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Executive Summary 

In this implementation model, “Renewable energies and sustainable mobility” there is an 

overview of the different topics which describe in general a wide subject such as sustainability 

for ski resorts. In the first part, the different renewable energy systems (RES) have been 

described. The working and configurations of solar (thermal and PV), wind, hydroelectric, 

geometric and biomass conversion methods have been described. In addition, some examples 

of "green" ski resorts using RES to supply their energy demand have been reported. 

Subsequently, alternative methods to artificial snow production were also described with the 

physical-biological characteristics s of the hydrological basins (artificial and natural), necessary 

for water supply of the snowmaking systems. In particular these alternative systems can use 

RES to produce snow. 

In a dedicated paragraph, the fundamental role of energy storage systems (ESS) in the 

integration between energy demand and renewable energy production was also discussed. 

Finally, in the last paragraph the optimising transport facilities , another crucial issue in the 

context of sustainability, was discussed. The different features of electric vehicles have been 

described, from the operating mechanism to the charging and refuelling mode. In particular, 

the main differences between battery electric vehicles (BEVs), plug in hybrid vehicles (PGEVs) 

and fuel cell electric vehicles (FCEVs), were seen. 

Finally, the use of these special vehicles in ski resorts was reported. In particular the example 

of the Austrian hydrogen powered snowmobile (Hysnowmobile) and some examples of 

snowgroomer prototypes that are being developed, were reported. 
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1. Introduction 

Changing climatic conditions and the resultant changes in the cryosphere affect the winter 
tourism industry. Changes in seasonal snow conditions, glacier cover, or frozen water bodies 
can have direct consequences that necessitate investigating technological measures to adapt 
to these changes. An example of one such measure is to artificially increase the mass balance 
of snow and ice within glacier ski resorts. [1] 
With the Historical Instrumental Climatological Surface Time Series of the Greater Alpine 
Region (HISTALP) dataset [2] these trend patterns can be explained. It contains homogenized 
records and a trend analysis of temperature, pressure, precipitation, sunshine, and cloudiness 

for the European Alps and its wider surroundings. These results show increased winter air 
temperatures for all regions and decreasing precipitation in the south throughout the last 

century 
In a world affected by climate change, experiencing an already noticeable warming effect, the 

reduction of snow cover in the mountains is one of the consequences, thus, winter tourism 
gets damaged and solutions need to be found. The production of machine made (MM) snow 

comes as a plausible solution for this problem, but at the end global warming will also affect 
the conditions for traditional snowmaking, forcing the industry to develop new technologies. 
One of those technologies is the temperature independent snowmaking (TIS), which is of great 
interest since weather conditions do not affect anymore the snow production. 
Climate change represents a new challenge for tourism, and particularly for winter tourism in 

the Alps. [3] 

2. Environmental sustainability aspects 

The effects of climate variability and climate change are investigated in different s tudies based 
on different parameters related to the natural snow cover in the European Alps. In 
Switzerland, Laternser and Schneebeli [4] found a significant decrease in average snow depth, 
snow cover duration, and the number of snow days from the early 1980s to 1999. Christoph 
Marty [5] concluded that the number of days with a specific depth of snow above a certain 
altitude has decreased gradually and significantly until today. Both studies suggest that these 
observations are due to increased winter temperatures rather than to changed precipitation 
conditions [6]. In Austria,  Jurkovic´ et al.[7] depicted region-dependent trends with negative 
trends of snow cover duration and snow days in the south, and no significant trend in the east 

and north. The data analysis of Auer et al. [2] explains the causes of the change in the 

European Alps. The results are characterized by a highly significant increase of air temperature 
in all seasons and regions. Precipitation trends have a lower statistical significance and are 
more complex to interpret, showing decreasing winter precipitation in all investigated 
subregions with greater drying in the south. A general problem of this precipitation trend 
analysis is the spatial and temporal heterogeneity of the statistical and of the magnitude of 
the observed trends. Brunetti et al. [8] applied multiple trend analyses to overlapping time 
periods (i.e., running trend analysis) with the HISTALP dataset and demonstrate a high impact 
of the choice of the time window on trend analysis. Generally, a more pronounced cold season 
positive temperature and negative precipitation trend in the period 1975–2000, compared 
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with earlier times is expressed. These results, together with the expected changes in 
temperature and precipitation in the European Alps, underline the potential demand for 
increased artificial snow production as an adaptation strategy for ski resorts. However, as the 
potential production of artificial snow is a function of weather conditions, the artificial 
snowmaking industry itself may be concerned by rising air temperatures and changing 
humidity conditions. This is why there are snowmaking systems that are not affected by the 

ambient temperature as explained in the following paragraphs. 

3. Renewable energy systems 

Working towards sustainability means moving towards a massive implementation of 
renewable energy production, storage and management. The various renewable sources that 
a ski resort can generally use involve solar, wind, hydroelectric and geothermal energy. 
The production of renewable energy depends on random environmental parameters such as 
solar radiation or the intensity and direction of the wind. For this reason, energy storage 
systems are required in order to achieve the most constant energy supply possible. In addition, 
it is necessary to design a dedicated grid to achieve an optimal integration of these renewable 
energy sources.  
Moreover, water which is a widely used resource for the production of artificial snow, can be 

collected in a valley and then can be pumped to higher altitudes. This type of water storage 
can guarantee the snow production in winter, but can also serve as a reservoir for 

hydroelectric power plants to produce electricity in the summer. 

3.1 Solar Energy 

Solar energy is the cleanest and most abundant renewable energy source available, it 
establishes the thermal and dynamical structure of the terrestrial environment and is the 

primary external cause of terrestrial variability. The source of solar energy is believed to be 
generated from the steady conversion of four hydrogen atoms to one helium atom in fusion 

reactions, which take place in the deep interior of the Sun with temperatures up to many 
millions of degrees [9]. This energy reaches the surface of the earth in the form of 

electromagnetic radiation. The composition of this radiation as it travels through space 
towards the earth is around 56% infrared, 36% visible radiation and 7% ultraviolet with the 

remainder belonging to regions of the electromagnetic spectrum outside the energy ranges 
covered by these three [10]. Not all this radiation reaches the surface of the earth. Some is 

scattered by dust and molecules in the atmosphere. This scattering is a random process, 
sending the radiation in all directions so that much goes directly back into space. Clouds act 

to reflect more sunlight back into space and they play an important role in regulating the 
temperature on the surface of the earth. Another part of the radiation is absorbed by 

molecules of atmosphere such as water, carbon dioxide, ozone and oxygen. Water and carbon 
dioxide absorb energy from the infrared region, while oxygen and ozone absorb from the 
ultraviolet. All these interactions reduce the solar energy flux by around 40% while at the same 

time changing its composition so that the sunlight which reaches the earth’s surface comprises 
50% visible radiation and 47% infrared [11]. The sunlight that reaches the earth’s surface is of 
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two types, direct radiation and diffuse radiation. The latter is the result of various scattering 
and absorption processes that take place as the sunlight passes through the atmosphere. 
Furthermore, vegetation is able to absorb both types of radiation. However, a solar thermal 
plant requires direct radiation to operate effectively. This limits the applicability of this 
technology to regions where there is low average annual cloud cover. With no cloud cover in 
the condition of so called clear-sly, between 80% and 90% of the sunlight reaching the surface 
will be direct radiation. The amount of energy carried by solar radiation is normally expressed 
in terms of the solar constant which measures the quantity of solar energy passing through 
one square metre of space perpendicular to the direction of travel of the radiation at the 
average distance of the earth from the sun. According to the World Energy Council, the value 
of this constant is 1367 W/m2 and the total solar flux reaching the surface of the earth is 
estimated to be 1.08×108 GW [12]. This is between 7000 and 8000 times annual global primary 

energy consumption [13]. 

