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ABSTRACT 

Ice rinks are energy intense industrial applications. A typical single sheet ice 
rink in Sweden uses about 1000 MWh/season. A state-of-the art ice rink 
systems can use less than 500 MWh/season, indicating the potential for 
improvements. According to several investigations CO2 refrigeration system 
with heat recovery has proven to be energy-efficient and cost-effective solution 
in ice rinks.  

To further improve the efficiency, geothermal function may be added feature. 
The objective of this study is to evaluate the geothermal function from techno-
economic perspective for a typical ice rink in Sweden. Modelling of several 
scenarios has been performed. Obtained results suggest that CO2 refrigeration 
system with 2-stage heat recovery, if upgraded with geothermal function, can 
save between 1.7 to 6.8% of energy annually. In the best case, this study suggests 
the geothermal function would pay back in 16.4 years. 

Keywords: Ice rinks; CO2 refrigeration system; geothermal energy; heat 
recovery. 
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ABSTRAKT  

Ishallar är energikrävande industriella applikationer. En typisk ishall i Sverige 
använder cirka 1000 MWh / säsong. Ett toppmodernt ishallsystem kan 
använda mindre än 500 MWh / säsong, vilket indikerar stora 
förbättringsmöjligheter. Enligt flera undersökningar har CO2-kylsystem med 
värmeåtervinning visat sig vara energieffektivt och kostnadseffektivt i ishallar. 

För att ytterligare förbättra effektiviteten kan geotermisk funktion läggas till. 
Syftet med denna studie är att utvärdera den geotermiska funktionen ur ett 
tekno-ekonomiskt perspektiv för en typisk ishall i Sverige. En modellering av 
flera scenarier har utförts. Resultaten antyder att CO2-kylsystem med 2-steg 
värmeåtervinning, om det uppgraderas med geotermisk funktion, kan spara 
mellan 1,7 och 6,8% energi årligen. I bästa fall antyder denna studie att den 
geotermiska funktionen skulle betala tillbaka om 16,4 år. 

Nyckelord: Ishallar; CO2 kylsystem; geoenergi; värmeåtervinning. 
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1 INTRODUCTION 

1.1 Background 
Ice rinks are facilities that are most common in countries where winter sport is 
popular, however they can be found all over the world often used in recreational 
business. The core element is always the ice surface, which must be maintained 
all season long. In practice the most common technique to provide cooling is 
vapor compression cycle, apart from outdoor natural ice fields that are fully 
dependent on the ambient air temperature.  

A statistical study in Sweden (Rogstam, Beaini, & Hjert, 2014) suggests that a 
typical size indoor ice rink uses circa 1000 MWh per season to provide all its 
energy-reliant functions, of which about 43% purchased energy is for 
refrigeration and about 26% is for heating. Considering the number of indoor 
ice rinks in countries like Canada (~3300), US (~1500), Russia (~600) and 
Sweden (~370) (Statista, 2018), there is an increasing demand for energy 
efficiency improvements taking into account that in the recent years there is a 
growing trend in integrating energy systems; for example, refrigeration, 
heating, AC, and geothermal storage. Many rinks have been built in the 
previous decade and require renovation which gives an opportunity to re-build 
the whole energy system to more efficient. 

Refrigeration system is core of the ice rink and choice of the working fluid is 
always an important objective. The choice can be limited to several most 
commonly used refrigerants in ice rinks, but nowadays the regulations are 
forcing to re-evaluate the environmental aspects more strictly. The F-gas 
regulation is a European Union legislation that aims to control the emissions 
from fluorinated greenhouse gases (F-gases). It includes a complex set of 
measures, one of them being “Limiting the total amount of the most important 
F-gases that can be sold in the EU from 2015 onwards and phasing them down 
in steps to one-fifth of 2014 sales in 2030” (European Parliament, 2014). Ice 
rinks are not an exception from this regulation. It is one of the key reasons why 
owners of this application are looking into alternatives, otherwise continuing 
the utilsation of F-gases would inevitably lead to more and more expensive 
refrigerant cost. Additionally, due to relatively high refrigerant charge in ice 
rinks there is no other way than to look into substances with acceptable GWP.  

Ammonia (NH3) and carbon dioxide (CO2) - natural refrigerants with GWP 
zero and one respectively - are viewed as climate friendly alternatives in the 
long-term perspective due to almost zero direct impact on the environment. 
And indeed taking as an example Sweden, in the recent years every 8 out of 10 
ice rinks annually are retrofitted or newly built with CO2 as refrigerant, 
dominating yet another application area where an incredible revival of this 
more than 100 years known refrigerant has happened (Rogstam, 2016). The 
greatest advantage of CO2 is explained with its unique thermodynamic 
properties that allow to recover large portion of heat at relatively high 
temperatures when compared to any other substance, thus fitting ice rink 
application very well.  

1.2 Problem 
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On the energy demand side, because ice rinks are typically leaking a lot of air 
(Rogstam, Pomerancevs, Bolteau, & Grönqvist, 2017) the cooling load is 
affected by the ambient temperature and increase in outdoor air temperature 
lead to more intense cooling load. Heating demand also has a high dependency 
on the ambient conditions, but demand increases with the decrease of outdoor 
temperature.  

On the heat recovery side, ice rink refrigeration system generates heat that 
stems from the cooling load. But because the cooling demand and heating 
demand have opposite trends, there is a problem of supplying enough heat 
during periods of cold weather. This can be viewed as a challenge for a design 
of modern CO2 heat recovery systems, which has proved to be very reliant, but 
yet not able to provide full self-sufficiency in practice.  

An investigation (Thanasoulas, 2018) where field measurements from an ice 
rink in the Nordic climate have been analysed showed that there are conditions 
when heating capacity rejected from refrigeration system is insufficient to cover 
the peak demands during the cold winter days. Moreover, insufficient heating 
causes a drop of indoor temperature and cooling load respectively, which 
further limits the amount of heat that is available from the refrigeration system. 

Subcooling imposes relatively high efficiency improvements in CO2 cycle 
compared to e.g. NH3 cycle. But the other side of the coin is that subcooling 
limits the heat recovery potential. Therefore the main interest for subcooling is 
during warm periods, when there is less heating need. 

Geothermal heat storage may be the solution to both of these challenges – 
supplementing heat recovery during the cold periods and acting as a heat sink 
during the warm periods. But there is a limited research done to answer if 
geothermal storage has enough advantages to be economically justifiable 
addition to the CO2 refrigeration system. 

1.3 Purpose 
The thesis is an in-depth technical analysis about feasibility of geothermal 
energy utilisation in a CO2 ice rink with an ultimate question about the 
economic attractiveness. It can serve as a theoretical fundament for similar 
systems to be designed that are considered for implementation, a design 
guideline or simply as an inspiration for a future research work with a similar 
topic.  

1.4 Goals 
The project has several goals: 

• Generate detailed heating demand profile with an hourly resolution for 
ice rinks with different size and level of activity. 

• Analyze the performance of field data for a CO2 system. The potential 
gain in improved control and design should be illustrated. 

• Evaluate specific merits of a geothermal storage (benefit on an annual 
basis). 

• Optimization of the geothermal systems; i.e. number and length of 
boreholes needed. 
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• Develop a design strategy and guidelines for the geothermal function 
depending on the relevant background factors (heat demand, season 
length, etc). 

• Perform a comparative energy and economic analysis between system 
solutions with geothermal function and other heat sources. 

• Propose system designs and control strategies. 

1.5 Method 
Literature study was done first to analyse the latest research available in order 
to show the present progress in this matter as well as examine the relevant 
background information needed. Theoretical knowledge obtained from the 
literature was applied further in the work.  

Model of ice rink whole-building heating demand and CO2 refrigeration 
system, as well as geothermal system with vertical boreholes was developed. 
Heating and cooling demand model was partly developed using field data, as a 
commercial simulation tool was not found to be accurate for ice rink 
application. The CO2 refrigeration model was developed in a programming 
language, allowing to analyse both real and theoretical systems with hourly 
resolution. 

The CO2 refrigeration system model was used first in parametri study to 
analyse how dynamics of ice rink heating demand affect optimum controls and 
maximum achievable COP. 

Available field measurement data was analysed with the CO2 refrigeration 
system model in order to quantify the effect of theoretical optimum system 
control. 

For geothermal system analysis several scenarios were proposed comparing a 
CO2 system with and without a geothermal function. Modelling on hourly basis 
was done not only to increase accuracy, but also to see refrigeration and 
geothermal system interaction for more insights. 

1.6 Scope and limitations 
This study focuses on CO2 refrigerant as it is a natural refrigerant and offers 
heat at high temperature grade, which is especially important for hot water and 
dehumidification heating demands in ice rinks.  

Other low-GWP HFC substances are not considered because in the opinion of 
the author these are not sustainable in the long-term therefore not relevant. 
NH3 and propane are two other natural refrigerants, but not analysed in this 
report to put more focus on CO2, as previous research has shown tendency in 
favor to CO2. Other reasons are that due to flammability of propane it is not 
viewed as probable choice in ice rink plant size and since it is a public place. The 
other reason for not including NH3 in this analysis is that geothermal 
integration for ammonia does not offer a lot potential in opinion of the author. 
This is due to the insignificant benefit of subcooling on NH3 cycle, which would 
make it more challenging to make the investment pay off. 

The climate of Stockholm is considered in this study as the interest in 
geothermal integration is especially notable in Sweden and Norway due to 
favorable ground properties and technology advance. Another reason is that 
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field measurements that are partly going to serve for input to the theoretical 
models are from ice rinks not far from Stockholm. Other climate conditions are 
also certainly interesting to analyse but are left for future studies. 

Typical size indoor ice rinks in Sweden are analysed in this study, because these 
are most prevalent. Larger arenas are not investigated because of the long 
computational time of the chosen method and limited time of the Master thesis. 

System with geothermal function is compared to a system which fully relies on 
heat recovery, using supplementary heating only when CO2 refrigeration 
system cannot satisfy the heating demand. This does not include another 
relevant scenario where supplementary heating like district heat would be used 
at high HRR’s when heat recovery from CO2 refrigeration is becoming notably 
less efficient. 
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2 BACKGROUND ABOUT ICE RINKS 

From the first human on skates to nowadays ice skating popularity has 
increased gradually and now ice hockey is the 5th most profitable team sports in 
the world (The Economist, 2019). But ice skating is not limited to ice hockey, 
different type activities can be distinguished. A background information about 
ice rinks is provided in this chapter, to understand how does it come that special 
buildings with artificial ice inside are found in many places around the World? 
And moreover, what are the special features of energy systems, looking towards 
potential energy efficiency improvements. 

2.1 Ice rink fundamentals 
Term “ice rink” gives just the minimum information about the specific 
installation. There is a variety of possible modifications. To start with, ice rinks 
can be either outdoor or indoor, and within the scope of this study only indoor 
ice rinks are considered. 

 
Figure 1. Indoor and outdoor ice rinks. 

2.1.1 Types of indoor ice rinks 
The next key characteristic of an ice rink is its size. The area of the ice surface is 
dependent mainly on type of activity. For example, in long track speed skating 
the oval ice track is usually 400 meters in circumference, in bandy the rink size 
is 90–110m length and 45–65 m width. In ice hockey the official 
Olympic/International rink dimensions are 30m width and 60m length, while 
National Hockey League specifies 26m width and 51m length (Wikipedia, 
2019).  

The focus of this study is narrowed further to ice hockey rinks. Same as with 
other team sports, there can be found various sizes in terms of spectator seat 
capacity. The classification in Sweden distinguishes between three major 
groups: training arenas, spectator arenas and event arenas (Svenska 
Ishockeyförbundet, 2011). A more detailed grouping information with key 
indicators is shown in Table 1.  

Table 1. Classification of ice hockey rinks in Sweden (Svenska Ishockeyförbundet, 
2011). 
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In Sweden there are more than 360 ice arenas with the most prevalent type 
being “Spectator arena C”. Event arenas are those where Elite division games 
are held with more than 4000 spectator seats. 

2.1.2 Ice rink energy systems 
Ice rinks have particular functions that require energy. A statistical study in 
Sweden concluded that an average ice rink uses about 1000 MWh annually 
(Rogstam et al., 2014). The main contributors to this are found to be the so 
called “big five” – five functions that consume more than 90% of the total 
energy: refrigeration, heating, lighting, ventilation and dehumidification 
(Rogstam & Bolteau, 2015).  

 
Figure 2. Main energy systems in an ice rink. 

These systems are very linked with each other. To name a few but the main in 
terms of intensity – refrigeration system demand is to a very large extent 
affected by heat that is transferred from the heated air to ice. A study suggests 
that about 36% of refrigeration load is due to convection between air and ice 
(Abdi, Lantz, Viira, Rosas, & Gummesson, 2012). Another example is 
resurfacing function, which demands heating energy before it actually imposes 
a significant spike in cooling demand (Kaya, 2017). 
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The given examples indicate that many of these functions are interlinked, which 
is why it is important to have a holistic approach when designing the energy 
systems in an ice rink. In any energy system several boundary levels can be 
distinguished. Research can focus on the effect on energy use of a specific 
physical phenomenon or a specific component energy efficiency. But to support 
the argument, it is important trying to put findings on a broader system 
boundary perspective. 

