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SUMMARY 
Seasonal snow storage for cooling applications is an ancient technique now being revived in 
different parts of the world. From June 2000 the first Swedish large-scale snow cooling plant 
provides for comfort cooling at the hospital in Sundsvall. The snow is thermally insulated by 
a 0.2 m layer of wood chips and stored in a shallow pit (140×60 m) of watertight asphalt, 
with a capacity for 60,000 m3 (40,000 tons) of snow. Meltwater from the snow storage is 
cleaned and pumped to the hospital, and after cooling the heated meltwater is re-circulated to 
the snow storage.  

During the first summer the hospital required 655 MWh of cooling with a maximum cooling 
power of 1,366 kW. Approximately 93% of the cooling demand was attained by 19,000 m3 of 
snow, the rest by a cooling machine. The main part (75%) of the snow was natural while the 
rest was produced with snowguns. The running COP of the snow cooling system was 10.5 
while the corresponding value of the chiller was 2.2. When material depreciation was 
included, based on lifetimes and energy input, the total COP became 8.6 for the snow cooling 
system and 2.2 for the chiller. The operation of the plant experienced only minor problems.  

Urban snow is polluted and the meltwater quality in the snow cooling plant was such that 
further treatment had to be considered, in particular concerning non-biodegradable 
compounds, phosphorus, and lead. The snow storage technique enables analysis and 
treatment of the meltwater. 

Without thermal insulation and cold extraction a 30,000 m3 snow pile in Sundsvall would be 
gone by mid-June. With 0.2 m of wood chips covering the snow the melting is reduced 
considerably. In this case 75% of the snow remains and can be utilised for cooling.  

In a laboratory experiment it was found that with a 0.08 m layer of wood chips the natural 
melt rate was reduced by approximately 85%. The thermal insulation qualities of wood chips 
on snow and ice depend on both evaporative cooling and heat resistance of the wood chips. 
Approximately 3% of the melt water was evaporated, which corresponds to 20% of the total 
heat transfer. The absorbtivity of light, which was 0.5-0.6 in fresh wood chips, is important 
for the thermal insulation qualities. Since the absorbtivity increases and water transport 
functions of wood chips might deteriorate by time it is of interest to study the impact of 
ageing.  

As water freezes in an open system, some water is evaporated. This mass loss is typically 2.5-
3% of the mass of ice and accumulates to large quantities with repeated freezing and thawing. 
It should therefore be included in snow storage modelling since the snow is stored during a 
period when repeated melting and re-freezing occur. 

The total construction cost of the Sundsvall plant was about 1.3 MEUR with a running cost of 
15.3 EUR MWh-1 (total 0.01 MEUR) during the first year of operation. In a more recent 
study it was concluded that the construction cost could be considerably reduced. Estimated 
pay back time is about three years for a new project with the same conditions as the 
Sundsvall Hospital system, decreasing with increased cooling power and size. The expected 
lifetime of a snow storage plant is about 40 years.  

The snow/ice cooling plant has a great technical potential in industrial, agricultural, and 
comfort cooling applications in large parts of the world. By replacing cooling machines the 
use of cooling media is reduced. These are often flammable, poisonous and/or environmental 
hazardous. A snow cooling plant means not only saving of money and energy but also 
environmental benefits.  



SAMMANFATTNING  
Säsongslagring av snö för kyländamål är en forntida teknik som nu håller på att få en 
renässans i stora delar av världen. Sveriges första storskaliga snökylanläggning förser från 
och med juni 2000 Regionsjukhuset i Sundsvall med komfortkyla. Snön lagras på en 
skålformad yta (140×60 m) av vattentät asfalt och isoleras termiskt med 0,2 m träflis. Lagret 
rymmer 60000 m3 (40000 ton) snö. Vid kyluttag renas smältvattnet och pumpas sedan till 
sjukhuset. Efter värmeväxling återförs det uppvärmda vattnet till snön, som delvis smälter 
och därmed kyler vattnet. 

Under den första sommaren behövde sjukhuset 655 MWh kyla med maximal kyleffekt 1366 
kW. Snökylanläggningens 19000 m3 snö stod för c:a 93% av kylenergin. Den återstående 
kylan stod reservkylmaskinen för. Tre fjärdedelar var naturlig snö från gator och torg och 
resten producerades med snökanoner. Driftskylfaktorn för snökylanläggningen var 10,5 och 
för kylmaskinen 2,2. När materialavskrivning inkluderades blev kylfaktorn 8,6 för snö-
anläggningen och 2,2 för kylmaskinen. Driften det första året innebar endast mindre problem.  

Stadssnö är förorenad och snölagrets smältvattenkvalité var sådan att rening bör beaktas, 
speciellt angående svårnedbrytbart material, fosfor och bly. Snölagringstekniken möjliggör 
analys och behandling av smältvattnet.  

Utan värmeisolering smälter en 30000 m3 snöhög i Sundsvall till mitten av juni. Om snön 
täcks med 0,2 m sågspån minskar smältningen så att 75% av snön kvarstår till hösten. Denna 
snö kan användas för kylning under sommaren. 

I ett laboratorieexperiment minskade smälthastigheten med c:a 85% då snön täcktes med 0,08 
m kutterspån. Träspånets funktion som termisk isolering av snö och is beror dels på 
evaporativ kylning och dels på spånets värmeisolerande förmåga. I experimentet avdunstade 
c:a 3% av smältvattnet, vilket motsvarade 20% av totala värmeflödet. Absorption av 
solstrålning för nytt spån var 0,5-0,6, men ökar med tiden. Detta tillsammans med eventuellt 
försämrade vattentransportegenskaper gör det angeläget att studera tidens inverkan på spånets 
funktion som termisk isolering på snö och is. 

När vatten fryser i ett öppet system kommer en mindre mängd vatten att avges. Den här 
förlusten är c:a 2,5-3% av ismängden. Vid repeterad upptining och frysning blir den totala 
mängden avsevärd. Ett snölager utsätts för upprepade frysningar under våren varför 
fenomenet bör inkluderas vid modellering av snölager. 

Den totala anläggningskostnaden för Sundsvallslagret var 1,3 MEUR. Driftskostnaden det 
första året var 15,3 EUR MWh-1 (totalt 0,01 MEUR). I en senare studie fastslogs att 
anläggningskostnaden kan reduceras betydligt. Den uppskattade återbetalningstiden för ett 
nytt liknande projekt är tre år, och minskar med ökad storlek och effektbehov. Den 
förväntade tekniska livslängden för en snökylanläggning är 40 år.  

Kylsystem med snö har stor teknisk potential både till industri, matproducenter och 
komfortkyla, och är dessutom möjlig i stora delar av världen. Genom att fasa ut kylmaskiner 
minskar användandet av köldmedier vilka ofta är brännbara, giftiga och/eller skadliga för 
miljön.  

En snökylanläggning minskar inte bara belastningen på miljön utan är också fördelaktig ur 
ekonomi- och energisynpunkt.  
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Abstract

During the summer, the regional hospital in Sundsvall in central Sweden requires 1000 MW h of cooling with a
maximum cooling power 1500 kW. From the summer of 2000, seasonally stored snow will be utilised to meet the cooling

3 Ž .demand. A storage area of 140=60 m with a capacity for 60,000 m 40,000 tons of snow was constructed in 1999.
Initially, about half of this volume will be stored. The storage consists of a shallow pit made of watertight asphalt. A layer of
wood chips covering the snow reduces the natural melting to 20–30% of the total volume. Meltwater from the snow storage
is pumped to the hospital. After cooling the hospital, the heated meltwater is re-circulated to the snow storage. When all the
snow has melted, the wood chips will be burnt in a local heating plant. Lulea University of Technology is responsible for the˚
scientific evaluation of the project. This paper describes the construction and the simulated operation of the snow storage
system.q2001 Elsevier Science B.V. All rights reserved.

Keywords: Snow; Cooling; Energy storage; Renewable energy

1. Introduction

Ice storage for cooling was used already in an-
cient Greece. Ice was harvested from lakes and rivers
and stored in barns that were thermally insulated by

Ž .sawdust Taylor, 1985 . This technique was common
in Europe and North America until the beginning of
the 20th century, when cooling machines were intro-

Ž .duced MacCracken and Silvetti, 1987 . During the

) Corresponding author. Fax:q46-920-91697.
Ž .E-mail addresses: kjell.skogsberg@sb.luth.se K. Skogsberg ,

Ž .bo.nordell@sb.luth.se B. Nordell .
1 Fax:q46-920-91697.

last decades, however, new techniques using snow
and ice for both comfort cooling and food storage
have been developed.

Fabrikaglace is an un-insulated box inside an
Žinsulated shelter. Thin layers of water a few mil-

.limeters are frozen by cold air blown at the water
surface, at suitable locations more than 20 m of ice
can be formed. To extract the cold, meltwater is
pumped to a heat exchanger and then re-circulated to
the ice. Flexible walls have been used to manage the
problem with ice-creeping and thermal expansion of
the ice. The size of existing Fabrikaglaces varies
between a few up to 250 MW h with cooling powers

Ž .from 8 to 1600 kW Buies, 1985 . The coefficient of
Ž . Žperformance COP is about 95 Abdelnour et al.,

.1994 . The high construction cost requires large-scale

0165-232Xr01r$ - see front matterq2001 Elsevier Science B.V. All rights reserved.
Ž .PII: S0165-232X 00 00021-5
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Ž .plants or high cooling power Morofsky, 1984 . The
technique has not been widely used so far because
of, among other reasons, higher initial cost and lack
of awareness and knowledge by architects, engineers

Ž .and others Canada, 2000 .
Ice ponds are based on the concept to use ponds,

or pits, to store snow, ice or slurry. The ponds have a
rubber or plastic fabric bottom and some top insula-
tion. The icersnow is produced with nozzles or
snow blowers. Cold is extracted by re-circulation of
meltwater. Ice ponds can combine cold storage and
water cleaning since impurities are separated from
the ice as it freezes. Cold storage capacities vary
from 50 to 650 MW h with cooling powers from 8 to

Ž .1600 kW Taylor, 1985 . The COP varies between
Ž .50 and 2000 Abdelnour et al., 1994 .

