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Background and objective

The project, “Snow for the Future”, is in cooperation with FIS, NSF, Trondheim community and with
NTNU and SINTEF as operation partners. One of the tasks is to investigate indoor snow production
and improvement of the current systems. The reference system will be the “SN@” facilities close to
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The project work will investigated the system to make a snow producing towers, placed in strategic
point, and let the temperature in the hall be raised to a temperature below the freezing point and
only have low temperature for snow production in the towers. This will reduce the energy
consumption of the hall. Total energy analysis, refrigeration system and defrosting of evaporators
will investigated.

The following tasks are to be considered:

1. Literature review of indoor snow production

2. Make model for calculation of the energy consumption of the hall at different indoor
temperatures

3. Investigation of the snow production system, operation, and energy consumption of the
systems

4. Compare the system with production in hall and with the snow producing towers

Investigate the alternative defrosting systems for the evaporators.

6. Make proposal for further work
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Abstract

The objective of this thesis is to improve the energy efficiency of indoor ski facilities. The
reference indoor ski hall is "SN@", which is located near Oslo. In order to achieve good snow
quality, the temperature in the ski hall must be lowered for the snow production. To reduce the
energy consumption, a snow production system was designed and evaluated in which snow is
produced in external snow production towers. The basic idea of the external snow production
towers is to keep the temperature of the hall constant without the need for cooling down the
complete hall for the snow production. The evaluation of the energy efficiency showed that
44 928 kWh of electricity can be saved per year if the external snow production towers are used
compared to the snow production in the hall. These 44 928 kWh correspond to about 0.7 % of

the total energy consumption of the indoor ski hall.
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1 Introduction

1.1 Background

The first indoor ski facility was built in Adelaid, Australia in 1982. Since then, indoor ski
facilities got more and more popular. In 2019, there were about 50 year-round indoor ski

facilities worldwide. (Skoblickaya and Sherement 2019)

This thesis is part of the project “snow for the future” which objective is to develop climate-
friendly and cost-effective technologies for artificial snow production. To achieve a good snow
quality the temperature of the indoor ski hall needs to be lowered during the time of snow
production. Cooling the indoor ski hall down for snow production accounts for a not
insignificant share of the energy consumption. If the snow is produced outside the main ski hall,

there is no need to cool the entire hall.

1.2 Objectives

The objective of this thesis is to investigate indoor snow production systems and to develop a
new system in which the snow is generated outside the ski hall. The reference system is "SN@"
which is located near Oslo. For this reference system, external production towers should be
designed and the energy efficiency should be evaluated. Then, the new system should be
compared with the current system, especially in terms of the energy efficiency. Alternative
defrosting systems for the evaporators should also be investigated.

1.3 Outline of thesis

After the introduction, a literature study about artificial snow production will follow. The
second part of the literature study is about indoor ski facilities in particular. Chapter 3 presents
the new snow production system and the comparison with the current system regarding the
energy consumption. In chapter 5 an overview of defrosting systems for the evaporators is

given, followed by the conclusion and suggestions for further work.



2 Indoor snow production

2.1 Production of artificial snow

The formation of natural snow starts with the growth of an ice crystal around a cloud
condensation nuclei. The ice crystal grows by the further deposition of water vapor. The ice

crystals can aggregate and form a bigger snow flake. (Singh and Singh 2011)

The formation of artificial snow is different to those of natural snow. Artificial snowmaking
can be divided into temperature-independent and temperature-dependent processes.
Temperature-dependent processes, e.g. flake ice makers, tube ice makers, plate ice makers or
ice slurry machines produce small ice grains. But for this thesis the process of interest is the

temperature-dependent process, which will be described in more detail in the following part.

A temperature dependent way to produce artificial snow is to atomize water, which then freezes
at low temperatures. The following describes the process, how artificial snow is formed.
Compressed water, which is just above the freezing point is ejected through a nozzle. When the
water is premixed with air, the nozzle is called nucleator. When only water is ejected, it is called
atomizer. (A. Koptyug, J. Astrom, L. Ananiev 2006) Due to the expansion, the temperature of
the air drops. Convective heat transfer lowers the temperature of the droplet. Further cooling
effect is due to evaporation from the drop surface. It cools the drop down to the wet-bulb
temperature of the air (Olefs et al. 2009). Assuming a drop size of 600 um and a terminal falling
velocity of 2.5 m/s, the heat transfer due to the evaporation is predominant with temperatures
above -7 °C. At lower temperatures the convective heat transfer predominates. (Chen and
Kevorkian 1971)

These cooling effects lead to the subcooling of the droplet, which is the first stage of the freezing
process, see Figure 1: Freezing stages of a droplet. (Akhtar et al. 2020) In this area the
atomization of the water droplets takes place. This reduces the drop size to about 200 um to
300 um. The smaller the drop is the better the heat transfer rate is, because the area-unit mass
ratio is higher. After the atomization, i.e. in the range of 50 cm to 100 cm after the ejection,
nucleation is the dominant process, see Figure 2. Thereby the water droplets freeze to ice
particles with a size of about 50 nm. (Singh and Singh 2011) When the drop is subcooled,
impurities can initiate the heterogenous nucleation. Without the impurities or an external

contact water can stay liquid down to - 40 °C (Liao and C. 1989). The freezing process



continues with dendritic growth, increasing in temperature until equilibrium solidification.
When the water is completely frozen the temperature of the drop is decreasing again, see Figure
1. (Akhtar et al. 2020).
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Figure 1: Freezing stages of a droplet. (Akhtar et al. 2020)

