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Abstract 

The deployment of renewable energies in Croatia, and especially in the Kornati 

national park and along the coastal line in Dalmatia, is, apart from hydro power, 

underdeveloped. This work attempts to find a renewable and sustainable energy 

supply for these remote areas to substitute the existing diesel generators. This aims 

on the one hand for a cost-effective alternative for single households and on the 

other hand for a reduction in air pollution, i.e., emission of CO2 and other toxic 

elements, of which locals, tourists and even the state will benefit. 

 
Influenced by the prevailing conditions and the current legislative a small-scale PV 

plant with additional battery storage is considered and compared to a diesel 

generator in technical, economical and ecological respect. The research results of 

various existing studies are aggregated to evaluate the potential of such plants by 

comparing different scenarios. This comprises i.a. the future development of the PV 

and diesel prices. Based on the results for a single PV-plant, which outperforms a 

diesel generator with regard to emission and costs of more than 10,000 € over the 

lifetime of 20 years, the assumption is made that there is a potential for the 

implementation of about 5,000 small-scale PV plants in the respective area. 

Therewith, a substantial contribution towards a more sustainable energy production 

in Croatia is made.  
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1 Introduction 

1.1 Motivation 

The decision for writing this topic is influenced by my personnel interest in CEE-

countries and especially Croatia. For more than ten years, I have been on site the 

Dalmatian area and knowing the local energy production facilities and prerequisites. 

The existing diesel generators in the area of the Kornati national park contrast with 

the idea of preservation of the biological diversity and ecology. Therefore, this work 

focuses on the feasibility of a suitable off-grid renewable energy supply and 

suggests a technology to secure a stable energy production under sustainable and 

ecological aspects. This would help to preserve the Croatian natural heritage on the 

one hand and provide an economically applicable solution on the other hand.  

 
 

1.2 Core objective of work 

The core objective of this master thesis is to analyse, if a PV off-grid energy system 

with battery backup can substitute a diesel generator installed on a Croatian island, 

where no conventional energy supply is available. On the basis of two reference 

plants, technical analyses and economical calculations are performed, as well as 

ecological aspects are investigated.  

 
Based on various studies potential scenarios are designed to resolve the theoretical 

question, if the grid-parity between the electricity production costs with this PV plant 

and the conventional household electricity costs will be reached until the year 2030, 

and how the diesel price will develop in this time span. The gained data is 

aggregated to attain the potential deployment for such small-scale PV plants, which 

deliver energy for not grid-connected houses, currently supplied by diesel 

generators, on islands as well as in remote areas along the Croatian coastal line. 
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1.3 Citation of main literature 

Relevant information about renewable energy technologies, especially for 

photovoltaic, is provided in current publications of several well-known authors, i.a. 

Kaltschmitt and Streicher, Quaschning or Wagner. The MSc-lecture script of the 

Country Module Croatia and Slovenia and a number of publications of Croatian 

Authorities and Organisations (e.g. EIHP, DZS, HERA, HROTE) back the country-

related facts. For the technical analyses and the configuration of the PV reference 

plant the lecture script of Fechner and the compendium ‘Leitfaden Photovoltaische 

Anlagen’ of Haselhuhn et al., published by the German ‘Gesellschaft für 

Sonnenenergie’ (DGS) are considered. Current product information and catalogues 

by Rotek and a publication by Tschöke are perused for the diesel generator design. 

For the economical considerations the NPV calculation by Wellinger and further 

evaluation methods by Aussenegg are taken into account. The ecological 

investigations are based on several publications and the results of the GEMIS-study 

by the Institute for Applied Ecology. The current market prices for PV, diesel and the 

household electricity prices are collected from different sources, like EPIA, Photon 

International, GTZ, EIHP, and are aggregated with expert estimates of i.a. Capros, 

EWI/Prognos and the IEA to receive future scenarios. The estimated potential of 

such PV plants is based on the Croatian Census and the gained research results. 

The complete literature references can be found within the text and in the 

subsequent reference list.  

 
 

1.4 Method of approach 

At first the various publications were researched for possible renewable energy 

technologies, the storage possibilities and the country specific facts of Croatia, 

regarding the energy demand and supply, the legislation and the renewable energy 

deployment, which are then summarised to provide an overview. For gaining latest 

information the islands of the Kornati archipelago were visited additionally.  

 
After the theoretical part, a technical assessment for a small-scale PV plant with 

battery storage under the prevailing conditions (irradiation, loss coefficients, module 

efficiencies, etc.) at the location in the Kornati national park is performed. Such PV 

applications mounted on roof tops are suitable for single houses or neighbouring  
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houses in immediate vicinity. Not regarded are large-scale applications, meanwhile 

available almost up to about 100 MWp, which are mainly used to provide energy for 

large cities and require a surface area of multiple soccer fields. A ranking of such 

plants is listed at the internet page pvresources.com (n.d.). Peak (p) in ‘MWp’ means 

the maximum performance of a solar module under STC. Therefore, the modules 

have to be tested at 25 °C cell temperature with a solar radiation of 1000 W/m² and 

an air mass (AM) of 1.50. The dimensionless factor AM classifies the average solar 

radiation, deflected by the Earth’s atmosphere (Zahoransky 2007). Despite the 

electricity production, solar energy can be used for room heating and warm water 

preparation. These wide-ranging topics are not covered by this work and require 

special analyses.  

 
As reference for further comparisons to the small-scale PV plant, a diesel generator, 

currently the only wide-spread energy technology in this remote area, is assessed. 

The individual calculation steps and results are listed in subsequent chapters and 

the appendices. After the plant configuration, the electricity production costs are 

calculated. For this purpose the current price trends and the current Croatian price 

levels are investigated. A dynamic investment calculation by a NPV analysis is 

performed, which clarifies if the investment will be successful after the assumed 

period. For all calculations a plant lifetime of 20 years is taken into account. 

 
Sensitivity analyses for PV and diesel evaluate the influences of single input 

parameters on the output parameter NPV and therewith the project’s success. 

Additionally the ecological effects of the electricity production with both technologies 

are assessed. Based on the gained results the plants are compared with each other 

and with the Croatian household electricity price.  

 
As a next step, the previous development since the year 2008 of PV, diesel fuel and 

the household electricity prices are investigated. The evaluation of several studies 

provides a basis for the scenarios. For each technology a moderate and an 

improved scenario are assumed and their impacts on the electricity costs (€/kWh) 

are calculated. Nominal values without the consideration of the yearly inflation are 

incorporated. Finally the computed trend lines are aggregated to depict if the grid-

parity between PV and the household electricity prices is theoretically reached and 

how the diesel energy costs develop compared to the PV costs.  
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The gained results are converted for all houses of the Kornati archipelago and on 

basis of the Croatian Census a potential amount of households is identified, which 

can benefit from the substitution of the existing diesel generators by small-scale PV-

plants. Therefore, the economical and ecological influences are calculated. The shift 

from the diesel systems to the PV technology contributes to develop towards a 

sustainable electricity production in Croatia, that is necessary to preserve the 

Croatian natural heritage.  

 
 

2 Technologies for renewable 
electricity production 

2.1 Photovoltaic 

The term photovoltaic describes the „direct conversion of light into electrical energy 

with the help of photovoltaic cells“. The so-called photovoltaic effect implies the 

property of special materials (semiconductor materials) to produce electricity out of 

sun light (Seltmann 2000). As semiconductor materials cadmium telluride (CdTe), 

cadmium sulphide (CdS), copper indium diselenide (CIS) or copper indium gallium 

diselenide (CIGS), and most frequently silicon are applied (Haselhuhn et al. 2005).  

 
The photovoltaic effect occurs due to the elemental composition of the material. For 

example silicon forms a stable crystal lattice as the silicon atoms with four electrons 

in the outer atom shell (valence electrons) have the intention to join other atoms to 

reach together eight outer electrons. By adding energy to the system, e.g. by light 

(photons) or heat, these electrons are shifted to a higher energy level and set free in 

the crystal lattice. This effect is called intrinsic conductivity, but no electricity is 

produced up to that point. To generate energy, the crystal lattice has to be 

contaminated with impurities. This process is known as doping and substances with 

more (phosphorus) or less (boron) electrons than silicon are utilised. When sun light 

excites the electrons in the semiconductor material in the solar cells, the released 



 
 
2 Technologies for renewable electricity production   

-- 5 -- 

 

electrons flow through the electrical field from the negatively charged phosphorus-

side to the positively charged boron-side. This creates a voltage in the solar cell, 

which by closing the electrical circuit results in a DC-flow with a stable direction and 

voltage through the contacts on the front and the back of the cell (Haselhuhn et al. 

2005).  

 
DC-current is utilized by specific DC-applications. However, in Central Europe 

everyday applications require AC, with a voltage of 230 V and a frequency of 50 Hz. 

Therefore the produced DC is converted by an inverter into a single-phase AC. 

Larger PV plants produce so much electricity that it is converted to three-phase-AC 

with 400 V, which can be transported over longer distances in the electricity grid 

(Antony et al. 2005).  

 
 
Module technologies 
 
Silicon is the second most common element in the world and appears as quartz or 

quartz sand. For mono-crystalline modules the sand is molten, cleaned and wrought 

with the help of a crystal seed in form of an ingot with a diameter of approx. 10 cm 

(Czochralski-process). The produced ingot has a high purity and is cut into thin 

slices the so-called wafers (Zahoransky 2007).  

 
Poly-crystalline silicon is cast in forms and cut afterwards into wafers. With this 

production method several crystals develop in the cell because of higher impurities, 

but the effort for production is less than for mono-crystalline (Zahoransky 2007). 

Another form of poly-crystalline cells gets ribbon pulled. In this process, a thin-film is 

pulled out of the silicon melt and cut afterwards by a laser into single cells. This 

production method avoids high material losses through sawing the silicon block into 

wafers and leads therefore to an important cost reduction (Haselhuhn et al. 2005). 

 
The mono- and poly-crystalline wafers are doped with boron and afterwards with 

phosphorus in a diffusion furnace. Subsequent, an anti-reflective coating is 

necessary to avoid loss of sun radiation. With a screen printing process a small grid 

on the front side and contacts on the back side are printed and baked afterwards. 

Therewith the solar cell is completed (Haselhuhn et al. 2005). To form a solar 

module, an array of solar cells is soldered, placed between plastic films on a glass 

plate and sealed. Some producers place the cell array between two glass plates and  
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encapsulated them with casting resin. To enhance the stiffness and secure the glass 

plates, an aluminium frame is fixed around the module. Finally, a socket or a 

waterproof insulated cable is mounted at the back of the module (Seltmann 2000). 

 
Besides crystalline silicon providing stiff wafer plates, amorphous silicon or any of 

the above mentioned semiconductor materials (CdTe, CdS, CIS, CIGS) can be 

applied on a substrate by deposition as a thin-film (layer thickness of a few 

micrometres) out of the gaseous phase. The commonly deployed substrates are 

glass plates (Zahoransky 2007). The surface of the modules is cut into thin stripes 

by a laser. This production method allows the production of full modules at variable 

application sizes. The module is encapsulated with another glass plate and casting 

resin. A frame is mounted and finally the socket or connection cable is installed. The 

production costs are cheaper compared to crystalline modules due to the lower 

material requirement (only 1 to 2 % of silicon) and the faster production processes 

(Seltmann 2000).  

 
EPIA (2011a), Neubarth et al. (2009), Wagemann and Eschrich (2010) and 

Quaschning (2009) et al. provide information about further poly-crystalline 

production methods (EFG – edge-defined film-fed growth, string ribbon pulled or 

APex cells), different forms of mono-crystalline structures (spheric or sliver cells), 

rigid or flexible thin-film modules with different semiconductor materials and silicon 

based cells with different layer thicknesses (amorphous and micro-crystalline 

silicon). Specified therein are also dye-sensitised cells working with a liquid 

electrolyte, hybrid cells (HIT – heterojunction with intrinsic thin layer) consisting of 

crystalline and thin-film structures as well as concentrator cells with different 

semiconductor layers (multi-junction) and special optic devices to concentrate the 

incident sun radiation. 

 
 
Efficiency 
 
Table 1 highlights the efficiency rates of different commercial PV technologies. Thin-

film modules are produced as complete modules, meanwhile crystalline and multi-

junction technologies consist of several cells, which are assembled to modules and 

hence reach lower overall module efficiency values. Furthermore, the area 

requirement (m²) per kW is listed (EPIA 2010).  
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Table 1: Commercial module efficiency 
Source: EPIA (2011a) 

Technology CPV

Cell efficiency 16-22 % 14-18 % 30-38 %

Module efficiency 13-19 % 11-15 % ~ 25 %

Area needed per 
kW (for modules) ~ 15 m² ~ 10 m² ~ 10 m² ~ 12 m² ~ 7 m² ~ 8 m²

2-4 %

(a-Si) (CdTE) CI(G)S

4-8 % 10-11 % 7-12 % 7-9 %

III-V Multi-
junction

Commercial module efficency

a-Si/uc-Si Dye s. 
cells Mono Multi

Thin Film Crystalline Silicon

 
 

Currently, the efficiency of crystalline silicon modules reaches max. 19 %, while thin-

film technologies attain only 12 %. Among the thin-film technologies the dye-

sensitised cells are just emerging at the market providing low efficiency values yet; 

because of lacking long-term data the area demand per kW of these cells is still 

missing. Multi-junction cells „are made from very small amounts of highly efficient, 

but expensive, semi-conducting PV material” and „have precise and accurate sets of 

lenses”, which made the large-scale deployment expensive and yet not 

economically viable (EPIA 2011a).  

 
The losses during the energy conversion are caused by diverse factors. Haselhuhn 

et al. (2005) deploy a module efficiency degree of 13 % and mention the following 

deductions: 

 
  „100.00 % irradiated solar energy 

 -     3.00 % reflection and shading caused by front contacts 

 -    23.00 % too low photon-energy in long wavelength radiation 

 -    32.00 % too high photon-energy in short wavelength radiation 

 -     8.50 % recombination losses 

 -   20.00 % potential difference in the cell, particularly in the space charge 

                          region 

 -     0.50 % series resistance (ohmic losses)“ 

    13.00 % of the irradiated solar energy can be converted into electrical energy 

 
It has to be considered that the efficiency grades improve with ongoing research and 

development activities of the PV industry continuously. High cell efficiency 

improvements could be obtained by developing materials which are more sensitive 

to high and low photon-energy.  
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Furthermore, the reflection from the surface and the shading by the contacts have to 

be minimised by an optimised cell design. More difficult to address are the other 

sources for a loss of efficiency. Thereby, recombination means the effect of an 

electron not reaching the contact and joining an atom with a missing valence 

electron instead. Accordingly, the occupied charge carrier cannot contribute to the 

electricity production anymore (Haselhuhn et al. 2005). The potential difference, 

responsible for about 20 % of the efficiency losses, defines a voltage difference 

between two different points (VDE 2008), in this case between the different cell 

layers. The space charge region contains some surplus electrons, which were 

diffused from the negative layer into the positively charged layer during the doping-

process. Finally, small losses due to series resistance occur because parts of the 

energy are absorbed and converted into heat (Haselhuhn et al. 2005).  

 
Furthermore, differences between cell, module and system efficiency degree arise. 

The efficiency of the module is lower than those of the cell simply because not the 

full surface area of the module is covered with cells. The system efficiency degree 

decreases additionally as different losses by the cabling and inverter occur (SMA 

Solar Technology AG, n.d.). The inverter changes the direct current into alternating 

current with an efficiency of 90 to 97 %, which is dependent on the performance of 

the PV modules under different weather conditions (Solarstromerzeugung.de n.d.).  

 
 
Yield influencing factors 
 
In general, PV systems operate fully automatic, so technical problems happen only 

infrequently. For a high energy yield and an error-free operation of PV systems 

several factors have to be considered (Haselhuhn et al. 2005 and Fechner 2010). 

The prevailing conditions for the reference site are analysed in Chapter 4. 

 
- Solar radiation: The intensity of solar radiation is determined by the distance 

between the Earth and the sun, the Earth’s rotation and the deflection caused by 

the atmosphere. An average value of 1,367 W/m² is stated as solar constant 

outside of the Earth’s atmosphere. Due to reflection and absorption of the 

atmosphere and scattering for example through pollution, the value is shortened 

to approx. 1,000 W/m². The sum of the annual solar radiation (kWh/m²), which 

varies strongly with the geographic region, is taken as a basis for yield 

calculations.  
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- Direct and diffuse radiation: The solar radiation consists of direct light from the 

sun and scattered light. The scattering depends on the solar altitude according 

to the time of the day, the season, the cloud conditions and the surrounding 

area, if the PV system is inclined. 

- Ground reflection: Sloped PV systems are additively influenced by the properties 

of the nearby ground, in the calculations this effect is quantified with the so-

called albedo value. For example, light surrounding areas (higher albedo value) 

provide more diffuse radiation by reflection than darker environments (lower 

value). Exact data is given by Haselhuhn et al. (2005).  

- Solar altitude and spectrum: The solar elevation angle is measured from the 

horizontal and varies over the day and with the seasons. For example in winter, 

the sun light falls in a flat angle on the Earth and the light is more scattered 

through the atmosphere. Therefore the AM-factor is introduced, which specifies 

the travel distance of the sunlight through the Earth’s atmosphere normalised by 

the perpendicular thickness of the atmosphere. For instance, an AM of 1, 

corresponds to an angle of 90°, which occurs when the sun reaches the equator 

at the noon of the spring or autumn equinox. To maximise the PV energy yield, 

solar systems in the Northern hemisphere should be orientated southwards 

(Azimuth 0°).  

- Inclination: The solar radiation on a surface perpendicular orientated to the sun 

light’s angle of incidence is always higher than the solar radiation on a 

horizontally orientated surface. Additionally, an inclination of min. 25 to 30° leads 

automatically to a cleaning effect by the rain.  

- Temperature: The electrical output of the solar modules decreases with 

increasing temperature, so a well considered mounting with enough air supply, 

for convective cooling, especially on roof tops or at building integrated systems, 

is necessary. 

- Connection of the cells and modules: The interconnection of single cells in the 

module or among modules is done either serial or parallel. For the serial 

connection the voltage will increase, while the current remains constant. On the 

opposite, for the parallel connection the voltage does not change while the 

current will increase.  

- Mismatch-losses: Connected modules adapt their performance to the worst 

module. Due to production related variations, a sorting of the modules according 

to their performance is recommended. 
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- Shadowing effects: The shading by trees, parts of the building on which the PV 

system is installed or other houses must be avoided, because the connected 

modules always adjust to the performance of the worst.  

- Hot spot effect: A partly shadowing of the modules can force the cell to use 

energy, instead of producing it. The cells heat up and by doing so they maybe 

destroy themselves. The integration of bypass-diodes in the module can help to 

prevent such breakdowns. 

- Static: The weight of the modules and of the mounting racks has to be 

considered with respect to the strength of the particular base (roofs, building 

parts and ground).  

- Further aspects like expansion joints for dealing with increasing temperature, 

UV-resistance of the cables, high-quality DC-wiring and the implementation of a 

DC-switch, to separate the inverter, have to be taken into account.  

 
Metrological sun radiation data gives first hints towards a suitable area, but the 

consideration for a PV project has always to be done individually for each location. 

Therefore key performance indicators, like the ‘performance ratio’ (PR) and the ‘final 

yield’ (FY) are calculated. The PR should lead to a figure of 70 to 85 % and is the 

quotient of the real energy yield, influenced by mitigating factors like shading, and 

the ideal energy yield, composed of the plant size, the module efficiency degree and 

the annual global radiation. The final yield states the full load hours of the system 

and is calculated by dividing the real energy yield by the nominal power of the PV 

system (World Energy Council 2010, Haselhuhn et al. 2005). The calculations for 

the reference plant are stated in Chapter 4. 

 
 
Classification of PV systems 
 
Suggested by Haselhuhn et al. (2005) PV systems can be classified into grid-

connected and stand-alone systems. Stand-alone systems or so-called off-grid 

systems are installed, if the connection from remote areas to the public electricity 

grid is too costly. As described in Chapter 2.1., stand-alone systems without storage 

work only if the electrical circuit is closed. If no electric consumer is activated, no 

current will flow. Most of the stand-alone systems are equipped with storages 

because the moment of energy production (during the day) mostly differs from the 

moment of the energy consumption.  
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Already existing in everyday life are small applications such as solar chargers for 

calculators or appliances like garden lighting or PV systems for parking ticket 

vending machines, which can store energy for short intervals (Haselhuhn et al. 

2005). Stand-alone systems, either DC- or AC-systems, are able to energise larger 

consumers like desalination systems, households or small villages. The only 

difference between these systems is the necessity of the implementation of an 

inverter in case of AC-power supply (Antony et al. 2005).  

 
Hybrid-systems consist of an additional energy source to support the PV system. 

The completion with a wind turbine or diesel generator secures the electricity supply 

twenty-four-seven, when the sun is not shining. In combination with a cogeneration 

engine heat is produced additionally (Haselhuhn et al. 2005). The wide-ranging topic 

of hybrid-systems is not further discussed because it goes beyond the scope of this 

work.  

 
Grid-connected systems deliver the produced energy directly to the electricity grid, 

where the nearest electric consumer uses it. If more energy is available than the 

load requires, the electricity will flow through the grid to the next consumer, and so 

on. PV systems that are connected to the public grid via the house grid supply the 

surplus energy, which is not consumed within the household, to the grid (Seltmann 

2000).  

 
 
PV system components 
 
An off-grid PV system consists of several PV modules or arrays (multiple PV 

modules on a mounting frame are connected in series or parallel) which are 

connected via a DC-cabling and a charge controller with the battery and the loads, 

respectively. The charge controller manages the charging activities of the battery to 

secure a high availability and longer service life. More information about storage 

possibilities is provided in Chapter 2.6. If AC-devices are applied, an inverter and 

AC-cabling has to be installed. The inverter converts the DC-power from the PV 

plant into the required AC-power. For grid-connected PV systems additional 

technical equipment, like a combiner/conjunction box with protective equipment, a 

DC main disconnect/isolator switch and a meter cupboard with power distribution 

system, supply and feed meter, and electricity connection, conforming to the energy 

utilities’ standards has to be installed (Haselhuhn et al. 2005).  
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PV plants can be integrated in the roof or facade, mounted on sloping roofs or 

deployed on flat roofs or free standing on the ground. Further information about 

these methods and the required mounting components is documented in Seltmann 

(2000).  

 
The modules can be firmly fixed or adjusted to the sun’s position. So-called tracker-

systems move the PV modules with the sun’s altitude to maximise the share of 

direct radiation and increase the yield (20 to 30 % compared with fixed systems). 

These applications are recommended for areas with a high share of direct radiation 

e.g. in Spain or Northern Africa since otherwise the yields cannot compensate the 

additive investment, operation and maintenance cost (Haselhuhn et al. 2005).  

 
 

2.2 Wind energy 

Wind arises through differences of temperature and pressure in the atmosphere. 

These thermal compensatory movements occur when the solar radiation heats up 

the Earth’s surface by several degrees. The heated air begins to rise in the 

atmosphere because of lower density. This pressure difference causes the air 

masses from higher levels or from different regions to shift in order to equalise the 

pressure. The atmosphere consists of several layers, where the wind is influenced 

differently. The boundary layer surrounds the Earth and reaches a height of approx. 

one kilometre, varying by atmospheric and pressure conditions, and is divided into 

the lower ‘Prandtl layer’ or so-called friction at the Earth’s surface and the ‘Ekman 

layer’ at above approx. 100 m height. In the Prantdl layer the wind is depending on 

the surface roughness and on obstacles like buildings. Furthermore, the orography 

(shape) of the land affects the wind. At elevated areas such as hills or mountain tops 

the wind speed is more intense because the flowing air masses are compressed 

through the natural obstacle. In these areas the energy exploitation is 

recommended, contrary to the valleys at lee side, where the wind speed decreases 

(Krenn 2010a).  

