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ABSTRACT 

This thesis presents model to simulate energy generation from combined wind – hydro 
power system. Together with hydropower plant, wind farm is to be built in Iceland. For 
this reason two hypothetical facilities were considered as a case study. One of them was 
the hydropower plant at the Hólmsá River with the reservoir at Atley located in the south 
of Iceland. The other hypothetical facility was the wind farm located also in the south of 
Iceland, Vatnsfell. 

Both locations were analyzed in order of available energy resources. Trend of typical 
hydrological and meteorological year for both water discharge and wind speed differed. 
During winter discharge was greater than during summer. Opposite situation was noted in 
case of mean wind speed. This difference allows for complementing seasonal niches and 
increase of firm power generation during simultaneous operation of the system. 

It was concluded that with greater number of wind turbines installed, efficiency factor due 
to friction losses increases and average water turbine efficiency drops. This was caused by 
lower discharge through the water turbine when more wind power was installed. For 
investigated number of turbines the highest performance of the system was when 6 to 16 
MW of wind power was installed. 

In simulation the main focus was on firm energy. Different years and examination of  
high – low water discharge and high – low wind speed for energy generation was done. 
Yearly energy generation for hydropower site between high and low discharge year 
differed more than 40%. Energy generation from wind between high and low wind speed 
differed less than 10%. In the end, energy generation and water level in the reservoir from 
the combined wind – hydro system were presented. 

As a part of this research analyses of possibilities to apply designed simulation model to 
Polish conditions were investigated. 
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Nomenclature 

��    swept turbine rotor area, [m�] 

��   area of water table at the elevation H, [��] 

��   coefficient factor, [−] 

�   water conduit diameter, [m] 

������  firm energy supply from hydro, [��ℎ] 

�����    secondary energy supply from hydro, [��ℎ] 

�����   total energy supply from hydro, [��ℎ] 

������   energy to supply firm power from wind farm, [��ℎ] 

�����    energy to supply secondary power from wind farm, [��ℎ] 

�����    total energy supply from wind farm, [��ℎ] 

�   friction factor, [−] 

�   gravitational acceleration, �
�

��
� 

�   elevation of water level in the reservoir, [m. a. s. l. ] 

��   effective head, [m] 

���    gross head – distance between maximum head and tail water, [m] 

ℎ   height, [m] 

� = 1,2 … 12  refers to month 1 – January, 2 – February and so forth, [−] 

�   length of water conduit, [m] 

��   leakage at the elevation H, �
��

�
� 

��    multiplication factor for month i, [−] 

�   number of wind turbines, [−] 

������  firm power output from water turbine, [��] 

���   hydropower installed capacity, [��] 

�����   secondary power output from water turbine, [��] 

�����   total power output from water turbine, [��] 



x 

��   power output from wind turbine at wind speed �, [��] 

��   power output from the wind farm, [��] 

���    wind power installed capacity, [��] 

�   wetted perimeter, [m] 

����,���   discharge from measurement station vhm-468 or vhm-577, �
��

�
� 

��   design discharge, �
��

�
� 

�����  discharge to supply firm energy, �
��

�
� 

����    discharge to supply secondary energy, �
��

�
� 

���   discharge through the turbine, �
��

�
� 

�   slope, [%] 

�   water on spillway, �
��

�
� 

�   time step, [�] 

�   wind speed at height � above ground level, �
�

�
� 

�������,���   cut-in and cut-out wind speed, �
�

�
� 

u���   reference wind speed (measured), �
�

�
� 

�   volume of the reservoir, [��] 

�   water flow velocity, �
�

�
� 

�   height above ground level for desired velocity, [�] 

��   roughness length, [�] 

����    reference height, where wind was measured, [�] 

∆ℎ�   head losses due to friction, [m] 

�   equivalent sand grain roughness, [m] 

η����,��,����,� total hydro, turbine, transformer, generator efficiency, [−] 

η����   total wind turbine efficiency (mainly icing losses), [−] 



xi 

�   completeness factor for month i, [−] 

λ��    load factor for hydropower plant, [−] 

λ��   load factor for wind farm, [−] 

��   mean wind speed for month i, �
�

�
� 

��,�   air, water density, �
��

��
� 

�   mean number of days in month, [−] 
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1 INTRODUCTION 

Worldwide interest in renewable energy sources has been increasing in last decades. Every 
year new sources have been connected to the electrical grids all over the world. There are 
sources such as tidal energy, geothermal energy which can be utilized in predictable 
manner and deliver constant energy. However, intermittent nature of some of renewable 
energy sources such as wind or solar does not allow for constant supply of energy from a 
single system. Hard to forecast weather conditions make estimation of daily energy 
generation very difficult. It varies depending on seasons, weather conditions and the time 
of day. What is more energy demand is not constant either. For this reason wherever 
intermittent power sources reach high levels of grid penetration, energy storage becomes 
one option to provide reliable energy supplies. 

Energy can be stored in many different ways. Electrical energy can be stored i.e. directly in 
capacitors; chemical and electrochemical energy can be stored in batteries or fuels like 
hydrogen or methane; thermal energy can be stored in solar ponds, ice, steam 
accumulators; mechanical way to store energy can be done by compressed air, flywheels, 
hydraulic accumulator or as a potential energy in water reservoirs. Each technology has 
some inherent limitations or disadvantages that make it practical or economical for only a 
limited range of applications. The best type of energy storage is similar to that which will 
be used but also important is availability of energy carrier, scale of use not mentioning 
economical aspects of energy storage method. Storage system ratings according to The 
Electricity Storage Association for different energy forms are shown in Figure 1.1. 

Wind industry is one of the fastest growing industries in the world reaching a growth rate 
of 31% in 2009 (EWEA, 2009). Despite that in Iceland there is no single wind turbine 
connected to the national grid. Nevertheless, there has been recently general interest in 
industrial as well as in private sector to connect wind turbines to the grid in the country 
(Nikolov, 2010) (Fréttablaðið, 2010). For this reason, in particular due to possibility given 
by Landsvirkjun Power Company to conduct research as a part of prefeasibility study of 
combined wind – hydro system in Iceland, decision about research was made. 

Looking for the most efficient way of utilizing energy from intermittent renewable sources 
like the wind to supply electricity to the grid it would be rational to use compressed air or 
water storage method. As it is shown in Figure 1.1 these two methods are the most 
preferable for long term storage with high rated power. By narrowing this scenario and 
considering this case for Iceland (75.5% electricity produced by hydro, 24.5% by 
geothermal (NEA, 2011)) water storage would be the best option. Complementing wind 
power with impoundment hydropower was chosen instead of water pumping to the upper 
water reservoir. In other words impoundment hydropower was considered as an indirect 
method of storing energy when energy from wind turbines was delivered. 
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Figure 1.1 Energy storage rating according to The Electricity Storage Association (ESA, 
2008) 

1.1 Thesis objectives 

The main objective of the research was to design a model to simulate energy generation as 
a function of installed capacity of combined wind – hydro power system. Together with 
hydroelectric plant wind farm is to be built in Iceland. For this reason prefeasibility study 
has been carried out for hydropower plant at the Hólmsá River with the reservoir at Atley 
as well as for wind farm close to this location. 

