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Abstract 

The aim of this thesis is to integrate renewable energy sources in villages on 

the arctic side. Most of locations on the arctic side in Russia are not connected to 

the central network system and have expensive power supplied by diesel 

generators. These locations, for example, the Koyda village, have rich wind energy 

potential. So, integration of wind turbines with diesel power system may decrease 

energy cost. In this master thesis, I research renewable energy potential in the 

Koyda village, consider integration of wind turbines with diesel power plant, 

simulate the hybrid power plant in MATLAB Simulink and make techno-economic 

analysis. I suggest obtaining more cost efficient power plant. After analysis of 

diesel power plant in the Koyda village and climate conditions I decided to 

upgrade the power plant with two wind turbines with capacity 60 kW each. It can 

decrease diesel fuel consumption from 79.5 ton to 22 ton a year. 

 

 

 

 

 

 

 

 

Key words 

Renewable energy sources, wind turbine, hybrid power plant, MATLAB Simulink, 

economic analysis.  
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1. Introduction 

Nowadays the environmental problems such as global warming and air 

pollution have a global scale. The stock of fossil fuels like gas, coal and oil is 

diminishing every year.  These factors touch all counties in the world and because 

of that the “green” power engineering is developing.  “Green” power engineering 

uses renewable energy sources: sun, wind, water flow, geothermal source and 

energy of bio-fuel.  

Full or fractional changeover to the renewable energy sources has a range 

of economic and ecological advantages. According to [1] this range includes: 

- Speed-down the growth of negative anthropomorphic impact on the 

environment and preventing climate change taking in account necessity 

to satisfy the growing energy needs. 

- Reducing of air pollution in the way of decrease the fossil fuel burning. 

Therefore, there will be heath maintenance of the population, decrease 

breathing system diseases risk, decrease state spending on health 

maintenance. 

-  Increase the supply decentralization, therefore its safety and reliability 

will increase. 

- Decrease costs on transmission and distribution of power and fuel and 

also losses in these processes [1]. 

In this master’s thesis, I analyze geography of the Arkhangelsk Region and 

the Koyda village where the power plant is proposed to be build. The geographical 

analysis includes: 

- Evaluation of climate conditions 

- Evaluation of solar energy potential 

- Determining of wind power characteristics on the territory 
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After studying natural conditions I analyze consumers’ characteristics. 

Based on these characteristics I will choose the corresponding equipment for 

power plant. Next, I will design the hybrid power plant and analyze its economic 

effectiveness. The electric scheme of power plant will be modeled in MATLAB 

Simulink. 
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2. Renewable energy sources in the region 

The main energy generators in Russia are thermal power plants. They 

generated 622.4 billion kWh of total 1073.7 billion kWh in 2017. Next are nuclear 

power plants with its generation billion 202.9 kWh and hydro power plants with its 

generation 187.4 billion kWh. The own power plants of industrial factories 

generated 60.3 billion kWh. The renewable power plants generated only 0.69 

billion kWh in 2017 [2]. As we can see, the part of renewable energy generation 

takes only 0.06% of all energy when thermal power plants generate 57.97% of all 

energy. The fuel mining and energy producing, transmission, distribution and 

consuming system is called fuel and energy complex (FEC). In economy of Russia 

it still takes the leading position. The complex produces about 25% of industrial 

production in Russia. FEC includes spheres of fuel industry (oil, gas, coal, schist, 

peat) and electric power industry. All spheres of the complex are related with each 

other. To account common volume of mined fuel and energy generation, its ratio, 

distribution between consumers the fuel-energy balance is plotted. It shows mining 

ratio of different kinds of fuel and generated power and its usage in industry. To 

calculate the balance, the different kinds of fuel are recalculated into indicative 

fuel. For 1 unit of indicative unit 1 kilogram of coal that gives 7000 kcal in burning 

is used. The FEC structure of Russia always changes. Before the 1970s the main 

part took coal. In 1970–1980s the main part took oil. In 1990s the main part took 

natural gas [3].  

Nowadays, the part of renewable energy generation in Russia is very small 

but it has a great potential. The outlook of cost-efficient renewable energy usage in 

Russia consists more than 30% of annual power consuming. However current part 

of renewable energy is only  

0.06%. To compare, Germany generated 151.57 billion kWh with renewable 

power plants in 2017. It is 37.5% of all generated power [4]. 

Regardless of there is dramatic renewable energy potential in Russia, the 

government started to be interested recently in this issue. The Order of the 



18 
 

Government of the Russian Federation in 2013 put forward the priority of 

increasing the volume of production and consumption of electric energy using 

renewable energy sources to 2.9% to 2020. 

The low level of renewable energy development is due to several reasons. The 

main reason is Russia since 1960 developed only traditional energy sources – coal, 

fuel and gas. The government orientated on producing and export of traditional 

energy resources. There were established fundamentals of renewable energy 

development in conditions of 1970s energy crisis in west Europe countries-

importers of energy resources. The overstock of energy resources did not induce 

Russia to pay attention to this issue.  

Russian government plans on increasing of renewable energy part has few 

brakes: 

1. Relatively low prices on energy resources and electricity; 

2. Oil and gas priority as the main energy resource in the inside consumption; 

3. The lack of ecological pressure on government from society; 

4. The lack of interested in renewable energy development companies in 

politic and economic fields. 

The government interest of renewable energy development related with 

necessity to develop far regions of the country. About 10% of Russian population 

has not access to central power and heat supply. The installation of wind power 

plants in the regions on Atlantic coast or PV power plants in the Altay region is 

more cost-effective than shipping the fuel by sea or building up network system. 

2.1 Description of the Koyda village 

The Koyda village is located on the north of Arkhangelsk region in the 

Mezenskiy district in Russia. Its population is 478 people, according to data of 

2017 year [5]. Nowadays, the village receives electric energy from diesel 

generators only. Its total capacity is 360 kW. The fuel is shipped by sea [6]. 
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Integration of renewable energy sources in the power supply system will help to 

decrease costs on fuel and will decrease CO2 emission. The Koyda village is 

presented on the map and a satellite shot of the Koyda village from Google Maps 

in Figure 1. 

 

Figure 1 – Location of the Koyda village [7] 

There are no rivers with dramatic water flow in the Koyda village, so, next, I 

will analyze solar and wind energy potential in the region. 

2.2 Potential of solar energy in Koyda 

I take the data about Archangelsk because it is the nearest point to the Koyda 

village where the data exists. According to “www.solbat.su” the year insolation of 

Arkhangelsk is 0.815 MW/m2. The monthly insolation data are in the Table 1. 

 

Table 1 - Monthly insolation in Arkhangelsk [8] 

Month Jan Feb Mar Apr May Jun Jun Aug Sept Oct Nov Dec 

Insolation, 

MJ/m2 
12 61 207 356 494 575 565 385 186 71 20 4 

Insolation, 

kWh/m2 
3.3 16.9 57.5 98.9 137.2 159.7 156.9 106.9 51.7 19.7 5.6 1.1 
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One MJ/m2 is equal to (1/3.6) kWh/m2. According to [1], the photovoltaic 

power plant will be effective if the yearly insolation per square meter is more than 

1000 kWh. If we calculate the annual insolation in the Koyda village presented in 

Table 1 than we will obtain 815.4 kWh/m2. This number is less than 1000 kWh, 

therefore it is not efficient to install solar power plant in the Koyda Village. 

2.3 Potential of wind energy in Koyda  

There is monthly average wind velocity in Table 2. The data are from the 

website of weather schedule accessible from “www.rp5.ru”. 

Table 2 – Monthly wind velocity in Koyda [9] 

Month Jan Feb Mar Apr May Jun Jun Aug Sept Oct Nov Dec 

Wind 

velocity, 

m/s 

7.19 6.47 7.08 6.53 5.98 5.31 4.23 5.05 5.52 5.25 5.75 6.00 

 

Repetition of wind velocities is an important power characteristic. It shows 

how many times in a month or year the same velocity was. The data of wind 

potential allocation are presented in Table 3. 
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Table 3 – Distribution of wind velocity over time [9] 

Wind 

velo-

city, 

m/s 

Jan, 

% 

Feb, 

% 

Mar, 

% 

Apr, 

% 

May, 

% 

Jun, 

% 

Jun, 

% 

Aug, 

% 

Sept

, % 

Oct, 

% 

Nov, 

% 

Dec, 

% 

Year 

% 

0-2 4.42 0.87 0.77 0.77 4.44 2.77 6.59 6.01 2.93 5.81 1.65 0.88 3.13 

2-4 
10.8

4 

11.7

4 
5.36 

10.8

1 
15.32 22.1 

29.8

4 

24.0

3 

25.1

0 

20.7

5 
8.23 

10.9

6 

16.0

8 

4-6 
14.0

6 

26.0

9 

19.9

2 

22.3

9 
26.61 30.8 

31.4

0 

32.1

9 

28.0

3 

28.6

3 

37.8

6 

26.7

5 

26.7

2 

6-8 
21.6

9 

32.1

7 

39.8

5 

36.2

9 
23.39 24.5 

24.8

1 

24.8

9 

18.4

1 

26.5

6 

36.2

1 

42.1

1 

29.9

5 

8-10 
28.5

1 

13.9

1 

14.1

8 

13.1

3 
20.56 13.0 6.20 8.58 

15.0

6 

12.4

5 

11.1

1 

13.6

0 

14.0

6 

10-12 
10.0

4 
9.57 

12.6

4 

13.1

3 
8.06 5.93 1.16 3.43 8.79 4.56 3.29 3.07 6.97 

12-13 6.43 5.22 5.36 2.32 1.21 0.79 0 0.86 1.26 1.24 1.23 1.32 2.25 

14-15 4.02 0.43 1.92 1.16 0.4 0 0 0 0.42 0 0.41 1.32 0.84 

 

There are 8760 hours in a year. To plot the graph of wind velocity distribution 

it is necessary to multiply values from the last column in Table 3 by 8760. The 

graph is presented in Figure 2. 

 

Figure 2 – Distribution of wind velocity over time 
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According to [1], the wind power plant will be effective if the yearly average 

wind velocity is more than 4 m/s. The yearly average wind velocity in the Koyda 

village is 5.86 m/s. 

Efficiency of wind power plant also related with area landscape. Wind power 

plant should have a clear, smooth fetch to the prevailing wind, over open water, 

smooth ground or on a smooth hill [10]. The Arkhangelsk Region represents wide 

lowland. It has the low-hill terrain with height up to 450 meters in the east and the 

chain of hills with height up to 350 meters in the west [11]. The Koyda village is 

situated in the north. Therefore, there are no any barriers for wind and it is justified 

to build here a wind power plant. 
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3. Possible configurations of hybrid power supply 

There are several configurations of hybrid power supply with renewable 

energy source. Most of them are a combination of renewable energy source and 

diesel generator. The diesel generator provides consumers with energy when there 

is lack of energy from RES (for example the wind is weak for wind power plant or 

at night for photovoltaic power plant). Also the configurations include storage 

battery. It keeps energy in case when the power plant generates more power than 

consumer needs. Next, I will describe every configuration in detail. 

3.1 Stand-alone renewable power plant 

Due to variable characteristics of energy consumption graphics and energy 

potential of RES, the configuration must include device for energy storage. The 

common structure of stand-alone wind and solar power plants is presented in 

Figure 3. 

 

Figure 3 – Stand-alone renewable power plant [1] 
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 Primary energy converter in this configuration is a wind turbine or a PV 

panel. It converts the energy of wind or the sun into electrical energy. We need the 

converter or rectifier of energy to make the voltage direct and equal to nominal of 

storage battery. The storage battery supplies the load through the stand-alone 

inverter. The inverter converts direct current to alternative. We need it because the 

most consumers use alternative current. Peak load power is determined by the 

power of battery and inverter. Average load power in the time period is determined 

by positive power balance of the battery, when its energy received from RES is 

more than energy transmitted to the load (taking into account efficiency 

coefficients and effective modes of power equipment, first of all – storage 

batteries). Ballast load takes extra power that the load and storage battery do not 

need in the current time period. 

Power plant needs an intelligent control system to provide energy-effective 

mode for the equipment. 

Power supply of decentralized districts only by RES is impossible because of 

dramatic daily wind and solar potential changes, those usually do not correspond to 

seasonal and daily changes of power consumption graphs. Field of use such 

configurations is limited of consumers with load less than 1 kW. 

3.2 Hybrid power plant with diesel power installation 

Combination of assured energy source – a diesel power installation and a non-

stable renewable source let to build multipurpose power plants for decentralized 

object with sustainable power supply and good technical and economic 

characteristics. 

 Power plant configuration with two energy sources, every of which can 

supply the consumers in determined intervals of time, has maximum opportunities 

to change diesel energy generation to renewable energy. Reduction of diesel part 

work time provides the maximum fuel economy and increase time of diesel 

generator exploitation. 
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The opportunity to turn off the diesel power installation in periods when the 

renewable energy source has high potential is reached with complicated 

configuration of hybrid power plant and control algorithms of its units. 

The common configuration of the hybrid power plant is in Figure 4. 

 

Figure 4 – Hybrid power plant with duplicate diesel power installation [1] 

The shown configuration of hybrid power plant allows to combine different 

power sources in alternative current bus. 

In period when the renewable energy source has high potential, the diesel 

power installation is turned off. Consumption and generation renewable energy 

distortion are damping by store of energy in batteries of the uninterruptible power 

source. It allows to decrease amount of starting the diesel power installation. 
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The energy sources can operate separately or in parallel with common load. It 

depends on relation between installed capacity of diesel and renewable power 

plants in hybrid complex. 

