food markets are dynamic and naturally vary around the world. The total 

capacity of refrigerated warehouses reported worldwide was 616 million cubic meters in 2018, 2.67% 

greater than the capacity reported in 2016. The growth of the global cold storage market is not slowing 

down and is anticipated to reach USD 212.54 billion by 2025. 

Currently, India is the single largest country market, at 150 million cubic meters, followed by the United 

States at 131 million cubic meters, and China at 105 million cubic meters. 

India and China, in particular, have undergone an unprecedented development in this sector. Similarly, in 

other developing countries, annualized growth in cold storage capacity has been high, between 20 and 30 

percent per year in the period spanning from 1998 until 2008. The most rapid growth was in India (25%), 

and Costa Rica (20%). On the other hand, for the developed countries, growth tends to be much slower 

because refrigerated warehouse industries are well-established, having a large capacity baseline for growth 

to be measured against. As shown in Figure 13, the annualized growth has averaged 11% since 1998 for 

Germany, 5% for the USA and less than 2% in Japan.  

Sweden, in this period reported one of the lowest growths among the industrialized countries, showing an 

average of 2% per year by the end of 2010.   
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Figure 13: Long term Compound Annual Growth Rate (CAGR) in refrigerated warehouse capacity by country from 1998 to 2010 (Traaore) 

Almost 10 years later, in 2018, Sweden registered a total available capacity of 2.0 million cubic meters 

available, thus more than doubling the capacity reported in 2008 (0.9 million m3).  Consequently, also the 

number of cubic meters per urban resident increased from 0.118 to 0.239 since no substantial increase in 

population took place in this period.  

In the country, the market of refrigerated warehousing is dominated by Kloosbeheer B.V. and Bring 

Frigo, which cover almost the entire capacity demanded. These are among the largest companies that offer 

third-party logistic (3PL) refrigerated warehousing services and operate in multiple countries. The 

geographic footprint of the international companies has changed in the past few years and it is likely to 

keep on doing so with merger and acquisition activity.  

A map of the refrigerated food storage facilities in Sweden with their respective sizes is reported in Figure 

14. The figure clearly shows that these facilities are located close to big urban centers (Stockholm, 

Gothenburg and Malmo) in the South of the country, while the rest of the country shows no energy 

intensive warehouses. 
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Figure 14: Sweden refrigerated food facilities with power demand higher than 0.5 MW (Nordmark 2015) 

5.2.2 Indirect emissions 

In considering how to reduce energy consumption in cold stores, it is worth looking at how energy is 

measured. Unfortunately, there has been very little research into this area, according to Claudio Zilio, an 

HVAC&R researcher at the University of Padova in Italy, who took part in the Improving Cold Storage 

Equipment in Europe (ICE-E) project. In fact, only recently the Specific Energy Consumption (SEC), 

which is calculated in kWh/m3/year was introduced and it still is not widely employed. The SEC 
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represents an important benchmark for refrigeration system performance since it enables operators to 

compare different cold stores against pre-established criteria.  

In general, in these systems, indirect emissions are mainly affected by the cooling load, fuel mix of 

electricity generation, and efficiency of the plant. The heat loads on the room are dominated by 

transmission (through the walls and ceiling), infiltration through doors, fixed loads such as fans, floor 

heating (if relevant), defrosts and heat loads from people and machinery. A schematic representation of a 

typical layout is shown below in Figure 15. (Hmida et al. 2019) 

 

Figure 15: Typical layout of a refrigerated warehouse 

5.2.3 Direct emissions 

The employment of natural refrigerants on a large scale would provide a solution to the problem for as 

long as the new systems perform in an equal or better way compared to the systems using synthetic fluids. 

Extremely promising results came from the employment of natural refrigerants in 2015, when an 

ammonia/CO2 system in Tarquinia, Italy, was compared to an updated worldwide benchmark study. The 

research team conducting the audit concluded that the energy consumption of the system tested was 62% 

below the world average, 58% below the European average, and 46% below the Italian average.  

For industrial refrigeration, ammonia still represents one of the best refrigerants. It is unlikely that there 

are other chemicals with better refrigeration performance, have no global environmental influence and 

have lower manufacturing cost. However, a significant percentage of the “small” stores in Europe still 

operate with R22 which has a GWP of 1822.  

The scale of refrigerant leakage varies considerably between different refrigeration equipment types and 

from country to country. The leakage rates shown in Table 5, which are believed to be typical for the EU-

15 region, are based on the UK Greenhouse Gas Inventory for 2007 and indicate significant variation 

between different types of equipment. Industrial refrigeration (that includes cold storage) had refrigerant 

leakage of 8% per year. Data on refrigerant emissions in developing countries is scarce but data would 
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indicate that refrigerant emissions can be about twice as high in developing countries as in industrialized 

countries. (Rüdiger et al. 2016) 

Table 5: Typical refrigerant emissions by different sectors (IIR-UN Environment 2018a) 

Type of Equipment Typical Range in 

Charge Capacity  

Installation 

Emission 

Factor  

Operating 

Emission  

Refrigerant 

Remaining at 

Disposal  

Refrigerant 

Recovered  

Unit  kg % of the initial 

charge 

% of the initial 

charge/year 

% of initial 

charge 

% of remaining 

charge 

Domestic Refrigeration 0.05-0.5 1.0% 0.3% 80% 99.0% 

Standalone Commercial 

Application 

0.2-6 1.5% 2.0% 80% 94.5% 

Medium and Large 

Commercial Application 

50-2,000 2.0% 11.0% 100% 95.0% 

Transport Refrigeration 3-8 1.0% 8.0% 50% 94.0% 

Industrial Refrigeration 10-10,000 1.0% 8.0% 100% 95.0% 

Chillers 10-2,000 1.0% 3.0% 100% 95.0% 

Residential and 

Commercial AC 

0.5-100 1.0% 8.5% 80% 95.0% 

Mobile Air Conditioning 0.5-1.5 1.0% 7.5% 50% 88.0% 

 

5.3 Refrigerants currently used and potential alternatives 

Considerable work has been carried out in the UK and now extended to Europe to reduce refrigerant 

leakage. In particular, the European F-Gas Regulation ensures that installation, maintenance, service, 

decommissioning and disassembly of refrigeration systems containing or designed to contain HFCs can 

only be done by duly certified professionals. The Regulation requires regular leak checking by 

appropriately trained personnel. The implication of the F-Gas Regulations represents a move towards low 

GWP refrigerants. However, many of these have issues related to high pressure or flammability resulting 

in an increasing concern about safety and training of refrigeration technicians. (Judith Evans 2012) 

At the moment, cold storage refrigeration in Europe is dominated by R502 (a blend of R22/R115 

developed for use in low temperature refrigeration applications) and ammonia, with R22 equipment in use 

in some applications. As previously mentioned, ammonia poses no problems to the global environment 

but is mildly flammable and toxic. To ensure safe operation it is vital that safety training and safe practices 

are applied when using a refrigerant such as ammonia. Training is seen as a key solution to facilitate 

transitions to low-GWP refrigerants where flammability and toxicity are issues that need to be dealt with. 

(IIR-UN Environment 2018a) 

Currently, the main concern is the conversion of systems using R502, as primary refrigerant, and other 

harmful fluids. The process for choosing a suitable substitute must be tackled as soon and as economically 

as possible and can be simplified by the following three steps: 

1. The new refrigerant should, if possible, have long term availability. This is insurance against 

phase-out time scales being moved forward for transitional refrigerants. 

2. Where drop-in refrigerants are available, they should be used thus minimizing cost and disruption. 
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3. Where a long-term drop-in is not available a transitional drop-in should be used in place of a long 

term retrofittable refrigerant. This will delay the need for costly system modifications while a 

long-term drop-in becomes available. (Rüdiger et al. 2016) 

This gives the following priority: 

• Long term drop-in 

• Transitional drop-in 

• Long term retrofit 

• Transitional retrofit (Rüdiger et al. 2016) 

Where no alternative refrigerant is available total equipment replacement will be necessary. 

In some instances, cascade systems may be employed. The most common cascade system incorporates 

CO2 on the low temperature side operating below its critical temperature and ammonia on the high 

temperature side. This design can provide low temperature heating of hot water but is not suited for high 

temperature heating. The advantage of such systems is that a flammable or toxic refrigerant can be used in 

the primary circuit which is isolated from the cooling process and the charge of the refrigerant in the 

primary circuit can be minimized. 

As an alternative to the vapor compression systems, heat driven cycles are occasionally used where the 

necessary resources are present. They are considered an attractive solution since they are characterized by 

low environmental impact and low total cost. In comparison with vapor compression cooling cycles, their 

main advantage is their ability to use low-grade energy available from solar, geothermal, biomass as well as 

from waste heat recovered from thermal systems.  

Finally, other new refrigeration technologies such as magnetocaloric, thermoelectric, thermoacoustic are 

being developed. Most of these new technologies have been aimed at smaller refrigeration systems in the 

commercial and domestic markets and, for now, have limited apparent opportunities for cold stores. 

Table 6: Summary of current refrigerants and possible alternatives in cold storage and refrigerated warehouses (IIR-UN Environment 2018a) 

Cold Storage and Refrigerated Warehouses  

Size of store 
Current higher GWP refrigerants 

(GWP kg CO2) 

Alternative lower GWP 

refrigerants (GWP kg CO2) 

SMALL STORE:                    

LESS THAN 100 m3 
HFC-134a (1430)                      

HCFC-22 (1810)                         

HFC-404A (3922)                            

HFC-410A (2088)                      

HFC-407C (1774)                         

HFC-507A (3995)                           

HFC-422D (2729)          

HFO                                                

HFO/HFC blends                                 

HC-290 (3)                                        

HC-1270 (1.8) 

LARGE STORE:                    

MORE THAN 100 m3 

Primary: R-744 (1)                         

R-717(0) 

Secondary: Brine, glycols and 

silicon oils 

 

5.4 Prospects for development and challenges 

Cold storage warehouses are 24-hour operating facilities, consuming a great amount of power 

continuously. The greater the area of a facility, the higher the power consumption. Since the cost of 

energy is consistently increasing, one of the biggest challenges of cold storage warehouses will be to 

improve energy efficiency and refrigeration controls to keep costs as low as possible for the level of 
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energy required. Investing in the latest HVAC controls and technologies and implementing measuring and 

benchmarking practices to monitor and reduce energy consumption is the new standard business 

operation that cold facilities must adopt. 

Often operators apply strategies to save money (not necessarily energy) by switching off the refrigeration 

systems during peak demand energy periods when energy is more expensive (energy can be 4 times more 

expensive at peak grid demand than at low demand times). During this period the temperature within the 

room is allowed to slowly increase and is then reduced once the cost of the energy returns to a lower level. 

In many instances (especially in frozen stores) temperatures are kept lower than necessary to provide a 

safety margin in case of plant failure. (Fikiin 2017) 

5.4.1 Management of areas with different temperatures  

All warehouses face the common issue of how to optimize space utilization, but cold storage warehouses 

have certain added challenges. These facilities must in fact optimize their layout to streamline efficiency 

and limit the potential impact that the cold environment has on workers. The more time workers spend in 

the cold environments storing, picking, and packing goods, the longer they’re exposed to the harsh 

conditions.  

In the typical cold storage warehouse, there will be several different categories of products, all requiring a 

different temperature range to be preserved and protected properly to prevent spoilage and waste. 

Therefore, the warehouse will be divided into different temperature zones, each controlled so that it stays 

at a certain temperature viable for that particular type of food or product. 

Having the capability to store multiple different types of products in different climates is essential to serve 

many different types of customers and keep a steady stream of revenue. However, the more temperature 

zones a warehouse has, the more expensive and complex it is to operate. Depending on how many goods 

the warehouse is storing at any given time, these different temperature zones must be able to scale up or 

down to accommodate the current volume of inventory. In a cold storage facility, managers need to make 

inventory arrangement decisions based on temperature and implementing modular walls can solve this 

unique cold storage challenge. Workers can easily move and rearrange these walls based on how much or 

how little space they need for each temperature zone. This is a cost-effective and flexible solution that 

allows to continue operating without the need to make expensive investments in new, permanent cold 

storage zones. 

Managing multiple different temperature zones while trying to keep space management and power 

consumption as efficient as possible can be a costly operation. One of the ways to overcome this 

challenge is specialization by offering fewer cold-storage solutions but at higher quality and better service 

levels. When a warehouse specializes in one service, they can perfect a single material handling and supply 

chain model, driving better efficiencies and greater economies of scale. Because a specialized facility then 

becomes more cost-effective to operate, the savings naturally get passed on to the customers, who then 

become more likely to commit to long-term contracts. 

5.4.2 Other technical challenges  

Use of heat reclaim in cold stores and greater integration between the store and “local” amenities may also 

become more common in the future. Relatively low-grade heat can be reclaimed from the oil coolers of 

compressors and other areas within the system. Layouts that allow the usage of heat from the compressor 

discharge or compressor oil coolers to pre-heat water in a boiler have been recently applied in warehouses 

all over the world. 

5.4.3 Problematics related to the building 

Appropriate building construction is necessary to keep operating costs at a minimum. Proper floor 

insulation and proper heating methods are paramount to guarantee the energy efficiency of the building 
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and to protect the floor from heaving. The layout and racking configuration are also critical to obtain 

effective operation. 

Industrial refrigeration systems have long taken a standardized approach when it comes to their design 

and construction. Over time, industrial cooling trended toward no longer being engineered so much as 

replicated, using decades-old but proven designs. Ultimately, the results were that industrial cooling 

systems were falling behind in terms of available technology. 

However, times are quickly changing due to a host of factors. Innovative technologies and improved 

refrigeration systems that employ natural refrigerants are quickly gaining traction. As a result, professionals 

utilizing industrial process cooling systems will increasingly see a shift in the approach to industrial 

refrigeration. Both the facility design and operations as a whole, will evolve accordingly.  

This shift includes the environmentally critical natural refrigerant options. Natural refrigerants have 

increasingly proven their value and safety over the last decade. The move to higher-efficiency, leaner 

systems that rely on natural refrigerants like carbon dioxide (CO2) and ammonia (NH3), at times in low 

charge designs, will soon be the norm.  

Many of these changes will even carry through to the facility design itself. Enhanced but economical 

system construction materials will be employed to improve the indispensable insulation, the controls and 

the door and loading area seals. All these factors contribute directly to a refrigeration system’s initial 

design and long-term performance.  

Another factor that facility managers need to account for is the lighting. The move towards LEDs thus 

replacing older halogen and other less-efficient lighting for refrigerated facilities is an important element in 

future system design and operation (Figure 16). 

Older facility lighting (halogens and metal halides) typically emits a tremendous amount of heat energy. 

Also, because halogen and metal halide lighting are slow to warm up to full illumination (especially in cold 

ambient conditions) most facilities leave the bulbs on continuously. This continuous use imparts a 

significant amount of heat into the facility. As such, facilities with process cooling systems seeking to 

reduce energy use and optimize operations may want to include lighting as a key component of any 

comprehensive engineering solution. 

Modern, industrial-grade LED lighting systems can help the performance and efficiency of the 

refrigeration systems. They emit just 10 percent of the heat of traditional warehouse or production facility 

bulbs for the same amount of light. In addition, they consume up to 90 percent less electricity. 

Finally, because LEDs instantly reach full illumination, they can be turned on only when the facility or 

specific areas are actually in use. LEDs can be activated by motion-sensors, timers or manually. As an 

added benefit for process cooling facilities, LEDs last many thousands of hours longer than halogens or 

fluorescents, so bulb replacement costs due to bulbs burning out are reduced. Likewise, LEDs will not 

shatter, and they lose little to no illumination power over time, which can improve maintenance time (and 

safety) as well. (Judith Evans 2012) 
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Figure 16: Refrigerated warehouse employing a LED lighting system 
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6 Refrigeration in the commercial and domestic sector 

6.1 Abstract of refrigeration in the commercial and domestic 

sector 

Commercial and domestic refrigeration all occur at the later stages of the cold chain at the point where the 

retailer stores or the consumer purchases the food product.  

Commercial refrigeration consumes a great amount of energy and contribute also to relatively large direct 

emissions of greenhouse through emissions of refrigerants from its plants and the air conditioning systems 

installed. Supermarkets, convenience stores and bars and restaurants where food is on display for purchase 

by consumers belong all to this category. 

Currently, most of the systems installed in European supermarkets are applying HFC-404A as working 

fluid and their average annual leakage rates are in the range of 15-20 % of the total charge. Worldwide the 

situation is different: the main refrigerant in use is HCFC-22 (R22) and the percentage of annual leakage is 

almost double (around 30%). However, restrictions on the use of synthetic refrigerants are coming into 

force in several countries. There is a need for a natural refrigerant which allows for a safe investment in 

efficient refrigeration systems which will not be forced to be retrofitted by legislation in the future. 

Systems applying R744 as the only refrigerant have been developed and more than 300 supermarkets exist 

in Europe, mainly in northern and mid-European countries. However, the systems still have large 

potential in development with respect to energy efficiency, heat recovery and cost efficiency. 

On the other hand, domestic refrigeration is used in consumers’ homes to store food in chilled or frozen 

form. Domestic refrigerators are almost universally integral systems with an electrical consumption of 

around 20-150 W.  (Agarwal et al. 2006) 

 

Figure 17: A typical supermarket refrigerator (left) and domestic refrigerator (right) 

6.2 Market trends and current issues 

6.2.1 Temperature performance 

Temperature is the prime factor controlling food quality and bacterial growth on foods. The more 

accurately the temperature is controlled the longer the food can be stored without compromising its 

integrity. Generally, in the retail sector, the temperatures are maintained as low as possible to achieve 

longer storage life.  

Temperature control in retail supermarkets 
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Grocery stores sell thousands of unique items, ranging from ready-to-eat meals to basic produce, meats, 

and fish, all of which require 24/7 remote monitoring and alerting systems to maintain robust quality 

maintenance measures, and prevent spoilage during transit and storage in-store. Adopting a 

comprehensive digital food safety strategy can help maintain compliance and mitigate risks. 

Stores may use a wide variety of equipment to store goods, such as display cases, walk-in refrigerators, and 

freezers (Figure 18). As a result, there is significant opportunity to improve older monitoring techniques 

(such as manual data logging) to increase operational efficiency, but also to maintain better quality control 

over perishable and temperature-sensitive products. 

 

Figure 18: Usual temperatures required from different equipment in a European supermarket to optimize shelf-life of food products (Kolokotroni et al. 

2019) 

Maintaining the optimal temperature in the refrigerators and freezers helps to save food fresh. Automated 

temperature control system allows retailers to monitor the temperature in refrigerators, freezers or even 

baking equipment and report when the temperature is out of the optimal range. (Evans) 

Temperatures in cabinets are specified by food safety regulations, standards, and by supermarkets’ own 

specifications. However, differences between the recommended temperature and the real working 

temperatures can sometimes be observed. This can be due to variations in position of the control 

temperature probe(s), set up of the cabinet, or variations in the use of the cabinet. 

When considering the whole cold chain, retail display is one of the weakest links in the food cold chain 

(better only then domestic refrigeration). Once food enters the supermarket the number of samples below 

the proper temperatures set by the US IFT/FDA (4°C for meat and 6°C for yogurt) is only a small 

percentage of the total (30 %). (FDA/CFSAN 2001)  

 The number of products maintained in the right conditions is further reduced to 16% during transport to 

the home and only recovered to 34% in the home. This range causes food manufacturers problems when 

defining shelf life and results in shelf lives that are either unduly cautious or potentially risky. (IIR-UN 

Environment 2018b) 

Temperature control in domestic refrigerators 

The official standards of the Codex Alimentarius Commission (2003) declare that insufficient food 

temperature control is one of the most common causes of foodborne illness. The World Health 

Organization (WHO) also states in its 5 keys to safer food that cooked food should not be left at room 

temperature for more than 2 h (in total), and that all cooked and perishable food should be quickly 

refrigerated below 5 °C. Recommended refrigerator temperatures vary throughout the world, but are 

below 7 °C, with many countries recommending below 5 °C. 

