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Table 5.3: Data for the cooling cycle in Figure 5.6.

Point Temperature, 7 [°C] Pressure, p [bar] Enthalpy, # [kJ/kg]

1 -15 2.892 556.921

2 20 8.322 626.901

3 20 8.322 250.548

4 -15 2.892 250.548
R290 as working fluid

R290, also know as propane, is a common refrigerant used in commercial and industrial refriger-
ation systems. This refrigerant has A3 as safety group classification, which meas that it is highly
flammable and non-toxic (The Linde Group, 2018). R290 has a low environmental impact with

ODP (Ozone Depletion Potential) equal 0 and GWP (Global Warming Potential) equal 3.

The working fluid charge will be restricted according to class and type of occupancy. Assuming
that the refrigeration system will be placed in a machinery room outside the storage hall, only
authorized persons will have access. This is equivalent to occupancy category 3 according to the
NS-EN 378-1:2008+A2:2012 standard. The standard states the maximum charge of A3 refrigerants
to 1 kg below ground floor, and 25 kg above ground floor level. This must be taken into account

for the system design.

The warmest week

The warmest week during the storage period in 2016 is July 21 - July 27. The average temperature
for this week is 19.1 °C and the highest measured temperature is 29.8 °C. Figure 5.7 shows how the

indoor air temperature for the storage will vary at different refrigeration capacities for the system.
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Figure 5.7: Indoor air temperature variation for the warmest week (July 21 - July 27, 2016) at different
refrigeration capacities. The yellow curve shows the outdoor air temperature.

The increase in indoor air temperature will affect the snowmelt. From Figure 5.7 one can see
that for the cases with lower refrigeration capacity the indoor air temperature raises above 0 °C.
This means that the system needs a higher refrigeration capacity to avoid the air temperature from
increasing with increasing outdoor temperatures, and to avoid the snow from melting. For Qg = 25
kW or 30 kW the increase in temperature is small, so is the snowmelt. The calculated snowmelt at

different refrigeration capacities during the warmest week is shown in Table 5.4.
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Table 5.4: Snowmelt and melting rate for the warmest week (July 21 - July 27) at different refrigeration
capacities.

Cooling capacity, Qo [KW] Snowmelt [m?] Melting rate [m3/h]

10 64.30 0.383
15 30.74 0.183
20 10.56 0.063
25 2.57 0.015
30 0.38 0.002

From Table 5.4 one can see that the amount of melted snow is highly reduced at increased refriger-
ation capacity when the heat load to the storage is high. The snowmelt is reduced by 99.4 % when
Qo is changed from 10 kW to 30 kW.

The average week

The average outdoor temperature for the storage season in 2016 is 11.1 °C. A week (May 5 - May
11) with the same average temperature is therefore studied. Figure 5.8 shows how the indoor air

temperature for the storage will vary at different refrigeration capacities for the system.
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Figure 5.8: Indoor air temperature variation for the average week (May 5 - May 11, 2016) at different
refrigeration capacities. The yellow curve shows the outdoor air temperature.

Figure 5.8 shows that the indoor air temperature will never raise above 0 °C if the refrigeration
capacity for the system is 25 kW or 30 kW. This means that the heat load to the storage is smaller

than Qg or not big enough to raise the indoor temperature that much.

The calculated snowmelt for the average week is shown in Table 5.5. Comparing Table 5.5 to Table
5.4 shows that the amount of melted snow for the lower capacities is less for the average week than

for the warmest week.
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Table 5.5: Snowmelt and melting rate for the average week (May 5 - May 11) at different refrigeration
capacities.

Cooling capacity, Qo [KW] Snowmelt [m?] Melting rate [m3/h]

10 17.77 0.106
15 4.16 0.025
20 0.62 0.004
25 0.00 0.000
30 0.00 0.000

By looking at Figure 5.7 and Figure 5.8 one can easily see how the outdoor air temperature affects

the indoor environment when the refrigeration capacity is low.

Evaluation of cooling system

Using the data for the cooling cycle given in Table 5.3 the refrigerant mass flow, m, [kg/s], can be

found from

_ Qo
hi—hy

(5.22)

The work input to the compressor, W [W], is

W Zmr(/’lz—/’ll) (5.23)

The coefficient of performance (COP) for the system can then be calculated from the following

equations
COP = Qo (5.24)
w
or
COP = Din (5.25)
74

where Equation 5.24 should be used if Q¢ < Q;, and Equation 5.25 if Qy > Qiy.
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The seasonal performance factor (SPF) will then be the average COP of the system over the full

storage season.

L= COP,
N

SPF = (5.26)

Since the calculations are based on hour-by-hour measurements, N = 4392 is the number of hours

during the entire period (from April 1 to September 30).