To further illustrate the significance of the five main energy systems, Figure 3 
is shown. The key results from the previously mentioned investigation 
(Rogstam et al., 2014) suggest that refrigeration contributes to the largest 
portion with around 43% and heating demands come next with around 26%. 
The other functions are estimated with up to 10% share each.  

 

 
Figure 3. Main energy uses in a typical ice rink in Sweden. 

These five functions that are emphasized here are of crucial importance and 
should be the focus when it comes to energy efficiency in ice rinks. 

2.2 Refrigeration system 
Ice rinks cannot be imagined without an ice surface and it must be in a proper 
quality. Because of that refrigeration system serves for the very fundamental 
function in an ice rink and it also accounts for the main part of the energy bill 
as shown in Figure 3. Apart from that a crucial role in life-cycle cost plays the 
investment cost of the refrigeration system which can represent 60% of the total 
ice rink investment (Nguyen, 2012).  

2.2.1 Cooling demand 
The cooling demand itself is built up of various heat sources that should be 
minimized within the limits of practically possible. To a different extent all the 
energy systems from the “big five” are interacting with thermal cooling demand. 
Heat flow to the cooling fluid happens through the bottom, sides and top, but it 
is by far the dominant from the top surface – about 84% (Karampour, 2011), 
where interaction happens with warm, moist air, ceiling, walls, lighting and 
other thermal energy emitting bodies. It is extremely challenging to have 
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accurate enough knowledge about the actual magnitude of each physical 
process that builds up the cooling load and furthermore the loads vary over the 
year. The processes that in the previous studies are identified as contributors to 
the cooling demand are illustrated in Figure 4. 

 
Figure 4. Cooling load components in an ice rink (Karampour, 2011). 

Air convection with ice from the indication in the literature is either the largest 
or second largest load component. Indeed, because the whole surface of ice 
facing the arena room is in direct contact with air there is a completely open 
thermal energy sink. Normally air is heated in the arena room and in those cases 
setpoint can vary a lot, but it is safe to say that in a training rink air temperature 
is around 8°C while large arenas could have about 15°C bulk temperature. The 
driving force for air convection is the temperature difference between air and 
ice, which forces air movement, i.e., natural convection. Convection can be 
further intensified with mechanical ventilation directed towards the ice, which 
is however not recommended as it only increases the cooling demand. 

Radiation is another crucial load which contributes significantly to the cooling 
demand. Two major radiation sources are ceiling and lighting radiation, the 
total radiation on every surface can be estimated by the Boltzmann correlation. 
Here an important factor is emissivity of the surface which is usually between 
0.85-0.95 for common building envelope materials. There is a potential to 
reduce the radiation with low-emissivity ceiling, like aluminium foil.  

Diffusion of air moisture onto the ice happens when dewpoint of air is higher 
than the ice surface temperature. The process releases heat, which has to be 
dealt by the refrigeration plant. For this reason, ice rinks normally have a 
dehumidification system which is a more suitable solution, improving the 
quality of ice as well as reducing the cooling demand. But during the warm part 
of the season even with a dehumidifier, dewpoint is above 0°C and more heat is 
released onto the ice (ORFA, 2014). 

Other parts of the cooling demand can be classified as conduction, involving ice 
resurfacing, secondary pump work, headers, ground conduction and skaters. 
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Among these the resurfacing of ice adds most of load, when around 500 litres 
of water at about 35°C are poured per resurfacing (Kaya, 2017).  

Intensity of each of the load, among numerous factors, is mainly dependent on 
location and time of the year. Several sources have been compared and suggest 
different load distribution, as shown in Figure 5. As advised in (ASHRAE, 
2014), radiation causes the highest load (up to 36%) and convection is of similar 
magnitude as the ice resurfacing (14 to 19%). The suggested values in the source 
lack a verification with field data. Another interesting study by (Karampour, 
2011) offers an analytical approach with comparison to experimental data, and 
provides more evidence to the results. Convection in this study is the main load 
component with around 35% share, while radiation is found to cause about 23% 
of the load. Another source by (Pachai, 2009) suggest similar magnitudes to 
that, supporting the findings in Stockholm. 

 

 
Figure 5. Cooling load component shares from different sources. 

With these findings in the literature, theoretical magnitudes are to some extent 
known, but must be used with care due to sensitivity of assumptions. 
Furthermore, a model for hourly resolution is an extremely complex task to 
carry out since cooling demand has so many influential factors and is to a large 
extent interlinked with the space heating system and climate. The highest 
accuracy could potentially be achieved with the use appropriate Building 
simulation modelling tool, because nowadays very detailed and complex 
modelling can be performed with such type of tools. 

2.2.2 Refrigeration system configurations 
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Ice rink refrigeration system can be roughly divided in two types – direct and 
indirect. The indirect system has a separation between the primary refrigerant 
that is used in the refrigeration cycle, while secondary fluid is circulated 
through the rink piping system and carried over to the evaporator. A direct 
system has one fluid in the system used without separation, i.e., the same 
refrigerant that evaporates in the rink pipes is also compressed. 

In Sweden a more widespread configuration is the indirect configuration 
corresponding to about 97% of the total, which is mainly because of the 
popularity of NH3 as the primary refrigerant in the past (Makhnatch, 2011). 
The reason why NH3 systems needed indirect design is that a separate rink pipe 
loop allows to avoid the use of toxic NH3 to be circulated in the rink pipes and 
reduces total charge. 

 
Figure 6. Two main refrigeration system configurations in ice rinks (Nguyen, 

2012). 

In a direct system in order to prevent oscillations in the operation of 
compressors and have more even ice temperature, a liquid vessel is needed, 
where liquid and vapor is separated – liquid is pumped to the rink evaporator 
with excess massflow to “overfeed” the evaporator, so the return to the vessel is 
a two-phase fluid, not a superheated vapor. 

The advantage of a direct configuration is ability to achieve a more even ice 
temperature, less pump work needed, and a higher evaporation temperature 
compared to the indirect design. The key disadvantage is the capital cost and 
limited refrigerant choice (IIHF, 2016). 

2.3 Heating system 
Because ice rinks are public buildings which serve as a venue for leisure and 
sports activities, there is a demand for heating. As mentioned before, in a 
Nordic climate in an average ice rink, heating energy correspond to about a 
quarter of the total energy use (Rogstam et al., 2014). 

There are number of functions that require heating energy, each of them being 
unique in its nature. 

2.3.1 Hot tap water 
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Probably the most unpredictable function in an ice rink, as it is solely dependent 
on the human activity. Most of the hot tap water is used in showers, but other 
rooms like toilets, offices, cafeterias may add more to the total demand. Nature 
of hot tap water profile can be very fluctuating; therefore buffer tanks are 
necessary to avoid excessively large installed heating source capacity, the so-
called “peak shaving” principle. 

Suggested in the literature, optimal water mixture temperature for human 
showering is around 43°C (ASHRAE, 2015). Because this water temperature is 
within the range of legionella growth (20 – 45°C), tap water at this temperature 
cannot sit still in the storage tanks. Legionella bacteria challenge normally is 
solved simply increasing the temperature above its maximum survival 
temperature 60°C. And to achieve the required 43°C at the tap outlet, hot and 
cold water streams are mixed. 

2.3.2 Dehumidification 
With the use of artificial ice, operating season of an ice rink started to become 
longer, and it became possible to have ice in locations where there is no cold 
enough weather for natural ice. This introduced a problem for the facility 
owners to maintain the quality of ice in warm and wet conditions, in addition 
to mold growth in the structures (ORFA, 2014).  

Several sources agree that the most suitable dehumidification technology in ice 
rinks is sorption type, due to the excellent performance in environments with 
relatively low dewpoints because compared to refrigeration type 
dehumidification there is no frost formation (ASHRAE, 2014). The working 
principle of desiccant dehumidifier is shown in Figure 7. 

 
Figure 7. Working principle of desiccant dehumidification. 

In order to run the cycle, sorption dehumidifier requires heat instead of cooling. 
Because the main dehumidification demand is in summer, sorption technology 
contributes to evening out the heating demand when viewed at the whole year 
perspective and also to avoid excessive refrigeration capacity needed (Rogstam, 
Pomerancevs, Grönqvist, & Bolteau, 2019). 

2.3.3 Resurfacing 
Everyday maintenance of ice is very important due to the skating activities, 
condensation of moisture and dust accumulation. Normally after every training 
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session or between periods of the game there is a resurfacing process. A thin 
layer of ice is removed and replaced by a thin layer of clean water with a 
resurfacing machine. 

Volume, temperature of the water and frequency can vary significantly, 
according to a statistical study in Sweden. Bulk of the resurfacings use 300-500 
liters with an average filling time of 6 minute, temperature is mostly around 
50°C, but can vary between 25°C to 70°C. Depending on the activity level in the 
particular ice rink, resurfacing frequency is found to vary between 35 to 50 per 
week (Kaya, 2017). 

2.3.4 Space heating 
The whole building of ice rink includes several zones at different temperature 
level that are separated with insulated walls. The rink space can be either heated 
or non-heated. The latter one saves the energy use, not only because of reduced 
heating demand but also lower cooling demand. The sacrifice however is the 
unpleasantly cold environment, not only in winter but also summer.  

In real installations rink space temperature varies depending on the ambient 
conditions, because the building envelope is often not very well sealed, bringing 
warm summer air in and forces heat out in the winter. Figure 8 illustrates 
results from a statistical investigation in Sweden for 8 different ice rinks over 
one season (Rogstam et al., 2017). Excluding ice rink 4, which is uninsulated 
and unheated, the other ones show temperature range between 2°C to 12°C. 
There are many influential factors affecting these results, like temperature 
setpoint, available heating capacity, airtightness, thermal insulation, etc.  

 
Figure 8. Indoor temperature monthly average in 8 ice rinks in Sweden (Rogstam 

et al., 2017). 

Most common way of heating arena room is by using the ventilation system. In 
order to minimise the heating energy use, it is recommended to recirculate the 
air without bringing in the fresh air (IIHF, 2016).  
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Other rooms are also in need for heating, but at the normal comfort 
temperatures, at least 20°C (Grönqvist, 2016). In ice rinks most common 
comfort spaces are dressing rooms, offices, restaurants. 

2.3.5 Freeze protection 
Ice pad is a structure with several layers, when starting from the top roughly it 
consists of ice layer, concrete or sand layer with coolant pipes, thermal 
insulation layer and sand/gravel base layer. Even though there is an insulation 
layer, a heat flux from the ground to cooling fluid is anyway happening, 
eventually cooling down the ground to temperature below zero. This can risk 
into so-called ground heaving, i.e., moisture in the ground freezes and thus 
expands, potentially a collapse of the whole ice pad structure is possible. 

To solve the problem another set of pipes are installed under the insulation 
layer, controlling that the minimum temperature of the ground is always higher 
than 0°C. 

2.3.6 Melting pit 
Ice resurfacing machines generate snow. It is either dumped outside, but in 
some ice rinks there is a special melting pit. This is needed when there is a 
limited space or it may be utilized for refrigeration system efficiency 
improvement with the subcooling effect. 

2.3.7 Total heating demand 
The energy systems should be viewed together. Heating system designs can 
differ depending on the approach of the person who is in charge for the design 
and traditions within the countries. When all the heating functions are known, 
the temperature levels have to be defined. According to the typical heating 
system solutions in Sweden, ice rink heating demand temperatures lie in the 
ranges specified in Table 2 (Kaya, 2017; Thanasoulas, 2018). 

Table 2. Typical heating function temperature requirements in a Swedish ice 
rink. 

Function Temperature 

Hot tap water 60°C and above 

Dehumidification 60°C to 70°C 

Comfort space heating 35°C to 55°C (older systems up to 70°C) 

Re-surfacing 30°C to 50°C 

Ventilation (rink space heating) 35°C 

Melting pit 20°C to 30°C 

Freeze protection 20°C to 30°C 

2.4 Refrigerant choice 
In any refrigeration system the choice of refrigerant is ultimately a concern of 
economy of the system, when different alternatives that are suitable for the 
application are compared. As more and more facts about the climate change 
were brought to the light, environmental factors started to be included in the 
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legislation, affecting the technology development, including refrigeration 
technology. 

2.4.1 Environmental aspects 
Signed on September 16, 1987 the Montreal Protocol treaty reduced and then 
banned the chlorine- and bromine- based chemicals. It was motivated by 
scientific observations from the laboratory, the ground, aircraft and satellites. 
Figure 9 compared the ozone layer on 1979 and 2011 with the south pole in the 
centre. The destruction of the ozone layer results in a more intense Sun’s 
ultraviolet radiation penetrating till the surface of the planet, increasing the risk 
of sunburns, skin cancer and eye damage (NASA Earth Observatory, 2012). 

 
Figure 9. The Antarctic ozone hole on September 16 in the years 1979 and 2011 

(NASA Earth Observatory, 2012). 

Another result of the climate change is the so-called global warming, which is 
defined as an unusually rapid increase in Earth’s average surface temperature 
over the past century – 0.6 to 0.9 degrees Celsius between 1906 and 2005. 
Moreover, the temperatures are without a doubt going up further. The main 
factor contributing to it are the greenhouse gas emissions released due to 
human activities (NASA Earth Observatory, 2010). 