The resulting ice crystal growths by the condensation of water vapor on its surface. This
process, which is prevalent in the range of 200 cm to 500 cm after the ejection, is called seeding.
Further growth is due to evaporation of water that adheres to the ice crystal and the cooling that
accompanies it. The evaporation is followed by convection, which occur about 1 m to 80 m

from the snow gun. (Singh and Singh 2011)
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Figure 2: Production of artificial snow with a snow canon. (Singh and Singh 2011)

A lot of research has been done on the complex process of freezing of a falling droplet in recent
years. A good overview of the research on this topic is given in (Xin Zhao, Bo Dong, Weizhong

Li 2018). Theoretical, experimental and numerical approaches are briefly described. The newest



study found (EI Achkar 2019) is using a numerical model to investigate the effects of the air

temperature, relative humidity and velocity, the initial droplet diameter and initial temperature.
2.1.1 Key conditions

As mentioned earlier, the presence of impurities, droplet size, and droplet velocity, which affect
heat transfer, are parameters that influence the freezing process. The key parameter is the wet-
bulb temperature. It combines the dry-bulb temperature (air temperature measured with a
thermometer) and the relative humidity. The cooling effect due to the evaporation from the
droplet surface cools the droplet down to the wet-bulb temperature of the air. At a lower air
humidity, more water evaporates from the surface, resulting in a stronger cooling effect. (Olefs
et al. 2009) The chart in Figure 3 shows the wet-bulb temperature required for good snow
quality depending on the dry-bulb temperature and the relative humidity. Producing snow in a
smaller space causes the humidity to rise higher, which requires a lower air temperature to
maintain the same wet-bulb temperature. This is an issue that must be addressed in the design

of the external snow producing towers.
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Figure 3: Snow quality chart depending on the wet bulb temperature. (Tradal 2017)

2.1.2 Characteristics of artificial show

The different formation process of artificial snow leads to different characteristics compared to
natural snow. Artificial snow, for example, does not have the typical dendritic shape, but a

spherical one, as shown in Figure 4.



Figure 4: Crystal shape of artificial snow. (Singh and Singh 2011)

Not only the shape is different, but also other properties such as grain size, density and
conductivity differ. The density is about 4 times higher compared to natural snow, see Table 1.
(Singh and Singh 2011)

Table 1: Characteristics of artificial snow compared to natural snow (Singh and Singh 2011)

Artificial snow Natural snow
Grain size 0.05to 2 mm 0.2 to several mm
Shape Small round particles, spherical, may Dendritic
contain air pocket
Density 300 to 500 kg/m?3 4 times lower
Conductivity > 85 uS/cm 10 times lower

2.2 Temperature dependent snowmaking machines

Fan guns and lances are the most common technologies to produce artificial snow.
Fan gun

A fan gun consists of a jet fan for the air supply and nozzles, which eject pressurized water into
the jet. The main components are an air compressor, a fan with its driving motor, nozzle rings,
nucleator ring and electrical resistance to prevent ice formation inside the nozzle system. The
water mass flow and thus the production capacity can be regulated. An example of a snow gun
is illustrated in Figure 5. The nozzle system, which is fitted at the outlet of the fan is shown in
Figure 6. (Cardillo et al. 2015)



Figure 5: D800+ snow gun. (Cardillo et al. 2015) Figure 6: Atomizers and nucleators fitted
at the outlet of the fan. (Cardillo et al.
2015)

Techno Alpin developed a fan gun especially for indoor conditions. According to the
manufacturer is has the following advantages. The system can operate with temperatures up to
—2 °C and is independent of the humidity. Unlike conventional fan guns, it has an integrated
heat exchanger, which allows the system to cool the air mass flow itself. It also has a lower
influence on the temperature and the air humidity of the hall. (Techno Alpin 2021)

Lances

Lances use high-pressure water and high-pressure air. Due to the expansion the water cools
down. To ensure that the droplet has enough time to freeze till it falls on the ground, the lances
are up to 10 m high. (Arnold Ofner 2006) An advantage of the snow lances are the lower energy
consumption and a lower noise level when they are compared with fan guns. A disadvantage is

the lower production rate. (Vagle 2016)

Figure 7: Snow lance. (Eurrer 2021)

10



2.3 Literature review on indoor ski facilities

Although the number of indoor ski halls is steadily increasing and artificial snow is also being
used more and more frequently, scientific literature is still limited. Google Scholar and Oria,
the NTNU Library's literature search tool, were used for the literature search. The work of
(Fanasiutkia 2015) and (Fredheim 2019) are mainly concerned with the energy consumption
and how to optimize it. (Sipila and R&méa 2009) also evaluated the energy consumption of a ski
tunnel. It is the only work found in which the cooling system is described more detailed. In the
thesis of (Frojd 2014) different ways to produce the snow are analyzed, with regard to the

energy efficiency.