 
The wind speeds at different heights (vertical wind profile) are calculated with the 

logarithmic wind law. The calculation method is described by Häckel (2008). Krenn 

(2010a) points out that according to the logarithmic wind law the wind speed is 

increasing with the height. This implies that the hub height of the wind turbine should  
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be as high as possible. For example, if the wind speed doubles, the energy will 

increase by a factor of eight. As a rule of thumb, one metre of additional tower 

height will increase the yield of the wind power plant by approx. one percent (BWE 

2010). 

 
The theoretical wind power (Pth) is calculated with the formula Pth = P/2 · A · v³. The 

factor ‘P’ defines the density of air (1.23 kg/m² at atmospheric pressure and 15 °C) 

and is depending on air pressure and temperature. The air density decreases by 

approx. 1 % per 100 m above sea level. ‘A’ terms the rotor swept area that is 

orientated perpendicular to the wind and that is calculated using the formula for the 

circle area (A = r² · π). ‘v’ represents the wind speed (m/s) (Krenn 2010a).  

 
The wind energy is converted into electrical energy by three major turbine types, 

which operate grid-connected or stand-alone providing the electricity for a certain 

consumer (Twidell and Weir 2006). 

 
Vertical-axis turbines utilise wind from any direction without adjustment. 

Anemometers for wind measurements work with this principle. Twidell and Weir 

(2006) specify the Savonius, the Darrieus, the Musgrove and the Evans rotor as 

vertical-axis turbines, which use the lift or drag force to produce electrical energy 

after being started by a motor. The gear boxes and generators are located on the 

ground. Vertical-axis turbines are not implemented as standard because of fatigue 

failures caused by natural resonances in structures and a complex tower support.  

 
Concentrators represent another rotor system, which funnels or concentrates the 

intercepted wind from the outside of the rotor section into the turbine. Systems with 

funnel shapes and deflectors, which are fixed statically around the turbine to draw 

wind into the rotor, are not used for commercial machines on the contrary to blade 

tips. These special blade designs or adaptations draw the air from outside of the 

cross-section into the rotor area (Twidell and Weir 2006).  

 
Horizontal-axis turbines use the aerodynamic lift as driving force similar to airplane 

wings and are equipped with one or more aerodynamically optimised rotor blades 

mounted on a horizontal rotation axis. The flow energy from the wind turns the 

blades and this rotational movement is channelled to the axle. Most common are 

two- and three-bladed turbines, whereby three-bladed ones show the best 

performances in electricity operation and run quieter than the two-bladed rotors.  
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As the wind speed is fluctuating steadily, regulations for the rotational speed or 

adjusting mechanisms for the rotor blades are implemented to stabilise the energy 

production (Zahoransky 2009, Twidell and Weir 2006 and Krenn 2010b and 2010c). 

When the wind energy turns the blades, fixed at the rotor hub, mechanical energy is 

created. This is transferred over the main axis with bearings to the gear box, to 

create the required rotational speed for the generator (1,200 to 1,800 rounds per 

minute) to produce electrical energy. Recently gearless large-scale wind power 

plants with multi-pole slow-speed ring generators have been developed, at which 

the rotational speed of the rotor corresponds to the speed of the generator. The 

costs for these turbines are significantly higher, but no further expenses for the 

exchange of the gearbox have to be considered (Krenn 2010c). Krill (2010) states 

that over 20 years lifetime of the turbine on average one gear box change will be 

necessary. Finally the generator transforms the produced energy into AC with the 

required voltage and frequency. More information about the working principles of 

generators is explained by Krenn (2010c). 

 
 

2.3 Hydro power  

The energy production of hydro power plants depends on two factors, the rated 

head and the rated discharge. The head is the difference in height between the 

water levels of two river sections. The potential energy of the water between these 

sections is converted by a turbine, situated at the lower river section. The rated 

discharge is a certain amount of water (m³/s) flowing through the turbine producing 

electricity. The configuration of the turbine has to be adjusted to the natural variation 

of the flow regime. Therefore, long-term discharge measurements are necessary or 

the river discharge available over the year has to be calculated, considering 

precipitation, evapotranspiration, drainage, catchment areas and the surface 

geology (ESHA 2004).  

 
Hydro power plants can be divided by their operation mode (run-of-river or storage 

plant), their head and their building structure (weir, diversion type) (Pelikan 2010, 

ESHA 2004 and Giesecke and Mosonyi 2009). Small hydro power plants up to 10 

MW nominal power are mostly run-of-river types as a result of the available water 

flow and head. A concentration of head by construction of weirs, diversions or by 

lowering the tail water is necessary to make a certain head exploitable.  
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The powerhouse with the turbine is situated at the point of concentration (Pelikan 

2010 and ESHA 2004). In contrast, most large hydro power plants are storage 

plants, which need a high dam closing off a whole valley cross section, artificially 

creating a storage lake. Storage plants are discussed in the next section.  

 
The ESHA (2004) distinguishes three head classes, low head (2 to 30 m), medium 

head (30 to 100 m) and high head (100 m and more). In dependence of the 

topography high head plants use either weirs or high dams to impound the water in 

front of the inlet structure equipped with a trash rack. From there the water is 

supplied by a pressure pipe or a penstock to the turbine. Penstocks are really 

expensive so a diversion system can be reasonable to bridge the distance. 

Diversion structures consist of a low-slope headrace channel, in which the water 

runs alongside the river to a pressure intake or fore bay and further through a short 

penstock to the turbine. Behind the turbine the water is discharged back to the river 

via a tailrace channel (ESHA 2004).  

 
Low head plants are usually built along river valleys. Two construction types are 

possible; the creation of weirs, also referred to as spillways, with an integrated water 

intake or the diversion method. Weirs are fixed structures in the river bed, which 

create backwater areas and increase the water head available for the turbine in the 

particular river cross section. The water is led through a trash rack to an intake into 

the turbine, the rest of the water flows over the construction. Behind the weirs so-

called energy dissipating structures, such as stilling basins, are necessary to avoid 

severe erosion caused by high flow velocities and water turbulences (ESHA 2004 

and Krauß 2010). 

 
For low head diversion hydro power plants also weirs or spillways are used to divert 

part of the available water. The water runs into a separate channel of variable 

length, sometimes equipped with a sediment trap, where sand and stones are 

captured. The clean water enters the turbine through supply works and flows via a 

tailrace channel back to the river. An erosion of the turbine blades caused by gravel 

or sand must be avoided as the turbine’s efficiency and the power generation will be 

reduced (Drobir 2010). Therefore, two types of intake and desilting structures can be 

constructed. The Tyrolean weir with desilter is implemented for flows up to 5 m³/s. At 

larger flows side intakes with desilter are built. More information about these 

structures is given by Krauß (2010) and Drobir (2010).  
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The turbine type is chosen depending on the prevailing site conditions (head and 

discharge). Three main categories of turbines are available (Zahoransky 2009, 

ESHA 2004 and Panhauser 2010): 

 
- Axial turbines or so-called Kaplan turbines, working at low head and with large 

discharge, are consequently suitable for large run-of-river installations. The flow 

of water is distributed by fixed or adjustable guide-vanes and turns the 

adjustable runner blades (reaction turbine). If the guide-vanes and the runner 

blades are variable, the turbine is called double-regulated and hence will react 

on different flow conditions with high efficiency.  

- Francis turbines with a simple equipment design are working with medium heads 

up to approx. 100 m and medium discharge. The discharge is controlled by a 

distributor with adjustable guide-vanes, which adapts the inlet angle of the flow 

to the fixed angle of the runner blades (reaction turbine).  

- Pelton turbines are specialised on small discharge and high heads. These 

turbines are easy to regulate and work with good efficiency rates. The large 

heads lead to high-speed water jets, which strike the buckets mounted on the 

outside of the runner (impulse turbine).  

 
For exceeding conditions custom-made turbines are necessary. For small-scale 

plants less than 100 kW Panhauser (2010) recommends cross-flow turbines, 

momentum water-wheels or the Archimedic Screw. These technologies are not 

further investigated in this work. Detailed specifications about the turbines offer i.a. 

Zahoransky (2009), ESHA (2004) and Vinogg and Elstad (2003).  

 
Turbines, particularly low-head ones, work at a low rotational speed of up to 400 

rounds per minute. A speed increaser is installed ahead of the generator to produce 

a frequency of 50 Hz according to the net requirements. Nowadays, synchronous, 

asynchronous and permanent magnetic AC-generators (similar to wind turbines) are 

used. More information about speed increasers, generators and further technical 

equipment, such as turbine control devices, switchgears and automatic controls, 

provide Zahoransky (2009), Panhauser (2010) and ESHA (2004).  

 
The turbines, the generator and the electrical equipment are mounted in a power 

house. When the turbines are situated below the water level (together with the 

generator in a waterproof unit) no conventional power house for the switchgear and  
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the control equipment is necessary. Suitable cooling possibilities, like air shafts or 

vans, have to be installed to remove the heat produced by the various plant 

components (ESHA 2004). 

 
 
Storage plants 
 
The output of run-of-river plants varies only gradually from day to day, but these 

plants are not designed for medium- or long-term storage of water (BHA 2005). For 

a stable energy production as a base load power plant or to serve during peak 

loads, only large run-of-river installations and hydro power plants with dams are 

suitable. Therefore rivers are impounded during the rainy season up to a height of 

more than 100 m to form a large reservoir, which can be emptied throughout the dry 

season or quickly for rapidly meeting the peak electricity demand. Currently, the 

plant ‘Three Gorges Dam’ in China, with 18,200 MW installed capacity, and the plant 

Itaipú, at the boarder between Paraguay and Brazil, with 12,600 MW installed 

capacity, are the two largest storage hydro power plants in the world (Zahoransky 

2009).  

 
Another energy storage system is a pumped storage hydro power plant. Contrary to 

the conventional storage power plants, where the utilised water is supplied by the 

natural flow, these plants work with a constant amount of water in two basins with 

different altitudes above sea level. The electrical energy is stored as potential 

energy in the water of the upper reservoir. An electric motor impels a pump, which 

conveys the water against the gravitational force from the lower to the upper basin. 

If energy is needed, the water will be supplied by a pressure pipe downwards into a 

turbine, which turns a generator to produce electrical energy. The amount of 

storable energy is depending on the volume of the basins and the drop height 

between the two levels. Appropriate conditions can be found in mountainous regions 

and require well developed high-voltage power lines to transport the exceeding and 

produced energy from and to the pumped storage plant. Approx. 280 plants exist 

worldwide at the moment. Due to the massive environmental impact of such large-

scale projects, the development of new plants is limited. Therefore, existing plants 

are improved or subterraneous plants are built to reduce the environmental 

interference. The conversion efficiency ranges between 70 and 80 % (Neupert 

2009). 
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Other hydro power concepts 
 
The difference of potential induced by high and low tide is utilized by tidal power 

plants. The high tide pushes water into an upper basin and in the low tide the stored 

water runs through a turbine back into a lower basin and produces energy by 

impelling the turbine. Wave power plants utilize waves, which rise when wind energy 

hits a water surface. The waves move floats or underwater devices and this 

movement is transferred as mechanical energy to a generator. Ocean thermal 

power plants utilize different energy gradients in the water. These plants work like a 

heat exchanger and use the temperature difference between the warm ocean’s 

surface and the colder water in depths of 500 to 1,000 metres (Zahoransky 2009). 

Another source for energy conversion with water is osmosis pressure, when two 

fluids with a different salinity are separated by a semi-permeable membrane. For 

example, when fresh water from a river runs into the salty ocean, the water with the 

lower salt content tends to dilute the higher salt concentration and therewith a 

pressure difference at the membrane arises, which can be converted into electrical 

energy (Statkraft n.d.).  

 
 

2.4 Biomass 

Hofbauer (2009a) gives the following definition „Biomass - includes all kinds of 

materials that were directly or indirectly derived not too long ago from contemporary 

photosynthesis reactions, such as vegetal matter and its derivatives: e.g. wood and 

wood wastes, fast-growing trees and plants, agricultural crops and wastes, livestock 

operation residues, animals and animal wastes, aquatic plants, and municipal and 

industrial wastes.” Two conversion methods for biomass into electrical energy are 

feasible; the thermal conversion by pyrolysis, combustion or gasification, and the 

production of biogas, which is brought into a combustion process in a second step.  

 
The thermal conversion types require dry high-carbon biomass and differ by the 

presence of oxygen, expressed with the figure Lambda ג. The combustion process 

works at temperatures of more than 800 °C with a sufficient amount of air or oxygen 

 to guarantee a complete combustion. The product of the combustion ,(1 =< ג)

process is flue gas and water. The gasification takes place at more than 700 °C and 

with less oxygen (0 < 1 > ג), producing a usable gas.  



 
 
2 Technologies for renewable electricity production   

-- 19 -- 

 

This gas is cleaned and utilized in a combustion process afterwards or upgraded for 

other applications, e.g. the injection into the gas grid. At the last process, the 

pyrolysis, organic matter is converted at the absence of oxygen (0 = ג) into different 

products. Mainly liquids and in smaller fractions charcoal and gases are produced, 

therefore this process is not further regarded (Zahoransky 2009, Hofbauer 2009a).  

 
The thermal combustion works with different combustor technologies, the grate 

combustors with a fixed bed (underfeed stocker, travelling grate, inclined or 

horizontally moving grate), the fluidized bed combustors (stationary or circulating) 

and pulverized biomass combustors, which use a pneumatic transport of the 

biomass particles. The gasification of biomass has been under development during 

the last three decades all over Europe und different facilities were implemented. The 

gasification process is done in small-scale range up to 5 MW in fixed bed (up-draft, 

down-draft) gasifiers. For a large-scale deployment of 10 up to more than 100 MW 

fluidised bed (bubbling, circulating or dual) or entrained flow gasifiers are 

implemented. More about these plant technologies and their features is mentioned 

by Hofbauer (2009b). 

 
Biogas is obtained during the digestion of wet organic matter, like manure, sewage 

sludge or waste materials (Wellinger 2009) in airtight, thermally insulated 

fermenters. These feedstocks contain proteins, fats and carbohydrates such as 

starch and cellulose which can be converted into methane. Not degradable by 

anaerobic bacteria is woody biomass as it is made of lignin. Methane bacteria need 

substrate with at least 50 % water content and a minimum temperature of 25 °C 

(Eder and Schulz 2007). Additional process parameters according to Wellinger 

(2009) and Eder and Schulz (2007) are: 

 

- The concentration of the individual substances, like ammonia and volatile fatty 

acids which inhibit the methanogenesis 

- The hydraulic retention time, which defines the average time the substrate 

remains in the digester  

- The loading rate of the digester, this means how much substrate is fed daily per 

m³ of the digester. Too much substrate can influence the biological process 

negatively. 

 
 



 
 
2 Technologies for renewable electricity production   

-- 20 -- 

 

The process steps of the anaerobic decomposition are hydrolysis, acidogenesis, 

acetogenesis and methanogenesis; for detailed information compare Eder and 

Schulz (2007). The biogas has a methane content of 55 to 85 % (Zahoransky 2009) 

and has to be cleaned to remove inorganic or organic compounds like hydrogen 

sulphide or siloxanes in the gas which cause corrosion. For an upgrade to synthesis 

gas, which is injected into the gas grid, or to vehicle fuel further process steps are 

necessary (compare Wellinger 2009 and IEA Bioenergy Task 37 n.d.). 

 
 
Energy conversion 
 
In the following section the common conversion technologies are discussed. Fuel 

cells, Sterling engines and micro turbines are not further regarded as their 

development is still in progress. The produced flue gas and the heat from the 

combustion process are utilised in a CHP-process with steam engines and steam 

turbines to produce electricity and heat. This takes place in closed thermal cycles, 

which are characterised by a separate heat exchanger between combustion and 

power generation to transfer the heat from the flue gas to the power engine. 

Therefore cleaned water is evaporated by the produced heat and expands. The 

energy contained in the steam runs as kinetic energy the steam engines and steam 

turbines, which turn a generator. The produced mechanical energy is transferred by 

the generator into electrical energy. The steam condenses and liquefies back into 

water afterwards and is brought back to the evaporation again. This condensing 

process is called Clausius-Rankine-Cycle. When instead of water another media, 

like Butan or Pentan, are used, the process is named Organic-Rankine-Cycle (ORC) 

(Hofbauer 2009b, Zahoransky 2009). 

 
In open cycles gaseous or liquid fuels are burned directly inside the combustion 

engines or in a combustion chamber. The arising fuel gas impels gas turbines or 

combined cycle gas turbines (CCGT). Both last-named technologies are used for 

large-scale projects with an electrical output from 1 to approx. 300 MW. The plants 

consist of a compressor that concentrates the air, a burning chamber and a gas 

turbine. The compressor and the turbine are connected by one driving shaft. The 

compacted air flows into the burning chamber, is mixed with a gaseous or liquid fuel 

and ignites. The hot flue gas (temperatures of approx. 1,250 °C) expands in the 

turbine and impels it. The rotation energy of the turbine is converted in a linked 

generator into electricity. Due to the high temperatures the turbine blades are 
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manufactured from ceramic or other high temperature resisting materials. After the 

expansion the flue gas is released into the atmosphere where it cools down. As a 

result of the high air ratio in the burning chamber the fuel is burned completely, 

which keeps the emissions low (Zahoransky 2007). The CCGT-plant with an 

electrical output from approx. 50 up to more than 1,000 MW is a combination of a 

gas and a steam power plant. Existing steam power plants can also be equipped 

with a gas turbine and a heat recovery boiler. The process works according to the 

above explained gas turbine cycle but the approx. 500 °C hot flue gas of the gas 

turbine heats a boiler, where water is evaporated that impels another turbine which 

is linked to a generator. An additional benefit of the CCGT is that the occurring heat 

can also be used to heat a district heating net (Zahoransky 2007). 

 
For smaller projects stationary and mobile combustion engines are applied. 

Common is a cogeneration or so-called CHP-plant that produces electricity and 

heat. These plants are more economic compared to the electricity production with a 

normal combustion engine as the produced heat could be sold to an existing district 

heating net. Scholwin et al. (2009b) explain the principle of CHP-plants as a 

combustion engine linked to a generator. The engine runs constantly with 1,500 

revolutions per minute so that the directly linked generator can provide electricity 

compatible to the net frequency. Following combustion engine types are applied: 

 
- Gas-Otto-engines 

- Gas-Diesel-engines 

- Jet ignition engines 

 
Gas-Otto-engines and Gas-Diesel-engines are specially designed for the operation 

with gas, both working according to the Otto concept without additional ignition oil. 

The only difference between the two engines is the fuel compression. The minimum 

content of methane in biogas must exceed 45 % otherwise the engine deactivates 

itself. If biogas is not available the engine will run with other sorts of gas e.g. natural 

gas. Jet ignition engines work on the Diesel principle and are modified for gas 

combustion. The biogas is mixed with air in the combustion chamber and gets 

ignited by adding ignition oil through an injection system. This oil either consists of 

diesel oil or heating oil, but the added oil should amount to a maximum of 10 % of 

the fuel performance (Scholwin et al. 2009b). 
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2.5 Geothermal 

Geothermal energy is an independent energy resource, not subject to climatic 

conditions, daily variances or seasonal fluctuations (Zahoransky 2009). The 

utilization ranges from heat for room heating or warm water preparation to the 

production of energy. The crucial factor for the geothermal potential is the enthalpy 

or heat content, which denotes the useful work, that can be extracted from a closed 

thermodynamic system under constant pressure. Low enthalpy fields provide water 

temperatures of below 100 °C, the medium enthalpy fields delivers water and steam 

between 100 and 180 °C and fields with high enthalpy deliver even higher 

temperature (Milics 2010). Valdimarsson (2010) classifies the geothermal fields as 

follows: 

 
- „Hot dry rock - no water at all […] 

- Vapour dominated fields - deliver steam ready for the turbine 

- Water dominated fields - water flows into the wells, and boils partly 

- Liquid water - temperature below 100 °C, the fluid contains non-condensable 

gases and dissolved solids” 

 
The energy contained in the water in low and medium enthalpy fields is used for 

heat purposes, which are not further discussed. The fields with vapour, dry steam or 

high temperature water (> 210 to 220 °C) are suitable for the electricity production. 

Generally, the temperature increases with the drilling depth (temperature gradient of 

0.03 °C/m), but in regions with high geothermal activities this gradient can reach 

0.15 °C/m. These areas are located where the continental plates collide. In Europe 

mainly sedimentary basins are exploited, which do not reach such high enthalpy 

gradients. The drilling depth depends on the location of the expected reservoir and 

can reach several thousand metres (Milics 2010). 

 
The design of a geothermal plant for energy production depends on 25 to 30 design 

parameters, especially on the temperature and the flow amount out of the well. 

Consequently, the cooling system and the heat exchanger have to be adapted. Heat 

exchangers are implemented, when too high concentrations of corrosive elements 

are contained in the geothermal water. Four plant designs are available for the 

electricity production; the Flash and Double Flash systems are built for direct 

exploitation. The steam from the Earth’s interior turns a turbine and is cooled  
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afterwards to reach the condensation. The so generated water is re-injected through 

a second well into the ground again. ORC and Kalina systems are constructed if too 

many corrosive components would damage the plant. The geothermal heat is 

transferred in a heat exchanger to a working fluid that heats the turbine circuit. The 

geothermal water is further cooled, condensed and re-injected again (Valdimarsson 

2010). More information about these plant technologies provide i.a. Zahoransky 

(2009), Valdimarsson (2010) and Geothermal-Energy.org (2011). 

 
A still investigated technology is the Hot Dry Rock-method. High geothermal 

potential is available in hot, arid stone formations in deeper rock layers. The 

intention is to crack these stone formations by pressing cold water in one well. The 

water runs through these cracks and heats up. Another well in a distance of approx. 

100 to 450 metres is drilled to collect the water for the electricity production. 

Currently, this method is under investigation and inappropriate handling can cause 

earthquakes (Basel, Switzerland in the year 2006) as the cracking produces a high 

tension in the stone formations (Zahoransky 2009).  

 

2.6 Excursus: Battery storage systems 

Battery storage systems are especially deployed for energy production plants with 

fluctuating output (e.g. wind, PV) without other storage possibilities like e.g. biogas 

plants to deliver electricity at a certain time, when no or not enough energy is 

produced (Scholwin et al. 2009a, Haselhuhn et al. 2005). At the moment lead acid 

batteries (accumulators) are utilised for small-scale PV off-grid systems as they 

provide the best answer with respect to price and durability (Messenger and Ventre 

2010). Further alternative systems, like electric, electromagnetic, mechanical and 

chemical storage possibilities are not investigated in this work. For more information 

compare i.a. studies of the Fraunhofer Institute (Neupert et al. 2009). The 

deployment of lead acid batteries ranges from 0.10 to 100 kWh, selectively up to the 

MWh-scale. The battery capacity is stated in ampere hours (Ah) and defines the 

possible electricity amount which can be extracted. It is determined by the discharge 

current demand (W), the duration of discharge (h) and the system’s voltage level 

(V). Lead acid batteries consist of „several single cells with a nominal voltage of 2 

V”, which are serially connected and embedded in a housing. Conventionally used 

are accumulators with 6 or 12 cells (voltage of 12 / 24 V).  
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For bigger systems the batteries can be connected in series or parallel to achieve 

the required system voltage and capacity (Haselhuhn et al. 2005). The calculations 

for the PV reference project are performed in Chapter 4.6. The batteries contain two 

electrodes with different polarity and the electrolyte-fluid diluted sulphuric acid 

(H2SO4). The electrodes consist of grid-like lead plates and active material and are 

isolated by separators. When a consumer needs electricity, electrons flow from the 

load to the negative and onwards to the positive pole. This causes a chemical 

reaction between the electrodes and the electrolyte-fluid. The electrodes react to 

lead (negatively charged) and lead dioxide (positively charged). The diluted 

sulphuric acid is reduced through the chemical reaction and the concentration of the 

acid decreases. Therefore the fluid content has to be monitored regularly and refilled 

with distilled water if necessary (Haselhuhn et al. 2005). Fechner (2010) suggests 

every six month regular inspections of e.g. the electrolyte-level and the cell-voltage 

and points out that temperatures between -20 °C and +40 °C and a moisture content 

of max. 95 % have to be secured to guarantee a faultless operation. 