Himuros and Yukimuros are traditional Japanese
buildings made of stone or wood with one part for
ice or snow and another part as a storage for vegeta-

Ž .bles, fruits, etc. Okajima et al., 1997 . Natural con-
vection and occasionally shutters control the air cir-
culation, resulting in a low and stable air temperature
with high relative humidity. Both artificial and natu-
ral icersnow are used. There is no size constraint for

Ž .HimurosrYukimuros Kobiyama, 1987 .
The All Air System is another Japanese technique

where air is cooled by direct contact with snow. In
this system, both temperature and humidity can be

Ž .controlled Kobiyama et al., 1997 and pollutants
Ž .removed from the air Iijima et al., 1999 . This

system has mainly been used for food storage, but
Žthere are also examples of comfort cooling Kaneko

.et al., 2000 . There are more than 50 snow and ice
storage cooling plants in Japan today. Some of them
are test plants while the rest are commercial plants
Ž .Kobiyama, 1997 .

Seasonal Snow Storage for cooling has been stud-
Ž .ied in Ottawa, Canada Morofsky, 1982 . The idea

was to use snow that has to be removed from streets
and squares and transport it to a snow deposit; a
deposit of 90,000 m3 of snow covered with a reflec-
tive and insulating cover was investigated. It was
found that the best technique for cold extraction was
re-circulation of the meltwater. The mean cooling
load of 7 MW resulted in an estimated payback of 10
years. It would also be possible to store snow in
underground rock caverns where such plants would
be constructed in urban areas to reduce the snow

Ž .transportation cost Johansson, 1999 . To reduce the
snow volume, it is helpful to add water before

Ž .compacting the snow Vigneault, 2000 . One major
problem with urban snow deposits is that the melt-

Ž .water is highly polluted Viklander, 1994 ; by using
snow storage, this contamination can be controlled
and treated.

Ž .Short Term Diurnal Ice Storage with ice gener-
ated by refrigeration systems is another technique
that has become increasingly popular in North Amer-
ica, Europe and Japan. This is economically feasible
because of the varying electricity cost during the
day. In Japan, for instance, the peak price around

Žnoon is five times higher than night price Japan,
.2000 .

Snow and ice have excellent qualities for the
storage of winter cold for cooling because of its 08C
melting temperature and its high heat capacity and

Ž .heat of fusion. The heat amount requiredE to raise
the temperature of ice fromT to 08C, melt it, and1

raise the water temperature toT is given by2

y1Es 0yT C qLqT C kJ kg . 1Ž . Ž .1 ice 2 water

The heat capacity of ice aty58C, C s2.1 kJ kgy1
ice

y1 Ž .K Dorsey, 1940 ; the heat of fusion of water
Ls333.6 kJ kgy1; and the heat capacity of water at

y1 y1 Ž .58C, C s4.2 kJ kg K Hobbs, 1974 .water

2. The Sundsvall snow storage

The Sudsvall Regional Hospital, with a floor area
of 190,000 m2, is located in central Sweden. Na-
tional regulations and environmental targets made
the County Council of Vasternorrland to look for¨
new solutions in comfort cooling. The hospital’s
cooling demand is 1000 MW h ay1 with a maximum
cooling power of 1500 kW. The chosen alternative
was to use the nearby snow deposit as a cold source
for the cooling system.

2.1. Principle

In seasonal snow storage, a major part of the cold
is stored in the phase change from water to ice.
Therefore, the heat transfer occurs by circulating the



( )K. Skogsberg, B. NordellrCold Regions Science and Technology 32 2001 63–70 65

Fig. 1. Snow storage principle. The meltwater is re-circulated through the snow.

cooling media through the storage, melting the snow,
Fig. 1. The snow is covered with some type of
insulation to prevent natural melting. In the Sundsvall
case, a layer of wood chips is used to reduce the heat
transfer from air to snow and act as a cooler. This
cooling effect is a result of the wood chips’ absorp-
tion and evaporation of water.

The function of the snow storage was simulated in
Ž .a feasibility study Nordell and Sundin, 1998 . Re-

sulting snowmelt calculations were roughly verified
by a performed small-scale test at the Sudsvall hospi-
tal during the summer of 1998.

2.2. Construction

The construction work of the Sundsvall Snow
Ž .Storage was completed in November 1999 Fig. 2 .

Snow was stored during the winter and at the begin-

Fig. 2. Picture of the Sundsvall hospital snow storage, November 1999.
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ning of April 2000 the storage was thermally insu-
lated by a layer of wood chips. The system was put
into operation in June 2000.

Snow is stored onto a watertight, slightly bowl-
shaped asphalt surface with the area 140=60 m. A
possible maximum snow depth of 9 m means a
storage volume of 60,000 m3. A covering layer of

Ž .wood chips 0.2 m thermally insulates the snow.
During the first winter of operation, 30,000 m3 of
snow was stored corresponding to approximately

Ž y3.20,000 tons of snow snow density;650 kg m
and approximately 2000 MW h of cold.

The asphalt surface is slightly sloped to flow the
meltwater towards the water outlet at the pump
house. Here, the water is cleaned by a coarse meshed
filter and an oil and gravel filter. It is pumped by two

Ž 3frequency controlled pumps 0.035 and 0.050 m
y1. Ž .s to the heat exchangers 2=1000 kW . Between

the pumps and the heat exchangers are automatically
rinsed fine filters.

The meltwater leaves the storage at a temperature
close to 08C. In the heat exchangers, where the warm
side is cooled from 128C to 78C, it is heated to 108C.
At the present maximum cooling power demand of
1500 kW, a water flow rate of 0.045 m3 sy1 is
required. The meltwater is then re-circulated to the
snow storage to be cooled down and form more
meltwater. This re-circulated water is distributed over
the storage area by 36 individually adjustable valves

Ž .Fig. 3 . The cooling power is controlled by the
meltwater flow rate. This type of snow storage has
no limit in extraction power, but its limitations are in
the capacities of the pumps, heat exchangers, etc. As
long as there is snow in the storage, the temperature
of the meltwater will be close to 08C. To avoid an
increasing water level in the pit, part of the meltwa-
ter is occasionally diverted from the system.

Both natural and artificial snow will be used. The
Sundsvall storage will be filled from December to
February by urban snow transported from the clear-
ing of streets and squares of the surroundings. Dur-
ing snow deficient winters, artificial snow will be
produced by snow blowers.

The snow required to meet the cooling demand of
the hospital is approximately 10% of all snow re-
moved from the city. The overall cost of the project
is 1.6 M EURO; however, this sum also includes
costs that are not directly part of the snow cooling

Ž .system. In a recent study Naslund, 2000 , based on¨
experience from the Sundsvall snow storage, it was
concluded that the construction cost of a similar

3 Ž .storage of 120,000 m snow;6,000 MW h would
be about 0.8 M EURO. The estimated technical
lifetime of the snow storage plant is 40 years. The
estimated pay back time is approximately 3 years for
a snow storage with the same basic conditions as
Sundsvall hospital system, which are typical for
space cooling in Sweden. A greater cooling power

Fig. 3. Outline of the Sundsvall snow storage system.



( )K. Skogsberg, B. NordellrCold Regions Science and Technology 32 2001 63–70 67

Fig. 4. The temperature series used in snow melt simulations.

would reduce the pay back time. For a large-scale
Ž .system 5000 MW h, 5 MW the pay back time is

about 2 years.

3. Snowmelt simulations

Snowmelt simulations for a 30,000 m3 snow stor-
age, without insulation and with 0.10 and 0.20 m of
sawdust, were performed to estimate the necessary
sawdust thickness. Melting was divided into forced
melting caused by cold extraction and natural melt-
ing caused by heat transfer from the environment.
The forced melting was based on the estimated
cooling demand of the hospital.

3.1. Natural melting

Natural melting occurs by heat exchange between
the snow pile and its environment. Consequently,
natural melting depends on climate, geometry of the
storage, and thermal insulation.

The natural melting was divided into three parts:
heat transfer from the air, from ground, and from
rain. Heat transfer from the air and the ground is a
function of the snow pile area, while heat transfer
from rain only depends on the size of the storage
area. In the simulations, the storage geometry was
simplified by the shape of a cut cone with an initial

Ž . Ž .height hs4.0 m , diameter ds105.6 , and side
Ž .slope angle bs26.68 . The ratio hrd was kept

constant throughout the melting. The air temperature
series used in the simulation is shown in Fig. 4. The
snow density was assumed to be constant at 650 kg

y3 Ž .m Viklander, 1994 .
Two different models were used to estimate the

snowmelt from the air. In the un-insulated case a
Ž .degree–days DD model was used. In the insulated

case, heat conduction was assumed to control the
heat transfer through the sawdust.

The DD model is the most common method for
snowmelt modelling and gives satisfactory results
Ž .Sundin, 1998 . It only requires mean diurnal tem-
perature, snow density, and initial values of pile

Ž .geometry length, width, and height .
The DD model can be expressed as

V̇skT A 2Ž .air ,diurnal

˙ 3 y1w xwhere V is the meltwater flow rate m d ,k is
y1 y1w xthe degree day constant m K d ,T is theair,diurnal

diurnal mean air temperature above freezing point
w x Ž .8C and A is the snow pile area facing air,As f V
w 2 xm .

The meltwater flow rate can also be written as

rs
V̇s DV 3Ž .0

rw
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w y3 xwhere r is snow density kg m ,r is waters w
w y3 xdensity kg m andDV is diurnal snow volume0
w 3 y1x Ž . Ž .decrease m d .Eqs. 2 and 3 gives

rw
DV s kT A. 4Ž .0 air ,diurnal

rs

ŽBefore the meteorological spring defined as when
T is roughly stable above"08C, based onair,diurnal

Ž ..meteorological records SMHI, 2000 ,ks0.003 m
Ky1 dy1 was used and from April 4th,ks0.011 m
Ky1 dy1. Thesek-values were empirically decided
Ž .Sundin, 1998 .