That separate operation mode means relatively big installed capacity of primal 

energy converter for renewable energy source. Therefore, instantaneous power of 

wind or solar power plant can be dramatically more than nominal load. To utilize 

extra electric energy, there is installed ballast load.  

The part of green energy in general power balance of this power supply 

system is usually more than 50%. 

3.3 Hybrid power plant with inverter diesel power installation 

In case of low capacity of renewable power plant, the load on diesel power 

installation increases. If there is lack of power from renewable energy source it 

makes sense to set parallel operation of renewable and diesel power installations. 

To perform such mode, it is necessary to improve the control algorithm for hybrid 

power plant by addition in the configuration next equipment: a multipurpose 

inverter, which can work as stand-alone and in parallel with network, synchronize 

devices. The configuration is presented in Figure 5. 
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Figure 5 – Hybrid Power Plant with Inverter Diesel power installation [1] 

The advantage of an inverter diesel power installation is reducing of fuel 

consumption during low load modes due to reducing of diesel generator rotation 

frequency.  

3.4 Hybrid power plant with direct current bus 

Usually, in hybrid power plant, the rectifying-inverting frequency converters 

are used as a voltage converter. The actual wind power plants include such 

converters. Due to this fact and generation the direct current by photovoltaic 

panels, it is possible to combine energy source in hybrid power plant based on 

direct current bus with rectifiers and voltage converters. The configuration is 

presented in Figure 6. 
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Figure 6 – Hybrid power plant with direct current bus [1] 

In case if the renewable source is wind turbine, the installation needs rectifier 

to convert DC to AC. Rectifiers are used after wind turbine and after diesel 

generator. In case if the renewable source is PV panel, after panel will be installed 

voltage converter to convert voltage value to nominal value of storage battery. 
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4. Designing wind-diesel power plant 

Wind energy has been used for several centuries, initially in the form of 

windmills used to provide power for milling grain and to drain low-lying land in 

the Netherlands and parts of England. These all but disappeared, however, as cheap 

electricity from large-scale power plants became widely available around the 

middle of the century. As we enter the twenty-first century wind power has made a 

comeback and is currently the most significant source of renewable energy [12]. 

In this chapter there will be description of equipment that is used in hybrid 

power plants. There are not only generation installations such as wind turbine and 

diesel generator, hybrid power plant also need specific equipment such as inverters 

and converters to transform the energy and distribute it between consumers. 

Hybrid power plant also needs storage batteries to collect extra energy and supply 

the consumers in periods of calm weather for wind turbines or at night for 

photovoltaic panels. 

4.1 Wind turbines 

Stand-alone wind turbine consists of generator, blades, hub, speed increaser 

or gear box, controller and tower. The construction of wind turbine is presented in 

Figure 7. The nacelle is the covering or enclosure. The output of the rotor, 

rotational kinetic energy, can be converted to electrical, mechanical, or thermal 

energy. Generally, it is electrical energy, so the conversion system is a generator 

[13]. General wind turbine has three blades fixed on the rotor. The spinning rotor 

generates three-phase alternative current that energizes the controller; next the 

current through the inverter converts into direct current and energizes the battery. 

The current charges the battery and also uses the battery as a conductor. Next, the 

current energizes the inverter, where it converts into one-phase current with 

voltage equal to 220 V and frequency equal to 50 Hz. The load is supplied by wind 

turbine. If there is not enough energy from wind turbine, the lack of energy is 

covered by storage battery. 
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Figure 7 – Scheme of wind turbine components [13] 

Cutting-edge wind turbines use the energy of wind effectively. With wind turbines 

we can not only provide the network with energy but solve power supply issues of 

local and island objects of any capacity.  

 

Wind turbines may be classified according to following characteristics: 

- Rotation axis; 

- Number of blades; 

- Material of blades; 

- Blade pitch. 

Rotation axis can be horizontal or vertical. The most widespread are 

horizontal wind turbines; its rotation axis is parallel to the ground. Construction of 
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horizontal wind turbines allows to rotate the “head” in the direction of wind flow 

and to change the angle of blades to use weak wind. 

Vertical wind turbines are less effective than horizontal. Its blades rotate 

parallel to the ground with any direction of wind flow. Wind turbine with such 

construction loses half of its power because half of its blades are rotating against 

wind. It dramatically reduces energy efficiency of the plant. The advantage of this 

installation: it is easy to install and serve because gear box and generator are 

located on the ground. The disadvantages: it is expensive and needs much space.  

Horizontal wind turbines more correspond for producing energy in industrial 

scale. They are use in system of wind power plants. Vertical wind turbines are 

usually used for small private facilities. 

Wind turbines may have different number of blades. Usually, wheel of wind 

turbine has two blades, three blades and 50 or more blades. The blades may be 

rigid or canvas. Pitch of the blades may be fixed or veriable. 

Because the power in the wind increases so rapidly, all wind turbines must 

have a way to dump power (not capture power) at high wind speeds. The methods 

of control are: 

1. Change aerodynamic efficiency 

- Variable pitch, feather or stall 

- Operate at constant RPM 

- Spoilers 

2. Change intercept area 

a. Yaw rotor out of wind 

b. Change rotor geometry 

3. Brake 
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a. Mechanical, hydraulic 

b. Air brake 

c. Electrical (resistance, magnetic) 

All of these methods have been used alone or in combination for control in 

high wind speeds and for loss of load control. There were two vertical-axis wind 

turbines where they actually changed the rotor geometry; one was a V shape that 

became flatter in high winds, and the other was a two-bladed gyro-mill where the 

rotor geometry changed by changing the length of the blades. A blade was 

designed where the length could be change as the outer part of the blade moved 

into the rest of the blade. 

For control in high winds, most small wind turbines and farm windmills have 

a tail to yaw the wind turbine out of the wind, to furl the rotor. This operation is 

also called furling. There are some wind turbines where the rotor is rotated about 

the horizontal axis for the high wind speed control, rather than yawed about the 

vertical axis. The results are the same; the intercept area has been decreased. 

A pitch control system is one method to control RPM, start up (need high 

torque), and overspeed. Blades are in the feather position (chord parallel to the 

wind) during shutdown, and when the brake is released, the feather position 

provides starting torque, and then the pitch is changed to the run position (pitch 

angle around 0°) as RPM increases. The blades are kept at the same pitch over a 

range of wind speeds, the run position. For high wind speeds and overspeed 

control, the blades are moved to the feather or stall position (blades perpendicular, 

negative pitch, to wind) to shut the unit down. The pitch can be changed to 

maintain a constant RPM for synchronous generators. For an induction generator, 

variable-speed generator, or alternator that operates over a range of RPM in the run 

position, over this range the tip speed ratio is constant, and the unit operates at 

higher efficiency. 
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For fixed-pitch blades, there are two possible operations, constant tip speed 

ratio (variable RPM), which is the maximum efficiency, and constant RPM. The 

blade has to have enough twist to produce torque for start-up, or the induction 

motor/generator starts the rotor at the cut-in wind speed. The constant RPM 

operation with induction generators means that the maximum efficiency is reached 

only at the design wind speed. Above rated power, the power output is controlled 

by the reduced aerodynamic efficiency, called stall control [13]. 

4.2 Inverters 

Inverter is a device which converts DC voltage to AC voltage. The form of 

voltage can be sinusoidal, close to sinusoidal or pulsed. Inverters are used as stand-

alone devices and as a part of uninterruptible power supply systems. 

In the actual power converting technologies the inverter is an intermediate 

link and its function is to convert the voltage with transformation in high frequency 

(in a score of tens and hundreds kHz). In the inverters the semiconductor switches 

are used that can conduct currents in the score of hundreds amps, also magnetic 

cores with special parameters and electronic microcontrollers (including resonance 

controllers). 

The objectives for inverters as for other power devices include: high 

efficiency factor, reliability, small size and weight. Also inverter must stand 

permissible level of higher harmonics in the input voltage and not to generate 

unacceptable high impulse noise for consumers. 

In the systems with integrated renewable power source to apply the power 

directly in the network the Grid-Tie inverters are used. Grid-Tie inverters – are 

inverters that can perform with industrial network in synchronous mode. 

When the voltage inverter works, the DC source periodically connects to the 

load circuit with alternating polarity. The frequency of connections and its duration 

is performed with control signal from controller. 
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The controller in inverter usually performs several functions: output voltage 

regulation, semiconductor switches work synchronization, protection the circuit 

from overload. Inverters are divided on two groups: stand-alone inverters (voltage 

inverters and current inverters) and dependent inverters (followed by network, 

Grid-Tie). 

Semiconductor switches of an inverter are performed by the controller. The 

switches have reverse shunting diodes. Output voltage, in dependence on current 

load, is regulated by high-frequency converter block with automatically changing 

of the pulse width. In the simplest case it is pulse width modulation. 

Half-waves of the output low-frequency voltage must be symmetrical so that 

the load circuits will not receive a significant DC component (it is especially 

dangerous for transformers). To perform it, pulse width of the low-frequency block 

is set to constant. 

In the controlling of inverter output switches, the algorithm is used, providing 

serial changing of the power circuit mode: positive, short-circuit, negative. 

The load instantaneous power magnitude on the inverter output has character 

of pulses with doubled frequency, because of that, the primal source must allow 

this mode, when it conducts pulsed current, and stand corresponding level of the 

noise (on the inverter output). 

The first inverters were mechanical only, but nowadays there are many 

configuration schemes of inverters with semiconductor base. There are three 

typical schemes: bridge without transformer, two-cycle with zero output of the 

transformer, bridge with transformer. 

The bridge without transformer is used in devices with capacity more than 

500 VA and in the automobile inverters. The two-cycle with zero output of the 

transformer is used for low-capacity uninterruptible power source (for computers) 

with capacity up to 500 VA, where the voltage on the back-up battery is 12 or 24 
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Volt. Bridge scheme with transformer is used in interruptible power sources with 

high capacity (in score of tens kVA). 

In voltage inverters with rectangle form of the signal there is the group of 

switches with reverse diodes which commutate in the order to provide the 

circulation of reactive power in the circuit in controlled mode. 

Relative width of control pulses or phase shift between control signals of 

groups of switches provide proportionality of output voltage. In non-controlled 

mode of reactive power circulation the consumer influence on the form and 

magnitude of voltage in the output of the inverter. 

In voltage inverters with stepped form in the output the initial high-frequency 

converter forms one-pole stepped voltage curve, roughly closed to sinusoidal form. 

Its period is equal to half of the period of output voltage. Next, bridge low-

frequency scheme convert the stepped curve in two halves of bipolar curve that 

looks like rough sinusoidal curve [14]. 

 

 

Figure 8 – Voltage in output of the inverter [14] 

In voltage inverters with sinusoidal form in the output the initial high-

frequency converter generates DC voltage closed in magnitude to amplitude of 

future sinusoidal curve in the output. Next, the bridge scheme with pulse width 
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simulation converts DC voltage to AC voltage with low frequency: every pair of 

transistors in every half-period of forming sinusoidal curve switches on several 

times according to harmonic law. Next, low-frequency filter extracts sinusoidal 

signal from this form. 

The simplest schemes of initial high-frequency converter in inverters are self-

maintained. They are quite simple in technical implementation and effective 

enough with low power (up to 20 W) for supplying consumers that are not 

sensitive to process of power transmission. Its frequency can be up to 10 kHz. 

A positive feedback in such devices is achieved by saturation of transformer 

core. However such schemes cannot be used for high power inverters, because the 

losses in the switchers increase, therefore efficiency factor decreases. Moreover, 

any short circuit in the output breaks auto-oscillations. 

More sustainable schemes of initial high-frequency converters are: flyback 

(up to 150 W), two-step (Up to 500 W), half-bridge and bridge (more than 500 W) 

with width pulse modulation controllers, in which the frequency achieves value of 

hundreds kHz. Load of the consumers in the Koyda village is more than 500 W, 

therefore th power plant needs inverter with half-bridge or bridge scheme, which 

described below. 

 

 

Figure 9 – Half-bridge circuit [14] 
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The work principle of the half-bridge scheme consists in one-at-a-time 

connection of transistors VT1 and VT2 to capacitors C1 and C2. Advantages of this 

scheme are low losses in power circuit due to commutation of one switch in every 

step. The capacitors keep the current balance and exclude asymmetric mode of 

transformer magnetizing. Moreover, in this scheme the backward voltage on the 

switchers is low, therefore this scheme can be used in high input voltage [14]. 

 

4.3 Batteries 

Storage systems can be classified into short-term storage for a few hours or 

days to cover periods of bad weather and long-term storage over several months. 

Long-term storage is usually used in PV power plants to compensate for seasonal 

variations in the solar irradiation in summer and winter. 

Secondary electrochemical elements are mainly used for storage over 

shortand medium-term periods; they are usually called batteries. For economic 

reasons, the lead-acid battery dominates the current market. When higher energy 

densities are needed due to weight considerations, for example, in laptop 

computers, other batteries such as nickel-cadmium (NiCd) or nickel-metal hydride 

(NiMH) are used. Other batteries such as sodium-sulphur (NaS) have been tested 

for use in electrical (battery-powered) vehicles but are no longer being developed. 

Table 4 summarizes the data for various types of rechargeable battery. 