Hydrological data collection and analysis had to be conducted. Hydropower study site with 
the most important components to determine energy production like waterways, efficiency 
had to be instigated and defined. 

For hypothetical wind farm the most preferable site had to be chosen. Next data collection 
from the chosen site and analysis had to be done. Necessary assumption and limitations 
were considered and applied for wind turbine siting and energy generation from the wind 
farm. 

During simulation the main focus was on firm energy delivery however, secondary energy 
was also investigated and applied to the model. Different years and examination of  
high – low water discharge and high – low wind speed for energy generation had to be 
considered. In the end energy generation and water level in the reservoir from such a 
combined wind – hydro system had to be presented and plotted. 

Last but not least objective of this thesis was to analyze possibilities to apply designed 
simulation model to Polish conditions. 
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1.2 Software 

Discharge data from the vhm-468 hydrological measurement station was provided in the 
form of an Excel Spreadsheet. Hydrological data analysis and all necessary calculations for 
hydropower study site were conducted in Ms Excel. Also part of work done by (Helgason, 
Boye, Teh, & Strąk, 2010) in AutoCAD Civil 3D was used to determine reservoir volume. 

Wind speed, wind direction, pressure and temperature data from the Vatnsfell 6546 
meteorological weather station located in the south of Iceland was analyzed in 
Windographer as well as in MS Excel software. No professional software i.e. WAsP or 
Windpro for wind farm designing and data analysis was used during the research. 

To be able to design simulation model, perform calculations and determine values for 
energy generation MS Excel with built in iterative calculation option had to be used. 
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2 HYDROLOGICAL DATA 

It was necessary for the project to collect discharge from the study site. There are several 
hydrological measurement stations installed along the Hólmsá River. Information from two 
of them was provided to perform necessary calculations and analysis. The Hólmsá River 
flow data was provided by Landsvirkjun Power Company in form of daily values in cubic 
meters per second. Data contained values of discharge from 24 years and no data was 
missing. The start date of the discharge series was 21st September 1984 and last 
measurement was recorded 31st August 2008. 

2.1 The site of hydrological measurement stations 

Hydrological station vhm-468 was set up at Hólmsárfoss (Hólmsá waterfall), upstream of 
the prospective dam site at Atley in 1984. The watershed area of this station was estimated 
to be 236 km2. Second monitoring station vhm-577 was installed in year 2009 3 km 
downstream from the planned reservoir at Atley and was performed for one year. The 
watershed area of vhm-577 was estimated to be 353 km2. The sites of hydrological 
measurement stations are depicted in Figure 2.1. 

No direct discharge to the reservoir at Atley was measured. For this reason information 
from the second gauge station located at Þauli was gathered for one year from September 
2009 and was essential to calculate the additional discharge supplied from the 3 local 
glacier rivers: Innri Bláfellsá, Ytri Bláfellsá and Jökulkvísl. Mentioned rivers are also 
shown in Figure 2.1 below. 
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Figure 2.1 Watersheds and hydrological measurement stations vhm-468 and vhm-577 

2.2 Discharge data analysis 

To calculate actual inflow to the reservoir at Atley the multiplication factors were used in 
this way that discharge measured at vhm-468 was multiplied by factor for particular 
month. 

 
����,� = ����,��� (1) 

Such obtained values were used for further analysis and in the model to simulate energy 
generation from hydropower plant. Monthly water flow ratio between vhm-577 and vhm-
468 measurement stations provided by Landsvirkjun Power Company is listed below in 
Table 2.1. 

 



Table 2.1 Discharge ratio between vhm-577 and vhm-468 

Month, i Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug 

Multiplication 
factor, mi 

2.3 2.0 1.7 1.7 1.6 1.4 1.6 1.7 1.9 2.4 3.5 3.5 

 

It can be observed that the highest values of factor are during glacier melting period that 
takes place between June and September. This is caused mainly by the water inflowing 
from previously mentioned three tributary rivers coming from Mýrdalsjökull glacier 
localized in the west of the river. 

Figure 2.2 represents 24 years of data collection. Average discharge over measurement 
period was calculated to be 77.1 m3/s. Maximum discharge recorded 31st April 1998 was 
602.0 m3/s. However it has to be noted that maximum discharge was calculated using 
factors listed in Table 2.1 above and it occurred on last day of August therefore recorded at 
vhm-468 discharge 172.0 m3/s was multiplied by factor 3.5. 

 

 

Figure 2.2 Daily discharge at Atley in years 1984 - 2008 

Looking closer at discharge distribution over time seasonal behaviour in the river flow can 
be observed. The Hólmsá River has perennial flow throughout the year however, during 
warm period from June to October increase in flow takes place. Increased water flow in the 
river is caused by glacier melting which is localized in the west from the river. Such a 
phenomenon is typical for glacial rivers, which are common rivers in Iceland. It can also 
be seen that variation in discharge is greater during summertime than during wintertime. 
Figure 2.3 shows monthly average discharge with average minimum and maximum for 
particular months. 
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Figure 2.3 Monthly average discharge at Atley in years 1984 - 2008 

In the end yearly average discharge was investigated and it is worth to mention that rising 
trend in river discharge over measurement period was observed. It might be caused by 
global warming and temperature growth. Therefore, when designing the hydropower plant 
at Atley it is recommended to perform more investigations for better utilization of 
discharge in the future. 
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3 WIND DATA 

In order to perform calculations on energy generation from wind turbines collecting wind 
speed data was essential. Data set from Vatnsfell automated meteorological station was 
provided by The Icelandic Meteorological Office (Björnsson H., 2011, e-mail, 18th 
January). It contained information about wind speed, wind direction, pressure and 
temperature. Wind speed and wind direction were in 10 minutes time intervals while 
pressure and temperature in 1 hour time intervals. The start date of data series recording 
was on the 29th November 2004 and the last measurement was recorded on the 28th June 
2010. 

Data set was processed in MS Excel and analyzed in Windographer software. For better 
estimation of the long term mean and to avoid seasonal bias Windographer uses the mean 
of monthly means which is defined in the following manner. 

 

 

(2) 

Available valid data was covered in 96.47% of possible records in the time interval. The 
least of available data were from year 2008 and 2006, 92.45% and 93.41% respectively. 