Refrigerants have also played a negative role in the climate change, causing 
both ozone depletion and global warming. To understand how the situation has 
changed over the last decade Figure 10 is illustrated. There were four generation 
of refrigerants. Up until 1990’s the focus was to safety and durability, after 
which the 3rd generation refrigerants were substances with no ozone depletion 
potential. In the last decade an even further environmental advancements have 
been implemented, tackling the global warming effect of the refrigerants 
(Makhnatch, 2018). 
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Figure 10. History and future of refrigerants divided in 4 generations (Makhnatch, 

2018). 

The main legislation in refrigeration industry is the “F-gas regulation” that aims 
to control the emissions from fluorinated greenhouse gases (F-gases). One of 
the measures is phasing out the F-gases by limiting the sales. Every region of 
the world has its own pace and in the forefront is the EU, with the goal in 2030 
to have one fifth of the sales of 2014 (European Parliament, 2014). 

2.4.2 Natural refrigerants 
Natural refrigerants are substances that are found naturally in the 
environment. Because of the direction towards environmental refrigerants, 
natural refrigerants play an important role and will likely also have more 
demand in the future. The reason is their zero ozone depletion potential (ODP) 
and very low or zero global warming potential (GWP), as can be observed in 
Table 3 (Carel, n.d.).  
Table 3. Natural refrigerants and key properties (Carel, n.d.). 

 
As of now two have been used in ice rink application - CO2 and NH3. While 
hydrocarbons (propane, isobutane, propylene) are flammable, require cautious 
design and compliance with specific requirements for flammable refrigerants 
defined by standards (Carel, n.d.). 
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NH3 is a very common refrigerant in ice rinks in Europe, especially in Sweden 
where about 84% of ice rink systems use NH3 as the primary refrigerant 
(R744.com, 2018). Due to its toxicity, more spread are indirect systems, 
confining NH3 within the machinery room. Special arrangements are needed 
to assure the safety in case of a leakage, like exhaust ventilation at the top of the 
room (Granryd, Havtun, Bohdanowicz, & Vicatos, 2011).  

There is a quite rapid growth in CO2 ice rinks – nowadays around 100 ice rinks 
in the world use this natural refrigerant (R744.com, 2018), the key advantage 
lies in excellent heat recovery properties. 

2.4.3 CO2 as a refrigerant 
The most distinguishable property of CO2 is its critical point - a rather low 
temperature of 31.06°C and a high pressure of 73.8bar. Above the critical 
temperature and pressure heat rejection happens in the transcritical region. 
There is no relation between temperature and pressure in transcritical mode, 
and both can be controlled independently. CO2 in that mode is called a 
transcritical fluid, as it is not a two phase, nor a single phase fluid (Sawalha, 
2008). 

From the practical side, compared to other natural refrigerants CO2 has very 
good safety characteristics – it is non-flammable, non-explosive and has low 
toxicity. These are some of the reasons why it is especially suitable in systems 
with large quantities (Sawalha, 2008). Furthermore, CO2 is a by-product in 
many industrial processes, therefore being cheap (Danfoss, n.d.). 

Pressure of CO2 in the cycle is the key characteristic that impacts other 
properties, and many of them are unique for CO2 compared to other common 
refrigerants. Like saturation density – as shown in Figure 11 the curve for CO2 
is significantly higher than for other refrigerants. For example, at 10°C CO2 
pressure is about 3 times higher than for R404A (Sawalha, 2008). 
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Figure 11. Saturated vapor density for several refrigerants (Sawalha, 2008). 

In order to identify the difference in necessary volume flow rate, a representable 
characteristic is the volumetric refrigerating effect illustrated in Figure 12. It 
describes the cooling effect per refrigerant vapor volume, calculated by 
multiplying saturated vapor density and latent heat of vaporization (Granryd et 
al., 2011). As can be observed CO2 has remarkable advantage over all the 
common alternatives. 

 
Figure 12. Volumetric refrigeration capacity (complete evaporation) for several 

refrigerants (Sawalha, 2008). 

Another notable advantage is the low vapor pressure drop compared to 
alternatives, again related to the high operating pressure (Sawalha, 2008).  

As a result of that the benefits are: smaller system components, shorter 
compressor displacement and less refrigerant charge for a given cooling 
capacity. To put this into perspective, a compressor size comparison is 
exemplified in Figure 13. 

 
Figure 13. An example comparison between NH3 and CO2 compressor size for 

the same cooling demand (Eggen & Aflekt, 1998). 
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Then comes the aspect of heat rejection in transcritical conditions. To explain 
it better Figure 14 should be examined, where discharge pressure is varied for 
the same low pressure conditions. When cycle is in the subcritical mode, high 
temperature grade heat is available only at superheated vapor conditions. In 
this example case 35°C refrigerant temperature is chosen as outlet from high 
temperature heat sink. First, when in condition 3 which is subcritical, the 
available heat above 35°C is 89 kW. By elevating the pressure to condition 4 
which is above the critical point, the cycle runs transcritical which offers around 
2.6 times more heat or 230 kW. 

 
Figure 14. CO2 P-h diagram with different discharge pressures and available 

heat capacity at refrigerant temperatures above 35°C (Sawalha, 2012). 

However, the biggest challenge with CO2 heat recovery is ability to control the 
system for the most optimum. It can be intuitively understood by looking what 
happens when pressure is further increased from condition 4 to 5. The available 
heat is only slightly higher (234 kW) but pressure increase is almost the same 
as going from 3 to 4. That indicates there is a certain optimum pressure for 
every outlet temperature. 

According to (Sawalha, 2008) when the system operates in transcritical mode 
the optimum discharge pressure for the given gas cooler outlet temperature is 
calculated as: 

𝑃𝑃𝑜𝑜𝑝𝑝𝑡𝑡.𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ = 2.7 ∙ 𝑡𝑡𝐺𝐺𝐺𝐺.𝑒𝑒𝑒𝑒𝑑𝑑𝑡𝑡 − 6 [𝑏𝑏𝑏𝑏𝑏𝑏] 

To increase efficiency of the CO2 system with heat recovery, the strategy found 
in several sources suggest separating heating demands into temperature levels. 
In a study about heat recovery in ice rinks, it was concluded that efficiency can 
be improved by around 10% when switching from single stage (60-20°C) to two 
stage heat recovery (70-40°C; 40-20°C) (Thanasoulas, 2018). 

To show what happens in the heat exchange process, Figure 15 is shown for a 
residential CO2 heat pump with 3 temperature stages. Stage A is hot water 
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preheating, stage B is low temperature space heating and stage C is post-heating 
of hot water (Stene, 2004). The improvement in efficiency is related to the 
alignment of water and CO2 temperature profiles – with one stage heat 
recovery the location of the pinch point requires to increase the pressure to 
supply the water circuit heating demand compared to two or more stages. It can 
be explained also with lower logarithmic mean temperature difference between 
fluids, so there is a lower heat source temperature requirement and 
consequently a more efficient refrigeration cycle. 

 
Figure 15. Heat rejection for a tripartite gas cooler. The discharge pressure is 95 

bar (Stene, 2004). 

CO2 in the last two decades has experienced a rapid growth in ice rink 
application, both as a primary and as a secondary refrigerant. An estimation 
suggests that 8 out of 10 new ice rink projects every year in Sweden choose to 
go for CO2 refrigeration and main reason is the high heat recovery potential – 
more high temperature grade heat is available for CO2 than with other 
alternatives (R744.com, 2018). 

2.5 Geothermal energy 
Geothermal energy is a fairly broad term, and to make a forehanded 
formulation in context of this project – geothermal energy is considered in such 
applications that are used in connection with refrigeration system, improving 
the efficiency by subcooling refrigerant before expansion or to “pump” heat 
from the ground to higher temperatures. The type of geothermal heat exchanger 
that is relevant normally for commercial or industrial applications is vertical 
borehole heat exchangers.  

Normally a pump is used to carry heat to or from the ground. The main reason 
why ground may be a good supplement of a refrigeration system is because 
temperature below 7 to 12 meters is not varying seasonally (Rogstam & Bolteau, 
2015). And more energy saving potential is offered where the ambient 
temperature is notably higher or lower than the ground temperature for a long 
period of time. 
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2.5.1 Geothermal energy in ice rinks 
Ice rinks are applications where geothermal in some references has been 
suggested as a potential seasonal storage, where heat from the refrigeration 
system is rejected during the warm part of the season and later used as a 
supplementary heat source in the cold periods. 

An ice rink in Swedish town Gimo is one of the examples with a geothermal 
storage and is well documented. The CO2 direct refrigeration system with heat 
recovery is supplemented with vertical borehole system. 

 
Figure 16. Borehole collector outside the machine room in Gimo ice rink. 

The energy results show that in a season when it started to operate between 
October and March, around 4% of the whole rejected heat was dumped to the 
ground, 72% of heat was recovered and 24% rejected via gas cooler. The 
geothermal function was not particularly active because the system was not 
evaluated during warmest period of the season and some control issues at the 
time (Rogstam & Bolteau, 2015). 

Another example is in Canada, where a geothermal integration is proposed not 
only by using vertical but also horizontal collectors under the ice slab to cool the 
ground below ice slab, separating rink piping and freeze protection pipes. Also 
heat export and free cooling using the ground is a part of the system. Total 
projected savings suggested by the authors are 60%, however it lacks 
elaboration. (Ice Kube Systems Ltd., 1999) 

2.5.2 Common vertical borehole systems 
Today, the most popular geothermal closed-loop configurations are systems 
that consist of vertical or inclined boreholes connected in parallel. Lately 
researchers are also looking into ground heat exchangers (GHEs) connected in 
series or with different inlet conditions. A GHE system consists of a single or 
multiple drills, with diameter between 0.075 to 0.180 m and depth typically 
varies between 40 and 150 m, but deeper boreholes can range between 200 and 
350 m. The most widespread borehole type is a single or double U-shape plastic 
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pipe(s) and outer diameter can be between 32 and 50 mm. Regarding the heat 
carrier, in Sweden 70-75% of ground source heat pump systems use an aqueous 
solution of 20-25 wt-% ethyl alcohol, with freezing point around -15°C (Monzó, 
2018). 

2.5.3 Geothermal function as a mean of energy efficiency improvement 
Subcooling of refrigerant is beneficial for COP2 of the cycle, as it reduces the 
massflow needed, however also reducing the heat recovery temperature grade, 
which is a negative aspect. By investigating Figure 17, where CO2 cycle is 
analysed at conditions when same heating capacity is provided at temperatures 
above 35°C. As can be seen, running the cycle at higher pressure, but subcooling 
it down to 5°C allows to achieve higher efficiency, providing the same heating 
capacity (Sawalha, 2012). This indicates that subcooling for CO2 cycle is very 
efficient, and geothermal storage may contribute to the improvements related 
to subcooling the cycle. 

 
Figure 17. The sub-cooling influence on system performance on P-h diagram, 
operating the system to provide 55 kW heat from the de-superheater for the 

cases of with and without sub-cooling (Sawalha, 2012). 

When it comes to heat pump operation, CO2 systems may have the potential 
for efficiency improvements. Even though transcritical operation allows for 
complete self-sufficiency, at high heat recovery ratio (HRR) – above around 
140% - the cycle becomes more inefficient more rapidly (Thanasoulas, 2018). 
This suggests that CO2 systems have an upper HRR limit for efficient operation. 
And it may be controlled by extracting heat from the ground to reduce HRR and 
supply heat at higher efficiency. 
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3 HEATING DEMAND ESTIMATION 

Heating demand profile in an ice rink has a fluctuating nature due to the many 
functions that require heat. While there are several studies where profile is 
estimated, it is to large extent based on average values of the field 
measurements without including the peaks. 

So, there is a need to determine the demand with an hourly resolution, allowing 
to analyse system alternatives more accurately. With a sufficient knowledge, 
heating distribution system can be properly sized, as well as heat source options 
can be chosen to suit best the actual demand. 

3.1 Methodology 
Whole-building heating demand consists of several sub-demands that each 
have its own specific capacity and expected supply and return water 
temperature profile. The model is developed in Microsoft Excel spreadsheets, 
using assumptions based on previous research and field measurement analysis.  

Rink space heating demand modelling is the most challenging, because there 
are many interlinked physical processes involved that are extremely complex to 
model. In this study an attempt was made to use a commercial Building 
performance simulation software “IDA Indoor Climate and Energy”. Because of 
failure to prove accuracy of the results from the simulation software, modelling 
is performed with the correlations from the field data. 

Wherever field data in heating demand estimation is used, it comes from Gimo 
ice rink, because of well monitored system and representing typical type ice rink 
in Sweden. 

3.2 Gimo ice rink 
After a roof collapse in 2014 of the Gimo ice rink in Östhammar, Sweden, the 
local government decided to invest in a renovation project, not only building a 
new roof but also replacing the whole refrigeration system to a fully direct CO2 
transcritical system. The system has integrated heat recovery system that 
provides heating to the facility controlled by a building energy management 
system. The ice rink technical system is connected to an online monitoring 
system IWMAC, that allows to extract data for further analysis.  

3.3 Hot tap water heating demand 
This demand is dependent only on the activity of the people. Different uses of 
tap water can be distinguished, but the major load in ice rinks should normally 
come from use of showers, which are used on a regular basis after each training.  