The refrigeration capacity is further set to 20 kW for the single stage cooling cycle in Figure 5.6.
The calculated SPF for each of the two weeks is shown in Table 5.6. The refrigerant mass flow
and the compressor work are the same for both weeks as the cooling cycle is the same. The COP
will vary with the heat input to the storage, leading to different values for SPF. This shows that the
COP for the system will decrease if the input temperatures decrease. The charge of mass flow is

acceptable according to the NS-EN 378-1:20084+A2:2012 standard.

Table 5.6: SPF for warm and average week.

Qo [kW] m, [kg/s] W [kW] SPF (N =168)
Warmest week 20 0.065 4.568 3.86
Average week 20 0.065 4.568 2.60

If it is assumed that the average week is a good representation of the entire storage season, the total
amount of melted snow will be 18 m> for Qp = 20 kW. This is only 0.07 % of the initial snow
volume. Figure 5.9 presents how much of the heat input which will be covered if Oy = 20 kW for
the two different weeks. From Figure 5.9 it can be observed that almost everything will be covered

for the average week.
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Figure 5.9: Heat input to the storage for the warmest week and the average week when the refrigeration
capacity is 20 kW.

Assuming that the indoor air temperature of the storage is kept constant at -3 °C (7; is constant in
Equation 5.2 and Equation 5.4), there will be 564 hours out of 4392 hours in total, where Qj, is
higher than 20 kW. If the warmest week is set as reference for the hours with Q;, > 20 kW, the
melting rate can be set to 0.063 m3/h (see Table 5.4). The amount of melted snow will then be 36
m?. For the remaining 3828 hours the melting rate is set to 0.004 m>/h (from Table 5.5), and the
amount of melted snow will be 15 m?. The sum of melted snow is then 51 m?, which represents

0.21 % of the initial pile volume.
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5.3.8 Discussion and Conclusion

The melting loss calculations show that the snowmelt for an indoor snow storage will be very
low. This is as expected since the snow pile is not being exposed to rain, solar radiation or high
surrounding air temperatures. By choosing construction materials with low absorption coefficients
and low U-values, the heat transfer from the outside is reduced. Please note that the snowmelt
calculations does not include loss related to infiltration by opening of doors when the snow is being

transported from the storage.

The snowmelt results show that the melting loss for Q¢ = 20 kW is quite low for both weeks.
These losses are acceptable and the cooling system for the hall can therefore be designed for a

refrigeration capacity of 20 kW when the snow is being stored.

If the desired indoor air temperature is set to a higher temperature, still below 0 °C, for instance -1
°C, the compressor work would be reduced. However, 7; set to -3 °C will work as a buffer, and it
would take longer time to raise the indoor air temperature above 0 °C, when the heat load is higher

than the refrigeration capacity of the system.

It will be necessary to install temperature sensors in the hall to control the indoor environment.
Since the volume of air inside the storage will be quite large, and since the solar radiation will not
be the same for each outer surface of the hall, there might be variations in air temperature within
the hall. Figure 4.7 shows that the top surface and the side facing south of the outdoor snow storage
are much more exposed to solar radiation than the other sides. Since the indoor storage will have
the same location, it can be assumed that the roof and the side wall facing south are critical surfaces

considering absorption of solar radiation.

Costs and incomes

The total cost of building a multipurpose hall with the given specifications in Section 5.3.1 and
Section 5.3.2, will be approximately 53.5 MNOK, assuming 15 000 NOK/m?. This is based on
the total costs for similar halls in Norway with steel and sandwich element construction. These are

simplified hall concepts without wardrobes, secondary rooms, grandstands and such, with a total
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price estimate of 12 000-20 000 NOK/m?, including engineering and construction work (Kilskar
et al., 2011; Hallmaker Gruppen AS, 2018; Drammen Eiendom KF, 2018).

If the time to dry the football field after the snow is being removed is set to seven days, and so
the time for preparation before the snow storage season begins, the hall can be rented out for 24
weeks. Assuming opening hours from 7 am to 11 pm, and that the price for renting the hall is
960 NOK/hour, the total rental income will be 2.6 MNOK per year. The payback period for the

multipurpose hall is then approximately 21 years.

Table 5.7 presents an overview of the estimated costs for the indoor snow storage. Assumptions

related to the calculations are listed below the table.

Table 5.7: Investment costs, income and annual costs for the indoor snow storage.