3.1 The site of the meteorological measurement station 

First of all it is worth to mention that there was no anemometer installed on purpose to 
conduct the research and already existing weather meteorological station was used instead. 
Among 142 anemometers installed in Iceland one was chosen for the project necessity. 
Location of the anemometer from which information was gathered was selected basing on 
the mean wind speed, closeness to prospective hydropower station and suitable place for 
wind turbines siting. Detailed information concerning wind turbines siting is described in 
chapter 5. Map showing selected location of wind monitoring station and prospective 
hydro power plant is shown in chapter 6 in Figure 6.2. 

Vatnsfell automated observational station was set on the 29th November 2004 and has been 
located the south of Iceland. Measurement gauge was set 10 m above ground level and 
539.5 m above sea level. Roughness factor for the study site was chosen basing on the 
definition of roughness classes according to European Wind Atlas WAsP available on the 
web site of The Danish Wind Industry Association as well as on map available on the web 
site www.ja.is and information sent by The Icelandic Meteorological Office. All data set 
properties are listed in Table 3.1 below. 
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Table 3.1 Wind data set properties 

Variable Value 

Latitude 64.195600 North 

Longitude 19.046700 West 

Elevation [m.a.s.l.] 539.5 

Start date 29.11.2004 5:40 PM 

End date 28.06.2010 3:10 PM 

Duration [years] 5.6 

Length of time step [min] 10 

Mean temperature [°C] 1.15 

Mean pressure [hPa] 1007 

Mean air density [kg/m3] 1.275 

Wind power class (NREL, 2010) 7 

Roughness length [m] 0.055 

Roughness class 1.5 

 

3.2 Wind data analysis 

Firstly, it has to be mentioned that no information about accuracy of the measurement 
device was delivered. Knowing that energy extracted from the wind varies with the cube 
wind speed (3), 

 
�� =

1

2
�������� (3) 

it would be important for future project development to install properly calibrated and high 
accuracy anemometer at prospective wind farm site if wind farm was built. Accuracy could 
be significant factor in decision making process. It would be also important to install 
another anemometer at different height to determine roughness factors for different wind 
directions. Nevertheless it was decided that it does not influence simulation model itself 
and can give rough estimation of energy generated from the wind. 

It is known in general that wind speed is very irregular and can vary considerably in very 
short time periods. However, for given time period analyses were done and some 
characteristic factors were obtained. The wind variation for a typical site is usually 
described using the so-called Weibull distribution, as shown in Figure 3.1. The maximum 
likelihood iterative algorithm is the method that Windographer uses to calculate the 
Weibull parameters in the software. As can be observed in Figure 3.1 Weibull distribution 
does not fit to the real data very precisely. The highest wind speed is shifted to the left 
giving lower value than measured. Also measured wind speed data is less fluctuating for 
the range between 0 and 13 m/s than described by Weibull distribution curve. 
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Figure 3.1 Probability distribution function 

This particular site has the mean wind speed of 10.7 meters per second, and the shape of 
the curve is determined by the so called shape parameter of 1.52 and scale parameter of 
11.86 m/s. According to the National Renewable Energy Laboratory this mean wind speed 
falls into the highest 7th Wind Power Class (NREL, 2010). Half of the area under black line 
is to the left of 10.1 m/s. The 10.1 m/s is called the median of the distribution. This means 
that half the time it will be blowing less than 10.1 m/s, the other half it will be blowing 
faster than 10.1 m/s. The most common wind speed so called modal value of the 
distribution was calculated to be 6.0 m/s. But looking at actual data it is shown that the 
most common wind speed is from 8 to 10 m/s. 
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Figure 3.2 Frequency and mean wind speed rose at 70 m in years 2004 – 2010 

Looking at Figure 3.2 depicting wind distribution one can see that the most frequent wind 
appeared between 15 - 45° and 105 - 135°, about 16% and 22% of the total time 
respectively. It can be also seen that the strongest mean wind speed was blowing from the 
same directions. Consequently, the total wind energy was the highest in wind coming from 
these two directions. Therefore, it would be reasonable to design park layout in this way so 
that the space between wind turbines in the prevailing wind direction would be as far apart 
as possible. When many rows of turbines were planned then they should be shifted 
perpendicularly to the prevailing wind direction. All these methods are commonly used to 
minimize wake effect occurring in the downstream direction. 

Using Windographer it was also possible to plot monthly and diurnal repetitive wind 
behavior. Monthly wind speed at height 10 and 70 m is shown in Figure 3.3. It depicts that 
mean wind speed at 70 m during cold period in Iceland from September to April is higher 
than 10 m/s and lower from May to August. As one might remember the opposite situation 
was in case of discharge at Hólmsá River, high discharge appeared during glacier melting 
period from June to October. Thusly, combining two systems could increase firm energy 
generation complementing each other in comparison with the same systems working 
separately. In the second graph in Figure 3.3 depicting diurnal wind speed profile it can be 
seen that wind speed trends to be higher from the 8th to the 20th hour of a day. Between 
these hours electricity demand for wholesale market reaches peak load and is higher than 
during other time of a day. Thus, this also could be considered as an advantage of use of 
the wind turbines. 
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Figure 3.3 Monthly and diurnal wind speed profiles in years 2004 – 2010 (dark blue – 
wind speed at 10 m, blue – wind speed at 70 m) 
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4 HYDROPOWER PLANT 

Prospective hydropower plant is planned to be located in the south of Iceland at the 
Hólmsá River with the storage reservoir at Atley. Map showing the reservoir, waterways 
and location of the power house is depicted in the Appendix A. Certain feasibility study 
has already been carried out for the study site. Therefore, some data concerning 
prospective hydropower plant and the reservoir was given by Landsvirkjun Power 
Company and some of it had to be determined for project purposes. 

4.1 Reservoir 

Area and volume of the reservoir were calculated on the basis of AutoCAD maps with 
geographical data of the study site region (Helgason, Boye, Teh, & Strąk, 2010). Starting 
from 141 m.a.s.l and using linear approximation water table area was calculated with 1 m 
intervals. Next using equation (4) for the volume of 1 m high truncated square pyramid: 

 
� =

1

3
� ℎ��� + ������� + ����� (4) 

size of the storage was determined. Nevertheless it is important to note that water level in 
the reservoir was limited by data provide and was varying between 155 and 172 m.a.s.l. It 
can be seen in Figure 4.1 below that area increases rapidly slightly after reaching elevation 
155 m.a.s.l. Hence, dead storage with volume of 8.86 Gl was set below 155 m.a.s.l. The 
upper limiting value was set due to environmental issues such as mentioned before Hólmsá 
waterfall which is localized upstream from the prospective reservoir at Atley. 

 

 

Figure 4.1 Volume of the reservoir at different elevations 
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Leakage from the reservoir was estimated to have linear trend and increase with the 
elevation of the reservoir. The lowest value of leakage was 0.5 m3/s and the highest  
1.0 m3/s for 155 and 172 m.a.s.l. respectively. Values of leakage between these two 
limiting values were computed using linear function as follows. 