Domestic refrigerators use simple, cost-effective, temperature controllers to obtain acceptable 

management. A manually adjusted airflow damper regulates the freezer compartment temperature while a 

thermostat controls operation of the compressor and evaporator fan to regulate refrigerator compartment 

temperature. Dual compartment temperature control can be achieved with automatic airflow dampers that 
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function independently of the compressor and evaporator fan thermostat, resulting in improved 

temperature control quality and energy consumption. Under dual control, freezer temperature is 

controlled by the thermostat while the damper controls refrigerator temperature by regulating airflow 

circulation. 

In one of the most recent and comprehensive surveys of temperature control in domestic refrigerators 

(carried out in the UK) it was found that the overall mean internal temperature of all refrigerators (671 

appliances) was 5.3°C. The maximum overall mean temperature in a single refrigerator was 14.3°C and the 

overall minimum mean temperature was -4.1°C (Figure 19). The overall mean temperature of freezers in 

the survey (745 appliances) was -20.3°C (Figure 20). (Belman-Flores et al. 2019) 

 

Figure 19: Mean temperature in the refrigerators in the commercial and domestic sector 

 

Figure 20: Mean temperature in the refrigerators in the commercial and domestic sector 

6.2.2 Energy consumption 

Energy consumption in retail supermarkets 

Supermarkets are intensive users of energy in all countries, with energy consumption ranging from 300 up 

to 2000 kWh/m2, depending on business practices, store format, product mix, shopping activity and the 

equipment used for in-store food preparation, preservation and display. The electric energy used for heat 

ventilation and air conditioning (HVAC), hot water and refrigeration utilities covers about 4 % of the 

country total in United States and France and the 3% in Sweden, as reported in Arias and Lundquist 

(2005).  
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Between 30% and 60% of the electricity used is consumed by the refrigeration system, whereas lighting 

accounts for between 15% and 25% and the HVAC equipment and other utilities such as bakery use the 

remainder. On the other hand, gas is normally used for space heating, domestic hot water and in some 

cases for cooking and baking and will vary from zero in small stores to over 250 kWh/m2 in 

hypermarkets. 

A breakdown of the energy usage from a medium-sized supermarket in Sweden and one in the US are 

presented in Figure 21 and Figure 22 respectively. (Karampour et al. 2016b) 

 

Figure 21: Breakdown of energy usage in a supermarket in Sweden 

 

Figure 22: Breakdown of energy usage in a supermarket in the U.S. 

There is a great potential for improvement of energy systems in supermarkets. Typical efficiency 

improvements may involve refrigeration systems, illumination and HVAC system. Energy-saving 

technologies such as heat recovery, floating head condensing pressure, defrost control, energy efficient 

lighting, high efficiency motors, efficient control and energy efficient display cases have been implemented 

in several supermarkets to reduce energy consumption. 

Simple layout strategies can also have an impact on the overall efficiency of the system. Work carried out 

by Evans and Swain (2010) showed that the positioning of the cabinets in the supermarket can lead to 

non-negligible differences in energy consumption. Display cabinets are in fact often concentrated in 
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certain areas, hence affecting the local thermal climate. This influences their performance as well as the 

thermal comfort of people and the temperature quality of the food. 

Currently, there are many options available to reduce energy consumption. Evans et al. (2016) examined 

81 different technologies and their potential to save direct and indirect emissions. Most of the carbon 

saving measures could be applied to currently installed cabinets and include cabinet doors, strip curtains, 

air deflectors/guides (all on open fronted cabinets) and improved fans. Additional options are available 

for new cabinets and these include optimization of air flow in the cabinet, using high efficiency 

evaporators and micro-channel heat exchangers. (Kolokotroni et al. 2019) 

Energy consumption in domestic refrigerators 

With the aim of encouraging manufacturers to develop and produce more efficient appliances, the 

European Energy Label was introduced in the mid-nineties. However, the energy use of refrigerators does 

not only depend on technical components and features. The using conditions in private homes, the 

thermal load and the room temperature have all a significant influence on the energy performance of the 

refrigerator 

There is substantial information on energy used by domestic refrigerators in Europe under test conditions 

as assessment of energy use is part of energy labelling. The test conditions do not include simulated usage 

as the tests are carried out with closed doors in a test environment. They therefore do not fully mimic real 

life energy usage. They therefore do not fully mimic real life energy usage. 

The study of refrigerators in the UK mentioned in the previous chapter also collected energy 

consumption data from 665 cold appliances. The overall mean annual consumption measured was 354 

kWh/year, based on the data obtained throughout the monitored period. Although the energy efficiency 

of domestic refrigerators has improved considerably there are still options to reduce energy consumption 

through use of advanced insulation, compressor efficiency improvements, and optimization of the 

refrigeration system operation/control and heat exchangers. (Geppert) 

6.2.3 Refrigerant direct emissions 

Refrigerant emissions in retail supermarkets 

The impact of direct emissions from supermarkets is dependent on the GWP of the refrigerant and the 

charge that circulates in the system. The amount of a leakage varies considerably depending on the plant’s 

location. In industrialized countries integral cabinets have been shown to have minimal leakage (<1% per 

year) whereas leakage from remote refrigeration plant can vary from an average of 3% per year at best, to 

up to an average of 20-30% per year at worst. (IIR-UN Environment 2018b) 

It is estimated that over 30 % of all leaks stem from mechanical joints. One attempt to reduce leakage 

rates is therefore to use welding or brazing especially in hidden or inaccessible pipes. Another major leak 

source is failures of pipes due to vibration. Decoupling of compressors from the rest of the plant is 

therefore very important. 

Regular maintenance with leak testing is of key importance for tight systems. The European Regulation 

(EC) No. 842/2006 on certain F-gases (HFCs and HCFCs) requires stationary refrigeration and air 

conditioning systems to be checked regularly depending on the systems amount of refrigerant: 

• At least once annually for applications with 3 kg or more of F-gases (unless the equipment is 

hermetically sealed, in which case this goes up to 6kg). 

• At least once every six months for applications with 30 kg or more of F-gases. 

• At least once every three months for applications with 300 kg or more of F-gases. 

• Leakage detection systems must be installed on applications with 300 kg or more of F-gases, and 

when these are in place, checking requirements are halved. 
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• If a leak is detected and repaired, a further check must be carried out within one month to ensure 

that the repair has been effective. (Karampour et al. 2016b) 

Recently, some European governments decided to tax retailers depending on the amount of leaked 

refrigerant, thus incentivizing more through controls. Denmark and Norway have imposed high 

greenhouse gas taxes for all refrigerants. For instance, the tax on R404A in Denmark is approximately 50 

€/kg and in Norway is around 80 €/kg. Consequently, these high prices encourage every user to keep his 

system tight, especially if the charge is in the order of several hundred kg as for multiplex systems in a 

larger supermarket.  

In order to achieve continuing reductions in refrigerant leakage it is necessary to gain a better 

understanding of where and why systems leak. Good maintenance records can help to identify high risk 

areas and components within systems and allow operators to prioritize their refrigerant containment 

activities. Evans et al. (2016) showed that significant carbon savings could be achieved by simply applying 

good refrigeration engineering practices, and to better training, skills and qualifications of operators and 

maintenance teams. (Sawalha 2013a) 

Refrigerant emissions in domestic refrigerators 

Domestic refrigerators present the lowest charge of refrigerant in the entire cold chain. Additionally, they 

are characterized by very compact designs, thus further limiting the amount of direct emissions. Evidence 

from sources such as Heap (2001) and RAC (2005) indicate that refrigerant losses from domestic 

refrigerators in industrialized countries are extremely low (less than 1% per year). In these countries, many 

controls ensure that refrigerant is removed and destroyed at end of life of the appliance.  

On the other hand, in developing countries where road conditions are often poor (this may cause pipes to 

fracture or pipe connections to becomes lose) and servicing and at the end-of-life are poorly controlled 

due to lack of regulation, the leakage rates may be considerably higher. Giz (2017) estimate that leakage 

rate over the life of an appliance may be 27% in developing countries. 

6.3 Refrigerants currently used and potential alternatives 

6.3.1 Refrigerants used in supermarkets 

R404A is still one of the most used refrigerants in supermarket applications, even though it greatly 

contributes to greenhouse gas emissions due to its high GWP. 

However, thanks to the implications of the F-Gas Regulation, numerous large systems (greater than 

40 kW) will move towards natural refrigerants (such as R744) or other synthetic fluids with lower GWPs. 

In fact, during the last years, the use of CO2 as a refrigerant is a revisited idea with the aim to avoid the 

utilization of harmful working fluids. As there are no limitations regarding the use of R744, it is 

considered one of the most viable solutions for supermarket refrigeration applications. (Linde-gas, 2014) 

Alternative systems such as secondary systems where a fluid such as glycol is cooled by a primary 

refrigeration system and then pumped to the cabinets are often used in Scandinavian countries. Other 

systems include the use of water to cool the condensers of integral cabinets and creating cold air in a 

central location that is then used to directly cool the cabinets (chilled cabinets only). 

6.3.2 Refrigerants used in domestic refrigerators 

Throughout the last few decades, the energy consumption of household appliances has been reduced 

continuously. New materials and improved insulation of the appliances (i.e. improvement of the gaskets, 

introduction of vacuum insolation panels) greatly contributed in this reduction and allowed for a decrease 

in demand for cooling capacity. 

The majority of domestic refrigerators in the world currently use R134a. The main drawbacks of this 

refrigerant are its relatively poor performance at low evaporating temperatures and the need to use 
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synthetic lubricants. However, hydrocarbons have taken over from R-134a for domestic refrigerators in 

certain parts of the world. The only serious disadvantage of hydrocarbons is their extreme flammability in 

air. The risk of combustion can be reduced to acceptable levels by the use of fully sealed systems, as has 

been demonstrated in Europe, where the safety record has been excellent.  

These fluids have become dominant for domestic refrigerators in Northern Europe where most 

refrigerators installed are currently using isobutane. Isobutane is highly efficient as a refrigerant because of 

its relatively high critical temperature and it operates at very low noise levels because of the low pressures 

involved.  

This refrigerant became common in European household appliances in the early 1990s. Nowadays, 

between 35%-40% of domestic refrigerators operate on R600a (Isobutane). Although flammable, R600a is 

an efficient refrigerant and it has very low GWP (3).  

Generally, refrigerators operating on a hydrocarbon will be helium leak tested prior to being charged with 

refrigerant at the factory. This has been shown to provide a high level of leak detection and there have 

been few instances of leaks of refrigerants in consumers’ homes. All major European, Japanese and 

Chinese manufacturers produce refrigerators operating on R600a and the technology dominates the 

market in Europe, Japan and China. The 2010 Technology and Economic Assessment Panel (TEAP) 

Progress Report reported that “It is predicted that at least 75 percent of global new refrigerator 

production will use hydrocarbon refrigerants in 10 years”. 

Table 7: Summary of current and alternative refrigerants (IIR-UN Environment 2018b) 

Commercial and Domestic Refrigeration 

Types of Facilities 
Current higher GWP refrigerants 

(GWP kg CO2) 

Alternative lower GWP 

refrigerants (GWP kg CO2) 

COMMERCIAL  

HFC-134a (1430)                      

HCFC-22 (1810)                         

HFC-404A (3922)                       

HC 290 (3)                                          

HC 1270 (1.8)                                                   

wide range of HFO                                              

HFC-HFO blends (<1300)                           

R-744 (1) 

DOMESTIC HFC-134a (1430)                       HC-600a (3) 

 

6.4 Prospects for development and challenges 

6.4.1 Commercial refrigeration 

The main challenges for the supermarkets will be preparing for the new technologies, moving towards 

low-GWP refrigerants, and improving temperature control whilst also reducing energy consumption. The 

owners of supermarkets should start to apply and get to know the new technologies with natural fluids 

such as CO2 and R290, as well as synthetic fluids, such as the new HFCs and the fluids for retrofit. 

Further savings could be achieved by applying doors, strip curtains or technologies that reduce air 

infiltration to open fronted cabinets. Many of the issues are not just technical but also behavioral. For 

instance, there is a perception that a barrier between the shopper and the food may reduce sales and this 

has made supermarkets reluctant to apply doors to open fronted cabinets.  

Finally, future systems will likely all employ heat recovery. Systems with this technology have a 

considerable potential to reduce the heat demand of supermarkets, especially the ones located in colder 

countries. 
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6.4.2 Domestic refrigeration 

The proper functioning of domestic refrigerators is ultimately up to the residents of the house. As 

previously mentioned, the temperature should always be maintained within a certain range and in 

domestic appliances this is possible only by the sensible positioning within the house (i.e. as far as possible 

from heat sources) and by opening the doors only when necessary. 

Numerous surveys have been conducted over the last 30 years and all have concluded that only few 

domestic refrigerators operate optimally in real life use by consumers. Most of them are characterized by 

temperatures higher than optimal, thus resulting in higher power consumptions. 

However, since energy labelling of appliances was introduced in the 1990’s, the energy consumed has 

greatly decreased. Domestic refrigerated appliances are in fact included under the EU Eco-design 

Directive (Directive 2009/125/EC) which is a framework directive that obliges manufacturers of energy 

consuming products to improve their performance and prevent negative environmental impacts occurring 

throughout their life cycles. The Directive is complemented by the Energy Labelling Directive (Directive 

2010/30/EU), applied in almost all developed countries (Figure 23Error! Reference source not found.). 

(Straub 2018) 

 

Figure 23: Refrigerator energy labels in the European Community 
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7 Carbon dioxide as a refrigerant 

As mentioned before, the first part of the thesis focuses on the description of the different stages in the 

cold chain, while the second part analyzes a specific facility to provide concrete information regarding the 

new trends in the sector. A facility dedicated to food processing and storage was chosen since it directly 

deals with two of the steps found in the cold chain.  

The methodology and the results obtained will be discussed in detail in Chapter 0 and Chapter 0 

respectively. In the next two chapters CO2 as a refrigerant and CO2 systems will be analyzed, since they 

represent the future refrigerants for large processing and storage facilities in Sweden. Additionally, the 

facility investigated uses carbon dioxide as its only refrigerant fluid.  

7.1 Properties of CO2 

Carbon dioxide under standard conditions (15°C and 1 atm) is found in a gaseous state. It is one of the 

constituents of the atmosphere and is present in very low concentrations (around 0.03%). Many of its 

characteristics are ideal for its function as an operating fluid in refrigeration systems and in heat pumps.  

In summary it can be stated that: 

• carbon dioxide is easily available and convenient since it is a waste product of technological and 

industrial processes, 

• CO2 is characterized by a GWP=1. Its environmental impact related to the greenhouse effect is 

much lower than the one of other refrigerants,  

• its ODP coefficient is zero, meaning that this fluid does not have any impact on the 

concentration of stratospheric ozone, 

• it is a non-flammable substance, non-toxic and, under normal circumstances, it is odorless. In the 

form of gas, it is denser than air and it accumulates in the lower areas of any non-ventilated 

rooms. In case of high concentrations, it can lead to suffocation due to lack of oxygen, and  

• it is an inert substance and it is therefore compatible with all common materials that are used for 

the construction of a refrigeration circuit. However, if combined with water it can lead to the 

formation of corrosive acids. (Javerschek 2015) 

Thanks to its characteristics, CO2 is an excellent alternative to synthetic HFC refrigerants and other 

natural refrigerants, such as ammonia. This is especially true in fields where the toxicity and flammability 

of ammonia and hydrocarbons can create significant problems. 

7.1.1 Thermodynamic properties  

When investigating a new refrigerant, it is valuable to analyze the phase diagram to identify the most 

important thermodynamic states of the fluid. 
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Figure 24: Carbon dioxide phase diagram (Aldegheri e Lazzarin) 

Critical point 

• Temperature = 304.13 K = 30,98°C  

• Pressure = 73,8 bar  

Triple point 

• Temperature = 216.60 K = -56,55°C  

• Pressure = 5,2 bar  

It can be noticed that the necessary working pressures of carbon dioxide are much higher than those of 

common synthetic refrigerants and the critical temperature is also relatively low. Particular technological 

solutions need to be involved to achieve the construction of efficient and competitive refrigeration cycles. 

Table 8 shows a comparison between carbon dioxide and other refrigerant fluids. The table can help to 

immediately understand their substantial differences in relation to temperatures and critical pressures.  

Table 8: Comparison of critical points between R744, R134a and R717 (Kauffeld 2008) 

Refrigerant 
Molecular 

Composition 

Critical Temperature 

(°C) 

Critical Pressure   

(bar) 

R744 CO2 30.98 73.77 

R134a CH2FCF3 101.10 40.67 

R717 NH3 132.35 113.53 

 

From the comparison, it is understandable that the use of carbon dioxide in reverse cycles is more 

problematic than traditional refrigerant fluids, as it is necessary to develop very high pressures even for 

modest working temperatures. Furthermore, it is evident that subcritical cycles cannot be the suitable 

solution in standard refrigeration systems and especially in heat pump systems due to the low critical 

temperatures that do not allow effective heat exchange. 
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The properties that control the heat transfer capabilities of a refrigerant are: 

• the specific heat capacity at constant pressure,  

• the thermal conductivity,  

• the dynamic viscosity, and  

• the density.  

These properties were analyzed using CoolProp and the results are summarized in the following 

paragraphs. The first three properties allow the estimation of the Prandtl number, a dimensionless 

parameter, which is used for the calculation of the heat transfer coefficients. 

An interesting analysis can be carried out with reference to the density. Figure 25 shows the density as a 

function of the temperature when increasing the pressure from 75 bar (nearby critical pressure) to 120 bar. 

The density turns from around 700 kg/m3 to around 300 kg/m3 in 8 K and, as the pressure increases, the 

density variation lowers and for pressures greater than 100 bar, it becomes smooth. 

 
Figure 25: Density plotted against the temperature and analyzed at different pressures 

On the other hand, in Figure 26 is plotted the specific heat at constant pressure, which presents several 

peaks at different temperatures as a function of the pressure. The peak temperature is called “pseudo-critic 

temperature”. As the pressure increases, the peaks intensity decreases and the peak temperature increases. 

Furthermore, as the temperature increases, the specific heat at constant pressure becomes almost constant 

and it is only weakly affected by the pressure. 

This high gradient of the specific heat must be considered during the gas cooler’s design; the heat flow 

rate �̇� is proportional to the CO2 mass flow rate, to the specific heat at constant pressure 𝑐𝑝 and to its 

temperature variation as given by equation 1:  

�̇� = �̇� ∙ 𝑐𝑝 ∙ ∆𝑇 1 
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Figure 26: Specific heat at constant pressure plotted against the temperature and analyzed at different pressures 

The thermal conductivity (Figure 27) also shows some peaks, which are noticeable for pressures lower 

than 100 bar with a lower intensity than the ones shown by the specific heat at constant pressure. As the 

pressure increases, the thermal conductivity variations become weaker and the effects of the critical region 

completely disappear. 

 
Figure 27: Thermal conductivity plotted against the temperature and analyzed at different pressures 

Finally, in Figure 28, the dynamic viscosity is plotted as a function of the temperature and pressure. In this 

case, there are no peaks, but for pressures close to the critical one there are sudden variations of the 

dynamic viscosity with a behavior similar to one described for the density. Furthermore, the cinematic 

viscosity varies only slightly between the different pressure levels analyzed. This allows carbon dioxide to 

flow more fluidly within the refrigeration circuit and to mix better with the lubricants that allow better 

oiling of the internal parts of the circuit compressor. 
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Figure 28: Dynamic viscosity plotted against the temperature and analyzed at different pressures 

7.1.2 CO2 and other refrigerants 

When selecting a fluid as a refrigerant, the vapor pressure curves of possible alternatives are first 

investigated. Traditionally, the fluids are selected so that the pressure in all parts of the system is in the 

range 1-25 bar. The lower limit is selected to avoid ambient air being drawn into the system, while the 

upper limit is chosen to avoid excessive pressure levels in the system.  