3.1.1 Photovoltaic system 

Photovoltaic cells (PV) are semiconductor devices that convert solar energy directly into DC 
electric energy. The photovoltaic effect is the basic process in which a solar cell converts 

sunlight into electricity. Each photon, characterized by a certain wavelength, carries an even 
amount of energy well defined according to the relation: 

𝐸 =
ℎ 𝑐

𝜆
 

In which E is the transported energy (eV), h is the Plank constant (6.626 10-34 Js) , c is the speed 
of light (299.792 106 m/s) , and 𝜆 is the wavelength of the radiation considered. When an 

electron hits a solid there is an exchange of energy. If the energy of the photon is greater than 
the minimum energy to tear an electron from the solid, then the electron is free to detach 

itself, otherwise the energy is dissipated in the form of heat. 
Experimentally we see for a certain solid and for a certain frequency of the incident radiation, 

the number of electrons extracted is proportional to the intensity of the incident radiation. As 
the intensity of solar radiation increases, the photo-generated current increases, but the 

potential remains constant. For each solid there is a minimum frequency (i.e. minimum 
energy) below which there is no electron emission. This frequency is called threshold 

frequency. The potential to stop electrons is proportional to the frequency of light. 
Semiconductors are materials in which most of the external electrons bound to atoms occupy 

the valence band and only a minimum amount occupies the conduction band. In insulators all 
electrons occlude the valence band while in metals all electrons occupy the conduction band. 
In semiconductors, the valence and conduction band are separated by a well-defined energy 
gap of 1.12 eV. 
This effect can be defined as being the appearance of a potential difference (voltage) between 

two layers of a semiconductor slice in which the conductivities are opposite, or between a 
semiconductor and a metal, under the effect of a light stream. A photovoltaic cell generates a 

direct current [14]. If the electrons reaching the conduction band remain stationary, they 
release the stored energy in the form of electromagnetic radiation. Therefore, a sort of engine 

https://www.sciencedirect.com/topics/materials-science/conductivity
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is needed to set the electrons in motion. A favourable situation occurs in the junction. A 
junction is the union of two volumes of semiconductors, each of which has been worked 
separately by introducing impurities into it (doping). These impurities are such that the 
amount of negative charges (electrons) and positive charges (gaps) present prevails over the 
thermodynamic equilibrium.  
Silicon, for example, is a tetravalent element, with four electrons of valence in the external 
orbital. By adding small amounts of a pentavalent element (such as phosphorus or arsenic), 
the fifth electron not engaged in a bond occupies the conduction band, resulting in an excess 
of electrons (n-doping). Instead, if small quantities of a tetravalent element (like boron) are 
added, unstable bonds are generated with the surrounding atoms that tend to trap the 
electrons to stabilize, releasing positive charges (p-doping). When these volumes are put in 
contact, the electron output of zone n tends to spread in zone p and the excess of gaps 
migrates from zone p to zone n. This migration causes an electrical charge imbalance that 
generates an electric field as is possible to see in Figure 1 [15]. The electric field is opposed to 
migration and draws the electrons towards zone n and the gaps towards zone p. Balance is 
achieved when charges that migrate due to diffusion are offset by charges that move in the 
opposite direction due to the electric field. At equilibrium a portion of space called the space 
charge region is generated, which behaves like a diode. The anode is made up of the groped 

region p, and the cathode of the groped region n. 

 
Figure 1: p-n junction 

 A PV cell consists of two or more thin layers of semiconducting material, most commonly 
silicon. When the silicon is exposed to light, electrical charges are generated; and this can be 
conducted away by metal contacts as direct current. The electrical output from a single cell is 
small, so multiple cells are connected and encapsulated (usually glass covered) to form a 
module (also called a panel). The PV panel is the main building block of a PV system, and any 



 
 
 

https://www.alpine-space.eu/projects/smart-
altitude/en/home  P a g e | 8  

number of panels can be connected together to give the desired electrical output. This 
modular structure is a considerable advantage of the PV system, where further panels can be 
added to an existing system as required. The main photovoltaic cells on the market are: 
monocrystalline silicon cells, polycrystalline silicon cells, amorphous silicon cells. 
The polycrystalline silicon cells have a lower degree of purity than monocrystalline having a 
set of crystals misaligned with each other. Amorphous silicon, on the other hand, does not 
have a well-defined crystalline structure. It is a disordered set of atoms and has a conversion 
efficiency much lower than crystalline silicon. The energy gap is 1.7 eV. While there are many 
environmental factors that affect the operation characteristics of a PV cell and its power 
generation, the two main factors are solar irradiance G, measured in W/m2, and temperature  
T, measured in degree Celsius (°C). An illuminated solar cell can be characterized by an I-V 
curve. Interconnecting several solar cells in series or in parallel merely increases the overall 
voltage and/or current, but does not change the shape of the I-V curve. Moreover, the MPPT 
(Maximum Power point Tracking) , is the maximum of the I-V curve (labelled with a star in 
Figure 2) and it is correlated to the technical data of the PV panel. The I-V curve is dependent 
on the module temperature and on the irradiance. For example, an increasing irradiance leads 
to an increased current and slightly increased voltage, as illustrated in Figure 2a. While, Figure 
2b shows that the effect an increasing temperature has a detrimental effect on the voltage. 

 
Figure 2: Effect of irradiance (a) and temperature (b) on the I-V curve 

In the specific case of sky resorts, there are relatively low temperatures in the ski season and 
the overall efficiency of a PV system could benefit from this. 
The irradiance of a PV can be expressed as the sum of three components of the solar radiation 
as shown in Figure 3. 
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Figure 3: The three contributions to the irradiance on a PV module 

𝐺𝑀 = 𝐺𝑀
𝑑𝑖𝑟 + 𝐺𝑀

𝑑𝑖𝑓
+ 𝐺𝑀

𝑔𝑟𝑜𝑢𝑛𝑑
 

The solar radiation depend on several parameter such as the latitude, longitude of the place, 
the airmass of the atmosphere, the cloudiness index, the reflectance of the soil  etc. [16][12] 

In particular the 𝐺𝑀
𝑑𝑖𝑟  is calculated as the product of  Direct Normal Irradiation (DNI), that can 

be measured  be measured in meteorological stations with a pyrheliometer, and the cosine 
of angle of incidence (γ): 

𝐺𝑀
𝑑𝑖𝑟 = 𝐷𝑁𝐼 𝑐𝑜𝑠(γ) 

The diffuse component of solar radiation can be calculated in function of  different 

mathematical sky models that express the cloudiness index and in function of Global 
Horizontal Irradiation (GHI) that can be measured by pyranometer [17]. 

Furthermore, if the PV panel is tilted there is another component of solar radiation that is the 

amount of radiation reflected from the ground (𝐺𝑀
𝑔𝑟𝑜𝑢𝑛𝑑 ) that depends GHI, the tilt angle (θ) 

and the reflectance of the ground expressed by the albedo (α): 

𝐺𝑀
𝑔𝑟𝑜𝑢𝑛𝑑

= 𝐺𝐻𝐼α (
1 − 𝑐𝑜𝑠(θ)

2
) 

 
Snow's albedo, or how much sunlight it reflects back into the atmosphere, is very high, 

reflecting 80 to 90 percent of the incoming sunlight. By contrast, trees, plants, and soil reflect 
only 10 to 30 percent of sunlight. Snow cover wields the largest influence during springtime 

(April to May) in the Northern Hemisphere, when days become longer and the amount of 

sunshine increases over snow-covered areas [18]. 
Moreover, since photovoltaic panels produce direct current, they need conversion devices, 

such as the one represented in Figure 4. 
 

https://nsidc.org/cryosphere/glossary/term/albedo
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Figure 4: Conversion devices for PV panels 

The Skiwelt region, one of Austria’s largest, has wide-ranging initiatives to cut CO2 emissions. 
One of their ski lift “Sonnenlift’ (sun lift) ,shown in Figure 5 is powered exclusively by solar 

energy thanks to a large photovoltaic system, around 12,000 kilowatt-hours are generated per 
year. Furthermore, it even produces a small surplus, which is fed into the electricity grid. 

Another similar example is the Serre Chevalier Vallée Briançon ski area in France shown in 
Figure 5.  
 

 
Figure 5: Solar PV installation for ski lift, Skiwelt (left) , Chevalier Vallée Briançon (right) 

Other applications can be the application of PV to satisfy the electrical demand of chalets or 
huts as in the Austrian ski resort Ischgl. 
 

 
Figure 6: Solar PV installation for chalets and huts electrical demand in Austrian ski resort Ischgl [19] 
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3.1.2 Solar Thermal Energy 
 

For solar thermal applications, solar irradiation is absorbed by a solar collector as heat which 
is then transferred to its heat thermal fluid (HTF). The heat carried by the working fluid can be 
used to either provide hot water, heating for the spaces, or to charge a thermal energy storage 
tank from which the heat can be drawn for use later (at night or cloudy day). In a ski resort 
there are different places that need heat such as the garage for snow groomers, the huts , the 
chalet or and the places where the control, conversion or management devices are present. 
There are different technologies of solar collectors, from flat to concentrated, stationary and 
solar tracking systems. The different solar thermal collectors have different efficiencies and 
costs. In Figure 7 it is possible to see the different existing typologies in function of the 
concentration ratio and the indicative temperature that can obtain[20]. 

 
Figure 7: Solar thermal collectors typologies [20] 

The concentration ratio (C) is defined as : 

𝐶 =
𝐴𝑎

𝐴𝐴

 

 where 𝐴𝑎  is the solar radiation collection surface and 𝐴𝐴  is the absorbing surface. The sun's 

rays are concentrated through the use of mirrors with different geometries and reflectance.  
Concentration systems have fewer thermal losses but higher optical losses than flat collectors. 

The latter are proportional to the concentration ratio. It is possible to notice in the diagram 
how flat collectors and evacuated pipes have a C value equal to 1 and how C is directly 

proportional to the temperature that can be obtained. In function of the output temperature 
of the solar field there are different technological applications. With High Temperature is 
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possible to produce steam and then electricity with turbines, Stirling engines or through ORC 
(Organic Rankine Cycle) cogeneration systems. Alternatively, it is possible to associate the 
steam generation produced by a solar thermal system to an ice slurry generator with vacuum 
freezing method, which will be explained later [21]. This system uses a thermally driven steam 
jet ejector to feed the water vapor from the evaporator to the condenser and the steam can 
be generated by a solar thermal plant. 
 