Lead-acid battery 

Today, the most common battery for electricity storage is the rechargeable 

lead-acid battery. The main reason is cost. The car industry, especially, prefers 

lead-acid batteries. So called solar batteries have a slightly modified structure 

compared with car batteries and achieve longer lifetimes. However, the principle 

structure of the solar battery is similar to the car battery. It has two electrodes. In 

the charged state, the positive electrode consists of lead dioxide (PbO2) and the 
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negative electrode of pure lead (Pb). A membrane embedded in a plastic box 

separates the two electrodes. 

Battery self-discharge, which causes additional losses, reduces the system 

efficiency. The self-discharge rate increases with the temperature and is about 

0.3% per day or 10% per month at temperatures of 25°C. However, some battery 

types provide lower self-discharge rates. 
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Table 4 – Data for various types of rechargeable batteries [15] 

 Lead-acid NiCd NiMH NaS 

Positive 

electrode 
PbO2 NiOOH NiOOH S 

Negative 

electrode 
PbO Cd metals Na 

Electrolyte H2SO4+H2O KOH+H2O KOH+H2O -Al2O3 

Energy density 

(Wh/l) 
10–100 80–140 100–160 150–160 

Energy density 

(Wh/kg) 
25–35 30–50 50–80 100 

Cell voltage (V) 2 1.2 1.2 2.1 

Charge/discharge 

cycles 
500–1500 1500–3000 about 1000 about 1500 

Operating 

temperature (°C) 
0–55 -20 to 55 -20 to 45 290–350 

Self-discharge 

rate (%/month) 
5–15 20–30 20–50 0 

Wh efficiency 70–85% 60–70% 60–85% 80–95% 

 

The rechargeable battery should be protected against deep discharge or 

overcharging. If the battery is totally empty, crystalline lead sulphate is created. 

This type of lead sulphate is difficult to reconvert and some material will remain in 

the crystalline form. This damages the battery permanently. Therefore, deep 

discharge should be avoided in any case. This can be achieved in most cases by 

switching off the load at about 30% of the remaining capacity. At common 

operating conditions, this is equivalent to a battery voltage of about 11.4 V. Lower 

voltages for ending discharge can be chosen for higher discharge currents above 

I10%. In addition, if the battery is not used for a long time, damage as a result of 

deep self-discharge is possible. The battery should be recharged from time to time 

to minimize the risk of damage. 

If the lead-acid battery is continuously charged, it starts to produce gas at a 

voltage of 14.4 V; the electrolysis decomposes the water within the electrolyte into 

hydrogen and oxygen and these gases escape from the battery. Therefore, the 

battery must be refilled with water from time to time. Continuous strong gassing 
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can damage a battery. To protect the battery, charging should be stopped at 

voltages between 13.8 V and 14.4 V. However, it is advisable to charge lead-acid 

batteries until they begin gassing from time to time to mix the electrolyte 

thoroughly. The batteries should be placed in a dry room at moderate temperatures. 

Battery gassing can produce explosive oxyhydrogen, so good ventilation of battery 

rooms is essential [15]. 

 

Airproof lead-acid batteries 

The main difference from lead-acid batteries is that batteries do not extract 

gas. However airproof batteries are more sensitive to discharging voltage, because 

it is impossible to ventilate them, except of extreme cases (which can be reason of 

unfixable damage). Airproof batteries much more sensitive to high temperatures 

and can not be discharged for a long time in compare with lead-acid batteries. 

Therefore, charging of airproof batteries should be strictly controlled. Sometimes 

airproof batteries need additional regulator with temperature compensation [1]. 

Other rechargeable batteries 

Other more expensive rechargeable battery types such as NiCd or NiMH are 

used in addition to the lead-acid battery. They have the advantages of higher 

energy density, fast charging capability and longer lifetime.  

Nickel-cadmium (NiCd) batteries have the following advantages compared 

with lead-acid batteries: 

• higher cycle number 

• larger temperature range 

• possibility of higher charge and discharge currents 

• fewer problems with deep discharge. 
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On the other hand, NiCd batteries have the disadvantages of higher costs and 

the so called memory effect. If charging of a NiCd battery is stopped before the 

full capacity is reached, the capacity decreases. Repeated full charging and 

discharging partly counteracts the capacity reduction; however, the memory effect 

is one of the most important problems for this type of battery. Materials used in the 

production of NiCd batteries are the metals nickel and cadmium. 

The nominal voltage of a NiCd cell of 1.2 V is lower than that of a lead-acid 

battery cell. NiCd batteries are mainly used as household batteries as well as for 

laptops or electric cars. One major disadvantage of NiCd batteries is the use of 

environmentally problematic materials. It surely cannot be avoided that constituent 

materials of disposed batteries are released into the environment after the end of 

the battery’s useful life. Cadmium accumulates in the food chain, and in human 

bodies, because it is excreted only partially. High cadmium contamination can 

cause organ damage or cancer. 

Nickel-metal hydride (NiMH) batteries are much less environmentally 

problematic. Applicable metals are nickel, titanium, vanadium, zirconium or 

chrome alloys. However, small amounts of toxic materials are also used for these 

batteries. The electrolyte is diluted potash lye, the same as for NiCd batteries. 

Besides good environmental compatibility, NiMH batteries have further 

advantages compared to NiCd batteries such as higher energy density and the 

absence of the memory effect. Disadvantages are the smaller temperature range 

and the high self-discharge rate (about 1% per day). Since the cell voltage of 1.2 V 

is the same as for NiCd batteries, NiMH batteries can easily replace NiCd batteries. 

Estimation of the state of charge for NiCd and NiMH batteries is more 

complicated compared with lead-acid batteries. The temperature influence is 

greater and the voltage of a fully charged NiCd or NiMH battery even decreases a 

little. 
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Other rechargeable battery types such as sodium-sulphur (NaS) batteries 

promise advantages of higher energy densities; however, problems with high 

operating temperatures and dangerous materials such as sodium have not yet been 

resolved fully. Because only prototypes of these batteries exist, they are not 

discussed in detail [15]. 

4.4 Diesel generators 

Diesel generators – sometimes called generating sets or “gensets” – are relied 

upon by many businesses and other organizations to supply the electrical power 

they need during cuts, brownouts, or any other interruption to mains power. There 

are many different types and configurations of generators, but they all work 

essentially the same way, and have the same core components. 

Engine 

This is typically a diesel engine, much like that in a large vehicle, the bigger 

the source of mechanical energy, the more electrical power can come out ‘the other 

end’. 

Alternator 

This is the part which turns the mechanical energy (the rotation of the shaft) 

into electrical power through induction. The ‘how’ of the alternator is one of the 

most fascinating parts of a generator. Faraday discovered (or at least described) the 

process of “electromagnetic induction” in the early 1830s. This principle holds that 

if you move a wire (or any electrical conductor) through a magnetic field, an 

electric current is ‘induced’ in the wire. The same is true if the wire is still and the 

magnetic field moves. Simply moving through a magnetic field causes the 

electrons to flow through the wire. If the wire moves North-South, the electrons 

flow one way, and if it moved back south-north, they flow into the other. The 

stronger the field and the longer the wire, the greater the amount of current 

induced. Modern generators work by placing several large, powerful magnets in a 
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cluster around a central, rotating shaft. This is called the ‘rotor’ or ‘armature’. The 

magnets might be permanent magnets or electromagnets, but the point is that they 

produce a magnetic field, which the engine causes to turn. The other important 

sub-component of the alternator is the ‘stator’, which is essentially a series of 

tightly bundled coils of wire, all packed closely around the rotor. When an outside 

force (such as a diesel engine) turns the central shaft, the rotor constantly moves 

the north and south poles of its magnetic field(s) across the bundles of wire that 

surround them. This causes a great deal of electrical current to flow back and forth 

through the wires – what we call “alternating current” or “AC” mains power. 

Fuel System 

This is typically the diesel fuel supply for the engine. The most obvious part 

is a tank holding enough fuel for at least 6-8 hours of operation. This tank may be 

inside the generator housing for smaller, or portable units, or it may be a separate 

external structure for larger, permanently installed units. Other parts of the fuel 

system involve pipe-work to get the fuel to the engine, a fuel pump similar to the 

one in most vehicles, a fuel filter, and a ventilation pipe or valve for the fuel tank, 

preventing overpressure or vacuum inside. There will also be an overflow 

connection ensuring that if the tank is overfilled, the fuel is channeled away, and 

not simply splashed over the surface of the engine or alternator. 

Voltage Regulator 

This is a fairly complex but important component. Without it, the voltage and 

amperage of the AC current provided would vary according to the speed of the 

engine. As modern electrical equipment relies on a very steady power supply, 

something is required to level it out. The workings of a voltage regulator are quite 

ingenious and are beyond the scope of this article. It is probably enough to know 

what it does, for now. 

Cooling System 
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Just like in a vehicle, the engine produces a great deal of waste heat in 

addition to mechanical energy. The power flowing through the alternator also 

produces heat via the electrical resistance of the wires themselves. Again, like in 

your car, this heat is soaked up by a coolant fluid, often but not necessarily water, 

which then runs through a heat exchanger, dumping its heat typically into the air, 

or sometimes into a secondary coolant fluid. 

Exhaust System 

All internal combustion engines produce exhaust gases. These are toxic and 

must be directed away from the engine itself and any nearby people. Exhaust gases 

are typically channeled through pipes, and vented into the outside air. There are 

typically health and safety regulations about how and where exhaust systems must 

be channelled, so consult these carefully before installing a new generator. 

Lubrication (Oil) System 

Any engine requires lubrication, and this is handled by an oil pump and 

reservoir attached to the engine itself. 

Starter & Battery System 

Again, just like in a car or lorry, the diesel motor relies on a small electrical 

motor to start running. This electrical starter motor is powered by a battery, which 

is charged by either a separate charger or the generator output itself. 

Control Panel 

The control panel is where the generator is operated. Typical controls & 

outputs included on most control panels are: 

- Start / shutdown controls (manual, automatic, or both) 

- Phase selector switch 

- Frequency switch 
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- Engine mode switch 

- Engine fuel 

- Engine oil 

- Engine speed 

- Coolant temperature 

- Battery charge 

- Generator output voltage 

- Generator output current (amperage) 

- Generator Output in kVA 

- AC power frequency 

Frame or Housing 

The genset will either be contained in a weatherproof housing, an open 

structural frame, or a transportable unit. All of these function to keep the 

components together and solidly attached. It also ensures that all electrical 

components are safely grounded [16]. 
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5. Technical analysis of wind-diesel power plant 

The weather conditions and landscape of the Koyda village were evaluated. 

The results show that it is a good place for wind power plant. The required 

equipment for hybrid power plant was determined and now I am going to design a 

wind-diesel power plant. Wind turbines can be directly connected to consumers but 

usually generating power and consuming power are not equal. Therefore, the wind 

turbines will be connected to consumers through batteries and power control boxes 

which are also connected with diesel generator. 

5.1 Determination of consumers’ load 

Before selection of the equipment for power plant, we need to determine load 

graph of the consumers. There is no any information about an accurate load graph 

of the Koyda village, but we can calculate it with usage of typical load graph for 

decentralized objects [1] and information about installed diesel capacity that I 

mentioned above. Its capacity is 360 kW (Pinst) [6]. According to [1], capacity of 

diesel installation must be equal to 1.25 of maximum load (Pmax). If we know the 

capacity we can calculate maximum load: 

𝑃𝑚𝑎𝑥 =
𝑃𝑖𝑛𝑠𝑡

1.25
=

360

1.25
= 288 𝑘𝑊 (1) 

 

To plot typical load graph, we estimate load in approach of multiplying 

capacity of the power plant by coefficients. There are coefficients for months and 

hours in winter and summer period. The coefficients are presented in Tables 5 and 

6. 

Table 5 – Month coefficients 

Month Jan Feb Mar Apr May Jun Jun Aug Sept Oct Nov Dec 

Coefficient 1 1 0.8 0.8 0.8 0.7 0.7 0.7 0.9 0.9 0.9 1 
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Table 6 – Hour coefficient for winter and summer period 

Hour 1 2 3 4 5 6 7 8 

Winter 

period 
0.25 0.25 0.25 0.25 0.25 0.35 0.5 0.6 

Summer 

period 
0.15 0.15 0.15 0.15 0.175 0.21 0.28 0.31 

Hour 9 10 11 12 13 14 15 16 

Winter 

period 
0.4 0.3 0.3 0.35 0.4 0.3 0.3 0.3 

Summer 

period 
0.28 0.21 0.21 0.21 0.24 0.21 0.21 0.21 

Hour 17 18 19 20 21 22 23 24 

Winter 

period 
0.4 0.7 1 0.95 0.7 0.5 0.35 0.3 

Summer 

period 
0.21 0.21 0.25 0.28 0.5 0.7 0.42 0.18 

 

All load data are presented in Appendix 1 and according to this data we plot a 

daily load graph: 

 

Figure 10 – Daily load graph of the Koyda village (blue is for winter period, 

red is for summer period) 
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Also plot yearly load graph: 

 

Figure 11 – Yearly load graph of the Koyda village 

All data for consumers have been determined. Next step is selection of the 

equipment. 