 
�� =

1

34
� − 4

1

17
 (5) 

Where function gradient has unit of m2/s and the y – intercept m3/s. 

4.2 Waterways and powerhouse 

It was essential for the project to estimate head losses in the conduits as a function of 
discharge through the water turbine. The head loss is caused by viscosity and it is directly 
related to the wall shear stress. Equation (8) is valid for both laminar and turbulent flows in 
both circular and noncircular conduits. The losses caused by friction were taken into 
account due to their importance in overall head losses in water conduits. Majority of 
technical information about the waterways was given by Landsvirkjun Power Company 
and some of them were assumed or calculated. The drawing showing the cross sections of 
tunnels and power house is shown in Appendix B. 

It was necessary to calculate few factors to complete all data indispensable for head losses 
estimation. First of them depth of inlet centerline was estimated using following formula 
(Bureau of Indian Standards, 1995): 

 ℎ

�
= 2�� + 0.5 (6) 

where Fr stands for the Froude Number defined as: 

 
�� =

�

���
 

(7) 

Inserting formula (7) to (6) and assuming relatively high water flow velocity 4 m/s, depth 
of inlet centerline was calculated to be 10 m below the lowest water level in the reservoir. 

All tunnels were assumed to be constructed using drill and blast method. Both the headrace 
and tailrace tunnel were designed with shotcreted horse shoe shaped form. The pressure 
shaft was constructed with circular form in shape with steel lining. To calculate head losses 
due to friction given formula was used: 

 

∆ℎ� = �
�

�

��

2�
 (8) 

Where f was the friction factor which was estimated using Swamee – Jain approximation: 

 
� =

0.25

�log �
�

3.7� +
5.74
���.���

� 
(9) 
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Data listed in Table 4.1 below was used to calculate losses as a function of discharge 
through the conduits. 

 

Table 4.1 Waterways parameters 

Parameters Headrace 
Pressure 

shaft 
Tailrace 

Length [m] 6600 83.7 1050 

Slope [%] 0.2 50 0.2 

Equivalent sand grain roughness [m] 0.2 0.008 0.4 

Overbreak [m] 0.15 - 0.15 

Wetted parimeter [m] 20.6 - 20.6 

Effective area [m2] 33.32 38.48 33.32 

Hydraulic diameter [m] 6.47 7.0 6.47 

Intake elevation [m] 145 - - 

End of tailrace elevation [m] - - 51 

Friction factor [-] 0.058 0.020 0.079 

 

As it was mentioned before losses taken under consideration in the research were just 
losses due to friction in the conduits. It is because of their significant impact on energy 
generation over local losses which are smaller but not least important. Therefore, to fully 
describe overall head losses both friction and local losses should be considered. Final result 
showing relation between calculated head losses and discharge through the turbine was 
described as follows: 

 
∆ℎ� = 0.0033���

� (10) 

Another significant factor for energy generation which was considered was efficiency. On 
the bottom of the pressure shaft a cavern power house with one water turbine, generator 
and transformer was assumed. Efficiency of the generator and transformer were fixed 
equal to 0.98 and 0.99 respectively. The water turbine efficiency as a function of turbine 
load was obtained by e-mail (Linnet Ú., 2010, e-mail, 11 November) in a form of graph 
depicted in Figure 4.2. 
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Figure 4.2 Turbine efficiency approximation 

The turbine load was described as a ratio of turbine discharge at any time over the design 
discharge. An approximation of the given curve was made in Excel and obtained formula 
was used in simulation model. 

 

��� = −0.789 �
���

��
�

�

+ 1.194 �
���

��
� + 0.484 (11) 
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5 WIND POWER PLANT 

Location and analysis of wind power plant was determined without use of any professional 
software. None of the considered study sites was visited on purpose to pass judgment on 
conditions for wind turbine siting. It was decided that at this phase of prefeasibility study 
issues concerning to location and turbine selection were selected theoretically and using 
maps and tools available on www.ja.is but without any advanced calculations. 

5.1 Turbine siting 

Many parameters are important when choosing the best location for a wind farm. These 
taken under consideration in this research are listed beneath and described later: 

 

 Data availability, wind conditions 
 Closeness to transmission line 
 Closeness to substation 
 Icing problem 
 Landscape roughness 
 Access roads 
 Closeness to the prospective hydropower plant 
 Closeness to natural reserves 
 Soil conditions 

 

As it was mentioned before no anemometer on purpose of the research was installed. For 
this reason choice for wind farm siting was limited to locations of already existing weather 
measurement stations. Eight automated observational stations situated nearest to the 
planned hydropower plant were taken under consideration. Chosen stations are listed in the 
first row in Table 5.1. For each possible location eight the most important decisive factors 
for wind turbine siting were evaluated. Decisive factors are shown in Table 5.1 starting 
from the most important to the least important. Basing on such a comparison decision was 
made. 

The most important factor due to its impact on energy generation (see equation (3)) was 
mean wind speed at a measurement site. Mean wind speed was found using the Energy 
Resources Data Viewer (NEA, 2004). Next, since it was decided that wind turbine will be 
connected to the grid closeness to high voltage transmission line and substation was 
essential. Distance to the closest transmission line, substation as well as to the prospective 
hydropower plant was measured straight line using tools available on www.ja.is web site. 
It was assumed that significant icing problem and losses related to it occurred above the 
altitude of 400 m above sea level. One of the most important factors was closeness to any 
natural reserves. In Iceland environmental impact is very crucial issue for public opinion. 
Very important component for building, operation and maintenance of wind turbines are 
whole year accessible roads. Last but not least decisive factor was landscape roughness 
length. Due to lack of information about the study site as was mentioned in chapter 3 
roughness length was estimated to be the same for all wind directions. 
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Table 5.1 Factors for wind turbine siting 
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Mean wind speed [m/s] 6.9 6.9 4.9 6.5 6.9 5.1 7.3 8.2 

Distance to transmission 
line [km] 

14 21 1 34 51 12 1 1 

Distance to substation 
[km] 

23 21 3 34 51 12 1 1 

Icing problem         

Natural reserves [km] 12 4.5 37 22 3 40 14 11 

Distance to road [km] 24 22 1 11 1 1 1 1 

Roughness length [m] 0.5 0.05 0.5 0.001 0.1 0.1 0.5 0.05 

Distance to the 
hydropower plant [km] 

45 46 34 39 40 63 86 59 

 

From locations given above Vatnsfell 6546 was chosen as the best location for prospective 
wind power plant. The most important factor mean wind speed was 8.2 m/s. Very 
important was also to have possibility to combine wind farm to high voltage at least 30 kV 
transmission line and substation. Next to the chosen location another hydropower plant is 
located. The facility with substation is connected to 220 kV transmission line. Vatnsfell 
measurement station is located at altitude greater than 400 m above sea level therefore 
losses caused by icing were significant and assumed to be 10%. However, it is believed 
that in not far future anti ice systems i.e. blade hearting or anti ice coating will be common 
in use for wind turbine blades and losses caused by icing will be minimized. 