3.2 Wind Energy 
 

The Alpine scenario is characterized by large mountain range where air can flow around, over 
or through gaps and passes. There may be several wind-related situations, these depend to a 
first approximation on the difference of air masses upstream and downstream of the barrier, 
as well as on the combination of location, static stability of the incoming air N expressed as: 

𝑁 =
𝑔

𝜃
𝑑θ𝑑𝑧 

Where g is the gravitational constant, θ the potential temperature and dz the height of the air 

mass [22]. While, the non-dimensional mountain height 𝐻𝑚 can be expressed in function of 
the strength of the wind component perpendicular to the mountain U and the maximum 
mountain height H [23] as follow: 

𝐻𝑚  =
𝑁𝐻

𝑈
 

Furthermore, flow regimes naturally depend also on the shape of the mountain. The mountain 
shape can be expressed through the ratio of spanwise to streamwise extension β . The 
combination of the shape of the mountain and the non-dimensional mountain height 𝐻𝑚  has 
an influence on flow regimes. Wide mountains (β >1) form lee vortices easily and they don't 
necessarily need to be too high to produce windward stagnation. On the other hand, 
streamlined mountains (β <1) require very high mountains to produce upstream blocking. 
Areas above the region of upstream blocking are rather suitable for wind energy usage [22]. 

The air in the mountains gets warmer in the hours by day, much more than at the bottom of 
the valley, while at night the process is reversed.  The result is during the day a breeze that 
rises from the bottom of the valley towards the mountain and at night a breeze in reverse. 
In is possible to see an installation of wind turbines in an Austrian ski resort at Lachtal [24] 
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Figure 8: Wind turbine installation in Lachtal (Austria) 

The maximum power extractable from wind, Pmax [W], is given by: 

𝑃𝑚𝑎𝑥 =
1

2
𝐶𝐵ρ𝑣3𝐴 

where v is the wind speed upstream of the turbine, A is the cross -sectional area of the 
turbine’s propeller, and ρ is the density of air. However, the Betz factor (CB = 0.593) shows 

that even with a perfect wind turbine, only a fraction of the wind’s power can be extracted 
[25]. A turbine’s power depends to the first power (linearly), on density of air, to the second 

power on the length of the propeller r (since area 𝐴 = πr2), and to the third power on wind 
speed (𝑣3). Modern turbines fall about 10–15 %  short of the Betz-factor and extract only 

about 45–50% instead of 59%. Their yield is further limited by a so-called cut-in speed of a 
low-speed (𝑚/𝑠) but more severely by regulating the propellers so that not more than the 
rated power is produced (typically from 12 m/s on to the cut-out speed of approximately 25 

m/s ). Air Density decreases nearly linearly with height. Alpine wind energy sites could be at 
an altitude of about approx. 1500 and 3500 m a.s.l . This leads to an approximately 15–30% 

decrease of available wind power for similar wind speeds compared to locations at sea level 
(graph not shown). Since wind power is proportional to the cube of wind speed, higher speeds 

at higher altitudes may offset the nearly linear decrease caused by the decrease of air density. 
The offset is so large as to cause a nearly linear increase of overall extractable power above 

1.5 km (a.s.l.). The wind energy conversion has some simple foundations: the kinetic energy 
of the wind is converted into mechanical shaft movement with a turbine, then it is converted 



 
 
 

https://www.alpine-space.eu/projects/smart-
altitude/en/home  P a g e | 14  

into electrical energy with a coupled electrical generator. Therefore, the wind propels the 
blades of a turbine, rotating a shaft connected to the generator rotor that produces electricity. 
The simplest model of a wind turbine is the so-called actuator disc model where the turbine 
is replaced by a circular disc through of an area of At , which the airstream flows with a velocity 
Ut and across which there is a pressure drop from P1  to P2  as shown in Figure 9: 
 

 
Figure 9: Model simplified of a wind turbine  [26] 

The power developed by the wind turbine (Pw) can be expressed by: 
 

𝑃𝑤 = (𝑃1 − 𝑃2)𝐴𝑡𝑈𝑡 
 

While the volume flow continuity gives: 
𝐴𝑢𝑈𝑢 = 𝐴𝑡𝑈𝑡 = 𝐴𝑑 𝑈𝑑 

 

From momentum conservation, the force exerted on the turbine is equal to the momentum 
change between the flow far upstream of the disc to the flow far downstream of the disc  as 
follow: 

(𝑃1 − 𝑃2)𝐴𝑡 = 𝜌 𝐴𝑢𝑈𝑢(𝑈𝑢 − 𝑈𝑑 ) 

Finally, the Bernoulli's equations applied upstream and downstream of the actuator disc are 

the follow: 

𝑃∞ +
1

2
ρ𝑈𝑢

2 = 𝑃1 +
1

2
𝜌𝑈𝑡

2 

𝑃∞ +
1

2
𝜌𝑈𝑑

2 = 𝑃2 +
1

2
𝜌𝑈𝑡

2 

 

Combining all these equations results in (living force theorem) [26]: 

𝑈𝑡 =
1

2
(𝑈𝑢 − 𝑈𝑑) 

η =
1

2
(1 −

𝑈𝑑

𝑈𝑢

) (1 +
𝑈𝑑

𝑈𝑢

)
2

 

 
Figure 10 shows the variation of efficiency (often referred to Betz factor, CB) with the ratio of 

downstream to upstream velocity. The maximum efficiency occurs when 
𝑈𝑑

𝑈𝑢
= 1/3  (i.e. when 
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Ad/Au=3). The efficiency is then η=16/27 ≈ 59%. This is the maximum achievable efficiency of 
a wind turbine and is known as the Betz limit - after Albert Betz who published this result in 
1920 [25]. 

 

 
Figure 10: Effiency trend in function of 

𝑼𝒅

𝑼𝒖

 

The components that drive a wind turbine are represented in Figure 11 [27]. 

 
Figure 11: Components of a wind turbine [27] 

 

3.3 Hydroelectric Energy 
 
Hydroelectric power is a renewable energy source in witch electrical power is derived from 
the energy of water moving from higher to lower elevation. Hydropower has the best 
conversion efficiencies among all known energy sources (about 90 % efficiency, water to wire). 

https://www.sciencedirect.com/topics/engineering/hydroelectric-power
https://www.sciencedirect.com/topics/engineering/renewable-energy-source
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Hydropower is ‘fuelled’ by water moving in the hydrological water cycle that is powered by 
solar energy. Solar radiation reaching the surface of the earth is converted into heat which in 
turn evaporates water. Nearly 50 % of all solar energy input to the earth is used for 
evaporation and converted into latent energy in water vapour. Some of the water vapour (22 
%) is brought over land areas where it later condenses into clouds and rain [28]. Precipitation 
on land surfaces generates run-off as some of the water flows back towards the sea, under 
the influence of gravity. The run-off regime (amount and variability of flow) depends on the 
local climate: precipitation, air temperature and potential evaporation, but also on the 
properties of soil, topography, vegetation and land use. The theoretical output of electrical 
power (P) generally depends on water flow (Q), head (H) and efficiency (η) as follow: 

𝑃 = ρ g η 𝑄 𝐻  
In witch 𝜌 is the water density and g, is the acceleration of gravity. Hydropower plants have 

two basic configurations: dams with reservoirs and run-of-river plants (with no reservoirs). 
The dam scheme can be sub-divided into small dams with night-and-day regulation, large 

dams with seasonal storage and pumped storage reversible plants (for pumping and 
generation) for energy storage and night-and-day regulation. Small-scale hydropower is 

normally designed to run in-river. This is an environmentally friendlier option because it does 
not significantly interfere with the river’s natural flow. Small-scale hydro is often used for 

distributed generation applications (similar to diesel generators or other small -scale power 
plants) to provide electricity to rural populations. 

In general, hydro power plant can be classified in terms of installed  power capacity as 
expressed in Table 1. 

Table 1: Classification of Hydro power plant in function of the configuration 

Large/Very 
Large 

>100 
MW/0.5 

GW 

Accumulation type Reservoir with dam or surging 
weir 

Medium 25-100 
MW 

Pumped Storage Two reservoirs 

Weir Type River regulation weir 
Small 1-25 MW Weir Type Water level regulation weir or 

newly built surging weir 
Mini 100KW-

1MW 
Pumped Type Two reservoirs or lake and 

water tank with sufficient head 

Run-of-
River 

(ROR) 

No pressured 
derivation 

Using diversion canal, side 
canal, adjusted river arm or 

river bed. 

Micro 5-100 KW Positive 
pressure 
derivation 

Penstock 

Pico <5 KW Negative 
pressure 
derivation 

Siphon tube 

Combined 

derivation 

Diversion canal and 

penstock/siphon 
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The configurations of the large and medium hydro power plants are shown in Figure 12 [29]. 