5.2 Determination of wind turbine characteristics 

Now we can select wind turbine. I consider several variants: two, three or four 

wind turbines “CONDOR AIR WES 380/50-60”; eight, eleven or fifteen wind 

turbines “Falcon Euro” (20 kW); or combination of these turbines: three turbines 

CONDOR and two turbines Falcon. Its technical parameters are presented in 

Appendix 2. The wind turbine characteristics are presented in below. 
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Figure 12 – Wind turbine characteristic for “CONDOR AIR WES 380/50-60” 

[18] 

This characteristic show how the power generation changes in dependence on 

wind velocity. As we may see, turbine CONDOR operates with maximum 

efficiency with wind velocity 9 or more. Turbine Falcon operates with maximum 

efficiency with wind velocity 9 or more. 

 

Figure 13 – Wind turbine characteristic for “Falcon Euro” (20 kW) [18] 

According to Figure 13, turbine Falcon operates with maximum efficiency 

with wind velocity 11 or more. Turbine Falcon operates with maximum efficiency 

with wind velocity 11 or more. 
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We need to calculate how much load the wind turbine can cover. To calculate 

this, we need wind velocity and loads of every month. The wind velocities are 

already calculated and the results are presented in Table 2. Plot the graph 

according to Table 2: 

 

Figure 14 – Average month wind velocities 

Now we can calculate how much electricity the wind turbine produces. All 

data are presented in Table 7. 

Table 7 – Electricity produced by wind turbine “CONDOR AIR WES 380/50-60” 

Month Jan Feb Mar Apr May Jun Jun Aug Sept Oct Nov Dec 

1 turbine 

produces 

per 1 hour, 

kWh 

43.3 36.6 42.3 37.2 32.1 25.9 15.9 23.5 27.8 25.3 30 32.3 

1 turbine 

produces 

per 1 

month, 

MWh 

32.2 24.6 31.4 26.7 23.9 18.6 11.8 17.5 20.0 18.8 21.6 24.0 

Load 

graph 

coverage 

(1 

turbine), 

% 

35.2 29.8 42 63.4 54.8 50.5 31.1 45.9 42.2 38.5 27.1 26.2 
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Table 7 – Electricity produced by wind turbine “CONDOR AIR WES 380/50-60” 

Load 

graph 

coverage 

(2 

turbines), 

% 

70.4 59.6 85.9 126 109 101 62.2 91.8 84.5 77 54.2 52.5 

Load 

graph 

coverage 

(3 

turbines), 

% 

106 89.4 129 190 164 151 93.4 137 126 115 81.3 78.8 

Load 

graph 

coverage 

(4 

turbines), 

% 

141 119 172 254 219 202 125 184 169 154 108 105 

 

According to Table 7, the more turbines will be installed the more will be 

coverage of the load by wind turbines. However the more wind turbines, the more 

extra energy is generated. 

It is necessary to make the same calculations for wind turbine “Falcon Euro” 

(20 kW). All data are presented in Table 8. 
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Table 8 – Electricity, produced by wind turbine “Falcon Euro” (20 kW) 

Month Jan Feb Mar Apr May Jun Jun Aug Sept Oct Nov Dec 

1 turbine 

produces 

per 1 hour, 

kWh 

11 9.34 10.8 9.48 8.19 6.61 4.07 6.00 7.11 6.47 7.65 8.24 

1 turbine 

produces 

per 1 

month, 

MWh 

8.21 6.28 8.02 6.83 6.09 4.76 3.03 4.46 5.12 4.81 5.5 6.13 

Load graph 

coverage (1 

turbine), % 
8.97 7.59 11 16.2 14 12.9 7.94 11.7 10.8 9.81 6.91 6.70 

Load graph 

coverage (8 

turbines), % 
70.4 59.6 85.9 126 109 101 62.2 91.8 84.5 77 54.2 52.5 

Load graph 

coverage 

(11 

turbines), % 

106 89.4 129 190 164 151 93.4 137 126 115 81.3 78.8 

Load graph 

coverage 

(15 

turbines), % 

141 119 172 254 219 202 125 184 169 154 108 105 

 

It is also necessary to make calculations for combination of different turbines. 

The data are in Table 9. 

Table 9 – Electricity, produced by wind turbines “Falcon Euro” (20 kW) and 

“CONDOR AIR WES 380/50-60” 

Month Jan Feb Mar Apr May Jun Jun Aug Sept Oct Nov Dec 

Load graph 

coverage (3 

CONDOR+

2Falcon 

turbines), % 

124 105 151 223 192 178 109 161 148 135 95 92 
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If coverage of the load is more than 100% there is extra energy and it is 

consumed by ballast load. 

5.3 Calculation of diesel fuel consumption 

Diesel generator is already installed in the Koyda village but there is no 

information about diesel generator model. The only data available is its capacity – 

360 kW. However, it is possible to take analogue, for example diesel power station 

Green Power GP505A/P (360 kW). Its rated fuel consumption is equal to 0.27 

liters per kWh or 232 gram per kWh. 

Except for rated fuel consumption there is real fuel consumption which 

depends on load and can be calculated with the following formula [1]: 

𝐺1 = 𝐾𝑛𝑙𝐺𝑟 + (1 − 𝐾𝑛𝑙)𝐺𝑟

𝑃1

𝑃𝑟
, (2) 

Where 

G1 – real fuel consumption; 

Gr – rated fuel consumption; 

Knl – no load fuel consumption coefficient (Knl=0.3); 

P1 – load on the generator; 

Pr – rated capacity of the generator (Pr =360 kW). 

If we know rated fuel consumption for respective load mode and volume of 

generated energy, we can calculate volume of consumed fuel for the period of time 

with following formula [1]: 

𝑄𝑓 = 𝐺1𝑊, (3) 

Where 
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W – energy, generated in day, month or year. 

A summary of load data in Appendix 1 are used in formulas (2) and (3). Then, 

we obtain that 79504 kg of fuel the diesel generator consumes a year to satisfy 

consumer needs. 

As example, take two wind turbines “CONDOR AIR WES 380/50-60”. I 

summarize data of load in Appendix 1 and data of load coverage by wind turbines 

in Table 7 and put in formulas (2) and (3) we obtain 16500 kg of fuel the diesel 

generator consumes a year to satisfy consumer if the power plant is upgraded with 

two wind turbines. Fuel consumption for other variants is presented in Table 10. 

Table 10 – Fuel consumption in a year 

Variant of 

wind 

installation 

composition 

2 WT 

CONDOR 

(60 kW) 

3 WT 

CONDOR 

(60 kW) 

4 WT 

CONDOR 

(60 kW) 

8 WT 

Falcon 

(20 kW) 

11 WT 

Falcon 

(20 kW) 

15 WT 

Falcon 

(20 kW) 

3 WT 

CONDOR 

(60 kW) + 

2 WT 

Falcon 

(20 kW) 

Fuel 

consumption, 

t/year 

16.5 3.6 0 16.5 3.6 0 0 

 

It is not obviously, which composition is the most efficient. From one side we 

can save money on fuel if we upgrade the power plant with wind turbines. From 

the other side we have to spend money for new installation. To decide, I analyzed 

the projects with AGREPREF method. The detailed analysis is presented in the 

next section. 

5.3 Determination of optimal capacity for wind installation with 

AGREPREF method 

AGREPREF method is based on an aggregation of partial preferences of 

particular solutions. Method uses two thresholds during ordering process – 

indifference threshold and preference threshold. Indifference threshold is defining 

the minimum sum of criteria weights, according to which two solutions (x, y) are 
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indifferent, to consider whole x R y relation as indifferent. Preference threshold 

represents the desired difference between the sum of the criteria weights, according 

to which the solution x is outranking solution y, and the sum of the weights 

according to which the solution y outranks solution x. Values of both thresholds 

are within the range (0, 1). There is one more threshold – . It is determined by 

decision maker. When we compare two projects, and its difference less than , the 

projects are equal [19]. 

I decided to analyze variants with three criteria:  

- Money for the project – should be minimized (weight – 0.45);  

- Coverage of the load by wind turbines – should be maximized (weight – 

0.35); 

- Extra energy – should be minimized (weight – 0.2). 

I take money for the project as investment multiplied by annuity payment 

factor plus costs for duel. Actually, there are more inputs but for primal analysis it 

is enough. Detailed economic analysis is presented in Section 7. Annuity payment 

factor can be calculated with following formula [23]: 

𝑎𝑡 =
(1 + 𝑟)𝑇 ∙ 𝑟

(1 + 𝑟)𝑇 − 1
, (4) 

 

Where 

r – Discount rate, equal to 0.0847 (its calculation is presented in Section 7); 

T – Lifetime of the project, equal to 20 years. 

𝑎𝑡 =
(1 + 0.0847)20 ∙ 0.0847

(1 + 0.0847)20 − 1
= 0.1057 (5) 

 

Data for price of equipment I take from next catalogues: EDS Group [18], 

Optimal communications [19], Storage batteries shop [20]. 
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According to [28], one ton of fuel costs 47000 RUB and its shipping is 26000 

RUB per ton. Therefore, total cost for one ton of fuel is 73000 RUB. I summarize 

data of Tables 7-10 and the information above and write it down Table 11. 

Table 11 – Initial table for AGREPREF method 

Variant 
Wind power 

installation 

Investment∙at + 

Fuel costs, RUB 

(MIN) 

Coverage, % 

(MAX) 

Extra Energy, % 

(MIN) 

V1 2xCondor 2 482 624 74 2 

V2 3xCondor 2 179 987 93.6 20.5 

V3 4xCondor 2 556 249 100 52 

V4 8xFalcon 3 232 249 75 2.6 

V5 11xFalcon 3 050 955 91.2 15.5 

V6 15xFalcon 3 802 029 100 45.4 

V7 
3xCondor + 

2xFalcon 
2 460 624 98.5 35 

  200 000 5 15 

Weight  0.45 0.35 0.2 

 

Level of indifference is equal to 0.65. Level of preference is equal to 0.45. 

The solution matrices are presented in Appendix 3. According to these matrices we 

can plot tree of preferred variants and determine the best one. The tree is presented 

in Figure 15. 

 

Figure 15 – Tree of preferred variants 
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According to Figure 15, the most efficient project is V2. In other words – 

three wind turbines “CONDOR AIR WES 380/50-60”. 

 

Figure 16 – Load coverage by wind turbines 

According to graph in Figure 16, the average load coverage by wind turbines 

is 93.6%, minimum – 78.8% in December and maximum – 190.42% in April. The 

extra energy will be consumed by the ballast load. The lack of energy is 45593 

kWh. This energy will be supplied by diesel generators.  

5.4 Configuration of wind-diesel power plant 

Purpose of designing the wind-diesel power plant is to generate power with 

wind installation and thus decreasing of fuel consumption. Diesel-generator 

compensates the lack of energy from wind turbines. To perform this, the diesel-

generator should have an automatic transfer switch system sensitive to changing of 

load. Generation and peak load coverage in transient modes are performed with 

power blocks “Delta” NH PLUS 20 kVA (3-phase - 3-phase) and storage batteries.  

Power block “Delta” is and uninterruptible power source. Storage batteries 

“Delta” GX12-200 have a buffer function. Power blocks “Delta” are installed in 

special power control boxes. 

In case when there is lack of energy from wind turbines, power block starts 

diesel generator. When there is enough energy from wind turbines, the diesel-
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generator switches off. Automatic transfer switch changes the network of wind 

turbines and diesel-generator. While diesel-generator works, the storage batteries 

charge. 

Below, configuration of the wind-diesel power plant is presented: 

 

Figure 17 – Configuration of wind-diesel power plant 

Wind velocity always changes in time. Therefore, torque of wind turbine 

wheel changes. It may be the cause of voltage deviation. To avoid it, the power 

plant needs uninterruptible power source, which will control the voltage value [17]. 

Uninterruptible power sources “Delta” provide supply for load from wind turbines 

through rectify-inverter converter and extra energy is collected in the storage 

batteries. In periods of calm weather, the load is supplied from storage battery. The 

diesel-generator starts in case of low charge of batteries. It supplies consumers and 

charges batteries through charge controllers “EDS60”. 

All equipment of the power plant that we need to buy and install is presented 

in Table 12. 

Table 12 – Equipment in the wind-diesel power plant 
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Equipment Amount Lifetime, 

years 

Price, RUB Total price, 

RUB 

Wind turbine 

CONDOR AIR 

WES 380/50-60, 60 

kW [18] 

3 20 3 150 000 9 450 000 

Power block 

“Delta” NHPLUS 

20 kVA [20] 

12 20 214 400 2 572 800 

Power control box 

“Delta” for 

NHPLUS up to 80 

kVA [20] 

3 20 556 800 1 670 400 

Lead-acid airproof 

storage batteries 

“Delta” GX12-200, 

12V, 200Ah, size: 

522x238x218, 

weight: 65kg [21] 

80 

 
12 42 400 5 088 000 

Charge controller 

“EDS60” [20] 
3 20 201 300 402 600 

Automatic transfer 

switch [20] 
1 20 478 800 478 800 

Total cost 19 662 600  RUB 

5.5 Carbon emission calculation 

To estimate annual CO2 emission I used the following formula [23]: 

𝐸 = 𝑀 ∙ 𝐾1 ∙ 𝑇𝑁𝑉 ∙ 𝐾2 ∙
44

12
 , (6) 

Where 

M – real fuel consumption (t/year); 

K1 – carbon oxidation coefficient (0.99); 

TNV – thermal net value (43.02 GJ/t); 

K2 – carbon emission coefficient (19.98 t/TJ); 

44/12 – coefficient of recalculation carbon into CO2. 

The designed wind-diesel power plant consumes 3600 kg of fuel annually. 