The first step is to calculate the massflow of the hot water, which is mixed 
together with the cold stream to achieve acceptable water temperature at 
shower outlet. According to (ASHRAE, 2015) the temperature requirement for 
showering is 43°C. The equation system that is used for hot water massflow 
estimation is as follows: 

��̇�𝑚𝑚𝑚𝑑𝑑𝑒𝑒 ∙ 𝑇𝑇𝑚𝑚𝑑𝑑𝑒𝑒 = �̇�𝑚𝑑𝑑𝑐𝑐 ∙ 𝑇𝑇𝑑𝑑𝑐𝑐 + �̇�𝑚ℎ𝑐𝑐 ∙ 𝑇𝑇ℎ𝑐𝑐
�̇�𝑚𝑚𝑚𝑑𝑑𝑒𝑒 = �̇�𝑚𝑑𝑑𝑐𝑐 + �̇�𝑚ℎ𝑐𝑐
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Average water consumption per shower and shower time is based on 
assumptions that are in range with the suggested figures in the literature (AEL 
Heating Solutions, 2018; ASHRAE, 2015; Miva, 2018; Sveby, 2012). It is worth 
to mention that flowrate assumption is challenging to find, so there is a high 
sensitivity to this calculation. In Table 4 the calculated instant heating capacity 
is shown, then applied on an hourly basis in different scenarios by changing 
showering frequency per day. 

Table 4. Hot water heating demand estimation results. 
Parameter Value Unit 
Mixed water temperature 43 °C 
Flowrate of mixed per shower 0.15 l/s 
Showering time per shower 15 min 
Mixed water massflow 0.15 kg/s 
Cold water temperature 10 °C 
Hot water temperature 60 °C 
Hot water massflow 0.10 kg/s 
Heating capacity per shower 20.8 kW 
Number of showers 4 - 
Total hot water demand instant 83.2 kW 

3.4 Dehumidification heating demand 
Moisture load in the model is assumed only from air leakages, neglecting other 
sources. According to an investigation about ice rink dehumidification in the 
Nordic countries infiltration represents at least 70% of the load during peaks, 
the rest is moisture released by people (Rogstam, Pomerancevs, Bolteau, & 
Grönqvist, 2018). The key is that peak capacity happens when all spectator seats 
are occupied, while in reality it is a rare scenario so for energy calculations it is 
not so crucial to include moisture from people. 

In order to calculate the moisture load, following equation is used: 

�̇�𝑚𝑑𝑑𝑒𝑒ℎ = 𝐴𝐴𝐴𝐴𝐴𝐴 ∙ 𝑉𝑉𝑟𝑟𝑑𝑑𝑟𝑟𝑟𝑟 ∙ 𝜌𝜌𝑎𝑎𝑑𝑑𝑟𝑟 ∙ (𝑊𝑊𝑜𝑜𝑜𝑜𝑡𝑡 −𝑊𝑊𝑑𝑑𝑟𝑟) 
Table 5. Dehumidification load assumptions. 

Denomination Parameter Value Unit 

ACH Air exchange rate 0.1 h-1 

V_rink Rink space volume 23000 m3 

td_rink Rink air dewpoint 1.5 °C 

W_rink Rink air absolute humidity 4.19 g/kg 

The outdoor air absolute humidity is climate dependent, in this study IWEC2 
weather data on hourly resolution for Stockholm are used. Air leakage rate and 
rink air moisture are assumed from literature study, rink space volume is 
corresponding to Gimo ice rink. 

The heating demand for sorption type dehumidifier is calculated using 
correlation from Gimo dehumidifier correlation, the heating demand for 8-
month season is shown in Figure 18. It can be observed that dehumidification 
heating demand is mainly during warm part of the year. 
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Figure 18. Dehumidification hourly heating demand over 8-month season. 

3.5 Resurfacing heating demand 
Ice resurfacing instant heating capacity is defined by the temperature and 
volume requirement, assumptions are based on (Kaya, 2017) and field data 
analysis in Gimo. In the model the demand is evened out for the hour. 
Frequency of resurfacings is scenario-dependent which is explained later in the 
report. 

Table 6. Resurfacing heating demand assumptions. 

Parameter Value Unit 

Resurfacer water volume 0.5 m3 

Filling time 10 min 

Water mass flow 0.83 kg/s 

Cold water temperature 10 °C 

Hot water temperature 40 °C 

Heating capacity instant 105 kW 

Average resurfacer demand per hour 17.5 kW 

3.6 Space heating demand 
Estimation of space heating demand is by far the most challenging task in ice 
rink environment. Climate conditions inside the rink room are somewhat 
unique, because at the same time when ice surface is being cooled and 
maintained to a certain freezing temperature, air is heated and to a large extent 
ice is triggering heat loss. The goal is to with acceptable accuracy estimate space 
heating demand profile according to the outdoor climate, building structure, 
etc. Custom designed calculations would require very complex iterative 
code/calculations that is a multivariable problem. There are commercial tools 
that specify on this type calculations and are available for academic purposes, 
and one of such tools is used in this study. 
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3.6.1 Introduction to IDA Indoor Climate and Energy 
IDA Indoor Climate and Energy (IDA ICE) is a Building performance 
simulation software, which is used for the multi-zonal and dynamic study of 
indoor climate phenomena as well as energy use, involving the building 
envelope, HVAC systems, plant and control strategies. The software has an 
extensive library of components, which is open source. One of the key 
advantages is that model parameters can be viewed and adapted, many 
variables can be logged. (Wikipedia, 2018) 

Standard software does not include ice sheet, but there is an extension that is 
obtained from developers for this project where ice rink surface can be 
modelled as part of the floor.  

3.6.2 Case study: Gimo ice rink 
The available data from the Gimo ice rink is used to compare real versus 
modelled performance. As a first step in system replication is setting up the 
geometry of the building in IDA ICE. Initially the exact geometry of the building 
was used. However, there is a limitation of capability of software to perform 
what is called “Climate” model, where more accurate results can be obtained as 
temperature gradients are used, otherwise “Energy” model assumes average 
temperatures, which is faster but less accurate. The room shape where 
“Climate” model is to be used has to be rectangular, therefore the exact 
geometry is not used, but same floor area with average height of 9 meters is set 
to have the same rink space volume as in reality.  

The next step is to configure the building materials in the model that represent 
the actual situation in Gimo. The assumptions regarding building materials are 
shown in appendix 1, according to information found from drawings and 
pictures from ice rink. 

In order to achieve similar conditions in the model as in reality, indoor air 
temperature setpoint must be similar in both cases. It is known from previous 
research that it is very difficult to maintain rink space indoor temperature to 
the desired setpoint in winter in reality, because of insufficient heating capacity. 
Therefore indoor temperature dependence on the outdoor temperature is taken 
into account according to field results in Gimo. The hourly data from field and 
from the model is shown in Figure 19, and acceptable accuracy can be seen. 
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Figure 19. Indoor temperature profile from field data and model. 

Regarding other zones, the adjacent spaces like cafeteria and other rooms on 
the South side according to information were not heated same as resurfacer 
garage and mechanical rooms. But other rooms are heated to 17°C, changing 
rooms to 21°C. 

Gimo ice rink has an IR temperature sensor for measuring ice surface 
temperature. The compiled data showed that this temperature is on average 
around -3.5°C, with fluctuations during resurfacings that are not included in 
space heating model. This temperature is used as the setpoint in the model 
which is also successfully achieved with almost constant temperature.  

Assumptions that affect the convective and radiation rink surface heat fluxes 
are extremely important, because these physical processes impact the heat 
balance most significantly.  

Regarding the convection, above ice air velocity 0.05 m/s is assumed giving 
convective heat transfer coefficient of 3.6 W/(m2K). Coefficients for other 
surfaces – floor and ceiling 4.04, walls 3.076 W/(m2K). Outdoor convection 
heat transfer coefficient varies according to the weather – between 7 and 15 
W/(m2K). 

As for the radiation, surface long wave emissivity for walls, floor and ceiling is 
0.9, for ice surface 0.97. Short wave reflectance is set to 0.5 for all surfaces.  

Because there is a temperature gradient in the rink space, location of the sensor 
is important. In this model it is assumed to be located at 3m height.  

Lighting is the only internal heat source that is taken into account. Gimo ice 
rink has around 10 kW installed LED lighting, with 0.3 convective fraction 
assumed.  

3.6.3 Result verification with field measurements 
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The key result needed is the heating capacity profile. Model results and field 
data are shown in Figure 20. As can be concluded there is certainly a mismatch 
between model and reality. And a more deeper analysis reveals that the main 
issue with the model is that radiation seems to be overestimated. The share for 
convection is around 45 percent and 55 percent radiation with the respect to 
the ice surface flux.  

 
Figure 20. Results for rink space heating capacity profiles in IDA ICE and field 

data. 

The model was tuned and different assumptions for several key parameters 
were tested, however without reasonable accuracy. Conclusion regarding IDA 
ICE in this study is that because the software is developed to be used mainly for 
more conventional type of buildings like offices, apartments, etc., when applied 
to ice rink the model does not estimate physical processes properly. 

Because these results are not in line with the field data, the software is not used 
for the modelling but instead rink space heating capacity from Gimo field data 
is extrapolated as shown in Figure 21. Data that is included in correlation is for 
conditions when indoor temperature in Gimo rink space was above 8°C, which 
assumes that even at low ambient temperatures the heating system has 
sufficient capacity to maintain at least 8°C. 
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Figure 21. Gimo rink space heating capacity extrapolation, a trendline that is 

used in the model. 

Regarding the space heating for the surrounding spaces, same approach as with 
rink space heating, Gimo data is used and a correlation is deduced with respect 
to the ambient temperature. 

3.7 Melting pit 
Melting pit is essentially function that is linked to resurfacing – mass of water 
that is laid on ice is removed as snow. The assumptions regarding this function 
are shown in Table 7. 

Table 7. Melting pit heating demand assumptions. 

Parameter Value Unit 

Mass of ice 500 kg 

Temperature of ice -4 °C 

Sensible heat energy 4060 kJ 

Latent heat energy 167000 kJ 

Time to melt 1.0 h 

Melting pit heating demand 48 kW 

3.8 Freeze protection 
Freeze protection has been studied in the past, the demand is dependent on the 
set temperature in the ground, thermal insulation between rink and ground, 
and temperature in the rink pipes. With the assumption that the concrete 
temperature is -5°C and if ground temperature is kept +5°C by soil heating 
pipes. Material between pipes is a 10cm concrete layer and 10cm insulation with 
thermal conductivity 1.7 W/mK and 0.04 W/mK respectively. This leads to 7 
kW constant heating demand, which is used in the model (Karampour, 2011). 
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3.9 Thermal storage integration 
Gimo ice rink heat recovery system has hot water accumulator tanks in three 
temperature levels – water preheating (1500 l), resurfacing water (500 l) and 
hot tap water post heating (1500 l). Monitoring system allows to analyse the 
dynamics on a minute basis, and this is excellent opportunity to analyse the 
thermal storage for heat recovery system. 

Heating capacity for resurfacing and hot water is not directly calculated, but 
measurements of temperatures around the series of accumulator tanks can be 
used to deduced that. Figure 22 shows heat recovery system principle from 
online monitoring system, with those temperature sensors included that are 
relevant for heating capacity estimation where accumulator tanks have impact. 

 
Figure 22. Heat recovery loop with temperature sensors that are relevant for 

accumulator tank dependent heating profiles (TW – tap water; HR – heat 
recovery). 

Regrettably there is only a flowmeter on the heat recovery side, not on the tap 
water pipeline. This makes it more challenging to estimate the exact heat flows 
in and out of the tanks. Another challenge is that tap water line splits in two 
after the preheating tank and without a flowmeter on each of them it is not 
directly possible to tell which line is active – hot tap water or resurfacing line. 
Nevertheless, the temperature measurements indicate when each function is 
used. The technique is to first identify period when only one of the functions is 
being used, either hot tap water or resurfacing. In doing so it makes it simpler 
to analytically solve the thermal dynamics influenced by the storage tanks and 
demand. 

To start with, it is important to understand when there is flow of fresh water at 
all. A convenient indication is the temperature denominated as “TW1”. Under 
no flow, temperature reading starts to increase as the still water in pipe is 
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heated by preheating accumulator tank, and once the city water starts to flow, 
temperature drops notably down to temperature of water in the network. 

 
Figure 23. Temperature measurements on tap water side. 

Resurfacing water heating demand 

By looking at the readings on tap water side it is not clearly possible to tell which 
function is working. Therefore temperatures on heat recovery side are also 
needed, which is illustrated in Figure 24. A period is found when apparently 
there is no hot tap water usage, only resurfacing water. 

 
Figure 24. Temperature measurements on the heat recovery side. 

The evaluation is made by zooming in the timeframe between the start of 
resurfacer tapping and end of fully recharged storage, shown in Figure 25. The 
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state of the accumulator tank “battery level” can be identified by looking at 
“HR3” and “HR4” temperatures. When these are equal or very close to equal, it 
can be said that storage is fully loaded. Important is the filling time and 
capacity, for which the indication is temperature “TW2” which when suddenly 
rises implies that filling has stopped. 