The organization of air exchange of ski tunnel - Lappeenranta

In this bachelor thesis of the Saimaa University of Applied Sciences, Lappeenranta, an air
exchange system for the ski tunnel in Khanty-Mansiysk, Russia was analyzed. A detailed
thermal calculation and a calculation of the air parameters were performed. This analysis
showed that the thermal properties of the walls should be improved to reduce the energy
consumption. In addition, the air flow in the tunnel was analyzed with a numerical simulation,

to design an air exchange system. (Fanasiutkia 2015)

Energy systems for an artificial cross-country skiing tunnel — Chalmers university — Gothenburg

(Fredheim 2019) investigated the energy systems of various cross-country ski tunnels in her
master's thesis, focusing on snow quality. Therefore, three different ski tunnels were described
and analyzed. The evaluation showed that air leakages contributed to a large extent to the energy
losses. The three described ski tunnels are located in Torsby, Gallo and Gothenburg, Sweden.
Additional information about these are given in Table 2. (Fredheim 2019)

Integrated heating and cooling technology for sport facilities— VTT research center Finland

The main topic of this publication from the Technical Research Centre of Finland (VTT) is the
integrated heating and cooling of sports facilities. The study subject is the Vatherus skiing ring
in Uusikaupunki, Finland, see Table 2. The surplus heat is used in to heat the adjacent sport
facilities. The design cooling capacity is 400 kW, 350 kW for the air cooling and 50 kW for the
ground cooling. To evaluate the energy consumption a Simulation tool was used, which
modeled the production and the consumption of the heating and cooling. In addition to this the
use of CO2 as a heat transfer medium was studied. A CO2-piping was designed based on

11



measured data of the skiing ring. The evaluation of the CO.-piping concludes that CO> is well

suited in this application. (Sipild and R&mé& 2009)

Energy efficient production and storage of snow for snow tunnel — Luled

In the thesis of (Frojd 2014) different ways to produce snow for a ski tunnel and the storage of
it were analyzed. The study subject is the ski tunnel at Lindbécksstadion close to Pited, Sweden.
The four ways are: storing natural snow, produce artificial snow outside, produce the snow
inside the ski tunnel or use an external production site. These methods have been compared
regarding energy consumption, the cost and the operation-related environmental impact. A hall
with dimensions of 60 x 35 m and a height of 8 m was considered as an external production
site. The snow should be produced with a snow canon in this external hall. The calculation of
the energy consumption showed a 21 % lower energy consumption for the production in this

external hall compared to the production in the ski tunnel. (Fréjd 2014)
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Examples indoor ski facilities

Table 2 shows the results of the literature review on indoor ski facilities for which basic data
are available. All the indoor ski facilities are for cross-country skiing. No indoor ski facility
with an alpine slope were found for which there were data on energy consumption or snow
production. The snow for the ski halls in Torsby and G&ll6 is produced with snow cannons
outside the halls during the winter. For the indoor ski hall in Gothenburg the snow is produced

in a external snow tower, see Figure 8. (Fredheim 2019).

Figure 8: Snow production tower Skidome Prioritet Serene Arena. (Fredheim 2019)

In (Frojd 2014) the energy consumption per square meter and year is given for the indoor ski
tunnels in Uusikaupunki, Voukatti and Leppéavirta. The energy consumption is between
44 KWh/(m? year) to 73 kWh/(m? year). "SN@" has an area of 32 000 m? and an energy
consumption of 6 000 000 kwh per year (Klingenberg 2021). On this basis, on the energy

consumption of 13 kWh/(m2 year) is significantly lower compared to the other halls.
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Table 2:

Examples of indoor snow centers

Location / year Description Temperature Additional information References
Torby Track: 1.3 km -3t00°C Artificial snow produced outside and (Fredheim 2019)
skidtunnel Tunnel out of exchanged once a year.
Torsby, Sweden | concrete, covered 8 stand-alone ventilation systems with heat
2006 by soil for exchangers
insulation
L OH Y MidSweden365 Track: 1.4 km -4°C Snow produced outside (MidSweden365
F . . 2021; Fredheim
fﬁ . z! Gallo, Sweden Most of the parts of the tunnel are in a 2019)
: = | 2017 mountain
CO2 sensors monitor air quality so that air
is exchanged only when necessary
Snow volume 4 000m3
Floor insulation: coils for cooling in a
frozen water-sand bed
Skidome Track: 1.2 km -3to -4 Snow production outside the building. (Fredheim 2019;
Prioritet Serene Snow is changed once a year. Website Skidome
Arena Goteborg 2021;
Gothenburg, Afry 2021)
Sweden
2015
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Vahterusring Track: 1 km -1.7°C (air Energy consumption: 73 KWh/ (year m?), (Frojd 2014, Sipila
Finland Area 5 000 m2 temperature) using CO2 as a refrigerant. and Rama 2009)
(Uusikaupunki)
2005
Vuokatti Ski Area: 9 600 m2 -5t0-9 Energy consumption: 63 kWh/(year m2) (Frojd 2014,
Tunnel Website Vuokatti
Finland 2021)
(Voukatti)
1998
Vesileppis Area: 8 000 m? -1to-5°C Energy consumption: 44 kWh/(year m2) (Frojd 2014,
Skiing Arena Volume: 55 000 m3 Humidity VW?IbS't?
Finland 75% esileppis)
(Leppavirta)
2004
LOTTO Area: 1 100 m? -3to -4 (air (Website Skihall
Thiringen temperature) Oberhof 2021;
S::Eol_ré— 510 -7 (snow V\C{ett)sne TTurlrtmger
temperature) in erszp:)c;rlzen rum
b A Humidity 80 )
(Oberhaf) to 100 %
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3 Design of the production towers