Power plant without wind turbines consumes 79 504 kg. Now it is possible to 

calculate carbon emission by both power plants. Calculation for diesel power plant: 
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𝐸 = 79.504 ∙ 0.99 ∙ 43.02 ∙
19.98

1000
∙

44

12
= 249.1 𝑡  (7) 

Calculation for wind-diesel power plant: 

𝐸 = 3.6 ∙ 0.99 ∙ 43.02 ∙
19.98

1000
∙

44

12
= 11.3 𝑡 (8) 

Therefore, with wind turbines we can decrease carbon emission in the 

atmosphere by 237.8 t a year or by 95%. The suggestion of using three wind 

turbines “CONDOR AIR WES 380/50-60” will allow polluting less the 

environment. 
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6. Modeling of wind turbine generator in MATLAB Simulink. 

Before installation of the equipment for wind-diesel power plant, it is worth to 

create a computer model and look how it performs. MATLAB Simulink is a good 

tool for designing model of electric part in wind-diesel power plant. 

Model of wind turbine consists of two parts: mechanical part of wind turbine 

and synchronous generator with permanent magnets. The schemes are presented 

bellow. 

 

Figure 18 – Scheme of mechanical part of wind turbine 

The scheme in Figure 18 has three inputs and two outputs. The inputs are: w – 

rotation speed, rad/s; Vw – wind speed, m/s; Beta(grad) – angle of blade, deg. The 

outputs are: Pm – mechanical power of the turbine, W; Mm – mechanical moment, 

N∙m. To calculate mechanical power of the turbine, the model uses the following 

formula [23]: 

𝑃𝑊𝑇 = 𝐶𝑝 ∙
𝜌𝐴

2
∙ 𝑉3, (9) 

Where 
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Cp – wind using efficiency factor; 

 – air density, kg/m3; ω 

A = πRwt
2 – square, covered by wind turbine wheel, m2; 

Rwt – radius of the blade, m; 

V – extensional part of velocity of wind flows through the wind turbine, m/s. 

Mechanical moment on the turbine shaft can be determined with following 

formula [23]: 

𝑀𝑊𝑇 = 𝑃𝑊𝑇/𝜔𝑤𝑡 , (10) 

  

Where 

ωwt – radial torque frequency of the turbine. 

Radial torque frequency of the turbine can be determined with following 

formula [23]: 

𝜔𝑊𝑇 =
𝜋𝑛𝑤𝑡

30
, (11) 

Where 

nwt – torque frequency. 

Tourque frequency can be determined with following formula [23]: 

𝑛𝑊𝑇 =
30𝜆𝑉

𝜋𝑅𝑤𝑡
, (12) 

Where 

λ – specific speed of the turbine; 

V – extensional part of velocity of wind flows through the wind turbine, m/s; 
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Rwt – radius of the blade, m. 

Wind using efficiency factor can be determined with following formula [23]: 

𝐶𝑝 = 𝑐1 (
𝑐2

𝛾
− 𝑐3𝛽 − 𝑐4) 𝑒

−
𝑐5
𝛾 + 𝑐6𝜆 , (13) 

  

 

Where 

c1, c2, c3, c4, c5, c6 – coefficients, determined in empiric way, usually the next 

values are used respectively: 0.5176; 116; 0.4; 5; 21; 0.007; 

γ – supplementary parameter, related with angle of blade. 

Supplementary parameter can be determined with following formula [23]: 

1

𝛾
=

1

𝜆 + 0.08𝛽
−

0.035

𝛽3 + 1
 (14) 

Where 

 – angle of blade, deg. 

Block WT is required to calculate wind using efficiency factor. Scheme of 

block WT is presented in Figure 19. 
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Figure 19 – Scheme of block WT 

Block WT is a subsystem for main scheme and it has one more subsystem. I 

made these subsystems to make scheme more structured and not so complicated. 

The subsystem of block WT is presented in Figure 20. 

 

Figure 20 – Subsystem of block WT 

Next part of the model is synchronous generator. The scheme is presented in 

Figure 21. 
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Figure 21 – Scheme of synchronous generator 

The scheme of synchronous generator has two inputs and five outputs. The 

inputs are: wt – rotation speed, rad/s; R – resistance of the load, Ohm. The outputs 

are: Mwg – mechanical moment, N∙m; Uwg – phase voltage, V; Iwg – phase 

current, A; Pewg – electric power, W; Nwg – shaft rotation frequency, RPM. The 

subsystem of synchronous generator scheme is presented in Figure 22. 
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Figure 22 – Subsystem of synchronous generator scheme 

Output phase voltage of the synchronous generator (root mean square value) 

is determined with following formula [23]: 

𝑈𝑠𝑓 = 𝐾𝑤𝜔𝑤𝑡 − 𝐾𝐿𝐼𝑠𝑓 , (15) 

Where 

Kw, KL – coefficients depend on construction parameters of electric machine, 

can be determined in experimental way; 

ωwt – radial torque frequency of the turbine; 

Isf – root mean square value of synchronous generator phase current. 

Root mean square value of synchronous generator phase current is determined 

with following formula [23]: 
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𝐼𝑠𝑓 =
𝑈𝑠𝑓

𝑅
, (16) 

Where 

R – resistance of the load. 

Electric power, which the synchronous generator generates, is determined 

with formula [23]: 

𝑃𝑒𝑙 = 3𝑈𝑠𝑓𝐼𝑠𝑓 , (17) 

Resistance moment that electric machine makes on the shaft of wind turbine 

can be determined with formula [23]: 

𝑀𝑠𝑔 =
𝑃𝑚

𝜔𝑤𝑡
=

𝑃𝑒𝑙

𝜔𝑤𝑡
, (18) 

Where 

Pm – mechanical power; 

 – efficiency factor of electric machine, which dramatically depends on load 

mode of the synchronous generator. 

ωwt – radial torque frequency of the turbine. 

Dynamics of wind turbine is determined with next differential equation: 

(𝐽𝑊𝑇 + 𝐽𝑆𝐺)
𝑑𝜔𝑤𝑡

𝑑𝑡
= 𝑀𝑊𝑇 − 𝑀𝐿 , (19) 

Where 

JWT – inertia moment of wind turbine; 

JSG – inertia moment of synchronous generator; 

ωwt – radial torque frequency of the turbine; 
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MWT – aerodynamic moment of wind turbine; 

ML – load moment on the shaft of the turbine. 

Sum of inertia moment of wind turbine and inertia moment of synchronous 

generator can be approximately determined with following formula [23]: 

𝐽 =
1

9
𝑚𝑤𝑡𝑅𝑤𝑡

2  , (20) 

Where 

mwt – mass of wind wheel; 

Rwt – radius of the blade, m. 

It is also necessary to create model of wind flow to simulate the model of 

wind turbine. Main block in the model of wind flow is “signal builder”. Also, there 

is noise generator in the scheme, because in real life velocity of wind is not a 

constant.  

Take, for example, first of February in 2017, one day of the coldest month in 

the year. There were three measurements during the day according to [9]. Wind 

velocities were: 6, 10 and 8 m/s. Wind flow simulation is presented in Figure 23. 
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Figure 23 – Simulation of wind flow 

The simulation was performed only for 5 minutes due to restrictions of the 

program. It does not influence on final results because form of the graph is the 

same and when I will calculate generated energy during the day I will multiply the 

result by 120. 

Next step is simulation of power generation. The graph is presented in Figure 

24. 
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Figure 24 – Simulation of power generation 

In the graph in Figure 25 we may see that in the period when wind velocity 

was 10 m/s the wind turbine generate almost nominal power (60 kW). According 

to wind turbine characteristic in Figure 9, the nominal wind velocity for turbine is 

9 m/s. Therefore, even if wind velocity more than nominal, the turbine will not 

generate more than nominal power. Wind turbine generated 1613 MWh during the 

day. 

Next, combine winter load graph in Figure 10 with graph of power generated 

by three wind turbines during the day. Load coverage in the coldest day by wind 

turbines is presented in Figure 25. The most time it is enough energy from wind 

turbine, and the lack of energy will be supplied by diesel generator. The lack of 

energy is in 19 and 20 hours and from. 
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Figure 25 – Load coverage in the coldest day by wind turbines 

Next, combine summer load graph in Figure 10 with graph of power 

generated by three wind turbines during the day. Load coverage in the hottest day 

by wind turbines is presented in Figure 26.  

 

Figure 26 – Load coverage in the hottest day by wind turbines 

Wind turbines cover whole load. Extra energy will be consumed to charge the 

batteries and the rest will be consumed by ballast load. 
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7. Economic analysis 

The step after designing hybrid power plant is its economic evaluation. In this 

chapter I will estimate volume of the investment to build the wind-diesel power 

plant, costs and revenues. Next, relying on these data, I will calculate Net Present 

Value and evaluate is it project profitable or not. 

7.1 Theoretical background 

To realize the project it is necessary to estimate volume of investment, 

supposed costs and revenues and analyze the project with main economic 

criterions. Here is a list of main economic criterions: 

- Net Present Value; 

- Payback Period; 

- Profitability Index; 

- Internal Rate of Return. 

Bellow, I will describe what do criterions mean and how to calculate them. 

Net Present Value 

Net Present Value (NPV) is a sum of discounted cash flows minus investment 

in the initial period. It may be written as a following formula: 

𝑁𝑃𝑉 = ∑
𝐶𝐹𝑡

(1 + 𝑟)𝑡 − 𝐼𝑁𝑉,

𝑇

𝑡=1

 (21) 

 

Where  

CFt – cash flow in the period t; 

r – discount rate; 

INV – initial investment in the project; 

t – number of time periods; 

T – lifetime of the project. 
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NPV is a very important criterion, usually it is calculated first before 

investing into project. It shows how much profit the project will yield. If NPV is 

more or equal to zero, it is worth to invest into the project. The greater NPV the 

better [24]. 

Payback Period 

One more important criterion is payback period. It is a number of time period 

when total profit from the project is more than total costs and investment or our 

NPV becomes more or equal to zero. Payback period may be presented with 

following formula: 

∑
𝐶𝐹𝑡

(1 + 𝑟)𝑡 − 𝐼𝑁𝑉 = 0

𝑇

𝑡=1

, (22) 

 

Where 

CFt – cash flow in the period t; 

INV – initial investment in the project; 

r – discount rate; 

T – Payback period [24]. 

The shorter payback period the better 

Internal Rate of Return 

Internal Rate of Return (IRR) is next criterion with which the project can be 

estimated in the economic point of view. Actually, IRR is a discount rate, when 

NPV of the project is equal to zero. IRR may be calculated with following formula: 

∑
𝐶𝐹𝑡

(1 + 𝑟)𝑡 − 𝐼𝑁𝑉 = 0

𝑇

𝑡=1

, (23) 
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Where 

CFt – cash flow in the period t; 

INV – initial investment in the project; 

T – lifetime of the project; 

r – Internal Rate of Return (discount rate) [24]. 

The greater IRR the better. 
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Profitability Index 

Profitability index shows relation between Net Present Value and investment. 

Formula for profitability index is presented below: 

𝑃𝑟𝑜𝑓𝑖𝑡𝑎𝑏𝑖𝑙𝑖𝑡𝑦 𝑖𝑛𝑑𝑒𝑥 =
𝑁𝑃𝑉

𝐼𝑁𝑉
+ 1, (24) 

 

Where 

NPV – Net Present Value; 

INV – initial investment in the project [24]. 

Project is considered as successful if the profitability index is greater than 

one. This follows from: 

𝑁𝑃𝑉

𝐼𝑁𝑉
+ 1 =

1

𝐼𝑁𝑉
∑ (

𝐶𝐹𝑡

(1 + 𝑟)𝑡)

𝑡

1

−
𝐼𝑁𝑉

𝐼𝑁𝑉
+ 1 =

1

𝐼𝑁𝑉
∑ (

𝐶𝐹𝑡

(1 + 𝑟)𝑡)

𝑡

1

 (25) 

 

7.2 Economic parameters 

Inflation 

Inflation shows average increasing of prices on products in the country during 

the year. To estimate inflation of the next years it is necessary to analyze inflation 

for last 10 years. The data is presented in Table 13. 

Table 13 – Inflation in Russia for 10 years 

Year 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 

Inflation, % 8.8 8.78 6.1 6.58 6.45 11.36 12.91 5.38 2.52 4.27 

Average inflation, % 7.32 
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Using date of Table 13, plot a graph: 

 

Figure 27 – Inflation in Russia 

Taxes 

According to the tax law of Russia, corporate tax rate is equal to 20% [25]. 

Depreciation 

In Russia depreciation may be calculated in two methods: straight-line and 

method of decreasing residue. According to Russian laws, the firm has a right to 

select the method for calculation of depreciation. The easiest is straight-line but 

usually it is more profitable for firms to depreciate the equipment in the beginning 

of its exploitation.  

Method of decreasing residue supposes unbalanced depreciation during whole 

lifetime. Method of decreasing residue gives an opportunity to realize accelerated 

depreciation with acceleration coefficient. The owner can set the coefficient from 

one to two and half. Coefficient for leased equipment can be taken up to three. 

That means the firm depreciates the most part of the costs on equipment when the 

equipment is relatively new yet [25]. 

The formulas for both methods are bellow. 
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 Straight-line depreciation: 

𝐷 =
𝐼𝑁𝑉

𝑇
, (26) 

 

Where 

INV – Investment; 

T – Lifetime of the product. 

