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Abstract 

 
The wind potential around mountain Parnassus in central Greece has been studied 
and an experimental analysis has been presented which could be used as a wind farm 
sitting selection tool aiming at maximization of the production output. Different wind 
sites within Fokida prefecture were studied based on field measurements around the 
large mountainous area of Central Greece. Understanding flow not only above 
mountains but also in the foothills and the wider area of mountains is of great 
importance for estimating energy yield in rough terrain. Forced air flow around 
mountainous masses was examined based on the wind velocity results in the wider 
area. In this paper, special focus was given also to the environmental constraints for 
achieving a green development strategy in the area.  
Keywords: Wind Measurement, Air Flow, Mountainous terrain, Industrial Symbiosis 

 
 
Introduction 
 
Wind resource analyses in flat terrain are well established on the contrary to the 
applications in strictly mountainous terrain. Accurate wind resource measurements – 
using, usually, wind meteorological masts – are absolutely necessary for the 
exploitation of wind energy. However, wind farms in a mountainous area are not only 
difficult to be constructed for the utility but many times is even more difficult to 
complete field measurements for the needed period. Wind resources are rarely 
consistent and vary with time, season, terrain type, height above ground level and 
from year to year, and consequently it is needed to be thoroughly – especially in 
rough terrain – investigated prior to any exploitation [1]. Air flow above mountains, is 
very advantageous for wind farms with increased wind speed compared with the 
incoming flow. Hills and mountains suitable for wind farms tend to increase the wind 
speed because of the obstructions on the incoming wind and therefore are many times 
preferable as this way the power output is increased [2]. This effect is experimentally 
studied – in particular the forced air flow around – and not only over – significant 
mountainous masses was investigated. Greek terrain is mainly mountainous with 
ranges extending into the sea as peninsulas most of the times. In many cases for 
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determining wind speed & profile different modelling techniques are used to correlate 
measurements from other sites of the same area using meteorological masts where 
possible and therefore often results are not trustworthy. However, some of these 
techniques at least mark out a method and in some cases new sites appropriate for 
wind farm installation are revealed.  A draft literature review, the site experimental 
results, a GIS-based analysis and discussion follows in the next sections. 

 
 

Literature Review 
 
A large body of literature concerning wind resource assessment applications 
worldwide has been carried out over the past few decades. Not that many though deal 
with modelling and wind measurements exclusively in mountainous terrain. Literature 
includes studies concerning optimal wind farm sitting models based on the exergy 
analysis and the inversed distance weighting methodologies in Southern Greece [3], 
comparisons of wind velocity based on numerical weather prediction models over 
rough terrain [4], and outcomes of wind prediction in coastal mountains using WAsP 
tool [5]. It also includes studies about comparison of real and model wind speeds [6] 
or turbulence effects [7], and studies about the tunnel effect in wind speed [8 - 10].  
According to the literature, there are also wind studies on modelling related to the 
evaluation of models designed for siting wind turbines in areas of mountainous terrain 
[11 - 12], critical evaluation of different correlation methods in wind resource 
assessment of an area using short term data correlated to long term data in a 
mountainous environment [13].  
 
Regarding speeding-up only few studies have been made so far. Lubitz and White 
investigated the phenomenon not only in a tunnel but also in the field [14], while 
Pellegrini and Bodstein revealed what happens just over low hills [15]. Lemelin et al. 
[16] and Miller and Davenport [17] made some simple calculations regarding wind 
profile from flow over hills or complex terrain. Although, these studies have been 
implemented over the past years of intensive research in the field of wind energy, 
there is no an experimental study showing that there could be a “one-side tunnel 
effect” or in other words forced air flow around – not over – significant mountainous 
masses. Significant amount of literature is related to complex terrains, correlation 
tools and flow over complex terrain but almost no research is related to wind 
assessment and strictly mountainous terrains and the possibility of sitting wind farms 
on those “alternative” areas. To fill the gap related to wind speed, and wind farm 
evaluation methodology, under this “speed-up” phenomenon of forced air flow around 
mountainous masses and flow in the wider area, in this paper an experimental study 
has been carried out. 

 
 

Site Experimental Results 
 
As a part of this research paper, a case study was carried out on wind characteristics 
for mountainous Central Greece. Wind profile measurements were carried out for 
specific periods using initially four (4) different meteorological masts for the speed-up 
effect and six (6) more for the explication of the results in the wider area. Wind speed 
intensity and wind direction as well as other characteristics have been observed for the 
ten (10) meteorological towers in the area in total. Vector Hellenic Windfarms S.A. 
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operates a certified laboratory (Laboratory of Wind Measurements) from Hellenic 
Accreditation System S.A. (E.SY.D.) in Greece and the meteorological stations were 
under the laboratory’s supervision. Figure 1 shows – facing North and Northeast – in 
a 3D viewing image the exact place of the first measuring mast (“Z” wind mast).  
 