5.2 Wind turbine 

When choosing wind turbine many factors like i.e. electricity demand, economical 
analysis, purpose of the wind turbine, generator (if necessary), number of blades, noise, 
rotor swept area and tower height should be investigated. Moreover for specific sites like 
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the one chosen in Iceland research on anti icing systems and ability to withstand extreme 
winds would be very important. 

Nevertheless, in order to estimate energy generation from wind turbine except of wind 
speed data set only its power curve and losses had to be entered to the model. For this 
research power curve of particular 2 MW wind turbine shown in Figure 5.1 was used. The 
curve was divided into 3 parts. First one where energy was not generated with wind speeds 
from 0 to 4 m/s (excluding 4 m/s which is so called cut-in wind speed). Second part where 
energy was generated at different levels with wind speeds from 4 to 15 m/s (excluding 15 
m/s which is so called rated wind speed). Second part of the curve was described using 
polynomial equation (12) where power was given as a function of wind speed. Number of 
decimal places shown in equation (12) was greater than presented in the paper due to 
exceeding rated power for values of wind speed close to 15 m/s. 

 �� = 0.0727�� − 3.5045�� + 61.0198�� − 467.2218�� + 1721.6518� − 2439.018 (12) 

Last part of the curve with wind speeds from 15 to 25 m/s where energy was generated at 
constant level 2 MW. 25 m/s was set as a cut-out wind speed and at this speed turbine was 
shut down. 

 

 

Figure 5.1 Power curve of particular 2 MW wind turbine 
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6 COMBINED WIND – HYDRO SYSTEM 

To firm variability of wind energy supply several types of electricity generation 
technologies can be used. These include conventional hydro, pumped storage, conventional 
thermal and gas. According to (Montero & Pérez, 2009) choosing system to combine with 
wind turbines the most important factors are: 
 

 Start-up and shutdown capacity 
 Load regulation velocity 
 Minimum operational load 

 

Again, according to (Montero & Pérez, 2009) the best system fulfilling these requirements 
would be pumped – storage hydropower plant. Since there is no pumped – storage system 
installed in Iceland and 75.5% of electricity produced comes from hydro, conventional 
hydropower plant would be the best option. 

Water turbines are the most flexible over other technologies in performing continuous start 
ups and shutdowns without shortening equipments life span. Second advantage of 
hydropower plants is ability to change load in very short time. It is possible to decrease or 
increase the power within entire range of power installed in one minute. Next, minimum 
operational load is low, very often less than 10% of installed power. Another benefit is that 
fuel cost is zero. And last but not least, especially for environmentalists, is that they do not 
emit any greenhouse gases during operation time. The only know limitation of 
impoundment hydropower plant is its connection to the hydraulic management of the 
rivers. This is mainly conditioned by the storage capacity of the reservoirs in the basin in 
which each hydropower plant is located. During dry years, the reservoir level can decrease 
significantly, reaching dead storage and limiting the available hydraulic power. 

 

Transmission 
grid 
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Transformer 

u 

Figure 6.1 Schematic representation of the combined wind – hydro system 

Q577 

Transformer 
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A general scheme of the system is shown in Figure 6.1 above. The hydropower plant 
consists of the reservoir, dam, spillway, water conduits, water turbine connected with shaft 
to the generator and transformer allowing for connection to the grid. The wind farm would 
be connected to already existing Vatnsfell substation. The location of two systems is 
shown with arrows in Figure 6.2 below. It can be seen on the map that both of them are 
located relatively close to high voltage transmission lines, 220 kV and 132 kV. Therefore, 
impoundment hydropower plant as well as wind farm would be connected to the 
substations and national electrical grid in Iceland. Nevertheless, their operation would be 
synchronized so that when there was no wind blowing, shortage in electricity would be 
supplied from hydropower plant. By using appropriate operation of combined system, 
hydropower plant should be able to complement wind farm at any time. 

 

 

Figure 6.2 The transmission system in Iceland (Landsnet, 2010) 
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7 SIMULATION MODEL 

The main objective of modeling was to imitate operation and energy generation of 
combined wind – hydro system. Simulation was used to show approximated real effects of 
alternative conditions and courses of action. To build model corresponding to the real 
system many its components appeared to be important. Key issues included acquisition of 
real input data, simplifications, approximations and assumptions of main system 
components as well as proper interpretation of obtained outcomes. 

7.1 Mathematical formulation of the system 

It has to be noted that simulation was performed in discrete time with an hour time step t. 
As it was described in chapter two and three data with different time step were provided, 
therefore, before using it in the model, change to even time step for both wind speed and 
water discharge was done. All constrains and assumptions mentioned in previous chapters 
were applied to the model and are mathematically formulated in this chapter. 

First, energy generation from wind turbines was estimated. To do so wind speed at 
measured height was recalculated to wind speed at the desire height above ground level 
using wind shear formula (DWIA, 2011). 

 

�� =
����,� ln (

�
��

)

ln (
����

��
)

 (13) 

It was already mentioned in chapter 3 and 5 that roughness length was constant for each 
wind direction, however for future project development it is recommended to make it 
dependent on the wind direction. 

Next, power curve of single, particular wind turbine, like the one shown and described in 
chapter 5, with known cut-in, rated and cut-out wind speed was applied. It was assumed 
that power utilized from wind farm could be linearly scaled according to the number of 
turbines installed. In other words, wake effect was zero. Total losses contained only losses 
due to icing and other i.e. transformer efficiency and time devoted to maintenance, 
repairing accounted for 2%. Total power output for wind speed calculated for each time 
step was determined as follows, 

 
��,� = ��������,� {�: ������� ≤ � < �������� } (14) 

where n was a number of the wind turbines previously set in the model. Assuming that this 
power was utilized during given time step, energy generated by wind turbines was 
computed using equation below. 

 
��,� = ��,�� (15) 

In order to calculate energy production from the hydropower plant water balance was 
checked at each time step. In other words, amount of water stored in the reservoir at the 
beginning of the time step Vt and inflowing during the time step Qin,t was always equal to 
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water flowing out during the time step Qout,t and stored in the reservoir at the end of the 
time step Vt+1. 

 
�� + ���,�t = ���� + ����,�t (16) 

Water inflowing to the reservoir was equal to the discharge Q577 described in chapter 2. 
While water flowing out from the reservoir was accounted as a sum of the flow through the 
turbine Qtu,t, water flow over the spillway st and leakage though the dam lH,t during the 
time interval. 

 
����,� = ���,� + ��,� + ��  (17) 

Spillway was only occurring when the reservoir reached maximum level and water 
inflowing was greater than water flowing out from the reservoir. 