The reference indoor ski hall “SN@” was completed in early 2020. It is located in Larenskog,
about 15 km northeast from the center of Oslo. “SN@” has a 500 m alpine slope and a 1.5 km
cross-country track. Next to the ski hall restaurants, shops and hotels are located that use the
surplus heat from the refrigeration system. During snow production, the temperature in the hall
is lowered from -5 °C to -7/-10 °C. Snow production takes place once a week from Sunday

6 pm to Monday 3 pm.

To reduce the energy consumption, the objective of this work is to investigate a new snow
production system in which snow is produced in external towers. The basic idea of the external
snow production towers is to keep the temperature of the hall constant without the need for a
colder temperature for snow production. The new system is designed with four external towers,
each with one lance (mass flow water 0.5 I/s). Figure 9 shows a sketch of "SN@" with the
external snow towers in red. The snow production towers are designed with a height of 10 m

and a diameter of 5 m.

27 m

21m
90 m
10m
wg/

496 m

Figure 9: Sketch of the hall with the external snow production towers (red)

The production hall must be designed so that the drop freezes until it hits the ground. In chapter
3.1 the freezing time of the droplets will be calculated. From the calculation follows a freezing
time of 20 s, with a typical droplet size of 400 um and an air temperature of -10°C. In (Chen
and Kevorkian 1971) the velocity of a droplet with a diameter of 700 um was given with 3 m/s.
From a freezing time of 20 s and an approximate speed of 3 m/s of the droplet, the tower would

have to be 60 m high. In order to achieve a lower tower height, there must be an air
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countercurrent which reduces the fall velocity of the droplets. A sketch of a production towe is

shown in Figure 10.

water/air
A

Figure 10: Sketch of production tower with air flow
3.1 Calculation of the droplet freezing time

To determine the dimensions of the external snow production site, the freezing time of a droplet
must first be evaluated. To calculate the droplet freezing time the Excel tool of (Tolstorebrov
2021) was used. The calculation is based on the method of (Pham 1995). In (Akhtar et al. 2020),
the heat transfer coefficients for three cases were evaluated for the different freezing stages.
The heat transfer coefficient of the case with the highest free-stream velocity (0.54 m/s) was
selected for the following freezing time calculation. The heat transfer coefficient incorporated
the forced convection, evaporation, sublimation, radiation, and the heat losses due to the
thermocouple, which was used for the measurements. The heat transfer coefficient was
calculated as the mean value from the values of the different freezing stages (liquid
supercooling, equilibrium freezing, solid subcooling). This results in a heat transfer coefficient
of 156 W/(m? K). The thermophysical properties of water and ice are also taken from (Akhtar
et al. 2020), see Table 7. The used parameter for the calculation are given by Table 3.

It should be noted here that the choice of this HTC is subject to greater uncertainties. Because
the actual velocity of the droplet is higher than 0.54 m/s. In (Chen and Kevorkian 1971) the
velocity of a droplet with a diameter of 700 um was given with 3 m/s. The higher velocity also

results in a higher HTC. Also, the formation of the average is not particularly precise but an
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approximation. This approximation was made because no information about the times of the

different freezing stages could be found.

Table 3: Parameter freezing time calculation

Initial water temperature 3°C
Heat transfer coefficient 156 W/m2K
Final droplet center temperature -14 °C
Droplet diameter 100/400/700 pum
Droplet shape Sphere

The results of the freezing time calculation are shown in Figure 11. According to the calculation,
the freezing time for a droplet with a diameter of 400 um is 20 s, when the air temperature is
—10°C.
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Figure 11: Freezing time as a function of the air temperature

In (Liao and C. 1989), the function for a typical droplet size distribution was plotted for the
mean diameter between 200 and 400 L, see Figure 12. It is difficult to predict the droplet size
distribution. It depends on the nozzle geometry, the water and air pressure, the viscosity, and
the surface tension. Further investigation is necessary to get the droplet size distribution on the
specific application. In the product brochures of the manufacturers TechnoAlpin, Béchler Top
Track AG or DemacLenko, no information on particle diameters was given (Techno Alpin
2021b; Béchler 2021; DemacLenko 2021).
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Figure 12: Typical droplet size distribution. (Liao and C. 1989)

Below are some literature results for the freezing time. According to (Chen and Kevorkian
1971), the freezing time is less than 15 s for droplets with a size between 200 and 700 um under
typical snow-making conditions. The terminal velocity of a falling droplet with a size of 100 um
is about 0.3 m/s, with a size of 700 um it is about 3 m/s (Chen and Kevorkian 1971). From this
follows a required height of 4.5 m or 45 m. In (Olefs et al. 2009) the traveling time of an
artificially produced snow through the air is given with 10 to 15 s. If these results are compared
with the calculated freezing time, it can be assumed that the actual freezing time may be shorter

than calculated.