 
When the battery is charged again, the electrons flow back from the positive to the 

negative pole and the previous chemical reaction is nearly completely reversed. 

Small amounts of lead sulphate are not converted back and the capacity of the 

battery is slightly reduced. The quantity of charge and discharge cycles varies with 

the type of accumulator and the discharge rate between 2,000 and over 5,000 times. 

Different effects like corrosion or the accumulation of mud mitigate the performance. 

More information about these influences can be found in Haselhuhn et al. (2005). 

The rate of discharge influences the lifetime perspectives of the battery additionally. 

If the maximum discharge rate gets purposely or inadvertently below the producer’s 

recommendation value (deep discharge), the lifetime of the accumulator will be 

shortened drastically. More information concerning this topic is provided by 

Messenger and Ventre (2010). Haselhuhn et al. (2005) state the following types of 

lead accumulators, which are distinguished by the employed electrodes and 

electrolyte-fluids: 

 
Flat plate lead batteries with liquid electrolyte: This is the most frequently applied 

accumulator, used as car battery and therewith cost-effective. Thicker electrode 

plates must be installed for the combination with a PV system. Additionally, a charge 

controller is necessary to avoid a discharging of more than 50 % or an overloading 

to enhance the lifetime of the battery (3 to 8 years).  
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Lead gel batteries: The functioning of the accumulator is based on the same 

principle as lead batteries with liquid electrolyte. The only difference is the gelled 

electrolyte, which improves the performance of the battery. The benefits are for 

example a decrease in the formation of lead sulphate, the avoidance of gas leaks 

and that no maintenance is necessary. Gel batteries have a longer lifetime, but are 

more expensive than accumulators with liquid electrolyte. To ensure a secure and 

perennial operation a charge controller is necessary.  

 
Stationary clad plate accumulators: Such large-scale batteries have been working 

for decades as emergency generators. They secure the energy supply, e.g. for one 

house, over a long-time period of 15 to 20 years. The clad plates encase the liquid 

or gelled electrolyte. When gel is applied the operation is maintenance-free. In the 

case of liquid electrolyte, regular controls and refilling are essential. A critical factor 

is the high weight and volume of these accumulators and their two- or threefold price 

compared to other accumulators of this size.  

 
Block board batteries: These accumulators are also stationary placed and work with 

liquid electrolyte. A positively charged block board and a negatively charged flat 

plate function as electrodes. Block board batteries feature a long-life cycle and low 

maintenance effort (every 3 to 5 years).  

 
 

2.7 Excursus: Diesel generators 

Diesel generators, as stationary or mobile devices, are widespread in operation all 

over the world. The application ranges from car, truck or boat engines to the 

production of energy as cogeneration unit or as emergency generators. The working 

principle of the diesel generator is similar to those of an Otto-engine with the 

difference that the diesel engine has no ignition plug and therefore higher 

temperatures than in Otto-engines have to be generated. In the first conversion step 

air is compacted in a piston, as a result the temperature rises. Then fine diesel 

particles are injected, which are immediately ignited as the air temperature is higher 

than the ignition temperature of the diesel. The ignition of the diesel leads to a 

further release of heat and an explosive increase of the pressure. The pressure 

starts a mechanical movement of the piston, the fuel gas is released and afterwards 

the process is repeated, when fresh air is absorbed again (Zahoransky 2009). 
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3 Renewable energies in Croatia 

The current energy production in Croatia is highly import-dependent and fossil fuel 

based. In the year 2009 the primary energy supply amounted to 406.92 PJ, which 

represents the pre-war level of the year 1990. The domestic production summed up 

to 211.64 PJ, thereof 118.43 PJ, mainly liquid fuels and natural gas, were exported. 

Consequently the deficit amount of 305.37 PJ had to be imported, mostly consisting 

of liquid fuels (73 %), followed by natural gas, electricity and coal. The remaining 

difference was caused by stock changes. The overall primary energy supply had the 

following composition in the year 2009 and is shown in Table 2 (EIHP 2011). 

 
Table 2: Primary energy supply in Croatia in 2009 
Source: EIHP (2011) 

Fuel PJ %
Coal, coke 21.24 5.20
Liquid fuels 181.46 44.60
Natural gas 102.15 25.10
Hydropower 65.77 16.20
Other RES 15.84 3.90
Electrcitiy 20.46 5.00

406.92 100.00

Primary energy supply 2009

 
 

According to Table 2 becomes obvious that three-quarter of the Croatian primary 

energy supply are fossil fuel based. The production methods for the imported 

electricity were not defined in the EIHP-report. A satisfactory result is the fact that 

one fifth of the Croatian primary energy is produced with renewable energies, mainly 

by large hydro power plants. 

 
From the 406.92 PJ primary energy 65 % (265.92 PJ) are at disposal for the final 

energy demand. The energy losses during the conversion (72.55 PJ) and the 

transmission (10.29 PJ) amount to 20 % of the primary energy amount. The 

remaining energy is utilized for the energy sector’s own consumption (32.97 PJ,  

8 %) or non-energy purposes (25.19 PJ, 6 %) (EIHP 2011). The term ‘non-energy 

use’ denotes the conversion of fossil fuels into products such as lubricants or 

bitumen (Patel n.d.).  
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The final energy supply is dominated by liquid fuels (128.74 PJ, 48 %), followed by 

electricity (55.76 PJ, 21 %) and gaseous fuels (51.40 PJ, 19 %). They are 

distributed between the industry sector (53.07 PJ, 20 %), the transport sector  

(89.84 PJ, 34 %) and to the largest extent the other sectors comprising households, 

services, agriculture and construction (123.01 PJ, 46 %). Detailed information about 

the consumptions shares is given by EIHP (2011).  

 
Concentrating on the electricity production and therewith on the relating renewable 

energy sources in Croatia, the figures published by the IEA (2011) for the year 2008 

are surveyed. The final electricity quantity amounted to 16,137 GWh in the 

respective year. From the domestic production of 12,326 GWh about 1,587 GWh 

were exported. The losses and the energy sector’s own consumption amounted to 

2,766 GWh. Additionally 8,164 GWh had to be imported. The electricity production 

by the nuclear power plant Krško, which belongs half to the Slovenian, half to the 

Croatian state, was not explicitly noted by the IEA. The domestic production was 

dominated partly by fossil fuels (20 % coal, 20 % gas, 16 % oil) and partly by hydro 

power (43 %), consisting of small- and large-scale and pump storage plants. The 

remaining marginal share is attributed to other renewable resources, which are 

illustrated in Chapter 3.1.  

 
 

3.1 Current use of RES  

Kulišić (2010b) lists the following figures for the electricity generation from RES 

besides large hydro power in Croatia in the year 2008. 

 
Table 3: Electricity generation from RES in Croatia in 2008 
Source: Kulišić (2010b) 

RES type Installed capacity (MW) Electricity generation (GWh)
Solar 0.08 0.06
Wind 17.15 39.90
Biomass 4.63 21.10
Small hydropower 32.76 94.80
Geothermal 0.00 0.00

54.62 155.86

Electricity production from RES in 2008
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Table 3 displays the underdeveloped position of RES in Croatia. Small-scale hydro 

power plants dominate the RES production, followed by wind and biomass far 

behind. The PV contribution is very low, reaching only an annual value of 0.06 GWh. 

No geothermal plants for electricity production are in operation at present. Despite 

that low contribution, the development of the RES sources during the last years and 

the convergence of Croatia towards the European Union give hope for an improved 

RES-deployment in the future. More about the prospective development is denoted 

in Chapter 3.3.  

 
 

3.2 Legal requirements 

In the year 1997 RES had been mentioned in the national energy programs for the 

first time, but it lasted until the year 2001 that the energy strategy recognised RES 

as a national interest. In the following years the first projects were erected and 

experiences on the side of the owners and the legislation were made. For example, 

wind parks along one kilometre from the coast and on islands were prohibited 

(Kulišić 2010b). In 2005 HROTE, the Croatian Energy Market Operator started the 

organisation of the electricity market. It is responsible for e.g. several analyses and 

recommendation of improvements, issuing of the Electricity Market Rules, collecting 

of the RES-E incentive fee and distributing it to the producers, energy balancing and 

preparation of the day ahead market plan (HROTE n.d.). HROTE is supervised by 

HERA, the Croatian Energy Regulatory Agency, which is an “autonomous, 

independent and non-profit public institution” which regulates energy activities in the 

Republic of Croatia (HERA 2010a). 

 
In the year 2007 an extensive legislative package with several RES-E sublaws 

(Energy Act and Electricity Market Act) was passed. All respective laws are provided 

online by HROTE (www.hrote.hr) or aggregated by Schoenherr Energy (2010). 

Therein regulated are i.a. (Kulišić 2010b): 

 
- A minimum share (5.80 %) of incentivised electricity production from RES in the 

year 2010 

- A tariff system for the different electricity production methods 

- The incentive fees 

- An ordinance in acquiring the status of an eligible electricity producer.  
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The last measure was taken to gain a better oversight and control of the projects as 

limitations, like technical regulations set by the TSO, restrict the expansion of RES. 

The tariff system contains regulations about the promoted types of electricity 

production, size regulations or utilised raw materials (biomass, biogas). Kulišić 

(2010b) offers the feed-in tariffs for the year 2010 in Table 4. 

 
Table 4: Croatian RES feed-in tariffs in 2010 
Source: Kulišić (2010b) 

Kn €c Kn €c
≤ 10 kW 3.77 51.58 - -
From 10 to ≥ 30 kW 3.33 45.51 - -
> 30 kW 2.33 31.86 - -
≤ 1 MW or ≤ 5 000 MWh/y 0.77 10.47
5 000 - 15 000 MWh/y 0.61 8.34
≥ 15 000 MWh/y 0.47 6.37

0.71 9.71 0.72 9.86
From forestry and agriculture (branches, straw, kernels …) 1.33 18.20 1.15 15.78
From wood processing industry (bark, saw dust, chips …) 1.05 14.41 0.92 12.59

1.40 19.12 1.40 19.12

1.33 18.20 1.15 15.78

0.40 5.46 0.40 5.46
0.40 5.46 0.40 5.46
0.67 9.10 0.55 7.58

> 1 MW≤ 1 MWType of PP

Power production on biogas from energy crops, waste and residues from 
agriculture and food processing industry

0.77 10.47

Power production on liquid biofuels
Power production on landfill gas and waste water treatment gas
Power production using other RES (sea waves, ebb and tide)

Solar

Hydro (≤ 10 MW)

Solid biomass

Geothermal

Wind

 

The tariff is guaranteed for a period of twelve years and is adapted to the consumer 

price index annually. Although the Croatian incentives are comparatively high to 

other European countries only four wind power projects, five PV plants, two small 

hydro power plants and one biogas plant are eligible for the feed-in tariff by the year 

2010 (Kulišić 2010b). Ognjan et al. (2009) and Kulišić (2010c) denominate the 

following influences for the dragging RES-deployment: 

 
- Low domestic production, which implies higher prices for imported products 

(duties) 

- Low deployment rates, so-called land-mark projects are missing 

- Grid-capacity limits 

- Long and complicated permitting procedure 

- Insufficient communication between the authorities  

- High expenses for the permitting procedure caused by several repetitive 

documentations for different authorities 

- Additionally, the feed-in tariff is only granted for 12 years and currently no clear 

procedure is outlined for the point in time when the feed-in agreement expires 
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At the moment a certain point in time, when the administrative procedure will be 

accelerated, cannot be defined. More information about possible support schemes 

(feed-in tariffs, the setting of quotas, certificate trade, etc.), the main barriers and the 

possible optimisation is assessed by the OPTRES project (Ragwitz et al. 2007). 

With respect to the hereinafter defined off-grid PV reference project it has to be 

mentioned, that such PV plants are not subject to the above listed legislation. 

According to Bačan (2010) only a construction permit by the locally responsible 

office for construction affairs is necessary.  

 
 

3.3 Potential and future prospect of RES 

The Croatian government, in coordination with the European legislation, set the 

goals of 20 % of the total gross energy consumption by RES in the year 2020 and 

maintaining the share of 35 % RES-E in the total electricity consumption (incl. large 

hydro power plants) for a sustainable energy scenario. Therefore specific targets for 

the different plant types were defined by the Croatian Government. In Table 5 the 

different electricity production methods with the correlated potential, the projected 

deployment rate and the current installed capacity are summarised. Scattered 

values, like the PV potentials, are not defined by the legislative (Stanić 2010 and 

Kulišić 2010a to 2010c). 

 
Table 5: Potentials and deployment rates for RES technologies in Croatia 
Source: Author’s personal research results (2011) based on Stanić (2010) and 
Kulišić (2010a to 2010c) 
 

Produced 
energy p.a. 

(TWh)

Installed 
capacity 

(MW)

By 2020 
(MW)

By 2030 
(MW)

9.20 tbd tbd tbd 0.08
On-shore 10.00 4,540 17.15
Off-shore 12.00 tbd 0.00

0.57 177 100 140 32.76
Biomass, Biogas 4.70 2,648 140 420 4.63
Waste 40 60 0.00

tbd 48.80 20 30 0.00

Biomass

Small hydro power

Geothermal

PV

Potentials and deployment rates for RES technologies

Wind

Governmental goal Installed 
capacity in 
2008 (MW)

RES technology

Technical potential

tbd

1,200 2,000
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According to Table 5, the largest technical potential in Croatia has wind power, 

which is also expressed in the planned capacity amounts, although no differentiation 

between on- and off-shore wind power was done. For reaching the goals in the year 

2020 the TSO grid-restriction of 350 MW has to be changed (Stanić 2010). Kulišić 

(2010c) denotes additional measures, like the improved assessment and 

centralisation of wind data (Croatian wind atlas), the facilitation of the permitting 

procedure and serious investments in the grid-capacity, as a prerequisite for the 

realisation of the targeted objectives.  

 
On the second place of the possible technical potential ranges PV. The Croatian 

government does not define goals for this technique, justified with the indication of 

the high costs at the moment (Kulišić 2010c). Until the year 2008 only 80 kWp grid-

connected PV capacity was installed. Bačan (2010) remarks that statistics about off-

grid PV plants are not recorded systematically.  

 
Currently small-scale hydro power is the most prevalent RES-E technology in 

Croatia. Despite that fact, potential is still available and therewith the goals for the 

future development were set. Besides the technological and economical feasibility 

environmental protection aspects have to be considered (Kulišić 2010c). Prospects 

about tidal energy were not mentioned explicitly. Stanić (2010) comments, that 

existing large-scale hydro power plants will be modernised to generate 300 MW 

additionally by the year 2020.  

 
Biomass provides large capabilities and hence the Croatian government sets high 

targets for the future deployment. Kulišić (2010c) points out that the biogas and 

waste potentials and their degree of utilisation have to be evaluated more exactly. 

For example, the municipal waste of the millions of tourists provides additional 

sources. The forest potential is well investigated, but besides the electricity supply 

also shares for the production of heat and energy carriers (pellets, briquettes) have 

to be considered. At present two plants, one gas turbine working with landfill gas 

and one gas engine operated with gas from a sewage plant, both located in Zagreb, 

are in operation (Kulišić 2010b). 

 
Finally, geothermal electricity production is assumed to contribute to the Croatian 

electricity production in future. The World Energy Council (2007) states that 

„considerable Croatian geothermal resource is located in the south eastern and 
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north eastern areas of the country and although usage is increasing, it is still at a 

very low level. There are 28 reservoirs in the country, with a total potential of about 

1,000 MWt.” The area of the Panonian basin provides a high temperature gradient of 

0.05 °C/m. Only a small proportion of the thermal potential (48.80 MWe) is planned 

to be used for the electricity production as water temperatures of more than 100 °C 

are necessary for an economically reasonable deployment. At the moment geo- 

thermal energy is utilized for room heating and the heating of spas (Kulišić 2010a).  

 
In summary, the Croatian government set ambitious targets for the deployment of 

RES-E technologies all over the country. Despite the technical and economical 

challenges, it is necessary to diminish legislative and administrative barriers to 

guarantee sustainable and balanced development potentialities for all technologies.  

 

4 Reference location Kornati 
archipelago 

4.1 Croatian islands 

1,185 islands are situated along the 1,777 km long coast from Istria to Dubrovnik.  

Currently only 47 islands are inhabited because most of the Croatian islands are 

small islands, rock formation and reefs. According to the Croatian Bureau of 

Statistics (DZS), nearly 3 % (122,418 persons) of the Croatian Population (4.44 m. 

people) live on these islands. More particular, the main-island of the Kornati 

archipelago, Kornat, is listed with 7 permanent inhabitants (DZS 2010). From this 

figure it becomes clear, that the majority of the residents own houses, which are just 

inhabited infrequently, mainly during the summer season. The income is generated 

by olive growing, sheep breeding, fishing, and by touristic activities (restaurants or 

holiday let). 620 land plots and 51 houses are registered at present (Nacionalni Park 

Kornati n.d. a and n.d. b).  

 
The Kornati archipelago covers an area of 220 km² and encompasses 89 islands 

(50 km²). The biggest island Kornat (32 km²) accounts for more than the half of the  
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land size (Nacionalni Park Kornati n.d. c). Together with the bay of Telašćica the 

Kornati national park is added to the UNESCO’s world natural heritage tentative list 

(Nacionalni Park Kornati n.d. d). This calls for sustainable resource utilisation and 

environmental protection to preserve the existing unique flora and fauna. Therefore, 

the request for renewable energies is gaining in importance.  

 

4.2 Characteristics of the Kornati archipelago 

The Kornati archipelago is characterised by karst formations with steeps and clips. 

Significant vegetation is not available as the existing forests were cut down or 

burned during the Roman times. At present the larger islands are mainly vegetated 

with pasture vegetation and some cultivation areas, where olive trees are planted. 

Most of the settlings are built near the olive groves on the wind-sheltered side of the 

islands. Despite the ordinary pasture vegetation, 700 to 800 plant species are 

endemic on the Kornati islands, including endangered ones like Euphorbia 

dendroides, a sort of orchids (Nacionalni Park Kornati n.d. e and n.d. f). Due to the 

sparse vegetation energy production by biomass combustion or the production of 

biogas for CHP on the islands can be excluded. 
 
The available rainfall is stored in cisterns for drinking water production. Large natural 

storage basins or rivers are not available because of the steep land formation, the 

porous stone structure and the low height of the islands (max. 237 m on Kornat). 

Hence no hydro power energy supply is possible on the Kornati islands (Nacionalni 

Park Kornati n.d. b). Also Tidal energy is no possibility as the tide difference in the 

Adriatic Sea amounts to only 25 cm in the South, up to a maximum of 80 cm in the 

Northern area (Kroatische Zentrale für Tourismus 2007). 
 
The electricity supply by the use of geothermal energy will not be successful as the 

temperature gradient reaches only 0.02 °C/m in the coastal areas in 

contradistinction to the Panonian basin with a higher than average value (0.05 °C/m) 

(Kulišić 2010a). 
 
The most promising renewable energy technology besides photovoltaic is wind 

energy. According to a map of the Meteorological and Hydrological Service DHMZ 

(n.d. a), the mean average wind speeds in the years 1992 to 2001, measured on  

10 metres height, reached from 3.50 to 5.40 m/s on the island Kornat. A detailed  
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analysis would bring up suitable locations with even higher wind velocities. 

Unfortunately, the Croatian legislation prohibits the wind energy use on islands and 

within a corridor of one kilometre away from the coastal line (Kulišić 2010b). After an 

amendment of the relevant laws, an energy supply with wind power would be 

possible in the future. Considering these aspects only photovoltaic energy supply 

remains suitable for the houses on the Kornati archipelago. This modulatable 

technology can be fitted to the given conditions to supply remote locations 

decentralized with energy. In Figure 1 the solar irradiation in Croatia is presented. 
 

 
Figure 1: Annual global irradiation on horizontal plane (MWh/m²) in Croatia 
Source: DHMZ (n.d. b) 
 
The area of the Kornati region (dark orange) receives an annual irradiation on the 

plane surface of 1,500 to 1,550 kWh. Besides the irradiation, further aspects like 

inclination angle, ground reflection and temperature have to be considered, detailed 

data and analyses for the location Kornat are performed in Chapter 4. „The mean air 

temperature in the coastal regions ranges from 12 °C to 17 °C”, in the warmest 

months the average temperature reaches more than 22 °C (DZS 2010). The wind 

loads, especially in the wind-exposed coastal areas, have to be considered within 

the static calculations. The snow load in this area is negligible, meanwhile in the 

mainland of Croatia this aspect has influence on statics (DZS 2010). Site dependent 

influences like shadowing effects have to be regarded individually to minimise 

energy losses and avoid hot spot effects.  
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4.3 Definition of the reference house 

Referring to site visits (compare Annex A) on the islands of the Kornati archipelago 

a reference house including a restaurant in the bay of Vrulje (43° 48‘ N, 15° 18‘ E) is 

designed. A roof-mounted small-scale PV plant without tracking system is planned, 

as the arising costs for the additive tracker investment, operation and maintenance 

cost stand in no relation with the energy consumption and the initial investments. A 

reference diesel generator serves as a comparison value.  

 
Most of the houses in the Kornati area are inhabited only semi-annual, from May to 

October. The utilization ranges from residential houses and tourist apartments, with 

a low energy demand, up to restaurants, with a larger load profile. The load 

structure of these houses is in general very simple because 

 
- Diesel and gas have to be delivered by boat to the islands, which is very cost 

intensive (compare Chapter 5.) 

- Inappropriate devices are avoided  

- The inhabitants are outside of the house during the day (fishing, cultivation 

works in the olive groves, etc.)  

- No other renewable energy sources are possible (compare Chapter 3.2.). 

 
The most limiting factor concerning the used equipment is the availability of water on 

the islands. For each house or small merger of neighbouring houses the rainfall is 

collected in concrete cisterns with limited capacity. The inhabitants abstain from 

having dish washers and washing machines and instead wash the dishes by hand 

and bring the dirty laundry to the mainland (compare site visit in Annex A). 

 
Currently, the single houses produce the electricity with small-scale diesel 

generators (3 to 5 kW) when the energy is needed. Even in settlements or small 

villages each house has an own generator. During the summer the aggregates run 8 

to 10 hours a day. In the winter season the operation hours amount to approx. 2 to 3 

hours a day, mainly in the evening when light is necessary. Some plants are 

equipped with single photovoltaic modules and small battery storages (approx. 100 

Ah) to overcome short periods without the engine and supply the 12 V-consumers 

with energy.  
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The reference house is designed as a small restaurant with living space, where the 

owner and his wife live all year long. The rest of the family works and lives on the 

mainland near Murter and comes for the weekend or holidays. Demand fluctuations 

during the week are not considered as the consumption is limited per se. In the 

summer season, starting in the middle of May and lasting until middle of October, 20 

guests are hosted, especially for dinner. Cooling devices and cooking facilities are 

the most crucial equipment for restaurants. At the moment, most of the houses have 

refrigerators and freezers with gas absorption cooling. The stoves and ovens are 

also operated by gas. Additionally, all restaurants and many private houses have a 

traditional grill fired with charcoal (compare Annex A). 
 
To give a comprehensive overview, electrical cooling devices are assumed in this 

work. Because of the widespread distribution of the gas stoves no change to 

electrical devices is considered. The warm water preparation will be done with a 

thermosyphon system, which takes advantage of gravity differences and works 

without circulation pumps. More information about these systems is documented in 

Weiss (2010). Additionally, no air condition and no electrical heating devices are 

available. The heating in winter is conducted with a common wood log stove. In 

Table 6 the assumed devices in the reference house are listed. Further information 

like the product specifications are attached in Annex B.  

 
Table 6: Electrical devices in the reference house 
Source: Author’s personal research results (2011) 

Device Nominal 
power (W) Amount Sum nominal 

power (W) Voltage (V)

Freezer 30.50 1 30.50 230
Refrigerator with freezer 37.80 1 37.80 230
TV 40.00 1 40.00 230
Radio 20.00 1 20.00 230
Water pump 60.00 1 60.00 12
Light bulbs 11.00 15 165.00 12
Light bulbs 15.00 5 75.00 12
Energy consumption 428.30

Electrical devices

 
 
The devices are market-based and run on 12-V or 230-V voltage level. The visited 

houses (compare Annex A) are equipped with a suitable cabling for 12-V and 230-V 

appliances. The 12-V consumers are directly connected to battery via the charge 

control, the 230-V appliances are supplied by the battery via the charge controller 

and an inverter. Figure 2 shows the circuit diagram of such a system.  
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Figure 2: Solar home system with option of AC-generation 
Source: Wollny (2005) 
 
During the winter months only the refrigerator with integrated freezer is in operation, 

storing the food for the inhabitants only. In summer time the freezer is additionally 

switched on. The other appliances are utilized all year long to a different extent. 