However, for CO2 to perform well, the pressures needed are much higher. In fact, compared to other 

refrigerants, CO2 has operating pressures from 4 to 12 times higher (Figure 29) and is from 3 to 25 times 

denser (Figure 30). 

 

Figure 29: Pressure of CO2 against the evaporation temperature compared to R404A, NH3, R22, Propane and R134a 
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Figure 30: Density of CO2 against the evaporation temperature compared to R404A, NH3, R22, Propane and R134a 

In general, refrigerants are chosen and discarded depending on the cooling (or heating) capacity that can 

be achieved under similar circumstances. For this purpose, high heat of evaporation is beneficial, as less 

refrigerant needs to be circulated, but it is important to note that the mass flow is determined by the swept 

volume flow of the compressor and by the density of the fluid entering it.  

It is therefore of interest to compare the product of the heat of vaporization and the density of the 

refrigerant vapor as it enters into the compressor, as this product gives an indication of the capacity 

achieved with a specific volume flow. This product, the volumetric refrigerating effect (measured in 

kJ/m3), is shown as a function of the evaporation temperature in Figure 31, assuming a condensing 

temperature of +40°C and no superheating or subcooling. This parameter is 5-10 times higher for CO2, 

for as long as evaporation temperatures are not too high. (Liu et al. 2019a) 

 

Figure 31: Volumetric refrigerating effect of CO2 against the evaporation temperature compared to R404A, NH3, R22, Propane and R134a 

Thanks to its higher volumetric refrigerating effect, CO2 needs a far smaller charge compared to other 

fluids, thus further reducing refrigerant cost as well as smaller components and pipe dimensions, which 

saves money on copper and insulating materials.  

CO2 also presents a low compression ratio (the ratio between inlet and outlet pressures at the 

compressor), and a lower viscosity, making it easier to pump. The savings related to these characteristics, 
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often cancel out the cost of the additional components and make the initial installation cost for a CO2 

system preferable to the conventional alternatives.  

When the potential energy savings are considered as well as the growing number of areas that tax 

refrigerant charge based on its GWP, the total cost of ownership is typically far lower with CO2. 

Compared to other refrigerants, CO2 is characterized by one of the lowest Life Cycle Climate 

Performance (LCCP). LCCP is a standard method of comparing technologies with regards to their effects 

on climate change as measured by the approximate equivalent release of kilos of CO2. In 2017, Danfoss 

estimated that if all supermarkets worldwide were to switch to CO2, over 50 million tons of CO2 

equivalent emissions could be saved annually. (ACR News 2011) 

7.2 CO2 refrigeration cycle 

As mentioned before, one of the main criteria for choosing a refrigerant fluid is the analysis of its critical 

point. Usually, refrigerants are chosen so that they can condense at the average conditions in which water 

and air are typically found (between 30°C and 60°C for water and between 15°C and 35°C for air). This 

requires that the critical point is characterized by a much higher temperature than that of such average 

conditions, usually within the range of 80-110°C.  

However, the critical temperature of CO2 (30.98°C) is too low to allow significant cooling and adequate 

heat exchange with water or air. The temperature difference between the warm and cold fluids during 

subcritical operations would be too small and to ensure a proper cooling effect it would be necessary to 

operate with a much greater refrigerant flow rate, or with a larger heat exchange surface. When the 

difference tends towards zero, the heat exchange surface needed would be infinite to fulfill the 

requirements of the system.  

As a reminder, the thermal power exchanged and the parameters that influence it are shown in equation 2 

and equation 3.  

�̇� = �̇� ∙ 𝑐𝑝 ∙ ∆𝑇 2 

�̇� = 𝑘 ∙ 𝐴 ∙ ∆𝑇 3 

To be feasible and competitive in warm climates, carbon dioxide refrigeration systems need therefore to 

work in transcritical conditions. The pressures involved exceeds the critical value (73.8 bar) to guarantee 

temperatures high enough for proper heat exchange with either water or air. Under such conditions, not 

only stronger pipes are required, but also a heat exchanger capable of working under high pressures and in 

which no condensation of the operating fluid occurs. This kind of heat exchanger is called a gas cooler. 

During the condensing process, the quality of the refrigerant changes until it is 100 percent liquid. A 

further cooling of the liquid often occurs so that the refrigerant is subcooled when leaving the condenser. 

After this step, a lamination takes place, possible through any expansion organ, which brings the operating 

fluid to a lower pressure allowing the evaporation of carbon dioxide inside the evaporator. Finally, the 

cycle is closed by the compressor, which brings the CO2 back at its original conditions.  

If a heat source is available at a temperature below 20°C, a traditional subcritical cycle could also be 

achieved with carbon dioxide. 

Graphically, the transcritical (red) and subcritical (blue) cycles can be represented in a Mollier pressure-

enthalpy diagram, as shown in the Figure 32. (Sawalha 2019) (Mitsopoulos et al. 2019b) 
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Figure 32: Mollier diagram for transcritical and subcritical cycles operating with CO2 

7.2.1 Lorenz cycle 

When operating in transcritical conditions, to define the ideal cycle, the Lorenz inverse cycle is usually 

preferred to the Carnot one. It is characterized by the following thermodynamic transformations: 

• Isentropic compression, 

• Isobaric cooling, 

• Isentropic expansion, and  

• Isobaric heating.  

This cycle can be represented in a temperature-entropy diagram (T-s), as shown in Figure 33. 

 

Figure 33: Lorenz cycle 
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The COP of the Lorenz cycle can be found through equation 4. 

𝐶𝑂𝑃𝐿𝑂𝑅𝐸𝑁𝑍 =
𝑇𝑚

𝑇𝑚 − 𝑇0
 4 

Where 𝑇𝑚 is the average temperature during the transfer of heat by the operating fluid and it is defined as:  

𝑇𝑚 =
𝑇2 − 𝑇3

ln (
𝑇2
𝑇3

)
 

5 

𝑇2 and 𝑇3 indicate the thermodynamic state of the fluid entering and leaving the gas cooler respectively, 

while 𝑇0 is the temperature of the fluid through the evaporator.  

The efficiency for the Lorenz cycle is then defined as: 

𝜂𝐿𝑂𝑅𝐸𝑁𝑍 =
𝐶𝑂𝑃𝐶𝑌𝐶𝐿𝐸

𝐶𝑂𝑃𝐿𝑂𝑅𝐸𝑁𝑍
 6 

Where 𝐶𝑂𝑃𝐶𝑌𝐶𝐿𝐸 is the coefficient of performance of the real cycle analyzed. 

7.2.2 Pressure ratio 

CO2 compressors generally operate at higher pressures and with a larger pressure differential than 

traditional refrigerants, but its pressure ratio is lower.  

The losses from the re-expansion of the fluid after the compression are also lower with CO2 compressors. 

Despite the high levels of pressure and the shape of its Pressure-Volume (PV) diagram, the negative 

effects of the pressure drop through the valves tend to be lower for CO2 compressors and give them a 

better efficiency.  

To better understand how the compressor performs it is meaningful to remind how its efficiency is 

defined: 

𝜂𝑉 = 1 −
𝑉𝑛

𝑉𝑔
∙ (𝛽

1
𝑘 − 1) 7 

Where:  

• 𝑉𝑛 (m3) is the harmful volume, 

• 𝑉𝑔 (m3) is the generated volume, 

• 𝛽 is the pressure ratio  

• k is the value of the polytropic  

Figure 34 also helps to better understand the definition of the equation above.  
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Figure 34: Diagram used to define the volumetric efficiency of the compressor 

Under normal operating conditions, the value of the isentropic efficiencies results being higher in cycles 

operating with CO2. As can be seen in Figure 35, the piston displacement is 6.7 times superior with R134a 

than with CO2 for the same cooling capacity. 

 

Figure 35: Compressor pressure diagrams for R134a and CO2 assuming equal cooling capacity (π: pressure ratio, pm: mean effective pressure) (Kim et 
al., 2003) 

7.3 Optimum cycle pressure 

In CO2 cycles, it is possible to optimize the performance by regulating the high-pressure side of the 

system. In fact, at the outlet of the compressor, it is always possible to identify an optimum pressure value 
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which, once the operating conditions have been set, allows the refrigeration cycle to work at the maximum 

COP possible.  

As can be seen in Figure 36, moving the points 1-2-3-4, relative to a cycle with a maximum pressure of 90 

bar, towards points 1-2'-3'-4' of the cycle with maximum pressure equal to 100 bar, the maximum pressure 

increase in the cycle corresponds to an increase in both the compression work and the cooling effect of 

the fluid. 

 

Figure 36: Variation of the compression work and the cooling capacity when the pressure at the outlet of the compressor is increased 

Both the heat transferred during the cooling phase and the heat absorbed by the refrigerant during the 

evaporation phase increase their enthalpy by an amount equal to ΔQ0. This is only possible through an 

increase in the amount of work developed by the compressor equal to ΔWc, which is necessary to further 

raise the maximum cycle pressure. 

Now, using equation 8 and equation 9: 

𝐶𝑂𝑃 =
|𝑄−|

𝑊
 8 

𝐸𝐸𝑅 =
|𝑄+|

𝑊
 9 

and applying them to this specific case (equation 10 and equation 11): 

𝐶𝑂𝑃 =
|𝑄−| + ∆𝑄0

𝑊 + ∆𝑊𝑐
 10 

𝐸𝐸𝑅 =
|𝑄+| + ∆𝑄0

𝑊 + ∆𝑊𝑐
 11 

it is possible to state that, under certain conditions, a variation in the compression work produces a 

variation in the heat transferred through both the gas cooler and the evaporator and, finally, an increase or 

a decrease in the overall COP (or EER) value of the system. 

It is evident that the high-pressure side of the cycle depends on the specific conditions defined in the 

system considered, namely: 

• the evaporation temperature, 

• a possible overheating of the steam leaving the evaporator, 
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• the isentropic compression efficiency, and 

• the fluid temperature at the outlet of the gas cooler. 

Cavallini and Zilio, professors at the Department of Technical Physics of the “Università di Padova”, have 

empirically identified that for an ideal transcritical cycle, the optimal pressure value can be estimated using 

only the evaporation temperature and the temperature at the outlet of the gas cooler. The empirical 

equation found is reported below. 

𝑝𝑜𝑝𝑡 = (2.778 − 0.0157 ∙ 𝑇𝑒𝑣) ∙ 𝑇𝑜𝑢𝑡_𝑔𝑐 + (0.381 ∙ 𝑇𝑒𝑣 − 0.34) 12 

Where:  

• 𝑇𝑒𝑣 is the evaporation temperature, 

• 𝑇𝑜𝑢𝑡_𝑔𝑐 (°C) is the temperature at the outlet of the gas cooler, and 

• 𝑝𝑜𝑝𝑡 (bar) is the optimal pressure. 

This equation is valid for two specific temperature ranges: 

−40°𝐶 < 𝑇𝑒𝑣 < 5°𝐶   𝑎𝑛𝑑   31°𝐶 < 𝑇𝑜𝑢𝑡_𝑔𝑐 < 50°𝐶 

Obviously, under normal circumstances, the operating conditions cannot always be constant, and it should 

be noted that: 

• for pressures slightly higher than the ideal one, there are no significant penalties on the efficiency 

of the cycle, and  

• for pressures lower than the ideal one, the COP curve shows a vertical collapse and the efficiency 

of the cycle is seriously compromised. 

An interesting study conducted on heat pumps by P. Neska correlated the optimal cycle pressure not only 

to the COP of the system, but also to its heating capacity. His analysis showed that the pressure at the 

outlet of the compressor and the heating capacity are linearly dependent. In other words, when the 

pressure tends to its maximum value, so does the heating capacity. However, the heating capacity of the 

system depends mainly on the power used by the compressor and therefore its maximum is not reached 

with the optimal cycle pressure.  

 

Figure 37: variation of heating capacity, heating-COP and compressor shaft power with the discharge pressure for a CO2 heat pump water heater. 

It is therefore necessary to avoid inefficiencies by employing a control on the high-pressure side of the 

cycle, thus obtaining the maximum advantage from the system.  
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7.4 Safety criteria 

7.4.1 Safety criteria in case of refrigerant dispersion in the environment 

Unlike other natural and non-natural refrigerant fluids, carbon dioxide is not toxic. However, in high 

concentrations, it can still result harmful for humans since it actively participates in the breathing process. 

Adequate precautions must therefore be taken to secure the people who use carbon dioxide systems. 

The effects on human health of the various concentrations of carbon dioxide expressed in PPM are 

illustrated in Table 9. (Neska 2004) 

Table 9: Effects of different concentrations of carbon dioxide on human health 

Concentration (PPM) Health effects 

350 Normal value in the atmosphere 

1,000 
Recommended limit value not to be exceeded for 

human comfort 

5,000 

Threshold Limit Value-Time Weighted Average 

(TLV-TWA): level to which a worker can be 

exposed day after day for a working lifetime 

without adverse effects 

20,000 

It can disturb respiratory functions and cause blood 

excitation from central nervous system depressions. 

50% increase in breathing rate 

30,000 
100% increase in respiration rate after a short 

period of exposure 

50,000 
The Immediately Dangerous to Life or Health 

(IDLH) air concentration value 

100,000 Minimum lethal concentration 

200,000 Register fatal accidents 

300,000 Quickly leads to unconsciousness and convulsions 

 

Since the concentration limit set by the EN378-2 standard for CO2 is approximately 0.1 kg/m3, when the 

refrigerant charge in the system can exceed this limit, it is advisable to install sensors as a precaution. 

These would allow the detection of possibly harmful concentration of the gas in closed areas with the 

presence of people. 

7.4.2 Safety criteria regarding operating pressures 

When working with components of systems under pressure, it is essential to respect the safety criteria in 

the design and installation. The Pressure Equipment Directive (PED) (2014/68/EU) applies to the 

design, manufacture, and conformity assessment of stationary pressure equipment with a maximum 

allowable pressure greater than 0,5 bar. The directive entered into force on 20 July 2016 and aims to 

guarantee free movement of the products while ensuring a high level of safety. In this way, users are 

protected from possible explosions or leaks of fluid from the system that could compromise the 

environment and damage the health of the individual. 

Carbon dioxide generally operates with maximum pressures between 80 and 140 bar, thus making the cost 

of the individual components and the cost of the construction higher than traditional systems. The 
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legislation in fact imposes strict limitations and requires a discrete oversizing in thickness and components 

in different elements. Furthermore, in addition to checking the design conditions compatible with the 

expected working conditions, safety valves with suitable calibration and flow characteristics must be 

installed. 

Alongside the PED regulations, national regulations for the commissioning of plants are obviously in 

force. 
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8 CO2 systems 

8.1 Efficiency of CO2 systems in different climates 

CO2 systems were first designed to be effectively used in areas with cooler climates, but now new 

technologies make it a realistic and efficient option everywhere, even in regions with high ambient 

temperatures. Successful transcritical CO2 systems have been installed in stores all over the world 

including Africa, Asia, the Middle East and countries in Southern Europe.  

This is possible because technologies like the Multi Ejector which significantly increases energy efficiency 

during transcritical operation in hot ambient conditions. It also offers a 10% energy savings annualized 

over the year and, at peak times, is around 30% more efficient than a traditional CO2 booster system. 

Importantly, the Multi Ejector solution improves efficiency in part-load conditions, which is where 

refrigeration systems do the vast majority of their work.  

Similarly, the CO2 Adaptive Liquid Management (CALM) solution which combines Liquid Ejector with 

Adaptive Liquid Control algorithm optimizes efficiency in all conditions. This solution allows superheat to 

fall to zero, while the Liquid Ejector pumps any liquid leaving the evaporator back into the receiver. This 

maximizes efficiency, while safeguarding the compressors. 

Figure 38Figure 38 helps visualize the performance of the different CO2 technologies compared to a 

conventional system that employs R404A in different climates around the world.  

Table 10: Average temperatures and respective performance compared to a R404A conventional system (see Figure 38) (Mitsopoulos et al. 2019a) 

Yearly 

average 

temperature 

Booster vs 

R404A 

Parallel 

compression 

vs R404A 

Multi Ejector 

solution HP 

vs R404A 

0 23% 30% 30% 

5 17% 24% 26% 

10 8% 15% 18% 

15 0% 6% 12% 

20 -8% 0% 8% 

25 -9% -2% 7% 

30 -5% 0% 10% 
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Figure 38: Efficiency comparison between different CO2 systems (booster, parallel compression and multi ejector solution HP) and R404A systems in 

different climates 

8.1.1 Energy savings  

CO2 also brings the potential for cost savings outside the refrigeration system itself because it is perfect 

for heat recovery. Used as a refrigerant, CO2 has a high discharge temperature and a non-condensing 

nature. This makes it relatively easy to reclaim and use it to heat a building’s water and space with minimal 

additional equipment.  

This is an extremely cost-effective way to heat the building, effectively reducing heating costs to zero. If 

employed, there is often no need for a boiler, thus further reducing the initial installation costs across two 

systems. 

8.2 HFC and CO2 systems 

There are typically three types of refrigeration systems in the food sector, depending on the size of the 

facility and the quantity and type of fresh and/or frozen food products: stand-alone, condensing units and 

centralized (or multiplex). 

8.2.1 HFC systems  

Centralized systems are the largest consumers/emitters of HFC refrigerants in the EU. They consist of a 

central refrigeration unit located in a machine room and can either be direct or indirect.  

Direct systems 

In a direct system (DX), racks of compressors in the machine room are connected to the evaporators in 

the display cases and to the condensers on the roof by long pipes containing the refrigerant. 

The most traditional refrigeration system design in EU supermarkets is the direct system shown in Figure 

39-a. This system comprises two separate MT and LT loops and consists of two racks of compressors, 

each operating at the same saturated MT and LT suction temperatures. For these kinds of systems, the 

amount of refrigerant in a centralized direct system is typically 4-5 kg/kW of refrigeration capacity.  

Another variation of the direct system is the distributed system shown in Figure 39-b. It is characterized 

by the lack of a centralized compressor rack and the presence of several small compressor racks located in 

boxes near the display cases. In such systems, the suction lines of the compressors are much shorter and 

less refrigerant charge (usually 25% less) is needed compared to the direct system described above.  
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Indirect systems 

Indirect systems aim at decreasing the refrigerant charge and minimizing potential refrigerant leakage by 

using a different system layout. In an indirect system, the central refrigeration unit cools a secondary fluid 

that circulates between the evaporator in the machine room and the display cases in the sales area. This 

fluid is typically a solution of water with salts or alcohols, which decreases the freezing point of water well 

below zero. 

Figure 39-c shows one common indirect system with separate MT and LT loops. This design is comprised 

of two primary and secondary refrigeration cycles with different temperature levels. Secondary refrigerants 

based on potassium formate, potassium acetate, glycols, alcohols, and chlorides are commonly used. CO2 

two-phase flow might be used as a secondary refrigerant in the low temperature system. 

Another configuration of indirect systems is the partially indirect system shown in Figure 39-d. In this 

design, the low temperature system has a direct system between the compressors and the freezers, and the 

medium temperature system has an indirect system between the cabinets and the chiller. (Sawalha 2008) 

 



 

-67- 
 

 

Figure 39: HFC direct and indirect systems (Karampour e Sawalha 2017a) 

8.2.2 CO2 systems 

CO2 Indirect systems  

Historically, CO2 was first employed in the food sector as a secondary fluid. Its volumetric efficiency, low 

compression ratio, and low viscosity made it an excellent secondary fluid. Furthermore, by using CO2 as 

secondary fluid, corrosion of the pipes poses no longer a threat to the systems. 