Method of decreasing residue for year “t”:: 

𝐷𝑡 = 𝑆 ∙ 𝐾 ∙ 𝐾𝑎, (27) 

  

Where 

S – residual value of the unit; 

K – depreciation coefficient; 

Ka – acceleration coefficient. Determined by the firm, according to the law - 

not more than two and half;  

t – number of the period. 

Formula for depreciation coefficient: 

𝐾 =
1

𝑇
, (28) 

 

Where  

T – lifetime of the project. 

Discount rate 
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It is necessary to calculate discount rate to evaluate risk of the project. To 

calculate discount rate I used Capital Assets Pricing Model (CAPM) [24]: 

𝐸𝑅𝑖 = 𝑅𝑓 + 𝛽(𝐸𝑅𝑚 − 𝑅𝑓), (29) 

 

Where 

Rf – risk-free rate, equal to federal bonds rate in Russia (7.25%) [25]; 

 – stock volatility of the company, in sector of power generation it is about 

0.544; 

ERm – market risk premium in Russia (9.43%). 

𝐸𝑅𝑖 = 𝑅𝑓 + 𝛽(𝐸𝑅𝑚 − 𝑅𝑓) = 7.25% + 0.544(9.43% − 7.25%)

= 8.44% 
(30) 

 

Escalation 

Costs of goods every year increase or escalate. Average escalation can be 

taken according to inflation. In this case escalation is equal to 7.32%. 

7.3 Inputs for economic model 

To create an economic model it is necessary to determine all the inputs. 

Inflation, risk-free rate, tax rate and discount rate were determined in the previous 

subchapter. 

Investment 

According to Table 12 the project needs to invest 19 662 600 rubles. Also we 

need to install the equipment in which we invest. According to [1], cost of 

installation is equal to 20% of the equipment price. So, it will be: 
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19662600 ∙ 20% = 3932520 𝑅𝑈𝐵 (31) 

 

But it is not an investment it is costs for first year of operation. 

Lifetime of the project is 20 years but lifetime of the batteries is 12 years. 

Therefore, in the end of 12th year it is necessary to buy new batteries. Initial price 

for batteries is 5 088 000 RUB. This value should be discounted for 12th year: 

5088000 ∙ (1 + 𝑒𝑠𝑐𝑎𝑙𝑙𝑎𝑡𝑖𝑜𝑛)12 = 5088000 ∙ (1 + 7.32%)12

= 11877227 𝑅𝑈𝐵 (32) 

Therefore, we have investments in first and in the twelfth year and it is equal 

to 19 662 600 RUB and 5 553 370 RUB respectively. After 20 years, batteries will 

have residual value for the rest four years. Therefore, in the end of the project we 

can sell the batteries with price of its residual value, which is calculated below: 

𝑅𝑒𝑠𝑖𝑑𝑢𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 = 5553370 ∙
4

12
= 3959075 𝑅𝑈𝐵 (33) 

This revenue will be accounted in the cash flow of 20th year. 

Costs 

 Hybrid power plant with wind turbines generates 668 560.67   kWh by wind 

turbines and the rest load covered by diesel generator. The consumers need more 

45 593.07   kWh a year. This volume will be covered by diesel generator and it 

needs 3600 kg of fuel a year. 

Price for one ton of diesel fuel in Russia is 47 000 RUB. Also it is necessary 

to pay for shipping. We can use service of “Trader-Oil” company and its price is 

26 000 RUB for shipping of one ton of fuel [28]. Therefore, annual cost for fuel is: 

𝐹𝑢𝑒𝑙 𝑐𝑜𝑠𝑡 = 3.6 ∙ (47000 + 26000) = 262800 𝑅𝑈𝐵 (34) 
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The power plant need two specialists to service it. Average salary for 

specialist in Arkhangelsk Region is 31 122 rubles a month. Therefore, annual cost 

for stuff in the power plant is: 

𝑆𝑡𝑢𝑓𝑓 𝑐𝑜𝑠𝑡 = 31122 ∙ 2 ∙ 12 = 746928 𝑅𝑈𝐵 (35) 

 

The equipment should be serviced and repaired. According to [1], costs for 

repair and maintenance are equal to 1% of the equipment price. The price for wind 

installation has been already calculated but hybrid power plant also has diesel 

installation. There is no information about diesel generator model in the Koyda 

village but it is possible to take analogue, for example diesel power station Green 

Power GP505A/P (360 kW) which costs 3 730 385 RUB [27]. Therefore, costs for 

repair and maintenance are: 

𝑅𝑒𝑝𝑎𝑖𝑟 𝑎𝑛𝑑 𝑚𝑎𝑖𝑛𝑡𝑒𝑛𝑎𝑛𝑐𝑒 𝑐𝑜𝑠𝑡 = (19662600 + 3730385) ∙ 1%
= 233930 𝑅𝑈𝐵 

(36) 

 

According to [29], price for 1 kWh in the Arkhangelsk Region is 5.65 RUB. 

Minimal price will be calculated in the next chapter. 

All inputs were determined and now it is possible to create an economic 

model. 

7.4 Creating of economic model 

In this Section I will create an economic model with using of criteria which 

were described in the Section 7.1. 

Net Present Value 

In calculation was used real price for electricity in the Arkhangelsk Region 

(5.65 RUB/kWh) [29] and straight-line depreciation. NPV of the project is -12 372 

219 RUB. NPV is negative and it can be explained that the Koyda village is 
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supplied by the state company, so people have subsidies and pay for electricity less 

than it costs. 

NPV of the power plant if we will do nothing and power will be generated 

only by diesel generator is -385 632 819 RUB. It is even less than in previous case. 

Therefore, if the power plant will be upgraded with wind turbines, we can save 373 

260 601 RUB. The calculations have been done in Excel and presented in 

Appendices 4-7. 

Minimal electricity price 

To calculate minimal price it is necessary to make NPV equal to zero. 

Therefore, minimal price for 1 kWh in case of wind-diesel power plant is equal to 

7.03 RUB/kWh. Therefore, to make the project at least lossless, we need subsidies 

in amount of (7.03 – 5.65) = 1.38 RUB for 1 kWh. Minimal price for 1 kWh in 

case of diesel power plant is 37.90 RUB. 

Depreciation 

Next I will calculate the NPV with another depreciation method – with 

decreasing residual method. In this case the equipment is depreciated in the 

beginning. The graph of dependence NPV on acceleration coefficient is presented 

below: 

 

-600000

-400000

-200000

0

1 1,5 2 2,5

N
P

V
, R

U
B

Acceleration Coefficient



82 
 

Figure 28 – Dependence of NPV on Acceleration Coefficient 

According to graph in Figure 28, there is no sense to use method of 

decreasing value. We can take any acceleration coefficient but the result will be 

worse than in case with straight-line depreciation. 

Taxes 

In case with price 5.65 RUB/kWh and straight-line depreciation we start pay 

taxes in the eighth year, because in the first year we have negative profit, therefore 

we have tax shield. Also the depreciation decreases the taxes. In case with piece 

7.03 RUB/kWh we start pay taxes in the third year.  

IRR 

In case with price 5.65 RUB/kWh internal rate of return is equal to 4%. In 

case with price 7.03 RUB/kWh internal rate of return is equal to calculated 

discount rate – 8.44%. 

It is impossible to calculate Payback Period, because NPV is negative. 

7.5 Sensitivity analysis 

Sensitivity analysis of the project can show how different parameters 

influence on NPV. After sensitivity analysis it is possible to make conclusions 

which factors have more or less influence on NPV. In sensitivity analysis I use the 

real price equal to 5.65 RUB/kWh. 

Here is a list of parameters which will be used in sensitivity analysis of NPV: 

- Percentage of load coverage by wind turbines; 

- Discount rate; 

- Electricity price; 

- Escalation. 
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Percentage of load coverage by wind turbines 

 

Figure 29 – Dependence of NPV on load coverage by wind turbines 

The graph in Figure 29 has linear characteristic. According to the graph, NPV 

becomes positive when wind turbines generate 98% of required power for 

consumers or more. 

Discount rate 

 

Figure 30 – Dependence of NPV on discount rate 
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The graph in Figure 30 has exponential characteristic. According to the graph, 

NPV becomes positive if discount rate is 4% or less. The greater the discount rate 

the less NPV. 
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Electricity price 

 

Figure 31 – Dependence of NPV on electricity price 

The graph in Figure 31 has linear characteristic. According to the graph, the 

more electricity price the more NPV. NPV becomes positive when price is more 

than 7.04 rubles. 

Escalation 

 

Figure 32 – Dependence of NPV on escalation 
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The graph in Figure 32 has exponential characteristic. According to the graph, 

NPV becomes positive if escalation is 8% or greater. The greater escalation the 

greater NPV.  
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8. СОЦИАЛЬНАЯ ОТВЕТСТВЕННОСТЬ  

В процессе любой трудовой деятельности, каждый человек, 

вовлечённый в эту деятельность, подвергается воздействию целого 

комплекса производственных факторов. В свою очередь, эти факторы 

способны влиять на здоровье человека. Совокупность всех факторов, 

влияющих на здоровье человека, называется условиями труда.  

Реальные условия труда характеризуются различными вредными и 

опасными факторами. Зачастую, между опасными и вредными факторами не 

существует чёткой границы, каждый фактор может рано или поздно привести 

к потере здоровья или к несчастному случаю.  

Для недопущения несчастных случаев и вреда здоровью, рабочее 

место должно быть спроектировано с соблюдением всех законодательных 

норм и правил, ГОСТов, СНиПов и Федеральных законов.  

Данный раздел включает в себя описание опасных и вредных 

факторов, которые испытывает дежурный электромеханик на 

ветроэнергетической станции. Идентификацию потенциально опасных и 

вредных производственных факторов в соответствии с ГОСТ 12.0.003–

74[26].  

Задачами данного раздела являются:  

1) Анализ рабочего помещения на наличие опасных и вредных 

факторов;  

2) Анализ законодательных и нормативных документов, 

затрагивающих данную тему;  

3) Анализ влияния вредных и опасных факторов на инженера 

электромеханика, проанализировать меры по снижению влияния опасных и 

вредных факторов.  
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8.1 Производственная безопасность  

8.1.1 Анализ опасных и вредных производственных факторов  

Основное рабочее место инженера электромеханика располагается в 

производственном помещении. Основная работа производится с 

использованием персонального компьютера (ПК).  

При работе с ПК возможны следующие вредные факторы: повышенный 

уровень шума, повышенная температура, нехватка естественного света, 

малая освещённость. К опасным фактором относится возможность 

поражения электрическим током и статическим электричеством.  

Условия труда инженера механика определяются:  

- Условием окружающей среды, микроклиматом: освещение, шум, 

вибрации, вентиляция, температурный режим;  

- Характеристиками информационного взаимодействия человека и 

ПК.  

8.1.2 Электромагнитные поля  

В процессе работы электромонтер может подвергаться воздействию 

электрического поля промышленной частоты. Степень отрицательного 

воздействия электрического поля на организм человека оценивается по 

количеству поглощаемой телом человека энергии электрического поля, а 

также по току, проходящему через человека в землю, и по напряженности 

поля в месте, где будет находиться человек  

Гигиенические нормы пребывания человека в электрическом поле 

электроустановок сверхвысокого напряжения промышленной частоты 

установлены действующими правилами в зависимости от напряженности 

поля в зоне его нахождения. Если напряженность поля на рабочем месте 

превышает 25кВ/м, или требуется большая продолжительность пребывания 

человека в поле, чем указано в таблице, работы проводятся с применением 

защитных экранирующих устройств или экранирующих костюмов. 
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Нормы времени пребывания человека в электрическом поле 

электроустановок промышленной частоты зависят от времени пребывания 

человека в контролируемой зоне определяются СанПиН 2.2.4.1191-03. 

Таблица 14 – Нормы времени пребывания человека в электрическом поле 

Напряженность электрического поля, 

кВ/м 

Допустимое время 

Менее 5 не ограничивается 

от 5 до 10 не более 3 часов 

от 10 до 15 не более 1,5 часов 

от 15 до 20 не более 10 минут 

от 20 до25 не более 5 минут 

 

Ослабление мощности электромагнитного поля на рабочем месте 

можно достигнуть увеличением расстояния между источником излучения и 

рабочим местом, уменьшением мощности излучения источника, а также 

установкой отражающего или поглощающего экранов между источником и 

рабочим местом, применением средств индивидуальной защиты.  

8.1.3 Шум  

Шум — это совокупность звуков, неблагоприятно воздействующих на 

организм человека и мешающих его работе и отдыху.  

Источниками звука являются упругие колебания материальных 

частиц и тел, передаваемых жидкой, твердой и газообразной средой.  

Скорость звука в воздухе при нормальной температуре составляет 

приблизительно 340 м/с, в воде –1 430 м/с, в алмазе — 18 000 м/с. Звук с 

частотой от 16 Гц до 20 кГц называется слышимый, с частотой менее 16 Гц 

— инфразвук и более 20 кГц — ультразвук.  

Область пространства, в котором распространяются звуковые волны, 

называется звуковым полем, которое характеризуется интенсивностью звука, 

скоростью его распространения и звуковым давлением. 
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Интенсивность звука — это количество звуковой энергии, 

передаваемой звуковой волной за 1 с через площадку 1 м 2, 

перпендикулярную направлению распространения звука, Вт/м2.  

Звуковое давление — им называется разность между мгновенным 

значением полного давления, создаваемого звуковой волной и средним 

давлением, которое наблюдается в невозмущенной среде. Единица измерения 

— Па.  