Table 7 shows two representative months, January and July, for the energy 

consumption during the winter and summer time. The evaluation for the complete 

year is attached in Annex B. 

 
Table 7: Energy consumption in representative months 
Source: Author’s personal research results (2011) 

Device Sum nominal 
power (W)

h/
d

kWh/
d

d/
mon

kWh/
mon

h/
d

kWh/
d

d/
mon

kWh/
mon

Freezer 30.50 0 0.00 0 0.000 24 0.73 31 22.63
Refrigerator with  freezer 37.80 24 0.91 31 28.21 24 0.91 31 28.21
TV 40.00 1 0.04 31 1.24 4 0.16 31 4.96
Radio 20.00 3 0.06 31 1.86 3 0.06 31 1.86
Water pump 60.00 1 0.06 31 1.86 4 0.24 31 7.44
Light bulbs 165.00 2 0.33 31 10.23 2 0.33 31 10.23
Light bulbs 75.00 3 0.23 31 7.13 1 0.08 31 2.48
Energy consumption 428.30 1.63 50.53 2.51 77.81

Energy consumption JulyJanuary

 
 
Table 7 depicts also the great influence of the cooling devices on the energy 

consumption (max. 1.64 kWh additional consumption caused by both devices per 

day). The application of the freezer and the further use of TV and water pump 

increase the energy demand during summer. As an effect of the longer daylight 

period the energy demand for lightning decreases. At the maximum a load of 429 W 

is switched on simultaneously. The daily energy consumption ranges from min.  

1.63 kWh per day in winter to max. 2.51 kWh per day in summer. The annual 

consumption amounts to 714 kWh.  
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4.4 Sun radiation 

After determination of the required energy amount, the sun radiation for the 

reference location is investigated, which is the basis for the energy yield of the PV 

modules (Wagner 2006). Different references provide sun radiation data for the 

location in Vrulje or the next bigger cities Šibenik (43° 70’ N, 15° 90’ E) and 

Zadar/Zemunik (44° 10’ N, 15° 40’ E), both are approx. 40 km linear distance away 

from the island Kornat. As a reference meteorological station Šibenik is chosen 

because Vrulje (43° 48‘ N, 15° 18‘ E) is located nearly on the same latitude as 

Šibenik. Furthermore, the measuring station Zadar/Zemunik is excluded from the 

investigation because it is situated some kilometres away from the coast in the lands 

interior and hence cannot be compared with a sea side location like Šibenik. 

 
Data from the NASA used by Retscreen (2010) and of the Solar Radiation 

Handbook of Croatia (Matič 2007) for the location Šibenik is available. With the data 

of the European Database of Daylight and Solar Radiation Satel Light (2011) and 

the program Meteonorm (2008) an exact analyses for the location Vrulje on the 

basis of the latitude and the longitude is possible. Table 8 compares the daily 

horizontal sun radiation data (kWh/m²) in each month and the monthly radiation in 

total by Satel Light and Meteonorm. 

 
Table 8: Comparison of sun radiation part 1  
Source: Meteonorm (2008) and Satel Light (2011) 

01 02 03 04 05 06 07 08 09 10 11 12 Sum
Meteonorm Daily mean values 1.65 2.50 3.87 5.07 6.32 6.87 6.90 6.00 4.70 3.39 1.93 1.55

Monthly values 51 70 120 152 196 206 214 186 141 105 58 48 1,547
Satel Light Daily mean values 1.66 2.63 3.92 4.77 6.53 7.32 7.09 6.31 4.57 2.83 1.63 1.35

Monthly values 51 74 122 143 202 220 220 196 137 88 49 42 1,544

Sun radiation (kWh/m²)

 

From the depiction in Table 8 it becomes obvious that the annual amount of solar 

radiation is nearly equally calculated by both systems. However, high variations of 

the daily and therewith the monthly values from April to August calculated by Satel 

Light compared to Meteonorm are significant. Therefore, the Satel Light radiation 

values from October to December are lower than those stated by Meteonorm. For 

approaching the correct values of the location Vrulje, the above shown data sets are 

compared with the sun radiation data of Šibenik calculated in the Solar Radiation 

Handbook of Croatia.  
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This reference uses mathematical models proposed by the European Solar 

Radiation Atlas and combines it with measurement data of Croatian meteorological 

stations to allocate values for 43 locations all over the country (Matič 2007). 
 
Table 9: Comparison of sun radiation part 2  
Source: Meteonorm (2008), Satel Light (2011) and Matič (2007) 

01 02 03 04 05 06 07 08 09 10 11 12 Sum
Daily mean values kWh/m² 1.62 2.61 3.92 5.21 6.22 6.90 6.90 5.92 4.68 3.33 1.89 1.40
Monthly values kWh/m² 50 73 122 156 193 207 214 184 140 103 57 43 1,542
Daily mean values kWh/m² 1.65 2.50 3.87 5.07 6.32 6.87 6.90 6.00 4.70 3.39 1.93 1.55
+/- Solar Handbook % 1.85 -4.21 -1.28 -2.69 1.61 -0.43 0.00 1.35 0.43 1.80 2.12 10.71
Monthly values kWh/m² 51 70 120 152 196 206 214 186 141 105 58 48 1,547
Daily mean values kWh/m² 1.66 2.63 3.92 4.77 6.53 7.32 7.09 6.31 4.57 2.83 1.63 1.35
+/- Solar Handbook % 2.47 0.77 0.00 -8.45 4.98 6.09 2.75 6.59 -2.35 -15,02 -13.76 -3.57
Monthly values kWh/m² 51 74 122 143 202 220 220 196 137 88 49 42 1,544

Comparison of sun radiation 
Solar 
Handbook

Meteo-
norm

Satel 
Light

 

Table 9 reveals the deviation of the Meteonorm (-4.21 to +10.71 %) and the Satel 

Light (-15.02 to +6.59 %) data from the values of the Solar Handbook even though 

the annual values are nearly equal. As a decision aid for one data set Figure 3 was 

computed. 
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Figure 3: Comparison of mean daily sun radiation 
Source: Meteonorm (2008), Satel Light (2011) and Matič (2007) 
 

Figure 3 displays that the Meteonorm data for Vrulje and the values of the Solar 

Radiation Handbook for Šibenik correspond to a great extent. Hence the data 

gained by the Meteonorm program is taken as a basis for further calculations. 

Additional information about the locations Zadar/Zemunik, Šibenik and the 

investigated sun radiation data can be found in Annex C.  
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4.5 PV plant configuration  

After determination of the sun radiation on a plain surface it is necessary to evaluate 

the influences of the inclination and the loss coefficients. As explained in Chapter 

2.1., the sun radiation, which hits the Earth, consists of direct radiation and scattered 

light with no fixed orientation. The azimuth and the height of the sun change 

constantly during a day and over the year. To gain an optimum output of the PV 

plant it is necessary to find the best possible orientation and inclination (Haselhuhn 

et al. 2005). Matič (2007) states the optimum orientation of a Croatian PV plant with 

α = 0° or 180° southwards according to the cardinal points. In the following context 

only the definition α = 0° will be used. A variation to southwest (α = 45°) or 

southeast (α = -45°) will reduce the produced energy yield only by 10 % (Haselhuhn 

et al. 2005). 

 
To reach an optimum PV yield an inclination with respect to the plant’s use has to be 

chosen. During the summer half-year approx. 75 % of the annual solar radiation is 

rayed on the Earth. For example, if the plant is installed on a weekend cottage, 

which is only inhabited during summer, a flatter inclination angle will be advisable to 

participate from the sun’s height at this time of the year. Consistently, a plant in 

perennial operation needs a steeper angle to optimize the energy output also in the 

winter half-year, when the sun’s height is much lower (Haselhuhn et al. 2005).  

 
For a PV plant in perennial operation Weiss (2010) advises an inclination angle 

equal to the plant’s degree of latitude. Haselhuhn et al. (2005) state, that an 

inclination angle of 10° to 50° reduces the energy yield by max. 10 %. For the 

evaluation of the above mentioned statement about the optimum inclination angle, 

the annual available solar radiation on different tilted surfaces is investigated. 

Therefore, the inclination angles in steps of 15° (15°, 30°, 45°, 60°) are entered in 

the program Meteonorm (2008) to compute the corresponding solar radiation values 

(compare Annex C). For this evaluation also the radiation of the ground reflection of 

the surrounding area has to be considered. The diffuse radiation is enhanced, when 

sun light is reflected by a bright ground (e.g. concrete) or water surfaces. A so-called 

albedo value of 0.51 (Brösicke 1995) is taken into account for the calculation. In 

Table 10 the resulting monthly data is summed up and compared with the radiation 

on the horizontal surface to obtain a conversion factor for further calculations.  
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Table 10: Radiation at different inclination angles 
Source: Meteonorm (2008) and author’s personal research results (2011) 

Inclination Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dez Sum
0° 51 70 120 152 196 206 214 186 141 105 58 48 1,547
15° 72 90 142 166 203 210 221 199 163 131 78 70 1,745
Factor 1.41 1.29 1.18 1.09 1.04 1.02 1.03 1.07 1.16 1.25 1.34 1.45
30° 89 106 158 173 203 206 218 204 177 152 94 88 1,868
Factor 1.75 1.51 1.32 1.14 1.04 1.00 1.02 1.10 1.26 1.45 1.62 1.83
45° 101 117 166 173 194 193 206 200 183 165 106 102 1,906
Factor 1.98 1.67 1.38 1.14 0.99 0.94 0.96 1.08 1.30 1.57 1.83 2.13
60° 108 121 166 165 177 172 186 187 179 169 112 110 1,852
Factor 2.12 1.73 1.38 1.09 0.90 0.83 0.87 1.01 1.27 1.61 1.93 2.29

Radiation (kWh/m²) at different inclination angles

 
 
Table 10 depicts the advantage of a steeper angle during winter time, e.g. in 

January when the 45° tilted surface receives nearly double radiation than the plain 

surface. Meanwhile in summer, the surfaces with flat inclination benefit from the 

sun’s high altitude. Correspondent to Table 10, the PV plant is planned with 45° 

inclination, which nearly coincides with Vrulje’s degree of latitude (43° 48’ N). 

 
The location and the mounting of the PV plant influence the energy yield 

furthermore. Heat, occurring by rising outside temperatures and by the lack of 

ventilation due to the mounting, decreases the module efficiency. Häberlin (2010) 

offers three variants (low, medium, high influence) of factors depending on the 

mounting (ground-mounted, roof-mounted with ventilation, building-integrated), the 

implemented modules (crystalline, thin-film) and the region from Northern to 

Southern Europe (compare Annex C). For further calculations values of roof-

mounted systems in Marseille, depicted in Table 11, are taken into account, as the 

city (43° 30’ N) is situated nearly on the same latitude as Vrulje. A comparison of the 

climate regions with the program Meteonorm (2008) comes to the same results, as 

Split, in near vicinity to Vrulje, is classified similarly to Marseille in the climate  

group IV. 

 

Table 11: Heat coefficient  
Source: Häberlin (2010) 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dez
Factor 0.98 0.98 0.95 0.93 0.91 0.89 0.87 0.88 0.91 0.93 0.97 0.98

Heat coefficient

 
 
Another yield reduction factor is the limited efficiency of the solar module itself to 

convert sunlight into electrical energy (compare Chapter 2.1.).  
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With respect to a regional value creation Croatian PV module producers are 

considered. The three companies, Solartehnika (modules from 210 to 240 Wp), 

Solaris Sunčeva Energija (22 to 240 Wp) and Solvis (120 to 280 Wp), manufacture 

crystalline modules domestically (ENF 2011a, Solvis n.d.). Only one manufacturer, 

Solar Cells, formally Koncar Solar Cells, produces thin-film modules based on 

amorphous silicon in a range of 2 to 14 Wp (ENF 2011b).  

 
The poly-crystalline module SV36-125 of Solvis, with 1.03 m² surface and a 

maximum power of 125 Wp is chosen, because this module works at the 12 V-

battery operating voltage (12.50 to 13.50 V). More information about the module is 

attached in Annex D (Solvis n.d.). None of the Croatian module producers states the 

module efficiency at STC on its homepage. On request only Solvis offered the 

values; the SV36-125 module has an efficiency degree of 12.20 % (Kubat 2011).  

 
The energy output of the PV modules is additionally influenced by shading. This can 

be caused by buildings or building parts, trees or other obstacles in the surrounding 

(Haselhuhn et al. 2005). For the reference location no shading is assumed as the 

native trees (mainly olive trees) do not grow taller than eight metres and therewith 

do not top the house roof (Baumkunde.de n.d.). 

 
Besides the shading, smog, air pollution and dirt can lower the module yield (Nemac 

2010). Neither of the first two factors is further investigated as no industry or cars 

are present on the Kornati islands. Reductions by dirt are not considered because 

soiling is avoided by the inclination of the modules as the rain washes dust particles 

automatically away (Fechner 2010). With a mean annual temperature of 12 to 17 °C 

along the Croatian coast snow falls occur just irregularly and then the snow does not 

deposit on the ground for a long time (DZS 2010). Hence a yield loss caused by 

snow fall is not considered. The loss factors pointed out by Haselhuhn et al. (2005) 

(compare Chapter 2.1.) are considered:  

 
- 6 % cabling losses (3 % losses at the cables from the PV plant to the charger 

controller and further on to the battery and 3 % losses at the cables from the 

battery back to charge controller and further on to the consumers) 

- 10 % losses by module degradation over the plant operation time 

- 10 % mismatching losses as no MPP-tracker will be implemented  
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All the above mentioned factors are consolidated and multiplied with each other to 

receive the possible daily output (kWh/m²). The plant availability is assumed with 

100 %. In Table 12 the months January and July are instanced.  

 
Table 12: Calculation of the daily energy yield in representative months 
Source: Author’s personal research results (2011) 

Sun radiation F1 kWh/(m² · d) 1.65 6.90
Inclination F2 45° Factor 1.98 0.96
Heat coefficiant F3 roof-mounted Factor 0.98 0.87
Module efficiency F4 12.20 % Factor 0.12 0.12
Cable losses L1   6.00% Factor 0.94 0.94
Conversion losses L2 10.00% Factor 0.90 0.90
Mismatch losses L3 10.00% Factor 0.90 0.90
Real energy yield F1xF2xF3xF4xL1xL2xL3 kWh/(m² · d) 0.30 0.54

JulyDaily energy yield in representative months January

 
 
In Table 12 the high influence of inclination and heat coefficient on the daily energy 

yield (kWh/(m² · d) becomes obvious. Based on the evaluation of the possible 

energy output the PV plant is dimensioned. The plant size is computed by dividing 

the daily energy demand by the product of the given module surface and the daily 

energy yield per square metre. E.g. below the calculation for July:  

 

modules  4.51
a)  kWh/(m² 0.54  m² 1.03

 kWh/d 2.51
=

⋅⋅
 

 
This calculation is computed for all months and the highest result, 5.28 modules in 

December and January, is rounded up, to receive the final dimension. The PV plant 

will consist of 6 parallel connected 125 Wp-modules with an overall nominal power 

of 750 W. The module surface area amounts to 6.18 m² and thus is suitable for a 

rooftop of a single-family house. With the resulting plant size (amount and size of 

the modules) and the daily, monthly and annual energy yield, the surplus energy 

and the available reserves are computed. The daily energy production ranges from 

1.85 kWh in winter to a maximum of 3.34 kWh in July. All over the year  

1,012.14 kWh can be produced. The surplus reaches min. 0.22 kWh per day  

(13.50 %) in January and December and max. 1.46 kWh per day (89.57 %) in April. 

In the main season the surplus energy amounts to approx. 30 % as the energy 

demand is significantly higher than in April. The entire plant configuration, including 

the dimensioning and the resulting daily values and percentages, is attached in  

Annex D.  
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As suggested by the World Energy Council (2010) and Haselhuhn et al. (2005) the 

annual performance ratio (PR) and the final yield (FY) are investigated. 
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The PR is the quotient of the real energy yield, which considers all loss factors, and 

the ideal energy yield, which regards only the module’s efficiency as limiting factor. 

The final PR-result of 86.78 % is higher than the recommended value of 70 to 85 % 

(Haselhuhn et al. 2005).  
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h/a 1,349.52   FY =  

 
The annual final yield represents the full load hours per year, resulting by dividing 

the real energy yield by the nominal power of the PV system. The reference PV 

plant operates 1,349.52 hours per year.  

 
 

4.6 Battery storage configuration  

To overcome days without sun shine or too low sun radiation and to supply energy 

during the night, battery storage systems are necessary. Further information about 

possible storage types is listed in Chapter 2.6. In the following section a suitable 

storage size for the above defined PV plant is designed. Therefore, conventional 

lead acid batteries on a 12-V voltage level are installed. Haselhuhn et al. (2005) 

offer the following formula to calculate the battery capacity (Cn) in Ah: 

 

n
n

U
F   W 2  C ⋅⋅

=  

 
The necessary daily energy amount (W) is multiplied by factor of the autonomous 

days (F).  
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To enhance the lifetime of the battery the limitation to only 50 % discharge is 

reasonable. Therefore, the figure 2 is used as a multiplier. The result of the 

multiplication is divided by the applied battery voltage level (Un). For the location 

Vrulje, the factor of the autonomous days in summer (April to September) is set to 

2.50 days (Fs) and to 4.00 days in winter (October to March) (Fw). In summer it is 

much more likely that only short periods without sun will occur than in winter. The 

calculation states the highest value of 1,140 Ah in October to overcome four 

autonomous days. In April the lowest battery capacity (679.17 Ah) is necessary. The 

highest value in October is rounded up to 1,250 Ah, which can be covered by five 

250 Ah batteries. The calculation of the battery capacity is attached in Annex D.  

 
 

4.7 Diesel generator configuration 

At the moment most of the houses on the island Kornat have their own diesel 

generator with a capacity of greater or equal 3 kW to produce energy if necessary. 

Hence the units are running up to 10 hours a day in the main season, especially in 

the evening, when the inhabitants are at home and the guests of the restaurant are 

served. With regard to the load profile it has to be clarified that currently no full-day 

devices are in operation, because the cooling appliances utilize gas.  

 
Some plants have a small battery storage, approx. 100 Ah, attached to overcome 

short periods without the diesel generator and supply the 12-V appliances with 

energy (compare Annex A). More information about generators is listed in Chapter 

2.7. Considering the investment costs per kW, the fuel consumption and the power 

output, a new 4 kW air-cooled, four-stroke single cylinder diesel generator with 

direct injection and a continuous output of 3 kW is taken into account. The hourly 

fuel consumption amounts to 1.20 litres. A fuel tank volume of 11 litres enables the 

daily energy production without refilling (Rotek 2007, Rotek 2010). Additionally, a 

110 Ah battery backup with charge controller is considered. 

 
The operation time amounts to 3 hours in the winter season from November to April. 

In May and October 4.50 hours are assumed. In the main season an operation time 

of 8 hours per day is defined. The yearly full load hours are depicted in the Table 13. 
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Table 13: Annual diesel operating hours 
Source: Author’s personal research results (2011) 

Month
Daily 

operation 
hours

Days per 
month

Monthly 
operation 

hours
Jan 3.00 31 93.00
Feb 3.00 28 84.00
Mar 3.00 31 93.00
Apr 3.00 30 90.00
May 4.50 31 139.50
Jun 8.00 30 240.00
Jul 8.00 31 248.00
Aug 8.00 31 248.00
Sep 8.00 30 240.00
Oct 4.50 31 139.50
Nov 3.00 30 90.00
Dec 3.00 31 93.00
Sum 365 1798.00

Annual operating hours

 
 
The diesel generator operates 1,798 hours a year, for further calculations  

1,800 hours are considered. Investigations about the non-recurrent and the 

operational costs are performed in Chapter 5.  

 
 

5 Economic evaluation 

5.1 Price evaluation PV system 
 

Module prices 
 
The investment costs of the PV system are mainly influenced by the module prices 

(approx. 70 % of the overall project costs of small-scale projects) (Nemac 2010). 

With increasing plant size a cost reduction is feasible (economies of scale-effect). 

Additionally, the decrease in module prices during the last years, caused by an 

enormous extension of the production capacities (compare Chapter 6.1.), leads to a 

change in the cost structure. Lippitsch et al. (2009) state a reduction of the module 

share to 55 to 65 % of the overall costs. Latest price indices (May 2011) by 

Solarbuzz (2011a) report a module quota of 50 to 60 %. For the price evaluation in 

Table 14 Croatian internet portals (omnibus.hr 2011), publications of official 

institutes (Croatian Center of RES 2011) and websites of several retailers (Asel  
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2011, Elgrad 2010, Ugo 2010) were investigated to list current prices for modules 

with a nominal power from 120 to 135 Wp. The results were clustered in mono- and 

poly-crystalline modules. The Solaris systems work with a conjunction of both 

crystalline structures. Thin-film modules are not further regarded for the reference 

project because the Solar Cell products provide only low performance ranges (2 to 

14 Wp). The prices for the modules are without Croatian VAT of 23 % and converted 

to Euro with a rate of 7.30 Kn/€. Finally, the module prices are computed to Watt 

peak-basis to make them comparable.  
 
Table 14: Module prices in Croatia 
Source: Author’s personal research results (2011) based on Asel (2011), Croatian 
Center of RES (2011), Elgrad (2010), Omnibus.hr (2011) and Ugo (2010) 
 

Module 
type

Wp/ 
module Producer Price (Kn)/ 

module
Price (€)/ 
module €/Wp Date Source

Mono 130 n.u. 2,942.00 403.01 3.10 2010 Elgrad
Mono 130 Suntech 2,395.01 328.08 2.52 15.02.2011 Omnibus
Mono 120 n.u. 2,236.77 306.41 2.55 2010 Ugo
Mono 120 n.u. 2,137.28 292.78 2.44 15.02.2011 Omnibus
Mono 120 n.u. 1,917.60 262.68 2.19 18.05.2011 Asel
Mono+Poly 125 Solaris 2,973.67 407.35 3.26 15.02.2011 Omnibus
Poly 135 Kyocera 2,610.00 357.53 2.65 15.02.2011 Omnibus
Poly 125 Solvis 2,328.04 318.91 2.55 15.02.2011 Omnibus
Poly 125 Solvis 2,263.09 310.01 2.48 26.03.2011 Cr. Center of RES
 
Table 14 shows a decrease in prices over time, which coincides with the general 

market trend, although the Solaris module costs (3.26 €/Wp) are outstandingly high. 