CO2 Cascade systems 

The second generation of CO2 systems were cascade systems. In this configuration CO2 is used in the 

low-temperature circuit and other refrigerants in the high-temperature circuit. This kind of system results 

being more efficient than the others in warm climates. The use of CO2 in the low stage solves the problem 

of the low critical point which leads to the transcritical operation and also makes the system operate with 

lower pressure levels. In the high-temperature circuit, usually, natural refrigerants such as NH3 as well as 

R290 and R1270 can be employed. However, the unfavorable characteristics of these refrigerants (high 
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toxicity of NH3 and the high flammability of R290 and R1270) cleared the way for the investigation of 

more refrigerants as possible candidates for the high-temperature circuit. For instance, R152a is a 

refrigerant with a GWP of 124, lower than the limit of 150, but this fluid is flammable. R1234yf and 

R1234ze(E) are also promising fluids thanks to their safety and great heat transfer properties, but they face 

limitations such as high cost and stability issues.  

One drawback of cascade systems is the intermediate cascade heat exchanger and the temperature 

difference created by this heat exchanger. This “extra” heat exchange stage decreases the energy 

efficiency. Furthermore, the additional heat exchanger is an expensive component. A schematic 

representation of a CO2 cascade system with its respective T-s* diagram are shown in Figure 40Figure 40 

and Figure 41. (Skacanova e Gkizelis 2018) 

 

Figure 40: Schematic representation of an ammonia/CO2 cascade system 

 

  

Figure 41: Typical temperature-specific entropy graph for a CO2 cascade system (Tm is the temperature in the heat exchanger) 
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Control of cascade systems can be divided into condenser capacity control, compressor capacity control, 

cascade injection control, MT evaporator CO2 flow control and LT evaporator injection control. 

CO2 transcritical booster system 

The CO2 transcritical booster system is considered as the standard system solution for new facilities in 

some European countries, including Scandinavia. This technology currently represents the state of the art 

of refrigeration systems in the food sector and a thorough analysis is presented in the next chapter. 

8.3 CO2 transcritical booster system 

The CO2 transcritical booster system is a CO2-only solution and represent one of the latest developments 

towards using climate friendly refrigerants in the European food sector. 

In the last 10 years, depending on the region and a store’s cooling needs, these systems have evolved to 

overcome technical challenges and increase the efficiency of the systems for different climatic conditions 

and store requirements.  

The main types of CO2 transcritical systems, as depicted in the figures below are: 

• 1st generation: the booster system 

• 2nd generation: booster system with parallel compression 

• 3rd generation: the ejector system 

All these kinds of systems enable highly efficient heat reclaim that can be utilized to cover the store’s need 

for hot water and space heating. By increasing the discharge pressure of CO2 and switching from 

subcritical to transcritical, the amount of available heat increases considerably.  

Heat recovery technologies represent a capital-intensive part of a building and their integration must be 

financially beneficial. Furthermore, as the single-purpose system is converted into a multi-function system, 

the fine-tuning of the control system becomes more important.  

First generation 

The term “1st generation” refers to the basic R744 booster refrigeration plant layout. Currently such a 

solution presents on the high pressure (HP) side one or two de-superheater(s) devoted to heat recovery 

for space heating and hot water production purposes and are located upstream of the gas 

cooler/condenser. The low-temperature (LT) evaporators are served by a separate smaller booster 

compressor, which lifts the pressure to the medium temperature level. The discharge gas from the booster 

is then merged with the gas coming from medium-temperature (MT) evaporators.  

These systems are very popular in Northern Europe (where AC is not a priority requirement), as they 

perform similarly to or better than a conventional HFC-based unit at outdoor temperatures up to about 

24°C. (Shaik e Babu 2017) 
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Figure 42: CO2 booster system (with and without mechanical subcooling cycle). The examined configuration (left) and the p-h diagram (right). 

Second generation 

An increase in outside temperatures leads to more work required by the compressor, resulting in an 

overall increased energy consumption. A solution to this issue is to include an auxiliary parallel 

compressor to alleviate some of the burden.  

Parallel compression (PC) is used to compress the flash gas vapor directly from the receiver to the high-

pressure side, instead of the less efficient expansion to MT pressure level. Different research works based 

on computer modelling have concluded that parallel compression can improve the energy efficiency of 

CO2 booster systems significantly (by 10-15 %) (Karampour and Sawalha, 2015). The auxiliary compressor 

comes into work only when required by the system, whereas during wintertime it operates as a standard 

booster system. 

 

Figure 43: CO2 booster system with parallel compression (with and without mechanical subcooling cycle). The examined configuration (left) the p-h 
diagram (right). 

Third generation 
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The latest and one of the most significant developments for CO2 refrigeration technology is the ejector 

system. A drawback of using CO2 systems in warm climates (transcritical operation) is high throttling 

losses in high pressure expansion valves. Ejectors typically replace the high-pressure control valve, 

enabling expansion work recovery. These components partly entrain the low-pressure fluid downstream of 

the MT evaporators by means of high-pressure fluid coming from the gas cooler, accelerated in the motive 

nozzle of the ejector. Various computer simulation and field measurement analyses show that a multi-

ejector device can improve the system efficiency up to 20 % (Hafner et al., 2014a). 

 

Figure 44: CO2 booster system with parallel compression and liquid ejector (with and without mechanical subcooling cycle). The examined configuration 
(left) the p-h diagram (right). (Gullo et al. 2019) 

The systems shown can be considered as the “standard” CO2 transcritical systems, however, there are 

several newer modifications that can be applied in order to make the system more efficient and flexible. 

Some of these modifications include: 

• flooded evaporators, 

• mechanical sub-cooling, 

• evaporative cooling, and 

• thermal storage. 

8.3.1 Major markets 

The CO2 transcritical booster system is considered as the standard system solution for new commercial 

and industrial cooling facilities in some European countries, including Scandinavia. Figure 45 shows the 

status of the number of supermarkets in Europe and in the world using CO2 transcritical systems.  



 

-72- 
 

 

Figure 45: Number of stores with transcritical refrigeration systems as of October 2019 

In recent years, the world has seen explosive growth in the number of stores using CO2 refrigeration 

systems. According to Shecco (Global accelerator of the heating and cooling equipment market), in 2017 

there were about 12,000 stores worldwide using transcritical CO2 refrigeration systems, in 2018 there were 

20,000 stores, and in the fall of 2019, 30,000 stores using transcritical CO2 refrigeration systems.  

This technology has been increasing substantially all over the world, especially in Europe, where there are 

currently more than 23,000 stores equipped with this type of system. The next highest concentration is in 

Japan with slightly more than 4,500 stores. A number of developing economies have started introducing 

CO2 transcritical technology in supermarkets as well; South Africa has 150 stores and many other 

countries like China, Indonesia, Colombia, Chile, Argentina, Brazil, Jordan, Malaysia are also starting to 

introduce them. There are signals in the market that the number of CO2 stores in China will increase, now 

that the first stores have shown promising efficiencies. Table 11 helps understanding the substantial 

growth that this market has undergone throughout the past years. 

Table 11: CO2 transcritical major markets: growth trends 

Country 2018 2019 Growth 

USA 340 550 62% 

Australia 20 45 125% 

New Zealand 41 60 46% 

Europe 14,000 23,000 64% 

Japan 3,100 4,500 45% 

South Africa 102 150 47% 

Canada 210 320 52% 

 

8.4 Heat recovery in CO2 systems 

Heat recovery is one of the most efficient ways to cover the heating demand of a commercial refrigeration 

systems. The heat recovery potential depends on the climate conditions, and so far, CO2 refrigeration with 
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heat recovery has mostly been applied in colder climates. With new technologies, however, heat recovery 

for utility water is becoming more widespread in warmer climates as well.  

Regardless of the location’s climate, transcritical supermarket applications with heat reclaim are very 

suitable for improving the overall system performance. In fact, the considerable amount of heating energy 

rejected can be used to reduce or cover some of the common needs such as floor heating, heating for 

HVAC system, service water heating and some special applications such as defrosting of evaporator coils. 

More than 2,000 installations across Europe have shown that the traditional CO2 weaknesses in 

refrigeration applications such as high temperatures and pressures can be turned into profitable 

advantages when adding heat reclaim to the systems. The operational costs can be reduced by more than 

20% by replacing conventional heating sources with heat reclaim, and the pay-back time of the heat 

reclaim installation is typically short, less than 2.5 years. At the same time, huge carbon savings can be 

made when the system is installed and maintained correctly. (Karampour et al. 2016a) 

8.4.1 Heat recovery in CO2 transcritical systems 

CO2 transcritical booster systems are one of the most energy-efficient systems in terms of heat recovery.  

The high discharge temperatures (often 100–120 °C) and enthalpies allow for a great amount of rejected 

heat to be reclaimed. To be able to reclaim heat in the transcritical system, two heat exchangers are 

mounted before the gas cooler in order to provide hot water and space heating respectively. If air 

conditioning (AC) is integrated as well into system a further heat exchanger is needed between the high-

pressure regulating valve and the receiver.  

A 3-way valve directs the surplus heat from the compressors into the heat exchangers according to current 

demand for heating and utility water for cleaning and sanitary purposes. According to Karampour tap 

water heating is typically less than 10-15% of the total heating demand, therefore the system heat recovery 

control is assumed to be governed by the space heating demand. The excess heat, if any, is discharged.  

To ensure a robust refrigeration process, a superior control strategy is crucial to manage pressure as well 

as temperature when reclaiming heat to avoid condensation of liquid in the heat exchangers and to avoid 

risk of liquid hammering. Also, to achieve effective heat recovery and increase the heating capacity from 

the CO2 booster system, a stepwise control of the refrigeration system is recommended. The first step is 

to regulate the gas cooler pressure and keep the gas cooler exit temperature as low as possible (minimum 5 

°C) by running the gas cooler at full capacity. The second step is to fix the gas cooler pressure at a 

maximum value and decrease the gas cooler capacity by reducing the fans speed or, ultimately, by-passing 

the gas cooler using the by-pass valve. (Karampour e Sawalha 2018) 

In northern Europe, heating is needed when ambient temperature is lower than 10°C. This assumption is 

based on the analysis of monthly average temperatures at the beginning and the end of the heating season 

for some cities in Sweden. As dimensioning criteria the minimum temperature out of the gas cooler is 

often set as low as 5 to 8 °C and minimum pressure in the gas cooler is typical set around 40 to 45 bar to 

ensure a receiver pressure to be kept between 35 and 40 bar to maintain sufficient pressure differential 

across the expansion valves in the display cases. 

Under these conditions, the discharge temperature on the high temperature pack in a CO2 transcritical 

booster system, is typically above 55 °C even during winter. It is thus possible to reclaim heat for hot tap 

water without increasing pressure and obtaining heat reclaim at the highest possible refrigeration COP. 

When the refrigeration system is operated in the heat recovery mode, usually it is controlled so that when 

more heating energy is needed from the refrigeration system the discharge pressure is increased to ensure 

the presence of more heating energy in the de-superheater. This operation will in turn increase the 
compressor work and lower the overall efficiency of the system. (Colombo et al. 2014) 

Figure 46 is a plot of the high stage cycle on a p-h diagram for different discharge pressure values, where:  

• Qo is the refrigeration load, 
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• Wc is the compressor work,  

• Whr is the heat that can be reclaimed (55°C down to 25°C), and 

• Wgc is the heat rejected by the gas cooler (25°C down to 5°C). 

To reclaim the last part of the heat rejected, the gas cooler has to be bypassed. Since it’s typically not 

possible to reclaim at a lower temperature than 25 °C (to maintain 20° inside a supermarket) the gas 

temperature should then be lifted from 5 to 25 °C (at low ambient temperatures only) resulting in lower 

Qo. To maintain the same Qo more compressor capacity would be needed again resulting in a lower COP 

but with the possibility to reclaim 100% of the generated heat from 100°C down to 25 °C.  

 

Figure 46: CO2 p-h diagram with the high stage cycle of the booster system at different discharge pressures 

In theory, 100% heat reclaim from the refrigeration system provides sufficient heat to fulfil demands for 

space heating and hot tap water in many climates, eliminating the need for separate heating installations in 

the supermarket. However, reclaiming the last part of the energy is still not very efficient and therefore, 

the cost of relying 100% on reclaimed heat has to be judged against alternative heat sources depending on 

the actual load conditions, climate and the cost of alternative heat sources. (Danfoss 2015) 

8.4.2 Other potential heat sources  

Generally, and where needed, the sales area is heated by warm air provided by a centralized air handling 

unit (AHU). This is mainly the case for medium-large size supermarkets. Stand-alone or distributed 

smaller heating systems are used in smaller supermarkets.  

Alternatives to a CO2 heat reclaim system could be a boiler, an electric heater or district heating. Between 

the different options, the most economical should be always chosen. However, in most of the cases, the 

most energy-efficient, cost effective and environmentally friendly method is to use primarily the waste 

heat rejected by the refrigeration system through the condenser and/or de-superheater (if available). The 

amount of heat pumped by the refrigeration system can cover a great share of the heating demand, 

sometimes even more than the supermarket needs.  

There are thousands of CO2 installations globally and currently, the uptake of transcritical CO2 has by far 

had the largest share on the European continent in distributed refrigeration systems. It is now common 

that installations are done with heat reclaim as it has proven beneficial to reclaim the heat even in the 

hotter climates.  

According to Sawalha, the alternatives of a CO2 heat reclaim system in supermarkets can be categorized as 

follow: 

Space heating: conventional systems 

• Boiler/condensing boiler 

• District heating 

• Electric heating 
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Space heating: more eco-friendly options 

• Refrigeration heat recovery 

• Heat pumps: ground source, air source, water source 

• Ventilation exhaust air heat recovery by heat recovery wheel 

• Co-generation/tri-generation of electricity, heating and cooling 

Tap water heating: conventional systems 

• Boiler/condensing boiler 

• Electric heater 

• District heating (depending on the delivered temperature) 

Tap water heating: more eco-friendly options 

• Refrigeration heat recovery: CO2 and NH3 systems with high discharge temperatures 

• High temperature heat pumps: ground source, air source, water source 

• Solar thermal panels (Sawalha 2013b) 

8.4.3 Development opportunities 

In colder climates, supermarkets with transcritical systems with heat reclaim not only are able to easily 

fulfil their own heating demand, but also, they have the potential to sell the surplus heat. With only minor 

investments, the supermarket can be connected to the local district energy network and the supply of 

reclaimed heat can generate another revenue stream for the store. The obvious advantages are fast 

payback times and reduced emissions that make heat export from supermarkets very attractive for all 

stakeholders.  

The first experiments with grid integration in Denmark had pay-back times of 1-2 years due to special 

subsidies. Even without subsidies, the payback time is still short, estimated to be around 3-4 years. 

Another experiment of proper heat recovery is the “open district heating” project running in Stockholm 

where several supermarkets and data centers recover and sell their excess heat to the city district heating 

network. COOP Rådhuset supermarket in Stockholm is one of these supermarkets using a CO2 booster 

system to cover heating demand of the supermarket and sell the extra heat. 

Despite the numerous positive aspects, in many markets the lack of business models and current 

regulation still inhibit a more widespread interest in transferring the surplus heat from the supermarkets to 

the district energy network. 
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9 Field installation  

The facility analyzed in this thesis is a refrigerated warehouse with also an area dedicated to the processing 

of the food products. The building is located in Sweden and worked nonstop since its construction at the 

beginning of 2018. 

A schematic representation of the facility can be seen in Figure 47. The light blue areas represent the 

rooms in which chilled food is stored, while the blue ones are dedicated to the frozen products. In these 

rooms, average temperatures of about 5°C and about -20°C are respectively maintained throughout the 

entire year. The four blue narrower areas are the cooling tunnels. There the food is processed and brought 

from ambient temperature to its proper one.  

Finally, the light grey area is the engine rooms where the refrigerating units (the dark grey rectangles) are 

placed. The low temperatures are reached through the employment of four units: KS1, KS2, KS3, and 

KS4. The first two are responsible for the correct operation of the cooling tunnels, while the others 

maintain the proper conditions in both the chilled and frozen rooms.  

KS1 and KS2 share the same function and, logically, the same system layout. To avoid a repetitive 

analysis, only one of the two is illustrated in the next sections. However, the results presented in the next 

chapters, regard both units.  

The same goes for KS3 and KS4. 

 

Figure 47: Schematic representation of the facility and its main sections 
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9.1 KS1 and KS2 

A schematic representation of the KS1 (and KS2) unit is reported in Figure 48. As previously mentioned, 

both KS1 and KS2 are responsible for the functioning of the processing part (the cooling tunnels) of the 

system.  

Each one of the units has four different pressure levels, highlighted in different colors in the picture. The 

high pressure is achieved with a two-stage compression, possible through two sets of compressors in 

series. To achieve better performances, the fluid is cooled between the first and the second stage through 

an intercooler and a fan that can be bypassed according to the needs of the system.  

The amount of fluid that goes through the desuperheater and the gas cooler is regulated by high-pressure 

side of the unit, depending on the hot water demand and the outside temperature. This is possible thanks 

to the installation of two three-way valves right next to the components.  

After the gas cooler, the CO2 is laminated and enters a receiver where the vapor is separated from the 

liquid and reintroduced in the cycle through another valve just before the MT compressor. The receiver 

not only separated the two phases, but also ensures that only liquid CO2 is let into the evaporator.  

 

Figure 48: Schematic representation of the KS1 (and KS2) unit 

The circulation circuit is not reported in the image above. Instead this part of the system is shown in 

Figure 49.  

Here, the cold liquid coming from the receiver is collected in a tank, which is located above the circulating 

pumps. The reason behind this design is the fact that when the saturated liquid leaves the tank and enters 

the pumps, its enthalpy may increase and start changing phase, going from liquid to gas. This 

transformation may cause cavitation in the pump and seriously compromise its proper functioning. By 

raising it, when the liquid is dropped from the tank, before entering the pumps, it is in a subcooled state 

thanks to the column of fluid above it. In this way, the safe functioning of the pumps is ensured.  



 

-78- 
 

Once the CO2 leaves the cooling tunnels, it goes back to the LT compressors and starts the whole cycle 

again. 

 

Figure 49: Schematic representation of the circulation circuit of KS1 and KS2 

To better understand the units and the main components comprising them, a simplified representation of 

the system is shown in Figure 50.  

The different mass flows are highlighted in yellow, while the red and green arrows represent the energy 

inputs and the energy outputs respectively. In the pictures are reported only the components that 

determine the functioning of the unit. In fact, once the values of temperature and pressure are obtained 

from each one of the numbered points, a complete evaluation of the system can be achieved.  
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Figure 50: Simplified representation of the KS1 (and KS2) unit 

Finally, in Figure 51 the p-h diagram of the unit is reported. The numbered points in this image match the 

ones of the previous, thus providing a better understanding of the state of the fluid at any given moment. 

 

Figure 51: p-h diagram of the unit 

9.1.1 Cooling tunnels 

Cooling tunnels ensure controlled reduction of temperature in batch and continuous handling systems. 

These tunnels use blowers that force cool air into a tunnel while at the same time draw heated air from 

parts out the opposite end. Food products are moved through these cooling tunnels via conveyors and are 

sent to a cooling space after. 
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Depending on the food product, water or gas can be used as a coolant and may be sprayed over the 

product. Cooling tunnels provide and control product temperature through processes like convection, 

conduction, and radiation cooling. These systems are used in many types of food processing facilities for 

vegetables, fruits, snack foods, baked goods, and other applications. (Granryd et al. 2009) 

Figure 52 shows the schematic representation of one of the four cooling tunnels present in the facility. 

The remaining three are exactly the same and work at slightly different temperatures depending on the 

food product that needs to be cooled.  

 

Figure 52: Cooling tunnel for food processing 

9.2 KS3 and KS4 

A schematic representation of the KS3 (and KS4) unit is reported in Figure 53. As previously mentioned, 

both KS3 and KS4 are responsible for the functioning of both the chilled and frozen storage areas of the 

facility.  