Порог слуха молодого человека в диапазоне частот от 1 000 до 4 000 

Гц соответствует давлению 2× 10-5 Па. Наибольшее значение звукового 

давления, вызывающего болезненные ощущения, называется порогом 

болевого ощущения и составляет 2× 102 Па. Между этими значениями лежит 

область слухового восприятия.  

Интенсивность воздействия шума на человека оценивается уровнем 

звукового давления (L), который определяется как логарифм отношения 

эффективного значения звукового давления к пороговому. Единица 

измерения — децибел, дБ.  

На пороге слышимости при среднегеометрической частоте 1 000 Гц 

уровень звукового давления равен нулю, а на пороге болевого ощущения — 

120–130 дБ.  

Воздействие шума на организм человека вызывает негативные 

изменения, прежде всего в органах слуха, нервной и сердечно-сосудистой 

системах. Степень выраженности этих изменений зависит от параметров 

шума, стажа работы в условиях воздействия шума, длительности действия 

шума в течение рабочего дня, индивидуальной чувствительности организма. 

Действие шума на организм человека отягощается вынужденным 

положением тела, повышенным вниманием, нервно-эмоциональным 

напряжением, неблагоприятным микроклиматом.  

Для расчета уровня шума, возникающего от нескольких источников, 

используется принцип энергетического суммирования излучений отдельных 

источников: 
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𝐿 = 10𝑙𝑔 ∑ 100.1𝐿𝑖;𝑛
𝑖=1                                             (37) 

 

𝐿 = 10 lg(100.1∙56 + 100.1∙45 + 100.1∙40 + 100.1∙45 + 100.1∙17 + 100.1∙10 +

100.1∙45 + 100.1∙42) = 56.87 дБА                                   (38) 

 

где Li – уровень звукового давления i-го источника шума;  

n – количество источников шума.  

Шум, возникающий при работе производственного оборудования и 

превышающий нормативные значения, воздействует на центральную и 

вегетативную нервную систему человека, органы слуха.  

Шум воспринимается весьма субъективно. При этом имеет значение 

конкретная ситуация, состояние здоровья, настроение, окружающая 

обстановка.  

Основное физиологическое воздействие шума заключается в том, что 

повреждается внутреннее ухо, возможны изменения электрической 

проводимости кожи, биоэлектрической активности головного мозга, сердца и 

скорости дыхания, общей двигательной активности, а также изменения 

размера некоторых желез эндокринной системы, кровяного давления, 

сужение кровеносных сосудов, расширение зрачков глаз. Работающий в 

условиях длительного шумового воздействия испытывает 

раздражительность, головную боль, головокружение, снижение памяти, 

повышенную утомляемость, понижение аппетита, нарушение сна. В шумном 

фоне ухудшается общение людей, в результате чего иногда возникает 

чувство одиночества и неудовлетворенности, что может привести к 

несчастным случаям.  

Основная цель нормирования шума на рабочих местах — это 

установление предельно допустимого уровня шума (ПДУ), который при 

ежедневной (кроме выходных дней) работе, но не более 40 часов в неделю в 

течение всего рабочего стажа, не должен вызывать заболеваний или 
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отклонений в состоянии здоровья, обнаруживаемых современными методами 

исследований в процессе работы или отдаленные сроки жизни настоящего 

ипоследующих поколений. Соблюдение ПДУ шума не исключает нарушения 

здоровья у сверхчувствительных лиц.  

8.1.4 Микроклимат  

1.Оптимальные условия микроклимата.  

Холодный и летний период года - (t ниже +10°C) на постоянных 

рабочих местах.  

Характеристика производственных помещений:  

-помещения, характеризуемые незначительными избытками явной 

теплоты (23 Вт/м² и менее)  

Категория работ: средней тяжести - IIб (233-290) Вт  

Температура воздуха - 17,0-19,0 °C  

Относительная влажность воздуха – 60-40%  

Скорость движения воздуха: Не более 0,2 м/с,  

Температура воздуха вне постоянных рабочих мест: 13-20 °C,  

Тёплый период года - (t +10°C и выше) на постоянных рабочих местах  

Температура воздуха вне постоянных рабочих мест: не более чем на 3 

°C выше средней температуры наружного воздуха в 13 ч. самого жаркого 

месяца.  

2.Допустимые условия микроклимата.  

Холодный и летний период года - (t ниже +10°C) на постоянных 

рабочих местах.  

Характеристика производственных помещений:  

-помещения, характеризуемые незначительными избытками явной 

теплоты (23 Вт/м² и менее)  

Категория работ: средней тяжести- IIб (233-290) Вт  

Температура воздуха- 15,0-22,0 °C  

Относительная влажность воздуха – 15-75%  

Скорость движения воздуха: 0,2-0,4 м/с,  
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Температура воздуха вне постоянных рабочих мест: 14-23 °C,  

Тёплый период года - (t +10°C и выше) на постоянных рабочих местах 

Характеристика производственных помещений:  

-помещения, характеризуемые незначительными избытками явной 

теплоты (более 23 Вт/м²)  

Категория работ: средней тяжести -IIб (233-290) Вт  

Температура воздуха- 16,0-27,0 °C  

Относительная влажность воздуха – 15-75%  

Скорость движения воздуха: 0,2-0,5 м/с,  

Температура воздуха вне постоянных рабочих мест: не более чем на 5 

°C выше средней температуры наружного воздуха в 13 ч. самого жаркого 

месяца.  

В холодные и теплые периоды параметры микроклимата 

обспечиваются:  

- отоплением;  

- естественная и искусственная вентиляция;  

- системой кондиционирования воздуха;  

3.Производственная вентиляция  

Нормы производственной вентиляции установлены системой 

стандартов безопасности труда ГОСТ 12.4.021 – 75.  

В котором предусматривается искусственная приточно-вытяжная 

общеобменная вентиляция с расходом воздуха на одного работающего не 

менее 60 м3 /час.  

Воздух, поступающий в помещение в зимнее время, подогревается, а в 

летнее время – охлаждается. Кроме того, поступающий воздух при 

необходимости может быть увлажнен или осушен. 

8.1.5 Освещение  

Низкая освещённость рабочего места препятствует длительной 

работе, вызывая утомление и способствуя развитию близорукости у 

работающего персонала. Слишком низкие уровни освещенности способны 
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вызывать апатию и сонливость, в совокупности с другими факторами 

способны развить чувство тревоги. Длительное пребывание в таких условиях 

вызывает снижение интенсивности обмена веществ в организме и его общее 

ослабление. Подобные симптомы наблюдаются и при работе в помещениях с 

ограниченным спектральным составом света. Слишком яркий свет ослепляет, 

понижает зрительную функцию, вызывает перевозбуждение нервной 

системы, снижает работоспособность. Воздействие чрезмерной яркости 

может вызывать фотоожоги глаз и кожи, кератиты, катаракты и другие 

нарушения.  

Нормирование естественного освещения осуществляется согласно 

СНиП 23-05-95.  

Произведём расчёт освещения рабочего помещения инженера 

механика.  

Размеры помещения: 24х8х6. Количество и площадь окон: 8 x 2,8 

Характер помещения: малое количество пыли, пожароопасное помещение.  

Для производственного помещения будет применяться система 

комбинированного освещения. Светильники ШОД (1530х284, мощность – 

2х80 Вт, КПД=83 %).  

Высота помещения составляет 6 метров, что позволяет использовать 

выбранный светильник (минимальная высота 2.5 м).  

Расчёт размеров:  

H=6 м; LА=24 м; LВ=8 м; hp=0,8 м;  

Расстояние между светильниками и перекрытием: hc=3 м.  

Высота светильника над полом: hn=H – hc=6 – 3=3 м.  

Высота светильника над рабочей поверхностью: h =hn – hp=3 – 0,8=2,2 

м.  

𝜆=1,3, найдём расстояние между соседними светильниками 

L=h·𝜆=2,2·1,3≈3 м  

Оптимальное расстояние от крайнего ряда светильников до стены 

l=L/3=3/3≈1 м.  
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Светильники разместим в 3 ряда. В ряду установим 12 светильников, 

расстояние между ними будет составлять 0,3 м.  

План помещения с расположением светильников, рисунок 39. 

 

Рисунок 39 – План производственного помещения 

Расчёт общего равномерного освещения. Световой поток в каждом 

ряду: Ф = Ен∙S∙Kз∙Zn∙η=500∙192∙1.5∙1.172∙0.5=4400 Лм,  

где, Ен=500 –минимальный уровень освещённости по СНиП 23-05-95, 

лк;  

S=192 м – площадь освещаемого помещения, м2;  

Kз=1.5 – коэффициент запаса, учитывающий загрязнение светильника  

Z=1.1 – коэффициент неравномерности освещения, для 

люминесцентных ламп при расчётах берётся равным 1.1;  

n – число светильников;  

η – коэффициент использования светового потока.  

Индекс помещения:  

𝑖=𝑆/ℎ(𝐴+𝐵)=192/2.2∙(24+8)=2.72. 

Мощность осветительной системы равна 6480 Вт.  

8.2 Электробезопасность  

При работе электрооборудования возможно повреждение изоляции 

токоведущих частей, повреждения средств защиты, и нарушения 
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технологического режима. В результате данных нарушений, возможны 

аварии и несчастные случаи со здоровьем и жизнью обслуживающего 

персонала. Поражение электрическим током является опасным фактором, 

который может привести к смерти человека. Электрический ток, проходя 

через тело человека способен вызвать ожоги в местах прикосновения к 

токоведущим частям, поражение внутренних органов, остановку сердца. 

Техника безопасности является основной частью охраны труда и 

предусматривает технические и организационные мероприятия, которые 

обеспечивают безопасный труд в электроустановках.  

Помимо правил техники безопасности имеются специальные правила 

устройства электроустановок (ПУЭ), которые предусматривают надежность 

и безопасность эксплуатации электроустановок.  

В электроустановках напряжением выше 1000В поражение 

электрическим током может возникнуть и без непосредственного контакта с 

токоведущими частями. При приближении возникает искровой разряд, 

который переходит в электрическую дугу. В связи с этим все 

неизолированные токоведущие части помещены в специальные короба или 

ограждены.  

Для безопасности ведения работ все разъединители имеют 

стационарные заземляющие ножи. Установка электрооборудования 

(расстояние от токоведущих частей до земли, зданий, сооружений, между 

токоведущими частями и другие) выполнены с соблюдением требований 

ПУЭ. На подстанции предусмотрены проезды и проходы, выполненные 

таким образом, чтобы обслуживающий персонал мог производить осмотр 

электрооборудования, находящегося под напряжением, без его отключения.  

Средства защиты, применяемые в электроустановках:  

- изолирующие;  

- ограждающие;  

- экранирующие;  

- предохранительные.  
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Организационные мероприятия, обеспечивающие безопасность работ 

(согласно ПТБ): 

- оформление работы нарядом или распоряжением;  

- допуск к работе;  

- надзор во время работы;  

- оформление перерывов в работе, переводов на другое рабочее место, 

окончание работ.  

Ответственные за безопасность работ:  

- лицо, выдающее наряд, отдающее распоряжение;  

- ответственное лицо оперативного персонала – допускающий;  

- ответственный руководитель работ;  

- производитель работ;  

- наблюдающий;  

- члены бригады.  

Каждый работник перед допуском к самостоятельной работе, обязан 

пройти обучение безопасным методам работы на рабочем месте и сдать 

экзамен на проверку знаний техники безопасности. 

8.3 Охрана окружающей среды  

В составе проекта газогенераторной станции должен быть раздел 

«Охрана окружающей среды», согласованный с региональными органами 

санитарно-эпидемиологического надзора и экологической экспертизы.  

В разделе предусматривают выполнение комплекса мероприятий по 

охране окружающей среды от загрязнений, рациональному использованию 

природных ресурсов и оценке воздействия на окружающую среду с учетом 

фонового загрязнения среды. Разработка мероприятий по охране 

окружающей природной среды в проектах должна вестись в соответствии с 

требованиями СНиП 1.02.01-85 и ОНД 1-84 "Инструкция о порядке 

рассмотрения, согласования и экспертизы воздухо-охранительных 
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мероприятий и выдачи разрешений на выброс загрязняющих веществ в 

атмосферу".  

Охрана земельных ресурсов направлена на решение следующих основных 

вопросов: 

- Комплексного решения генерального плана с минимально 

необходимой площадью землеотвода, с установленными 

противопожарными и санитарно-гигиеническими требованиями, 

минимальными расстояниями между зданиями и сооружениями.  

- Проведение мер, направленных на предотвращение водяной эрозии 

почвы.  Предотвращение заболачивания земель, загрязнения их 

производственными отходами, сточными водами при 

строительстве и эксплуатации газогенераторной станции.  

- Рекультивации земель и использовании плодородного слоя почвы.  

- Озеленения и благоустройства санитарно-защитных зон.  

 

8.4 Защита в чрезвычайных ситуациях:  

Пожарная и взрывная безопасность.  

Проектирование газогенераторной станции в части противопожарных 

мероприятий и защиты должно осуществляться в соответствии с СНиП 

2.04.09-84 [31], СНиП 2.01.02-85[32], ВСН 47-85 [33] РД 34.49.101-87 

"Инструкция по проектированию противопожарной защиты энергетических 

предприятий"[34].  