 
Figure 12: Large/medium hydro power plant configuration: A) Pumped Storage, B) Accumulation, C) Weir [29] 

The configurations of the small, mini, micro and pico hydro power plants are shown in Figure 
13 [29]. 

 
Figure 13: Small, mini, micro pico-hydro power plant configuration: A) standard weir type in rubber , B)  Derivation , C) 

Small Pumped storage, D) Standard diversion channel, E) Combined derivation [29] 
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Hydro turbines are considered as a heart of hydro power plants, it almost all the time  
represents the highest investment in the entire project. After the electric engine hydro turbine  
got the highest efficiency, plus the fact that it is the most applied RES system, even slightest 
possibility to higher this effectiveness could make major differences. The selection of a 
particular turbine type for a hydropower project is mostly determined by the head and flow 
conditions at the site. The turbine transforms the energy of water into mechanical energy of 
rotation and the main function is to drive hydroelectric generators. The variation in pressure 
heads make use of different turbines such as the reaction or impulse turbine. They are 
classified into two classes:  

 Impulse turbine; 
 Reaction turbine. 

In an impulse turbine, the driving energy is supplied by the water in kinetic form, where high 
pressure jets of water are directed into buckets at an angle that ensures that almost all the 
energy in the water is converted into rotary motion of the turbine wheel. One key to its 
operation is that it must rotate in the air, an example is the Pelton turbines shown in Figure 
14a . On the other hand,  in the reaction turbines, the driving energy is provided by the water 

partly in kinetic and partly in pressure form and must be completely submerged to operate 
efficiently. An example is the Francis turbine shown in Figure 14b , with a key feature of 
changing the water direction as it passes through the turbine. The transformation of hydraulic 
power to rotating mechanical power is based on the reaction forces that are obtained both 

from the pressure difference and by the change of velocity through the runner. In terms of 
head and flow, the Pelton turbine is a low-flow, high-head turbine as compared to the Kaplan 

turbine which is a high-flow, low-head turbine. 

 
Figure 14:  (a) Pelton (b) Francis and (c) Propeller turbines (EPG, u.d.) 

It is possible to distinguish the existing turbines in terms of their class and the head, as shown 

in Table 2 : 
Table 2: Classification of main turbine typologies 

Turbine types class Head range (m) 

Propeller turbines with fixed blade turbines Reaction 10-60  
Propeller turbines with adjustable blade (Kaplan) Reaction 10-60 

Diagonal flow turbines Reaction 50-150 
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Francis turbine Reaction 30-600 
Pelton turbine Impulse <300 

  

3.4 Biomass Conversion 
 
Biomass can be classified according to its main physical and chemical characteristics. These 
are related to: 

 moisture content,  

 calorific value 

 proportions of fixed carbon and volatiles 

 ash/residue content, alkali metal content 

 cellulose/lignin ratio. 
 

These properties lead to requiring different biomass processing technolog ies conversions: 
thermal, biological and mechanical [30].  
The thermal conversions are: 

 Pyrolysis: thermochemical anaerobic decomposition of organic material at 

temperatures between 250 °C and 500 °C; 
 Gasification: thermochemical partial oxidation process in which organic substances 

(e.g. biomass and coal) are converted into gas through a gasifying agent (air, steam,  
oxygen, CO2 or a mixture of these). The product is syngas, a high‐heating value mixture 
of H2, CO and other gases. 

 Combustion:  high‐temperature exothermic reaction between a fuel and an oxidant  

whose products are CO2 and water. 

The biological conversions are: 
 Fermentation:  metabolic process that converts sugar to acids, gases or alcohol in the 

absence of oxygen. 

 Anaerobic digestion:  collection of processes by which microorganisms break down 

biodegradable material in the absence of oxygen. The product is biogas, consisting of 
methane, carbon dioxide and traces of other ‘contaminant’ gases. 

 
Finally, a mechanical conversion of biomass through extraction of bio‐oils is also possible. 

Compared to gaseous energy carriers, liquid fuels are easier and safer to handle, store and 
transport and have greater energy density, making them ideally suited for mobile or remote 

applications. The main bio-oils that can be produced are: biodiesel, bioethanol, bio-methanol  
and dimethyl ether (DME ).  While, the products of gasification and anaerobic digestions  are:  

syngas, biogas, biohydrogen. 
Syngas is a mixture of H2, CO, CO2, N2 and small particles of char (solid carbonaceous residue), 

ashes, tars and oils. Biogas is predominantly constituted of CH4 (50–70%) and CO2 (20–40%), 
but also contains traces (1‐5%) of other elements, such as ammonia, nitrogen, mercaptans, 

indolum, skatolum, halogenated hydrocarbons, siloxanes and hydrogen sulphide.  
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The biogas has a LHV of about 21 MJ/Nm3 depending on its ultimate composition, which in 
turn depends on the biochemical composition of organic matter used and on the digestion 
technology and the operative conditions adopted. 
Finally, Biohydrogen can also be produced directly, without resorting to a hydrocarbon 
intermediate (such as methane), both through thermochemical and biological methods. But, 
the produced hydrogen gas is usually contaminated by other constituents of the biomass 
source. Thus, for use in fuel cells (especially low‐temperature fuel cells) the hydrogen would 
have to be separated and purified [31]. The different pathways leading to the final production 
of bio‐hydrogen are shown in Figure 15. 

 
Figure 15: Hydrogen production technologies from various biomasses 

3.5 Geothermal Energy 
  
A geothermal resource is usually described in terms of stored thermal energy content of the 

rock and contained fluids underlying land masses.  There is two different kind of energy 
contained in this storage: The first is a thermal flow produced form a volcanological or 

geological event while the second one is the thermal energy contended in the subsoil.  
In centuries the mankind found many uses for this type of energy, just think about the terms  
invented more than 2000 years ago. Nowadays the main use of this energy is for the first type 
the production of electricity using binary cycles or steam turbines, while in the second case is 
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exploited the exchange capacity of the ground and the capacity to conserve the temperature 
during all the year to air condition or warming up the buildings.   
Each substance, solid or liquid, has a peculiarity called thermal capacity (Sc), this is the capacity 
to storage energy and it’s defined by the formula:   

𝑆𝑉𝐶 = 𝜌 ∗ 𝑆𝐶  

Where 𝜌 is the density, 𝑆𝑉𝐶  is the volumetric thermal capacity and 𝑆𝐶  is the thermal capacity. 

The Svc for the water is particularly high (4.2 MJK-1), more or less double than the anhydrous 
stone (1.5 MJK-1), for a soil composed mainly by porous rocks the volumetric thermal capacity 

is 2.2-2.5MJK-1. 
The thermal capacity isn’t enough to understand how the heat is stored in the ground and it’s 

important to know how it move. The first parameter is the conduction trough the solid matrix 
and the second one is the convection operated by the underground water. The conduction is 

the process through which the heart is diffuse in solid, liquid or gas for a molecular interaction 

without mass movement. The better heat conductor are the stone with a low porosity like 
granite.  The convection transfers the heat through the water movement through the pore or 

a rift. The geothermal gradient is the temperature increasing during the increase od deep in 
the underground. Usually is 1-3°C each 100m. Instead, the superficial soil temperature 

depended mainly by the average annual air temperature indeed, the Earth’s surface acts like 
a solar collector although. The geothermal flow is minor component which influence the 

temperature coming from mantle and the earth core. 
The geo-exchange system is composed by 4 main components: the ground heat exchanger, a 

heat pump, the heat storage, the distribution ring.  
 
1 The Ground Heat Exchanger (GHE)   

The GHE is the main component which allows to exchange the heat among the ground and a 
fluid carrier. It is usually water or a solution glycol-water. The exchange is possible thanks to a 
pipe positioned in the ground. There are two different solutions, which differ in price, available 
space and air temperature influence.  The first one is a horizontal exchanger composed by a 

polyethylene pipe placed in a 2 meter depth trench. To increase the terminal performance for 
each m3, it’s possible to use the slinky pipe disposition. This technique consists in the 

excavation of all the zone where the exchanger is going to be built and few overlapped coils 
are positioned in it. This kind of GHE is the easiest despite the give an interesting heat and the 

low deep allows to exploit the summer reintegration of the heat storage. 
The second solution is the vertical GHE. These is composed by a vertical well with a depth of 

50 to 150m. Unlike the horizontal one this type needs less space for the implementation even 
though only a specialized company can excavate the well. That will increase costs and time 

needed for the works.  
 
2 The distribution Ring  

One component on which it is important to pay attention is the heat/cold diffuser. Indeed, 
especially during the warmth, it’s important to make right choice due to the fact that a heat 
pump can’t reach 60/70°C, temperature needed by the conventional radiators. For this 
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reason, it’s a better solution a low temperature device like the underfloor heating, which can 
do only heating, or a fun coil which can do booth heating and cooling. 
 
3 The heat storage  

To increase the performance of a geo-exchange system during the winter, it’s possible to 
storage thermal energy into the ground during the summer. As we said in the previous  
paragraph, the ground is an excellent thermal insulating and this property can be exploited 
without building complex structures. This technique is particularly helpful in the cold climates, 
where during the winter the low temperature can influence the performance of the low deep 
GHE, making them effective, even in these situations. 
 