Alike the previous units, KS3 and KS4 use a two-stage compression to achieve the four levels of pressure 

needed. Furthermore, they also share a similar layout of the high-pressure side, to regulate the system, and 

the receiver, used to separate the vapor from the liquid. 
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Figure 53: Schematic representation of the KS3 (and KS4) unit 

Unlike KS1 and KS2, KS3 and KS4 both have two evaporators: 

• a LT evaporator to provide cooling to the freezers, and  

• a MT evaporator to provide cooling to the chillers.  

Both these components are not reported in the image above and just the lines connecting them to the rest 

of the circuit are visible in the lower right corner of the image.  

Once the CO2 leaves the cold rooms, it goes back to the LT compressors and starts the whole cycle again. 

However, before entering, the fluid goes through the receiver where it absorbs heat. This design has a 

double function:  

• increasing the enthalpy of the fluid entering the compressor, thus ensuring the presence of only 

superheated gas at the inlet of the component, and  

• decrease the enthalpy of the fluid in the receiver, thus ensuring the formation of a greater amount 

of saturated liquid. 

To better understand the units and the main components comprising them, a simplified representation of 

the system is shown in Figure 54.  

The different mass flows are highlighted in yellow, while the red and green arrows represent the energy 

inputs and the energy outputs respectively. In the pictures are reported only the components that 

determine the functioning of the unit. In fact, once the values of temperature and pressure are obtained 

from each one of the numbered points, a complete evaluation of the system can be achieved.  
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Figure 54: Simplified representation of the KS1 (and KS2) unit 

Finally, in Figure 55 the p-h diagram of the unit is reported. The numbered points in this image match the 

ones of the previous, thus providing a better understanding of the state of the fluid at any given moment. 

 

 

Figure 55: p-h diagram of the unit 
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10 Methodology for the analysis of the systems 

The main parameters in the evaluation of any refrigeration system are the cooling capacity and the 

coefficient of performance (COP). The cooling capacity can be determined by estimating the mass flow 

rate of the refrigerant and the enthalpies at the inlet and outlet points of the main heat exchangers. The 

temperatures and pressures needed are measured throughout the system and used as inputs to determine 

the useful data. Performing a direct mass flow rate measurement is expensive and therefore usually not 

applied in field installations. Instead, indirect methods can be used such as extracting performance values 

from the compressor manufacturer data or performing energy balances around the compressor. 

(Frelechox David 2009) 

As per the regulation standards in the refrigeration industry, PT1000 sensors are used to measure the 

temperatures. These sensors have been placed since the time the system was installed and are used to 

collect the parameters mentioned above. All the measurements since the time of installation are logged 

and were downloaded from IWMAC for every 5-minutes time intervals to evaluate the system. 

The calculations and the graphs are mostly done in Microsoft Excel, where the enthalpies and entropies 

are determined through the addition of the software CoolProp. 

The following sub-sections explain more in detail the methods used to achieve a complete and meaningful 

evaluation of the system. 

10.1 Data acquisition 

The data for all the systems (KS1, KS2, KS3 and KS4) is collected using the IWMAC. IWMAC is a web-

based program employed for surveillance of different types of cooling, heating, and ventilation systems. 

Each measured value is stored in a database which can be accessed online, and data can be downloaded to 

text files (both .csv and .xlsv).  

In all the systems analyzed, a new value is registered only when it changes. In other words, if a parameter 

remains constant over a certain time, no value is added to the data series until that parameter changes. 

Since different parameters changed with different frequencies, the collected data series had different 

lengths and time intervals. When downloaded, all the parameters presented inconsistent time ranges, 

differing from just a couple of seconds to entire hours. 

The inconsistencies complicated the calculations in excel and another software, Jupyter, had to be used. 

Jupyter is an open-source software, born out of the IPython Project in 2014 as it evolved to support 

interactive data science and scientific computing across all programming languages. In Jupyter, all the data 

downloaded was converted into 288 five-minute slots, starting at midnight (first slot at 00:00) and ending 

24 hours afterwards (last slot at 23:55). In each one of these slots the average of the values of the 

parameters contained in it is calculated. If the time interval exceeded 5 minutes, the previous value was 

used. The data collected includes temperatures, pressures, and energy measurements for the compressors 

to determine the mass flows. 

10.2 Pressure and temperature measurements  

In order to fully define a point in a refrigeration system, two of its properties are needed. In general, the 

input data for the calculation of the refrigerant thermodynamics’ states are the measures of pressure and 

temperature. Pressure sensors give an absolute or relative pressure depending on their initial settings, 

while temperature sensors, in the case considered, return a value in °C. In Figure 56, the measurement 

points are shown for the KS1 system. These points allow for the calculation of the cooling capacity as well 

as various parameters which could influence this capacity, such as pressure ratio, intercooling, 

superheating, etc.  

https://ipython.org/
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Figure 56: Measurements points for KS1 

Single pressure measurements are installed at the high-pressure level and in the receiver in each unit of the 

system. For instance, KS1 registers only:  

1. an absolute pressure just before the expansion valve, and 

2. a relative pressure in the liquid receiver, where the saturated liquid and vapor are separated.  

KS1, KS2, KS3 and KS4 all have four pressure levels and only two of these are measured, while the 

remaining can be calculated through the given evaporation temperatures before the LT and MT 

compressors.  

Temperature measurements have been installed before and after each of the main components in the 

systems. Outdoors a sensor is placed to study the influence of the ambient temperature on the system’s 

performance. KS1, KS2 KS3 and KS4 have all a sensor to measure this parameter. The readings slightly 

differ from one system to another and their average was used to obtain the final results. 

10.3 Electrical power consumption 

Measuring electrical energy or electrical power consumptions is not necessarily complicated. However, the 

instruments still represent an added cost and their presence is merely informative and important for the 

project, but not demanded by regulation. 

In this case, the electric power consumptions of all the compressors are provided and can be downloaded 

from IWMAC. These are crucial parameters and are used to estimate the mass flow rate of refrigerant and 

calculate the COP. Other appliances (i.e. fans and pumps) and other systems (i.e. cooling tunnels) are 

measured separately.  

The consumption values are collected with the same definition of the measures of pressure and 

temperature, so 5 minutes. Figure 57 and Figure 58 show the average power used by the compressors in 

freezer units (LT) and in the chiller units (MT) of KS1 and KS3 during the average day of February (the 

coldest month investigated). These graphs are obtained by averaging all the same 5-minutes slots 
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throughout the analyzed month. KS1 and KS2 have the same system layout and the same functions, 

therefore a similar graph can be expected from the latter. The same thing can be said for KS3 and KS4. 

These figures below serve merely as an example of the way the data was analyzed, and a deeper analysis of 

the trend shown will be discussed in the next chapters. 

 

Figure 57: Average power consumption of both the LT and MT compressors during the average day of February 2020 for KS1 

 

Figure 58: Average power consumption of both the LT and MT compressors during the average day of February 2020 for KS3 

10.4 Mass flow evaluation 

The mass flow measurement is a key factor to obtain good results, however none of the studied systems 

has any meters integrated. Indirect methods were therefore used to estimate this parameter for each 

compressor.  

In the following sections, two possible ways are briefly described. 

10.4.1 Method 1: compressor’s manufacturer data 

For the system considered, it is possible to use the manufacturer data of the compressor to derive the 

swept volume and the overall efficiencies. The former is given as a fixed value in (m3/h) when the 

compressor is running at 50 Hz, while the latter can be obtained as function of the pressure ratio (𝛽). The 

pressure ratio is defined as: 
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𝛽 =
𝑝𝑜𝑢𝑡_𝑐𝑜𝑚𝑝

𝑝𝑖𝑛_𝑐𝑜𝑚𝑝
 13 

 

where 𝑝𝑖𝑛_𝑐𝑜𝑚𝑝 and 𝑝𝑜𝑢𝑡_𝑐𝑜𝑚𝑝 are the pressures at the inlet and outlet of the compressor respectively. 

The mass flow of refrigerant (kg/s) can be now calculated using equation 14: 

�̇� =
𝜂 ∙ �̇�𝑠

𝜐𝑖𝑛_𝑐𝑜𝑚𝑝
∙

𝑓𝑡𝑜𝑡

𝑓𝑛𝑜𝑚
 14 

Where:  

• 𝜐𝑖𝑛_𝑐𝑜𝑚𝑝 is the specific volume at the inlet of the compressor and is a function of the inlet’s 

conditions: 𝜐𝑖𝑛_𝑐𝑜𝑚𝑝 = 𝑓(𝑇𝑖𝑛_𝑐𝑜𝑚𝑝; 𝑝𝑖𝑛_𝑐𝑜𝑚𝑝), 

• 𝜂 is the efficiency of the compressor, 

• �̇�𝑠 is the swept volume (m3/s) based on the data of the compressor, 

• 𝑓𝑡𝑜𝑡 is the measured compressor frequency (Hz) (or the sum of the frequencies of the two 

compressors working in tandem), and 

• 𝑓𝑛𝑜𝑚 is the nominal frequency (Hz). 

10.4.2 Method 2: energy balance 

Another viable method is based on the energy balance around the compressor. The component can be 

seen as a black box and the mass flow can be calculated simply using equation 15.   

𝑃𝑐𝑜𝑚𝑝 = �̇� ∙ ∆ℎ𝑐𝑜𝑚𝑝 + �̇�𝐻𝐿_𝑐𝑜𝑚𝑝 15 

Where: 

• 𝑃𝑐𝑜𝑚𝑝 (kW) is the power of the compressor, 

• �̇� (kg/s) is the mass of CO2 flowing through the component , 

• ∆ℎ𝑐𝑜𝑚𝑝 (kJ/kg) is the difference in enthalpy between the outlet conditions ℎ𝑜𝑢𝑡_𝑐𝑜𝑚𝑝 and the 

inlet conditions ℎ𝑖𝑛_𝑐𝑜𝑚𝑝, and 

• �̇�𝐻𝐿_𝑐𝑜𝑚𝑝 (kW) is the heat lost during the compression. 

The electrical consumption is provided and, based on general experience, the heat lost in the compressor 

is assumed to be about 7% of the total electrical input.  

As previously mentioned, ∆ℎ𝑐𝑜𝑚𝑝 is defined as: 

∆ℎ𝑐𝑜𝑚𝑝 = ℎ𝑜𝑢𝑡_𝑐𝑜𝑚𝑝 − ℎ𝑖𝑛_𝑐𝑜𝑚𝑝 16 

Unfortunately, the temperature at the outlet of the compressor is not always reliable, and careful filtering 

of data is therefore needed. In order to see if proper results are obtained, the efficiency of the compressor 

can be calculated through equation 17: 

𝜂 =
ℎ𝑜𝑢𝑡_𝑐𝑜𝑚𝑝_𝑖𝑠 − ℎ𝑖𝑛_𝑐𝑜𝑚𝑝

ℎ𝑜𝑢𝑡_𝑐𝑜𝑚𝑝 − ℎ𝑖𝑛_𝑐𝑜𝑚𝑝
 17 

Where ℎ𝑜𝑢𝑡_𝑐𝑜𝑚𝑝_𝑖𝑠 is enthalpy at the outlet of the compressor if an isentropic compression takes place, 

and it is derived using the outlet pressure and the inlet entropy. The compressors used in the systems 

usually have efficiencies ranging from 60% up to 85% and the results obtained through the equation 

above must be within this range. (Aldegheri e Lazzarin; Colombo et al. 2014) 

The main advantage in this method is that the number of compressors running and their characteristics 

(i.e. efficiency, swept volume) are not needed for the estimation of the total mass flow rate. The electric 
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power consumption and the conditions of the fluid at the extremities of the component are in fact 

sufficient for the energy balance. 

10.4.3 Uncertainty analysis and preferred method 

The total uncertainty of the estimated mass flow rate can be calculated for all the systems if the 

instruments used to collect them are known. For instance, a PT 1000-class A temperature sensor has a 

tolerance of ±0.15°C, an AK-2050 pressure transmitter has a maximum tolerance of ±0.8%, and a typical 

power meter has an uncertainty of approximately 0.5%. In order to conclude the uncertainty analysis some 

assumptions need to be made, but generally, the error committed in the estimation of the mass flow rate 

does not exceed 2.5%. 

In the end, even though the first method presented is more accurate, at the time of the calculation the 

necessary data for the compressor was unknown. The second method was therefore used to estimate the 

mass flow for each unit. Once the compressors’ manufacturer information was retrieved, a comparison 

was conducted to understand if there were any relevant differences between the results. 

10.5 Cooling demand and COP calculation 

In general, when analyzing a refrigeration system, the most meaningful values are the cooling capacities 

and the COPs. 

10.5.1 Cooling capacities 

The cooling and heating loads in the system and the heating power rejected in the gas cooler can be 

calculated using equation 18: 

�̇� = �̇� ∙ ∆ℎ𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 18 

Where:  

• �̇� (kW) is the heat exchanged in the generic component, 

• �̇� (kg/s) is the mass flow through the generic component, and  

• ∆ℎ𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡 (kJ/kg) is the enthalpy variation between the extremities of the generic component.  

In order to calculate the cooling capacity, the conditions of the parameters at both the inlet and outlet of 

the evaporator must be known. To fulfill this requirement, an assumption regarding the outlet temperature 

is necessary. According to (Frelechox David 2009), an internal superheating value of 10 K for both the 

MT and LT was assumed: 

𝑇𝑜𝑢𝑡_𝑒𝑣 =  𝑇𝑒𝑣𝑎𝑝 + 10 19 

Where 𝑇𝑜𝑢𝑡_𝑒𝑣 is the temperature at the outlet of the evaporator and 𝑇𝑒𝑣𝑎𝑝 is the evaporation 

temperature. (Granryd et al. 2009) 

The total superheating is provided for all the systems, thus allowing to calculate the external superheating 

once the internal superheating is assumed. External superheating has always negative impact on the COP 

of the system as it results in higher compression work. 

For KS3 and KS4 the cooling capacity of the MT evaporator can be calculated in two different ways (KS1 

and KS2 have no MT evaporators). One method is to consider the system as black box and balance the 

energy inputs and outputs, as shown in Figure 59 and equation 20.  
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Figure 59: Schematic representation of the energy inputs and outputs in the system. 

�̇�𝑀𝑇 + �̇�𝐿𝑇 + 𝑃𝑐𝑜𝑚𝑝_𝑛𝑒𝑡_𝐿𝑇 + 𝑃𝑐𝑜𝑚𝑝_𝑛𝑒𝑡_𝑀𝑇 = �̇�𝑑𝑠ℎ + �̇�𝑖𝑐 + �̇�𝑓𝑎𝑛 + �̇�𝑙𝑜𝑠𝑡 + �̇�𝑔𝑐 20 

Where: 

• �̇�𝐿𝑇 (kW) is the cooling capacity of the low temperature evaporator, 

• �̇�𝑀𝑇 (kW) is the cooling capacity of the medium temperature evaporator, 

• 𝑃𝑐𝑜𝑚𝑝_𝑛𝑒𝑡_𝐿𝑇 (kW) is the difference between the power input of the LT compressor and its 

thermal losses (7% of the total power used): 𝑃𝑐𝑜𝑚𝑝_𝑛𝑒𝑡_𝐿𝑇 = 0.93 ∙ 𝑃𝑐𝑜𝑚𝑝_𝐿𝑇, 

• 𝑃𝑐𝑜𝑚𝑝_𝑛𝑒𝑡_𝑀𝑇 (kW) is the difference between the power input of the LT compressor and its 

thermal losses (7% of the total power used): 𝑃𝑐𝑜𝑚𝑝_𝑛𝑒𝑡_𝑀𝑇 = 0.93 ∙ 𝑃𝑐𝑜𝑚𝑝_𝑀𝑇 , 

• �̇�𝑑𝑠ℎ (kW) is the heat transferred into the desuperheater, 

• �̇�𝑖𝑐 (kW) is the heat transferred to the intercooler, 

• �̇�𝑓𝑎𝑛 (kW) is the heat transferred to the fan after the intercooler, 

• �̇�𝑙𝑜𝑠𝑡 (kW) is the heat lost in the pipes, and 

• �̇�𝑔𝑐 (kW) is the heat transferred to the ambient  (Karampour e Sawalha 2018; Colombo et al. 

2014) 

Another way is to determine the mass flow through the MT evaporator using equation 21 and equation 22 

at the points A and B highlighted in Figure 60.  
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Figure 60: p-h diagram of the unit with the useful points highlighted in red 

�̇�𝑔𝑐 ∙ ℎ𝑏𝑒𝑓𝑜𝑟𝑒_𝑣𝑎𝑙𝑣𝑒 = �̇�𝑙𝑖𝑞 ∙ ℎ𝑙𝑖𝑞_𝑠𝑎𝑡 + �̇�𝑣𝑎𝑝 ∙ ℎ𝑣𝑎𝑝_𝑠𝑎𝑡 21 

�̇�𝑙𝑖𝑞 = �̇�𝑒𝑣_𝑀𝑇 + �̇�𝑒𝑣_𝐿𝑇 22 

Where: 

• �̇�𝑔𝑐 (kg/s) is the mass flow in the gas cooler,  

• �̇�𝑣𝑎𝑝 (kg/s) is the mass of saturated vapor leaving the receiver, 

• �̇�𝑙𝑖𝑞 (kg/s) is the mass of saturated liquid leaving the receiver, 

• �̇�𝑒𝑣_𝑀𝑇 (kg/s) is the mass flow in the MT evaporator, 

• �̇�𝑒𝑣_𝐿𝑇 (kg/s) is the mass flow in the LT evaporator, 

• ℎ𝑏𝑒𝑓𝑜𝑟𝑒_𝑣𝑎𝑙𝑣𝑒 (kJ/kg) is the enthalpy before the expansion valve, 

• ℎ𝑙𝑖𝑞_𝑠𝑎𝑡@𝑅𝑃 (kJ/kg) is the enthalpy of saturated liquid at the receiver pressure, and 

• ℎ𝑣𝑎𝑝_𝑠𝑎𝑡@𝑅𝑃 (kJ/kg) is the enthalpy of saturated vapor at the receiver pressure. 

At this point, the cooling capacity can be calculated applying equation 6 to the MT evaporator. 

10.5.2 COP 

Once the refrigeration and heating loads are estimated, different COPs of the system can be calculated to 

evaluate its performance.  

The parameter used to evaluate the refrigerating performance of the system is COPtot and is defined as the 

ratio of total provided refrigeration to the total electricity used only for the refrigeration function: 

𝐶𝑂𝑃𝑡𝑜𝑡 =
�̇�𝑀𝑇 + �̇�𝐿𝑇

𝑃𝑐𝑜𝑚𝑝_𝑀𝑇 + 𝑃𝑐𝑜𝑚𝑝_𝐿𝑇 + 𝑃𝑓𝑎𝑛_𝑔𝑐
 23 

Where:  

• �̇�𝑀𝑇 (kW) and �̇�𝐿𝑇 (kW) have already been introduced in the previous section, 



 

-90- 
 

• 𝑃𝑐𝑜𝑚𝑝_𝑀𝑇 (kW) is the power used by the MT compressor, 

• 𝑃𝑐𝑜𝑚𝑝_𝐿𝑇 (kW) is the power used by the LT compressor, and  

• 𝑃𝑓𝑎𝑛_𝑔𝑐 (kW) is the power consumption of the fans of the gas cooler which is assumed to be 3% 

of the heat rejected in the gas cooler. (Sawalha et al. 2015; Colombo et al. 2014) 

Once again, KS1 and KS2 have no MT evaporator and COPtot can be calculated for these units by simply 

omitting �̇�𝑀𝑇. Furthermore, since KS1 and KS2 have only the LT evaporator, COPtot is sufficient to 

evaluate their performance. The following paragraphs will refer only to KS3 and KS4.  

To define the COP for the MT level only (COPMT), its share of electric power demand must be found. 