In the insulated cases, the heat conduction equa-
tion was used to determine the heat transfer through

Ž .the area facing the upper surroundings from the air .
ŽThermal conductivity of dry sawdust 12% water

. y1 y1content varies from 0.08 to 0.14 W m K ,
depending on the density. Thermal conductivity of
water is 0.60 W my1 Ky1. In these calculations, a
thermal conductivity of 0.35 W my1 Ky1, the mean
value of 0.10 and 0.60 was assumed for wet sawdust.
The natural snowmelt because of the heat flow from
the air is then given by

DTtop
l Ains top

D z
DV s 86,400 5Ž .1 Frs

w 3where DV is the natural snow melt volume m1
y1 x wd , l is thermal conductivity of sawdust Wins
y1 y1xm K , A is the top area of remaining snowtop

w 2 x w xm , z is the thickness of sawdust layer m ,DTtop

is the temperature differences T yTair, diurnal snow surface
w x w xK , D z is the thickness of sawdust m ,F is the

w y1 xlatent heat of snow J kg and 86400 is the number
w y1 xof seconds per 24 h s d .

The heat transfer from the ground was simplified
as a one-dimensional heat flow from the ground
water under the snow pile, by heat conduction from
the 68C ground water to the 08C bottom of the snow
pit. The ground water level at this location is about 1
m below the pit surface. Since the ground water flow
is high, it was assumed that its temperature was
constant. This resulted in a heat flow of 2.4 W my2,
which is at the upper limit of the ground heat flow.
The total snowmelt depends on the bottom area of
the snow, which decreases with time.

Ž .Approximately one-third 240 mm of the annual
precipitation in Sundsvall falls between April and

Ž .August Swedish National Atlas, 1995 . Assuming
that the rainfall is evenly distributed during the
summer and that the rain temperature is 108C, rain
results in a snowmelt of 2.1 m3 dy1 or 390 m3

totally.

4. Results

The calculated natural melting of the snow stor-
age is shown in Fig. 5. The necessity of thermal
insulation is demonstrated by the fact that an un-in-

3 Ž .Fig. 5. Natural melting of 30,000 m of snow with 0.1 and 0.2 m of sawdust and without thermal insulation DD-model .
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Fig. 6. Total melting for initial snow volume 30,000 m3 with 0.1 and 0.2 m of sawdust as thermal insulation.

sulated pile would be gone by June 17th, i.e. long
before the end of the cooling season. With thermal
insulation, the remaining snow volumes were 12,169
m3 for 0.1 m of sawdust and 19,040 m3 for 0.2 m of
sawdust. For 0.2 m of sawdust the maximum natural
meltwater rate is 77.4 m3 dy1 and occurs at the end
of June. Heat transfer from the air contributes the
major part of the natural melt; 16,128 m3 with 0.1 m
of sawdust and 9149 m3 with 0.2 m of sawdust. Heat
transfer from the ground melts 1313 m3 of snow
with 0.1 m of sawdust and 1422 m3 with 0.2 m of
sawdust. Heat transfer from rain melts 390 m3 of
snow.

When including the cold extraction of 1000 MW
Ž 3 .h 15,000 m of snow the total snowmelt becomes

28,181 m3 for the pile with 0.1 m of sawdust and
3 Ž .23,676 m for the pile with 0.2 m Fig. 6 .

5. Discussion and conclusions

A thermally insulated 30,000 m3 snow storage
Ž .covers the cooling demand 1000 MW h, 1500 kW

Žat the Sundsvall hospital over the summer May–
.August .

The natural snowmelt was calculated for the un-
insulated case and for the cases of 0.1 and 0.2 m of
sawdust as thermal insulation. By natural melting,
the un-insulated snow would be gone by mid-June.
With 0.2 and 0.1 m of sawdust approximately 60%
and 40% of the snow remained at the end of August.
When cold extraction is included, 1800 m3 of snow

remains with 0.1 m sawdust and 6300 of snow
remains with 0.2 m of sawdust. The major part of the
natural snowmelt, about 83% in the thermally insu-

Ž .lated case 0.2 m of sawdust , is caused by heat
transfer from the air. Heat transfer from groundwater
contributes with 13% and rain with 4%. Since the
natural melting is highly dependent on the area
facing the air, a more compact shape would reduce
the melting significantly.

The storage technique is an example of utilising
renewable energy. Since the temperature of the melt-
water is constantly 08C, snow storage has no power
limit of cold extraction. However, detain time of the
re-circulated water in the pit and the chosen capacity
of pipes, pumps, and heat exchangers means a limit
of the cooling power.

There is a great potential of snow storage for
industrial, agricultural, and comfort cooling applica-
tions in large parts of the world. It is a natural
technology where local resources are utilised to save
prime energy resources. In Sweden, there is a grow-
ing interest for large-scale snow cooling. The snow
collected from cities is polluted, but with this snow
storage technique, the meltwater can be analysed and
treated.

ŽBased on the summarised pre-study Nordell and
.Sundin 1998 , the Sundsvall Snow Storage was con-

structed during 1999. Snow was stored during the
winter 2000 and the storage was thermally insulated
by a 0.2 m layer of the wood chips at the beginning
of April. The system was put into operation in June.
The maximum cooling power of the system is 2000
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kW, which means a meltwater flow rate of 0.060 m3

sy1 at an assumed temperature difference of 88C.
The operation of the Sundsvall plant will be

monitored, evaluated and reported. The total con-
struction cost of the plant was about 1.6 M EURO.
In a more recent study, it was concluded that the
construction cost could be considerably reduced. The
estimated lifetime for the snow storage plant is about
40 years. The estimated pay back time is about 3
years for a new project with the same conditions as
the Sundsvall hospital system and decreases with
increased cooling power and size.

The excellent thermal insulation qualities of wood
chips for snow storage is not only because of the
relatively low thermal conductivity, but also that
absorbed water evaporates, thereby cooling the snow

Žstorage. This particular quality of wood chips and
.sawdust will be studied further at Lulea University˚

of Technology. Snow pollution and possible treat-
ment methods of the meltwater will also be studied.
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The Sundsvall Regional Hospital snow cooling plant 
- results from the first year of operation 

Kjell Skogsberg 
Division of Water Resources Eng., Luleå University of Technology, S-971 87 Luleå, Sweden 

Abstract 
During the summer of 2000 The Sundsvall Regional Hospital (central Sweden) required 655 MWh 
of comfort cooling with a maximum cooling power 1,366 kW. Of the cooling demand, 
approximately 93% was attained by the use of 19,000 m3 of snow stored from the winter. The 
majority of the snow/ice was natural while the rest was artificially made with snowguns and a hose. 
The snow was stored in a 140x60 m shallow pond of watertight asphalt. A 0.2 m layer of wood 
chips thermally insulated the snow. The operation of the plant experienced only minor problems. 
Luleå University of Technology is responsible for the scientific evaluation of the project. This paper 
compiles the results and experiences of the snow cooling plant during the first year of operation, 
2000. 

Keywords 
Snow, cooling, energy storage, renewable energy, pilot plant  

1. Introduction 
One way towards a sustainable society is to reduce both the use of non-renewable energy and the 
amount of energy presently used for different tasks. One energy efficient method for cooling is by 
using ice and snow stored from the winter. Ice storage for cooling is an old technology that was used 
in ancient Greece when ice was harvested from lakes and rivers and stored in barns. The ice was 
thermally insulated by sawdust (Taylor, 1985). This technique was common in Europe and North 
America until the beginning of the 20th century, when chillers were introduced (MacCracken and 
Silvetti, 1987). During the past few decades, however, new techniques using both natural and 
artificial snow and ice for comfort cooling and food storage have been developed. Seasonal 
snow/ice storage has a great technical potential in industrial, agricultural, and comfort cooling 
applications in large parts of the world. One way of extracting cold from a snow/ice storage is based 
on the re-circulation of the cooling media between the cooling load and the snow/ice, Figure 1. 

Skogsberg and Nordell (2001) briefly 
reviewed literature on seasonal snow and 
ice storage, which included a description of 
the first Swedish large-scale snow cooling 
plant at the Sundsvall Regional Hospital in 
central Sweden. Luleå Univ. of Technology 
is responsible for the scientific evaluation of 
the project. In this study different types of 
thermal insulation on snow/ice are 
evaluated, with a focus on evaporative 
materials such as wood chips and sawdust. 

LOAD

Heat exchanger

Snow/Ice

Overflow

Insulation
Melt water

Figure 1. Snow storage principle; the meltwater is 
re-circulated between the load and the snow 
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The objective of this article is to present experience and measured results from the first year of 
operation at the Sundsvall snow cooling plant. 

2. The Sundsvall Regional Hospital snow cooling plant 
The Sundsvall Regional Hospital snow cooling plant was constructed during 1999/2000 and began 
operating in June 2000. The hospital, with a floor area of 190,000 m2, needs about 1,000 MWh of 
cooling with a maximum cooling power of 1,500 kW (1999). The monthly mean air temperatures 
during the cooling season (May to August) vary from about 8 to 15oC. The annual mean air 
temperature of Sundsvall is 3.2oC. Snow is stored in a shallow pond with a watertight asphalt 
surface (140×60 m) and a possible snow storage volume of 60,000 m3, Figure 2.  

 

Figure 2. The snow cooling pond and the pump house. Part of the Sundsvall Regional Hospital is 
seen in the background. 