4 The heat pump 

The most important component in the geo-exchange system is the heat pump. This machine 
allows to transfer the heat from a colder surgent to a hotter, an impossible action without an 

external energy. This “Pumping” is made possible thanks to an electrical supply. The difference 
between the thermal energy produced (Q) and the electric energy (W) outcomes the COP 

(coefficient of performance) 𝐶𝑂𝑃 =  
𝑄

𝑊
. The heat pump works with difference of pressure 

between condenser and evaporator coil. To make it possible the system needs 2 components  
which can modify the pressure when the fluid passes form the cold side to the hot side; the 
pressure is increased with a compressor. In the same way, when the fluid goes back, the 
pressure must be reduced with an expansion valve. [32] 
 

 
 

Figure 16: Diagram of a phase change heat pump: (1) condenser coil, (2) expansion valve, (3) evaporator coil and (4) 

compressor [33] 

The inside coil type is explained in the previous paragraph whereas there are two different 
types of outside sources: ground (GSHP) and air (ASHP). The ASHP uses as heat surgent the 
atmospheric air; for this reason, the systems are easier and the implementation doesn’t 



 
 
 

https://www.alpine-space.eu/projects/smart-
altitude/en/home  P a g e | 23  

request heavy work in the houses and that permits to limit the costumer’s expense.  
Unfortunately, the efficiency of this technology is limited by a climatic factor. Indeed, the COP 
is directionally correlated with the cold source temperature. In the ski resort the outside 
temperature must be analysed with particular attention because the period when this device 
will mainly be used is the coldest one of the years and the temperature usually drops below 
0°C [33]. 

Table 3 The COP variation of two HP at different times of the year 

 

 

 

 

 

The Ryerson University of Toronto took an interesting study about the COP variation between 
the ASHP and the GSHP in a place, the Woodbridge, Ontario, where the temperature is 
comparable to the alpine zone where the ski resort are built [34]. This study results show the 
evolution of the performance during a year. The outcome of this reserch show that the return 
is similar during summer for both the HP types .  The main difference is during the heating 
phase when the temperature could drop down -19°C, especially when the device is installed 
more than 2000 m asl. The study shows that at this temperature the COP is lower than 1.79. 
For this reason, it’s important to evaluate not only the medium temperature but also the 
lowest one. From the previous study we saw the difference in the performance for the two 
heat pumps. The CanmetENERG in Canada, analyzed the installation cost for 4 different heat 
pumps with the same power, 7,7 kW: 1 ASHP and 3 GSHP with different depth well, on 
60,90,120 m. Moreover, in this study has been calculated, with a modelling software, the cost 
(implementation and electrical energy) after 10 years .  

This analysis shows how the difference in the implementation cost was halved, using the 
cheap electric energy (6,10cent €/kWh) they use in Canada. We have to take into 
consideration two elements: the difference between the electric energy cost in Italy and the 

fact that the COP can arrive at 1.8 in the coldest day [35]. To sum up, the GHSP is the best one. 
 

  

  COP (ASHP) COP (GSHP) 

23 Aug-14 sett 4.5 4.91 

1 oct-21 may 3.05 3.10 

24 dec-12 jan 2.84 - 

1 de-19 dec - 3.09 

Heat Pump Power=7,7 kW  ASHP 60 m 90 m 120 m 

COP 2.17 2.45 2.72 2.93 
Implementation cost’s  $   2.771,00   $    5.118,00   $    6.918,00   $    8.718,00  

Cost after 10 years  $   9.904,00   $  11.569,00   $  12.431,00   $  13.567,00  

annual use of electric energy (kWh) 19.869,00 16.136,00 13.266,00 11.369,00 

CO2 x electricity (Kg CO2eq) 6.034,2 4.900,5 4.028,9 3.452,8 
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Table 4 The results of the tests of an ASHP and 3 GSHP with wells at different depths  

 
Chart 1: The four lines show the increasing in cost between installation and 10 years of use; the columns, instead, the 

annual electricity consumption. 

 

 
 

4 All-weather snow machines 
 
Natural and artificial snow depend both on the meteorological conditions, making the skiing 
industry climate sensitive. Regardless the type of snow maker considered, there are a couple 
of factors that are crucial for the viability of snowmaking such as the wet-bulb temperature, 
which takes into consideration both the ambient temperature (dry-bulb temperature), the 
relative humidity (RH) and the supply water temperature. The importance of the humidity 
conditions of the ambient air is one of the key factors of the process, since the small water 
droplets that are expelled from the snow gun evaporate and cool down to the wet-bulb 
temperature of the air [1]. The less humidity, the lower the wet-bulb temperature and, thus, 

the greater the evaporative cooling process, consequently improving the snowmaking 
conditions for the same ambient temperature. Therefore, the wet-bulb temperature is the 

main parameter used to study and determine snowmaking conditions as well as the quality of 
the snow for different weather conditions. Such is the importance of the RH, that with 
extremely dry conditions (RH ≤ 30 %), snowmaking is possible with temperatures of up to 3 °C 
[1], which means that the wet-bulb temperature (Tw) is equal or lower than -2 °C. 
A recently new technology allows the production of snow regardless the weather conditions  
such as temperature of the ambient air or relative humidity. This can be an alternative solution 
to snow scarcity in ski resorts due to global warming. 
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The temperature independent snowmaking (TIS) systems technically do not produce snow in 
its normal form, but small ice particles that together act like snow. The only difference is the 
way they are treated once formed. There are three main types of TIS, considering the way in 
which the ice particles can be generated [36] [37]: 

 flake ice systems; 
 plate ice systems; 
 ice slurry systems; 

 

4.1 Flake Ice systems 
The  thickness of the ice particles produced by flake ice system is about 2 mm so that they are 

called ice flakes. The main components of a flake ice system are shown in Figure 17. 

 
Figure 17: Flake ice components [38] 

The process starts with the sprinkling of cold water flowing into the water distributive pan 

from the water inlet of the evaporator , and then being sprinkled evenly over the ice freezing 
surface through the water sprinkler, creating a water film. The water film will exchange heat 

through that surface with the refrigerant in the refrigerant runner, with the consequent 

temperature decrease that will end up in the formation of a thin layer of ice on the ice freezing 
surface. After that, an ice blade that is driven together with the water distribution pan, the 

principal axis, and the low water pan , by the decelerator will follow the ice freezing surface, 
removing and breaking at the same time the thin ice layer. The resulting ice flakes will then 

fall into the ice storage bin coming from the ice outlet . Since not all the water has been frozen, 
the remaining water returns to the cold-water tank through the water receiving plate from 

the water return pipe . The system includes a refrigeration cycle, that provides the cooling 
capacity needed by the ice flake generator, an ice distribution system and an ice breaking 

device, in order to obtain the desired particle size. Once done, the snow is distributed by either 
a fan that propels it through pipes, or by a conveyor belt. A schematic of the model SF200 [39] 
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is shown in Figure 4, where the conveyor belt configuration can be seen. After, snow would 
be transported and distributed through the slopes. 

 
Figure 18: Schematic of the model SF200 (Technoalpin) 

The previous process description corresponds to a system with rotating blade that scraps the 

ice from the inner surface of a stationary drum. Other configurations are also possible, as for 
example a drum-shaped cylinder that rotates and a stationary scraper on the outer surface. 

4.2 Plate Ice systems 
 

The technology of the plate ice system is similar to the flake ice machines. Water is also 
sprinkled over an ice freezing surface, but in this case, it is a vertical or inclined refrigerated 

plate. The layer formed results thicker than for the previous case. After the layer of ice is 

formed, water is sprayed on the other side to defrost the plate, producing a loss of adhesive 
force that results in the ice plate dropping into the ice crushing gadget. Another alternative is 

to create ice layer on both sides of the plate, and run defrost water in the inside of the device 
as shown in Figure 19 
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Figure 19: Schematic diagram of a plate ice machine 

The thickness of ice particles is about 17 mm. The system operates in cycles, during the 

freezing cycle the cold water is sprayed on the outer surfaces and the ice layer is formed, after 
that a defrost cycle comes, with the warming up of the plates with defrost water  

SnowMagic Inc. from USA was the first manufacturer to offer a TIS in 1993. SnowMagic applies  
a plate ice machine as the source of snow. After the ice is released from the plates, it is sent 

to an ice crusher to create smaller particles. SnowMagic use a patented technology to make 
even finer particles of ice after the ice crusher.  

4.3 Ice Slurry systems 
 
Ice slurry is a mixture of ice particles and a liquid, containing up to 40% ice [40]. The size of 

the ice particles can be between 0.1 and 1 mm in diameter [41]. The liquid can be pure water, 
or a brine of water and freezing point depressant. Due to the latent heat of fusion of the ice 

crystals, ice slurry has a high energy storage density and the temperature remains constant 
during the cooling process. This provides a higher heat transfer coefficient compared to water 

and other single-phase liquids. In addition, it has a fast cooling rate due to the large heat 
transfer surface area created by its numerous particles  [41]. Ice slurry has many areas of 

application, such as comfort cooling, commercial refrigeration, industrial production 
processes, medicine and artificial snow production [42]. Ice slurry can be an excellent snow 
substitute, and it can provide a better skiing surface than flake ice. 
A typical system consists of a vacuum freeze evaporator, compressor, condenser and a 
vacuum pump [43] as shown in Figure 20. 
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Figure 20: Schematic of a vacuum ice maker. 