For this purpose, the CO2 system can be considered as a simple refrigeration/heat pump unit with 

evaporation temperature equal to MT, as shown in Figure 61.  

 

Figure 61: Schematic representation of the system considering only the MT level 

In order to simplify the calculations, a new parameter can be introduced: �̇�𝑐𝑜𝑙𝑑_𝑠𝑖𝑑𝑒 (kW). �̇�𝑐𝑜𝑙𝑑_𝑠𝑖𝑑𝑒 

represents the total load on the cold side and is defined as: 

�̇�𝑐𝑜𝑙𝑑_𝑠𝑖𝑑𝑒 = (�̇�𝑀𝑇) + (�̇�𝐿𝑇 + �̇�𝑥𝑆𝐻_𝐿𝑇 + 𝑃𝑐𝑜𝑚𝑝_𝑛𝑒𝑡_𝐿𝑇) − �̇�𝑖𝑐 − �̇�𝑓𝑎𝑛 24 

Where �̇�𝑥𝑆𝐻_𝑀𝑇 (kW) and �̇�𝑥𝑆𝐻_𝐿𝑇 (kW) are non-useful cooling (external superheating) in the suction line 

of the two compressor units. MT and LT external superheating are calculated based on the temperature 

difference between compressor suction lines and evaporator outlets. The reason to include this non-useful 

cooling (external superheating) is that �̇�𝑐𝑜𝑙𝑑_𝑠𝑖𝑑𝑒 represents the “cooling capacity of the compressors”. On 

the other hand, �̇�𝑥𝑆𝐻_𝑀𝑇 and �̇�𝑥𝑆𝐻_𝐿𝑇 are not included in equation 23 since it includes only the useful 

“cooling capacity of the evaporators” to calculate COPtot. In other words, the “compressors cooling 

capacity” is the sum of useful “evaporators cooling capacity” and non-useful heat gains between the 

evaporators’ outlet and compressors’ suction lines, known as external superheating. 

Using �̇�𝑐𝑜𝑙𝑑_𝑠𝑖𝑑𝑒 and the shares of each cooling load on MT compressors, the COPMT can be calculated 

with the following equations: 

𝐶𝑂𝑃𝑀𝑇 =
�̇�𝑐𝑜𝑙𝑑_𝑠𝑖𝑑𝑒

𝑃𝑐𝑜𝑚𝑝_𝑀𝑇 + 𝑃𝑓𝑎𝑛_𝑔𝑐
 25 

Finally, the low temperature COP for a booster unit (COPLT) is calculated as: 

𝐶𝑂𝑃𝐿𝑇 =
�̇�𝐿𝑇

[𝑃𝑐𝑜𝑚𝑝_𝐿𝑇 +
�̇�𝐿𝑇 + �̇�𝑥𝑆𝐻_𝐿𝑇 + 𝑃𝑐𝑜𝑚𝑝_𝑛𝑒𝑡_𝐿𝑇

𝐶𝑂𝑃𝑀𝑇
]

 
26 
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10.5.3 Heat recovery 

KS1, KS2, KS3 and KS4 all have integrated heat recovery (HR) systems. Depending on the demand, the 

HR can be either enabled (1) or disabled (0). If enabled, the system usually works at a higher discharge 

pressure according to the amount of heat that needs to be recovered. 

In order to eliminate the influence of heat recovery ((𝑃𝑐𝑜𝑚𝑝_𝑀𝑇 + 𝑃𝑓𝑎𝑛_𝑔𝑐)𝐻𝑅_𝑒𝑥𝑐𝑙𝑢𝑑𝑒𝑑), the system was 

assumed to run always at the minimum floating condensing pressure, considering an approach 

temperature of 3K between the ambient and the gas cooler’s exit. In other words, the temperature at the 

outlet of the gas cooler was assumed to be equal to 𝑇𝑎𝑚𝑏 + 3𝐾. 

At this point, it was possible to evaluate the performance of the heat recovery of the system by 

introducing a COP for heat recovery (COPHR). COPHR is defined as the total recovered heat over the extra 

electricity used only for heat recovery, as in the following equation: 

𝐶𝑂𝑃𝐻𝑅 =
�̇�𝑑𝑠ℎ + �̇�𝑖𝑐

(𝑃𝑐𝑜𝑚𝑝_𝑀𝑇 + 𝑃𝑓𝑎𝑛_𝑔𝑐)𝑡𝑜𝑡 − (𝑃𝑐𝑜𝑚𝑝_𝑀𝑇 + 𝑃𝑓𝑎𝑛_𝑔𝑐)𝐻𝑅_𝑒𝑥𝑐𝑙𝑢𝑑𝑒𝑑
 27 

As it is visible from the equation, the power related to the low temperature compressor (𝑃𝑐𝑜𝑚𝑝_𝐿𝑇) is 

omitted. The HR system is assumed to be controlled only by the high-pressure side of the units, while the 

low and medium pressure levels are kept constant. In this way, the amount of power consumed by the LT 

compressor is the same whether the units are working in normal or heat recovery mode. (Sawalha et al. 

2017; Colombo et al. 2014) 
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11 System analysis 

The cooling units KS1 and KS2 are identical and consequently share similar results. The same is true for 

KS3 and KS4. For this reason, these units are analyzed in pairs and evaluated separately.  

11.1 KS1 and KS2 

11.1.1 Mass Flow 

Once the necessary information regarding the compressor’s manufacturer were known, the curves in 

Figure 62 were drawn. These represent the efficiencies of the compressors as a function of the pressure 

ratios (realized through interpolation).  

 

Figure 62: Volumetric efficiency based on compressor data for the CO2 compressors (mazyar; Colombo et al. 2014) 

At this point, following method 1, it was possible to calculate the mass flow through both the LT and MT 

compressors for each of the units. However, method 2 was used instead because at the moment of the 

calculation the compressors’ data was unknown. The mass flows obtained using the two methods were 

still compared, to ensure that the results are reliable.  

The mass flow depends on the inlet conditions of the compressor and it is meaningful to analyze them to 

better understand how the system regulates the different demands. Figure 63 shows the variation of the 

inlet conditions of the compressor during the average day of February 2020 in the low temperature 

compressors of both KS1 and KS2.  
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Figure 63: LT compressor’s inlet conditions during the average day of February for KS1 and KS2 

As can be seen in the figure above, the inlet conditions of the compressor are stable throughout the 

average day for KS2, with the inlet temperature varying only of a few degrees. This suggests that the 

cooling capacity of KS2 is regulated mostly through the variation of the mass flow. In this case, if more 

cooling capacity is needed, the flow is increased and vice versa.  

On the other hand, in KS1, the inlet temperature varies of around 8°C during the average day, while the 

inlet pressure remains constant and has the same value of the one in KS2.  

The pressure ratios for both systems have been calculated and are stable throughout the average day. The 

implementation of a different number of compressors, compensates for the oscillations in the demand. 

Similar results were obtained when different months were analyzed, suggesting that these systems are 

operated in the explained mode throughout the entire year. 

Finally, Figure 64 and Figure 65 show the efficiencies as a function of the pressure ratio of the LT and MT 

compressors for KS1 and KS2 respectively. In the graphs the results reported are taken every 30 minutes 

throughout the entire period analyzed. The pressure ratios are relatively low and contained all between 1 

and 3. The efficiencies never exceed 85% and are never lower than 60%, thus matching the expected 

results. As it is visible from the graphs, the MT compressor’s pressure ratios (the blue dots) divide into 2 

separate clusters. The values more on the left represent the colder months, while the ones more on the 

right represent the warmer months. During Summer, the system works at a higher pressure and the MT 

compressor is used at a higher degree to fulfill this requirement. The LT compressor’s power ratios 

change only slightly in the period considered and therefore are employed to a lower extent in the 

regulation of the high-pressure side of the system. 
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Figure 64: Efficiencies as a function of the pressure ratio of the LT and MT compressors for KS1 

 

Figure 65: Efficiencies as a function of the pressure ratio of the LT and MT compressors for KS2 

11.1.2 Key operating parameters 

Data for KS1 and KS2 has been collected for the period of January 2020 to June 2020. The monthly 

average values of outdoor (Tamb), gas cooler outlet (Tout_gc) and evaporation temperatures (Tev_LT and 

Tev_MT) are plotted in Figure 66.  

As can be observed in the plots, the evaporation temperatures at the low and medium levels are almost 

constant; about -39°C and -9.6°C for KS1 and about -7.4°C and -38.9°C for KS2. It can also be observed 

that the gas cooler outlet temperature strictly follows the trend of the ambient temperature with 

differences between the two ranging from 2°C to 4°C.  

It is important to remind the fact that the winter of 2019/2020 is the warmest ever registered in Sweden. 

In fact, the cold months analyzed (January, February, and March) all reported relatively high outdoor 

temperatures (not lower than 6°C).  
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Figure 66: Monthly average values of the outdoor, condensing and evaporation temperatures. The period considered is from January 2020 to June 2020, 
for KS1 (left) and KS2 (right). 

Particular attention is directed towards the analysis of the high-pressure side of the cycle since it 

determines how the system is controlled. In this analysis the average days of the warmest and coldest 

months are evaluated through the investigation of the following parameters:  

• the ambient temperature Tamb (°C),  

• the gas cooler pressure pgc (bar),  

• the gas cooler exit temperature Tout_gc (°C), and 

• the temperature before the expansion valve Tbefore_valve (°C) 

These parameters for KS1 and KS2 are shown in Figure 67 for February and Figure 68 for June. 

 

Figure 67: Daily average values of the outdoor, before expansion, condensing and evaporation temperatures. The period considered is February 2020, for 
KS1 (left) and KS2 (right). 

 

Figure 68: daily average values of outdoor, before expansion, condensing and evaporation temperatures. The period considered is June 2020, for KS1 
(left) and KS2 (right). 



 

-96- 
 

The pressures for both systems are constant at around 47 bars during February. In June the pressures are 

grater to cope with the higher ambient temperatures. During this month, KS1 presents a higher pressure 

compared to January and its trend follows the ambient temperature’s one. On the other hand, KS2 shows 

a stable value of 67 bars because the unit is used to recover heat during June, thus working in a different 

mode compared to KS1. 

From the data collected of the period analyzed, both KS1 and KS2 run always at pressures that do not 

exceed the transcritical values and are mostly controlled in the sub-critical floating condensing mode. The 

sole exception is KS2 working mode during the warmer months, during which it shows an increased 

pressure to recover a small amount of heat.  

11.1.3 Heat recovery 

Depending on the demand of heat, the system can be regulated in different ways. To better understand 

the controlling mode, the trends of the parameters before and after the desuperheater and the gas cooler 

are analyzed. Particular attention is directed towards the gas cooler bypass valve (3WVgc) and the 

desuperheater bypass valve (3WVdsh). 

As explained earlier, the system provides heat through the desuperheater. To cover this demand, the 

bypass valves (3WVgc and 3WVdsh) and the high pressure are regulated through the heat recovery control 

system. According to Karampour and Sawalha the recommendations on how to control the high-pressure 

side key parameters for efficient heat recovery consist of a stepwise control strategy. The first step is to 

regulate the gas cooler pressure (Pgc) and keep the gas cooler exit temperature (Tout_gc) as low as possible 

by running the gas cooler at full capacity. The second step is to fix the gas cooler pressure at a maximum 

value and decrease the gas cooler capacity by reducing the fans speed or, ultimately, by-passing the gas 

cooler using 3WVgc. (Sawalha et al. 2015) 

Contrary to what was expected, in both KS1 and KS2 heat recovery is enabled only during the warmer 

months, more precisely, from March 11th at 12.00, as shown in Figure 69.  

 

Figure 69: HR control trend throughout the investigated period 

0 means that the heat recovery is disabled and 1 the opposite. However, even when enabled, the 

desuperheater not always provides heat to the secondary fluid. Heat is in fact transferred only if the 

conditions allow it. A more detailed analysis is therefore needed for the parameters involved in the control 

of the heat recovery. For this purpose, the figures below were plotted, and tables were completed.  
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Figure 70 and Figure 71 are pie charts and allow to better understand the amount of time during the 

month during which the 3WVdsh is open (3WVdsh=1) and the desuperheater is not bypassed. This is 

shown in contrast to the greater amount of time during which the valve is closed (3WVdsh=0). As 

expected, during both January and February, in KS1 and KS2, the desuperheater is always bypassed since 

the system does not enable superheating. For the remaining months, the 3WVdsh is open more often in 

KS2, but no clear pattern is visible.  

 

Figure 70: The charts represent the amount of time during which the desuperheater valve is open (blue) and close (red) in KS1 

 

Figure 71: The charts represent the amount of time during which the desuperheater valve is open (blue) and close (red) in KS2 

Figure 72 and Figure 73 represent the trend of the 3WVdsh during the average day of each of the 

investigated months. On the right Y-axis the opening or closing condition of the desuperheater by-pass 

valve (3WVdsh) is shown. This opening–closing frequency has been averaged by time-weight and this 

explains the numbers between 0 and 1. In reality, the valve can be either fully closed (3WVdsh = 0) or fully 

opened (3WVdsh = 1).  

The graphs present the trend of the heat demand during the average day, showing, for almost every 

month, a steady value. Also, the figures provide a less intuitive information about the status of the valves. 

For instance, if the Y-value of a month is 0.3, it means that at that precise time in that month, the valve is 

open only 30% of the time.  
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Figure 72: Trend of the 3WVdsh during the average day of each of the months investigated for KS1 

 

Figure 73: Trend of the 3WVdsh during the average day of each of the months investigated for KS1 

The delivered temperatures before and after the desuperheater, and the secondary fluid conditions are 

studied to make sure that the temperature requirements are properly fulfilled for heating (supplied 

temperature between 50°C and 60°C). The results are summarized in Table 12. To obtain more 

meaningful results, in the table the averaged values do not include the period in which the heat recovery is 

disabled (January and February). 

Table 12: Average values of the temperatures of the outlet of the compressor, before the gas cooler, and of the secondary fluid at the inlet and at the outlet 
of the desuperheater. 

 
KS1 KS2 

3WVdsh=0 3WVdsh=1 3WVdsh=0 3WVdsh=1 

Compressor outlet temperature (°C) 59.6 100.3 68.2 99.8 

Temperature before the gas cooler (°C) 50.3 59.0 60.6 49.6 

Secondary fluid inlet temperature (°C) 41.8 46.9 22.7 44.3 

Secondary fluid outlet temperature (°C) 42.9 59.3 23.0 52.6 

 

It is worth mentioning that there are always some heat losses to the ambient on the high-pressure side of 

the system. In fact, the temperatures before the gas cooler and after the MT compressor are not exactly 

the same even if the desuperheater is completely by-passed. This can be observed in the table above, 

where a difference of around 8.5°C is present for both systems, when the desuperheater is bypassed 

(3WVdsh=0). It is possible that in these conditions, the valves are not completely tight to have the by-pass 

effect complete, since both the secondary fluid and the CO2 flow see a slight increase in their temperature. 

Because of these reasons that the heat recovery ratio (HRR) cannot reach the highest potential value. 

𝐻𝐻𝑅 =
𝑇𝑜𝑡𝑎𝑙 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 ℎ𝑒𝑎𝑡

𝑇𝑜𝑡𝑎𝑙 𝑐𝑜𝑜𝑙𝑖𝑛𝑔 𝑑𝑒𝑚𝑎𝑛𝑑
 28 

The gas cooler bypass valve (3WVgc) is not plotted, since its value is 0 (gas cooler not bypassed) almost 

constantly, as reported in Table 13. For 346 out of 52,416 for KS2 and only for 124 out of the 52,416 

analyzed 5-minute-intervals for KS1, the units reported a bypass of the gas cooler (3WVgc=1). 
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Table 13: Average values of the temperatures of the outlet of the compressor, before the gas cooler, and of the secondary fluid at the inlet and at the outlet 

of the desuperheater. 

 
KS1 KS2 

3WVgc=0 3WVgc=1 3WVgc=0 3WVgc=1 

Temperature before the gas cooler (°C) 55.5 40.1 56.8 38.5 

Temperature after the gas cooler (°C) 12.5 - 13.2 - 

Temperature before the expansion valve (°C) 14.0 15.9 14.2 25.6 

Percentage of the total time investigated 99.76% 0.24% 99.34% 0.66% 

 

When the gas cooler is bypassed, the temperature before the component (Tbefore_gc) is around 16°C lower 

than when it is not bypassed. This means that most of the heat is transferred to the secondary fluid in the 

desuperheater, and therefore the release of heat in the gas cooler is not needed. The component is 

bypassed (3WVgc=1) mainly during May and June and, as expected, never before March 11th (HR 

disabled). Finally, the temperature delivered at the inlet of the expansion valve (Tbefore_valve) for both units 

is the same and it is around 15°C. However, when the gas cooler is bypassed in KS2 this temperature is 

around 10°C higher than the others, implying that greater expansion is required to bring the fluid at the 

conditions present in the receiver.  

11.1.4 Cooling capacity 

Total cooling capacities of low temperature level for KS1 and KS2 are plotted in Figure 74 and Figure 75. 

The heat released in the gas cooler, in the desuperheater and in the intercooler are also plotted alongside 

the outdoor temperature. The months considered are February 2020 and June 2020, since they accurately 

reflect the general trend of the cold and warms months, respectively. Data for the warmest months of July 

and August were not available at the time of analysis. 

The hourly-averaged loads are used to investigate the performance of the system in day–night and 

summer–winter periods. The loads’ trends are plotted and are discussed individually in the following 

sections. It is worth pointing out that Y-axis scales are different between the graphs. 

KS1 

• QLT: The LT refrigeration load varies greatly during both the average day of January and the 

average day of June. During the cold month, it reaches its minimum value (~40 kW) at around 

9.00 and then hits its maximum (~80 kW) approximately 7 hours later at 16.00. Furthermore, the 

cooling capacity tends to follow in a slightly delayed manner the outdoor temperature (Tamb).  

The cooling capacity is about 25 kW lower in June than February and both months share the clear 

peak at around 16.00. It is likely that at this time, the operations of loading and unloading of the 

cooling tunnels with the food are carried out by the employees. The opening and closing of the 

insulating doors, on top of the heat produced by the workers and the “warm” food that needs to 

be cooled would explain this rapid rise in demand that doubles the daily average. 

• QDSH: No heat is recovered from the desuperheater during the cold months, when the HR is 

disabled for KS1. On the other hand, during the warmer months this load does not change 

significantly and is independent of the Tamb as can be seen from figure 20. As mentioned in the 

previous chapter, the desuperheater valve in June is open for around 12% of the total time. 

During this period, the average heat recovered is between 2 and 5 kW.  

Even when HR is enabled, only a small fraction out of all the refrigeration loads provided by the 

CO2 system is recovered for heating demands. The average heat recovery ratio (HRR) for this 

system is low throughout the entire year and zero during the winter months. 



 

-100- 
 

• QIC: The heat rejected from the intercooler is complementary to the heat rejected from the 

desuperheater. The two components release around 5 kW altogether, during both the warm 

months and the cold ones. During February, the intercooler releases this quantity alone, since the 

heat recovery is disabled. On the other hand, in June, the majority is released through the 

desuperheater and only 1-2 kW are transferred through the intercooler.  

Finally, also for this component, Tamb does not influence its operation.  

• Qgc: The heat is mainly rejected outdoors through the gas cooler during the period considered. 

Being a refrigerated warehouse, the building does not need to provide thermal comfort and the 

attenders are only specialized workers equipped with proper clothing. Only a minor portion of 

the heat is absorbed through either the intercooler or the desuperheater. Both these components 

dissipate alternately throughout the year, depending on the season. The gas cooler, as mentioned 

before, is hardly never bypassed and its trend always strictly follows the one of the cooling 

capacity.  

 

Figure 74: Cooling and heating loads of KS1 during the average day of February 2020 (left) and June 2020 (right) 

KS2 

As already mentioned, KS1 and KS2 are very similar units, play the same role in the systems, and share 

most of the results. Therefore, the explanation of the trends of this unit will be omitted in this paragraph 

if it is present above. The following sections play a descriptive role, to facilitate the understanding of the 

results reported in the graphs. 