Investment costs

Multipurpose hall 53.5 MNOK
Cooling system 50 000 NOK
Income

Hall rental 2.6 MNOK/yr
Annual costs

Power input (1 NOK/kWh) 21 960 NOK
Transportation of snow to trail (850 NOK/h) 510 000 NOK
Snow grooming (1 250 NOK/h) 40 000 NOK
Total 571 960 NOK/year

e The price for the cooling system is 2 000 NOK/kW x 20 kW + 25 % taxes (Vagle, 2016b).
e The work input to the compressor is 5 kW for 4392 hours.

e The time it takes to distribute the entire snow volume is assumed to be 600 hours.

e The snow grooming is assumed to take 32 hours in total.

The prices in Table 5.7 and the two last assumptions in the list above are based on previous snow

storage experiences from Granasen and Beitostglen (Berg et al., 2016; @degard, 2013).

The costs related to transportation of the snow to the trail and the snow grooming will be the same
as for the outdoor storage (see Table 4.9). The annual cost estimation in Table 5.7 does not include

personnel expenses or fuel consumption.
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Chapter 6

General Conclusions and Suggestions for

Further Work

For an outdoor snow storage in Granasen containing 24 000 m? snow, it is reasonable to assume
that approximately 20 % of the volume will be lost during the storage season. For similar examples

of outdoor snow storage in Scandinavia the total snow melt varies from 12 % to 25 %.

The calculations for the outdoor snow storage demonstrate that the heat from the surroundings
(solar radiation and surrounding air) will have the greatest impact on the snowmelt for an insulated
snow pile stored outside. The contribution from the surroundings is found to be 78-86 % of the total
snowmelt. Increasing the thickness of the insulation layer is found to be the best solution to reduce
the melting rate. Changing the insulation thickness from 0.4 m to 0.8 m reduces the snowmelt from
20 % to 12 %. However, the cost estimation shows that the expenses will be higher for increased

amount of sawdust. Thus, a thickness of 0.3-0.5 m can be recommended.

Changing the snow pile geometry or use of a solar shading wall does not lead to any significant melt
reduction. When the pile is changed from a trapezoid prism to a triangular prism or to a rectangular
prism, the snowmelt is increased by approximately 1 %. The solar shading wall only reduces the
melting loss by 1 %. For that reason it can be concluded that maintenance of the sawdust is the most
important measure in order to reduce the snowmelt. This includes necessary drying to maintain the

quality and the low thermal conductivity of the sawdust. The the cost related to buying new sawdust
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will then be reduced. However, the method applied to dry the sawdust should be energy efficient
in order to reduce the total costs. Drying methods for sawdust have not been studied in this thesis,

and will therefore be suggested as further work.

The results from the indoor snow storage show that the melting losses will be very small for snow
stored inside a refrigerated hall. The snowmelt model demonstrates that there will be great varia-
tions in indoor air temperature at different refrigeration capacities (Qg) for the cooling system. The
cooling system for the hall can be designed for Qg = 20 kW when the snow is being stored, and the

snowmelt will be less than 1 % of the initial snow volume.

The investment costs for a multipurpose hall to be used for snow storage and sports purposes, will
be approximately 53.6 MNOK. This makes a multipurpose hall a much more expensive alternative
for snow storage, compare to outdoor storage. Renting out the hall during the winter will give an
annual income of 2.6 MNOK/year, but the payback period will be 21 years. The need for indoor
training facilities should therefore be thorough analyzed before the decision to build a multipurpose

hall is taken.

More than 50 % of the annual costs for snow storage will be related to distribution and transporta-
tion of snow to the trails. For the outdoor storage there will be an additional cost related to the work
for covering and removal of sawdust. In order to reduce the transportation cost it will be of impor-
tance to have detailed strategies in advance, regarding the need for snow and how much snow which
should be distributed during the winter. This is to avoid that too much snow is being distributed at

the same time, which has to be taken back to the storage or may get lost due to melting.

Snow storage is a good alternative to guarantee for skiing facilities in Granasen from the beginning
of October. This makes it possible to provide skiing trails even if no natural snow has fallen, or the
temperature is too high for traditional snowmaking. However, there is a chance that the distributed
snow will melt fast due to high temperatures in October. A short skiing trail located to areas with

less sunlight should be considered as an alternative in October.

It should be taken into account that the snowmelt model does not include the effect of wind, which
might have an impact on the outdoor snow storage. Heat loads from snowmaking and from the

equipment are not included in the heat balance for the indoor system. When the snow is being
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produced, a much higher cooling capacity will be required due to the heat that has to be removed
from the water. The system for the hall has not been designed for its heating demand. Evaluation
of a combined heating and cooling cycle for the multipurpose hall is therefore suggested for further

work.