Air is introduced with the water entering the system, and the vacuum pump is used to 
deaerate the system in case of leakage into the system [44]. The presence of air in the system 
reduce the heat transfer of the condenser and the capacity of the compressor.  The operating 
principal for the vacuum ice maker is to bring water to triple-point conditions, where the 
pressure of water is 0.006 atm and the temperature is 0,01⁰C [44]  as shown in Figure 21 [45]. 

 
Figure 21: Phase diagram of the water [45] 
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At triple-point conditions, the water starts to boil and evaporate at the same time. Energy as 
heat is released and this causes a decreasing of the water. Eventually it will freeze, and create 
an ice slurry. The latent heat of fusion and vaporization is 333 kJ/kg and 2500 kJ/kg, 
respectively. This means that the mass of ice produced is 7,5 times the mass of water vapour 
[44]. A critical aspect is the maintaining of the vacuum. The vapour has to be evacuated, and 
this is done by the compressor. The compressed vapour is brought to the condenser, where 
heat may be recovered, before being injected back into the evaporator. Another method to 
maintain vacuum, is to deposit the water vapour on refrigerated plates inside the vacuum 
freezer. The vapour will condense and reject heat. Frequent defrosting of the plates is 
necessary in order to maintain the vapour condensation. Moreover, a circulation pump is 
installed in the evaporator in order to agitate the slurry. If there is no agitation, the freezer 
specific capacity and crystal quality will be poor [46]. The ice slurry is then continuously 
removed from the evaporator and collected in a tank, where ice and water can be separated. 
The working fluid in these machines are the water itself, and no separate refrigeration system 
are required. 

5 Hydrological basins 
 

The hydrological basins used for the accumulation and supply of water for the production of 
artificial snow in the ski resorts are divided into natural and artificial. The first are of natura l 

origin and in this specific context are of glacial origin, formed thanks to the melting of glaciers, 
or Fluvial origin  produced by running water [47] while the second are artificially created for 

water supply reasons. The main difference is that in natural lakes there are organic elements 
due to the presence of plants and soil. In addition, there are infiltration phenomena in the 

walls that do not occur in artificial lakes. In the figure it is possible to see the main phenomena 
that characterize the energy and mass exchanges of a hydrological basin. 

 
Figure 22: Energy and mass balance 
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 The main actors are the sun and the wind that act on the surface temperature and on the 
turbulence of the water motion on the surface. The energy balance is linked to kinetic (Ek) , 
thermal  (Et) and potential (Ep) energy exchanges (internal stratification ) as expressed : 
 

𝑑𝐸𝑡𝑜𝑡

𝑑𝑡
=

𝑑𝐸𝑝

𝑑𝑡
+

𝑑𝐸𝑘

𝑑𝑡
+

𝑑𝐸𝑡

𝑑𝑡
 

 
In particular the net heat flux depends on different factor such as the short-wave solar 
radiation, the long wave diffused radiation that depends mainly on clouds and the atmosphere 
composition,  the reflected radiation by the water surface, the latent and sensible heat flux, 
and the inlet/outlet temperature of the water flow.  Among the different parameters of water 
quality that are affected by temperature, the difference in density (ρ) causes a different 
thermal stratification depending on the season and reshuffling phenomena localized in 
summer and global in autumn and spring, as shown in Figure 23. 

 

 
Figure 23: Seasonal cycle of thermal stratification 

In particular, in summer, it is possible to identify three zones: the epilimnion which is mainly 
affected by solar radiation, night cooling and wind action; the metalimnion that is the central 
part that act as a barrier for vertical fluxes and the hypolimnion that is the deep region that 

remains isolated. Furthermore, the thermocline that is inside the belongs to metalimnion, 
represents the strongest density gradient as shown in Figure 24. 



 
 
 

https://www.alpine-space.eu/projects/smart-
altitude/en/home  P a g e | 31  

 
Figure 24:Summer density stratification 

It should also be considered that two types of recirculation take place, the barotropic and the 
baroclinic circulations. The barotropic ones neglect the effect of density variation and they are 
characterised by depth-averaged flow and external waves such as wind, while the baroclinic 
ones consider the density variation and are characterised by internal waves. 
According to Mosimann [48], the water input from artificial snow usually reaches 0.7 to 5 
times that from natural snow. Usual amounts of water applied as artificial snow are 100–600 
mm. These values were confirmed by a Swiss study, where the average water input from the 
melting snowpack was almost double the natural level (about 750 mm vs. 400 mm) [48]. This 
may change the local hydrology and increase the erosion intensity. As the water used for 
snowmaking is usually pumped from rivers, lakes or ground water sources, it is enriched in 
minerals from the catchments, including ions that are essential for plant growth, such as Ca2+, 
Mg2+ , Na+, K+, Cl– , SO42–, NH4

+ or NO3. Baloh et al.[49], aimed to investigate the presence, 

source and ice nucleating properties of these particles in the water cycle of an alpine ski resort 
in Obergurgl, Tyrol, Austria. They sampled artificial snow, river water, water pumped from a 

storage pond and compared it to samples collected from fresh natural snow and aged piste 
snow from the area of the Alpine Ski Resort in Obergurgl, Austria. The aquatic chemistry 

among different water samples is significantly different for most parameters as shown in 
Figure 25 [49].  
 

 
Figure 25: Chemical elements concentrations for different water samples [49] 
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The natural fresh snow samples were collected in two different locations and for the 
determination of dissolved organic carbon (DOC) and dissolved nitrogen (DN)  samples were 
acidulated with 200 μL 2N HCl to reach a pH of 1.5–2. The fresh snow samples and the aged 
snow showed the highest values for DOC, DN, and Cl–, whereas the samples from the river 

water cycle (river, pumping station, artificial snow) showed lower values. NO3–  was also 
highest in the fresh snow samples, but not in the aged piste snow. SO4

2–, K + , Mg 2+ , and 
Ca2+ were all low in the fresh and aged snow samples. Na+ values were significantly lower for 

the aged piste snow samples in comparison to all other samples. NH4
+ was significantly higher 

in the aged snow samples, in medium range for artificial and fresh snow and lower for the 

river and pumping station samples. The vegetation composition changes in response to inputs  
of water and ions. A study near Savognin, Switzerland, showed that the artificial snow led to 

changes in mesotrophic habitats, like grasslands with little fertilisation [50]. Plants tolerant of 
dry, low-nutrient conditions (e.g. Koeleria pyramidata, Silene nutans, Thymus pulegioides) 

were replaced by more common mesic and nutrient-demanding species (e.g. Chaerophyllum 
hirsutum, Myosotis silvatica, Pimpinella major). Changes were less pronounced on fertilised 

meadows [1]. The vegetation composition changes in response to inputs of water and ions. A 
study near Savognin, Switzerland, showed that the artificial snow led to changes in 

mesotrophic habitats, like grasslands with little fertilisation [51]. Plants tolerant of dry, low-
nutrient conditions (e.g. Koeleria pyramidata, Silene nutans, Thymus pulegioides) were 

replaced by more common mesic and nutrient-demanding species (e.g. Chaerophyllum 
hirsutum, Myosotis silvatica, Pimpinella major). Changes were less pronounced on fertilised 
meadows. In soils down to a depth of 15 cm, significant higher pH-values on snowed piste 
compared to control plots were recorded. These values were attributed to the high pH of the 
river water that was used for snow production [51]. In 13 ski resorts in Switzerland similar 

changes were suggested by differences in the ecological indicator values. In particular the 
moisture and nitrogen values were higher on snowed pistes than at control plots besides 

pistes. A Canadian study analysed the effects of watering with melt water from natural or 
artificial snow on the germination success of birch and spruce trees but failed to show any 

significant [52].  
 

6 Energy Storage Systems (EES) 
 
The role of renewable energy production in the ski resort is increasing in last years, so it is 
useful to have an optimal management of energy production, consumption and storage. 
Different renewable energy systems (RES) have been studied because they are carbon-free 
and have a longer lifetime than systems that use conventional resources of fossil fuel that 
cause several problems such as the greenhouse gas (GHG) emissions. But because of the 
intermittent nature of the renewable energy resources, it is necessary to use energy storage 
systems (ESS) in order to cover a given continuous energy demand such as the ski lift or snow 
making system electrical demand. According to the technology used, energy can be stored in 
a certain state, and then can be converted to electrical energy when needed. There are 
different types of energy storage systems divided according to the type of stored energy 
(electrical, chemical and mechanical) as it’s possible to see in Table 5 [53]: 
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Table 5: Energy Storage System types 

Electrical Superconducting magnetic  
(SMES) 

 

Super capacitors (SC) 

Chemical Batteries Lead-Acid 
Li-ion 

NI-Cd 

NaS 

Hydrogen SOFC 

PEM 
Flow batteries ZnBr 

VBr 
NaBr 

Sodium polysulfide 
 

Mechanical Fly wheel (FES)  

Compressed air (CAES) 

Pumped hydro (PHS) 
 

 
The ESS acts as buffer to store surplus energy and supply it back to the system when needed. 