3.2 Humidity in the production towers

In order to develop a defrosting strategy, it is important to know how fast the humidity rises in
the production tower. In the following the first step to estimate the humidity was made. To
calculate the moisture gain during the snow production, the evaporation on the surface of a
single droplet was calculated and then the moisture gain for all the droplets can be derived from
it. The mass loss depends on the mass transfer coefficient, the drop surface and the partial

pressures on the surface and in the ambient air, see equation (1). (Mdller et al. 2015)
m=—ky A (psurf — Pair) 1)

The material properties needed for the calculation are given in Table 4. The thermal properties
for the air are given for a temperature of - 10 °C. The droplet is considered a liquid, so the
density is for water at 0°C and the diffusion coefficient is from water to air.
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Table 4: Thermal properties

Property Value Reference
Dynamic viscosity air Ny 16.714 - 107 m2/s (Kleiber and Joh 2021)
(-10 °C)
Kinematic viscosity air Vgir 126.2 -107 m2s (Kleiber and Joh 2021)
(-10°C)
Density air (-10°C) P uir 13245 kg/m3 (Kleiber and Joh 2021)
Density drop (0°C) Parop 999 kg/m3 (Kleiber and Joh 2021)
Saturated vapor Dsat 260 Pa (Zurcher and Frank 2018)
pressure (-10°C)
Diffusion coefficient Doec 23.0-10° ms (Christen 2010)

water to air 0°C

The diffusion coefficient from water to air is temperature dependent. The conversion to a
temperature of -10 °C is done with equation (2). (Christen 2010)

1.18
Po°c T_10°c (2)
D_100¢ = Dapec ) ( >

P-10°c Toec

To calculate the mass transfer coefficient, the Sherwood number must first be determined. For
a spheric particle the Sherwood number is calculated by equation (3). This equation is valid for
a Reynolds number between 0.1 and 10* and a Schmidt number between 0.6 and 10*. (Christen

2010)
Shigminar = 0.664 Re'/2Sc/3 (3)

The Reynolds number and the Schmidt number are calculated by formula (4) and (5) (Christen
2010).

Vair (4)
Sc = ——
D—10°C
Re = Pair * Vdrop * d (5)
Nair

To get the mass transfer coefficient equation (4) is substituted in equation (6). After that, it is
solved for the mass transfer coefficient. The mass transfer coefficient is given as a function of

the diameter in equation (10).
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k,d (6)

Sh =
DHZO/air
D ] 7
ky = —22H - 0.664 Rel/25c/? (7)
1/3
k, = D_10 - 0.664 (pair "Varop d)l/z ( Vair ) / (8)
d Nair DHZO/air
) 1/3
k, = d—95 - D_q, - 0.664 (pair vdrop)1/2< Vair > ©)
Nair DHZO/air
ko= d%%-C (10)
1/3
C = D_10 . 0-664‘ (pair ) vdrop>1/2 < Vair > (11)
Nair DHZO/air

The mass of the drop as a function of the diameter is given in equation (12). Then it is derived
after the time, see equation (13).

ad-n (12)
Marop (d) = T " Pdrop
dmgrop B d?-m dd (13)
dc 2 Paror g

Now equation (13) can be substituted in equation (1).

& dd i (14)
T " Parop E = —ky - (psurf — Pair) " AT
1 dd _ 15
E " Pdrop E = —d%-C- (psurf — Pair) (15)
2C 16
d*dd = — ' (psurf - pair) dt |f ( )
pdrop
2 2C 17
—d¥? = — ) (psurf - pair) "ttt (17
3 pdrop
2
3C 3 (18)
a(t) = — (psurf - pair) "t e
pdrop

21



For c2 the initial diameter of the drop is used. A saturated state is assumed for the surface of the
drop. To be able to use the saturated vapor pressure, equation (19) was used for the surface
density. (Muller et al. 2015)

Psurf = Psat = % (19)
The vapor pressure on the surface is the saturated vapor pressure over ice at the temperature of
the room. For — 10 °C it has a value of 260 Pa (Zlrcher and Frank 2018). The vapor pressure
of the ambient air can be calculated from the relative humidity, see equation (20) and then be

used to calculate the density.

Pair = @ " Psat (20)
_ Dair’ M0 (21)
palT‘ - T . R

Now the constant C from equation (11) and the densities (19) and (21) can be substituted in
equation (18). Equation (22) follows from this. It can be used for further calculation of the

moisture gain in the production towers.