Suggestions for Further Work

Considering the presented results and aspects which have not been analyzed in this thesis, the

following list proposes suggestions for further work:

e Study solutions for drying and storage of sawdust. What is the most energy efficient method

to dry sawdust which requires little space?
e Evaluate a combined heating and cooling system for the multipurpose hall.

e Study different methods for indoor snow production with emphasis on water droplet size and

pathway in circulation of air.

e Further develop the snowmelt model to be used for snowmelt calculations for skiing trails,

so that critical areas with high amount of solar radiation can be avoided.
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ABSTRACT
As a result of the increasing global temperatures, shorter periods of natural snow and warmer winter
temperatures are threatening winter sports facilities close to the cities. Different solutions for outdoor snow
storage in Grandsen is studied with the intention to reduce the melting loss. 24 000 m® snow covered by
sawdust will be stored from the beginning of April to the end of September. A snowmelt model is developed
for calculation of the snowmelt due to heat from the ground, precipitation, the surrounding air and solar
radiation. The snowmelt during the season is found to be 20 %, and the heat from the surrounding air and
solar radiation constitute more than 80 % of the total melt. Increasing the thickness of the sawdust layer
proves to be the solution which reduces the snowmelt the most. However, a thicker layer of insulation
increases the costs.

1. INTRODUCTION
A worrying trend is developing with shorter winter seasons and milder winter temperatures. The increasing
global temperatures reduce the periods of natural snow, which is threatening winter sports facilities. The
climate changes are making it more difficult and complicated to provide skiing conditions close to the cities.
In order to face the climate changes and still being able to provide good skiing facilities, snow storage might
be a solution to prolong the winter season. Storing snow for the next season gives a certain predictability and
a guarantee for skiing arenas, users and winter games arrangers. It also reduces the economic risk of not
having enough snow. Snow storage can make it possible to provide skiing facilities at temperatures too warm
for traditional snowmaking equipment.

This article describes snowmelt calculations for outdoor ground storage of a thermal insulated snow pile in
Granasen.

Ground Storage

When a snow pile is being stored outside it requires thermal insulation to shelter the snow and reduce the
snowmelt. Today both natural wooden materials, such as sawdust and wood chips, and fabricated materials,
such as plastic sheets and geotextile, are used for outdoor snow storage applications.

Important parameters for the performance of the cover materials are radiative properties, thermal
conductivity, permeability, tensile strength, surface roughness and thickness of the insulation material (Olefs
and Fischer, 2008). These characteristics affect the components of the energy balance for the sheltered snow.
The guideline published by the Norwegian Ministry of Culture, recommends a thickness of 0.3-0.5 cm
sawdust for a snow pile stored outside (Gjerland and Olsen, 2014).

2. METHODS
This section describes the necessary theory and equations for the snowmelt model.

2.1 Heat and Mass Transfer for an Insulated Snow Pile

Snow being stored during the summer will suffer from heat leakage and snowmelt due to air temperatures
above freezing and stronger solar radiation. Heat from precipitation, wind, radiation and humidity, together
with the thermal properties of the insulating material, will affect the convective heat and mass transfer
through the insulation.



Radiation

Figure 1 illustrates the principle of heat and mass transfer
through an insulting layer covering snow (Skogsberg and
Lundberg, 2005). Water will be transported downwards
through the snow, but because of capillary forces and
evaporation, a fraction of the water will be transported
upwards through the insulation layer (Lintzén, 2016).
Energy is necessary for the evaporation to happen, and 2

the insulating layer will therefore be cooled, and the Snow Water transport|

melting rate will decrease. Heat from both short-wave
radiation and long-wave radiation will be exchanged at Figure 1. Heat and mass transfer for an insulating layer for

the surface of the insulation. Depending on the albedo of ~ snow storage (Skogsherg and Lundberg, 2005).
the insulation material, some radiation will be reflected.

2.2 Snowmelt

When a snowpile is stored outside, snowmelt will occur in form of ground melt, rain melt and surface melt
(Nordell and Skogsberg, 2007). The ground melt is caused by heat transfer from the ground beneath the
storage, while heat transfer from the ambient air and radiation causes the surface melt. The rain melt occurs
due to precipitation.

2.3 Snowmelt Calculation

This section describes the snowmelt model including the equations which simplifies the snowmelt to heat
from the ground, heat from rain and heat from the surroundings. The total volume of melted snow during the
storage period will then be the sum of the contribution form each heat source, expressed as

Vtotal = Vground + Vrain + Vsurroundings (1)

Ground
The heat transfer between the pile and the ground area covered by the snow pile is

AT,
g = kgAg=* )
where g, = heat transfer between ground and snow pile [W], k, = thermal conductivity of ground material
[W/mK], A4 = ground area covered by snow pile [m?3], AT, = temperature difference [°C] between the snow

pile and the temperature at a distance [ [m] down in the ground (Lintzén, 2016). The volume flow of melted
snow due to heat from the ground is then

g
vy = 3
g hifPsnow ( )

where v, = volume flow of melted snow due to heat from ground [ms], hys = latent heat of fusion for ice
[I/kg], Psnow = density of snow [kg/m?]. The volume of snowmelt caused by ground heat is

Vgrouna = Vgt )
where t = duration of storage period [s].