 
∀���������

 �� =
�� + ���,�t − ���� − ���,�t − l�,�t

�
> 0 (18) 

Leakage as a function of the water level in the reservoir was determined at each time step 
and was described in chapter 4. 

Since main focus in the model was on firm power utilization total flow through the turbine 
Qtu was dissolved into two discharges. 

 
���,� = �����,� + ����,� (19) 

First one Qfirm was to generate firm energy and second one Qsec to generate secondary 
energy. However, as it was mentioned before only one water turbine was assumed for the 
hydropower plant. This was possible only because, firm and secondary power could be 
manually fixed and adjusted by model user. Firm energy had to be delivered during whole 
time period. 

 ∀�∈� �����,� ≥ ������,� (20) 

What is more it was assumed that the power output from the wind farm was complemented 
by hydropower to guarantee firm power. Therefore, flow through the turbine to deliver 
firm energy at each time step was given as follows, 

 
�����,� =

������,� − ��,�

��,��������,�
 (21) 

where effective head He,t was equal to gross head with friction losses Δhf,t subtracted. 
Effective head was defined by formula below, 

 ��,� = ���.� − ∆ℎ�,� (22) 

Equation (10) for ∆hf,t was given in chapter 4. 
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Total efficiency ηhtot,t was obtained from three factors. 

 �����,� = ����������,� (23) 

Efficiency factor due to energy losses in generator ηg and transformer ηtraf were constant. 
Turbine efficiency was given as a function of the flow through the turbine (11) and shown 
in chapter 4. 

It is important to mention here that in equation (21) for the flow through the turbine two 
parameters were dependent on the flow through the turbine itself; head losses due to 
friction and turbine efficiency. To cope with this problem possibility of using iterative 
calculations build in MS Excel was used. To shorten time of the computations maximum 
30 iterations were performed. 

It can be seen in the equation (21) that when Pw,t was greater than Phfirm,t, value of the flow 
through the turbine to produce firm power would be negative. To solve this problem one 
more assumption was applied. Namely, for Pw,t greater or equal to Phfirm,t, Qfirm,t was set 
zero. Otherwise stated, all firm energy at time step t was delivered from wind turbines and 
in this case, surplus energy, in any, from wind was calculated as secondary power. 

 
∀��,�������,� 

 �����,� = ��,� − ������,� (24) 

Therefore, being able to determine Qfirm,t from the equation (21) it was possible to calculate 
what portion of firm power from hydro has to be utilized to complement wind power and 
deliver firm energy. It was done using formula shown below. 

 
������,� = �����,�����,������,� (25) 

Again, knowing that this power was utilized during given time interval the energy 
generated from hydro to complement wind power was described as follows: 

 
������,� = ������,�t (26) 

Similar equations were used to determine secondary power from hydropower and wind 
farm. As was written in the equation (24) surplus power from wind farm was utilized for 
secondary energy generation. In order to determine secondary power utilized from hydro 
additional constrains were implemented to the equation for water discharge. It was 
assumed that discharge for secondary energy generation was curtailed when the reservoir 
lowered under a certain volume Vcurt,t. As it was stated before, secondary power could be 
set in the model and was used in the equation below. 

 
∀��������,�

 ����,� =
�����,�

��,��������,�
 (27) 

However, it has to be noted that setting secondary power was limited in such a way that 
together with firm power could not be greater than installed hydro capacity that was given 
by formula (Eliasson & Ludvigsson, 2000). 

 
��� = ������������� (28) 
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Value of the design discharge QD was found as the maximum value of the total turbine 
discharge Qtu,t in whole analysed period. The effective head HD was the gross head with 
subtracted head losses calculated from the equation (10) for design discharge QD. 

In the end summary for whole period was done. Amount of energy from both, firm and 
secondary power that was delivered from two systems; wind farm and hydropower plant 
was calculated in following manners: 

 

������ = � ������,�

�

���

� (29) 

 

������ = � ������,�

�

���

� (30) 

 

����� = � �����,�

�

���

� (31) 

 

����� = � �����,�

�

���

� (32) 

Knowing time period T and installed wind and hydro (28) capacity as well as applying 
equations (29), (30), (31) and (32) load factors for hydropower and wind farm were 
calculated. 

 
��� =

�����

���T
 (33) 

 
��� =

�����

���T
 (34) 

Using all equations listed in this chapter and performing iterative calculations in Excel 
Spreadsheet results in forms of graphs and values were obtained. All results with 
conclusions are shown in chapters 8 and 9. 
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8 APPLICATION TO POLISH CONDITIONS 

In Poland no known system was designed as a wind – hydro hybrid. Already existing 
power plants both, wind and hydro were designed separately do deliver electricity to the 
grid. Therefore, conducted research could be used for planned combined wind – hydro 
systems. Potential for future projects is described in this chapter. 

Although, Poland has very similar wind conditions as Germany (over 25 GW wind power 
installed (BWE, 2011)) but only 1095 MW of wind power were installed by September 
2010. The density of the wind power installed is one of the lowest in Europe 0.012 kW per 
capita and 1.44 kW per km2 of land area (PWEA, 2011). However, according to the 
projection of Polish Wind Energy Association from present level, wind power will grow 
rapidly up to approximately 13 GW by 2020. Namely over 11 GW onshore and 1.5 GW 
offshore wind power. The Institute of Meteorology and Water Managements claims that 
about 30% of the country’s area has an average wind speed sufficient for energy 
generation. However, almost half of it is not accessible for the wind farms development i.e. 
due to land use, mountains and natural parks. It can be seen in Figure 8.1 below that the 
most favorable areas for turbine siting are in the northern part of Poland. 

 

Figure 8.1 Wind potential of Poland (GEF, 2001) 
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Namely: Uznam Island, coastline along The Baltic Sea from Świnoujście to Gdańsk, 
Kaszuby and Suwalszczyzna regions. Good conditions can be found in central 
Wielkopolska, Mazowiecka Lowland and part of Bieszczady region in the south of Poland. 

It could be concluded from the map that other part of Poland are not sufficient to build 
power plant. However, this map gives just big picture of wind potential of Poland not 
taking into account local topography and wind conditions. 

Present situation of hydropower in Poland is very similar to the wind power. It is not very 
good but with promising potential for future development. The hydropower capacity 
installed in years 2006 – 2008 is shown in Table 8.1 below. However, it has to noted that 
Polish pumped – storage hydroelectric stations were not listed in the table i.e. Żarnowiec 
(716 MW) and Porąbka-Żar (500 MW) pumped – storage power plants. 