5 (22)
\

-t) +c,

/ Pair " Varop /2 ( vV, )1/3

3D i+ 0.664

a(t) = — H20/atr ( Nair ) Du20/air <Psac "My _ Pair * MHZO)
k Parop Tsurs * R Toir "R
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4 Energy analysis

In the following, the amount of energy that can be saved by keeping the temperature in the hall
constant is calculated. The energy savings are the energy that must be expended to cool the hall
to the lower temperature and in the additional transmission heat losses. Equation (23) gives the

energy to cool the air in the hall down to the lower temperature.
Qcoot = Mair(Nihightemp — Rijtow,remp) (23)
The enthalpy for the air can be calculated with equation (24). (Doering et al. 2016)
hisx = Cpa-t+x(Ahy +Cpy - 1) (24)

Equation (25) gives the mean specific heat capacity for air and for vapor. The specific heat

capacities used for this equation can be found in Table 8 in the appendix.

t2 t1
w2 Sl (B =) = e (1 — t) (25)
&l o=
Pleo th—t

The mass of the humid air is calculated from the ideal gas law and the Dalton’s law of partial

pressures. (Doering et al. 2016)

My = (P — @ Pusat) * Vhau N (@ * Pusat) * Vhau (26)
RairT RyaporT
The transmission losses are calculated with the equation (27) and (28). For the outdoor
temperatures the weather data from the meteorological station of Lillestram were used
(Norwegain Meteorological Institute 2021). The temperatures refer to the year 2020. Due to
missing data from June 3 to September 7, data from 2021 was used for this period. As mentioned
before, the temperature of “SN@” is lowered from Sunday 6 pm to Monday 3 pm, thus for 21
hours. To simplify the calculation the average day temperature is used. The outdoor temperature
used in equation (28) is the average of the values of all Sundays in 2020. The U-value for the
walls is 0.22 W/m2K and for the ceiling 0.18 W/m2K (Klingenberg 2021). The area of the
ceiling is assumed to be the same as the snow surface, i.e. 32 000 m? (Klingenberg 2021). The
external walls have an area of about 2 780 m2. The southwestern wall, with an area of
approximately 1200 m2 is adjacent to the adjoining building complex. To consider the
transmission to the adjacent building complex, it is calculated separately. Since no more precise
information is available, the U-value is assumed to be 0.22 W/m2K and the temperature in the

adjacent building is assumed to be constant at 20 °C. The information on ceilings and wall areas
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was calculated from technical drawings (Klingenberg 2021). However, due to the complex

geometry, these are only approximate values.

Qtrans = Qtrans,wall,ext + Qtrans,wall,build + Qtrans,ceiling (27)
Qtrans = UAAT (28)

The additional transmission losses when the internal temperature is lowered can be calculated

using equation (29).
(29)

Qtrans,add = Qtrans,lowTemp - Qtrans,highTemp

The saved transmission energy and the energy for cooling give the total saved energy, see

equation (30).

Qqaa = Qtrans,add — Qcool (30)

The following results refer to an air volume in the hall of 470 000 m? and a humidity of 80 %.
From equation (23) follows that 439 kWh are at least needed to cool down the air in the hall by
1 K. This means that decreasing the temperature in the hall from -5 °C to -10 °C needs at least
2 199 kWh. In Figure 13 this is also shown for other temperatures. The additional transmission
losses compared to -5 °C are also given. The transmission losses are based on the calculated

average outdoor temperature of 8.3 °C in 2020.
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Figure 13: Additional energy needed compared to an indoor temperature of - 5 °C with lower
temperature. Considering additional transmission losses for an average outdoor temperature of 8.3 °C.
Ecool for starting temperature of - 5 °C.
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In Figure 14 the energy demand for the different outdoor temperatures is shown. The snow

production is not considered here.
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Figure 14: Energy demand (Qcool+Qtrans) for an indoor temperature of -10 °C

The designed refrigeration system based on CO: as a refrigerant is shown in Figure 15. The

system is designed as a central refrigeration system with medium temperature evaporators for

the hall and low temperature evaporators for the snow production towers.
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tap water

evaporators

— ]
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evaporators
production
chambers

precool
water for
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Figure 15: Refrigeration system
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Basically, it is the current refrigeration system extended by the evaporators for the snow
production towers. After the evaporators for the snow production towers a superheater is used
to precool the water for the lances. A heat recovery system is used to provide domestic hot
water and space heat. The third gas cooler (left one) preheats the tap water, which is then heated
up to 70 °C in the first gas cooler (right one). The second gas cooler provides heat at a medium
temperature for space heat. When no space heat is required, it can be released into the ambient

air.

The temperature of the tap water entering the third gas cooler is assumed to be 5 to 10 °C. Based
on this, the temperature of the refrigerant after the gas coolers is set at 15°C. The entry
temperature of CO: into the evaporators of the hall is set at - 10 °C. For the evaporators of the
snow production towers the entry temperature is set at — 20 °C. The isentropic efficiency of the

compressors is assumed to be 0.85.

For the cooling load for the hall only the transmission losses are regarded, see equation (31).
The transmission load is calculated analogously to equation (27), with the average ambient
temperature 8,2 °C and an indoor temperature of -10 °C. The infiltration load is neglected,
because no precise information is available. The hall envelope has a passive house standard,

but greater infiltration losses are to be expected via the access gate for the snow groomer.