Cold is extracted by pumping meltwater through heat exchangers connected to the existing cooling 
system of the hospital. The heated meltwater is then re-circulated to the snow where it is cooled and 
new meltwater is formed. The meltwater is cleaned by a coarse meshed filter, oil and gravel filter, 
and automatically rinsed fine filters. It is then pumped by two frequency-controlled pumps (0.035 
and 0.050 m3 s-1) to the counter flow heat exchangers (2×1000 kW). 

Preliminary simulations by Nordell and Sundin (1998) indicated that an un-insulated snow pile would 
be gone by mid-June, i.e. long before the end of the cooling season. Thus, the pile had to be 
thermally insulated. The traditional thermal insulation of snow/ice is different kinds of wood chips, 
sawdust, etc. Although no scientifically oriented work was found on the function of wood chips on 
snow/ice, it was decided to use wood chips because of its easy access and low price. The outline of 
the snow cooling plant is shown in Figure 3. 



    PAPER II  

      
3

 

Figure 3. Outline of the snow cooling plant at the Sundsvall Regional Hospital, Sweden. 

During the autumn 1999 the pond was filled with water to test its watertightness. When this water 
began to freeze, the bottom water was pumped on top of the ice to accelerate the ice production. 
The storage was filled with snow and ice until the beginning of April. The maximum snow volume (at 
the beginning of May) was 18,800 m3, which was less than the planned 30,000 m3. Since the start 
of the snow cooling season was delayed with more than one month, the smaller snow volume 
covered almost the entire season. Approximately 70-75% of the volume was natural snow/ice from 
streets and squares. Snow blowers and a hose produced the rest of the snow. The snowguns ran for 
at total of about 240 hours. One snowgun produces 50-100 m3 (density about 400 kg m-3) of snow 
per hour. The blowers required considerable maintenance and surveillance; at most they required 
de-icing every four hours. About 760 man-hours were spent on the snow handling at the snow plant.  

The pile was covered with a wood chip layer of approximately 0.2 m in April. It took about 10 days 
for a tractor and an excavator to distribute the wood chips evenly over the snow surface. After the 
cooling season the wood chips were removed from the pond. About 75% were saved for the 
following year and the rest was returned to the producer due to the lack of storage space. The 
handling of the wood chips required 270 man-hours. The returned wood chips were cleaned of sand 
and gravel before being burnt at a nearby co-generation plant. 

The snow cooling plant was used for cooling from June 6th to August 28th. At the beginning of the 
cooling season the meltwater temperature was between 0 and +1oC. Very soon the snow on the 
sides of the storage melted and shortcuts to the pump house were formed. Therefore, the meltwater 
temperature was increased to about +3oC. The snow at the sides melted first since the recirculation 
valves are located at the sides of the storage. To avoid even higher temperatures hoses were 
installed to return the melt water to the centre of the snow pile. In July, the intense rain diluted and 
heated the melt water to between +5 and +10 oC as well as causing the outlet water to be brownish 
due to washed out substances from the wood chips. The melted sides also meant that the snow was 
directly exposed to the air, Figure 4, which resulted in an increased snow melt. This problem, 
though, was not attended to during this summer of operation.  

 

Return Pipes

Snow

Hospital

Coarse-meshed filter

Oil and Gravel Separator
Pumps (50+35 l/s)

Wood Chips

Automatically Rinsed
Fine Filters

Heat Exchangers
(2*1000 kW)

Outlet Pipe

+2oC

+10oC

+7oC

+12oC
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Figure 4. Sundsvall snow cooling plant at August 5th 2000. 

The running cost of the first year was about 15.3 EUR MWh-1 (total about 0.01 MEUR). The total 
investment cost of the snow cooling plant was approximately 1.3 MEUR.  

The owner, the County Council of Västernorrland (CCV), summarised the first year as one filled 
with new challenges, but still less problems than an ordinary year with chillers. The snow cooling 
plant delivered the desired cooling, even though the melt water temperature part of the season was 
higher than expected.  

After the first year of operation the storage was reconstructed to make it possible to attach re-
circulation hoses directly to the valves and to have a higher water level in the pond. In this way CCV 
hoped to avoid shortcuts and snow exposed to the air, thereby ensuring a lower water temperature 
and a slower natural snow melt. A pump was also installed to simplify the emptying of the pit and to 
enable the pumping of pond water to the snow blowers and water hoses. The maximum melt water 
outlet flow to the recipient stream was reduced from 0.045 to 0.005 m3 s-1 in order to avoid 
sediment transport. This measure only affects the emptying time after the cooling season. 

3. Measurements and evaluations  
The air temperature, precipitation, and global radiation were measured hourly. Before June 16th, 
when the weather station at the snow pond was installed, air temperature and precipitation 
measurements by the Swedish Meteorological and Hydrological Institute at the Midlanda Airport 
(20 km from Sundsvall) were used. 
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The snow volume was measured five times with a geodetic total station. The snow density was 
assumed to be constant, 730 kg m-3, based on a few measurements in May. 

The cooling energy from the snow cooling system was calculated as 

( ) tTTcmE mmpms ⋅−⋅⋅= 12&       (1) 

where Es is cooling energy from the snow storage [kWh], mm&  is melt water flow [kg/s], cp is heat 
capacity of melt water [4180 J/kg*K], Tm1 is melt water temperature before heat exchanger [oC], 
 Tm2 is melt water temperature after heat exchanger [oC], and t is time step [h].  

The cooling energy from the chiller was calculated as 

( ) tTTcmE ccpcc ⋅−⋅⋅= 12&       (2) 

where  Ec is cooling energy from the chiller [kWh], cm& is cooling circuit water flow [kg/s], cp is heat 
capacity of cooling circuit water [4180 J/kg*K], Tc1 is cooling circuit water temperature before heat 
exchanger [oC], and Tc2 is cooling circuit water temperature after heat exchanger [oC].  

The running Coefficient of Performance (COPrun), defined as the ratio between the delivered cooling 
energy and input energy, was calculated. COPrun included electricity used in the two systems and all 
energy for the handling of the snow and wood chips. The cooling power was calculated as the mean 
power per hour.  

The ground temperature under the storage pond was measured above and below the ground 
insulation, at three locations. 

Meltwater of urban snow deposits is highly contaminated (Viklander, 1997). The Environment and 
Public Health Office of Sundsvall required analysis of relevant pollution parameters of the outlet 
meltwater, e.g. heavy metals, hydrocarbons, oxygen demands, and nutrition content, since the snow 
cooling plant at the Sundsvall Hospital is the first of its kind. These parameters were also measured 
in 1998, i.e. the year before the snow storage was put into operation. Measurements were made at 
five locations: in the snow storage, in the outlet stream, in two small ponds downstream, and at the 
inlet and outlet of a small lake downstream. 

4. Results and discussion 
Climate data from the year 2000 are shown in Figure 5. The total precipitation between May 1st and 
September 11th was 363 mm and global radiation between June 16th and September 11th was 282 
kWh m-2. The climate corresponded well with an average year except for the intense precipitation in 
July that was almost twice the normal. The climate and the cold extraction resulted in the reduction 
of the snow storage volume as shown in Figure 6.  
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Figure 5. Climate data for The Sundsvall Hospital from May 1st to September 11th 2000. 

 

 

 

 

 

 

 

 

 

Figure 6. Measured snow volume at five occasions from May 1st to August 31st, during the cooling 
season 2000. The last value was estimated. 

 

The extracted cooling energy per day from the two systems, equations (1) and (2), is shown in 
Figure 7. The total cooling energy from the snow cooling plant was 607.9 MWh and the maximum 
cooling power was 1366 kW (June 30th, 2 p.m.). The total cooling energy from the chiller was 47.6 
MWh and the maximum cooling power was 762 kW (August 29th, 2 p.m.). The chiller also ran 
between May 9th and June 6th, before the storage was in operation, however for this period no 
values of cooling energy exist. 
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Figure 7. Diurnal cooling energy need, extracted from the snow cooling plant and the chiller. 

The COPrun of the snow plant was 10.5, and 2.2 for the chiller. The COPrun of the snow cooling 
plant would have been approximately 5% higher if it had been possible to separate the electricity 
that was not used directly for the cooling system (lamps, computers, etc.). 

To compare the two systems within a larger context, a COPtotal was also calculated. Except for the 
operating energy, the denominator of this coefficient also included the yearly material depreciation, 
i.e. the total energy required to manufacture and construct a system divided by the estimated lifetime, 
based on values by Hagerman (2000). The COPtotal of the snow cooling plant was 8.6 and the 
chiller 2.2. The COPtotal of the chiller was based on the assumption that the chiller had produced the 
same amount of cooling energy as the snow cooling system. This was necessary to make a fair 
comparison between the two systems since the relative contribution of the material depreciation 
increases with a decreased level of delivered cooling energy.  

During the whole season, the ground temperature below the insulation was rather stable, ranging 
from +4 to +7oC, and varied with time and location. In the pre-study a ground water temperature of 
+6oC was used, which corresponded well to the measured temperatures. Above the insulation the 
ground temperature followed the air temperature with a slight trailing when water or snow was not 
covering the storage bottom. When snow or water insulated the pond bottom the temperature rose 
to slightly above zero.  

According to the authorities the melt water quality in the recipient was such that further treatment 
had to be considered, in particular concerning non-biodegradable compounds, phosphorus, and 
lead. However, other heavy metal concentrations were generally low (The Environment and Public 
Health Office of Sundsvall, 2000). The fact that urban snow is contaminated is in a way 
advantageous for this technique, since the melt water can easily be controlled and treated. 
Contamination of the snow and substances from the wood chips might cause problems in the future 
for the equipment being used.  
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The pre-study showed that heat transfer from the air caused the main part of the natural melting. 
Because of this and since about 85% of the running cost of the first year was connected with the 
handling of wood chips, it is clear that the top insulation problem needs to be examined further. This 
concerns both the handling of wood chips and minimising the heat losses through the top insulation. 
Different types of insulation needs to be evaluated, e.g. sawdust, plane chips, plastic mattresses, and 
rigid buildings, and also alternative ways of applying the insulation. One specific quality with 
materials such as wood chips is that they absorb meltwater that in turn evaporates, especially during 
sunny and windy days. This evaporation cools the pile. 