Rain
For a period with P measured precipitation [m], the volume of melted snow due to the rain is

PAspwateGC,waterTsa (5)

Vrain -

hifpsnow
where A = surface area of snow pile [M?], pyq¢er = density of water [kg/m®], ¢, water = heat capacity of

water [J/kgK], Ty, = temperature of surrounding air [°C] (Lintzén, 2016).



Surroundings
The surface melt is caused by the heat transfer from the surrounding air and solar radiation, to the snow pile.
The solar radiation absorbed by a surface is

q”abs = q”GHIa = q”GHI(l - r) (6)
where q"’ s = absorbed radiation [W/m?], q"’ g; = measured global horizontal irradiation [W/m?], a =
absorptivity of surface, r = reflectivity/albedo of surface.

Since the sides of the snow pile will have different tilts and orientations relative to the sun, the solar radiation
must be decomposed for each side. The solar radiation on a surface with a given tilt and orientation is then

Gsurface = absAslcos(a) sin(0) cos(y — @) + sin(a) cos(0)] @)
Where gsyrrace = Solar radiation on decomposed side, A = surface area of decomposed side [Mm?], a =
elevation angle of the sun [°], 6 = tilt angle of surface [*], ¢ = solar azimuth angle [°], ¥ = azimuth angle that
the surface faces (clockwise from north) [°] (PV Education, 2017).

The exterior surfaces of the insulated snow pile will be affected by the outdoor air temperature as well as the
solar radiation. Depending on the properties of the covering material and the orientation of each surface
relative to the sun, a certain amount of the radiation will be absorbed on the surface of the insulation. This
will result in an insulation surface temperature which is higher than the temperature of the surrounding air.
The surface temperature can be found from the following equation

q''surface
T, =T, + h—f (8)

where T, = surface temperature [°C], T, = outdoor air temperature [°C], h, = outside surface conductance
[W/m?K] (Spitler, 2010). Since the snow pile will be exposed to wind, h, can be set to 6 W/m*K (ASHRAE,
2010). The heat transfer between the insulated pile and its surroundings is then

Ts—Tsnow
Qsur = kangsT )

where g, = heat transfer between insulated pile and surroundings, k,,, = average value of the thermal
conductivity for water and the insulation material [W/mK], Ts,ow = temperature of the snow [°C], Az = layer
thickness of insulation material [m] (Lintzén, 2016). k4 takes into account that the insulating material will
have a varying thermal conductivity depending on its moisture content (Skogsberg and Lundberg, 2005). The
volume flow and the total volume of melted snow can then be determined from the Equation (10) and
Equation (11).

dsur
_ 10
hifpPsnow ( )

Vsurroundings = VUsyrt (11)

1'75 ur



2.4 Outdoor Snow Storage in Granasen
Table 1 summarizes the specifications for the stored snow pile. The snow pile is assumed to have the shape
of an isosceles trapezoid prism, as illustrated in Figure 2.

Table 1. Snow storage specifications.

Period of storage April 1 - Sept 30 | Insulation material ~Sawdust

Volume of stored snow 24 090 m? Az 0.4m 1 4

Ground area, A, 4400 m? kyater 0.58 W/mK E”

Length 20 m kavg 0.33 W/mK ! 5 L

Length b 40m r (dry/wet) 0.3/0.15 b 2y

Height 2 7.3 m Ground material Gravel J(j‘(i

](:)engm - iéo " t,“' ) (1)(7)()\)0v /l?:;(mg Figure 2. Snow pile geometry and
E wat er =4 H H H H H

Snow temperature 0°C - 334 ki/ke cardlgal directions for location in

Psnow 600 kg/m3 Cpwater 4.18 k/kgK Granasen.