 

Table 8.1 Hydropower installed in Poland in years 2006 – 2008 (The Polish Ministry of 
Economy, 2009) 

No Type, size of hydropower plant 
Total installed power (MW) 

2006 2007 2008 

1 Run – of – river, to 0,3 MW 42.5 43.3 42.8 

2 Run – of – river, from 0,3 MW to 1 MW 41.7 41.7 44.5 

3 Run – of – river, from 1 MW to 5 MW 129.5 129.5 132.5 

4 Run – of – river, from 5 MW to 10 MW 47.8 47.8 48.3 

5 Run – of – river, > 10 MW 289.8 289.8 289.8 

6 Run – of – river with pumped – storage 382.7 382.7 382.7 

Total 934 934.8 940.6 

 

It can be easily seen from Table 8.1 above as well as from Figure 8.2 below that most of 
the hydropower facilities built in Poland are small hydroelectric stations. The same trend is 
projected for future development of hydropower in the country. The Hydropower Plants 
Society in Poland estimates that technical potential for hydropower is around 12000 
GWh/year, while effective, economical around 8500 GWh/year. From which 2000 
GWh/year are already harnessed. Thus, around 6500 GWh/year could be still utilized. 
From these resources 45.3% is accounted for the Vistula River, the longest and the most 
important river in Poland. The source of the river is at Barania Góra in the south of Poland, 
then it continues to flow over the vast Polish plains, passing several large Polish cities on 
its way, including Kraków, Sandomierz, Warszawa, Płock, Włocławek, Toruń, Bydgoszcz, 
Grudziądz and it runs all the way to the Gdańsk Bay. 9.3% falls on The Oder River which 
rises in the Czech Republic, next flows in the west along the Polish – German border and 
empties into the Szczecin Bay. 43.6% are river basins of both The Vistula and Odra Rivers. 
Remaining 1.8% are the rivers located in the West Pomerania and Pomerania Voivodeship 
in the north of Poland. All of the rivers, Łeba, Łupawa, Słupia, Wieprza and Rega, empty 
in the Baltic Sea. The cascades with small hydropower plants installed along four of them 
can be seen in the map below. 
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Figure 8.2 Distribution of hydropower plants in Poland. Legend: green – small and micro 
hydro, yellow – recently finished projects (small and micro hydro), blue – large hydro, 
grey – planned 

 

The model was designed to simulate energy generation from combined wind – hydro 
system. Nevertheless, hybrid systems such as pumped – storage and run – of – river 
hydropower plants combined with wind power were not considered. For this reason, it 
would be impossible to simulate energy generation from mentioned types of hydropower 
plants using this model at this stage of project development. It has to be noted that the 
biggest Polish hydroelectric plants are pumped – storage hydroelectric plants and 
significant majority of small hydro are run – of – river type. 

Summing up, Polish situation in terms of renewable energy sources in particular wind 
power and hydropower is not very good, nevertheless there are possibilities for future 
projects. Looking at wind potential in Figure 8.1 and water potential of Poland for 
prospective projects development as well as possibility of combining two systems utilizing 
these resources, it can be seen that good locations for such hybrid power plants are: 
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 In the north of Poland where the wind conditions for wind farm location are the 
best in the country and where hydrographic basins of Pomeranians Rivers are. 

 In the central west and central Poland where wind conditions are good and where 
part of river basins of the Oder and the Vistula Rivers are. 

 In the Beskid Żywiecki and Beskid Śląski regions where wind conditions are 
marked as good and high heads for hydropower could be found due to mountainous 
landscape. 

To perform further analysis also very important would be to consider whether whole 
system is going to be connected to the grid or not. Polish electrical grid, in most of cases, 
would need to be reinforced before large electricity producer would be connected to it. 
Especially in the north where electrical grid is not as developed and dense as in the south 
of Poland. 

The model could also be used for estimation of energy generations from already existing 
systems which are planned to be refurbished. 
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9 RESULTS 

Since main focus of this thesis was on firm power supply, results mainly related to this 
type of power are shown and described in this chapter. General concept of system 
operation is shown in Figure 9.1 and Figure 9.2. The two graphs depict share of sources for 
firm power supply as a function of hours of particular months. June and October represent 
low and high wind resources respectively. Performing calculations for this two cases wind 
power installed was accounted for about half of the hydropower installed capacity. For this 
reason share of energy coming from wind farm (blue area in figure) does not exceed 50% 
of total firm power. It is clear in both cases that wind power is subjected to short term 
fluctuations and hydropower (red area in figures) compensates these variations. This 
indicates that the hydropower plant must be able to increase or decrease production very 
quickly in order to supply firm power. 

 

 

Figure 9.1 Share of sources for firm power supply. The month of June represents low wind 
resources 
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Figure 9.2 Share of sources for firm power supply. The month of October represents high 
wind resources 

The simulation model allowed determining characteristic parameters and behavior of the 
system under certain conditions. By fixing input parameters in Excel spreadsheet as shown 
in Appendix C, it was possible to analyze hydrological year and to plot water level in the 
reservoir. The typical behavior of the reservoir during an annual cycle is depicted in Figure 
9.3. In January, as was set in the model, the water reservoir started at 90% of its capacity. 
During the first three months the water stored in the reservoir significantly diminished. 
This was caused by low water discharge at the Hólmsá River as most of the precipitation is 
stored in the snowpack at this time. Usually between April and May all usable reserves 
have been withdrawn and the critical level of the reservoir could be reached. Starting from 
April or May when the snowpack started melting and the first rainfall appeared the water 
level started rising. In the next few months, water level in the reservoir reached its 
maximum capacity. Water flow to the reservoir stayed high until December. High flow 
was due to glacier melting during warm period in Iceland. Again, lower temperature in 
December kept precipitation stored in snowpack. 

The cycle is typical for Iceland and mixed spring – glacier rivers. Months from December 
to April are usually dry but during glacier melting period from June to October discharge 
significantly increases. For this reason, water always spills over between June and October 
and sometimes even during November. This characteristic behavior can be seen in Figure 
9.4 which shows water on spillway during one year. 

Therefore, it can be concluded that useful hydro resource to deliver firm power is always 
restricted to the volume of storage during dry period. High water flow during second part 
of the year does not influence firm power estimation. Nevertheless, this water could be 
easily utilized to produce additional energy. 
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Figure 9.3 Water level in the reservoir 

 

 

Figure 9.4 Water on spillway 

Due to conducted simulations, it was possible to plot the behavior of the system 
components as a function of installed power. It can be seen in Figure 9.5 that with 
increasing number of installed wind turbines total firm energy delivered from two systems 
also increases. However, it is also visible that energy from hydropower plant first slightly 
increases reaching about 500 GWh with about 10 MW of wind power installed and then 
gradually drops. It was concluded that this behavior was caused by water turbine 
efficiency. The relationship between average water turbine efficiency and energy generated 
from hydropower plant is shown in Figure 9.6. In the graph it is clear that the shape of two 
curves is very similar. 
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Figure 9.5 Energy generation as a function of installed capacity 

 

 

Figure 9.6 Relation between average water turbine efficiency and firm energy supply 

In Figure 9.6, slight shift between average water turbine efficiency and firm energy 
generation is observed. This leaded to further analysis and to the result obtained and shown 
in Figure 9.7. Efficiency factor due to friction losses was defined as an effective head over 
gross head (Eliasson & Ludvigsson, 2000). In the graph below it can be seen that even 
though water turbine efficiency drops with increasing number of wind turbines installed, 
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would be when average value of these two efficiencies was the highest, near to the 
intersection of two lines. It has to be noted that these are just average values. With great 
wind fluctuations, real values change significantly in very short time periods. 