In order to maintain the voltage of the main BUS of the grid, as constant as possible. Moreover, 
they have the role to regulate instantaneous power variations , maintaining power quality. 
Each EES have different key characteristics such as: energy density; power density; cycle life; 
response time and cost as summarized in Table 6 [54]. 

 
Table 6: Main key characteristics of different EES 

EES Energy 

density 

Power  

Density 

Cycle 

life 

Response 

time 

Cost 

Chemical 
Battery 

High Low Short Medium Low 

Flow battery Medium Low Short Slow Medium 

Super 

Capacitor 

Low High Long Fast Medium 

Fuel Cell High Low    

Flywheel Low High Long Fast High 
 

A preliminary analysis of the energy demand is necessary to choose the best type of storage 
to use. For example, the electrical demand of a ski lift that is generally powered by a DC motor 
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is quite linear and constant during the operating cycle, so a storage with a medium low 
response time could be suitable. 
The different EES have a different energy and power density as it is possible to see in Figure 
26: 
 

 

 
Figure 26:  Energy density and power density of different EES [55] 

Locally distributed energy storage systems (ESS) may provide the capacity to temporarily 

decouple production and demand. In this sense, the most implemented ESS in local energy 
districts are small–medium-scale electrochemical batteries. However, hydrogen systems are 
viable for storing larger energy quantities thanks to its intrinsic high mass -energy density. To 
match generation, demand and storage, energy management systems (EMSs) become crucial. 

If there are different EES in the grid, the EMS systems of an electrical grid is generally based 
on a specific EES priority. Furthermore, a series of AC-DC and DC-DC converters are also 
required for proper integration between renewable  energy sources (RES), energy storage 
systems (EES)  and the power grid.  An example of an hybrid renewable microgrid  architecture 

is shown in Figure 27. It is an application for the University of Huelva (Spain). It integrates a 
mixed type, AC/DC electrical topology presenting a high-voltage DC bus (400 V DC) and a 
standard 1ph-230 V/3ph-400V AC bus, like the one usually used in ski resorts [56]. 
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Figure 27: Integration of RES, EES and grid for the University of Huelva 

 

The results of this study [57], show that the hydrogen-priority strategy allows the microgrid 
to be led towards island operation because it saves a higher amount of energy, while the 

battery-priority strategy reduces the energy efficiency in the storage round trip. This 
demonstrates that that conventional EMS for microgrids’ operation based on battery-priority 

strategy should turn into hydrogen-priority to keep the reliability and independence of the 
microgrid in the long-term operation. 

 

6.1.1 Hydrogen as energy vector 
 
Fuel cells are electrochemical systems capable of transforming the chemical energy of a fuel 
(usually hydrogen) into electrical energy. These technologies have a significantly higher 
efficiency than traditional thermal engines. The operation is very similar to that of flow 
batteries, only unlike these fuel cells use oxygen or more commonly air as an oxidizing agent. 
A fuel cell consists of two porous electrodes separated by an electrolyte. The different fuel cell 
technologies differ mainly in the type of electrolyte used and the operating temperature but 
they are based on the same reactions. At the anode there is the oxidation of hydrogen (H2) 
which flows steadily while at the cathode there is the reduction of oxygen (O 2) present in the 
air [58]. The electrolyte has the function of allowing the H+ ions that are formed and 
preventing the passage of electrons e- that instead pass through an external circuit. Moreover, 

the transformation of chemical energy into electrical energy is exothermic, so it is necessary 
to extract heat in order to keep the operating temperature of the cell as constant as possible. 

By classifying the fuel cells according to the type of electrolyte, you have: 
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1 Alkaline fuel cells (AFC); 
2 Solid oxide fuel cells (SOFC); 
3 Phosphoric acid fuel cell (PAFC); 
4 Melted carbonate fuel cell (MCFC); 
5 Proton exchange membrane fuel cell (PEM) 
Among all these types, PEMs are fuel cells that work with a lower temperature range (20-180 
°C)  [59][60]. Some of the advantages of using hydrogen as an energy carrier are the possibility 
of long-term storage and the easy "scale up" of the system, since the use of an hydrogen 
storage can be carried out where necessary without any particular restrictions on the location 
of the system. The main components of a hydrogen-based energy storage system are the 
following: 

 Input converter 

A conversion system capable of converting incoming electrical energy into hydrogen at the 
output. It can be based on different technologies such as Proton Exchange Membrane (PEM), 
Anion Exchange Membrane (AEM), Solid Oxide Electrolyser (SOE); 

 Hydrogen Storage 

A hydrogen storage system. Particular interest has been directed towards the storage of 

hydrogen in gaseous form in containers under pressure up to 70MPa or in liquid form at 
temperatures of 20-22 K (-253 °C) or in solid form with e.g. reversible metal hydride; 

 Output converter 

The output converter is a system to convert hydrogen into electrical energy output. It  consists 

of a fuel cell based on different technologies listed before. 
It is also possible to use reversible fuel cells that integrate the functionalities of an electrolyzer 

and a fuel cell, in order to realize a more compact and economic system even if generally two 
separate devices are proposed on the market.  

 
 

7 Optimising transport facilities 
 

Road transport today is responsible for a significant and growing share of global 
anthropogenic emissions of CO2. Moreover, it is almost entirely dependent on oil -derived 

fuels and therefore highly vulnerable to possible oil price shocks and supply disruptions.  
At the European level, transport accounts for about 30% of GHG production, with constant 
growth in recent years: 23% compared to 1990 levels [61]. Using oil-derived fuels in internal 
combustion engines generates tailpipe emissions of pollutants such as PM10, NOx and VOCs 

which are harmful to human health. Improving road transport requires all these issues to be 
addressed. Managing demand and promoting co-modality can provide a partial solution, 
however introducing alternative transport fuels and vehicles will also be necessary in order to 

achieve the objectives of decarbonisation, energy security and urban air quality 
In France, according to the trade association Domaines Skiables , the 57% of a ski resort’s 

greenhouse gas emissions are related to the skiers’ mode of transportation from their home 
to the resorts. Green transportation and electric mobility are thus being taken seriously. In 

addition, these solutions could help ski resorts obtain Flocon Vert certification. Similar to the 
“Blue Flag” label for coastal areas, Flocon Vert certifies that mountain destinations comply 
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with rigorous sustainable development standards [61]. The skibus of the ski resort of Megève, 
France, has been replaced by a fleet running on natural gas which should emit 96% of particles, 
70% of nitrogen oxide and 30% of CO2 less. In Val-Thorens, an autonomous electric shuttle  is 
in operation and ten other stations, including La Plagne and Les Deux Alpes, have expressed 
their interest [62]. In Haute-Savoie, Les Gets ski resort has set up the first self-service 
mountain bike service in 2015 and the enthusiasm is there every year [63].  
 

7.1 Electric Vehicles (EVs) characteristics 
 

It is possible to distinguish three macro categories of electric vehicles (EVs): 
 Plug-in hybrid electric vehicles (PHEVs) ; 

 Battery electric vehicles (BEVs); 

 the Fuel cell electric vehicles (FCEV).  

 
PHEVs have both an internal combustion engine (ICE) and electric motor. These vehicles are 

powered by an alternative or conventional fuel , such as gasoline, and a battery which is 
charged up with electricity by plugging into an electrical outlet or charging station. There are 

two PHEV configurations: the series PHEVs in which only the electric motor turns the wheels 
while the gasoline engine generates electricity and the parallel PHEVs in which both the engine 

and the electric motor are mechanically connected to the wheels. In this last case the electric-
only operation occurs only at low speed. 