 
Figure 25. Temperatures and heating capacity when only resurfacer tapping is 

happening. 

As was analysed in previous studies, the filling of resurfacing machine happens 
for a short time, about 10 minutes is reasonable rule of a thumb. This also 
proved in this case analysis, where filling of resurfacing machine took 11 
minutes. 

This storage tank has 500 litre volume, assuming well mixed tank energy in it 
is calculated as follows: 

𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑.𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟 = 𝑉𝑉𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟 ∙ 𝜌𝜌𝑐𝑐𝑎𝑎𝑡𝑡𝑒𝑒𝑟𝑟 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡𝑒𝑒𝑟𝑟 ∙ 𝑇𝑇�𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟   

𝑇𝑇�𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟 =
𝑇𝑇𝑏𝑏𝑒𝑒𝑏𝑏𝑜𝑜𝑟𝑟𝑒𝑒.𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟 + 𝑇𝑇𝑎𝑎𝑏𝑏𝑡𝑡𝑒𝑒𝑟𝑟.𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟

2
=
𝑇𝑇𝐻𝐻𝐻𝐻3 + 𝑇𝑇𝐻𝐻𝐻𝐻4

2
 

During tapping period both charging and discharging is happening, after every 
time step (denominated with “i”) there is a change in internal energy in the tank 
depending on charging and discharging capacity: 

𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑.𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟
𝑑𝑑+1 = 𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑.𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟

𝑑𝑑 − � ��̇�𝑄𝑑𝑑𝑒𝑒𝑚𝑚𝑎𝑎𝑟𝑟𝑑𝑑 − �̇�𝑄𝑑𝑑ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑒𝑒�𝑑𝑑𝑡𝑡
𝜏𝜏=𝑑𝑑+1

𝜏𝜏=𝑑𝑑
 

Using the measurements it is possible to calculate the heating demand imposed 
on the resurfacer storage tank, following equation: 

�̇�𝑄𝑑𝑑𝑒𝑒𝑚𝑚𝑎𝑎𝑟𝑟𝑑𝑑𝑑𝑑 =
𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑.𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟
𝑑𝑑 − 𝐸𝐸𝑎𝑎𝑑𝑑𝑑𝑑.𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟

𝑑𝑑+1

𝑑𝑑𝑡𝑡
+ �̇�𝑄𝑑𝑑ℎ𝑎𝑎𝑟𝑟𝑎𝑎𝑒𝑒𝑑𝑑  

Converted into equation with all the known variables: 

�̇�𝑄𝑑𝑑𝑒𝑒𝑚𝑚𝑎𝑎𝑟𝑟𝑑𝑑𝑑𝑑 =
𝑉𝑉𝑎𝑎𝑑𝑑𝑑𝑑.𝑡𝑡𝑎𝑎𝑟𝑟𝑟𝑟 ∙ 𝜌𝜌𝑐𝑐𝑎𝑎𝑡𝑡𝑒𝑒𝑟𝑟 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡𝑒𝑒𝑟𝑟 ∙ �

𝑇𝑇𝐻𝐻𝐻𝐻3𝑑𝑑 + 𝑇𝑇𝐻𝐻𝐻𝐻4𝑑𝑑

2 − 𝑇𝑇𝐻𝐻𝐻𝐻3𝑑𝑑+1 + 𝑇𝑇𝐻𝐻𝐻𝐻4𝑑𝑑+1

2 �

𝑑𝑑𝑡𝑡
+ �̇�𝑚𝐻𝐻𝐻𝐻 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑡𝑡𝑒𝑒𝑟𝑟 ∙ (𝑇𝑇𝐻𝐻𝐻𝐻3𝑑𝑑 − 𝑇𝑇𝐻𝐻𝐻𝐻4𝑑𝑑 ) 
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Results of charge and discharge capacity profiles is shown in Figure 26. 
Charging capacity is calculated directly from field data, while demand 
(discharge) is estimated analytically using the equations above. To verify the 
results, energy in (10.3 kWh) and out (10.6 kWh) over the time is compared and 
shows very similar results. In addition using the estimated resurfacing water 
volume flowrate and filling time, the total volume is 464 litres, which is in line 
with the literature study (Kaya, 2017). 

 

Figure 26. Charging and discharging capacities in resurfacer storage. 

The demand estimated here is not the yet total heating demand for resurfacing, 
because the part of it is covered by the preheating storage tanks, which can be 
estimated by using the mass flow of water. The total heating demand using 
average value is 83 kW, tank coverage is 40% in preheating and 60% in 
resurfacing tank.  

Hot water heating demand 

Regarding the hot water heating demand estimation, as a starting point a period 
where only hot tap water is used must be found. In Figure 27 it can be observed 
that “TW3” approaches “TW1” temperature, which can be explained with the 
fact that there is no flow at resurfacer tap, but the flow is certainly initiated as 
the “TW2” temperature starts to drop. So this means there is only hot tap water 
heating demand. 
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Figure 27. Temperature readings on hot water circuit side. 

This can be affirmed by also looking at heating circuit temperatures in Figure 
28, where clearly the drop happens around post heating accumulator tank. This 
means for further analysis only pre- and post- heating accumulator tanks are 
considered. 

 
Figure 28. Temperature readings on heating circuit side. 

To start with, heat balance across both pre- and post- heat accumulator tanks 
allows to calculate the heating demand. Same approach as for resurfacing 
accumulator tanks is used. The storage volume for pre- and post- heating is 
1500 litres each. 
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Figure 29. Charging and discharging capacities in hot tap water post-heating 

storage tank. 

As can be seen in Figure 29, the instantaneous demand imposed on post heating 
accumulator peaks at about 60 kW, while the heating system experiences top 
30 kW capacity, which is the whole purpose of thermal storage, to shave the 
peaks.  

Similar picture can be observed for pre-heating tank shown in Figure 30, where 
top demand is about 30 kW, but heating system senses around 10 kW capacity. 
Such a long time for pre-heating tanks to recharge is explained by the fact that 
the average temperature in the tank increased during standstill, shown in 
Figure 28. In other words, charging energy here is not only the energy to 
compensate for the demand in this period but also the additional energy used 
to increase the temperature level in the heat recovery storage.  
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Figure 30. Charging and discharging capacities in hot tap water pre-heating 

storage tank. 

The total demand in this period consists of pre- and post- heating and peak is 
found to be 90 kW. The share covered by pre- and post- heating tanks is about 
40% and 60% respectively. 
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4 REFRIGERATION SYSTEM ANALYSIS 

Evaluation of a CO2 refrigeration system includes not only the cooling function 
but also importantly the heat recovery function. It significantly complicates the 
analysis, mainly because the optimum operation conditions are not a simple 
floating condensing control. This section includes the CO2 system model 
background, parametric studies and then it is applied to a field data case. The 
model is then used later in the next section for different scenarios. 

4.1 Development of a CO2 refrigeration simulation model 
A CO2 refrigeration system model is developed. The aim is to be able to analyse 
the energy performance of the refrigeration system, depending on the dynamic 
conditions over the whole season. The system should work optimally at any 
operating condition – as energy efficient as possible. 

4.1.1 Methodology 
The problem to be solved is multivariable dependent, which requires iterative 
calculations. Out of the many programming languages available, the choice in 
this study is in favor to “Python 3.6” due to relatively convenient coding 
language, compatibility with “Refprop” library and capabilities of large dataset 
treatment. The background that lies behind the model involves theoretical 
thermodynamic, mathematical and logical algorithm operations and is 
explained in the following sections with example outputs shown as parametric 
studies and applied to field data study to analyse implications of an optimized 
system control. 

4.1.2 System configuration 
The system that is analysed in this study is a fully direct CO2 system with a 
flooded evaporator and 2-stage heat recovery. Further there is an option to 
integrate a geothermal storage for subcooling when there is excess of heat and 
extract heat from the borehole when there is lack of heat. The configuration is 
shown in Figure 31. The choice for this configuration is motivated because this 
kind of setup is a common CO2 system design today. Another possible 
improvement may be use of geothermal evaporator at a higher evaporation 
temperature level. Also, ejectors may be added to the system, even further 
improving the efficiency. But the approach in this study is to analyse the system 
on a relatively simpler design as a priority, which then, if a method is proven 
accurate, can be advanced with more features in future studies. 



43 

 

 
Figure 31. System configuration modelled in this study. 

4.1.3 Fundamental principles applied 
A crucial part of this study is the heat rejection. For the given heating demand, 
pressure and subcooling control should be done in such a way that the highest 
possible global COP is maintained. The system optimization becomes more 
difficult when several heat recovery stages are applied. The advantages though 
are notable, because the LMTD is decreased compared to one stage 
(Thanasoulas, 2018). 

The key for this simulation model is the known water temperature profile and 
capacity, where rejection of heating energy from CO2 fluid results in water 
temperature increase. The next aspect is the CO2 temperature profile, which 
can be determined for every certain discharge pressure, when CO2 compressor 
outlet and gas cooler outlet temperatures are known, in other words 
temperature before and after heat rejection. 
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Figure 32. Example output from developed Python code with temperature 

profiles for CO2 and water in heat recovery mode. 

The method is based on energy conservation law applied at heat exchanger 
sections, which has to be split in a reasonable number so that high accuracy is 
achieved but avoiding a numerical error impact, in this study it is split into 500 
sections that have equal CO2 enthalpy difference: 

∆ℎ𝑑𝑑𝑜𝑜2 =
ℎ1𝑟𝑟 − ℎ𝑎𝑎𝑑𝑑.𝑜𝑜𝑜𝑜𝑡𝑡

𝑛𝑛
 

The energy conservation law implies that energy added to the water at every 
section is equal to the energy released by CO2: 

𝑞𝑞𝑑𝑑𝑜𝑜2[𝑖𝑖] = 𝑞𝑞𝑐𝑐[𝑖𝑖] 

𝑞𝑞𝑑𝑑𝑜𝑜2[𝑖𝑖] = �̇�𝑚𝐻𝐻 ∙ ∆ℎ𝑑𝑑𝑜𝑜2 

𝑞𝑞𝑐𝑐[𝑖𝑖] = �̇�𝑚𝑐𝑐 ∙ 𝑐𝑐𝑐𝑐𝑐𝑐 ∙ (𝑡𝑡𝑐𝑐[𝑑𝑑+1] − 𝑡𝑡𝑐𝑐[𝑑𝑑]) 

Regardless if the operation mode is subcritical or transcritical, this set of 
equations allows to determine how both temperature profiles relate to each 
other – as long as CO2 temperature is higher than water temperature at any 
given heat exchanger location. Furthermore, the so-called pinch point 
represents the heat exchanger efficiency and it can be anywhere in the heat 
exchanger, depending on numerous parameters. In this study pinch point is 
assumed to be 2K, meaning that there is a condition – if at any location in heat 
exchanger the pinch point is lower than 2K, discharge pressure must be 
increased until the desired heating demand at its corresponding temperatures 
is met.  
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But this is not yet complete answer, because the gas cooler outlet temperature 
can be different. This is a question of subcooling of the system – when possible, 
until what temperature should CO2 be subcooled at the given heating demand 
conditions? The answer is not straightforward because in transcritical 
operation the subcooling can be increased with lifting the pressure. There is a 
trade-off between efficiency gain because of subcooling and efficiency loss 
because of pressure lift.  

The algorithm that is developed for each cooling and heating condition can be 
split into two steps: 

• Minimum discharge pressure tracking 
• Maximum global COP tracking 

4.1.4 Minimum discharge pressure tracking 
The first step in the procedure is to find the minimum discharge pressure that 
would satisfy the heating demand, respecting the pinch point. If the ambient 
temperature is low enough, heat rejection is started in the subcritical mode. The 
lowest pressure that can be used is: 

𝑃𝑃1.𝑚𝑚𝑑𝑑𝑟𝑟 = 𝑓𝑓(𝑇𝑇𝑎𝑎𝑚𝑚𝑏𝑏 + 𝑑𝑑𝑇𝑇𝑎𝑎𝑝𝑝𝑝𝑝.𝑑𝑑𝑜𝑜𝑏𝑏𝑑𝑑𝑟𝑟𝑑𝑑𝑡𝑡𝑑𝑑𝑑𝑑𝑎𝑎𝑠𝑠; 𝑥𝑥 = 0) 

Which can in other words be explained as pressure at ambient temperature plus 
the approach temperature for subcritical mode (7K). The CO2 heat rejection 
outlet enthalpy is at saturated liquid temperature for the given pressure. The 
very lowest pressure constraint is pressure at 10°C condensing temperature. 
The discharge pressure is increased with 1 bar step. 

In case if the ambient temperature is higher than 23°C or demand cannot be 
satisfied in subcritical mode, the minimum pressure tracking starts transcritical 
mode. Then for every discharge pressure, CO2 heat rejection outlet temperature 
is derived from the optimum discharge pressure equation: 

𝑇𝑇𝑑𝑑𝑜𝑜2.𝑜𝑜𝑜𝑜𝑡𝑡 =
6.1 + 𝑃𝑃1.𝑚𝑚𝑑𝑑𝑟𝑟

2.7
 

The procedure for minimum discharge pressure in a P-h diagram is shown in 
Figure 33.  
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Figure 33. Procedure for minimum discharge pressure tracking explained in a p-
h diagram. 