 

 

Figure 9.7 Water turbine efficiency and efficiency factor due to friction losses as a function 
of wind power installed 

By using simulation model and applying real data, it was possible to estimate installed 
capacity of the hydropower plant and energy generation from the combined wind – hydro 
system for different yearly scenarios. No decision on installed capacity of system was 
made. The idea was to imitate the behavior of the system and show outcomes for years 
representing high and low discharge for hydropower and high and low wind resources for 
wind power. Combinations of low-high wind and low-high water discharge years are 
shown in Table 9.1 below. As it was depicted before, the highest hydropower plant 
performance was when about 10 MW of wind power was installed. Therefore for 
comparison fixed number of five 2 MW wind turbines was used. Installed capacity of the 
hydropower plant was computed in such a way that firm power could be supplied during 
whole investigated period. In other words, water reservoir was used up to its limits to 
supply firm power. Next, simulations for different scenarios shown in Table 9.1 were 
conducted. It can be observed that installing 10 MW of wind power for both cases, high 
and low discharge year, about 10% growth in hydropower installed capacity was 
necessary. This power was needed to harness water stored in the reservoir when wind was 
blowing and energy was delivered from wind turbines but not from hydropower plant. 
Difference in firm energy production between scenario with and without wind turbines was 
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growth is slightly greater than energy utilized from wind farm. This might be caused by the 
change in water turbine regime and lower friction losses due to lower water turbine load. It 
was also noted that variation in energy generation for hydropower plant was much greater, 
more than 40% between high and low water year. For wind farm, variation in energy 
generation between high and low wind speed year was less than 10%. 
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It is obvious when wind turbines are installed that hydropower plant capacity factor 
(written in brackets in table) drops. Capacity factor drop was more significant for hydro 
year 1986 because wind power installed comprised of a higher fraction of total installed 
capacity than in the case of hydro year 2003. 

 

Table 9.1 Comparison of installed capacity and energy production for different yearly 
scenarios 

Wind 

 

Hydro 

No wind turbines 
installed 

10 MW Wind Power Installed 

Low 

2007 

High 

2009 

Low 

1986 

Hydro capacity: 

50.3 MW (0.78) 

 

Energy production: 

342.72 GWh 

Hydro capacity: 

56.7 MW (0.70) 

 

Energy production: 

389.89 GWh 

- Hydro: 348.95 GWh 

- Wind: 40.93 GWh 

Hydro capacity: 

57.3 MW (0.70) 

 

Energy production: 

394.20 GWh 

- Hydro: 350.21 GWh 

- Wind: 43.99 GWh 

High 

2003 

Hydro capacity: 

70.9 MW (0.80) 

 

Energy production: 

494.82 GWh 

Hydro capacity: 

76.3 MW (0.75) 

 

Energy production: 

542.24 GWh 

- Hydro: 501.31 GWh 

- Wind: 40.93 GWh 

Hydro capacity: 

76.7 MW (0.75) 

 

Energy production: 

546.62 GWh 

- Hydro: 502.63 GWh 

- Wind: 43.99 GWh 
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10 CONCLUSIONS 

The analysis presented in this thesis shows that using designed model, energy generation as 
well as behavior of characteristic components of the system could be simulated. To 
perform simulation in the Excel spreadsheet, real data was applied and iterative 
calculations had to be used. 

The Excel spreadsheet comprised data necessary for calculations of combined  
wind – hydro system. The model was designed in such a way so it could be used for 
different study sites just by applying changes to characteristic components of two systems. 
Components included in the model were as follows: leakage through the dam, change of 
the volume of the reservoir with elevation change, water turbine performance, head losses 
due to friction and wind turbine power curve. Also assumptions concerning initial 
conditions and some parameters as well as landscape for wind energy generation were 
made. 

It was possible to analyze combined wind and hydro system and present its advantages. 
First of all, it was noted that trend of typical hydrological and meteorological year for both 
water discharge and wind speed differ. During winter in Iceland, average wind speed is 
greater than average wind speed during summer. The opposite situation takes place in case 
of water discharge at the Hólmsá River. Mixed spring – glacier type of river tends to 
higher water flow during summer and lower during winter. This phenomenon allows for 
complementing seasonal niches utilizing two resources at the same time. What is more 
wind turbines operating together with hydropower plant allowed for increase of firm power 
supply what would not be possible utilizing two systems separately. This is because energy 
supplied from wind farm can fluctuate between zero and rated power in very short time 
periods and is never firm. 

Secondly, it was concluded that with greater number of wind turbines installed, efficiency 
factor due to friction losses increased. This was caused by lower discharge through the 
water turbine when more wind power was installed. From the other hand, average water 
turbine efficiency dropped due to decreasing turbine load. For investigated number of 
turbines, it was possible to find the range of the highest performance of the system for both 
water turbine efficiency and efficiency due to friction losses. What is more, problem 
concerning decreasing water turbine efficiency with greater number of turbines could be 
minimized when two water turbines were installed instead of one which was initially 
assumed for research purposes. 

From analysis conducted on Polish conditions to apply designed model, it was concluded 
that Polish current situation in terms of renewable energy sources in particular wind power 
and hydropower is not very good, nevertheless there are possibilities for future 
development. The model could also be used for estimation of energy generations from 
already existing systems which are planned to be refurbished. Good locations for future 
development of hybrid wind – hydro system are in the north, along the Polish coast line, in 
the central west Poland and in the south of Poland, namely Beskid Żywiecki and Beskid 
Śląski regions. 

Nevertheless, for more accurate and more detailed results, further model development 
should be considered. Only complete data with one hour time steps could be used in the 
model. In reality it is very rare that complete data set with even time intervals is acquired. 
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Therefore, this issue can be improved. Another troublesome issue was that plotting any 
component behavior as a function of installed capacity, data concerning the component had 
to be copied to different worksheet every time after running simulation. Graphs could not 
be created until then. The model was not designed on purpose to find optimum parameters 
of hybrid system. It would be necessary to apply sensitivity analysis in order to make a 
decision of the size of the wind farm combined with the hydropower plant. 
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APPENDIX A – MAP OF THE HÓLMSÁ RIVER SITE WITH 
RESERVOIR AT ATLEY 
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APPENDIX B – CROSS SECTION OF HYDROPOWER PLANT AND 
WATER CONDUTITS 
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APPENDIX C – ASSUMPTIONS AND SUMMARY 
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