BEVs typically do not have a fuel tank or exhaust pipe and rely only on electricity for 
propulsion. While easy on the environment (and the wallet), owners may suffer from range 

anxiety as they must ensure their BEV contains enough energy for travel . Charging involves 
connecting to a standard 120-volt outlet, 240-volt household/public Level 2 or a Level 3 power 
source. 
FCEVs  are a type of EV that uses hydrogen, via a fuel cell, to power an electric motor run on 
compressed liquid hydrogen. When hydrogen is combined with air inside the fuel cell stack, 

the reaction powers an installed electric motor to drive the wheels. Similar to a BEV they are 
quiet, produce no emissions. While deployment of FCEVs is low compared with BEVs and 

PHEVs, several countries have announced ambitious targets towards 2030. 
The use of alternative technologies, such as fuel cells, aims to overcome the problems related 

to charging anxiety, since the FCEVs have a greater autonomy and a shorter recharge time. 
FCEVs are more appropriate for long-term units, since their autonomy is much longer than 

PHEVs or BEVs but require special charging infrastructure.  
Considering the particular context of a ski resort, it is necessary to have the reliability of the 

vehicle operation at low temperatures. The main key requirements of a generic electric vehicle 
in a ski resort are: cost effective, frequent starts and operation at low T (-40°C); high power to 

weight ratio, high low-end torque, high energy demand, high flexibility, excellent efficiency 
and additional services APU. It is possible to see in Figure 28 the differences between the BEV 
and FCEV. 
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Figure 28: FCEV vs BEV key requirements [64] 

 
Range refers to the distance an electric vehicle can travel before the battery needs to be 
recharged [65]. The vehicles interested in these technologies are not only cars but can also be 

applied to buses, trains, ships and even special vehicles such as those used in ski resorts: snow 
mobiles for internal mobility and snow groomers for the process of flattening and levelling of 

the slopes. Some examples of FCEVs applications for special vehicles used in ski resorts are 
presented below. Rotax[66], for example, has presented a concept vehicle for its first zero-

emission snowmobile in Europe. The new Lynx HySnow, shown in Figure 29, is based on the 
Lynx 69 Ranger Alpine, a snowmobile that has proven its worth in Austrian skiing areas for 

many years. 
 

 
Figure 29: Lynx HySnow [66] 

The vehicle has been completely refitted and given a high-quality electric powertrain powered 

by a hydrogen fuel cell. In addition to its zero emission characteristics, it has additional 
benefits such as Its innovative powertrain system means the vehicle runs almost silently, 
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regardless of temperature fluctuations, and is able to operate over a greater range and 
achieve faster acceleration than conventional electric drives . Moreover, Rotax has 
constructed an integrated hydrogen ecosystem and filling station in the ski resort of 
Hinterstoder (Austria). Hydrogen is an innovative energy source and works in conjunction with 
a fuel cell to provide electrical energy. The Lynx HySnow is filled under high pressure, with the 
hydrogen being stored in its gaseous form. This station is able to produce green hydrogen 
because it generates electricity for the electrolysis needed to produce hydrogen, from 
photovoltaic or RES sources [67]. 
Electric drives with hydrogen fuel cells have their future especially where heavy loads have to 
be transported over long distances. As well as short refuelling times are required and 
sustained high performance is required at low temperatures. In the event of a crisis, the 
emergency power supply can be ensured with hydrogen fuel cell systems.  
Moreover, an Austrian consortium has been developing a multifunctional hydrogen snow 
groomer concept at the Green Energy Center Europe in Innsbruck since June 2019. This project 
is supported by the Fuel Cells & Hydrogen 2 Joint Undertaking (FCH2 JU) of the EU 
Commission. The aim of the project is to develop the world's first prototype of a 
multifunctional hydrogen snow groomer as shown in Figure 30. 
 

 
Figure 30: HySnowgroomer prototype [68] 

 

A Fuel Cell Electric (FCE) Powertrain is integrated into a snow groomer that can be used as an 
emergency power supply unit in the event of a crisis. The holistic, multifunctional system also 

includes a mobile hydrogen re-fuelling concept (mobile HRS), which can be used to ensure 
that the snow groomer is adequately supplied with hydrogen. Also, in this case, the system is 

supplied with green hydrogen, which can be produced from water anywhere where it is 
needed. For this purpose, water is broken down into the gaseous components hydrogen and 

oxygen in an electrolysis system with the supply of clean electricity from hydropower and 
photovoltaics [68]. 
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Another example is the hybrid snow groomer PistenBully 100E shown in Figure 31. 
 

 
Figure 31: Plug-in hybrid electric snowgroomer 

It has been developed by Pistenbully together with Mattro Production GmbH, a company from 
Schwaz, Austria, specializing in electric mobility.  The PistenBully 100 E  energy capacity of the 
battery is 126 kWh with a rated voltage of 400 V. The charging time is of particular interest. 
At 5 hours, the SoC (State of Charge) is at 75%. After 6.5 hours, the battery is completely 
charged. In purely mathematical terms, this provides an average driving time of 2.5 to 3 hours. 

Its forerunner, the 600 E+ also has an all-electric drive train, but uses a diesel engine to drive 
a pair of generators, which in turn power the electric motors that control track-propulsion and 

the snow tiller. It has 20% lower fuel consumption for significant savings in operating costs 
and CO2 emissions. 

 
 

7.2  Charging stations  
 
Conventional EVs electric vehicles equipped with a battery (BEVs) have a completely different 

charging mode compared to FCEVs. The BEVs, are basically charged through electric energy 
through dedicated charging units while for FCEVs the compressed hydrogen tanks on the 

vehicles are refuelled. 
 

7.2.1 Electric charging stations 
The wide deployment of the electric vehicle is strictly linked to the development of the 

associated infrastructure for recharging the EV batteries  [69]. Different recharge possibilities 
exist, described by standard IEC 61851-1 in 4 different modes considering factors such as 
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output power, control and protection equipment or connection type. A brief summary of each 
charging mode is presented in Table 7 [70]. 
 

Table 7 Charging mode for BEVs and PHEVs 

 Mode 1 Mode 2 Mode 3 Mode 4 
Grid connection Plug type 

A, B , C 

Plug type A, B 

, C 

Plug type A, B , C Plug type  C 

Communication Not 

necessary 

Pilot control 

wire 
compulsory 

Communication 

between vehicle and 
post compulsory 

Communication 

between vehicle and 
post compulsory 

Phase I III I III I III DC 

Max power 
(kW) 

11 22 44 240 

Max current (A) 16 32 63 400 

 
The charging Mode 1 has been traditionally used for charging processes . It uses alternating 
current (AC) mains socket (current 16 A) but  implies very long battery recharging times (6 to 
8 hours). It is suitable if the vehicles are stationed for a long time, but it might be an issue for 
long distance trips or when the vehicle is parked for little time. In order to solve this challenge, 
quick (or fast) chargers allow the EV owner to charge the batteries in a very short time (80% 
of battery capacity in 15-20 minutes) when needed, in a similar way than the current gas 
stations for combustion vehicles, thus solving one of the main barriers for a massive 
deployment of EVs: the range anxiety. 
Given the considerable development of electric vehicles, ski resorts must therefore also adapt 
to this trend, offering tourists the opportunity to recharge their electric cars. As during the 
development of petrol car’s economy, now it is important to keep up with the times and meet 
this increase in demand. This increase must be considered when a conversion of these areas 
into environmentally friendly and low environmental impact is planned [71].  Particular 
attention must be paid on this aspect, especially for the remote areas and where it isn’t 

possible to have a lot of electric power in surplus compared to that already used by 
conventional structures. For this reason, the increase in demand should be assessed if one 
thinks of an increase in production from RES (renewable energy sources).    
If in on one hand, the problem of the supply of electricity can result complicated, on the other 
hand, the increase of the number of these electric vehicles allows to exploit the batteries 
installed inside them as accumulators and use them to carry out a modulation of the energy 
request. Another problem with the electricity grid is the relationship between energy demand 
and production. The trend in demand is linear and is often in contrast to production from 
renewable sources, which has a typically variable trend. Unlike the traditional load curves, 
which show a drop in demand during the central hours of the day, due to the types of activities 
carried out, the load curve for the ski resort behaves differently [72]. It presents a stable 
consumption during the central hours of the day, caused by a stable consumption by the ski 
lifts , then it presents a peak in the evening caused by the snow making systems demand and 
the increase in the use of recreational facilities and finally, in the night there is a very low 
consumption of electricity. The use of vehicles as vehicle-to-grid storage as shown in Figure 
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32, allows  to outline a drastic lowering of the evening peak which is then compensated during 
the hours of lowest use such as the night [73]. This can allow to define almost straight loading 
curves and the management of the required power does not vary during the day.   
 

 

Figure 32: Functioning of vehicle-to-grid 

In the sky resort area, the use of this kind of technology could be suitable. The great amount 

of electrical power, which is necessary for the use of energy-efficient ski lifts which only work 
for a few hours during the day,  could be used to power the charging stations too. Moreover, 

with an appropriate management it is possible to use the battery for current modulation 
ensuring skiers a full recharge of the electric vehicle during the day. 

 

7.2.2 Hydrogen refueling stations 
 
Hydrogen can be stored in gaseous, liquid or solid form. Application research related to 

mobility is currently mainly focused on the gaseous form. At constant temperature, the easiest 

way to decrease the volume is to increase the pressure through special compressors. These 
devices have an efficiency between 80 and 91%, reaching a pressure of about 700 MPa. At this 

pressure the hydrogen has a density of 42 kg/m3.  In addition, the storage performance of 
hydrogen is much better than that of electric batteries. For example, 100 kWh of energy is 

equivalent to 3 kg of hydrogen which at 700 MPa occupies a volume of 130 l compared to 
conventional lithium batteries which would occupy 670 l [74]. In order to avoid a 

fragmentation of competences, an ISO 19880 Standard has been created. This provides a 
whole package to cover all technical and safety aspects concerning the refueling of FCEVs. 
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