No correlation between module type and price appears. Principally, mono-crystalline 

modules are more expensive than poly-crystalline modules due to the higher 

production costs and the higher silicon quality resulting in higher efficiency rates 

(Haselhuhn et al. 2005). Calculation data for Solartehnika was not available by the 

retailers but Omnibus.hr (2011) mentions that the prices of Solartehnika are similar 

to the prices of Solaris. Thus a detailed comparison between the domestic 

producers Solaris and Solvis is conducted.  
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Table 15: Comparison of Croatian module manufacturer’s prices 
Source: Author’s personal research results (2011) based on Croatian Center of RES 
(2011) and Omnibus.hr (2011) 
 

Price (Kn)/ 
module

Price (€)/ 
module €/Wp

Price (Kn)/ 
module

Price (€)/ 
module €/Wp

70 1,265.30 173.33 2.48 1,788.48 245.00 3.50 41.13
75 1,355.68 185.71 2.48 1,849.07 253.30 3.38 36.29
80 1,446.06 198.09 2.48 1,945.94 266.57 3.33 34.27
85 1,536.44 210.47 2.48 2,072.30 283.88 3.34 34.68
90 1,626.82 222.85 2.48 2,190.24 300.03 3.33 34.27
95 1,717.20 235.23 2.48 2,274.48 311.57 3.28 32.26
120 2,172.57 297.61 2.48 2,855.74 391.20 3.26 31.45
125 2,263.09 310.01 2.48 2,973.67 407.35 3.26 31.45
130 2,353.62 322.41 2.48 3,090.96 423.42 3.26 31.45
135 2,444.14 334.81 2.48 3,209.54 439.66 3.26 31.45
145 2,625.19 359.62 2.48 3,369.60 461.59 3.18 28.23
215 3,736.82 511.89 2.38 3,959.28 542.37 2.52 5.88
220 3,823.72 523.80 2.38 4,043.52 553.91 2.52 5.88
230 3,997.53 547.61 2.38 4,212.00 576.99 2.51 5.46
235 4,084.43 559.51 2.38 4,296.24 588.53 2.50 5.04
240 4,171.33 571.42 2.38 4,380.48 600.07 2.50 5.04

Nominal 
power 
(Wp)

Price 
difference 

(%)

Solvis Solaris
Poly-crystalline Mono- and poly-crystalline

Source: Cr. Center for RES Source: Omnibus.hr

 
 

From Table 15 it becomes obvious that the poly-crystalline modules by Solvis offer 

the most competitive prices compared to Solaris. Solvis also manufactures mono-

crystalline systems, which are not considered in this comparison. Especially, small-

scale applications with Solvis poly-crystalline modules up to 145 Wp have a 

significant price advantage (from 28 % up to 41 % cost savings compared to 

Solaris). In the range from 215 to 240 Wp the price difference amounts only to 

approx. 5 %. Thus the mono- and poly-crystalline compound of Solaris would be 

competitive, if a higher efficiency degree than Solvis could be reached. As Solaris 

did not provide the exact efficiency values, Solvis modules are taken as a basis for 

the comparison with the European module prices and further calculations.  

 
Šimić (2011) implies that the prices of the Croatian modules correspond to the 

European market prices and to the development of the last years. The price 

development of the last two years (compare Chapter 6.1.) has been characterised 

by an explosive expansion of the production capacities and partially rapid shifts in 

the rate of the demand growth caused by changes in countries’ feed-in tariff 

systems. In 2011 the retail price is still declining as a module over-supply exists 

(Solarbuzz 2011a).  
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The PVX, the spot market price index for solar modules, shows a price decrease of 

nearly 40 % for crystalline (decrease from 2.62 to 1.61 €/Wp) and thin-film modules 

(e.g. CdS/CdTe decrease from 1.78 to 1.09 €/Wp) from May 2009 to April 2011. 

These wholesale prices indicate the rapid market movements, which will also affect 

the retail prices (pvXchange 2011). Solarbuzz (2011a), a leading research company, 

provides monthly a year-long price development overview. The current figures from 

May 2010 to May 2011 show a price decrease of 19 % for modules with a nominal 

power of 125 Wp or higher. The current average price of 2.69 €/Wp is calculated by 

403 samples of various companies worldwide and includes mono- and poly-

crystalline and thin-film modules, respectively. The share of prices below 2.25 €/Wp, 

mostly thin-film modules, amounts to 34 % of the survey. The price index of  

2.69 €/Wp corresponds to the current price of a 125 Wp Solvis module, 2.48 €/Wp, 

and with the other Croatian module prices listed in Table 15.  

 
 
PV system components 
 
The further PV system costs are attributed to the inverter(s) (7 to 12 %), the module 

racks (7 to 15 %), the planning (2 %) and installation (min. 3 %) and the utilized 

material, like cables and switches (10 %) (Lippitsch et al. 2009, Nemac 2010). 

These prices vary i.a. by the plant use (grid-connected or off-grid), the project size, 

the location, the mounting system and the national technical specifications (IEA 

PVPS 2010). For example, mounting systems on sloping or flat roofs have lower 

material and installation costs than free-standing ground-mounted rack systems, 

which need a special foundation (concrete, pile or screw foundation) (Lippitsch et al. 

2009, Haselhuhn et al. 2005). For the reference project the cost structure mentioned 

in Table 16 is assumed. 

 
Table 16: Shares of system components costs 
Source: Author’s personal research results (2011) 

System components Share (%)
Modules 70
Inverter 9
Material (cables, switches) 9
Mounting system 7
Planning and installation 5
Sum 100  
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Investment costs PV system 
 
On basis of the module price (2.48 €/Wp) and the cost distribution in Table 16, a 

cost allocation for the plant size of 750 Wp is performed. Šimić (2011) mentions that 

no domestic PV industry is available and all components, apart from the modules, 

have to be imported. Hence a mark-up of 10 % is added to the calculation prices. 

Additionally, the transport costs to the island Kornat must be regarded. A transport 

by boat costs 20.00 € (two ways each 20 nm, the boats run at an average speed of 

5 nm per hour with a fuel consumption of 2 litres per hour) at a price for one litre 

diesel of 1.25 € (June 2011) (Gasoline-Germany 2011). The final cost calculation is 

depicted in Table 17 below. 

 
Table 17: PV system costs 
Source: Author’s personal research results (2011) 

System components Share (%)
Cost 

distribution 
(€)

Price 
markup (€)

Final price 
(€)

Modules 70 1,860.00 0 1,860.00
Inverter 9 223.20 22.32 245.52
Material (cables, switches) 9 223.21 22.33 245.52
Mounting system 7 173.60 17.36 190.96
Planning and installation 5 124.00 12.40 136.40
Transport 0 20.00 0 20.00
Sum 100 2,624.00 74.40 2,698.40  
 
The investment costs for the 750 Wp PV system amount to 2,698.40 € or 3.60 €/Wp.  

 
 

Investment costs Battery system 
 
Lewis (2010) denotes investment costs of 1.50 € per Ah, which implies costs of 

1,875.00 € for the reference plant (1,250 Ah). Omnibus.hr (2011) lists the prices in 

Table 18 for larger lead batteries with liquid and gelled electrolyte at 12-V voltage 

level. 

 
Table 18: Price comparison of lead batteries 
Source: Author’s personal research results (2011) based on Omnibus.hr (2011) 

Electrolyte Ah Price (Kn) 
/Battery

Price (€) 
/Battery

Price (€) 
/Ah

Investment 
costs for 

1,250 Ah (€)
Liquid 250 2,040.26 279.49 1.12 1,400.00
Gelled 230 2,781.00 380.96 1.66 2,075.00  
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The current market prices, depending on the utilized technology, conform to the 

statement of Lewis. For the reference project lead batteries with liquid electrolyte are 

chosen. The lifetime is assumed to be six years. To maintain the battery 

performance over the years a charge controller is necessary. At the reference 

project such a device with 40 Ampere is implemented. Solarbuzz (2011b) lists a 

current price of 3.97 € per Ampere, therewith 158.80 € in total. Omnibus.hr (2011) 

states costs for such a device with 1,206.00 Kn or 165.21 €, which corresponds with 

the worldwide prices.  

 
 
Overall PV investment costs 
 
In Table 19 the component’s cost are aggregated to a total investment sum of 

4,263.61 €. 

 
Table 19: Overall PV investment costs  
Source: Author’s personal research results (2011) 

Overall PV investment costs Price (€)
Modules 1,860.00
Inverter 245.52
Material (cables, switches) 245.52
Mounting system 190.96
Planning and installation 136.40
Batteries 1,400.00
Charge controller 165.21
Transport 20.00
Sum 4,263.61  
 
 
PV Operation and maintenance (O&M) costs 
 
Over the project lifetime of 20 years additional costs have to be taken into account. 

The degradation of the PV modules is already considered with an average value of 

10 % in the energy yield calculation. Solvis (n.d.) offers a performance warranty of 

90 % power output for 12 years and 80 % for 25 years. The damage of the PV plant 

is covered by insurance. The annual fee amounts to 0.50 % of the PV investment 

costs (13.49 € p.a.). The PV plant is privately owned therefore no rent has to be 

paid. The owner will conduct a regular visual inspection of the modules and cabling. 

Additionally, a plausibility check of the quoted energy yield is recommended 

(Seltmann 2000). Costs for the assumed time exposure of 30 minutes per week (26 

hours per year) are not taken into consideration. Although PV plants work fully 

automatically problems can occur over the project lifetime, so a factor of 0.25 % of  
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the investment costs for repair and maintenance (6.75 € p.a.) is added annually 

(Nemac 2010). Besides the annual costs, a replacement of the batteries after every 

six years is planned. The price is considered to be equal with the initial battery 

investment costs (1,400.00 €). The overall costs (4,200.00 €) are distributed equally 

on the 20 years plant lifetime (210.00 € p.a.). In Table 20 all annual costs are 

summed up to 230.24 €.  
 
Table 20: Annual PV O&M costs  
Source: Author’s personal research results (2011) 

Annual PV-O&M costs Price (€)
Insurance fee 13.49
Repair and maintenance 6.75
Battery reinvestment 210.00
Sum 230.24  
 

5.2 Price evaluation diesel generator system 
 

Investment costs diesel generator and battery system 
 
The reference diesel generator by Rotek, described in Chapter 4.7., provides a 

detailed product description and standards for maintenance. Although the product is 

from Austrian origin, similar diesel engines, e.g. by Yanmar Marine (n.d.), are 

delivered to the Croatian market. The investment costs amount to 1,086.00 € (Rotek 

n.d.), the installation can be done according to the product description by a 

technically adept person (Rotek 2007). For the transport also 20.00 € corresponding 

to the PV system transport is assumed. The diesel generator weighs 83 kg and can 

be transported by boat to the island. The price for the 110 Ah battery amounts to 

915.71 Kn or 125.44 € (Omnibus.hr 2011). To prolong the lifetime of the battery a 

charge controller, equal to the PV system, with a price of 1,206.00 Kn or 165.21 € is 

considered (Omnibus.hr 2011). The overall investment costs for the diesel generator 

system in Table 21 sum up to 1,396.65 €. 

 
Table 21: Overall diesel generator investment costs 
Source: Author’s personal research results (2011) 

Overall diesel investment costs Price (€)
Generator 1,086.00
Battery 125.44
Charge controller 165.21
Transport 20.00
Sum 1,396.65  
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Diesel generator O&M costs 
 
The fuel costs and operation and maintenance works amount to a considerable cost 

proportion over the project lifetime of 20 years. At an annual operation time of 1,800 

hours and a fuel consumption of 1.20 litres per hour, 2,160 litres are consumed. 

Additionally the transport costs have to be considered. As no collective fuel transport 

is available, the inhabitants travel once a week to the mainland, to shop and to take 

the diesel with them on the way back. The nearly weekly transport (assumption of 

50 times a year) over 20 nm each way is carried out by boats, which run at an 

average speed of 5 nm per hour and with a fuel consumption of 2 litres per hour. A 

diesel consumption for the transport of 800 litres is resulting. The price for one litre 

diesel is set with 1.25 € (June 2011) (Gasoline-Germany 2011). Further price 

developments of fossil fuels and respective scenarios are stated in Chapter 6.2.  
 
Besides the fuel costs, the operation hours influence the operation and maintenance 

expenditures. The owner will conduct regular inspections and maintenance works, 

like the change of oil or air and fuel filters. A detailed plan by the producer Rotek 

(compare Annex E) sets limits of 100, 300 and 1000 operation hours for routine 

works, which can be conducted by the owner or by a specialist (Rotek 2007). 

Caused by the high operation hours tasks, like the change of oil, are suggested  

18 times a year. The strict observance of these intervals would lead to enormous 

O&M costs, although Croatia has low labour costs. Hence in the field the intervals 

are extended. A reasonable maintenance plan with partly prolonged service 

intervals and the necessary material and specialist costs is provided in Annex E. 

The work time of the owner (approx. 46 hours) is not further considered. The costs 

for the annual operation and maintenance are presented in Annex E and amount to 

505 € per year and result from costs for the motor oil, the replacement of filters and 

the annual check up by a specialist.  
 
The high operation hours deteriorate the diesel generator and after a certain 

operation time the engine has to be replaced. Elmag (n.d.) points out that the 

lifetime of a diesel generator depends on the period of application (part-time or  

24 hours a day) and the construction type (air or water cooled) and sums up to 

3,000 and max. 15,000 operation hours. The replacement of the reference engine is 

optimistically assumed every six years or 10,800 operation hours. The reinvestment 

costs (3,258.00 €) are set equally with the initial generator investment costs 

(1,086.00 €) and are distributed evenly on the 20 years plant lifetime (162.90 € p.a.).  
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The starter battery (12 V, min. 17 Ah) (Rotek 2007), included in the engine’s delivery 

range, has to be replaced regularly. Due to the every day use a battery exchange 

every second year (7 times over the project lifetime) is set. The battery costs are 

assumed to be 50.00 € and distributed on the overall operation time (17.50 € p.a.). 

The 110 Ah battery storage has to be replaced also regularly. The interval is 

determined with only 4 years, assuming a higher degradation than within the larger 

PV battery system. The reinvestment costs for the storage batteries (5 times 125.44 

€) are allocated to the plant lifetime (31.36 € p.a.). The O&M are summarised in 

Table 22 and amount to 4,416.76 €. 

 
Table 22: Annual diesel O&M costs 
Source: Author’s personal research results (2011) 

Annual diesel O&M costs Price (€)
Fuel 2,700.00
Fuel transport 1,000.00
Repair, Maintenance 505.00
Reinvestment generator 162.90
Reinvestment starter battery 17.50
Reinvestment battery 31.36
Sum 4,416.76  
 
 

5.3 Electricity costs 

The above listed costs are aggregated to evaluate the long run marginal costs for 

electricity (LRMCEL). Weißensteiner (2009) theorises that „marginal costs in 

microeconomics constitute costs occurring while producing an additional (marginal) 

unit of some product. […] Accordingly, capital costs (costs related to the initial 

investment into the production facility/equipment) are not included here. When 

viewing the energy system as a whole the costs of electricity production for one 

(existing) specific plant within one planning period are regarded as (short run) 

marginal while generation costs of an additional plant are regarded as long run 

marginal cost.“ The formula for the electricity cost calculation without consideration 

of CO2-emission allowances is offered by Weißensteiner (2009) as follows: 

 
LRMC EL  = cFIX + cVAR 
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LRMC EL  Long run marginal cost of electricity generation [€/MWh]  
α   Capital recovery factor [1] 
c INV   Investment costs [€/MW]  
T   Full load hours [h/y]  
c FUEL   Fuel costs [€/MWh prim]  
η EL   Efficiency factor (electrical) [1] 
c VAR O & M  Variable costs for operation and maintenance [€/MWh]  
 

The LRMC consist of the fixed investment costs and the variable costs for fuel, if 

applicable, and costs for operation and maintenance. The capital recovery factor 

(CRF) α influences the LRMC additionally. The α parameters interest rate and time 

horizon for the investment are dependent on the investor’s preferences. The below 

mentioned formula describes the CRF calculation (Weißensteiner 2009): 

 

1 - z)  (1
z)  (1  z  α LT

LT

+
+⋅

=  

 
z   Interest rate [1]  
LT  Lifetime / depreciation time [y]  
 
The interest rate is set with 7.70 % according to the Croatian Banks’ weighted 

average interest rates for Kuna credits indexed to a foreign currency (e.g. Euro) in 

February 2011 (DZS 2011). The plant lifetime amounts to 20 years. The CRF α for 

both investments is calculated as follows. 
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Die CRF totals up to approx. 0.10, within the subsequent calculations the exact 

value with several decimal places is considered. 

 
 
Photovoltaic LRMC 
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The formula provided by Weißensteiner (2009) is adapted to the conditions of the 

PV system as no fuel costs have to be considered. The investment costs for the PV 

plant and the battery system are multiplied by the CRF α. This result is divided by 

the available sun radiation (1,547 kWh/(m² · a) on the module surface (6.18 m²) and  
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the overall PV system efficiency. The efficiency values vary over the months 

(compare Chapter 4.5.), hence an average efficiency degree of 10.59 % is 

determined by dividing the annual energy output (163.77 kWh/m²) by the available 

sun radiation (1,547 kWh/m²). The annual variable O&M costs were already 

analysed in Chapter 5.1. This figure has to be divided by the annually produced 

electricity amount to receive the costs per kWh. The final LRMC calculation for the 

fixed and the variable costs is computed as follows: 
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LRMC EL PV  = 0.42 + 0.23 = 0.65 €/kWh 
 
The electricity production costs, with the combined PV and battery system, amount 

to 0.65 €/kWh. If only the PV related costs are investigated, the LRMC value will 

drop to 0.29 €/kWh. Considering the higher Croatian investment costs, this value 

correlates with the current electricity price of 0.30 USD/kWh or 0.21 €/kWh by 

residential PV systems in sunny climate published by Solarbuzz in May 2011 

(2011c). The currency exchange rate is set with 1.44 USD/€ (Finanzen.net 2011). In 

Figure 4 the cost distribution of the computed LRMC is depicted. 
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Figure 4: PV LRMC distribution 
Source: Author’s personal research results (2011) 
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Figure 4 illustrates the high influence of the investment and reinvestment 

expenditures. The real O&M expenses amount only to 3 % of the electricity 

production costs.  

 

Diesel LRMC 
 
The diesel related data is inserted in the formula given by Weißensteiner (2009): 
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LRMC EL D  = 0.08 + 0.99 = 1.07 €/kWh 
 
The diesel energy production costs sum up to 1.07 €/kWh. The percentage shares 

of the LRMC are displayed in Figure 5.  
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Figure 5: Diesel LRMC distribution 
Source: Author’s personal research results (2011) 
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Contrary to the PV costs with low variable costs, has the diesel generator high fuel 

costs, consisting of the diesel and the fuel transportation costs, which account for  

81 % (0.86 €/kWh) of the LRMC. In these costs are expenses for the VAT and the 

excise duty with a height of 40.80 % contained (compare Chapter 6.2). When the 

fiscal duties are calculated separately, they contribute with approx. a third to the 

diesel LRMC.  

 
 

5.4 Net present value calculation 

To finalize a project decision, investment calculations with several parameters can 

be taken into account. Contrary to the static investment calculation, dynamic 

models, like the NPV calculation, consider the different dates for payments during 

the estimated plant lifetime. The formula for the NPV is displayed as follows. 
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The present value at a certain point in time (period 0) (C0) is calculated by 

aggregating the initial investment (I) and the annual cash flows (revenues minus 

expenses) (CFt), which are discounted with the calculatory interest rate (i). This 

calculatory interest rate is influenced by the interest rate for credits and the risk 

expectations of the investor. If the result amounts to greater or equal to 0, the 

investment should be done as the investor will receive the invested money including 

the assumed interest back over the calculated project lifetime. If the value is 

negative the investment should not be accomplished (Ebert et al. 1994).  

 
The following calculations are based on the investment analysis of Wellinger (2009). 

The values (investments, reinvestments, O&M costs, fuel costs for the diesel 

generator, PV insurance) are gained from the previous cost analyses in Chapter 5.1. 

and 5.2. Besides the initial investments, the avoided costs for the grid-connection 

with an assumed value of 3,000.00 € are considered. The plant lifetimes are set with 

20 years. As both systems are not grid-connected no revenues for the energy sale 

are created. Revenues are a prerequisite for the NPV calculation otherwise the 

calculation would always lead to a negative result.  
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For making the results of the analysis comparable, the required annual energy 

amount (714 kWh) is multiplied by the current price for house electricity to receive a 

fictive return. The electricity household price (second half-year 2010) of 0.12 €/kWh 

including all taxes and fees is taken into account (Eurostat 2011). More about the 

Croatian electricity price models is stated in Chapter 6.3. The occurring costs are 

provided with different rates of price increase to consider future price developments. 

The annual costs are deducted from the respective income to receive the annual 

cash flows. This figure is discounted by 7.70 % based on the Croatian Banks’ 

weighted average interest rates for Kuna credits indexed to a foreign currency (e.g. 

Euro) in February 2011 (DZS 2011). No additional risk premium is considered. 

 
Both calculations for PV and the diesel engine (compare Annex F) depict a negative 

NPV as the income (85.68 € in year 1) for the required energy amount (714 kWh) is 

relatively low compared with the necessary investment and running costs. The 

development of the cumulative cash flows over the plant lifetime is shown in  

Figure 6.  
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Figure 6: Development of cumulative cash flows for PV and diesel 
Source: Author’s personal research results (2011) 

 
The PV project with the battery storage generates a NPV of  

-2,325.87 €, meanwhile the NPV for the diesel generator amounts to -47,769.50 €. 

From a financial point of view none of the projects should be implemented.  
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Considering the lack of other energy supply possibilities the more cost-effective PV 

project should be realised. Further investment calculations, suggested by 

Aussenegg (2010), are obsolete as the NPV result is negative. The classical 

payback analysis depicts „the amount of time it takes for a given project’s 

cumulative net cash flows to recoup the initial investment”. The dynamic approach 

„considers time value of money effects” additionally. Both projects never have a 

positive result, therewith never reach the payback. The annuity „is just the NPV 

transformed into yearly constant cash flows” and the IRR „is the constant interest 

rate that generates an NPV of zero”. These calculations would be feasible, but only 

a negative result would be depicted. The profitability index is applied to rank several 

projects with positive NPVs, hence it is not applicable for the above calculated 

projects.  

 
 

5.5 Sensitivity analysis  

Sensitivity analyses evaluate the effect of one of many input parameters on a single 

output parameter, while the other input factors are kept constant. This investigation 

displays the most influencing parameters and reveals the entrepreneurial risk of the 

single deviations (Weißensteiner 2009). For the two reference projects the following 

influences on the NPV are analysed: 

 
- Household electricity price 

- Calculatory interest rate 

- PV investment cost and  

- Diesel price, respectively. 

 
The NPV (compare Chapter 5.4.) is a key component for the investment decision 

and hence taken as the output figure for the sensitivity analysis. The household 

electricity price influences the earnings over the project lifetime and therewith the 

economic success of the plants. The annual cash flows of the NPV calculation are 

discounted with a calculatory interest rate, which depends on the interest rate for 

credits and the risk expectations of the investor as other investments could be done 

instead. The PV investment costs and the diesel price are considered to exert 

influence on the project’s success and therewith chosen as parameters for the 

sensitivity analyses.  
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The Figures 7 and 8 depict the influences of the input factors in a range from -50 % 

to +50 % on the NPV, therefore each line has to be regarded separately. The 

computed sensitivity values are attached in Annex F. 
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Figure 7: PV sensitivity analysis 
Source: Author’s personal research results (2011) 

 
Figure 7 reveals the high sensitivity of the NPV on the initial PV investment costs. 

An improvement at the investment side (cost reduction by 50 %) would make the PV 

project nearly economically reasonable (-194.07 €). On the other hand, if the 

investment costs increase by 50 % the NPV result will drop to -4,457.68 €. The two 

other parameters, the household electricity price and the calculatory interest rate, 

have only little influence. This is caused by the low energy consumption, even if the 

electricity price and hence the calculated income increases by 50 % the overall 

result will not drop below -1,827.67 €. The percentile changes of the calculatory 

interest rate have no linear influence on the NPV like e.g. the initial investment 

costs. The non-linear extent is based on the dynamic investment calculation, which 

considers the time value of money over the complete project lifetime. The term ‘time 

value of money’ specifies that future payments are subject to uncertainties like the  
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inflation and therewith the future values are lower than today. The dynamic NPV 

calculations pays tribute to this circumstance and hence all payments and earnings 

have to be discounted to the project beginning (period 0) to receive the reduced 

present value.  

 
The sum of all discounted cash flows, deducted by the initial investment, leads to 

the final NPV result (Urbatsch 2007). Summarising, the initial investment costs 

influence the success of the PV project most and make a positive NPV nearly 

accessible. The sensitivity analysis for the diesel generator displays the following 

developments. 
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Figure 8: Diesel sensitivity analysis 
Source: Author’s personal research results (2011) 

 
Again, the electricity household price has only little influence on the NPV, caused by 

the low annual consumption amount. In the diesel project the calculatory interest 

rate has greater amplitude reasoned by the high negative cash flows each year. 