 
Fig. 1: Location of “Z” mast installed 

 
It is quite obvious that mast “Z” is located in the foothills of a large mountainous 
mass (the mountain of Parnassus – elevation: 2,457 m.). Also, wind mast “K” is also 
installed on the foothills of the mountain 2.25 km away from the first mast. On the 
north-eastern side of the mountain, there are two more wind masts installed (mast 
“M1” and mast “F”) measuring for at least a year each (the distances among sites are 
shown on figure 2).  

 

 
Fig. 2: Installed Masts “M1”, “F” and “K” in the area and distances from mast “Z”. 

 
Site coordinates, average velocity, period of measurement, height above ground level 
and turbulence at 10 m are shown on Table 1. It is rather clear that as height a.g.l. 
increases and as the distance from the mountain of Parnassus is reduced the average 
wind speed is increased. The software for wind data analysis & correlation WindRose 
[18] and WAsP software (Wind Atlas Analysis and Application Program) [19] were 
used for elaborating all the measurements and produce estimates of wind speed at 
various distances from the measuring meteorological masts. 
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Site / 
Code 

Latitude 
(°) 

Longitude 
(°) 

Mean speed 
(m·s-1) 

Period of data 
analysis 

Height 
(m.a.g.l.) 

Av. Turbulence 
Intensity (at 10m.) 

Z 38.48472 22.678333 7.3 at 10 m. 3 Feb ‘07 – 5 Aug ‘07 886 13.2 % 
K 38.50194 22.694444 6.7 at 10 m. 14 Apr ‘08 – 14 Apr ‘09 815 14.1 % 

M1 38.53861 22.721389 4.6 at 30 m. 7 Jul ‘08 – 15 Jun ‘09 570 14.4 % 
F 38.55361 22.775556 4.2 at 20 m. 4 Oct ‘07 – 24 Sept ‘08 372 12.1 % 

Table 1: Main measured characteristics of the four (4) initial sites 
 
A significant observation though has to do with the main and secondary directions of 
the wind roses. While in mast “M1” and in mast “F” the main directions seem to be 
N-NW in masts “Z” and “K” seem to have turned into NE.  
 

 
Fig. 3: Wind Directions of “Z”, “K”, “M1”, and “F” wind masts. 

 
It is obvious that the distances among the sites are not that significant for the wind to 
be expected to have changed substantially. A physical obstacle – as a mountain is – 
could have caused that. What also should be noticed based on the exact sitting of the 
“K” and “Z” masts (Fig. 1, 2) is that “K” mast is notably more “open” to north winds  
and therefore sustains some of the characteristics of the other two masts (“F” and 
“M1”). “Z” mast however, is located in the SE side of the mountain and therefore it is 
not so easy to be accessible from direct north winds. The obstacle of mountain forces 
the flow to change route and “fold” the mountain speeding-up and of course changing 
direction. That explains the direction results in Fig. 3 and the speed results (Table 1).   
The positive effect – in the meaning of wind speed – of the mountain of Parnassus in 
the wider area (distance < 10 km) is not only limited to the foothills of the mountain. 
A number of other masts (Fig. 4, Tab. 2) installed in the wider area (mainly on the 
south of the mountain) prove that. 
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Site / 
Code 

Latitude 
(°) 

Longitude 
(°) 

Mean speed 
(m·s-1) 

Period of data 
analysis 

Height 
(m.a.g.l.) 

Av. Turbulence 
Intensity (at 10m.) 

K2 38.38833 22.681111 6.43 at 30 m. 29 Feb ’08 – 1 Mar ’09 627 10.5 % 
S 38.41361 22.675278 7.87 at 10 m. 28 Feb ’08 –28  Aug ’08 609 12.5 % 

KR 38.41639 22.653611 6.45 at 10 m. 22 Jun ‘07 – 22 Jun ‘08 540 13.5 % 
GP 38.41750 22.643611 6.09 at 30 m. 26 Mar ‘08 – 4 Dec ‘08 523 12.7 % 
P1 38.39666 22.637500 5.93 at 30 m. 14 Jan ‘08 – 10  Dec ‘08 419 15.3% 
P2 38.39750 22.625278 5.61 at 20 m. 23 Mar ‘08 – 9 Dec ‘08 477 15.2% 

Table 2: Main measured characteristics of other six (6) sites in the wider area 
 

 
Fig. 4: A number of other masts installed in the wider area 

 
The wind velocity results are impressive. For all six (6) masts wind speed varies from 
5.61 – 7.87 m/s but doesn’t fall bellow 5.61 m/s.  That ensures in most cases the 
viability of possible wind projects. However, it is clearly observed that even 100 – 
150 m. of difference in altitude among e.g. the first two sites on Table 2 (“K2” and 
“S”) and the last two (“P1” and “P2”) play a role on the average wind speed meaning 
that the wind speed is notably higher in cases where the hill where the mast is 
installed is higher as well.  
 