The construction cost will also be reduced in future snow storage systems. Based on the experience 
from Sundsvall, it has been concluded that the construction cost of a similar storage for 120,000 m3 
of snow (~6,000 MWh) would be about 0.8 M EURO. The estimated pay back time is 
approximately three years; however, a greater cooling power would reduce this time. The estimated 
technical life of a snow storage plant is 40 years. 

5. Conclusions 
The first cold extraction period of the Sundsvall Hospital Snow Cooling Plant was between June 6th 
and August 29th 2000. Its maximum snow volume was 18,800 m3, of which 75% was natural snow 
from nearby streets and squares. The rest of the ice/snow was artificially made with snow blowers 
and a water hose. The pile was thermally insulated with 0.2 m of wood chips in April. After the 
cooling season, 75% of the wood chips was saved for the following year and the rest was burnt in a 
co-generation plant. 

Between June 16th and September 11th, 655 MWh of cooling energy was delivered to the hospital, 
of which 93% came from the snow cooling system. The maximum cooling power was 1366 kW. 
The running COP of the snow cooling system was 10.5 while the corresponding value of the chiller 
was 2.2. When material depreciation, based on lifetime and energy input, was included, the total 
COP became 8.6 for the snow cooling system and 2.2 for the chiller. 

Despite some minor problems the plant worked well and met the required cooling energy and 
power. The melting process was not ideal because the sides of the snow pile melted first, thereby 
directly exposing the snow to air. This resulted in warmer re-circulation water because of shortcuts 
and a faster snowmelt. The first problem was handled by using hoses to return a part of the 
meltwater to the central parts of pile. The second problem was not attended to. 

The ground temperature above the insulation was close to the air temperature when the pond 
bottom was not covered by water or snow and slightly above zero when it was covered. The 
temperatures below the ground insulation varied from +4oC to +7oC during the entire year. This 
corresponds well to the assumed ground temperature in the pre-study. 

The meltwater quality in the recipient was such that further treatment had to be considered, in 
particular concerning non-biodegradable compounds, phosphorus, and lead. The snow storage 
makes it possible to treat the meltwater. 

The investment cost of the plant was 1.3 MEUR, and the first year running cost was about 15.3 
EUR MWh-1 (total 0.01 MEUR). 
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The thermal insulation qualities of wood chips for snow storage, which will be studied further at 
Luleå University of Technology, is not only due to the low thermal conductivity, but also by 
evaporative cooling. Snow pollution and possible treatment methods of the meltwater will also be 
studied.  
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Wood chips as thermal insulation on snow- A preliminary experiment  

Laboratory report  
Kjell Skogsberg, Div. of Water Resources Engineering, Luleå University of Technology  
November 2001  

Abstract 

This report considers wood chips as thermal insulation for snow and ice. The utilisation of 
snow and ice for cooling during the summer requires storage methods where thermal 
insulation is necessary. Wood chips or rather sawdust is the traditional thermal insulation of 
snow and ice; the hypothesis was that the good thermal insulation quality of wood chips on 
snow and ice is a function of both an evaporative cooling effect and the thermal resistance of 
the wood chips.  

The effect of radiation on the snowmelt rate with wet and dry wood chips was measured in 
laboratory tests. The melt and evaporative rates were measured and the heat transfer through 
the wood chips calculated. The influence on the melt rate of wind velocity was calculated. It 
was found that evaporative cooling contributed greatly to the thermal insulation properties. 
Different kinds of wood chips as thermal insulation on snow and ice were discussed. This 
report is the first part of an extensive study.  

1 Background  

The utilisation of snow/ice for cooling during the summer requires storage methods such as 
thermally insulated storage plants. Wood chip is the traditional thermal insulation of snow 
(Taylor, 1985); its good thermal insulation qualities on snow/ice may be related to an 
evaporative cooling effect and the thermal resistance of the wood chips.  

There are reports of a phenomenon similar to wood chips as thermal insulation on snow, 
namely reduced melting of glaciers because of a soil layer. Pelto (2000) reports a 30% 
reduction in melt rate from a glacier covered with a layer of fine-grained clay-sand. Kayastha 
et al. (2000) reports on 35 and 59% reduced melt rates with a soil layer of 0.10 and 0.40 m, 
respectively.  Takeuchi et al. 
(2000) reports that the 
meltability reduces fast as the 
layer increases. This effect was 
ascribed to buffering; i.e. that 
heat absorbed during the day 
was stored in the soil and then 
emitted to the surroundings at 
night.  

The mass and heat transfer 
through a wood chip layer on 
snow in performed laboratory 
test are shown in Figure 1.  

 

 

air

snow

wood chips

radiation convection

water transport

water transport

heat conduction

Figure 1 Principle of heat and mass transfer 
through a layer of wood chips on snow. 
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During melting the interface temperature between snow and wood chips is 0oC. Most of the 
melt water percolates downward through the snow where some is transported upwards 
through the insulation layer because of capillary forces and evaporation. Evaporation occurs 
when water is available and the vapour pressure at the surface exceeds the air vapour 
pressure. The rate of evaporation depends on the surrounding conditions (air temperature, air 
humidity, air velocity, and radiation) and the properties of the wood chips (evaporation 
resistance, surface roughness, and water transport capacity). Since evaporation requires 
energy this phenomenon cools the pile. The water transport capacity of wood chip might be a 
limiting factor for the evaporation rate.  

The thermal conductivity of the wood chips depends on wetness, structure, and compaction. 
Thermal conductivity of dry (12% water content) sawdust and plain chips varies from 0.08 to 
0.14 W m-1K-1, depending on density. The thermal conductivity of water is 0.60 W m-1K-1.  

The overall objective is to study the feasibility of wood chips as thermal insulation for snow 
and ice. This preliminary experiment was conducted to analyse the mass and heat transfer 
mechanisms involved.  

2 Experiments  

A test rig was built to investigate the melt and evaporative rates during different conditions, 
Figure 2. 

 
Figure 2. Section outline of the initial test rig. An induced airflow passes over 

the snow where temperature and relative humidity were recorded. The 
mass change (of snow and wood chips) and the melt water flow were 
recorded. The temperatures of the wood chips were measured at two 
locations and four levels. 

The box measured 1.25×0.65×0.90 m (L×W×H), i.e. 0.73 m3. It consisted of a wooden frame 
with 0.05 m extruded polystyrene foam boards (λ=0.035 W m-1K-1) as walls. A fan induced a 
constant airflow, estimated to 1 m s-1, through the inlet and outlet channel, A=0.20 m2. The 
whole rig was placed on a large scale. A tipping bucket measured the melt water rate. 

Tairt

RH

Scale

Snow

Woodchips

Light 480 W

Tairt

RH

Volume
flow

Fan
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Relative humidity of the air (RH) was measured at the inlet (in) and outlet channels (out). 
Temperature (T) was measured in the channels and in the insulation layer at two locations 
and at four levels at each location. Data was measured every third minute and mean values 
were recorded every 15 minutes. The melted volume was recorded every 15 minutes.  

The scale (Toledo load cell, maximum weight of 600 kg, accuracy 0.1 kg) was calibrated 
with known weights. A tipping bucket, calibrated with known water volumes, measured melt 
water flow. Wood chips temperatures were measured with resistance thermometers (PT 100), 
which were calibrated in boiling water and ice/water slurry. Air temperatures were measured 
with resistance thermometers and RH was measured with electrical resistance humidity 
sensors in a combined device (Rotronic Air-Probe YA-100-Hygrometer). RH was calibrated 
with humidity standard solutions and the wood chip thermometers verified the temperatures. 
Solar radiation was simulated with light bulbs having a light efficiency of 5%. Reflectivity of 
wood chips was measured for one month in the spring with a pyranometer for global 
radiation. 

The snow weight was indirectly measured by comparing initial and final weights. The snow 
was both natural late spring snow, artificial from a snowgun, and “snow” from an ice rink. 
There were no additives in the ice rink snow. Two samples were stored in a freezer, the 
others taken directly from the ground. Densities were estimated by weighing the mass of 
drilled out small snow-cores of known volumes. The water content was determined by 
calorimetric measurements (bomb calorimeter). Melt and evaporative rates were calculated 
both as power [W] and mass flow [kg h-1].  

The first part consisted of six different runs (1.1-1.6) to find out the difference in melt rates 
between bare and insulated snow, wet and dry wood chips, and with and without light. By 
putting a permeable geotextile on the snow, the wood chips stayed dry, without hindering the 
airflow. Mean melt rates were compared by altering one parameter at a time. Temperature 
and RH were examined. Absolute humidity (AH) changes of the air for runs without light 
was calculated. 

The second part consisted of three similar two-split runs (1.7.1-1.7.3), with and without light. 
After the first run (1.7.1) the test rig was reconstructed. The tipping bucket and plastic box 
were placed on the scale. After passing through the tipping bucket, the melt water was led 
into a plastic box. Evaporation/condensation (and leakage) was then directly measured by the 
scale.  

 

3 Results  

After run 1.5, no natural snow remained. Measured snow densities were unreliable as per the 
experience of Nagano et al (2000). Water content measurements were untrustworthy since the 
snow of the first runs was wet. These parameters were not measured in the two last runs. 
Experiment set-ups and data of snow amount, origin, and qualities are shown in Table 1.  
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Table 1 Experiment set-up of run 1.1 to 1.6.  

Run 
Wood 
chip 

Geo- 
textile Light 

Snow 
mass 
[kg] 

Snow 
origin 

Snow 
history 

Density 
[kg m-3] 

Water 
content 

[%] 

1.1 - - - 94.4 Natural Direct 542.8 0% 

1.2 X X - 47.4 Natural Direct 570.8 0% 

1.3 X X X 68.3 Natural Direct 406.8 14% 

1.4 - - X 78.5 Natural Stored 
5 days 

599.3 0% 

1.5 X - X 26.9 Natural Direct - - 

1.6 X - - 82.8 Snow 
blower 

Stored 
1 month 

- - 

 

 

The accumulated mass losses of run 1.1-1.6 as a function of time are seen in Figure 3.  