Qnau = Qtrans,hall (31)

To calculate the cooling load (equation (32)) for the snowmaking towers, some assumptions
must be made. The snow production system consists of four towers, each with one lance. One
lance has a water mass flow of 0.5 I/s. A tower is designed with a height of 10 m and a diameter
of 5 m. The U-value for the wall and the ceiling is assumed to be 0.22 W/m2K. The transmission
load is calculated analogously to equation (28), with the average ambient temperature and a
temperature of -15 °C in the tower. The load for the snow production is composed of the load
due to the cooling and freezing of the droplets, see equation (33) to (35). The energy
consumption of the fan, which generates the air counterflow in the production tower, is

neglected here, because the required air mass flow has not been calculated in this work.

Qchambers = Qtrans,chambers T Qsnow (32)

Qsnow = Usensivie T Qiatent (33)

Qsensivbie = Mwater * Cpw * (Tsec = Toec) + Muater * Cpjice * (Tooc — T-15°¢) (34)
Quatent = Myarer * R fusion (35)
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At present, it is difficult to estimate infiltration losses because they depend strongly on the
design of the tower and their operation. For this reason, infiltration losses are neglected. The
same applies to the losses due to defrosting.

Since snow production is expected to be only once a week, there is the need to cool down the
tower. The energy needed to do this, can be calculated with equation (36). The mass of the air
is calculated with equation (26) and an assumed relative humidity of 80 %. For the calculation
of the enthalpies equation (24) is used. This energy must be applied before the snow production

can start.

Qcool,towers = Myir (hambient,temp - h—15°C) (36)

Table 5 shows the cooling demands for the case where only the hall is cooled and for the case

of snow production, where the cooling of the hall is not considered.

Table 5: Cooling demands

Qball 301 kW

Qtowers 756 kW
Qutrans, towers 3.1 kW
Qsnow 753.2 KW

Qcool,towers 3.3 kWh

For the case where only the hall is cooled, the COP for cooling is calculated with equation (37).

Equation (38) gives the COP for the heating in the winter case, when space heating is needed.

Qhall (37)
COPo1i =
cooling,hall VVcomp
Q ! (38)
COPheating,hall = %
comp

In the case where only the snow production towers are cooled, the COP for cooling can be
calculated by equation (39). When the waste heat can be used, the COP for heating is given by
equation (40).

Qchambers + quperheat (39)
COPcooling,tower = W
comp
_ anscooler (40)

COPheating,tower - W
comp
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The resulting values for the refrigeration system are given in Table 6. The refrigeration process
is also shown in the pressure-enthalpy diagram in Figure 16. The pressure and enthalpy of each
point is given in Table 9 and Table 10 in the appendix.

Table 6: Results calculation refrigeration system

System hall System tower
hcoz 1.6 kg/s 3.8 kg/s
Weomp 90 kW 333 kW

Qgascooler 391 kW 1148 kW
Qevap 301 kW 756 kW
Qsuperheat - 59 kW
COP-ooling 3.4 2.5
COPheating 4.3 3.5

The saved cooling demand when using the external production towers compared to snow

production in the hall is calculated according to equation (41).

Qsaved = Qcool,hall + Qtrans,add - Qcoll,towwers - Qtrans,towers (41)
Qsavea = 2199 kWh + 796 kWh — 3 kWh — 74 kWh = 2 918 kWh

This 2 918 kWh are saved during 24 hours of snow production, when the snow is produced in
the external towers. This is equivalent to 864 kWh of electricity if the CO»-based refrigeration
system described earlier is used. Assuming 52 day of snow production per year, this results in
44 928 kWh of electricity per year. According to (Klingenberg 2021) the energy consumption
of the hall is about 500 000 kWh per month, thus 6 000 000 kWh per year. It follows, that the
energy savings when using external production towers is equivalent to 0.7 % of the total energy

consumption.
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5 Defrosting systems for evaporators

A good overview of research on defrosting methods is provided by (Badri et al. 2021) and
(Amer and Wang 2017). Defrosting methods can be divided in active, passive and system
methods. Active methods are electrohydraulic defrosting, oscillation, or ultrasonic vibration.
Surface modification that reduces or delay frost formation are classified as passive methods.
The most common methods are the system methods, such as process reversal, hot gas bypass,

electric heaters, desiccant dehumidifiers. (Amer and Wang 2017)

Surface modification

In (Amer and Wang 2017), the effect of surface modifications such as different structure or
coatings on the frost formation and defrosting are described. A micro-grooved surface improved
the drainage of the frost melt, which reduces the energy required for defrosting (Amer and
Wang 2017). A slippery surface also has good drainage properties, but at low temperatures this
advantage becomes negligible (Badri et al. 2021). Superhydrophobic surfaces showed a later
initialization of frosting, a shorter frost melting time and less retained water on the surface

compared to a bare surface (Amer and Wang 2017).