Although the cash flows are reduced by the discounting to the present value, 

nevertheless the figures stay disproportionately high compared to the PV values. If a 

high interest rate of 11.55 % is assumed (+50 %), the NPV will drop to -35,400.93 €.  
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If a return of only 3.85 % (-50 %) is targeted, the final NPV will deteriorate to  

-67,709.85 €. The most significant sensitivity influence on the reference project has 

the diesel price. The linear changes in the fuel prices are explainable as the fuel 

consumption stays stable all over the operation time. If the diesel prices increases 

by 50 % to 1.88 € per litre, the final NPV will amount to -69,286.26 €. In the case of 

a positive development, the diesel generator will reach a NPV of -26,252.47 €. A 

consolidated view indicates that the fuel price has the highest impact, nevertheless 

the continuous fuel input prevents the attainment of a positive NPV result. 

 
 

5.6 Comparison between PV and diesel generator 

The economical evaluations reveal a negative NPV for both projects over the project 

lifetime of 20 years (compare Chapter 5.4.). In comparison to the PV project, the 

diesel generator has the disadvantage of high fuel, O&M and reinvestment costs. 

The high diesel LRMC of 1.07 €/kWh are caused by the high share (nearly 93 %) of 

running costs (SRMC) (compare Chapter 5.3.), mainly originated by the costs for the 

fuel and the fuel transportation to the island. This unsustainable electricity 

production facilitates a conscious decision for PV as the LRMC (0.65 €/kWh) are 

significantly lower than for diesel. The main share of the PV costs is allocated to the 

initial investment (65 % of LRMC), meanwhile the SRMC are mainly influenced by 

the battery reinvestment costs (more than 91 % of SRMC).  

 
A sensitivity analyses for both projects revealed the dependence on the initial PV 

investment costs and the diesel fuel price, respectively. The parameter household 

electricity price is negligible in both cases. The calculatory interest rate influences 

mainly the diesel generator as high annual cash flows arise which have to be 

discounted. Besides the economical aspects, the environmental impacts of the 

combustion processes have to be considered. In a complete diesel combustion 

process (3 = ג) (compare Chapter 2.7.), one litre of diesel is burned together with 

three times 14.50 kg air (3.30 kg O2 + 11.20 kg N2) to  

 
- 3.20 kg CO2 (7.17 %) 

- 1.20 kg H2O (2.69 %) 

- 6.60 kg O2 (14.80 %) and  

- 33.60 kg N2 (75.34 %) (Tschöke 2007). 
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De facto, the combustion process is not completed so the above mentioned values 

are not reached as not all oxygen is burned and additional residues originate. The 

Table 9 depicts the percentage shares of the occurring substances: 
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Figure 9: Diesel engine emissions under real combustion conditions 
Source: Tschöke (2007) 
 

For further calculations a value of 3.17 kg CO2 (7.10 %) per kg diesel is considered. 

The toxic substances, such as carbon monoxide (CO), nitrogen oxide (NO), nitrogen 

dioxide (NO2), hydro carbons (HC) and particulate matter, amount to only 0.09 % or 

40 g per kg diesel, but their harmful consequence on the human health and the 

environment are proven (Tschöke 2007).  

 
Following the above mentioned values, the reference diesel generator (3 kW power 

output per hour, 1,800 operation hours, hourly fuel consumption of 1.20 litres, 800 

litres diesel for transportation) has a fuel consumption of 0.55 litres per produced 

kWh (0.40 litres diesel for electricity production plus 0.15 litres diesel for the 

transport). Multiplied with the CO2-emission value of 3.17 kg CO2/kg diesel, 1.74 kg 

CO2 and 22 g of toxic substances per kWh electricity are produced. To facilitate the 

procedure, kilograms and litres are set equally. As the diesel engine’s manufacturer 

Rotek does not provide precise emission values, only the above calculated CO2-

amount is compared with the PV value.  
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The PV emissions are based on the GEMIS-Program of the Institute for Applied 

Ecology (2010). The whole life cycle of the power plants including transports and 

material is taken into account, only the disposal and recycling of the power plants 

are not investigated. In the case of PV, mono-, poly-crystalline and amorphous 

modules are analysed. Analogously to the reference project, poly-crystalline 

modules are compared with the diesel generator.  

 
The PV energy production causes 114 g CO2/kWh (Institute for Applied Ecology 

2010) and therewith only nearly 7 % of the diesel emissions. The air pollutants 

emissions (SO2, NOx and particulate matter) are insignificant (total amount of  

0.27 g/kWh). The high CO2-value of the PV modules is caused by the high energy 

input for the production processes, especially the silicon production (Lippitsch et al. 

2009). The GEMIS-data were collected in the year 2005. In the mean time huge 

efforts have been made, like the further development of the thin-film technologies 

requiring only a small fraction of the required semiconductor material or improved 

crystalline production procedures (compare Chapter 2.1.). Therefore, further 

emission reductions in the future can be expected.  

 
Table 23 highlights the advantage of PV compared to diesel at the production of one 

kWh, during one year and over the complete project lifetime of 20 years.  

 
Table 23: Comparison of emission output diesel and PV  
Source: Author’s personal research results (2011) based on Tschöke (2007) and 
Institute for Applied Ecology (2010) 
 

Electricity 
production Emissions kg/kWh % kg/Year %

kg/Plant 
lifetime %

CO2 1.74 9,417.60 188,352.00

Toxic substances 0.02 118.80 2,376.00
CO2 0.11 114.94 2,298.88

Toxic substances 0.00 0.37 7.46
CO2 -1.63 93.46 -9,302.66 98.78 -186,053.11 98.78

Toxic substances -0.02 98.32 -118.53 99.69 -2,368.54 99.69

Diesel

PV

Emission reduction 
by PV

Emission output diesel - PV

 

An emission reduction of more than 90 % per produced kWh with the PV system 

compared to the diesel generator is remarkable. The reduction amounts will get 

even better if the annual and overall emissions are regarded. The diesel generator 

produces annually 5,400 kWh (1,800 operation hours by 3 kW continuous output), 

consequently the exceeding energy amount causes higher emission values.  
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In absolute numbers, annually more than 9,300 kg of CO2 and 118 kg of toxic 

substances can be saved by the PV plant. Over a project lifetime of 20 years, the 

reduction reaches approx. 186 tons of CO2 and approx. 2.37 tons of toxic 

substances.  

 
In the ecological context, the utilisation of dangerous substances in the production of 

PV modules has to be mentioned. An article in the magazine ‘Neue Energie’ 

(Rentzing and Heup 2010) lists different hazardous materials like trichlorsilane, fluor, 

hydrofluoric and nitric acid which are used for the cell and wafer fabrication. In the 

thin-film-production poisonous semiconductor materials like cadmium are employed. 

The mentioned substances are dangerous for humans and the environment, as they 

contaminate water or damage the ozone layer. Therefore they are only applied in 

closed cycles. Apart from the production, the recycling of PV modules will gain in 

importance in the future. Currently it is not clear how long the PV modules will 

operate. Producers guarantee a lifetime of at least 20 years. According to 

estimations (Heup 2010) the annual return of modules could amount to 35,000 tons 

in the year 2020. PV modules contain poisonous substances as well as valuable 

materials like silver. The avoidance of environmental contamination through 

improper disposal and the recovery of recyclables are the motivation for establishing 

a recycle system like ‘PV cycle’. More information about this European initiative is 

provided online (www.pvcycle.org).  

 
In the frame of the energy production via diesel generators a careful handling of the 

fuel and the motor oil has to be guaranteed. Also the careful disposal of the waste 

oil, the exchanged spare parts and the replaced engine after the operation time is 

obligatory.  

 
Another aspect is the sound level of the diesel generator. Rotek (2007) states a 

volume of 96 decibel in four metres distance. Langguth (2011) points out that a 

steady level of 85 decibel can already lead to serious hearing damages. To avoid 

negative consequence on the health of the inhabitants the diesel generator should 

be placed in a separate, with noise abatement measures equipped shed. At the PV 

plant the inverter generates noise too, but with max. 35 decibel the negative 

influences are negligible (Siegfriedt n.d.). So the acoustic level corresponds to the 

household noise level and ranges far below the critical level.  
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In summary can be said that the advantages of the PV plant outweigh those of the 

diesel generator. Only at the stage of the initial investment the diesel plant seems to 

be more attractive. Taking the high running costs and emissions into consideration 

this view is transferred into the opposite.  

 
 

5.7 Comparison between PV and household 
electricity prices 

After the direct comparison of the two reference plants, an additional analysis 

between the PV project and the Croatian household electricity prices is conducted. 

The Croatian HEP Group, Hrvatska Elektroprivreda, has been the responsible 

electricity company for electricity production, transmission and distribution, heat 

supply and gas distribution over several decades. According to various law 

amendments an unbundling into separate companies was accomplished. Despite 

the unbundling, the HEP group is still the dominant entity on the market (Kulišić 

2010b).  

 
The HEP ODS is the national electricity supplier with the obligation to provide 

energy supply service at a regulated price (HEP n.d. a). The electricity prices for 

households in Croatia are bounded to four different tariff models, which differ by the 

applied meter (single-tariff, multi-tariff, pre-payment meter) and the consumption 

pattern (amount of required energy, time of consumption (day and night tariff)) (HEP 

n.d. b). In 2008 more than 2 m. low voltage metering points for households were 

installed, the average energy consumption amounted to 3,140 kWh (HERA 2009). In 

the same year the largest consumer group (6,711 GWh) within the overall final 

electricity consumption (16,137 GWh) was presented by Croatian households, as 

they consumed nearly 42 % of the electricity (IEA 2011).  

 
To make the tariff and consumption structure comparable to other European 

countries the Croatian data is incorporated in Eurostat’s methodology. Eurostat, the 

statistical office of the European Union, surveys every half-year the electricity prices 

for the member states and the candidate countries; Croatia provides its data since 

the year 2005 (Eurostat 2011). Evaluations of the electricity price development and 

future scenarios are performed in Chapter 6.3.  
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For the comparison with PV the average price in the second half-year 2010, i.e.  

0.12 €/kWh incl. all taxes and fees, was considered. In the European ranking 

including the 27 member states and the candidate countries, Croatia ranges in the 

lowest price segment. Only Romania, Latvia, Estonia, Bulgaria and Bosnia and 

Herzegovina offer cheaper electricity prices for households. The average electricity 

price in the 27 EU countries amounts to 0.17 €/kWh (Eurostat 2011).  

 
Considering the Croatian and European household electricity prices, the computed 

PV LRMC of 0.65 €/kWh are far away from these values and cannot compete with 

the national electricity suppliers’ prices.  

 
The calculated NPV for the PV plant over 20 years shows a negative result of  

-2,325.87 €. The initial investment for the PV system of 2,698.40 € is cheaper than 

the assumed grid-connection costs of 3,000.00 €. As the battery system requires an 

additional capital expenditure of 1,565.21 €, the overall PV expenses exceed the 

conventional grid-connection. The in Chapter 5.5. conducted sensitivity analyses 

reveals the low influence of the household electricity price on the two reference 

projects caused by the low consumption. If greater energy amounts were necessary, 

the computed development would have greater amplitude.  

 
Analogous to the previous comparison with the diesel generator, the environmental 

aspects of the electricity production are considered. As analysed in Chapter 3., the 

Croatian electricity production is dominated by hydro power (52 %), followed by 

thermal power plants (39 %) (Kulišić 2010b). According to the Croatian Energy 

Institute Hrvoje Požar (EIHP 2010) 6.70 m. tons of CO2 were emitted during the 

electricity production in the year 2008, one third of the Croatians overall CO2-

pollution (approx. 20 m. tons of CO2). The other investigated pollutants caused by 

the electricity production summed up to 

 
- 25,210 tons of SO2 

-   9,802 tons of NOx 

-      958 tons of particulate matter in the year 2008 (EIHP 2010). 

 
Remembering the above share of nearly 42 % of residential electricity consumption, 

the private sector was responsible for approx. 2.81 m. tons of CO2, 10,588 tons of 

SO2, 4,117 tons of NOx and 402 tons of particulate matter. 
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To elaborate a comparison between PV and the national electricity production, the 

most common fossil fuel source in Croatia, natural gas, is taken into account. The 

national thermal power plants use 64 % gas (1,076 MW), 18 % coal (302 MW) and 

18 % fuel oil (303 MW) (EIHP 2010). To obtain workable figures for the time horizon 

of one year and the complete plant operation time, the fossil fuel emissions for the 

annual energy consumption of the reference house are investigated. 

 
Table 24: Comparison of emission output gas and PV 
Source: Author’s personal research results (2011) based on Institute for Applied 
Ecology (2010) 
3 

Electricity 
production Emissions kg/kWh % kg/Year %

kg/Plant 
lifetime %

CO2 0.40 285.60 5,712.00

Toxic substances 0.00 0.51 10.20
CO2 0.11 115.37 2,307.36

Toxic substances 0.00 0.37 7.40
CO2 -0.29 71.50 -170.23 59.61 -3,404.64 59.61

Toxic substances 0.00 47.89 -0.14 27.45 -2.80 27.45

Natural gas

PV

Emission reduction 
by PV

Emission output gas - PV

 

Table 24 presents the GEMIS-emission values for the electricity production with 

poly-crystalline PV systems and thermal power plants firing natural gas. The 

pollution by natural gas is considerably lower than those by diesel, nevertheless 

produces the PV plant nearly 72 % less CO2 and nearly 48 % less toxic substances 

than the gas power plant. The annual PV electricity production (1,012 kWh) is 

compared with the annual household energy consumption (714 kWh). The PV’s 

advantage is slightly reduced over time, caused by the unused surplus PV electricity 

production. During one year approx. 170 kg of CO2 (-59.61 %) and 140 g of the toxic 

substances SO2, NOx and particulate matter (-27.45 %) can be saved. Over 20 

years operation time the amount reaches 3.40 tons of CO2 and 2.80 kg of toxic 

substances. 

 
Summarising, the centralised energy supply by the national utilities brings 

economical benefits to the costumers. The PV production costs for one kWh are 

currently more than five times higher than the household electricity prices. In the 

case of the reference project the low demand reduces the significance of this 

aspect. The investment of the PV plant without the battery systems is competitive 

with the price for a new grid-connection. 
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For the ecological analyses the current Croatian electricity production structure, 

mainly based on gas, was investigated. The emission reductions are lower than 

compared to diesel, nevertheless the PV plant scores at this point. Finally, it has to 

be mentioned, that caused by the exposed position of the Kornati archipelago a 

conventional energy production will not be feasible in the long run. Therefore, the 

diesel generator is currently the only reasonable conventional energy production 

alternative.  

 
 

6 Future scenarios and potentials 

After the investigation of the current electricity supply possibilities and their 

economic and ecologic impacts, the evolution of the market situation since the year 

2008 is observed. On this basis, future scenarios are developed to answer the 

question if grid-parity between PV and the household electricity prices will be 

reached until 2030. The term grid-parity describes the competitiveness between the 

electrical generating costs with PV and the utility prices (Fechner 2010). In this 

context, the relation between PV and the diesel LRMC and their prospective 

development are also investigated.  

 
 

6.1 Development and scenarios of PV prices 

The PV trend during the last two decades is a track record. For example, from 1995 

to 2009 the German PV system prices dropped by nearly 60 % (López-Polo 2010). 

The learning curve shows a price reduction of approx. 20 % per doubling of the 

production volume (Fechner et al. 2007, IEA 2000). In the last years PV systems got 

an additional boost, caused by increased experience resulting in higher efficiency 

degrees, improved production methods and an enormous enlargement of the 

production facilities. Simultaneously, changes in the support measures of several 

countries, e.g. Spain or Germany, and the financial crisis induced insecurities at the 

investor’s side. Hence project delays and a resulting overproduction occurred with 

the consequence of an enormous price reduction (EPIA 2010, Solarbuzz 2011a).  
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Despite these mitigating factors the year 2010 was really successful for the PV 

industry: „Capacity additions grew from 7.20 gigawatts (GW) installed in 2009 to  

16.60 GW in 2010. The total installed capacity in the world now amounts to around  

40 GW, producing some 50 terawatt-hours (TWh) of electrical power every year.” 

(EPIA 2011b). 

 
According to a cell production survey of the journal Photon International (Hering 

2011), the PV development is facing bright future prospects as the market is further 

expanding and production capacities for modules and inverters are still enlarged. 

Especially, the multi-crystalline cell production will further expand. In the year 2010 

these cells accounted for more than the half of the annual output. On the producers 

side it is obvious, that Chinese and Taiwanese module producers are gaining more 

and more dominance in the market, taking shares from the German and Japanese 

manufactures (Hering 2011). An additional factor for an increasing PV deployment is 

an improved module’s efficiency, which is forecasted to reach values of 18 to 23 % 

for crystalline and 10 to 16 % for thin-film modules in the year 2020 (Solar Europe 

Industry Initiative n.d.). The most decisive determinant for the future development is 

the price. The initiative also outlines the following price goals for large-scale turnkey 

systems in the respective years (Solar Europe Industry Initiative n.d.): 

 
- 2010: 2.50 to 3.50 €/Wp 

- 2015: 2.00 €/Wp 

- 2020: 1.50 €/Wp 

 
Calculating with an average value of 3.00 €/Wp in the year 2010, a cost reduction of 

50 % over 10 years or an annual decrease of 5 % are expected. The European PV 

Technology Platform (2010) anticipates that this rate will remain stable over the next 

two decades.  

 
With the above mentioned price range in the year 2010, the computed price for the 

PV reference plant can be validated. The price of 3.60 €/Wp for this small-scale PV 

system is still competitive. The deviation from the European prices is caused by 

country-specific market influences and administrative obstacles (compare Chapter 

3.), which have to be diminished during the next years to foster a higher PV 

implementation.  
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The evaluation of the development from 2008 to 2030 is done on basis of the 

reference project’s LRMC calculation (€/kWh), considering real prices in the first 

half-year 2011. The costs for the years 2008 to 2010 are estimated with the help of 

a retrograde calculation, as no comparable values for Croatian off-grid plants are 

available. An annual price decline of 5.00 % is assumed and added in to receive the 

previous year’s value. For the time span 2012 to 2030 the following two scenarios 

are supposed: 
 
A) The annual price reduction remains constant at 5.00 % until the year 2030. 

B) The above mentioned price reduction of 5.00 % and an improvement of the 

module efficiency rate, by a conservative value of 5.00 %, are assumed. 

Currently, the reference project is calculated with a module efficiency of 12.20 % 

and an overall performance of 10.59 % (PR = 86.78 %) in the year 2011. For this 

scenario an increase of 5.00 % in the module efficiency until the year 2030 is 

converted is assumed. The new efficiency degree of 17.20 % is converted with 

the PR to a system efficiency degree of 14.93 %. For the evaluation of the 

efficiency until 2030 a linear increase is assumed.  
 
The assumptions are entered in the LRMC-calculation (compare Chapter 5.3.) and 

the development for the years 2008 to 2030 is depicted in Figure 10. The complete 

calculation is inserted in Annex G. 
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Figure 10: Development of PV LRMC 2008-2030 
Source: Author’s personal research results (2011) 
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Figure 10 makes clear that the LRMC for this type of PV plant (small-scale, with 

large battery storage) will not decrease below 0.48 €/kWh in scenario A. The 

additional efficiency improvement in scenario B leads to a value of 0.34 €/kWh in the 

year 2030. It becomes obvious, that not only the PV investment costs are the 

ultimate measure for competitive electricity prices. Further steps, like the reduction 

of the battery cost and of the BOS, have to be taken to shift the LRMC into a more 

competitive price range. The term BOS is the abbreviation for ‘Balace of System’ 

and comprises all components and services, except for the PV modules, which are 

necessary to put the PV plant into operation. Examples for BOS are the inverter, the 

cabling, the mounting racks, etc. (Colexon n.d.). 

 
 

6.2 Development and scenarios of diesel prices 

The development of the diesel prices since 2000 was driven by „tremendous price 

increases for fossil fuels on the global market and high price volatility. […] The scale 

of daily oil price variations has been constantly increasing since the start of the new 

millennium.” This statement of the GTZ (2009) is substantiated by the specific 

Croatian figures. From year 2000 to year 2008 the price for the Croatian brand 

‘Diesel’ increased by 77 % from 4.78 Kn/l to 8.50 Kn/l (EIHP 2010), which implies an 

annual growth rate of nearly 10 %. 

 
„This higher volatility in oil prices as well as the new peaks in prices observed in 

mid-2008 call for a reassessment of fuel price policies, especially regarding the 

adjustment of national retail prices and the question of taxation.” (GTZ 2009). This 

general trend was also found in Croatia. While the average price for the Croatian 

brand ‘Euro diesel’ amounted to 1.20 €/l (8.63 Kn/l, Kn/€ exchange rate of 7.22) in 

the year 2008, the price dropped by more than a fifth to 0.93 €/l (6.79 Kn/l, average 

Kn/€ exchange rate of 7.34) in the year 2009 (EIHP 2010, DZS 2010).  

 
The price development since 2007, including current price levels, is monitored e.g. 

by the German online database Gasoline-germany.com. The therein stated prices 

coincide with the above presented values. The value of 1.25 € per litre diesel 

denoted in June 2011 is taken into account for further calculations (Gasoline-

germany.com 2011).  
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The consideration of the Croatian domestic fossil resources emphasises the 

dependency on the international market and therewith the high price volatility. In the 

year 2009 only 19 % of the refined crude oil amount (0.77 m. tons) was produced 

domestically. Approx. one quarter (1.22 m. tons) of the gross refinery intake (4.85 m. 

tons) was converted to diesel oil. 20 % of the produced diesel amount (0.24 m. tons) 

were exported, meanwhile additional 0.52 m. tons were imported from foreign 

countries (EIHP 2010).  

 
The international dependency influences the Croatian fuel prices like in other 

European countries. The 27 European member states publish their fuel prices and 

the pricing at the European Energy Platform ‘Energy.eu’ (2011). Although Croatia is 

an EU candidate country, these values are not released. Several official documents 

(laws, directions and decrees), announced in the official gazette Narodne novine, 

provide the legal basis for this calculations (Narodne novine 2006a, Narodne novine 

2006b, Ministarstvo Financija 2009).  

 
The prices of petroleum products depend on raw material, import and processing 

related expenses and on fiscal charges. The basic price is determined by the 

exchange price, the current Kn/USD exchange rate and the customs duty (approx 2 

% on the purchase price) for bringing the fuel into the country. Additionally, a 

maximum margin of 0.60 Kn/l (0.08 €/l at an exchange rate of 7.30 Kn/€) and a 

supplementary processing fee of 120 Kn/t (approx. 0.02 €/l) are charged (Narodne 

novine 2006b). 

 
The fiscal laws regulate the excise duties, which have to be paid for the 

consumption of special goods, e.g. alcohol, cigarettes, fuels, and the regular value 

added tax (VAT). The excise duty for diesel motor fuels amounts to 2,050 Kn/1,000 l 

(0.28 ct/l). The VAT is charged with 23 % of the net retail price (Ministarstvo 

Financija 2009). Calculating with a retail price of 1.25 €, the VAT amounts to  

0.23 ct/l. Hence the fiscal expenses (excise duty, VAT) account for 40.80 % of the 

Croatian retail price. Despite all public discussions and the resulting political 

awareness about the topic fuel prices, the costs have been escalating again. In June 

2011 the diesel price reached 1.25 €/l (Gasoline-germany.com 2011). According to 

the initially mentioned price development of nearly 10 % per year since beginning of 

the millennium (GTZ 2009) are two possible long-term scenarios until 2030 

designed: 
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A) An annual price increase of 2.50 % on basis of the value of June 2011. 

B) A yearly accumulation of 4.00 % on basis of the price level in June 2011. 

 
The assumed diesel prices are entered in the LRMC-calculation (compare Chapter 

5.3.) and the development for the years 2008 to 2030 is displayed in Figure 11. The 

subjacent calculation is added in Annex G. 
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Figure 11: Development of diesel LRMC 2008-2030 
Source: Author’s personal research results (2011) 

 
Figure 11 shows that the LRMC are highly dependent on the fuel prices. An annual 

increase of 2.50 % leads to a diesel price of 2.00 €/l and to costs of 1.60 €/kWh in 

scenario A until the year 2030. The assumption of 4.00 % yearly increase in the 

same time span generates a diesel price of 2.63 €/l and energy production costs of  

2.03 €/kWh.  