  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. Accumulated mass loss of run 1.1 to 1.6.  

 

Air temperature and RH values were only useable for dark runs as the probes were exposed to 
light radiation. Tin,mean varied from 17.4-19.6oC, Tout,mean from 16.4-18.9oC, RHin,mean from 
46.0-53.0%, and RHout,mean from 43.3-52.2%. The temperatures were rather stable, but RH 
varied diurnally because of ventilation. There were also smaller, irregular and almost 
periodical disturbances, which were unexplained. Runs 1.1, 1.2, and 1.6 are seen in Figures 
4-6. 
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Figure 4. Temperature and relative humidity of run 1.1, with geotextile and 

wood chip. 

 

 

 

 

 

 

 

 

 
Figure 5. Temperature and relative humidity of run 1.2, with geotextile and 

wood chip. 

 

 

 

 

 

 

Figure 6. Temperature and relative humidity of run 1.6, with wood chip.  
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The absolute humidity (AH) of runs 1.2 and 1.6 is shown in Figures 7 and 8. The mean 
differences (AHin-AHout) were 0.74 and 0.38 g kg-1.  

 

 

 

 

 

 

 

 

 

Figure 7. Absolute humidity difference of run 1.2, with geotextile and wood chip. 

 

 

 

 

 

 

 

 

 
Figure 8. Absolute humidity difference of run 1.6, with wood chip.  

Runs 1.7.1-1.7.3 meant repeated similar tests. Since water contents and snow densities of the 
first part were not trustworthy, because of unreasonable values, these parameters were not 
measured. The set-ups and snow data are shown in Table 2.  

Table 2 Experiment set-up of runs 1.7.1 to 1.7.3. 

Run 

W
oo

d 
ch

ip
 

G
eo

-t
ex

ti
le

 

L
ig

ht
 

Snow mass [kg] Snow origin Snow history 
Length until 

light was 
turned on [h] 

1.7.1 X - -/X 89.5 Hockey arena Direct 48 

1.7.2 X - -/X 107.6 Hockey arena Direct 86 

1.7.3 X - -/X 103.6 Hockey arena Direct 38 
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Accumulated melt water mass and melt water mass per fifteen minutes of runs 1.7.1-1.7.3 are 
seen in Figures 9-11. The tipping bucket broke after 100 hours in run 1.7.3.  

 

 

 

 

 

 

 

 

 
Figure 9. Accumulated melt water mass and melt water mass per fifteen minutes 

of run 1.7.1. 

 

 

 

 

 

 

 

 

 
Figure 10. Accumulated melt water mass and melt water mass per fifteen minutes 

of run 1.7.2. 

 

 

 

 

 

 

 

 

 
Figure 11. Accumulated melt water mass and melt water mass per fifteen minutes 

of run 1.7.3. 
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Accumulated evaporative mass losses of runs 1.7.2 and 1.7.3 are seen in Figures 12-13. This 
parameter was not possible to measure in run 1.7.1. The weight during the first few hours 
depends on leakage. The absence of evaporation in run 1.7.3, from 75 to 125 hours, could not 
be explained. There were no simultaneous changes in Tin or RHin. 

 

 

 

 

 

 
 

 
Figure 12. Accumulated evaporative mass loss of run 1.7.2. Light was turned on 

after 86 hours.  

 

 

 

 

 

 

 
Figure 13. Accumulated evaporative mass loss of run 1.7.3. Light was turned on 

after 38 hours. 

Air temperatures and AH with light were only calculated for 1.7.3, when the T/RH probes 
were shielded from direct radiation, Figure 14. The periodic variations were diurnal, caused 
by the ventilation system.  

 

 

 

 

 

 

 

 

 
Figure 14. AH and temperature of run 1.7.3.  
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The upper wood chips surface temperature increased from about 14/15oC without light to 
30/35oC with light. The temperature gradient was roughly linear throughout the wood chips 
layer. The reflectivity of new wood chips was 0.4-0.5.  

3.1 Sources of error  

The airflow cross-section area increased as the snow surface was lowered by melting, thereby 
decreasing the air velocity over the snow/wood chip surface. The box walls were not totally 
homogenous and airtight, possibly creating some thermal bridges. Despite repeated sealing, 
there was always a small melt water leakage at the beginning of each run. The melt rates are 
not directly comparable since they were calculated after different times. Measured snow 
density and water content were unreliable because of unreasonable values. Pieces of wood 
chips clogged the tipping bucket, which also broke several times. The air temperature/RH 
probes were incorrectly placed, since they were influence by radiation from the bulbs. The 
Penman equation, developed for larger surfaces and longer time periods, gave reasonable 
evaporation values. It might also be appropriate during large-scale calculations.  

4 Discussion and conclusions  

Six runs subjected to different conditions were performed in the first part of this experiment. 
The melt rates used in these comparisons were calculated for various time spans because 
different amounts of snow were used. By comparing corresponding melt rates of runs 1.3 and 
1.5, it was found that the evaporative cooling effect reduced melting about 33%. Dry wood 
chips has a better (lower) heat conductivity than wet wood chips, but this advantage was less 
than the evaporative cooling effect. By comparing corresponding melt rates of runs 1.5 and 
1.6, it was noticed that the melt rate with wet wood chips increased about 70% with light. 
From runs 1.3 and 1.2, a comparison of corresponding melt rates indicated that the melt rate 
with dry wood chips increased about 40% with light. A comparison of corresponding melt 
rates of runs 1.2 and 1.6 showed that the melt rate with wet wood chips was about 35% less 
than with dry wood chips.  

The heat transfer through the bottom and sides, estimated by assuming one-dimensional heat 
conduction, was between 10.4 and 25.6 W, depending on the amount of snow. This 
corresponds to a melt rate of 0.113-0.276 kg h-1. This heat transfer was considered in the 
analysis of measured melt rates. The resulting net melt rate is henceforth named top melt rate.  

The second part consisted of three similar runs where light was turned on after a certain time. 
The melt rate of run 1.7.1 was based on scale values whereas the others were based on 
tipping bucket values. The run-off was large in the beginning since the snow was very wet. 
The top melt rates were calculated as a mean value of 0-3 hours before and 8-11 hours after 
lighting, because it took that long until the full effect of light was established, see Figures 8 
and 9. Evaporation rates of run 1.7.2 and 1.7.3 were calculated from scale values, between 
86-220 and 38-75 hours, respectively. Evaporation rate of run 1.7.1 could not be calculated. 
Melt and evaporation rates as mass flow and corresponding heat transfer values are seen in 
Table 3.  
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Table 3 Mean melt and evaporation rates just before light was turned on and during 8-11 
hours after light was turned on.  

Run Mean top melt rate  Mean evaporation rate  

 [kg h-1] [W] [kg h-1] [W] 

 no light light no light light no light Light no light light 

1.7.1 0.30 0.45 28.2 41.3 - - - - 

1.7.2 0.25 0.48 23.5 44.4 0 0.018 0 12.6 

1.7.3 0.29 0.44 26.6 41.0 0 0.011 0 7.3 

 

The mean top melt rates increased 45-90% when light was turned on, in agreement with 
results of the first set. The mean top melt power with light corresponded to about 1/12 of the 
bulb power. Even if the evaporation rate was small it corresponded to about 25% of the mean 
top melt energy. Therefore, evaporation is a significant part of the heat balance. Without light 
there was some condensation according to scale values of run 1.7.2, but this was not observed 
in run 1.7.3. According to measured air values condensation occurred during all of the three 
runs, indicating incorrect placing or calibration of the air probes.  

The measured air temperature decreased while passing through the box without light and 
increased with light. The measured mean air temperature increase of run 1.7.3 with light was 
2.6oC. With an estimated air flow and assuming that all bulb energy was supplied to dry the 
air, the calculated air temperature increased about 1.6oC, indicating that the actual airflow 
was smaller than 1 m s-1. The measured incoming air temperature of run 1.7.3 increased when 
light was turned on, indicating incorrect placement. 

The wind influence on evaporation was calculated with the Penman equation, see Appendices 
part 1. With a wind velocity 1 m s-1 the evaporation rate was 0.0108 kg h-1, i.e. in the same 
range as measured values. A wind velocity of 2 and 5 m s-1 increased the evaporation to 
0.0225 and 0.0574 kg h-1, showing that wind velocity influences evaporation greatly.  

Measured snow densities varied from 400-600 kg m-3, but these values were regarded with 
some hesitation. The density of natural snow varies from 30 to 400 kg m-3 (SNA, 1995). 
After consolidation with 0.25 bar, Nagano et al (2000) found that the snow density was 
between 400 and 500 kg m-3. Measured snow water content was 0-14%. Since the snows of 
the first four runs were obviously wet, these values were unreliable.  