Electrohydraulic defrosting

For the electro-hydrodynamic defrosting method, a high voltage electric field is employed to
the airflow. The frost layer is more fragile when the electric field is applied. This results in a
shorter defrosting time, but compared to modified surfaces, the effect is not as good. In addition,
the effectiveness of this method is lower at high velocities and forced convection. (Amer and
Wang 2017)

Ultrasonic vibration

Ultrasonic vibration can cause the collapse of frost crystals. Another mechanism is that the
deposition of water vapor on the surface is suppressed because the concentration gradient
profile of the water vapor on the surface is interrupted. These are the effects why ultrasonic
vibration helps to delay the frost growth and shorten the defrosting time. The literature reviewed
in (Amer and Wang 2017) on defrosting with ultrasonic vibration showed good results, but
more research is needed, especially with regard to specific applications. (Amer and Wang 2017)
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Electric resistive heaters

The electric resistive heaters are embedded in the heat exchangers. They are mainly used for
low capacity applications because of their high energy consumption. In (Amer and Wang 2017),
the comparison between reverse cycle defrosting and electric heating showed that the energy

consumption of electric heating was 27% higher.

Reverse cycle defrosting

For reverse cycle defrosting, the direction of the refrigerant flow is changed. A four-way valve
is used for that. In (Wang et al. 2020), it is stated that reverse cycle defrosting cannot be used
for transcritical CO2 applications, because there are no suitable four-way valves for the high
pressure conditions. The hot gas defrosting is seen as a more feasible option. (Ye et al. 2021)
compared the reverse cycle and the hot gas bypass defrosting for a transcritical CO2 heat pump
water heater. To get around the four-way valve problem, two three-way valves were used for
the experimental setup. The study showed that the reverse cycle could be a promising solution,

as it has a significantly higher energy performance compared to the hot gas bypass.

Hot gas bypass

In (Hu et al. 2015), hot gas defrosting is studied for a transcritical CO2 heat pump system, it
was concluded that hot gas defrosting is more beneficial compared to other methods. The hot
gas bypass method uses the superheated refrigerant from the compressor to defrost the
evaporator. The refrigerant bypass the gas cooler and the expansion device and goes directly to

the evaporator. (Amer and Wang 2017)

In (Wang et al. 2020) the hat gas bypass defrosting for an transcritical CO2 heat pump was
investigated. In Figure 17 the schematic of the transcritical CO heat pump during the hot gas
bypass defrost is shown. In the defrosting mode the defrosting solenoid valve (DSV) is open.
Then the compressed CO:z is throttled by the expansion device and defrosts the evaporator. The
defrosting efficiency was evaluated to be between 41 % to 51 %, depending on the ambient

temperature.
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6 Conclusions and suggestions for further work

6.1 Conclusion

The literature research showed that despite an increasing number of indoor ski facilities, the
literature on this subject is still limited, especially with regard to the energy aspects. The limited
amount of literature on artificial snow and indoor ski facilities makes it clear that more research

is needed in this area.

This work showed that the energy consumption can be reduced when the snow is produced in
external production towers rather than indoors. The developed snow production system consists
of four production towers with a centralized CO- based refrigeration system. The calculation of
the freezing time for different sizes and air temperatures showed that a typical droplet with a
size of 400 um needs 20 s to freeze, when the air temperature is — 10°C. This concludes that
the production towers have to be designed with an air counterflow to achieve the required
freezing time. With the new snowmaking system, the energy consumption can be reduced by
44 928 kWh of electricity per year. This is about 0.7 % of the total energy consumption of the
reference system "SN@". A formula for the evaporation from the surface of a droplet has been
derived. This formula will help to calculate the rise of humidity in the production towers during
the snow production. It is important to know how much and fast the humidity is increasing in
order to develop a defrost strategy for the evaporators. An overview of defrosting methods was

given in the last part of this thesis.

6.2 Suggestions for further work
Based on this work, the following aspects are proposed for further work:

e based on the formula for the evaporation during the freezing process of a drop, a formula
for calculating the moisture increase should be developed

o the refrigeration system which includes the evaporators for the snow production towers
should be planned in detail

e calculation of the air mass flow which is needed to achieve the required falling time for
the snow production

e the energy balance of the production towers should be extended by the energy
consumption of the fan for the air flow and the heat gain due to defrosting

e design of the defrosting system for the evaporators and development of a defrosting

strategy
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Appendix

Table 7: Thermal properties water (Akhtar et al. 2020)

Specific heat (unfrozen) 4200 J/kgK
Thermal conductivity (unfrozen) 0.555 W/mK
Density (unfrozen) 1000 kg/m?3
Specific heat (frozen) 2100 J/kgK
Thermal conductivity (frozen) 2.22 WIimK
Density (frozen) 916 kg/m?3

Latent heat 334 000 J/kg

Table 8: Specific heat capacities dry air and vapor (Doering et al. 2016)

Temperature in °C Coa Cov
-20 1,0055 1,857
0 1,0056 1,858
20 1,0058 1,86
40 1,0062 1,863
Table 9: Refrigeration system hall (pressure, enthalpy)
Point 1 2is 2 3 4
pressure in 27 85 85 85 27
bar
Enthalpy in 433 482 490 240 240
kJ/kg
Table 10: Refrigeration system towers
(pressure, enthalpy)
POII”It l lsuperheat 2|S 2 3 4
pressure in 20 20 85 85 85 20
bar
Enthalpy in 439 455 529 542 240 240
kJ/kg
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