 
 

6.3 Development and scenarios of electricity prices 

Analogously to the development of the oil price the household electricity prices have 

been subject to a steady increase since the beginning of this decade. Although the 

Croatian prices are situated at a low level compared to other European countries 

(compare Chapter 5.7.), the annual increment is obvious.  
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As basis for further scenarios serve the Croatian household gross electricity prices 

for the years 2008 to 2010 published by Eurostat (2011). For this purpose also the 

price structure is assessed. Figure 12 displays the portion of costs for customers 

with a consumption of 2,500 to 5,000 kWh per year on basis of the household prices 

in the second half-year 2009. 

 

Structure of houshold electricity prices
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Figure 12: Structure of household electricity prices  
Source: Hera (2010b) 

 
Based on the analyses of Hera (2010b), nearly half of the household electricity costs 

is allocated to the production and 19 % to the tax expenses. The delivery 

(transmission and distribution) to the consumer amounts to another 35 %. The 

smallest proportion (1 %) is designated for the OIE (obnovljivi izvori energije – 

renewable energy sources) fee, „a special charge for promotion of electricity 

production from renewable sources” (HEP n.d. a.).  

 
For the estimation of the future scenarios different studies are surveyed. E.g.  

Capros (2007), Bulteel and Capros (2009), Carpos et al. (2010), EWI/Prognos 

(Lindenberger et al. 2006), Deutsche Bank Research (Auer 2010), Purwanto et al. 

(2004) or the ‘World Energy Outlook’ by the IEA (2009) investigate past trends, the 

prevailing energy conditions and different influences, like scarcity of resources or the 

pricing of CO2-certificates. Resulting from these factors different scenarios are 

defined and their impacts assessed. The main aspects, especially concerning 

electricity, are summarised briefly as follows. 
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Despite the global crisis, the worldwide increasing demand for electricity still exists 

and will continue for the next decades. The demand growth rates depend on the 

respective region (e.g. high demand in emerging Asian countries, lower demand in 

well-developed OECD countries). The availability and a possible scarcity of 

resources exert great influence, like the dependency of regions on imports and 

therewith a high sensitivity on price increases. Also the suggested electricity 

production methods are influencing the scenarios. The spectrum reaches from 

unchanged confidence in fossil-fuel technologies, a further increase of nuclear 

power, the fostering of technologies like CCS or the change of paradigm to 

renewable energy technologies and stronger energy efficiency. Emphasis is also put 

on CO2-emission allowances and their pricing. The effects of all this impacts on the 

electricity prices and finally at the customer are evaluated to a greater or lesser 

extent. It can be concluded that this will result in an increase of the electricity prices 

within the next decades but the estimations diverge.  

 
The lowest increase in the surveyed analyses state Purwanto et al. (2004) with 

reference to the European TRIAS research project. The assumed increase of the 

average electricity price of the 27 EU countries amounts only to 4 % (0.09 % p.a.) 

over a period of 45 years (2005 to 2050). The analysis of EWI/Prognos 

(Lindenberger et al. 2006) defines a reference scenario with an electricity price 

increase for households of 8 % from 2000 to 2030 (0.27 % p.a.). Additionally the 

correlation between the oil and gas prices and the electricity prices are investigated. 

A rise in these prices elevates the electricity production costs, but does not influence 

the grid-costs, the taxes and fees. Therewith the consumer electricity prices rise by 

10 % over 30 years (0.33 % p.a.).  

 
The studies of Capros (2007) and Bulteel and Capros (2009) comprise the 

European energy policies and follow a baseline scenario of the year 2007. All 

resulting variants anticipate a low electricity price increase. In the worst case an 

annual increase of 1.32 % p.a. is calculated for the years 2005 to 2030 (Base Index 

2005 = 100, Supply Scenario Index 2030 = 133).  

 
A change in the European RES promoting policies including significantly amended 

carbon reduction policies led Carpos et al. (2010) to correct the assumptions and to 

set up a new baseline scenario referring to the year 2009. This scenario includes 

expenses for grid-expansion and grid-controlling measures, increasing fuel prices,  
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costs for auctioning of carbon, as well as higher capital and O&M costs. The 

reference scenario, as a second possibility with an even more progressive RES 

approach, shows a similar price development as the baseline scenario until 2020. In 

a longer time span until 2030 the reference scenarios gains leverage because of the 

higher RES deployment on the one hand and reduced auctioning and fuel costs on 

the other hand.  

 
In the baseline scenario (baseline 2009) the increase of the after-tax electricity 

supply amounts to over 44 % over 25 years (2005 to 2030) or 1.76 % per year. In 

the upgraded reference scenario the price increases by approx. 40 % (1.59 % p.a.) 

in the same timeframe.  

 
The highest price incline in the observed studies states the Deutsche Bank 

Research (Auer 2010) by assuming an annual increase of 4.00 %. A possible 

reason for the increasing rates in the latest studies, in the view of the author, are 

explosive developments of input factors, like the oil price, fast changes of legal and 

financial framework conditions and especially the gained experience and hence 

improved forecast models. To gain a deeper insight in the wide-ranging topic of 

energy scenarios refer to the above mentioned studies.  

 
The following growth rates are added to the household electricity price of 2010 to 

receive the future electricity scenario prices (compare Annex G). The price 

development for the years 2008 to 2030 is depicted in Figure 13.  

 
A) A steady annual electricity price increase by 1.00 % from the year 2010 to the 

year 2030. 

B) A rise in prices by 2.50 % per year in the same time span caused by a fast 

economic growth and accompanied by an increase of the energy demand in 

Croatia.   
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Figure 13: Development of the household electricity prices 2008-2030  
Source: Author’s personal research results (2011) based on Eurostat (2011) 

 
Even in scenario B the level of 0.20 €/kWh is not achieved. The development of the 

household electricity prices is calculated to reach the value of 0.14 €/kWh in 

scenario A and the value of 0.19 €/kWh in the progressive scenario B.  

 
 

6.4 Comparison between the assumed scenarios  

A comparison between all previous developments and the assumed scenarios for 

the years 2008 to 2030 is performed in Figure 14. 
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Comparison of the price development 2008 to 2030
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Figure 14: Comparison of the price development 2008-2030  
Source: Author’s personal research results (2011) 
 

Figure 14 presents the computed developments of the household electricity price 

and the PV and diesel LRMC. It becomes clear that none of the PV scenarios will 

reach the grid-parity with the household electricity prices until the year 2030. 

Meanwhile in direct comparison of the available energy sources on the Kornati 

islands, the PV costs are constantly cheaper than the diesel energy production 

costs. In the moderate scenarios A the diesel electricity productions costs amount to 

more than the threefold of the PV costs in the year 2030. At the end of the 

progressive scenarios B the diesel costs are nearly six times as high as the PV 

costs. For remote Croatian areas, like the Kornati archipelago, a small-scale PV 

plant is already an alternative to the existing diesel generators. Considering the 

increasing performance and ongoing cost reductions over the years, future potential 

is given.  
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6.5 Potentials 

The assessment of the technical potentials and the prescribed goals of the Croatian 

government (compare Chapter 3.) brought up that PV is not promoted explicitly by 

the Croatian state although the prerequisites (e.g. sun radiation) are given. In 

contradistinction to the governmental position stand the calculated benefits of the 

small-scale PV plant compared with the diesel generator in remote areas without 

grid-connection.  

 
In the following chapter the economical and ecological aspects, first for the 

archipelago Kornati and afterwards, to a bigger extent, for a higher number of 

Croatian households along the Croatian coast, are evaluated to display the viability 

and the advantages of such systems.  

 
51 houses are located in the Kornati national park (Nacionalni Park Kornati n.d. b), 

which are inhabited permanently or infrequently. For the calculation of the saving 

potential by the implementation of the PV plants, the following assumptions are 

made.  

 
- The 51 houses are inhabited for 180 days per years 

- The investment costs are set equally to the reference diesel engine 

- The diesel generators (3 kW nominal power) operate two hours a day 

- The O&M costs amount to 150 € per year 

- An average diesel consumption of 1.20 litres per hour, in many cases older and 

less efficient diesel engines will cause a higher consumption 

- Weekly transport of the diesel to the houses (25 times per year). The diesel 

consumption for the transport is equal to the previous calculations (Two ways 20 

nm each, the boats run at an average speed of 5 nm per hour with an fuel 

consumption of 2 litres per hour) 

- A diesel price of 1.25 €/l (June 2011) (Gasoline-germany.com 2011). 

 
The diesel consumption of one house amounts to 432 l per year and additionally 

400 l for the transport have to be considered. The annual diesel expenses sum up to 

1,040.00 €. The above mentioned figures are transferred into the electricity cost 

calculation in Chapter 5.3.  
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LRMC EL D  = 0.39 + 1.34 = 1.73 €/kWh 

 
Compared to the diesel reference plant (1.07 €/kWh), the LRMC even increase 

(1.73 €/kWh) as the annual operation hours and therewith the quotient are lower. If 

the investment costs are subtracted, the SRMC would still amount to 1.34 €/kWh. 

Compared with the PV LRMC of 0.65 €/kWh, evaluated in Chapter 5.3., each 

household can save max. 1.08 €/kWh. At the production of 1,080 kWh (3 kW, 360 

operation hours), the annual savings per household and for all houses on the 

Kornati archipelago amount to max. 1,166.40 € and 59,486.40 €, respectively. Over 

20 years operation time the monetary benefit reaches 23,328.00 € and  

1,189,728.00 €, respectively. 

 
For calculating the ecological potential, the consumed diesel amount (832 l per 

household) is divided by the produced electricity (3 kW, 360 operation hours =  

1,080 kWh) (compare Chapter 5.6.). Hence 0.77 litres of diesel are necessary for 

one kWh. Multiplying this value with 3.17 kg CO2/kg diesel, 2.44 kg CO2 are emitted 

per produced kWh. In conclusion, 2.64 tons of CO2 per household and more than 

134 tons of CO2 for all houses in the national park are emitted per year.  

 
Considering the amount of toxic substances (40 g per litre diesel) within this 

calculation, 33.26 kg of toxic substances per household and nearly 1.70 tons over 

the Kornati area are emitted per year. In Table 25 the diesel emissions are 

compared to the arising PV emissions.  
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Table 25: Emission output in the Kornati national park  
Source: Author’s personal research results (2011) based on Tschöke (2007) and 
Institute for Applied Ecology (2010) 
 

National park

kg/kWh kg/Year kg/Year
CO2 2.44 2,635.20 134,395.20

Toxic substances 0.03 33.26 1,696.46
CO2 0.11 123.12 6,279.12

Toxic substances 0.00 0.40 20.38
CO2 -2.33 -2,512.08 -128,116.08

Toxic substances -0.03 -32.86 -1,676.08

Diesel

PV

Emission reduction 
by PV

Emission output in the Kornati national park

Single houseElectricity 
production Emissions

 
 

From Table 25 it becomes clear that PV has an enormous emission reduction 

potential compared to the diesel generators. More than 128 tons of CO2 and approx. 

1.68 tons of toxic substances can be avoided by the PV systems. 

 
The Kornati national park presents only a small section along the Croatian coast. As 

the Croatian Census 2001 does not survey the number of diesel generators the 

following assumptions are taken into account: 

 
- According to the Croatian Census 2001 (DZS 2001) 1,877,126 dwellings, 

including 182,512 houses for vacation and recreation, are registered all over the 

country.  

- For recreational purposes especially the Dalmatian area is popular. It reaches 

from Zadar in the North down to the border of Montenegro and comprises many 

islands. Outside the larger cities (e.g. Zadar, Šibenik, Split, Dubrovnik, Kastela) 

many small and remote houses and settlements can be found along the coastal 

line (Kroatische Zentrale für Tourismus 2011).  

- In the counties Zadar, Šibenik-Knin, Split-Dalmatia and Dubrovnik-Neretva, 

located in the Dalmatian area, 399,393 houses and thereof 67,830 temporarily 

inhabited holiday homes (17 %) are located.  

 
Considering these figures, the assumption of 5,000 holiday homes (7.37 % of the 

holiday homes in the four above mentioned counties or 2.74 % of the overall 

Croatian holiday homes) with similar energy structure (fluctuating energy demand by 

irregular inhabitation, no connection to the electricity grid, diesel generator to supply 

the demand) seems to be realistic.  
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For further calculations the above mentioned diesel engine assumptions are taken 

into account (2 hours per day, semi-annual occupation (180 days), 3 kW diesel 

generator, 1.20 litres hourly diesel consumption, 1.25 €/l Diesel, 150.00 € O&M 

expenses p.a.). As these houses can be located on islands or along the coast of the 

mainland, the transport expenses are not surveyed.  

 
Without the transport costs the diesel LRMC drop to 1.15 €/kWh and hence the PV 

cost saving potential is reduced to max. 0.50 €/kWh (540.00 € p.a.). Transferred to 

the assumed number of 5,000 households, annual accumulated costs of 2.70 m. € 

can be saved by the owners by year. The savings over 20 years per household and 

for the assumed amount of houses amount to 10,800.00 € and 54 m. €, respectively. 

Additionally, the ecological aspects, depicted in Table 26, have to be regarded. 

 
Table 26: Emission output in the potential Croatian area  
Source: Author’s personal research results (2011) based on Tschöke (2007) and 
Institute for Applied Ecology (2010) 
 

5,000 houses

kg/kWh kg/Year t/Year
CO2 1.27 1,369.44 6,847.20

Toxic substances 0.02 17.28 86.40
CO2 0.11 123.12 615.60

Toxic substances 0.00 0.40 2.00
CO2 -1.15 -1.246,32 -6,231.60

Toxic substances -0.02 -16.88 -84.40

Diesel

PV

Emission reduction 
by PV

Emission output in the potential Croatian area

Single houseElectricity 
production Emissions

 
 

Each of the houses produces with the diesel generator nearly 1.37 tons of CO2 and 

17.28 kg of toxic substances per year. Extrapolated to the overall number of houses 

2.16 m. litres of diesel are consumed and therewith 6,847.20 tons of CO2 and  

84.40 tons of toxic substances are emitted per year. By deploying a PV plant more 

than 90 % of the emissions can be saved per year. The economical and ecological 

results should provide an incentive for the house owners to deploy small-scale PV 

systems for remote houses. An additional measure to limit the use of diesel would 

be an additional fee for the CO2-emissions. The European Union already introduced 

a trade system for CO2-emission allowances, which is limited to the power and 

industry sectors currently (IEA 2009).  
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The estimation about the future price development of these allowances vary 

(compare IEA 2009 and Capros 2010), so an amount of 50 € per ton CO2 is 

estimated. The Croatian state would generate additional revenues of 342,360 € per 

year with the taxation of the CO2-emission allowances for the utilised diesel of the 

5,000 reference houses. Financial measures can contribute to the future energy 

development in this region, but more reasonable is the avoidance of CO2 and other 

emissions. Especially with regard to the sensitive ecology in the national park and 

along the Croatian coast further measures (compare Chapter 7.) have to be taken to 

foster the substitution of diesel generators by PV plants.  

 

7 Conclusion 

The work clarifies that the designed small-scale photovoltaic plant with battery 

storage can substitute and outperform economically and ecologically a diesel 

generator on the reference location of the Kornati archipelago over the plant lifetime 

of 20 years and provides a sustainable energy supply for other remote areas in 

Croatia. A sensitivity analysis reveales the high dependency of the reference plants 

on the diesel price and the initial PV investment costs, respectively. The continuous 

fuel input inhibits positive calculations results of the diesel engine. With regard on 

the potential diesel price development until the year 2030, the diesel electricity 

production reaches a maximum value of 2.03 €/kWh and therewith a multiple of the 

PV energy production costs.  
 
Additionally, a comparison with the household electricity prices is performed. The 

theoretical grid-parity between the reference PV-system and the conventional 

energy prices is not reached until the year 2030 even when an increase in 

household electricity prices and a decrease in PV system prices are assumed. 

Although the grid-parity is not reached, the PV system is still recommended, as no 

electricity supply by the grid is available at the reference location.  
 
After the assessment of the potentials within the Kornati area, the potential for 

households on Croatian islands and along the coast is calculated. This work 

concludes that at least 5,000 Croatian households in the designated area could 

save 2.16 m. litres of diesel and 6,231 tons of CO2 and over 84 tons of toxic  
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substances per year by substituting the prevailing diesel generators by new PV 

systems with battery storage. Besides the ecological aspects the economic benefits 

are convincing, each household can save 10,800.00 € over the plant lifetime of  

20 years by substituting a diesel generator by a small-scale PV-plant.  
 
As Croatia aims for an EU-membership the national targets, e.g. emission 

reductions, fostering of RES and setting of binding targets, are adapted to the 

objectives of the 27 EU countries. Regarding the national dependence on fuel and 

electricity imports, the stronger deployment of PV systems as a local, sustainable, 

secure, and environment friendly technique is suggested and should be supported 

by the government. Further measures, like information campaigns, research funds 

or investment subsidies, should be taken to foster the Croatian PV industry, which is 

currently underdeveloped. If a serious attempt for reducing the Croatian dependency 

on energy supplies from foreign countries is made, additionally a change of thinking 

will be necessary. Scheer (2005) proclaims ten maxims for attaining this liberty, 

reaching from changes in the rural and urban planning to a serious unbundling of 

the utilities.  
 
Different actions besides the electricity production have to be taken. Energy saving 

measures, especially improved house insulations, effective heating devices and the 

replacement of old energy consuming household devices, have to be targeted. 

Besides the prevailing ground-mounted and roof-mounted systems, building 

integrated PV plants have to be considered. More information about this topic with 

technical and economical aspects and case studies provide Haas et al. (2002).  
 
With respect to the negative consequences of the current energy structure on the 

environment it has to be emphasised that enormous effort has to be undertaken 

worldwide to reach 100 % sustainable energy supply provided by renewable 

energies within the next decades. Otherwise unforeseeable climatic changes will be 

postponed to the next generation (Nakicenovic 2011). This effort should not be seen 

as an unbearable burden, but as a new economic chance for industrial nations and 

as an enormous chance for developing countries (Scheer 2010). Following the 

words of Stern (2006) „there is still time to avoid the worst impacts of climate change 

if strong collective action starts now“. Small-scale PV plants can contribute to a 

sustainable approach through its decentralised and modular character and are 

already competitive to the conventional energy supply in remote areas.  
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Annex A – Site visit Kornat 

15.03.2011 
Site visit Vrulje 
43° 48’ N, 15° 18’ E (Fugawi n.d.) 
 
15 houses and 3 restaurants 

The majority of the houses are inhabited constantly during the summer and partly in 

the winter (the local residents normally work and live on the mainland near Murter) 

3 inhabitants per house on average 

No room heating 

Only 3 houses have solar thermal collectors, no warm water preparation in the rest 

Diesel generators at each house with 5 to 15 kW nominal power and electric outlet 

of 12 and 230 V 

Some houses have a small number of PV modules (1 to 3 modules), connected with 

a battery system with approx. 100 to 200 Ah, to supply the 12 V-consumers (light 

bulbs, water pump, etc.) 

Restaurants run the diesel generator approx. 10 hours a day during summer time 

Cookers, stoves, refrigerators and freezers are operated with gas 

No washing machines or air condition 

Electric devices: Light bulbs, radio, television, water pump 
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16.03.2011 
Site visit Strižnja 
43° 49’ N, 15° 17’ E (Fugawi, n.d.) 
 
3 houses and 2 restaurants 

4 inhabitants per house on average, on the summer weekends up to 10 persons in 

the houses 

20 seats for guests in the restaurants 

No room heating, no warm water preparation 

Diesel generators with 5 to 6 kW at the restaurants, operation time during summer 

between 8 to 10 hours per day. 

 

Average diesel consumption approx. 3 litres per hour 

The houses have smaller generators with 2 to 3 kW nominal power. 

2 houses with additional PV modules (1 to 3 modules), connected with a battery 

system (180 Ah) 

All generators have a 12 and 220 V electric outlet to supply the different consumers.  

Refrigerator with 150 litres and freezer with 50 litres storage capacity are operated 

with 20 kg gas for 20 days.  

Cookers and stoves are heated with gas or wood (from the olive groves) 

No washing machines or air condition 

Electric devices: Light bulbs, radio, television, water pump 
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Annex B – Consumption and 
specifications of electrical 
devices 

Table 27: Energy consumers within the reference house 
Source: Author’s personal research results (2011) based on Gorenje (n.d. a and n.d. 
b) and Berger (2011a to 2010d) 
 

Device Producer
(Source) Article Nominal 

power (W)
Number of 

devices 

Sum 
nominal 

power (W)
Voltage

Freezer Gorenje (n.d. a) FH9438W 30.50 1 30.50 230

Refrigerator with 
integrated freezer Gorenje (n.d. b) RK4295W 37.80 1 37.80 230

TV Berger (2011a) TDD-1505 40.00 1 40.00 230

Radio Berger (2011b) Stereoradio 20.00 1 20.00 230

Water pump Berger (2011c) Shurflo 
Whisperking 60.00 1 60.00 12

Light bulbs Berger (2011d) 412540 11.00 15 165.00 12

Light bulbs Berger (2011d) 412550 15.00 5 75.00 12

Energy consumption 428.30

Energy consumers 
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Table 28: Annual energy consumption of the reference location 
Source: Author’s personal research results (2011)  

Device Nominal 
power (W) Amount

Sum 
nominal 

power (W)
Voltage (V) h/

d
kWh/

d
d/

mon.
kWh/
mon.

h/
d

kWh/
d

d/
mon.

kWh/
mon.

h/
d

kWh/
d

d/
mon.

kWh/
mon.

Freezer 30.50 1 30.50 230 0 0 0 0 0 0 0 0 0 0 0 0
Refrigerator with integrated freezer 37.80 1 37.80 230 24 0.91 31 28.21 24 0.91 28 25.48 24 0.91 31 28.21
TV 40.00 1 40.00 230 1 0.04 31 1.24 1 0.04 28 1.12 1 0.04 31 1.24
Radio 20.00 1 20.00 230 3 0.06 31 1.86 3 0.06 28 1.68 3 0.06 31 1.86
Water pump 60.00 1 60.00 12 1 0.06 31 1.86 1 0.06 28 1.68 1 0.06 31 1.86
Light bulbs 11.00 15 165.00 12 2 0.33 31 10.23 2 0.33 28 9.24 2 0.33 31 10.23
Light bulbs 15.00 5 75.00 12 3 0.23 31 7.13 3 0.23 28 6.44 3 0.23 31 7.13
Energy consumption 428.30 1.63 50.53 1.63 45.64 1.63 50.53

h/
d

kWh/
d

d/
mon.

kWh/
mon.

h/
d

kWh/
d

d/
mon.

kWh/
mon.

h/
d

kWh/
d

d/
mon.

kWh/
mon.

h/
d

kWh/
d

d/
mon.

kWh/
mon.

Freezer 0 0 0 0 24 0.73 15 10.95 24 0.73 30 21.90 24 0.73 31 22.63
Refrigerator with integrated freezer 24 0.91 30 27.30 24 0.91 31 28.21 24 0.91 30 27.30 24 0.91 31 28.21
TV 1 0.04 30 1.20 2 0.08 31 2.48 4 0.16 30 4.80 4 0.16 31 4.96
Radio 3 0.06 30 1.80 3 0.06 31 1.86 3 0.06 30 1.80 3 0.06 31 1.86
Water pump 1 0.06 30 1.80 2 0.12 31 3.72 3 0.18 30 5.40 4 0.24 31 7.44
Light bulbs 2 0.33 30 9.90 2 0.33 31 10.23 2 0.33 30 9.90 2 0.33 31 10.23
Light bulbs 3 0.23 30 6.90 2 0.15 31 4.65 1 0.08 30 2.40 1 0.08 31 2.48
Energy consumption 1.63 48.90 2.38 62.10 2.45 73.50 2.51 77.81

h/
d

kWh/
d

d/
mon.

kWh/
mon.

h/
d

kWh/
d

d/
mon.

kWh/
mon.

h/
d

kWh/
d

d/
mon.

kWh/
mon.

h/
d

kWh/
d

d/
mon.

kWh/
mon.