• QLT: Also in this unit, the LT refrigeration load varies greatly during both the average day of 

February and the average day of June. However, compared to KS1 the heat absorbed is much 

greater. During the cold month, it reaches its minimum value (~80 kW) at around 10.00 and then 

hits its maximum (~140 kW) approximately 7 hours later at 16.00. Furthermore, the cooling 

capacity tends to follow in a slightly delayed manner the outdoor temperature (Tamb).  

The cooling capacity is about 40 kW lower in June than February and both months share the clear 

peak at around 16.00, in the same fashion as KS1.  

• QDSH: No heat is recovered from the desuperheater during the cold months, when the HR is 

disabled for KS2. On the other hand, during the warmer months this load does not change 

significantly and is independent of the Tamb as can be seen from figure 21. As mentioned in the 

previous chapter, the desuperheater valve in June is open for around 55% of the total time. 

During this period, the average heat recovered is between 10 and 15 kW.  

Even when HR is enabled, only a small fraction out of all the refrigeration loads provided by the 

CO2 system is recovered for heating demands. The average heat recovery ratio (HRR) for this 

system is low throughout the entire year and zero during the winter months. 

• QIC: The heat rejected from the intercooler is complementary to the heat rejected from the 

desuperheater. The two components release around 20 kW altogether, during both the warm 

months and the cold ones. During February, the intercooler releases this quantity alone, since the 
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heat recovery is disabled. On the other hand, in June, the majority is released through the 

desuperheater and only around 5 kW are transferred through the intercooler.  

Finally, for this component, Tamb does not influence its operation.  

• Qgc: All the provided refrigeration load is mainly rejected outdoors through the gas cooler 

throughout the entire year. Only a minor portion of the heat is absorbed through either the 

intercooler or the desuperheater. Both these components dissipate alternately throughout the 

year, depending on the season. The gas cooler is hardly never bypassed, and its trend always 

strictly follows the one of the cooling capacity.  

From the images below, it seems that the energy balances are not correct (Total Energy Input =

Total Energy Output). However, it is important to keep in mind that the heat rejected through the 

fan is omitted from the graph to avoid the creation of confusing images. If this parameter is 

added, the energy balances would be less misleading.  

 

Figure 75: Cooling and heating loads of KS2 during the average day of February 2020 (left) and June 2020 (right) 

11.1.5 COP 

As expected, COPtot is influenced by the outdoor temperature. Lower ambient temperatures result in 

higher COPs and vice versa. In Figure 76 and Figure 77, the COP of the units are plotted against the 

ambient temperatures found throughout the investigated time (from January 2020 until June 2020). These 

graphs allow to get a better understanding of the performance of the system throughout the year.  

After filtering few outliers, the trend line (black dots) is obtained through polynomial interpolation of the 

collected data and clearly shows the decreasing trend. The variance for KS1 is greater and the COP seems 

to reach its minimum at around 18°C. On the other hand, KS2 varies in a narrower range and its 

minimum is not visible with the collected data.  
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Figure 76: COP of KS1 plotted against the outdoor temperature. 

 

Figure 77: COP of KS2 plotted against the outdoor temperature. 

A more detailed analysis of the total COPs of KS1 and KS2 during the average day of February and June 

is carried out in the following sections.  

KS1  

The total COPs of KS1 is plotted in Figure 78, where the results for the average day of February and June 

are reported.   

February: The COP varies from 1.45 to 1.7 and is lower during the warmest hours of the day. This drop 

in performance is not particularly evident, since it drops of only around 0.2 points and it does it gradually. 

The outdoor temperature varies of only 3°C between day and night, and this could explain the narrow 

range of variation of the COP.   

June: In this month, the COP fluctuate from 1.2 to 1.65, following the usual pattern: it increases when the 

temperature drops and vice versa. In June, the outdoor temperature varies more compared to January, 

going from 15°C at 04.00 up until 25°C just after 13.00. In this case the difference between day and night 

is rather remarkable, and the COP changes of 0.45 points.  

 

Figure 78: KS1 COP trend during the average day of February 2020 for (left) and June 2020 (right) 

KS2 

The total COPs KS2 is plotted in Figure 79, where the results for the average day of February and June 

are reported.   



 

-103- 
 

February: The COP varies from 1.7 to 2.0 and is lower during the warmest hours of the day. Also in this 

case, the drop in performance is not particularly evident, since it drops of around 0.3 points and it does it 

gradually.  

June: The COP fluctuates from 1.4 to 1.65, following the usual pattern: it increases when the temperature 

drops and vice versa. In KS2 the performance is even more stable than the one in KS1 during the same 

month.  

 

Figure 79: KS2 COP trend during the average day of February 2020 (left) and June 2020 (right) 

Regardless of the unit, in February, when it is colder, the COP is slightly lower compared to June, 

confirming the results obtained in the previous section. The gas cooler is never by-passed, and the systems 

run in floating condensing mode with low gas cooler pressures during February (~47 bar) and higher 

pressures during June (~60 bar). Finally, the COP in KS2 is slightly higher than the one in KS1 thanks to 

a lower and more stable evaporation temperature. 

Even though the cooling capacity varies greatly during the day, as described in the previous chapter, the 

COPs are stable throughout the average day. The reason behind this stability is the fact that when more 

cooling capacity is needed, the power required from the compressor is proportional to this increase. 

Figure 80 shows this phenomenon during both February and June for KS1.    

 

Figure 80: Cooling capacity and total compressor power during the average day of February (left) and June (right) for KS2 

11.2 KS3 and KS4 

11.2.1 Mass Flow 

Once the necessary information regarding the compressors’ manufacturer was known, the curves in 

Figure 81 were drawn. These represent the efficiencies of the compressors as a function of the pressure 

ratios (realized through interpolation).  
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Figure 81: Volumetric efficiency based on compressor data for the CO2 compressors 

Also in this case, method 2 was used and the inlet conditions of the compressor analyzed. Figure 82 

shows the variation of the inlet conditions during the average day of February 2020 in the low temperature 

compressors of both KS3 and KS4.  

 

Figure 82: LT compressor’s inlet conditions during the average day of February for KS3 and KS4 

As can be seen from the figure above, the inlet conditions of the compressor are stable throughout the 

average day for both KS3 and KS4, with the inlet temperatures varying only of a few degrees. This 

suggests that the cooling capacities are both regulated mostly through the variation of the mass flow. In 

this case, if more cooling capacity is needed, the flow is increased and vice versa.  

The pressure ratios for both systems have been calculated and are stable throughout the average day. The 

implementation of a different number of compressors, compensates for the oscillations in the demand. 

Similar results were obtained when different months were analyzed, suggesting that these systems are 

operated in the explained mode throughout the entire year. 

Finally, Figure 83 and Figure 84 show the efficiencies as a function of the pressure ratio of the LT and MT 

compressors for KS3 and KS4 respectively. In the graphs the results reported are taken every 30 minutes 

during the period analyzed. The pressure ratios are relatively low and contained all between 1 and 3. The 
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efficiencies are slightly lower compared to KS1 and KS2 and are always within 60% and 85%. As it is 

visible from the graphs, the MT compressor’s pressure ratios (the blue dots) divide into 2 separate 

clusters. In KS4 this division is clearer, while in KS3 the two groups are closer together. The values more 

on the left represent the colder months, while the ones more on the right represent the warmer months. 

During Summer, the system works at a higher pressure and the MT compressor is used at a higher degree 

to fulfill this requirement. In KS4, the LT compressor’s power ratios are constant for the period 

considered and therefore are not employed in the regulation of the high-pressure side of the system. 

 

Figure 83: Efficiencies as a function of the pressure ratio of the LT and MT compressors for KS3 

 

Figure 84: Efficiencies as a function of the pressure ratio of the LT and MT compressors for KS4 

11.2.2 Key operating parameters 

Data for KS3 and KS4 has been collected for the period of January 2020 to June 2020. The monthly 

average values of outdoor (Tamb), gas cooler outlet (Tout_gc) and evaporation temperatures (Tev_LT and 

Tev_MT) are plotted in Figure 85.  

As can be observed in the plots, the evaporation temperatures at the low and medium levels are almost 

constant; about -34°C and -10°C for KS3 and about -35°C and -9°C for KS4. It can also be observed that 

the gas cooler outlet temperature strictly follows the trend of the ambient temperature with differences 

between the two ranging from 2°C to 4°C.  
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Figure 85: monthly average values of the outdoor, condensing and evaporation temperatures. The period considered is from January 2020 to June 2020, 
for KS3 (left) and KS4 (right). 

Particular attention is directed towards the analysis of the high-pressure side of the cycle since it 

determines how the system is controlled. In this analysis the average days of the warmest and coldest 

months are evaluated through the investigation of the following parameters:  

• the ambient temperature Tamb (°C),  

• the gas cooler pressure pgc (bar),  

• the gas cooler exit temperature Tout_gc (°C), and 

• the temperature before the expansion valve Tbefore_valve (°C) 

These parameters for KS3 and KS4 are shown in Figure 86 for February and in Figure 87 for June.  

 

Figure 86: daily average values of the outdoor, before expansion, condensing and evaporation temperatures. The period considered is February 2020, for 

KS3 (left) and KS4 (right). 

  

Figure 87: daily average values of outdoor, before expansion, condensing and evaporation temperatures. The period considered is June 2020, for KS3 
(left) and KS4 (right). 

During June, in the units, the difference between the gas cooler outlet and the ambient temperatures is 

always rather small, ranging from 3°C to 4°C. This small difference characterizes all the warmer months 
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and could be due to the under-sized capacity of the heat exchanger. The temperature before the valve is 

strictly correlated to the one at the outlet of the gas cooler and their difference is always lower than 1°C, 

implying that the component is hardly never bypassed.  

During February, in KS3 the pressure and the temperatures at the outlet of the gas cooler and before the 

expansion valve are independent of the ambient conditions. These parameters are stable and this suggests 

that the heat is exchanged in the desuperheater, where a constant demand is required throughout the day. 

On the other hand, KS4’s temperatures are influenced by the outdoors conditions.  

The pressures for both systems are constant at around 55 bar for KS3 and 50 bar for KS4 during 

February. In June the pressures are slightly greater to cope with the higher ambient temperatures. 

Furthermore, during this month, both units show a trend follows the ambient temperature’s one. Also in 

this case, KS3 and KS4 run always at pressures that do not exceed the transcritical values.  

From the data collected, these units are also mostly controlled in the sub-critical floating condensing mode 

for the period analyzed. 

11.2.3 Heat recovery (HR) 

Depending on the demand of heat, the system can be regulated different ways. To better understand the 

controlling mode, the trends of the parameters before and after the desuperheater and the gas cooler are 

analyzed. Particular attention is directed towards the gas cooler bypass valve (3WVgc) and the 

desuperheater bypass valve (3WVdsh). 

As explained earlier, the system provides heat through the desuperheater. In both units heat recovery is 

enabled during the entire period considered, more precisely, from January 1st at 00.00.00, until June 30th at 

23.59.00 as shown in Figure 88.  

 

Figure 88: HR control trend throughout the investigated period 

0 means that the heat recovery is disabled and 1 the opposite. However, even when enabled, the 

desuperheater not always provides heat to the secondary fluid. Heat is in fact transferred only if the 

conditions allow it. A more detailed analysis is therefore needed for the parameters involved in the control 

of the heat recovery. For this purpose, the figures below were plotted, and tables were completed.  

Figure 89 and Figure 90 are pie charts and allow to better understand for how much time during the 

month, the 3WVdsh is open (3WVdsh=1) and the desuperheater is not bypassed. This is shown in contrast 
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to amount of time with the valve closed (3WVdsh=0). Oddly, the desuperheater is bypassed for the same 

amount of time during January and June, while the valve is mostly open during March and April. 

 

Figure 89: The charts represent the amount of time during which the desuperheater valve is open (blue) and close (red) in KS3 

 

Figure 90: The charts represent the amount of time during which the desuperheater valve is open (blue) and close (red) in KS4 

Figure 91 and Figure 92 represent the trend of the 3WVdsh during the average day of each of the 

investigated months. On the right Y-axis the opening or closing condition of the desuperheater by-pass 

valve (3WVdsh) has been shown. This opening–closing frequency has been averaged by time-weight and 

this explains the numbers between 0 and 1. In reality, the valve can be either fully closed (3WVdsh = 0) or 

fully opened (3WVdsh = 1).  

The graphs present the trend of the heat demand during the average day, showing, for almost every 

month, a steady value. Also, the figures provide a less intuitive information about the status of the valves. 

For instance, if the Y-value of a month is 0.3, it means that at that precise time in that month, the valve is 

open only 30% of the time.  

 

Figure 91: Trend of the 3WVdsh during the average day of each of the months investigated for KS3 
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Figure 92: Trend of the 3WVdsh during the average day of each of the months investigated for KS4 

The delivered temperatures before and after the desuperheater, and the secondary fluid conditions are 

studied to make sure that the temperature requirements are properly fulfilled for heating (supplied 

temperature between 50°C and 60°C). The results are summarized in Table 14. The temperature at the 

outlet of the compressor is slightly higher when the valve is open. The difference of few degrees when the 

3WVdsh is closed are caused by the heat losses in the high-pressure pipes. Finally, in both units, the 

secondary fluid enters at temperatures lower than the ones in KS1 and KS2, but its exit conditions still 

fulfill the requirements. 

Table 14: Average values of the temperatures of the outlet of the compressor, before the gas cooler, and of the secondary fluid at the inlet and at the outlet 

of the desuperheater. 

 
KS3 KS4 

3WVdsh=0 3WVdsh=1 3WVdsh=0 3WVdsh=1 

Compressor outlet temperature (°C) 95.6 103.0 92.9 98.4 

Temperature before the gas cooler (°C) 92.5 47.5 89.7 47.5 

Secondary fluid inlet temperature (°C) - 37.3 - 39.5 

Secondary fluid outlet temperature (°C) - 52.7 - 51.4 

 

The gas cooler bypass valve (3WVgc) is not plotted, since its value is 0 (gas cooler not bypassed) almost 

constantly, as reported in Table 15. For 438 out of 52,416 for KS3 and only for 6 out of the 52,416 

analyzed 5-minute-intervals for KS4, the units reported a bypass of the gas cooler (3WVgc=1). 

Table 15: Average values of the temperatures of the outlet of the compressor, before the gas cooler, and of the secondary fluid at the inlet and at the outlet 
of the desuperheater. 

 
KS3 KS4 

3WVgc=0 3WVgc=1 3WVgc=0 3WVgc=1 

Temperature before the gas cooler (°C) 66.3 38.1 65.5 47.1 

Temperature after the gas cooler (°C) 16.2 - 13.4 - 

Temperature before the expansion valve (°C) 16.7 24 14.1 15.0 
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Percentage of the total time investigated 99.17% 0.83% 99.99% 0.01% 

 

When the gas cooler is bypassed, the temperature before the component (Tbefore_gc) is lower than the usual 

conditions. This means that most of the heat is transferred to the secondary fluid in the desuperheater, 

and therefore the release of heat in the gas cooler is not needed.  

11.2.4 Cooling capacity  

Total cooling capacities of low and medium temperature levels of KS3 and KS4 are plotted in Figure 93 

and Figure 94. The heat dissipated in the gas cooler and in the desuperheater are also plotted alongside the 

outdoor temperature. For these units, the heat dissipated through the intercooler is not reported in the 

graphs, but its characteristics are nonetheless commented. The months considered are February 2020 and 

June 2020. 

The hourly-averaged loads are used to investigate the performance of the system in day–night and 

summer–winter periods. The loads’ trends are plotted and are discussed individually in the following 

sections. It is worth pointing out that Y-axis scales are different between the graphs. 

KS3 

• QLT: The LT refrigeration load follows the trend of the outdoor temperature during both the 

average day of February and the average day of June. During the cold month, it reaches its 

minimum values (~33 kW) early in the morning (from 2.00 until 6.00) and then hits its maximum 

(~50 kW) during the warmest hours of the day (from 12.00 until 14.00). Furthermore, the cooling 

capacity varies gradually, and it shows no clear peaks in consumptions.  

The cooling capacity is about 10 kW higher in June than February due to the higher average 

temperatures of the month. Both months share the similar trend and their maximum and 

minimum values at the same time. Also in June, the difference between these values is around 20 

kW.  

• QMT: During February, it is rather constant throughout the day, at around the average value of 8 

kW. The reasons behind this trend are the lower outdoor temperatures which vary slightly during 

the day and a lower demand in this period for products that need to be stored at chilled 

temperatures. 

On the other hand, during June, it follows the usual trend and reaches its minimum value (~15 

kW) at around 9.00 and then hits its maximum (~30 kW) during the warmest hours. Furthermore, 

the cooling capacity tends to follow in a slightly delayed manner the outdoor temperature (Tamb).  

• QDSH: Similarly to KS3, heat is recovered in the same way and in the same amount during both 

the cold months and the warmer ones. The quantity slightly fluctuates during the day 

independently of the Tamb as can be seen from figure 40, going from 7 kW up until 15 kW. The 

peak is for both months at around 9.00, since the system likely provides hot water for cleaning 

purposes at the beginning of the working hours.  

As mentioned in the previous chapter, the heat recovery is always enabled and the desuperheater 

valve is open for around 40% of the total time in February and 36% in June. Even when HR is 

enabled, only a small fraction out of all the refrigeration loads provided by the CO2 system is 

recovered for heating demands. The average heat recovery ratio (HRR) for this system is low 

throughout the entire year. 

• QIC: The heat rejected from the intercooler is not shown in the graphs below, to avoid 

compromising the clarity of the figures. The component rejects a constant amount of heat during 

both the average day of February (1.5 kW) and the average day of June (5 kW). During the 

warmer months a greater amount is rejected from the intercooler to compensate for the possible 

inefficiencies related to the “harsher” conditions (higher temperatures), characteristics of this 

period. 
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• Qgc: All the provided refrigeration loads are mainly rejected outdoors through the gas cooler 

during the considered period. In fact, as visible in the graphs, the sum of the MT and LT cooling 

capacities matches the heat rejected from the gas cooler.  

Being a refrigerated warehouse, the building does not need to provide thermal comfort and the 

attenders are only specialized workers equipped with proper clothing. Only a minor portion of 

the heat is absorbed through either the intercooler or the desuperheater. The gas cooler, as 

mentioned before, is hardly never bypassed and its trend always strictly follows the one of the 

cooling capacities. 

 

Figure 93: Cooling and heating loads of KS3 during the average day of February 2020 (left) and June 2020 (right) 

KS4 

As already mentioned, KS3 and KS4 are very similar units, play the same role in the system, and share 

most of the results. Therefore, the explanation of the trends of this unit will be omitted in this paragraph 

if they are already presented above. The following sections mainly play a descriptive role, to facilitate the 

understanding of the results reported in the graphs. 

• QLT: The LT refrigeration load clearly follows the trend of the outdoor temperature during 

February, while in June it does so less evidently and fluctuates more. The minimum (40 kW) and 

maximum (70 kW) values are the same during both months. Furthermore, these values are 

reached at the same times: at 2.00 and at 13.00 respectively.  

• QMT: During February, it fluctuates throughout the day, at around the average value of 20 kW. It 

shows small peaks every 4 hours during the day to avoid frost from accumulating on the pipes.  

During June, its peaks go as high as 60 kW at 14.00, while it varies from 30 kW to 40 kW 

throughout the rest of the day. Also in this case, the cooling capacity tends to follow in a not 

evident manner the outdoor temperature (Tamb).  

• QDSH: Heat is recovered in a similar fashion during both the cold months and the warmer 

months. The amount slightly fluctuates during the day independently of the Tamb as can be seen 

from figure 41, going from 7 kW up until 15 kW. The peak is for both months at around 9.00, 

since the system likely provides hot water for cleaning purposes at the beginning of the working 

hours.  