Some assumptions and approaches for the snowmelt calculations are listed below.

e Weather statistics for Granasen is obtained for eight years, 2009-2016, which includes measured
values for air temperature, relative humidity, cloud cover, precipitation and global horizontal
irradiance for every hour during the storage period.

e When it is raining, or it has been raining during the last 12 hours, the albedo is set to 0.15. If no
precipitation is registered the last 12 hours, the albedo is set to 0.30. These values are taken from
another study regarding snow storage done by @degard (2013).

o For calculation of snowmelt due to the surroundings, the five outer surfaces of the pile will be treated
separately.

e The horizon of the snow pile in Granasen is projected for every 15° using a topographic map.

e From the latitude, longitude and time zone for the location of the storage, the snowmelt model
calculates the solar elevation angle and the solar azimuth angle for every hour. By comparing the
solar elevation angle to the horizon of the pile, it is possible to know when the snow storage will be
exposed to solar radiation for each day. Figure 3 shows the solar elevation angle for three different
days plotted against the horizon of the snow storage (yellow curve). The figure illustrates the
variations in hours with solar radiation during the season. The blue curve and the dark green curve
show the solar elevation for the first and last day respectively. The light green curve illustrates the
solar elevation for the day when the sun reaches its highest point in the sky.

Solar elevation vs. snow pile horizon
60

50
Snow pile horizon
—April 1

—June 21

40

30
3 —September 30

Degree [°]

00 01 02 03 04 05

6 07 08 09 10 11 12 13 14 15 16 17

-20

-40 Hour

Figure 3. The solar elevation for three different days
plotted against the horizon of the snow storage.

3. RESULTS
Table 2 presents the theoretical melting losses for each year obtained from the snowmelt model. The last
column states the average values. The amount of measured precipitation during each season is included in
brackets.



Table 2. Theoretical snowmelt losses.

Source of 2009 2010 2011 2012 2013 2014 2015 2016 Average
melting

Ground [m7] 243 243 243 243 243 243 243 243 243
Rain [m’] 643 457 900 480 490 509 610 557 581
(Precipitation  (617.3) (470.9) (787.4) (555.3) (459.7) (482.2) (608.5) (526.2) (563.4)
[mm])

Surroundings 4210 3755 4111 3552 4044 4469 3777 3978 3987
[m’]

Total melting 5096 4455 5253 4276 4777 5221 4630 4778 4811

loss [m°]
Volume last 18994 19635 18837 19814 19313 18869 19460 19312 19 279
day [m’]
Loss in % 21 18 22 18 20 22 19 20 20

The percentage snowmelt contribution related to each heat source is shown in Table 3. The average values
are included in the last column.

Table 3. Snowmelt contribution from each heat source.

Source of 2009 2010 2011 2012 2013 2014 2015 2016 Average
melting

Ground [%] 5 5 5 6 5 5 5 5 5
Rain [%)] 13 10 17 11 10 10 13 12 12
Surrounding 83 84 78 83 85 86 82 83 83
[%]

The results presented in Table 2 and Table 3 indicate that the surroundings (solar radiation and surrounding
air temperature) have a remarkable impact on the snowmelt and constitute more than 80 % of the total
snowmelt. By comparing the results to other practical examples of outdoor ground storage in Scandinavia
(Lintzén, 2016), 20 % melting loss during the season can be assumed to be a reasonable result.

Considering Table 2 one can see that the seasons in 2011 and 2014 have the largest melting losses. The
season of 2014 also has the highest amount of melting caused by the surroundings, which constitutes 86 % of
the total melt. The highest amount of measured precipitation was in 2011, which results in a considerable
part of melting due to heat from the rain. The storage seasons in 2010 and 2012 have the smallest losses.
These seasons also have rain melt below average. The ground melt is the same for each year as the
temperature in the ground and the temperature of the snow pile are both assumed to be constant during the
entire storage season. This is a reasonable assumption as the contribution from the ground heat is much
smaller than the heat from rain and surroundings, as stated in Table 3.

3.1 Solutions for Snowmelt Reduction

To evaluate different solutions to reduce the snowmelt for the outdoor snow storage in Granasen, the weather
statistics for 2016 will be further used. Considering Table 2 and Table 3 the storage season of 2016 is a good
representation of the average values. This section studies the effect of three solutions; solar shading, thicker
layer of insulation and changes in snow pile geometry.

Solar shading

Figure 4 illustrates the average distribution of solar radiation per square meter on each side of the snow pile.
The figure shows that the top surface and the side facing south are highly exposed to the radiation from the
sun.



A wall for solar shading could be placed in front of the side facing south to reduce the impact of the solar
radiation. A 4 m high wall placed 3 m from the side facing south, is therefore included to the horizon in the

snowmelt model. The effect of a solar shading wall is shown in Average solar radiation [W/m’] - No solar shading
Table 4. os w19 o = 6%
Table 4. Snowmelt with and without solar shading wall. \‘

Source of melting Nowall  Wall

Ground [m3] 243 243 13.9 W/m2 40 %

Rain [m’] 557 562

Surroundings [m%] 3978 3734

Total melting loss [m°] 4778 4539

Volume last day [m®] 19312 19551 12 Wim: 3%

Loss in % 20 19 Figure 4. Average solar radiation on each side

of the snow pile during storage season.