Freezer 24 0.73 31 22.63 24 0.73 30 21.90 0 0 0 0 0 0 0 0
Refrigerator with integrated freezer 24 0.91 31 28.21 24 0.91 30 27.30 24 0.91 31 28.21 24 0.91 30 27.30
TV 4 0.16 31 4.96 3 0.12 30 3.60 2 0.08 31 2.48 1 0.04 30 1.20
Radio 3 0.06 31 1.86 3 0.06 30 1.80 3 0.06 31 1.86 3 0.06 30 1.80
Water pump 4 0.24 31 7.44 3 0.18 30 5.40 3 0.18 31 5.58 1 0.06 30 1.80
Light bulbs 2 0.33 31 10.23 2 0.33 30 9.90 2 0.33 31 10.23 2 0.33 30 9.90
Light bulbs 1 0.08 31 2.48 2 0.15 30 4.50 2 0.15 31 4.65 3 0.23 30 6.90
Energy consumption 2.51 77.81 2.48 74.40 1.71 53.01 1.63 48.90

h/
d

kWh/
d

d/
mon.

kWh/
mon.

Freezer 0 0 0 0
Refrigerator with integrated freezer 24 0.91 31 28.21
TV 1 0.04 31 1.24
Radio 3 0.06 31 1.86
Water pump 1 0.06 31 1.86
Light bulbs 2 0.33 31 10.23
Light bulbs 3 0.23 31 7.13
Energy consumption 1.63 50.53

April

713.66 kWh

Device

Device

Device

August September

Sum

October November

December

Annual energy consumption

JulyMai June

January February March
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Annex C – Sun radiation and 
further calculation data 

 
Figure 15: Location Zadar/Zemunik 
Source: Google (2011) 

Table 29: Radiation data of Zadar/Zemunik  
Source: Retscreen (2010) 
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Figure 16: Location Šibenik 
Source: Google (2011) 

 
Table 30: Radiation data of Šibenik  
Source: Retscreen (2010) 
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Table 31: Srednja dnevna ozračenost prema jugu nagnute plohe [kWh/m²]  
Source: Matič (2007) 

Nagib 0° 

Mjesec 

U
ku

pn
o 

R
as

pr
še

no
 

Iz
ra

vn
o 

O
db

ije
no

 

Siječanj 1.62 0.82 0.80 0.00 

Veljača 2.61 1.12 1.49 0.00 

Ožujak 3.92 1.64 2.28 0.00 

Travanj 5.21 2.09 3.12 0.00 

Svibanj 6.22 2.49 3.73 0.00 

Lipanj 6.90 2.54 4.36 0.00 

Srpanj 6.90 2.39 4.51 0.00 

Kolovoz 5.92 2.18 3.74 0.00 

Rujan 4.68 1.68 3.00 0.00 

Listopad 3.33 1.26 2.07 0.00 

Studeni 1.89 0.91 0.98 0.00 

Prosinac 1.40 0.73 0.67 0.00 

Prosječno 4.22 1.66 2.57 0.00 

∑ [MWh/m²] 1.54 0.60 0.94 0.00 

 

Table 32: Mean daily sun radiation on a south orientated surface [kWh/m²]  
Source: Matič (2007) translation by the author (2011) 

Inclination 0° 

Month 

To
ta

l g
lo

ba
l 

ra
di

at
io

n 

D
iff

us
e 

ra
di

at
io

n 

D
ire

ct
 

ra
di

at
io

n 

R
ef

le
ct

ed
 

lig
ht

 

January 1.62 0.82 0.80 0.00 

February 2.61 1.12 1.49 0.00 

March 3.92 1.64 2.28 0.00 

April 5.21 2.09 3.12 0.00 

May 6.22 2.49 3.73 0.00 

June 6.90 2.54 4.36 0.00 

July 6.90 2.39 4.51 0.00 

August 5.92 2.18 3.74 0.00 

September 4.68 1.68 3.00 0.00 

October 3.33 1.26 2.07 0.00 

November 1.89 0.91 0.98 0.00 

December 1.40 0.73 0.67 0.00 

Average 4.22 1.66 2.57 0.00 

∑ [MWh/m²] 1.54 0.60 0.94 0.00 
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Table 33: Global horizontal irradiance (Wh/m²)  
Source: Satel Light (2011) 

 
 

Table 34: Radiation data for Vrulje at an inclination of 0° 
Source: Meteonorm (2008) 
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Table 35: Radiation data for Vrulje at an inclination of 15° 
Source: Meteonorm (2008) 

 
 

Table 36: Radiation data for Vrulje at an inclination of 30° 
Source: Meteonorm (2008) 
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Table 37: Radiation data for Vrulje at an inclination of 45° 
Source: Meteonorm (2008) 

 
 

Table 38: Radiation data for Vrulje at an inclination of 60° 
Source: Meteonorm (2008) 
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Table 39: Heat coefficients 
Source: Häberlin (2010) 
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Annex D – PV plant and battery 
dimensioning 

Table 40: Features of Solvis poly-crystalline modules  
Source: Solvis (n.d.) 

 



 
 
Annex D – PV plant and battery dimensioning   

-- xxxix -- 

 

Table 41: Solvis module performance under STC 
Source: Solvis (n.d.) 
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Table 42: PV plant configuration  
Source: Author’s personal research results (2011) 

kWh/
d

d/
mon.

kWh/
mon.

kWh/
d

d/
mon.

kWh/
mon.

Sun radiation F1 kWh/(m²*d) 1.65 2.50
Inclination F2 45° Factor 1.98 1.67
Heat coefficiant F3 roof-mounted Factor 0.98 0.98
Module efficiency F4 12.20 % Factor 0.12 0.12
Cable losses L1   6.00 % Factor 0.94 0.94
Conversion losses L2 10.00 % Factor 0.90 0.90
Mismatch losses L3 10.00 % Factor 0.90 0.90
Real energy yield F1xF2xF3xF4xL1xL2xL3 kWh/(m²*d) 0.30 31 9.30 0.38 28 10.64

Module surface of Solvis SV-36-125 1.03 m²
Amount of modules pieces 5.28 pieces 4.16 pieces
Max. amount of modules 5.28 pieces
Reserve 13.64 %
Final amount of Modules 6.00 pieces
Nominal power per module 125.00 Wp
Plant dimension 750.00 Wp

kWh/
d

d/
mon.

kWh/
mon.

kWh/
d

d/
mon.

kWh/
mon.

Energy production 750.00 Wp kWh/d 1.85 31 57.35 2.35 28 65.80
Daily surplus energy production 0.22 kWh min. 1.46 kWh max. kWh/d 0.22 0.72
Daily surplus energy production 13.50 % min. 89.57 % max. % 13.50 44.17

Power production
January February

January February
Dimensioning

January February
Energy yield

 



 
 
Annex D – PV plant and battery dimensioning   

-- xli -- 

kWh/
d

d/
mon.

kW h/
mon.

kWh/
d

d/
mon.

kWh/
mon.

kWh/
d

d/
mon.

kWh/
mon.

Sun radiation kWh/(m²*d) 3.87 5.07 6.32
Inclination Factor 1.38 1.14 0.99
Heat coefficiant Factor 0.95 0.93 0.91
Module efficiency Factor 0.12 0.12 0.12
Cable losses Factor 0.94 0.94 0.94
Conversion losses Factor 0.90 0.90 0.90
Mismatch losses Factor 0.90 0.90 0.90
Real energy yield kWh/(m²*d) 0.47 31 14.57 0.50 30 15.00 0.53 31 16.43

3.37 pieces 3.17 pieces 4.36 pieces

kWh/
d

d/
mon.

kW h/
mon.

kWh/
d

d/
mon.

kWh/
mon.

kWh/
d

d/
mon.

kWh/
mon.

Energy production kWh/d 2.90 31 89.90 3.09 30 92.70 3.28 31 101.68
Daily surplus energy production kWh/d 1.27 1.46 0.90
Daily surplus energy production % 77.91 89.57 37.82

kWh/
d

d/
mon.

kW h/
mon.

kWh/
d

d/
mon.

kWh/
mon.

kWh/
d

d/
mon.

kWh/
mon.

Sun radiation kWh/(m²*d) 6.87 6.90 6.00
Inclination Factor 0.94 0.96 1.08
Heat coefficiant Factor 0.89 0.87 0.88
Module efficiency Factor 0.12 0.12 0.12
Cable losses Factor 0.94 0.94 0.94
Conversion losses Factor 0.90 0.90 0.90
Mismatch losses Factor 0.90 0.90 0.90
Real energy yield kWh/(m²*d) 0.53 30 15.90 0.54 31 16.74 0.53 31 16.43

4.49 pieces 4.51 pieces 4.60 pieces

kWh/
d

d/
mon.

kW h/
mon.

kWh/
d

d/
mon.

kWh/
mon.

kWh/
d

d/
mon.

kWh/
mon.

Energy production kWh/d 3.28 30 98.40 3.34 31 103.54 3.28 31 101.68
Daily surplus energy production kWh/d 0.83 0.83 0.77
Daily surplus energy production % 33.88 33.07 30.68

Amount of modules
MaiDimensioning

March April
Energy yield

March April

March

June

April

Mai

Mai

Amount of modules

Energy yield

Power production

Power production

Dimensioning

AugustJune July

AugustJuly

AugustJune July
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kWh/
d

d/
mon.

kW h/
mon.

kWh/
d

d/
mon.

kWh/
mon.

kWh/
d

d/
mon.

kWh/
mon.

Sun radiation kWh/(m²*d) 4.70 3.39 1.93
Inclination Factor 1.30 1.57 1.83
Heat coefficiant Factor 0.91 0.93 0.97
Module efficiency Factor 0.12 0.12 0.12
Cable losses Factor 0.94 0.94 0.94
Conversion losses Factor 0.90 0.90 0.90
Mismatch losses Factor 0.90 0.90 0.90
Real energy yield kWh/(m²*d) 0.52 30 15.60 0.46 31 14.26 0.32 30 9.60

4.63 pieces 3.61 pieces 4.95 pieces

kWh/
d

d/
mon.

kW h/
mon.

kWh/
d

d/
mon.

kWh/
mon.

kWh/
d

d/
mon.

kWh/
mon.

Energy production kWh/d 3.21 30 96.30 2.84 31 88.04 1.98 30 59.40
Daily surplus energy production kWh/d 0.73 1.13 0.35
Daily surplus energy production % 29.44 66.08 21.47

kWh/
d

d/
mon.

kW h/
mon.

Sun radiation kWh/(m²*d) 1.55          1,547.00 kWh/m²
Inclination Factor 2.13
Heat coefficiant Factor 0.98
Module efficiency Factor 0.12
Cable losses Factor 0.94
Conversion losses Factor 0.90
Mismatch losses Factor 0.90
Real energy yield kWh/(m²*d) 0.30 31 9.30            163.77 kWh/m²

5.28 pieces

kWh/
d

d/
mon.

kW h/
mon.

Energy production kWh/d 1,85 31 57.35        1,012.14 kWh/p.a.
Daily surplus energy production kWh/d 0,22
Daily surplus energy production % 13.50

Amount of modules
December

December

November

December Radiation

Energy yield

October

October

Amount of modules

Energy yield

Power production

Power production

November

October NovemberDimensioning

September

September

Energy yield

September

Dimensioning
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Table 43: Battery dimensioning 
Source: Author’s personal research results (2011) 

Discharge rate 50 %
Voltage Un 12 V
Autonomy factor winter Fw 4.00 days Fw Fw Fw
Autonomy factor summer Fs 2.50 days Fs
Daily energy consumption 1.63 Wh/d 1.63 Wh/d 1.63 Wh/d 1.63 Wh/d
Battery capacity Cn 1,086.67 Ah 1,086.67 Ah 1,086.67 Ah 679.17 Ah

Battery dimensioning
Discharge rate
Voltage
Autonomy factor winter
Autonomy factor summer Fs Fs Fs Fs Fs
Daily energy consumption 2.38 Wh/d 2.45 Wh/d 2.51 Wh/d 2.51 Wh/d 2.48 Wh/d
Battery capacity 991.67 Ah 1,020.83 Ah 1,045.83 Ah 1,045.83 Ah 1,033.33 Ah

Battery dimensioning
Discharge rate
Voltage
Autonomy factor winter Fw Fw Fw
Autonomy factor summer
Daily energy consumption 1.71 Wh/d 1.63 Wh/d 1.63 Wh/d
Battery capacity 1,140.00 Ah Fw 1,086.67 Ah Fw 1,086.67 Ah

1,140.00 Ah
110.00 Ah

1,250.00 Ah

March

December

Mai June July

Battery dimensioning January February

Reserve
Battery-Dimensioning

=(2 x Wh/d x F)/Un

October

August September

Max. battery capacity

November

April
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Annex E – Diesel generator 
dimensioning 

 
Figure 17: Description diesel generator  
Source: Rotek (2007) 
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Table 44: Specification diesel generator  
Source: Rotek (2007) 

 
 
Table 45: Suggested diesel generator service intervals  
Source: Rotek (2007) 
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Table 46: Assumed diesel generator service intervals with time and cost estimations 
Source: Author’s personal research results (2011) based on Rotek (2007) 
 

Intervals

Time exposure 
(min)

Service works
Check switchboard connection
Check fuel, Refilling
Check tank sieve
Check oil, Refilling
Check oil leakage
Check cylinder head screw
Cleaning tank sieve 15 150 150
Change of oil 15 150 150 135 10 x 1.35 l oil, 10 € per litre oil
Fixing cyliner head screw 30 150 150
Change of air filter 15 75 75 100 20 € per filter
Cleaning of fuel filter 15 75 75
Adjusting of valves 30 150 150
Change of fuel lines 60 120 120 100 50 € per line set
Change of fuel filter 15 30 30 20 20 € per filter
Check compression and piston 
rings, replacement of piston rings, 
seating of valves

0 150 Work time, travel time, repair 
parts

2,725 505

5 1,825

Daily

Each 
time p.a.

Yearly

Each 
time p.a. Each 

time p.a.

Every 180 
hours Twice a year

Each 
time p.a.

Every 360 
hours

Assumptions

Professionist 
necessary

An
nu

al
 ti

m
e 

ex
po

su
re

 (m
in

)

An
nu

al
 c

os
ts

 (€
)

1,825

Each 
time p.a.
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Table 47: PV NPV calculation 
Source: Author’s personal research results (2011) based on Wellinger (2009) 
 

0 1 2 3 4 5 6 7 8 9 10

-4,263.61 -1,400.00

3,000.00

2.00 % 85.86 87.39 89.14 90.92 92.74 94.59 96.48 98.41 100.38 102.39

   Insurance 1.00 % -13.49 -13.62 -13.76 -13.90 -14.04 -14.18 -14.32 -14.46 -14.60 -14.75

   Rapairs 1.00 % -6.75 -6.82 -6.89 -6.96 -7.03 -7.10 -7.17 -7.24 -7.31 -7.38

65.44 66.95 68.49 70.06 71.67 -1,326.69 74.99 76.71 78.47 80.26

7.70 % 60.76 57.72 54.83 52.07 49.46 -850.11 44.62 42.38 40.25 38.22

-1,263.61 -1,202.85 -1,145.13 -1,090.30 -1,038.23 -988.77 -1,838.88 -1,794.26 -1,751.88 -1,711.63 -1,693.41

Annual price 
increase /

Discount rate

Periods
PV NPV calculation (€)

Cash flows

Discounted cash flows

Sum

Investment

Avoided costs

Revenues

Costs

 

11 12 13 14 15 16 17 18 19 20

-1,400.00 -1,400.00

2.00 % 104.44 106.53 108.66 110.83 113.05 115.31 117.62 119.97 122.37 124.82

   Insurance 1.00 % -14.90 5 -15.20 -15.35 -15.50 -15.66 -15.82 -15.98 -16.14 -16.30

   Rapairs 1.00 % -7.45 -7.52 -7.60 -7.68 -7.76 -7.84 -7.92 -8.00 -8.08 -8.16

82.09 -1,316.04 85.86 87.80 89.79 91.81 93.88 -1,304.01 98.15 100.36

7.70 % 36.30 -540.36 32.73 31.08 29.51 28.02 26.60 -343.08 23.98 22.76

-1,637.11 -2,177.47 -2,144.74 -2,113.66 -2,084.15 -2,056.13 -2,029.53 -2,372.61 -2,348.63 -2,325.87

PeriodsAnnual price 
increase /

Discount rate
PV NPV calculation (€)

Cash flows

Discounted cash flows

Sum

Investment

Avoided costs

Revenues

Costs
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Table 48: Diesel NPV calculation 
Source: Author’s personal research results (2011) based on Wellinger (2009) 

0 1 2 3 4 5 6 7 8 9 10

-1,396.65 -50.00 -175.44 -1,086.00 -175.44 -50.00

3,000.00

2.00 % 85.68 87.39 89.14 90.92 92.74 94.59 96.48 98.41 100.38 102.39

   O&M 1.00 % -505.00 -510.05 -515.15 -520.30 -525.50 -530.76 -536.07 -541.43 -546.84 -552.31

   Fuel 2.00 % -3,700.00 -3,774.00 -3,849.48 -3,926.47 -4,005.00 -4,085.10 -4,166.80 -4,250.14 -4,335.14 -4,421.84

-4,119.32 -4,246.66 -4,275.49 -4,531.29 -4,437.76 -5,607.27 -4,606.39 -4,868.60 -4,781.60 -4,921.76

7.70 % -3,824.81 -3,661.14 -3,422.46 -3,367.90 -3,062.56 -3,593.00 -2,740.63 -2,689.54 -2,452.63 -2,344.03

-1,603.35 -2,221.46 -5,882.60 -9,305.06 -12,672.96 -15,735.52 -19,328.52 -22,069.15 -24,758.69 -27,211.32 -29,555.35

Annual price 
increase /

Discount rate

Periods
PV NPV calculation

Cash flows

Discounted cash flows

Sum

Investment

Avoided costs

Revenues

Costs

 

11 12 13 14 15 16 17 18 19 20

-1,211.44 -50.00 -175.44 -1,086.00 -175.44

2.00 % 104.44 106.53 108.66 110.83 113.05 115.31 117.62 119.97 122.37 124.82

   O&M 1.00 % -557.83 -563.41 -569.04 -574.73 -580.48 -586.28 -592.14 -598.06 -604.04 -610.08

   Fuel 2.00 % -4,510.28 -4,600.49 -4,692.50 -4,786.35 -4,882.08 -4,979.72 -5,079.31 -5,180.90 -5,284.52 -5,390.21

-4,963.67 -6,268.81 -5,152.88 -5,300.25 -5,349.51 -5,626.13 -5,553.83 -6,744.99 -5,766.19 -6,050.91

7.70 % -2,194.98 -2,573.93 -1,964.47 -1,876.19 -1,758.24 -1,716.95 -1,573.71 -1,774.59 -1,408.61 -1,372.48

-31,750.33 -34,324.26 -36,288.73 -38,164.92 -39,923.16 -41,640.11 -43,213.82 -44,988.41 -46,397.02 -47,769.50

PeriodsAnnual price 
increase /

Discount rate
PV NPV calculation

Cash flows

Discounted cash flows

Sum

Investment

Avoided costs

Revenues

Costs
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Table 49: PV sensitivity analysis 
Source: Author’s personal research results (2011) 
 

€/kWh NPV € NPV % NPV
-50% 0.06 -2,824.09 -2,131.81 -194.07 3.85 -2,883.33
-40% 0.07 -2,724.41 -2,558.17 -620.43 4.62 -2,748.18
-30% 0.08 -2,624.79 -2,984.53 -1,046.79 5.39 -2,626.26
-20% 0.10 -2,525.25 -3,410.89 -1,473.15 6.16 -2,516.10
-10% 0.11 -2,425.51 -3,837.25 -1,899.51 6.93 -2,416.34
0% 0.12 -2,325.87 -4,263.61 -2,325.87 7.70 -2,325.87

10% 0.13 -2,226.23 -4,689.97 -2,752.23 8.47 -2,243.65
20% 0.14 -2,126.49 -5,116.33 -3,178.59 9.24 -2,168.82
30% 0.16 -2,026.88 -5,542.69 -3,604.95 10.01 -2,100.61
40% 0.17 -1,927.11 -5,969.05 -4,031.31 10.78 -2,038.33
50% 0.18 -1,827.67 -6,395.42 -4,457.68 11.55 -1,981.32

PV sensitivity analysis

Electricity price Initial investment costs Calc. interest ratePercentual 
change of 

parameters

 
 
Table 50: Diesel sensitivity analysis 
Source: Author’s personal research results (2011) 
 

€/kWh NPV €/l NPV % NPV
-50% 0.06 -48,267.73 0,63 -26,252.47 3.85 -67,709.85
-40% 0.07 -48,168.06 0,75 -30,555.94 4.62 -62,875.59
-30% 0.08 -48,068.45 0,88 -34,859.37 5.39 -58,515.76
-20% 0.10 -47,968.90 1,00 -39,162.64 6.16 -54,575.68
-10% 0.11 -47,869.17 1,13 -43,466.03 6.93 -51,007.51
0% 0.12 -47,769.50 1,25 -47,769.50 7.70 -47,769.50

10% 0.13 -47,669.88 1,38 -52,072.87 8.47 -44,825.24
20% 0.14 -47,570.12 1,50 -56,376.28 9.24 -42,142.67
30% 0.16 -47,470.54 1,63 -60,679.62 10.01 -39,693.75
40% 0.17 -47,370.77 1,75 -64,983.00 10.78 -37,453.71
50% 0.18 -47,271.30 1,88 -69,286.26 11.55 -35,400.93

Diesel sensitivity analysis

Electricity price Diesel price Calc. interest ratePercentual 
change of 

parameters
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Annex G – Scenarios 

Table 51: Comparison of scenario calculations 
Source: Author’s personal research results (2011) 

Scenario 
A

Scenario 
B

Scenario 
A

Scenario 
B

Scenario 
A

Scenario 
B

+ 1 % p.a. + 2.5 % 
p.a.

-5 % p.a., 
same 

efficiency

-5 % p.a., 
incr. 

efficiency

+ 2.5 % 
p.a.

+ 4.0 % 
p.a.

2008 0.10 0.10 0.10 0.69 0.69 0.69 1.04 1.04 1.04
2009 0.12 0.12 0.12 0.67 0.67 0.67 0.86 0.86 0.86
2010 0.12 0.12 0.12 0.66 0.66 0.66 0.98 0.98 0.98
2011 0.12 0.12 0.65 0.65 0.65 1.08 1.08 1.08
2012 0.12 0.12 0.63 0.62 1.10 1.12
2013 0.12 0.12 0.62 0.60 1.13 1.15
2014 0.12 0.13 0.61 0.57 1.15 1.19
2015 0.12 0.13 0.60 0.55 1.17 1.23
2016 0.12 0.13 0.59 0.53 1.20 1.27
2017 0.12 0.14 0.58 0.51 1.22 1.31
2018 0.12 0.14 0.57 0.49 1.24 1.35
2019 0.13 0.14 0.56 0.48 1.27 1.40
2020 0.13 0.15 0.55 0.46 1.30 1.45
2021 0.13 0.15 0.54 0.44 1.32 1.49
2022 0.13 0.16 0.53 0.43 1.35 1.54
2023 0.13 0.16 0.52 0.42 1.38 1.60
2024 0.13 0.16 0.52 0.40 1.41 1.65
2025 0.13 0.17 0.51 0.39 1.44 1.71
2026 0.14 0.17 0.50 0.38 1.47 1.77
2027 0.14 0.18 0.50 0.37 1.50 1.83
2028 0.14 0.18 0.49 0.36 1.53 1.89
2029 0.14 0.18 0.49 0.35 1.56 1.96
2030 0.14 0.19 0.48 0.34 1.60 2.03

2008-
2011

2008-
2011

Year

PV LRMC (€/kWh)Electricity price (€/kWh) Diesel LRMC (€/kWh)

2008-
2010

 