Once the heating demand is satisfied, the next step is to track the highest 
possible global COP by imposing maximum possible subcooling for given 
conditions. 

4.1.5 Maximum COP tracking 
The next step after minimum required discharge pressure is found, is to impose 
subcooling according to the lowest CO2 outlet temperature that is achievable. 
The subcooling is imposed until the heating demand is still satisfied, and if not, 
the pressure is again increased, in order to check again if the enthalpy after heat 
rejection could be decreased at a higher pressure. This procedure is done 
respecting several practical and thermodynamic constraints: 

• Maximum compressor outlet temperature: +140°C 
• CO2 outlet temperature is not lower than given ambient or fluid from 

borehole temperature plus approach temperature (2K) 
• CO2 outlet temperature is not lower than 5°C 

The goal for CO2 heat recovery system is to always satisfy the heating demand, 
respecting forward/return temperatures in the heating system. When demand 
is not satisfied, COP global output is calculated as zero. Although, of course it is 
not zero in reality, but since the heating demand coverage is set as constraint, 
out of all the successful cases, the most efficient control is the one with the 
highest COP global. Conditions for the highest global COP are then used as the 
optimum pressure and CO2 outlet temperature for the given demand 
conditions. Equation for global COP is: 

𝐴𝐴𝐶𝐶𝑃𝑃𝐺𝐺𝐺𝐺 =
�̇�𝑄2 + �̇�𝑄𝐻𝐻𝐻𝐻1 + �̇�𝑄𝐻𝐻𝐻𝐻2

�̇�𝐸𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝 + �̇�𝐸𝑎𝑎𝑑𝑑.𝑏𝑏𝑎𝑎𝑟𝑟𝑑𝑑 + �̇�𝐸𝑎𝑎𝑒𝑒𝑜𝑜.𝑝𝑝𝑜𝑜𝑚𝑚𝑝𝑝
 

Secondary pump that circulates the fluid in the rink pipes is not included, 
because in this study it does not differ between systems with or without a 
geothermal function, nor it is different by changing the controls on the heat 
recovery side. 

Both minimum pressure and maximum COP tracking are performed with a 
pressure step 1 bar and temperature step 1K. 

4.1.6 Compressor modelling  
Compressor modelling is performed using manufacturer catalogue data, to 
apply overall efficiency for the given pressure ratio. Overall efficiency equation 
is calculated for the specific compressor model: 

𝜂𝜂𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝 = 𝑓𝑓(
𝑃𝑃1
𝑃𝑃2

) 

Then to calculate the electric power for the compressor, isentropic compression 
work is divided by the overall compressor efficiency: 

�̇�𝐸𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝,𝑒𝑒𝑠𝑠 =
�̇�𝑚 ∙ (ℎ𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝,𝑑𝑑𝑑𝑑 − ℎ𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝,𝑑𝑑𝑜𝑜𝑑𝑑𝑡𝑡)

𝜂𝜂𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝
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To include the heat losses from the compressor, 7% heat loss factor is assumed 
(Berglöf, 2018). Because the actual enthalpy is reduced when part of the 
electricity is converted into heat and not contained within the fluid: 

ℎ𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝,𝑜𝑜𝑜𝑜𝑡𝑡 = ℎ𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝,𝑑𝑑𝑜𝑜𝑑𝑑𝑡𝑡 −
(1 − 𝜉𝜉) ∙ �̇�𝐸𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝,𝑒𝑒𝑠𝑠

�̇�𝑚
 

4.2 Parametric study with the developed model 
The reason for applying the previously described method is that demand 
conditions are very dynamic, and optimum CO2 system control strategies found 
in the literature are for typical heating systems in supermarkets in the Nordic 
countries, while in ice rinks the heating demand can have a different nature 
since it tends to have more fluctuations. The key parameter that demonstrates 
the nature of the heating demand is heat recovery ratio (HRR). Moreover in a 
system with 2-stage heat recovery a proposed parameter called high grade 
heating demand ratio (HDR) may be representable. The equations are as 
follows: 

�̇�𝑄𝐻𝐻𝐻𝐻.𝑡𝑡𝑜𝑜𝑡𝑡 = �̇�𝑄𝐻𝐻𝐻𝐻1 + �̇�𝑄𝐻𝐻𝐻𝐻2 

𝐴𝐴𝐻𝐻𝐻𝐻 =  
�̇�𝑄𝐻𝐻𝐻𝐻.𝑡𝑡𝑜𝑜𝑡𝑡

�̇�𝑄2
∙ 100% 

𝐴𝐴𝐻𝐻𝐻𝐻 =  
�̇�𝑄𝐻𝐻𝐻𝐻1
�̇�𝑄𝐻𝐻𝐻𝐻.𝑡𝑡𝑜𝑜𝑡𝑡

∙ 100% 

To show how optimum global COP changes with conditions on the heating 
demand side, an example parametric study is performed. Some conditions are 
fixed, for the reason they are not focus here. All the conditions of this 
parametric study are shown in Table 8. 
Table 8. Key assumptions used for the parametric study.  
Parameter Fixed/varied Value/range Step 
Heat recovery ratio (HRR) Varied 40 – 160% 20% 
Heating demand ratio (HDR) Varied 10 – 90% 20% 
High temperature heating demand 
supply/return temperatures 

Fixed 70/40 °C - 

Medium temperature heating 
demand supply/return 
temperatures 

Fixed 40/20 °C - 

Minimum CO2 temperature at GC 
outlet 

Fixed 5 °C - 

Minimum pinch point Fixed 2 K - 
Evaporation temperature Fixed -8 °C - 
Cooling capacity Fixed 100 kW - 
Superheat Fixed 10 K - 

Following the calculation algorithm in total more than 4000 iterations are 
performed by the code to find optimum for each of the 64 conditions. The 
resulting global COP variations depending on HDR and HRR are shown in 
Figure 34. As can be seen there are significant differences between various 
HDR’s. Of course, 90% HDR is quite exaggerated condition, but when 
comparing more realistic ratios 30% and 50% at 100% HRR, the difference in 
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global COP is 0.5 which implies that dynamics of the CO2 heat recovery 
performance can be significant, and the control system has a crucial 
significance. 

 
Figure 34. Global COP for varying HRR and HDR. 

The question then could arise about controls of such a complex system. In a real 
system two key parameters are used for CO2 transcritical system controls - CO2 
outlet temperature (whether after gas cooler or subcooler) and discharge 
pressure. The strategies that are used vary between installers of CO2 plants and 
since the system dynamics are multivariable dependent, controls are to some 
extent simplified according to the typical operating conditions of the 
application and climate. Nevertheless, an example is given how pressure and 
CO2 outlet temperature is affecting the global COP, shown in Figure 35. It is 
particularly for HDR = 30% and as defined before the assumption for this 
parametric study is that CO2 could be subcooled down to 5°C, which is not easy 
to achieve in subcritical mode, as gas cooler size would be excessively large. But 
nevertheless, this study is done in order to introduce, how pressure and CO2 
outlet temperature affects the performance. It also shows how the developed 
“Python” model tracks the most efficient condition. It starts with finding the 
minimum discharge pressure required to satisfy the demand and then seeks for 
possibility to subcool the refrigerant. As can be seen, in the code, more 
subcooling is achieved by increasing the pressure, because of alignment of CO2 
and water temperature profiles. It is interesting for higher HRR’s, there are 
subcooling limits, i.e., after which increasing the pressure becomes less efficient 
than reducing refrigerant’s massflow, like at HRR = 120% and 13°C CO2 outlet 
temperature. 
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Figure 35. Global COP depending on discharge pressure at various HRR’s and 

HDR = 30%. 

4.3 Field data analysis 
In a real system the controls can vary depending on who installed the system or 
who is responsible for the service. In any case the controls are simplified 
compared to the ideal conditions that may be modelled with a computer. To 
quantify the effect of more efficient controls, a field data analysis is performed.    

4.3.1 Site background information 
An ice rink in a Swedish town Filipstad has been renovated from fully indirect 
NH3 system to a partly indirect CO2 system with 2-stage heat recovery. 
Secondary fluid in the new system is NH3-water solution, which offers pump 
energy savings when compared to more common secondary fluids. 

 
Figure 36. Pictures from the system in Filipstad. 

The heat recovery system is designed in two stages – 40/20°C and 70/40°C 
(forward/return temperatures). The high temperature stage (70/40°C) 
includes the following functions: hot water postheating, dehumidification, 
resurfacing water heating, comfort space heating (radiator system). The 
medium temperature stage (40/20°C): rink space heating, water preheating, 
freeze protection. 
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4.3.2 Data treatment and calculation method 
The key in field measurement analysis is the refrigerant massflow estimation. 
Since the compressor manufacturer and model is known as well power, 
temperature and pressures before compressor are measured, theoretical 
massflow through the compressor can be estimated. According to the datasheet 
of the known compressor model (Dorin CD3400H), it is possible to estimate 
the massflow and then compressor’s efficiency at test conditions. For the given 
compressor operating envelope efficiencies are calculated and plotted versus 
pressure ratio (Pdisch / Pevap), obtaining a correlation. 

This correlation is then used for field data analysis, where the massflow of 
refrigerant is calculated as follows: 

�̇�𝑚𝐻𝐻 =
𝜂𝜂𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝 ∙ 𝑃𝑃𝑒𝑒𝑠𝑠

ℎ𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝,𝑑𝑑𝑑𝑑 − ℎ𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝,𝑑𝑑𝑜𝑜𝑑𝑑𝑡𝑡
 

The next step in calculation is to estimate the cooling capacity properly. The 
system has a flooded evaporator and an internal heat exchanger, therefore some 
key assumptions must be taken into account. First, the enthalpy difference that 
is imposed by internal heat exchanger does not contribute to increase in 
enthalpy difference for the useful cooling capacity, the cooling achieved there is 
for superheat. The key conditions for the cycle performance analysis are 
illustrated in Figure 37. 

 

Figure 37. Key measurement points in a P-H diagram that are used for field data 
analysis. 

Using the massflow of refrigerant, the following equation is used to estimate the 
cooling capacity: 

�̇�𝑄2 = �̇�𝑚𝐻𝐻 ∙ �ℎ𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − ℎ𝑎𝑎𝑑𝑑𝑜𝑜𝑠𝑠𝑠𝑠� 

4.3.3 Demand profiles of the system 
Activity level in Wasahallen ice rink shows the potential for heat recovery from 
the source side – the more activity on ice, the more heat should be available. 
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According to Figure 38 cooling capacity varies significantly over a typical day. 
The average ranges between 93 kW in the night to 175 kW at 7PM, but when 
data range of standard deviation is included, it shows that the capacity can vary 
between 50 to 250 kW. 

 
Figure 38. Average daily cooling demand profile with standard deviation in 

Wasahallen ice rink. 

To understand the demand nature better, an important parameter is heat 
recovery ratio (HRR), which represents the heating demand in relation to the 
cooling demand, the higher HRR the more energy is needed from compressor 
to cover the heating demand. Figure 39 shows that a significant time of the 
season HRR is above 130%. 

 
Figure 39. Hours of operation at respective heat recovery ratio 

4.3.4 Effect of optimised controls 
The developed Python modelling tool allows to compare the actual running 
conditions with the most optimum. As input in the model, following parameters 
are used from the field measurements: 
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Q2 [kW] || T2 [°C] || T2k [°C] || P2k [°C] || Qhr1 [kW] || Qhr2 [kW] || 
Thr1_forward [°C] || Thr1_return [°C] || Thr2_forward [°C] ||  
Thr2_return [°C] || Tamb [°C] 

These are parameters that allow to focus on heat recovery side only, fixing 
identical boundaries on the heating system side and low pressure side of the 
refrigeration system. 

The model runs for every hour of the season, so eventually detailed performance 
analysis can be done. As a first step, the discharge pressure and gas cooler outlet 
temperature depending on the HRR are put into comparison, shown in Figure 
40. From this perspective, it seems that discharge pressure agrees with the 
theoretically needed optimum. However it can be observed that more 
subcooling may be achieved, still covering the same heating demand, and still 
respecting the same forward/return temperatures. 

 
Figure 40. Average discharge pressure and gas cooler outlet temperature at 

corresponding HRR for field data and model. 

It can now serve as a good example for the impact of subcooling. The resulting 
COP2 is plotted in Figure 41, where it is clearly seen that the theoretical COP2 
is higher - at top the difference is 0.7. Meaning that there is an initiative to 
increase the subcooling of the system by proper utilisation of the gas cooler. 
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Figure 41. Average COP2 model vs field for the HRR range. 

From the field data, gas cooler control can be analysed. Plot for the gas cooler 
fan power and bypass valve control is shown in Appendix 2, where insufficient 
fan usage can be concluded as the reason for such a low subcooling. 

In order to show in a more illustrative way, what exactly happens in the heat 
rejection process, Figure 42 can be studied. On the left running conditions in 
Wasahallen are shown, on the right is shown how COP2 could be improved by 
imposing more subcooling at the same pressure respecting 2K pinch point 
temperature. What is interesting that even more heat is rejected, when gas 
cooler is not properly used, which is because the COP2 of the system is lower, 
so more heating energy is added to the fluid by compressors. It is visually 
possible to observe that LMTD between CO2 and water/air is lower in the case 
with more subcooling, because the overall heat transfer coefficient is increased 
with gas cooler fans. 