From Table 4 one can see that the snowmelt has been slightly reduced, and that the rain melt is a bit higher
for the case with the solar shading wall. The reason for that is probably related to the lowered snow melting
rate, leading to a larger surface area being exposed to the rain. However, a solar shading wall does not reduce
the conductive heat transfer between the surrounding air and the snow pile, thus the total snowmelt reduction
is small. It may provide shelter from the wind, but effects from wind has not been taken into consideration
for the calculations.

Thicker layer of insulation

Equation (9) states that the heat transfer between the snow pile and the surroundings is inversely proportional
to the thickness on the insulation material. This means that an increase in the thickness of the insulation layer
will reduce the heat transfer. By changing the insulation thickness in the snowmelt model, the effect of this
can be studied. The results are shown in Table 5. From Table 5 one can easily observed the remarkable
impact of a thicker layer of insulation, and that the snowmelt due to the surroundings is decreasing with
increasing 4z. As for the case with the solar shading wall, the rain melt gets higher for higher values of 4z.
The same explanation applies here; when the snow melting rate is reduced, a larger surface area of the snow
pile is exposed to the rain.

Table 5. Snowmelt result for different insulation thicknesses.

Source of Az=0.3m Az=04m Az=05m Az=0.6m Az=0.7m Az=0.8m
melting

Ground [m?] 243 243 243 243 243 243
Rain [m’] 536 557 570 579 585 590
Sugroundings 5150 3978 3239 2732 2 362 2 080
[m°]

Total 5929 4778 4 052 3553 3190 2913
melting loss

[m’]

Volume last 18 161 19 312 20 038 20 537 20 900 21177
day [m’]

Loss in % 25 20 17 15 13 12
Total  cost 152 033 159 565 175 597 196 189 219 461 244 473
[NOK]

Having a thicker layer of insulation is an option that requires more space. The sawdust must be stored and
dried when it is not used. A cost estimate is therefore done to compare whether it is cheaper to have a thicker
layer of sawdust, or a thinner layer and compensate for the snow loss by buying the corresponding amount of
snow. Choosing 4z = 0.8 m as reference case, it implies that 21 177 m® snow is needed at the end of each
storage season. The price for sawdust and snow is set to 57 NOK/m?® and 20 NOK/m? respectively (@degérd,
2013; Berg et al., 2016). The estimated cost is shown in the last row of Table 5 and states that the needed
amount of sawdust is the major cost. This supports the recommended insulation thickness of 0.3-0.5 m, given
by the Norwegian Ministry of Culture.



Changing snow pile geometry

From Figure 4 one can easily see that the top
surface is exposed to the highest amount of solar
radiation per square meter. Different geometries
are implemented in the snowmelt model. The
geometries must still satisfy the volume
requirement of 24 000 m® and a ground area
limitation of 112 m x 51 m. Figure 5 illustrates
the different geometries. The calculated snowmelt losses  Figure 5. Different snow pile geometries.
are presented in Table 6.

b

Tsosceles trapezoid prism Triangular prism Rectangular prism

Table 6. Snowmelt result for different snow pile geometries.

Rectangular Rectangular

Isosceles trapezoid prism pyramid prism
a=20m; a=15m; a=10m;

Properties b=40m b=45m b=50m b=50m a=bhb=30m

Top surface area [m?] 2 200 1 650 1100 - 3300
Ground surface area [m?] 4 400 4 950 5500 5500 3300
Total surface area [m?] 5362 5758 6 222 6 266 5344
SA:V [m] 0.223 0.239 0.258 0.260 0.222
Source of melting

Ground [m?] 243 273 304 304 182
Rain [m°] 557 595 638 647 551
Surroundings [m°] 3978 4110 4 287 4146 4240
Total melting loss [m?] 4778 4978 5229 5096 4973
Volume last day [m®] 19 312 19112 18 861 18 999 19117
Loss in % 19.83 20.66 21.71 21.15 20.64

A snow pile with the form of a triangular prism is the ideal geometry to minimize the top surface area
parallel to the ground. However, Table 6 shows that this geometry will have a larger total surface area, and
the total snowmelt is larger than for two of the trapezoid prisms and the rectangular prism.