 
Industrial Symbiosis 
 
The basic aim was to select different sites within the under examination area and 
estimate weather these sites were promising for wind farm development or not based 
on the existing constraints. In the wider area are located small villages and small cities 
and at the same time the interesting wind speed results make necessary the need for a 
symbiosis plan. A GIS-based methodology was used for the preliminary evaluation of 
the area prior to any investment. Taking into consideration planning constraints based 
on the Special Framework for Spatial Planning of Renewable Energy [20], and the 
Law 3851/2010 for accelerating the development of RES [21], as villages near the 
area, monasteries, archaeological sites, isolates buildings, Natura 2000 areas, Special 
Protected Areas (SPA), archaeological sites, important coasts and beaches, even 
roads, the necessary distances were kept and the available sites of possible wind 
development interest remained. 
 



2nd International Exergy, Life Cycle Assessment, and Sustainability Workshop & Symposium (ELCAS2) 
19 - 21 June, 2011, NISYROS - GREECE 
 

 6

The area is of great archaeological interest as Delphi lie on the south-western spur of 
Mount Parnassus and is of great residential interest as the modern traditional villages 
of Delphi and Arachova are located in the western part of the prefecture of Viotia 
(close to the borders with the prefecture of Fokida) not mentioning all other small 
villages dispread in the wider area. Furthermore, over the last decades the touristic 
development is observed not only because of the slopes of Mount Parnassus (location 
of two major ski centres), but also because of a couple of beachfront villages. 
Therefore, there are a lot of constraints to be placed on a map and realize which are 
the sites available for exploitation. Based on the Special Framework for Spatial 
Planning of Renewable Energy [20], there are different safety distances that should be 
kept prior the final sitting of a wind farm. For instance, it’s 1,500 m. from traditional 
villages (500 m. from every other village), at least 3,000 m. from important 
archaeological sites, 1,000 m. from organized touristic areas, 500 m. from excavating 
zones, 1.5·d from roads (class 3) and railways, where d equals the diameter of the 
proposed wind turbine. 
 
All geographical constraints for the development of any industrial project (including 
wind farms) are shown on fig. 5. In a scaled 1:50,000 map are shown graphically all 
restrictions as residential zones, Sites of Community Interest (SCI), SPAs, traditional 
villages, archaeological sites etc.Based on the measurements in the area and model 
runs [19], an indicative wind map (Fig. 6) was produced describing the wind potential 
of the area and showing in one map the available/apropriate areas for wind farm 
development and at the same time the constraints. It’s quite clear that from the 
remaining areas only few of them can be exploited based on the wind results. It’s 
clear also that areas that were able to be exploited – as areas around masts K, Z – after 
the introduction of the new SPA sites are excluded.   
 

 
Fig. 5:1:50,000 topographical map    Fig. 6: Wind Speed analysis map 

 
However, areas close to touristic villages are also affected, nevertheless there is still 
potential and space for development. Based on WAsP runs, windy sites of the area 
were determined and a much more accurate wind map than the one of the Center of 
Renewable Energy Laboratory wind map [22] was produced (fig. 6). Therefore, based 
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on the findings, a sustainable development plan could be implemented and followed 
for the area for the wind farm growth plan covering not only environmental needs but 
also the grid needs of the area. 
 
Discussion  
  
The main idea behind this experimental study was to identify if and in what grade air 
flow speeds-up – not only above mountains – but also around them and of course 
what’s happening with the flow after the speeding – up process. What was found from 
real life results is that the flow keeps its initial direction – not close to the mountain 
foothills though where perforce the direction is changing – but in the wider area.The 
whole area was extensively examined and reviewed with all the masts installed 
around it, it was found that the speed-up effect was met in the mountain’s foothills 
and did not changed only the velocity of the wind but also the direction based on the 
sitting of the installed mast. In specific the mast was installed there as the area was 
considered possible wind farm development area. What’s important additionally, is 
that in the first few km “away” from the mountain as the flow develops its route to the 
south, due to the existence of rough terrain with lots of hills the wind speed remains in 
“interesting” levels. Lastly, based on the industrial symbiosis study taking into 
account the environmental, archeological, and residential constraints and the results 
from the resultant wind map originated from software analysis the appropriate areas 
for wind farm development were “traced” in order the touristic, ecological and 
industrial growth to go along. 
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