 
Figure 42. Temperature profiles in HR heat exchangers at identical conditions, 

except gas cooler outlet temperature (23°C on the left; 13°C on the right). 

Finally, total potential energy reductions should give even better conclusions 
about the benefits. Table 9 summarizes the results – 11.8% energy reduction 
could be obtained by controlling the heat recovery system with a more proper 
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strategy. To put it in another perspective – around 4.8 MWh per month could 
be saved. 

Table 9. Energy usage results for actual and optimized system. 
Total compressor energy used (field data) [kWh] 187153 
Total gas cooler fan energy used (field data) [kWh] 882 
Total compressor energy used (model) [kWh] 162868 
Total gas cooler fan energy used (model) [kWh] 2980 
Total potential energy savings [kWh] 22187 
Energy savings [%] 11.8% 
Period 13.nov - 30.mar 
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5 SCENARIO MODELLING 

Modelling any energy system in the light of different scenarios is relevant in 
order to make the investigation representable for the bulk of cases within the 
scope of the project. In this thesis scope is limited to a typical ice rink in Sweden 
using Stockholm climate. And the scenarios are focusing on the most efficient 
system solution – CO2 direct system with 2-stage heat recovery. It excludes 
potentially less efficient solutions with other refrigerants according to the latest 
investigations. But as explained in paragraph 4.1.2, some more features may 
still improve the CO2 system and are left for the future studies. Most 
importantly this report is ultimately comparing CO2 system with and without a 
geothermal function. 

5.1 Methodology 
Different scenarios are proposed defining the heating and cooling demand 
profiles. These scenarios are modelled using the developed “Python” model. To 
analyse the interaction with geothermal field, “Energy Earth Designer” (EED) 
software is used. 

Heating capacities for the functions are estimated in chapter 3, and here they 
are used together with additional assumptions to develop hourly heating profile 
for scenarios. Cooling demand is based on Gimo ice rink and a varying cooling 
demand profile is generated. The demands with their corresponding 
temperatures are the input to the Python model. 

Borehole response modelling is an iterative process where heat injection and 
extraction capacity affects the achievable return temperature. The whole 
scheme is shown in Figure 43. 

 
Figure 43. Schematic for iterative process between Python and EED models for 

borehole field optimization and temperature dynamic estimation. 
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First, a guess value for fluid return temperature is assumed and used as an input 
in the “Python” model. The hourly output geothermal heating capacity is then 
used as an input for geothermal energy modelling tool “Energy Earth Designer” 
(EED). Then borehole grid geometry is optimized according to the heat 
injection and extraction profile so that maximum and minimum fluid 
temperature constraints are respected and the total length is shortest. After first 
iteration, hourly fluid from borehole temperatures are used in the “Python” 
model. This is then an iterative process, where output from refrigeration system 
model is configured according to the borehole response until the temperature 
from the borehole that is used in “Python” and obtained in EED for every 
simulation hour is very close, proving accuracy of the results.  

5.2 Classification of ice rinks based on activity level 
Each ice rink is a unique case, where several factors come into play that define 
the energy demand profile. Nevertheless it is possible to classify ice rinks in 
typical categories, and this study will focus on a typical size arena in Sweden 
with the level of activity as the criteria that defines the difference, which is 
shown in Figure 44.  

 
Figure 44. Classification of ice rinks in this study. 
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By “normal size” an ice rink that is the most typical in Sweden is considered, 
classified as Public C, which is a training rink with 500 to 1000 spectator seats. 
In this study two cases are evaluated – low and high activities. The latter implies 
that there are more frequent resurfacings and hot water consumption as more 
people are using the ice. Also melting pit is assumed to be an additional demand 
in the high activity ice rink. In addition, high activity ice rink has by about 50% 
more surrounding heated spaces. 

Important aspect of the whole design of ice rink energy systems is the length of 
the season. It tells about peak demands but more importantly about the 
operation time in particular conditions, eventually affecting the profitability of 
added features, for example ejectors or geothermal function. The most 
prevalent ice rink operation season is from August to March (8-month season), 
but there are ice rinks that operate year-round. These two cases are also 
investigated.  

During the calculations the main issue faced was computational time and to 
limit the cases even more, the saving potential even before modelling is 
hypothetically known – least savings are possible for low activity 8-month 
season, most savings are in high activity 12-month season ice rinks. Therefore 
these two cases are analysed, representing the range of potential geothermal 
function benefits.  

5.3 Demand profiles depending on the scenario 
Cooling and heating demand profile in this study is based on field data from 
Gimo ice rink, together with additional assumptions.  

Heating demand assumptions are elaborated in paragraph 3, where capacity for 
each function is estimated. Here to apply it to the scenario, additional 
assumptions are made regarding the frequency of resurfacings, melting pit and 
shower as indicated in Figure 44. 

There are two temperature stages in the heat recovery system (70/40°C; 
40/20°C) and functions are separated according to the temperature level they 
fit, illustrated in Figure 45. 

 
Figure 45. Heating functions and forward/return temperatures of HR stages. 
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Variations of these demands along the season can be quite significant, to give 
example Figure 46 can be analysed for the high activity season. Important that 
these are average capacities at the respective outdoor temperature, so average 
capacities are not linear because they also differ along a day. What stands out 
is the space heating and dehumidification, other demands are quite constant, 
although again varying over a day. 

 
Figure 46. Average heating capacities depending on the ambient temperature for 

high activity scenario. 

To understand what the heating functions require over the whole season in the 
different scenarios Table 10 can be analysed. As could be predicted, rink space 
heating demand has the highest share amongst all with around 55% and 70% 
for high and low activity ice rinks respectively. A significant role in total heating 
energy demand is for combination of resurfacing, hot water and melting pit 
functions when high and low activity scenarios are compared, these functions 
add between 147 MWh (8-month season) and 220 MWh (12-month season). 
Another interesting case is for comfort space heating – it is assumed that 
heating is needed up to 15°C ambient temperature and for high activity level 
scenario there is by around 50% more heating spaces around. This makes a 
notable difference for the length of a season but also for the activity level. 

Table 10. Thermal energy per season per function for the analysed scenarios 
(MWh). 

  8-month season 12-month season 

  Low 
activity 

High 
activity 

Low 
activity 

High 
activity 

Hot water 30 (4%) 56 (6%) 46 (5%) 83 (7%) 

Dehumidification 32 (5%) 32 (4%) 64 (7%) 64 (5%) 

Resurfacing 21 (3%) 38 (4%) 32 (3%) 58 (5%) 

Comfort space heating 64 (9%) 98 (11%) 82 (8%) 130 (10%) 
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Rink space heating 487 (72%) 487 (57%) 683 (71%) 683 (55%) 

Freeze protection 41 (6%) 41 (5%) 61 (6%) 61 (5%) 

Melting pit 0 (0%) 104 (12%) 0 (0%) 156 (13%) 

Total 675 857 969 1236 

Heating demand is quite fluctuating over a day, to illustrate that Figure 47 is 
shown. This is a heating demand on 1st of January for both scenarios, divided 
per temperature level (hr1 – high temperature stage; hr2 – medium 
temperature stage), which is how the refrigeration system “senses” the demand. 

 
Figure 47. Hourly heating demand on 1st of January. High and low activity levels 

are compared. 

Regarding the cooling demand – in this model it is defined by essentially two 
parameters – ambient temperature and resurfacing imposed load. To 
understand the correlation between cooling load and ambient temperature and 
resurfacing imposed load, Gimo ice rink data is studied. First, using IR sensor 
that measures ice surface temperature, it is possible to distinguish data between 
resurfacing and no resurfacing, illustrated in Figure 48. 

0

20

40

60

80

100

120

140

160

180

200

0:00 6:00 12:00 18:00 0:00

He
at

in
g 

ca
pa

ci
ty

 [k
W

]

Qhr1_high_act Qhr2_high_act Qhr1_low_act Qhr2_low_act



60 

 

  
Figure 48. Cooling capacity versus ice surface temperature. 

When data is separated and cooling capacity plotted versus ambient 
temperature, a clear offset is found between trendlines with and without 
resurfacing, which can be found in appendix 3. Another aspect to consider is 
that the cooling capacity trendline at ambient temperatures below 4°C is flat, 
because the assumption in this model is that indoor temperature is maintained 
at 8°C, therefore assumed the cooling capacity does not drop as in the real 
system where indoor temperature drops due to lack of heating capacity. The 
total cooling energy per season can be observed in Table 11. 

Table 11. Cooling thermal energy per season for different scenarios (MWh). 
  8-month season 12-month season 
  Low 

activity 
High 

activity 
Low 

activity 
High 

activity 
Cooling energy [MWh} 766 842 1169 1284 

In order to illustrate again the dynamics of the heating and cooling demand on 
an annual basis Figure 49 is shown. And indeed there is a noticeable shift at 
around 4°C ambient temperature when HRR to large extent is between 100 and 
120% while above this temperature HRR is mostly below 100%. 
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Figure 49. Hours of operation under certain HRR range. Example from results 

for high activity 12-month season scenario. 

5.4 Scenario simulation processing 
To elaborate on the simulation methodology, show the key assumptions and 
results of the model, one scenario is used as an example – high activity ice rink 
with 12-month season. For the low activity 8-month season scenario only total 
results are used to compare the two scenarios. 

5.4.1 System without geothermal 
Simulation for system without geothermal function is first run in order to find 
the operation strategy for geothermal function. In Figure 50 global COP versus 
HRR is illustrated. This helps to understand when the heat pump operation has 
a potential. And according to this, it appears that system sharply becomes 
inefficient when it exceeds HRR of 130%. Furthermore, there is a limitation of 
satisfying the heating demand – above HRR 170%. The constraint in this model 
is when compressor discharge temperature reaches 140°C which can happen 
with HRR’s above 170%, thus auxiliary heating is necessary.  

This helps to define the heat pump usage strategy for system with geothermal 
function, so in this study is as follows – heat from the ground is taken in order 
to decrease HRR down to 130% and improving the efficiency and satisfying the 
heating demand solely with CO2 system. 
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Figure 50. Total electric power for the given HRR in case without geothermal 

function for high activity 12-month season. 

Regarding the subcooling function, the algorithm is explained in paragraph 
4.1.5, where basically subcooling is implied as long as heating demand is met 
and respecting the available fluid temperature from the borehole. 

5.4.2 System with geothermal 
The system configuration that is used in this study is shown in chapter 4.1.2. At 
every given demand condition, the optimum control is found at maximum 
global COP, which is calculated as follows: 

𝐴𝐴𝐶𝐶𝑃𝑃𝐺𝐺𝐺𝐺 =
�̇�𝑄2 + �̇�𝑄𝐻𝐻𝐻𝐻1 + �̇�𝑄𝐻𝐻𝐻𝐻2

�̇�𝐸𝑑𝑑𝑜𝑜𝑚𝑚𝑝𝑝 + �̇�𝐸𝑎𝑎𝑑𝑑.𝑏𝑏𝑎𝑎𝑟𝑟𝑑𝑑 + �̇�𝐸𝑎𝑎𝑒𝑒𝑜𝑜.𝑝𝑝𝑜𝑜𝑚𝑚𝑝𝑝
 

When boreholes are used in heat pump mode, the global COP is calculated 
without considering geothermal heat extracted as useful heat, and in the 
subcooling mode, the heat dumped to the boreholes is obviously not accounted 
in the equation, only the pump power required. Geothermal pump energy use 
is 5% of the heat injected/extracted, gas cooler fan energy use is assumed to be 
2% of rejected heat (Karampour, Mateu-Royo, Rogstam, & Sawalha, 2019). 

Before using EED, a guess borehole return temperature need to be assumed to 
run the Python model. In the colder parts of the year, return temperature is 
assumed as 8°C, while in warmer months it is assumed as 10°C. The obtained 
heat extraction/injection heating capacity profile on hourly basis from Python 
model is used as input in EED. Based on this profile, optimization in EED is 
done, which gives the configuration that respects the temperature constraints 
with the lowest cost. 

Regarding the ground and heat carrier fluid properties, typical parameters are 
found in the literature (Granryd et al., 2013; Monzó, 2018) and EED library. 
The key inputs for EED are listed in Table 12. The temperature constraints are 
+20°C and -5°C, flow per borehole is 0.5 l/s per borehole, based on (Karampour 
et al., 2019). 
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Table 12. Key ground property inputs for EED. 
Parameter Value 
Thermal conductivity 3.1 W/(mK) 
Volumetric heat capacity 2.1 MJ/(m3K) 
Ground surface temperature 6.6 °C 
Geothermal heat flux 0.05 W/m2 
Heat carrier fluid Ethanol 24% (freezing temp -14.6°C) 

Once the borehole configuration is found, iterations between Python model and 
EED are repeated in order to achieve accurate refrigeration-borehole 
interaction. In other words, the temperature profile that is used in Python code 
in the last run must be as close as possible to the temperature profile 
subsequently obtained in the last EED run. The average between 3rd and 4th 
iteration is used and the difference between both models was +/- 0.4 K, which 
has a negligible effect on results. Furthermore, the difference was mainly during 
warm part of the season, which has lesser impact on results as will be seen later. 