As mentioned in the previous chapter, the heat recovery is always enabled and the desuperheater 

valve is open for around 51% of the total time in February and 36% in June. Even when HR is 

enabled, only a small fraction out of all the refrigeration loads provided by the CO2 system is 

recovered for heating demands. The average heat recovery ratio (HRR) for this system is low 

throughout the entire year. 

• QIC: The heat rejected from the intercooler is not shown in the graphs below, to avoid 

compromising the clarity of the figures. The component rejects a constant amount of heat during 

both the average day of February (2 kW) and the average day of June (3 kW). During the warmer 

months a greater amount is rejected from the intercooler to compensate for the possible 
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inefficiencies related to the “harsher” conditions (higher temperatures), characteristics of this 

period. 

• Qgc: All the provided refrigeration loads are mainly rejected outdoors through the gas cooler 

throughout the entire year. In fact, as visible in the graphs, the sum of the MT and LT cooling 

capacities matches the heat rejected from the gas cooler.  

The gas cooler, as mentioned before, is hardly never bypassed and its trend always strictly follows 

the one of the cooling capacities. 

 

Figure 94: Cooling and heating loads of KS4 during the average day of February 2020 (left) and June 2020 (right) 

11.2.5 COP 

As expected, the MT COP is the highest and is also the one that is mostly influenced by the outdoor 

temperature. Lower ambient temperatures result in higher COPs and vice versa. In Figure 95 and Figure 

96, the MT COP, the LT COP and the total COP of the units are plotted against the ambient 

temperatures found throughout the investigated time (from January 2020 until June 2020). These graphs 

allow to get a better understanding of the performance of the system throughout the year.  

After filtering few outliers, the trend lines (black dots) are obtained through polynomial interpolation of 

the collected data and clearly shows a recurring pattern. Firstly, all curves present a maximum at 

temperatures ranging from 7°C up to 10°C. Secondly, the system shows a rapid decrease in its 

performance below 7°C and a milder and liner decrease above 10°C. Finally, for both units, the variance 

for the MT COP is greater when compared to the others. 

 

Figure 95: COPs of KS3 plotted against the outdoor temperature 
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Figure 96: COPs of KS4 plotted against the outdoor temperature 

To better understand the reason behind this trend, it is worth analyzing the high pressure of the system as 

a function of the ambient temperature. Figure 97 and Figure 98 clearly show the relationship between the 

COP of the high pressure. When one of the parameters increases, the other decreases and vice versa. In 

other words, the COP drops when heat recovery mode is activated. 

 

Figure 97: Total COP of KS3 and MT compressor’s discharge pressure plotted against the outdoor temperature 
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Figure 98: Total COP of KS4 and MT compressor’s discharge pressure plotted against the outdoor temperature 

A more detailed analysis of the COPs of KS3 and KS4 during the average day of February and June is 

carried out in the following sections.  

KS3  

The total COPs of KS3 are plotted in Figure 99, where the results for the average day of February and 

June are reported.   

February: The LT COP is stable at 1.6 throughout the day and seems unaffected by the outdoor 

conditions. Similar conclusions can be attributed to the total COP, with the only difference being its 

higher value (2.05). Finally, the MT COP highlights the behavior presented in the graphs above: its 

performance increases when the outdoor temperature approaches the maximum (at around 10°C) and 

decreases when it moves away from it. This increase in performance is not particularly evident, and it is 

also fair to point out that the outdoor temperature varies of only 3°C between day and night, and this 

could explain the narrow range of variation of the COP.   

June: In this month, the influence of the ambient temperature is more evident for all the COPs analyzed. 

This is due to its greater variance compared to February, with temperatures going from 15°C at 04.00 up 

until 25°C just after 13.00. Once again, the LT and the total COPs show a more constant trend, varying of 

0.4 and 0.3 points respectively throughout the day. The MT COP fluctuates more, going from 3.9 at 4.00 

down to 2.8 during the warmest hours. In June, all the COPs follow the usual pattern: they increase when 

the temperature drops and vice versa.   

 

Figure 99: KS3 COPs trend during the average day of February 2020 (left) and June 2020 (right) 

KS4 
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The total COPs KS4 are plotted in Figure 100, where the results for the average day of February and June 

are reported.   

February: Similarly to KS3, the LT COP and the total COP are stable and at higher values (2 and 2.5 

respectively). Also the MT COP follows the similar trend of one in KS3. Furthermore, this parameter 

fluctuates less in this case and it is slightly higher, going from 4.5 up to 5.  

June: Once again, the LT and the total COPs show a more constant trend, varying of only 0.5 and 0.3 

points respectively throughout the day. The MT COP fluctuates more, going from 3.6 at 4.00 down to 2.5 

during the warmest hours. Also in this case, all the COPs follow the usual pattern. 

 

Figure 100: KS4 COPs trends during the average day of February 2020 (left) and June 2020 (right) 

Regardless of the unit, in February, when it is colder, the COP is slightly lower compared to June, 

confirming the results obtained in the previous section. The gas cooler is never by-passed, and the systems 

run in floating condensing mode with low gas cooler pressures during February (~53 bar) and higher 

pressures during June (~63 bar).  

11.3 Heat recovery COP 

As mentioned in the previous sections, KS1 hardly ever recovers heat and therefore its COPHR is not 

plotted. On the other hand, the COPHR for KS2, KS3, and KS4 are plotted in Figure 101, Figure 102, and 

Figure 102 respectively.  

The definition of COPHR given in Section 10.5.3 considers Qdsh and Qic combined and as a single heating 

demand. However, to achieve a deeper analysis, the graphs on the left are plotted using only the heat 

recovered from the desuperheater (Qdsh), while the ones on the right include also the heat recovered from 

the intercooler (Qic).  

It is clear that KS2 is used in a different way compared to the other units. In KS2, the heat is recovered 

across a wider range of temperatures, while in KS3 and KS4 the results are concentrated between 5°C and 

10°C. Furthermore, when the heat from the intercooler is also considered, in KS2 the results greatly 

change, while in KS3 and KS4 are almost unaffected.  

In KS3 and KS4, the fluid, before entering the MT compressor, is mixed with a greater amount of 

refrigerant coming from both the receiver and the MT evaporator. In this way, the optimal compressor’s 

inlet conditions are reached without the need of the intercooler. The heat transferred through the fan is 

roughly constant throughout the temperatures analyzed, implying that the component is not regulated to 

satisfy the MT compressor’s inlet conditions.  

On the other hand, in KS2 there is no MT evaporator and the amount of refrigerant coming from the 

receiver is too limited to reach satisfactory inlet conditions. The intercooler is therefore employed to 

decrease the refrigerant exiting the LT compressor while transferring heat to a secondary fluid.   
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The COPHR in all three units, ranges between 1 and 4 for ambient temperatures lower than 10°C and it 

greatly increases for temperatures higher than 20°C. For these temperatures, the heat is recovered almost 

for free from the system (i.e. discharge pressure is slightly increased to recover heat). This range of COPHR 

is around the same efficiency of the majority of the commercial heat pumps in the market.  

 

Figure 101: COPHR using only Qdsh (left) and COPHR calculated including also Qic of KS2 plotted against the outdoor temperature 

 

Figure 102: COPHR using only Qdsh (left) and COPHR calculated including also Qic of KS3 plotted against the outdoor temperature 

 

Figure 103: COPHR using only Qdsh (left) and COPHR calculated including also Qic of KS4 plotted against the outdoor temperature  
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12 Conclusions  

This study reveals some important points and provides opportunities to continuously improve the 

efficiency of refrigeration systems. The focus was set on the natural fluid CO2 which limits drastically the 

direct contribution of refrigeration to the greenhouse effect. This refrigerant reduces the impact on the 

environment by a factor of several thousand compared to other common refrigerants. 

The analysis conducted investigated the key operating parameters and energy efficiency of an integrated 

CO2 system installed in a Swedish food processing and storage facility. The facility has applied several 

features to improve energy efficiency including heat recovery, and the use an intercooler to improve the 

performances of the system.  

Using field measurement data, the CO2 system is analyzed for the first semester of 2020, thus allowing to 

study the trend of the key operating parameters during the warm and cold months. The cooling and 

heating loads delivered by the CO2 integrated system are also studied daily and hourly to quantify its 

performance. Unfortunately, the partner company did not provide any information regarding the amount 

of heat needed within the facility, thus making it impossible to determine whether the units fulfill the 

demand through heat recovery only. 

The cooling capacities of KS1 and KS2 greatly fluctuate throughout the cold and warm periods. On the 

other hand, for KS3 and KS4, the MT cooling capacity is almost constant, and the LT cooling capacity 

follows the trend of the ambient temperature. Furthermore, in KS3 and KS4, the cooling capacity is about 

5–10 kW higher in the warm month due to higher humidity content of the air.  

The heat recovery function of the system is analyzed for all the units. This study proves that the CO2 

system can answer the total or the partial heating demands of the system, with COPHR values, usually 

within the 1-4 range if the intercooler is not included. This range of performance is comparable to the 

majority of commercial heat pumps in the market. 

Unexpectedly, the heat recovered from both the intercooler and the desuperheater is independent of the 

season. This load greatly fluctuates during the warmer months and is lower during January and February. 

For KS1 and KS2, the heat recovery system was first employed in the middle of March and therefore it 

was not possible to analyze its performance during the colder months (January and February). However, 

also for KS1 and KS2, no clear pattern was identified for the heat recovery trend during its functioning 

months (March, April, May, and June).  

The winter months of the first semester of 2020 registered some of the highest temperatures recorded in 

Sweden, with average ambient temperatures never below 5°C. For all the units except KS3, the average 

gas cooler outlet temperature is from 3 to 5 K higher than the ambient temperature. On the other hand, 

the MT evaporation temperature is constant throughout period analyzed and stable at around -10°C. Also 

the LT evaporation temperature is constant at around -40°C for KS1 and KS2 and at around -35°C for 

KS3 and KS4. 

The temperatures registered from January until June never exceeded 25°C and all the units run in sub-

critical floating condensing mode. The CO2 goes through the desuperheater around 50% of the time in 

KS3 and KS4, while only 20/30% in KS2 and rarely in KS1. On the other hand, in all the units, the gas 

cooler is almost never bypassed. 

Winter period performance analysis shows that the high-pressure side of KS1 and KS2 are constant at 

around 47 bar. In warmer months, the pressures are grater to cope with the higher ambient temperatures 

and to extract heat (the desuperheater is disabled in January and February). Furthermore, during the 

warmer months, KS2 shows a stable value of 67 bars while KS1 presents still a higher pressure compared 

to January, but its trend follows the ambient temperature’s one.  

In KS3, during colder months, the pressure and the temperatures at the outlet of the gas cooler and 

before the expansion valve are independent of the ambient conditions, since the heat is exchanged in the 
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desuperheater, where a constant demand is required throughout the day. On the other hand, KS4’s 

temperatures are influenced by the outdoors conditions. Also for KS3 and KS4, when it is warmer, the 

pressures are slightly greater to cope with the higher ambient temperatures. Furthermore, during this 

month, both units show a trend follows the ambient temperature’s one.  

All the parameters mentioned above, allowed to calculate the daily and hourly averaged COPs, which are 

fundamental to explore the system performance in day–night and winter–summer running conditions.   

COPtot is influenced by the outdoor temperature. Lower ambient temperatures result in higher COPs and 

vice versa. After filtering few outliers, the results show that the variance for KS1 is greater and the COP 

seems to reach its minimum at around 18°C. On the other hand, KS2 varies in a narrower range and its 

minimum is not visible with the collected data.  

During the colder months, in KS1 the COP varies from 1.45 to 1.7, while in KS2 it goes from 1.7 to 2.0 

and in both is lower during the warmest hours of the day. During months with higher temperatures, the 

COP fluctuate from 1.2 to 1.65 in KS1 and from 1.4 to 1.65 in KS2, following the usual pattern. Even 

though the cooling capacity varies greatly, the COPs are stable throughout the average day.  

In KS3 and KS4, as expected, the MT COPs are the highest and are also the ones that are mostly 

influenced by the outdoor temperature. LT COPs are the lowest out of the three and are the least 

influenced by the ambient conditions. Also in these units, lower ambient temperatures result in higher 

COPs and vice versa.  

The COPs of the units present a maximum at temperatures ranging from 7°C up to 10°C. The system 

shows a rapid decrease in its performance below 7°C and a milder and liner decrease above 10°C, due to 

the regulation of the high pressure, which is inversely proportional to the COP. Finally, for both units, the 

variance for the MT COP is greater when compared to the others. 

During the colder period, the LT COP is stable at 1.6 in KS3 and at 2.0 in KS4 throughout the day and 

seem unaffected by the outdoor conditions. Similar conclusions can be attributed to the total COP, with 

the only difference being their higher value (2.05 and 2.5 respectively). The MT COP is between 4 and 4.5, 

increasing when the outdoor temperature approaches the maximum (at around 10°C) and decreasing 

when it moves away from it.  

During the warmer months, the influence of the ambient temperature is more evident for all the COPs 

analyzed. Once again, the LT and the total COPs show a more constant trend, varying of only 0.5 and 0.3 

points respectively throughout the day for both units. The MT COP fluctuates more, going from 3.9 in 

KS3 and 3.6 in KS4 at 4.00 down to 2.8 and 2.5 respectively during the warmest hours. In this period, all 

the COPs follow the usual pattern: they increase when the temperature drops and vice versa. 

Overall, the units investigated prove to be an environmentally friendly and efficient solution. Both the 

cooling and heating demands are answered with competitive COPs, and only future investigation can 

determine if all the heating demand can be fulfilled by the units alone. 

12.1 Possible improvements  

According to the results obtained, all the units still have room for improvement when it comes to heat 

recovery. The system is not fully taking advantage of its desuperheaters and, as demonstrated in the 

previous chapter, all the heat is rejected into the ambient through the gas cooler, which is hardly ever 

bypassed.  

Therefore, to the further improve the performance of the system two major changes can be applied to the 

units:  

1. increase the amount of heat recovered in the desuperheater, and  

2. integrate a geothermal storage. 
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Thanks to high discharge temperatures (often 100–120 °C) and the high enthalpy compared to 

traditionally used HFCs, CO2 is suitable to recover heat. In this way, a bigger part of the rejected energy 

can be reclaimed to fulfill the heating demand of the facility and, possibly, even the ones of nearby 

buildings.  

In theory all the heat rejected from a refrigeration process can be reclaimed. However, in winter, the 

cooling demand of processing plants decreases typically to 50% or less of the average summer demand. 

This means that about half or more of the compressors’ installed capacity is not used in wintertime. This 

unused capacity can be applied to extract heat from the ground and provide heating either for the 

supermarket or a neighboring facility. Heat extraction during the winter cools the ground and prepares it 

for the following summer season sub-cooling. 

Finally, geothermal storage has good complementary characteristics with the CO2 refrigeration system 

function. It is a well-known fact that CO2 system efficiency drops more rapidly than other conventional 

refrigerants at high ambient temperatures. The ground is typically colder than the ambient air in these time 

periods; therefore, it can be used as a heat sink for sub-cooling of the CO2 refrigeration system and 

thereby increase system efficiency.  

The beneficial effect on energy use due to geothermal storage integration into a CO2 refrigeration system 

has been investigated, by Karampour et al. in a paper published in 2018, using Stockholm climate 

conditions.  

Three different scenarios were analyzed, and the results show that geothermal storage integration into a 

CO2 refrigeration system does not have a significant impact on energy use in the case of a stand-alone 

average size facility. For a system combined with a neighboring building, geothermal storage integration 

can contribute to significant running cost savings compared to separate systems running costs. The 

application of a separate ground-source heat pump is also not recommended as heat recovery from the 

CO2 system is more efficient than this system.  

In summary, the desuperheater of CO2 system is an efficient heat pump, with built in large heat source, i.e. 

refrigeration load. This load is the primary heat source and if more heat is required the ground storage can 

be used as the secondary heat source for the demand of the facility. (Karampour e Sawalha 2017b; 

Karampour et al. 2019) 
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13 Limitations and future work  

In the near future and within this project, other installations will be analyzed following the same 

procedure presented in this thesis. This will allow comparison of all systems, new and old technologies, 

natural and synthetic refrigerants. 

Furthermore, if more data was collected, especially the one concerning the heating demand of the facility, 

a deeper analysis could have been conducted. The data on this parameter, would allow to draw clear and 

certain conclusions on the use of the heat recovery system and its possible improvements. More data 

concerning the usage of the heated water in the intercooler and in the desuperheater would be also 

beneficial for a further study on the facility.  

Finally, as mentioned above, the system analyzed is located in Sweden, in a cold region. It would be 

interesting to compare this solution with others located in warmer climates, either by collecting more data 

on such facilities or by using a simulation tool. In this way, a better understanding of the true potential of 

these systems can be achieved.  
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Appendix 1: scripts 

SCRIPT MONTHSEPARATOR 

 

d_month = [31 29 31 30 31 30]; 
%x contains the number of days of the months investigated. 
tab; 
int_day = 288;  
%number of intervals per day 
%if the minutes per slot are 30, int_day = 48 
%if the minutes per slot are 10, int_day = 144 
%if the minutes per slot are 05, int_day = 288 
stab = size(tab); 
int_month = [0]; 
for i=1:1:length(d_month) 
    r_sum = int_month(i); 
    n_r_m = d_month(i)*int_day;  
    %number of rows of each month 
    num_r_end = r_sum + n_r_m; 
    %row at which the month ends 
    int_month = [int_month, num_r_end]; 
    %int_month contains a string with all the ending rrow for each month 
    i = i+1;  
end 
tab1 = tab(1:int_month(2),1:stab(2)); 
average_day_1 = monthaverage(tab1); 
% table with the values of only month 1 
tab2 = tab((int_month(2)+1):int_month(3),1:stab(2)); 
average_day_2 = monthaverage(tab2); 
% table with the values of only month 2 
tab3 = tab(int_month(3)+1:int_month(4),1:stab(2)); 
average_day_3 = monthaverage(tab3); 
% table with the values of only month 3 
tab4 = tab(int_month(4)+1:int_month(5),1:stab(2)); 
average_day_4 = monthaverage(tab4); 
% table with the values of only month 4 
tab5 = tab(int_month(5)+1:int_month(6),1:stab(2)); 
average_day_5 = monthaverage(tab5); 
% table with the values of only month 5 
tab6 = tab(int_month(6)+1:int_month(7),1:stab(2)); 
average_day_6 = monthaverage(tab6); 
% table with the values of only month 6 

 

Notes: the script “monthseparator” divides the 6 months investigated 

and puts the average values of each one in a different matrix.   
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FUNCTION MONTHAVERAGE 

 

function [m] = monthaverage(tab) 
%start with three empty matrixes that are going to be filled with the 
%needed outputs 
x = []; 
z = []; 
m = []; 
n_int = 288; %number of intervals in which the day is divided  
% for 05-minute intervals n_int=288 
% for 10-minute intervals n_int=144 
% for 20-minute intervals n_int=72 
% for 30-minute intervals n_int=48  
b = size(tab); 
%tab is the name of the generic table that has the input values every x 
%minutes 
%the input table must have first column made of a sequence going from 1  
%untill n_int is repeated as many times as the number of days investigated 
for k = 2:1:b(2) 
    for j=1:1:n_int 
    y = j; 
    for i=1:1:b(1) 
        if tab(i,1)==y 
            x = [x,tab(i,k)]; 
            i=1+i; 
        else 
            x = [x]; 
            i = i+1; 
        end 
    end 
    z(j,1) = mean(x); 
    x = []; 
    j = j+1; 
    end 
    m(:,k-1)=z; 
    z = []; 
    k = k+1; 
end 
m 
end 

 

Notes: the function “monthaverage” returns a matrix that contains 

the average values for of the month for each timeslot.  