The measured reflectivity of new wood chips was 0.4-0.5, but will decrease as wood chips 
age and darken. Together with possible water transport deterioration, this makes it important 
to study the impact of time on wood chips qualities as thermal insulation on snow. It is 
reasonable to assume that an increased wood chips thickness improves the thermal insulation 
effect and that the evaporative cooling effect looses its relative importance. The thermal 
insulation qualities of wood chips depend on heat conductivity, water transport capacity, 
evaporative resistance, absorbtivity, and relative surface area. Plain chips are probably the 
best alternative. Bark is compact and has poor water transporting qualities, which explains 
why it probably is not a good thermal insulation material on snow and ice. With plastic 
thermal insulation, the evaporative cooling effect is absent, but the heat conductivity is lower 



 PAPER III  

   
  11

(typically 0.04 W m-1K-1). It is also possible to select a reflective surface. The question of 
thermal insulation on snow is also a question of cost. The subject will be further studied.  
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Appendices 

The wind velocity effect on evaporation was studied by using the Penman equation, which 
combines the analytical energy balance with an empirical aerodynamic term, i.e. the 
convective mass transfer. It is written as  

∆+

∆⋅
⋅

+
+⋅

=
γ

ρ
γ

vap

groundrad
a

evap

H

PP
E

m&  

where evapm& is evaporation rate of the melt water, here [m day-1], γ is the Psychrometer 
constant [0.62 mbar oC-1], Ea is a wind term (i.e. convective heat transfer) [m day-1], Prad is 
net radiation [J m-2day-1], Pground is heat transfer from the ground [J m-2day-1], ∆ is inclination 
of vapour saturation curve [mbar oC-1], and ρ is water density [kg m-3]. The wind term is 

( ) ( )eewakE aa −⋅⋅+⋅= 1  

where k and a are constants, depending on surface type [m day-1mbar-1][s m-1], w is wind 
velocity [m s-1], ea is saturation vapour pressure of the air [mbar], and e actual vapour 
pressure of air [mbar]. Constants commonly used in Sweden are (k and a) 0.00013 and 0.72 
for lakes, corresponding values for grass are 0.00047 and 0.54. 

Wood chips has a larger surface per area unit than a water surface but no transpiration why 
the constants of the aerodynamic term were assumed to be a mean value of water and grass. 
The ∆ term was assumed for estimated mean air and measured wood chips temperature.  
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Kjell Skogsberg, Div. of Water Resources Engineering, Luleå University of Technology 
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Abstract 

Water is evaporated from freezing water. This phenomenon, called freezing losses, accumulates with 
repeated freezing and thawing and should be an important loss factor when snow is stored from 
winter to summer. In this laboratory study, the influences on the freezing losses from surface area, 
initial water weight, initial water temperature, prevented water pressure increase, and wood chips 
covering were studied. Water was frozen in a can that was thermally insulated on the bottom and 
sides. The amount of the freezing loss mainly depended on the amount of frozen water. Occurring 
losses are typically 2.5-3% of the ice mass, corresponding to 20-30% of the total energy transfer. 
When freezing begins, the loss is greater than 3%; for an ice thickness of more than 40 mm, the loss 
is less than 2.5%. 

 

 

1 Background  

Water is evaporated from freezing water. Nilsson and Sjödin (1986) analysed this phenomenon, 
freezing losses (FL), in an experimental study. They concluded that about 2.7 g of water evaporates 
when 100 g of water is frozen to ice and that FL should occur anytime water freezes in nature. 
During the springs, this phenomenon could add up to significant mass losses when several melting 
and freezing periods occur. Milanov and Nilsson (1988) performed a more detailed study of FL and 
established a model to explain this. They made three experiments with a water-filled can and one 
with a wet scouring cloth. The air temperature (Tair) was about –15oC, relative humidity (RH) 70-
80%, and estimated wind velocity 0.5 m s-1. They found that FL was approximately 3% of the initial 
water amount and their results indicated that surface area does not influence the relative size of the 
FL.  

The vapour pressure gradient between surface and air governs the direction and partly the 
magnitude of the vapour transport. Evaporation increases with decreased RH and increased surface 
temperature, and an ice surface thus reduces evaporation. Wind velocity and surface resistance also 
affect evaporation.  

When a water-filled can freezes from the top the pressure in the unfrozen water increases since ice 
density (~920 kg m-3) is lower than water density (~1,000 kg m-3). The pressure increases until a 
temperature-pressure balance is reached, or until the water finds a way out of the can. The balance 
pressure of –10oC is 1,178 bar (Nordell, 1990).  

Sublimation means that a substance transforms from solid into gaseous phase without melting, and 
occurs when pressure and temperature are below the triple point value, Figure 1. The triple point 
value of water is 0oC and 0.0061 bar (610 Pa).  
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In spite of this, Pomeroy and Gray 
(1995) discuss the sublimation rate 
coefficient as a function of RH and 
Tair for a small ice sphere. At Tair = -
10oC and RH 70%, a 10% RH 
change affects the coefficient twice 
as much as a 2oC temperature 
change. The coefficient increases 
almost linearly with wind velocities 
above 1 m/s. Incoming short wave 
radiation was included.  

 

The heat capacity of water between 
0 and +5oC is 4.2 kJ kg-1K-1, the 
latent heat of vaporisation at 0oC is 
2,501.3 kJ kg-1 (van Wylen et al, 
1994). The latent heat of fusion is 333.5 kJ kg-1, the heat capacity of ice at 0oC is 2.1 kJ kg-1K-1, 
and the latent heat of sublimation at 1 atm. and 0.01oC is 2,838.0 kJ kg-1 (Hobbs, 1974).  

The main objective of this laboratory study was to analyse how different parameters affect the 
freezing losses and to investigate whether the phenomenon is an important factor for seasonal snow 
storage.  

1.1 Limitations 

No literature was review made. The influence of Tair and RH on the FL was not investigated.  

 

2 Experiments  

The freezer was a top opening household freezer, 0.95×0.50×0.68 m (L*W*H) (V=0.32 m3). A 
0.05 m extruded polystyrene board (λ=0.027 W m-1 K-1) replaced the lid. A scale was placed on a 
table above the freezer and the can was placed on a plate inside the freezer. The plate hung on a 
string attached to the bottom socket of the scale, Figure 2. 
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Figure 1 P-T diagram of a pure substance that expands 

on freezing (like water).  
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Figure 2 Outline of the experiment set-up. 

The main scale (Mettler, PT15) was calibrated with an accuracy ≤ 0.2 grams up to 5 kg. The 
second scale (Mettler, PT11) was used to measure initial and final weights. It was calibrated against 
the main scale with an accuracy ≤ 0.3 grams up to 5 kg. The temperature was measured with an 
electrical resistance thermometer (Pentronic, PT-100) and humidity with an electrical resistance 
humidity sensor (Rotronic, YA-100C). The thermometer was calibrated with ice/water slurry and 
boiling water and the humidity sensor with humidity standard solutions. 

Four PVC cans, cut pipes with a glued and sealed bottom, and one steel can were used in the 
experiments, Table 1. The sides and bottoms of the PVC cans were thermally insulated by 0.05 m 
of extruded polystyrene (λ=0.027 W m-1 K-1). 

Table 1 Can data. 

Can Diameter [cm] Height [cm] Area [cm2] Weight [g] Material 
1 10.3 10.0 83.3 246.1 PVC 
2 15.0 10.0 176.7 497.1 PVC 
3 18.8 10.0 277.6 795.7 PVC 
4 29.5 10.0 683.5 1529.0 PVC 

Steel 13.5 
9.3 

6.9 top 143.1 
bottom 67.9 

117.7 Steel 

 

The influences on FL from surface area, initial water weight (m0), initial water temperature (T0), 
prevented water pressure increase, and a layer of initially dry  wood chips on top of the water/ice 
were studied with five cans. To eliminate a mix-up between initial evaporation and FL, the time until 
ice formation started was measured and combined with high time resolution runs. The influence of 
FL by prevented water pressure increase was studied using a balloon and pipe device, Figure 3. 
The existence of sublimation, under current circumstances, was meant to be verified by continuing 
mass loss measurements after all water was frozen. This was not successful.  

scale

Water/ice

insulation
fan

Temperature and
humidity gauge
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Figure 3 Device for preventing pressure increases in the water under the ice. 

The general relationships FL/ice mass and evaporation energy/freezing energy as function of ice 
thickness, the ratio frozen and initial water mass, and ice mass were analysed. The ratios as a 
function of a specific time was also considered, but it was to chosen do sessions as long as possible.  

The experiments started by drying the cans and thermal insulation. The main scale was tarred with 
the dry can and thermal insulation and the second scale with the dry can only. The can was filled 
with cold tap water, slightly more than the required amount. When the temperature was too high, 
natural snow or freezer frost was added. If the temperature was too low a small can with hot water 
was held in the water. The weight was then adjusted by removing some water. The can with thermal 
insulation was placed on the plate in the freezer, which hung from the bottom socket of the scale. 
The logger was started when the plate stopped moving; start time and weight were noted. In the 
shorter sessions, the water surface was inspected often to measure the time until ice started to form. 

Stop time and weight on the main scale were noted. The logger was shut off. The can was weighed 
on the second scale. Two holes (∅=5 mm) were drilled through the ice at opposite ends of the 
surface. The ice from the holes was placed onto the scale and the can was emptied of water. The 
ice’s mass was measured. In runs with sawdust on top, the measured ice weight included water 
bound to sawdust. 

3 Results  

Ice almost exclusively formed from the top down. The upper ice surface was often inclining or 
uneven after the run since the water had been pressed up between the inside of the can and the ice. 
The run mean temperature varied from –9oC to –15oC and the relative humidity from 60 to 90%. It 
took between 5 and 35 minutes until the first ice needles formed, and 15 to 60 minutes until the 
surface was covered with ice.  

 

The variables and experiment conditions are presented in Table 2. 

 

ice

Balloon with oil
and lead balls

Balloon where
oil was collected

water

pipe

air
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Table 2 Can, initial water mass (m0), initial water temperature (T0), additional 
information, mean air temperature (Tair,mean), and mean RH of all runs where 
FL where measured.  