 
Figure 51. Borehole return temperature obtained from EED after each iteration 

for a 2-day period. 

The CO2 system utilizes geothermal field for both heat injection and extraction, 
ideally it should be balanced so that in a long-term ground does not become 
warmer or cooler. The balance eventually depends on the scenario and thermal 
energy monthly results are shown in Figure 52. For both scenarios there is more 
heat dumped to the ground than extracted, for high activity this imbalance is 
9.8 MWh annually and for low activity 11.4 MWh. 
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Figure 52. Monthly thermal energy to or from the ground for scenarios – high 

activity 12-month season (HA 12-m) and low activity 8-month season (LA 8-m). 

5.5 Control strategy 
Normally CO2 systems are controllable by discharge pressure and CO2 
temperature after the gas cooler. According to this study, the key issue why a 
general control strategy cannot be suggested is that HRR varies at ambient 
temperatures, as seen in Figure 53. To see what is pressure and CO2 outlet 
temperature control depending on HRR for system with and without 
geothermal, appendix 4 can be studied. 

 
Figure 53. HRR variation for high activity 12-month season scenario. 
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In theory, the controls of the particular system would be to extract heat from 
the borehole as long as 130% HRR is exceeded. Subcooling is more complex, as 
it depends on HRR and ambient temperature. But complexity is added further 
in practice, because of several factors affecting the optimum conditions: 

• Forward – return heating system temperatures are dynamic. 
• Heating demand ratio (HDR) is dynamic (see paragraph 4.2). 
• Conditions on the low-pressure side. 

This means a general control strategy cannot be provided with findings in this 
particular study. An important matter for future studies is to define a practically 
viable control strategy. 

5.6 Energy performance results 

5.6.1 Detailed performance evaluation 
High activity 12-month season is a scenario that has a lot more dynamic 
demand profiles which is why this scenario is used for detailed result 
elaboration. 

Heat recovery ratio for the system at the top can reach 200% when it is cold 
outside and coincides with no resurfacing. However even if it seems very 
exaggerated compared to previous research, it must be taken into account that 
this is an extreme scenario with more adjacent heated areas and also 
importantly the rink space temperature is maintained at +8°C which is not 
assumed in other investigations. Additionally, to clarify - HRR above 170% in 
this scenario is only 1.8% of the time, while for low activity scenario HRR never 
exceeds 160%. 

To see the difference in global COP Figure 54 can be examined. HRR that is 
used here represents the demand ratio, but for the system with geothermal 
system HRR is up to 130%, because of the extra cooling demand imposed to the 
evaporator. Indeed, it can clearly be seen that geothermal function adds most 
of the value at high HRR’s, where compressor, geothermal pump, gas cooler 
fans require additional energy, but no further pressure lift is needed by the 
compressor, instead refrigerant mass flow is increased. 
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Figure 54. Global COP depending on the HRR comparing between systems with 

and without geothermal for high activity 12-month season scenario. 

It is interesting to see the hourly electric power depending on the temperature 
outdoors, which is illustrated in Figure 55. There are several levels of energy 
use, which is dependent on whether there is resurfacing and also if hot water or 
melting pit is used, etc. Nonetheless, from here it is still difficult to understand 
what is the energy saving potential, because eventually running time at 
conditions when savings can be achieved is important. 
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Figure 55. Hourly total electric power comparing between systems with and 

without geothermal for high activity 12-month season scenario. 

To show more clearly when savings happen, monthly electricity and 
supplementary heat savings at certain HRR range are visualized in Figure 56. 
Savings are calculated as a difference between system without and with 
geothermal function.  

Even though timewise geothermal function is used more during the summer 
and also more thermal energy is injected than extracted annually, still most of 
the savings happen during the coldest months because there is a more 
significant saving effect at HRR’s above 130%.  
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Figure 56. Monthly electricity and supplementary heat savings for high activity 

12-month season scenario. 

5.6.2 Total energy results for the scenarios 
Geothermal function has certainly a positive effect on energy use. Further 
important is to see is what is the total effect on an annual basis. Due to the 
extremely long simulation time in the Python model (between 6 to 16 hours for 
one iteration) and considering the many iterations needed, only two extreme 
scenarios are analysed - low activity 8-month season and high activity 12-month 
season. Conceptually thinking the other two scenarios will have the 
performance in between those two extremes. Although it is particularly 
interesting to analyse high activity 8-month season because the thermal 
balance of the ground could be very different due to high extraction rate in 
winter and skipping the two summer months when a lot of heat would be 
injected. 

The annual energy results for the two extreme scenarios are shown in Table 13. 
As it suggests in this investigation a CO2 system with two stage heat recovery 
and geothermal function in configuration shown in paragraph 4.1.2 can save 
between 1.7 to 6.8% of energy depending on season length and level of activity 
when compared to system without geothermal function. 

Table 13. Annual energy use results for the analysed scenarios. 

  High activity 12-
months 

Low activity 8-
months 

 No geo With geo No geo With geo 
Compressor el use [MWh] 405.4 375.3 212.4 208.4 
Gas cooler el use [MWh] 8.5 7.8 5.7 5.4 
Geo pump el use [MWh] - 2.6 0.0 0.6 
Heating self-sufficiency [%] 99.96% 100% 100% 100% 
Total electricity [MWh] 414.0 385.7 218.0 214.4 

Electricity savings [%]   6.8%    1.7% 
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5.7 Economic evaluation 
Finally, economic calculations are performed to show the feasibility of 
geothermal storage integration. Several commonly used economic indicators 
are used, i.e., discounted payback period, net present value and internal rate of 
return. 

The cost component that is considered in this analysis is the borehole drilling 
price of 250 SEK/m, which has a high uncertainty but nevertheless on the 
conservative side. The lifetime of investment is 20 years, which is a reasonable 
timeline commonly used in other investigations. The results are summarized in 
Table 14 and more detailed assumptions can be studied in appendix 5. 

Table 14. Economic evaluation results for the analysed scenarios. 

  High activity 
12-months 

Low activity 
8-months 

El use without geothermal function [MWh] 414.0 212.4 
El use with geothermal function [MWh] 385.7 208.4 
Borehole depth [m] 161 157 
Number of boreholes [-] 9 7 
Price per m [SEK/m] 250 250 
Investment [SEK] 362 250 274 750 
Discount rate [%] 3 3 
Discounted payback period [years] 16.4 - 
NPV [SEK] 57 911 -215 240 
IRR [%] 4.7 - 

The results suggest that in the best case geothermal function would pay off in 
16.4 years but for low activity ice rink there is even no payback within lifetime 
of the system. 



70 

 

6 CONCLUSIONS 

According to several studies, CO2 is a cost-effective refrigerant choice in ice 
rinks, especially in the Nordic countries. Two key reasons are: 

• The investment cost reduction due to technology advance and increased 
competition.  

• Heat recovery potential that makes these systems dual purpose. 

A comprehensive and flexible hourly heating demand tool is developed and 
used in this study. It is partly based on performance of field installation but as 
well several important assumptions are made. Heating capacity for each 
function is estimated and then assigned to a temperature level (70/40°C or 
40/20°C). For 8-month season total heating energy is between 766 to 842 
MWh, for a 12-month season between 1169 and 1284 MWh, depending on 
activity level. 

A building simulation tool IDA ICE with “Ice rink and swimming pool” 
extension was used initially to model space heating demand, but in this study it 
was found to be very inaccurate for the rink space simulation, when verification 
with field data was attempted. Analysis suggests that the key reason is 
overestimation of radiation with ice surface. In general building simulation is 
the most advanced tool, but it must be used with special care for an application 
like ice rink. 

CO2 refrigeration with heat recovery system model in “Python” programming 
language was developed. Uniqueness of the tool is that it finds the optimum 
CO2 pressure and outlet temperature at any given low pressure side condition 
as well as any heating demand capacity and forward/return temperature.  

Performed parametric study with the developed tool indicates that there is a 
notable impact on efficiency due to variations in HRR, HDR and 
forward/return temperatures. This increases the complexity of CO2 system 
control in reality. 

Field data study showed that in practice a CO2 system can be controlled more 
efficiently. The “Python” model was used to for the exact demand and ambient 
conditions to those in the real system, but with theoretically optimized controls. 
For the analysed period between mid-November and April, the saving potential 
is 11.8%, by optimizing the controls.  

Techno-economic evaluation of a geothermal function is performed for a CO2 
system with 2-stage heat recovery in a normal size ice rink in Sweden. Two 
different scenarios are evaluated – high activity 12-month season and low-
activity 8-month season, representing the extreme cases. The energy savings 
are 6.8% and 1.7% on an annual basis for high activity and low activity scenarios 
respectively. Economic evaluation suggests in the best case discounted payback 
period is 16.4 years. 

Geothermal function in CO2 ice rink systems in the Nordic climate mainly 
benefit when there is a high HRR (above 130%), operating in the heat pump 
mode. Subcooling benefits may be more significant in warmer climates – high 
ambient temperatures for long periods are needed to reach more savings with 
geothermal subcooler. In this study for high activity 12-month season the saving 
share for heat pump mode is 71% and subcooling mode 29%.  
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7 SUGGESTIONS FOR FUTURE WORK 

• Other climates shall be investigated, this study is limited to Stockholm 
climate. 

• Other system configurations with geothermal function should be 
studied, like a configuration with parallel compression with a separate 
geothermal evaporator. This has more potential in both heat pump and 
subcooling modes. 

• The system modelling method (on hourly basis) with direct link between 
borehole and CO2 refrigeration systems shall be developed for less time 
consuming analysis, because of no need for manual iterations and pre-
processing before each iteration. It could be done in TRNSYS software. 

• Ideally modelling should aim towards a method where everything is 
integrated into a single model – heating demands, heating system 
solution, refrigeration system with heat recovery, ambient climate, 
geothermal system. Or at last maximizing the system integration into as 
few modelling tools/methods as possible. This would allow more 
thorough, convenient and faster optimization of particular system 
components. 

• Shortcuts in optimum COP condition tracking should be found to reduce 
the computational time, so that the tool can be used more conveniently, 
more scenarios could be analysed. 

• Heat export function to nearby facilities is another interesting function 
in ice rinks, especially together with geothermal storage. Comparison 
with alternative heating sources should be made to see economic 
benefits. 

• Assumption that at HRR>130% system still tries to satisfy the demand 
is important, because in reality a better option may be adding district 
heating to post heat – limitation of this study. 

• Developed model with its control algorithm should be compared with 
algorithms that are used in real controllers, to see the difference between 
theoretically optimum and the common practice. 
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APPENDICES 

Appendix 1 – Assumptions for IDA ICE model for Gimo ice rink. 

  External wall 

  Material Thickness 
[mm] 

Thermal 
conductivity 
[W/(m*K)] 

Inner 
layer 

Wood 13 0.14 

Layer 1 Mineral wool 170 0.037 

Outer 
layer 

Wood 13 0.14 

U-value 0.2419 

  Internal wall 

Inner 
layer 

Wood 26 0.14 

Layer 1 Air gap 32 0.17 

Layer 2 Mineral wool 100 0.037 

Layer 3 Air gap 32 0.17 

Outer 
layer 

Wood 26 0.14 

U-value 0.3185 

  Internal floor 

  Material Thickness 
[mm] 

Thermal 
conductivity 
[W/(m*K)] 

Inner 
layer 

Floor 
coating 

5 0.18 

Layer 1 L/W 
concrete 

20 0.15 

Outer 
layer 

Concrete 150 1.7 

U-value 2.385 

  Roof 

  Material Thickness 
[mm] 

Thermal 
conductivity 
[W/(m*K)] 

Inner 
layer 

Aluminium 2 218 
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Layer 1 Mineral wool 170 0.037 

Outer 
layer 

Aluminium 2 218 

U-value 0.2533 

  Slab towards ground 

  Material Thickness 
[mm] 

Thermal 
conductivity 
[W/(m*K)] 

Inner 
layer 

Floor 
coating 

5 0.18 

Layer 1 Concrete 120 1.7 

Outer 
layer 

Ground 
insulation 

120 0.036 

U-value 0.2776 
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Appendix 2. Wasahallen gas cooler control. 
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Appendix 3. Gimo cooling capacity trendlines for data sets with and without 
resurfacing. 
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Appendix 4. Pressure and CO2 outlet temperature for optimum operation in the 
model. 
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Appendix 5. Parameters used in economic evaluation. 

  High activity 
12-months 

El use without geothermal function [MWh] 414.0 
Heat self-sufficiency baseline [%] 99.96% 
Supplementary heat baseline [MWh] 0.47 
El use with geothermal function [MWh] 385.7 
Heat self-sufficiency with geothermal storage [%] 100% 
Supplementary heat with geo function [MWh] - 
Borehole depth [m] 161 
Number of boreholes [-] 9 
Price per m [SEK/m] 250 
Investment [SEK] 362 250 
Supplementary heat price [SEK/MWh] 800 
Electricity price [SEK/MWh] 1000 
El. Price growth [%] 0 
O&M [SEK/year] 0 
Salvage [SEK] 0 
Investment lifetime [years] 20 
Discount rate [%] 3 
Discounted payback period [years] 16.4 
NPV [SEK] 57 911 
IRR [%] 4.7 
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