The surface area of the snow pile should be as small as possible to reduce the exposure to solar radiation and
surrounding air. The surface-area-to-volume ratio (SA:V) for the different geometries are included in Table
6. The lowest value for SA:V is found for the rectangular prism. However, the total melting loss for the
rectangular prism is slightly larger than for the first of the three trapezoid prisms. These two shapes have the
same cross-sectional area, but the top surface area for the rectangular prism is larger. As previous stated, the
top surface of the snow pile is the side which is exposed to the highest amount of solar radiation. This may
explain why the rectangular prism does not have the smallest melting loss, despite its SA:V.

Reducing the surface area will also reduce the amount of sawdust needed to cover the snow pile, as well as
the costs related to the insulation. However, there will be challenging to form the snow pile into any desired
shape as the snow storage is being produced. Limitation in maximum height, time, available vehicles and
whether the areas around the storage is accessible by vehicles, are factors that have impact on the production
and shape of the outdoor snow storage.



4. DISCUSSION
The developed snowmelt model can be assumed to give reasonable snowmelt results for an outdoor snow
storage, as the calculated results match the snowmelt from other practical snow storage examples. The results
also verify that the surface melt, due to solar

radiation and surrounding air, constitutes the Snowmelt

largest part of the total melt, as found by 30000

Skogsberg (2005). The model can be used

for other snow storage facilities, as long as 79000

the latitude, longitude and horizon for the _ \
location is known, and weather statistics is 220000

available. s

2 15000
Standard properties

=== Solar shading wall

lume of

Figure 6 shows the decreasing snow pile
volume during the season in 2016 for four e
different cases. The yellow curve illustrates T Rectangular prsan
the melting rate for the snow pile with the e

specifications given in Table 1. Each one of

10000 —Az=08m

v

the three other curves shows an investigated April May June Ty August  September
solution for snowmelt reduction. Only the Storage season
increase in insulation thickness has a Figure 6. Decreasing of snow pile volume during the period of storage.

considerable reduction in melting rate, as can be seen from the light green curve in Figure 6. The same effect
of insulation thickness was found in a laboratory experiment by Skogsberg and Lundberg (2005).

The cost estimation regrading insulation thickness has demonstrated that a thickness of 0.3-0.5 m sawdust
can be recommended, with respect to total snowmelt and insulation material costs. A solar shading wall
cannot be regarded as a useful solution, as the reduction in snowmelt is minimal. Furthermore, the wall
would permanently occupy space on the parking lot in Granasen, when no snow is being stored. The results
obtained by changing snow pile geometry, demonstrate only small variations in total snowmelt. The
difference between the best and worst case of melting is only 451 m?, which constitutes less than 2 % of the
initial snow pile volume. This indicates that the shaping of the snow pile when the snow storage is being
produced, can be given less focus, as long as the snow pile is kept compact. The main priority should
therefore be given to efficient drying and maintenance of the insulation material.

5. CONCLUSION
When 24 000 m® snow is stored outdoor in Grandsen, it can be assumed that approximately 20 % of the
insulated snow pile will melt during the season. The snowmelt calculations have demonstrated that heat from
the surroundings (solar radiation and surrounding air) will have the greatest impact on the snowmelt. The
contribution from the surroundings is found to be 78-86 % of the total snowmelt. Increasing the thickness of
the insulation layer is further found to be the best solution to reduce the melting rate. Changing the insulation
thickness from 0.4 m to 0.8 m reduces the snowmelt from 20 % to 12 %. However, increasing the insulation
thickness gives higher expenses. Thus, a thickness of 0.3-0.5 m can be recommended.

Changing the snow pile geometry or use of a solar shading wall does not lead to any significant melt
reduction. For that reason, it can be concluded that maintenance of the sawdust is the most important
measure to reduce the snowmelt. This includes necessary drying to maintain the quality and the low thermal
conductivity of the sawdust, which will reduce the cost related to buying new sawdust. Drying methods for
sawdust has not been studied in this article, and should therefore be suggested as further work.

Snow storage is a good alternative to guarantee for skiing facilities in Granasen from the beginning of
October. This makes it possible to provide skiing trails even if no natural snow has fallen, or the temperature
is too high for traditional snowmakers. However, there is a chance that the distributed snow will melt fast
due to high temperatures in October. A short skiing trail located to areas with less sunlight should be
considered as an alternative in October.
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Absorptivity [-] a
Area [m?] 0
Heat capacity [J/kgK] p
Surface conductance [W/m?K] 10)
Latent heat of fusion [J/kg] \
Thermal conductivity [W/mK] Subscripts
Distance [m] abs
Precipitation [m] avg
Heat transfer [W] g
Reflectivity/albedo [-] GHI
Surface-area-to-volume ratio [m™] o
Time [s] S
Temperature [°C]; [K] sur
Volume flow [m¥s]
Volume [m?]
Insulation thickness [m]
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