Run Can m0 [g] T0 [oC] Special Tair,mean [oC] RHmean [%] 
1.1 2 800 1.5  -10.8 61.4 
1.2 3 800 1.5  -10.8 60.7 
1.3 2 1400 1.5  -14.5 61.3 
1.4 3 1400 1.5  -13.4 60.3 
1.5 2 800 7.0  -10.5 87.6 
1.6 3 800 7.0  -11.7 64.6 
1.7 2 1400 7.0  -14.6 61.6 
1.8 3 1400 7.0  -14.7 63.8 
1.9 2 800 1.5  -11.2 62.8 
1.1 3 800 1.5  -11.9 66.0 
1.11 2 1400 1.5  -12.0 61.5 
1.12 3 1400 1.5  -14.5 64.4 
1.13 3 1400 1.5  -11.3 73.0 
1.14 3 800 7.0  -13.8 61.5 
1.15 2 1400 7.0  -11.8 87.0 
1.16 3 1400 7.0  -12.0 88.6 
2.1 1 600 1.5  -11.2 73.9 
2.2 1 600 7.0  -10.9 77.4 
2.3 4 800 1.5  -14.7 76.9 
2.4 4 800 7.0  -14.0 78.3 
2.5 4 1400 1.5  -11.7 77.1 
2.6 4 1400 7.0  -11.0 76.3 
3.1 2 1400 1.5 Prevented pressure increase -10.9 66.1 
3.2 2 1400 1.5 Prevented pressure increase -11.1 68.2 
3.3 3 1400 1.5 Prevented pressure increase -10.9 66.5 
3.4 3 1400 1.5 Prevented pressure increase -11.3 68.3 
4.1 Steel 550 1.5 Long run -11.0 65.0 
4.2 Steel 630 7.0 Long run -11.2 76.3 
4.3 Steel 600 1.5 Long run -13.8 79.2 
6.1 2 1400 7.0 High time resolution -15.3 79.5 
6.2 3 1400 7.0 High time resolution -14.9 79.7 
7.1 2 800 7.0 Wood chips -9.4 75.0 
7.2 2 800 7.0 Wood chips -9.7 77.8 

 

 

 

 

 



PAPER IV 

6

  
  

 

Typical results from the comparison of can area influence on FL are shown in Figures 4 and 5, the 
others in Appendices.  

 

 

 

 

 

 

 

 

 

 

 
Figure 4 Comparison of can area influence on freezing losses, with m0=800g and T0= +1.5oC. 

Area of can 2: 176.7 cm3, Area of can 3: 277.6 cm3. 

 

 

 

 

 

 

 

 

 

 

 
Figure 5 Comparison of can area influence on freezing losses, with m0=1400g and T0=+7.0oC. 

Area of can 2: 176.7 cm3, area of can 3: 277.6 cm3, area of can 4: 683.5 cm3.  
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Typical results from the comparisons of initial water mass influence on FL are seen in Figures 6 and 
7, the others in Appendices.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6 Comparison of initial water mass influence on freezing losses, with can 2 and T0= 

+7.0oC.  

 

 

 

 

 

 

 

 

 

 

 
Figure 7 Comparison of initial water mass influence on freezing losses, with can 3 and T0= 

+1.5oC. 
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Typical results from the comparisons of initial water temperature influence on FL are seen in Figures 
8 and 9, the others in Appendices.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8 Comparison of initial water temperature influence on freezing losses, with can 2 and 

m0=800g. 

 

 

 

 

 

 

 

 

 

 

 
Figure 9 Comparison of initial water temperature influence on freezing losses, with can 3 and 

m0= 1400g. 
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The comparisons of prevented water pressure increase influence on FL are seen in Figures 10 and 
11.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10 Comparison of prevented water pressure increase influence on freezing losses, with can 

2, m0= 1400g, and T0=+1.5oC.  

 

 

 

 

 

 

 

 

 

 

 
Figure 11 Comparison of prevented water pressure increase influence on freezing losses, with can 

3, m0= 1400g, and T0=+1.5oC. 
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One of two high time resolution runs is seen in Figure 12, the other in Appendices. 

 

 

 

 

 

 

 

 

 

 

 
Figure 12 High time resolution of initial evaporation with can 2, m0=1400g, and T0=+7.0oC. 

Three long runs were made, Figure 13, with useful time/actual time (hours): 70/70, 95/114, and 
35/203. The frozen proportions were 97.2%, 92.3%, and 97.9%. After the useful time, the scale 
gave obvious erroneous values, see run 4.2.  

 

  

 

 

 

 

 

 

 

 

 
Figure 13 Comparison of freezing losses/sublimation for long runs. The water was never 

completely frozen.  
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During runs 7.1 and 7.2 with wood chips, the main scale broke. The FL after 16 and 14 hours were 
2.8 and 5.2g values from the second scale. 

 

The ratio FL/ice mass as a function of ice thickness and frozen proportion (ice mass/initial water 
mass) are seen in Figures 14 and 15. The ratio, as a function of ice mass, looks the same, see 
Appendices. 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14 The ratio FL /ice mass as a function of ice thickness.  

 

 

 

 

 

 

 

 

 

 

 

 
Figure 15. The ratio freezing losses/ice mass as a function of ice mass/initial water mass.  
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The ratio evaporation energy/freezing energy as a function of the different ice parameters has the 
same principal look as the FL/ice weight figures, but the ratio is 17-40%. Evaporation 
energy/freezing energy as a function of ice weight is seen in Figure 16.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 16. The ratio evaporation energy/freezing energy as a function of ice weight. 

3.1 Sources of error 

The main scale was a large potential source of error. The rather late realisation of this problem 
explains why many of the continuous runs are uncertain. During a continuous 100 days test, the scale 
worked correct except on 3 occasions, 100, 100 and 200 hours long, when the recorded weights 
registered unknown discrepancies of ten to twenty grams. The can plate hung from a string attached 
to the bottom socket of the scale; the plate’s slight pendulum was unavoidable. From scale 
observations the error was estimated to be less than one gram. When the can was taken out of the 
freezer for end values of ice thickness and weight, some water had condensed on the can. The 
amount was less than one gram, investigated in one simple test. The ice’s weight was measured by 
drilling a hole in the ice and pouring out the water. The drilled ice was put on the scale, but 
approximately one gram of water was left in the can. The wood chips might have absorbed small 
amounts of unfrozen water when it was poured out of the can after the experiment and before the ice 
was weighed, but not enough to greatly affect the results. During the short experiments the lid was 
opened several times, disturbing the conditions in the freezer. It was not possible to keep the 
temperature and humidity in the freezer constant.  

4 Discussion and conclusions  

Mass loss of freezing water contributes significantly to heat transfer. The magnitude of the 
phenomenon, named freezing losses, depends mainly on the water mass that is frozen. When all 
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water was frozen, the FL’s were typically about 2.5-3% of the initial water weight, corresponding 
from 20 to 30% of the total energy transfer. If the emitted molecules were sublimated the ratio 
increased 2 to 5% units. The ratio agrees with Milanov and Nilsson that established a FL of 3% with 
ice thickness 54 and 58 mm. They used the ratio FL/water weight, which increases the ratio about 
0.1%, for a 3% ratio. With a small part of frozen water the relative FL increased, but too few 
experiments were made to determine the magnitude. By freezing a scouring cloth, Milanov and 
Nilsson yielded a 3% FL, which indicated that ice thickness is not an important parameter for thin 
layers. For thick ice layers the FL decreased.  

The freezing rate was important for the FL rate, but time was unimportant for the absolute FL when 
a certain proportion of water was frozen. Water in a can froze faster when the surface area was 
larger. Initial water weight and initial water temperature did not greatly influence the freezing rate. 
The vapour removal is facilitated with a decreased distance between the water/ice surface and the 
edge of the can. This effect slightly counteracted the area effect. Contradicting results and very few 
experiments made it impossible to see the influence of increased pressure, though it was concluded 
that it had no considerable effect on FL 

With a five cm layer of initially dry wood chips on top of the water, FL decreased by approximately 
two-thirds, relatively the corresponding runs. This was because water vapour condensed on the cold 
wood chips directly after it had evaporated, which was seen when the can was taken out of the 
freezer. Freezing losses with initially wet wood chips would probably be in the same magnitude as 
the wet scouring cloth test, i.e. 3%. 

By the long experiments, it was concluded that sublimation was none or small when the freezing 
stopped. This does not, however, answer the question where the emitted water comes from. The 
energy available for this process, in this study, was latent heat of fusion and sensible heat from the 
ice and water, where the latent heat dominates greatly. The freezing process is locally instantaneous 
and, thus the heat has to be immediately transported away. If the emitted vapour comes from the 
ice/water surface, the water vapour must then be transported through the ice. This transport is 
physically possible because of the water molecule size and the distance between ice molecules. If the 
emitted vapour comes from the ice surface it is sublimation; however, sublimation should not occur 
at current pressures. These issues will be analysed in future studies.  

Assuming that 3% of the initial water mass is emitted through FL, it takes 24 freezing-thawing cycles 
until 50% of the initial water disappears, independent of the initial mass of water. After 50 cycles, 
about 78% of the water is evaporated. If only 10% of a given water mass is frozen and FL is 5%, 
25% of the initial water evaporates after 58 cycles. Since repeated freezing-thawing cycles are 
current for a snow pile stored from winter to summer the mass loss from FL should be included in 
snow storage modelling.  
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Appendices 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A1 Comparison of can area influence on freezing losses, with m0=800g and T0= +7.0oC. 

Area of can 2: 176.7 cm3; area of can 3: 277.6 cm3.  

 

 

 

 

 

 

 

 

 

 
Figure A2 Comparison of can area influence on freezing losses, with m0=1400g and T0= +1.5oC. 

Area of can 2: 176.7 cm3, area of can 3: 277.6 cm3, area of can 4: 683.5 cm3.  
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Figure A3 Comparison of initial water mass influence on freezing losses, with can 2 and T0= 

+1.5oC.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A4 Comparison of initial water mass influence on freezing losses, with can 3 and T0= 

+7.0oC.  
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Figure A5 Comparison of initial water temperature influence on freezing losses, with can 2 and 

m0= 1400g.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure A6 Comparison of initial water temperature influence on freezing losses, with can 3 and 

m0= 800g.  
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Figure A7 High time resolution of initial evaporation with can 2, m0=1400g, and T0=+7.0oC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A8 FL/ice mass as a function of ice mass.  
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