Пожаротушение. Для тушения пожаров на газогенераторной станции 

необходимо предусматривать, как правило, противопожарный водопровод, 

источником водоснабжения которого должен являться существующий 

закольцованный водопровод с двумя нитками ввода.  

Источниками водоснабжения могут являться также: градирня, 

бассейн, резервуары запаса воды (не менее двух). В этом случае 

противопожарный водопровод не выполняется. Внутренний 
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противопожарный водопровод для газогенераторной станции мощностью 

менее 1000 кВт не предусматривается.  

Автоматическое пожаротушение распыленной водой на 

газогенераторную станцию необходимо предусматривать в кабельных 

сооружениях (кабельные этажи, шахты, туннели). 

Первичные средства пожаротушения проектом не предусматриваются. 

Оснащение газогенераторной станции этими средствами производится 

службой эксплуатации.  

К числу простых, но надежных мероприятий, относится обеспечение 

путей эвакуации из зоны пожара, включая заранее разработанный и 

доведенный до сведения людей план вывода из помещения, изображенный 

графически на видном месте, обозначение световыми сигналами мест 

выхода; обеспечение обозначенных проходов и проездов свободными. Пути 

выхода с верхних этажей должны быть наружными или иметь постоянно 

открытые выходы дыма.  

8.5 Правовые и организационные вопросы обеспечения 

безопасности  

Общее руководство работой по безопасности труда, и персональная 

ответственность за нее возлагается на руководителя ГПЭС. На каждой 

электростанции положением о структурном подразделении и приказом 

руководителя должны быть распределены функции по обслуживанию 

оборудования, зданий, сооружений и коммуникаций между 

производственными подразделениями (цехами, районами, участками, 

лабораториями и т.д.), назначены работники, ответственные за состояние и 

безопасную эксплуатацию всех элементов энергоустановок, а также 

определены должностные обязанности всего персонала.  

Персонал, принимаемый на работу по обслуживанию сооружений 

ГПЭС, тепломеханического и электротехнического оборудования, должен 

пройти предварительный медицинский осмотр и в дальнейшем проходить его 
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периодически в сроки, установленные федеральным медицинским 

ведомством России. Не разрешается допускать к обслуживанию сооружений 

и оборудования ГПЭС работников, не прошедших медицинские осмотры.  

Работников, не достигших возраста 18 лет, допускать к работам с 

тяжелыми и вредными условиями труда не разрешается. 

Работники, допущенные к работам по вторым профессиям, а также к 

выполнению специальных работ, не предусмотренных для данной 

профессии, должны быть обучены и иметь об этом запись в удостоверении.  

Специальными следует считать работы:  

- верхолазные;  

- по обслуживанию объектов и оборудования, подконтрольных 

соответствующим органам государственного надзора;  

- огневые и газоопасные;  

- с ртутью;  

- с электро-, пневмо- и абразивным инструментом;  

- стропальные;  

- на циркульных пилах;  

- по перемещению тяжестей с применением авто- и 

электропогрузчиков, электрокаров;  

- на металлообрабатывающих и абразивных станках.  

Перечень специальных работ может быть дополнен руководителем 

ГПЭС с учетом местных условий.  

На ГПЭС должны быть разработаны и утверждены инструкции по 

охране труда (правилам безопасности) как для работников отдельных 

профессий (машинистов ДВС, электросварщиков, станочников, слесарей, 

электромонтеров, лаборантов, уборщиц и др.), так и на отдельные виды работ 

(работы на высоте, монтажные, наладочные, ремонтные, проведение 

испытаний).  

Персонал, использующий в своей работе станочное оборудование, 

инструменты и приспособления, а также выполняющий сварочные и другие 
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огневые работы, обязан знать и исполнять требования соответствующих 

инструкций по охране труда (технике безопасности).  

Персонал, обслуживающий электрическую часть устройств 

автоматики, измерений и защит, должен руководствоваться требованиями по 

охране труда (правилами техники безопасности). 

Персонал, допускаемый к работе в помещениях, где используются 

горючие, токсичные и взрывоопасные материалы, должен знать свойства 

этих материалов и меры безопасности при обращении с ними.  

Весь персонал должен быть обеспечен спецодеждой, спецобувью и 

другими средствами индивидуальной и коллективной защиты в зависимости 

от выполняемых работ и обязан пользоваться ими во время работы.  

В случае неприменения, неправильного применения и использования 

не по назначению средств защиты, выданных персоналу для выполнения 

определенной работы, ответственность за последствия (возникновение 

несчастного случая или ухудшение здоровья) несет работник, виновный в их 

неприменении, неправильном применении или нецелевом использовании.  

Работник, находящийся в помещениях с действующим 

энергетическим оборудованием (за исключением щитов управления), в 

колодцах, камерах, каналах, шахтах, туннелях, на строительной площадке, в 

ремонтной зоне и в местах, где возможно падение камней и других 

предметов, а также в зоне погрузочно-разгрузочных работ, должен носить 

защитную каску с застегнутым подбородным ремнем. Волосы следует 

убирать под каску.  

В производственных помещениях должны быть вывешены на видных 

местах плакаты, наглядно иллюстрирующие безопасные методы работы и 

приемы оказания первой помощи пострадавшим при несчастных случаях.  

В производственных помещениях на расстоянии не более 75 м от 

рабочих мест работники должны быть обеспечены питьевой водой  

В разделе использованы ссылки на следующие нормативные 

документы и стандарты:  
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ГОСТ 12.1.003-83. СНиП 23-03-2003 СНиП 2.09.04-87. СНиП 2.04.05-

86  

СНиП 2.01.02-85. СНиП 2.04.09-84. СНиП II-4-79. СНиП 2.09.03-85. 

СН 245-71. СН 357-77. ВСН 03-77. РД 34.03.301-87. РД 34.49.101-87. ОНД-

84.  

ОНД-86. ГОСТ 12.1.002-84. ГОСТ 12.1.003-83. ГОСТ 12.1.004-91. 

ГОСТ Р 12.1.009-2009. ГОСТ 23120-78. ГОСТ 24291-90. СТО 

70238424.27.010.001-2008. 

Заключение по разделу  

В ходе разработки настоящей главы ВКР была описана рабочая зона, 

выявлены опасные и вредные производственные факторы, а также 

предложены меры по ограничению их воздействия на персонал станции. 

Определены наиболее вероятные чрезвычайные ситуации, разработаны меры 

по предупреждению данных ситуаций, описаны порядок действий при их 

возникновении. Рассмотрены правовые и организационные вопросы 

обеспечения безопасности.  

Данные раздел является важным в связи с рассмотрением в нем 

вопросов сохранения здоровья и трудоспособности персонала, соблюдения 

всех законодательных норм и правил при проведении производственных 

процессов. 
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Conclusion 

There might be problems with electricity supply in the remote regions, which 

are not connected to central power system. Usually, in Russia in such regions 

consumers are supplied by diesel power plants. However it is expensive, there is 

harmful for the environment carbon emission and there might be interruptions in 

diesel fuel shipping. This paper presents how integration of renewable source of 

energy in diesel power plant can help to decrease fuel costs and carbon emission. 

Also there are more power sources in the hybrid power plant, therefore the 

reliability is higher. 

In this paper I designed a hybrid power plant based on the diesel power plant 

in the Koyda village. In the beginning of the work I had to decide on which 

renewable energy source the hybrid power plant should be based. I analyzed the 

geography of the Koyda village and its weather conditions. According to the 

results of my analysis, value of insolation is too low to use PV panels. Average 

wind velocity in the region is 5.86 m/s and it is a good value for using wind 

turbines. Therefore, I decided it is more efficient to upgrade (that is, to combine) 

the diesel power plant with wind turbines. 

 The designed wind-diesel power plant includes three wind turbines 

“CONDOR AIR WES 380/50-60”, capacity of each is 60 kW, total capacity is 180 

kW; 120 storage batteries; two power controlled boxes, charge controllers and 

diesel generator with capacity of 360 kW, which was already installed in the power 

plant before. Wind turbines cover 94% of consumers’ energy needs. The lack of 

energy is supplied by diesel generator. 

 Fuel consumption is decreased from 79.5 to 3.6 ton annually. Carbon 

emission is decreased by 95%. Before installation of wind turbines carbon 

emission was 249.1 ton a year. After the recommended use of a wind-diesel power 

plant, carbon emission decreased to 11.3 ton a year.  
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Model of wind turbine was created in program “MATLAB Simulink”. It 

shows how the generated energy changes in time depending on wind velocity. In 

Figures 24 and 25 the graphs of load coverage by wind turbines were plotted based 

on MATLAB model.  

I made an economic evaluation of the project. I estimated costs and 

investments in the project and based on this data I calculated minimal price. 

Minimal price is 7.03 RUB/kWh. The real price for energy in the region is 5.65 

RUB/kWh. The NPV of the project with energy price 5.65 RUB/kWh is -12 372 

219 RUB. I also estimated minimal price and NPV of the power plant which 

operates only with diesel generator. Its minimal price is 37.89 RUB/kWh and its 

NPV is  

-385 632 819 RUB. The Koyda village is supplied by state utility company, 

therefore people have subsidies and pay for energy less than it costs. NPV of the 

project is negative but it is still more efficient than diesel power plant without wind 

turbines. If the power plant will be upgraded with wind turbines it can save 

373 260 601 RUB in 20 years. I also made sensitivity analysis of NPV. Graphs in 

Figures 28-31 shows how NPV depends on load coverage by wind turbines, 

discount rate, price for electricity and escalation.  
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Appendices 

Appendix 1 – Load graph of the Koyda village, kW 

Hour 1 2 3 4 5 6 7 8 

Jan 90 90 90 90 90 126 180 216 

Feb 90 90 90 90 90 126 180 216 

Mar 72 72 72 72 72 100.8 144 172.8 

Apr 43.2 43.2 43.2 43.2 50.4 60.48 80.64 89.28 

May 43.2 43.2 43.2 43.2 50.4 60.48 80.64 89.28 

Jun 37.8 37.8 37.8 37.8 44.1 52.92 70.56 78.12 

Jul 37.8 37.8 37.8 37.8 44.1 52.92 70.56 78.12 

Aug 37.8 37.8 37.8 37.8 44.1 52.92 70.56 78.12 

Sept 48.6 48.6 48.6 48.6 56.7 68.04 90.72 100.44 

Oct 48.6 48.6 48.6 48.6 56.7 68.04 90.72 100.44 

Nov 81 81 81 81 81 113.4 162 194.4 

Dec 90 90 90 90 90 126 180 216 

Hour 9 10 11 12 13 14 15 16 

Jan 144 108 108 126 144 108 108 108 

Feb 144 108 108 126 144 108 108 108 

Mar 115.2 86.4 86.4 100.8 115.2 86.4 86.4 86.4 

Apr 80.64 60.48 60.48 60.48 69.12 60.48 60.48 60.48 

May 80.64 60.48 60.48 60.48 69.12 60.48 60.48 60.48 

Jun 70.56 52.92 52.92 52.92 60.48 52.92 52.92 52.92 

Jul 70.56 52.92 52.92 52.92 60.48 52.92 52.92 52.92 

Aug 70.56 52.92 52.92 52.92 60.48 52.92 52.92 52.92 

Sept 90.72 68.04 68.04 68.04 77.76 68.04 68.04 68.04 

Oct 90.72 68.04 68.04 68.04 77.76 68.04 68.04 68.04 

Nov 129.6 97.2 97.2 113.4 129.6 97.2 97.2 97.2 

Dec 144 108 108 126 144 108 108 108 

Hour 17 18 19 20 21 22 23 24 

Jan 144 252 360 342 252 180 126 108 

Feb 144 252 360 342 252 180 126 108 

Mar 115.2 201.6 288 273.6 201.6 144 100.8 86.4 

Apr 60.48 60.48 72 80.64 144 201.6 120.96 51.84 

May 60.48 60.48 72 80.64 144 201.6 120.96 51.84 

Jun 52.92 52.92 63 70.56 126 176.4 105.84 45.36 

Jul 52.92 52.92 63 70.56 126 176.4 105.84 45.36 

Aug 52.92 52.92 63 70.56 126 176.4 105.84 45.36 

Sept 68.04 68.04 81 90.72 162 226.8 136.08 58.32 

Oct 68.04 68.04 81 90.72 162 226.8 136.08 58.32 

Nov 129.6 226.8 324 307.8 226.8 162 113.4 97.2 

Dec 144 252 360 342 252 180 126 108 
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Appendix 2 – Technical parameter of wind turbine “CONDOR AIR WES 380/50-

60” 

Diameter of wind wheel, m 17.5 

Height of blade, m 8.5 

Nominal number of rotations, 

rotations/min 

25-30 

Nominal power, kW 60 

Maximal power, kW 62.5 

Start wind velocity, m/s 2.5 

Nominal wind velocity, m/s 9 

Operating wind velocity, m/s 3-20 

Hurricane wind protection Automatic 

Automatic wind orientation Yes 

Tower height, m 18 

Wind installation weight (without 

tower), kg 

2400 

Number of blades 3 

Wind usage efficiency factor >0.42 

Generator type Three-phase generator with permanent 

magnets 

Generator frequency, Hz 0-50 

Generator current Alternative 

Nominal current, A 100 

Maximal current, A 110 

Inverter characteristics Depends on system characteristics 

Recommended number of batteries 40 

Recommended capacity of batteries, A∙h 200 

Converting system efficiency >0.85 

Noise level not more, Db 65 

Limit of wind velocity, m/s 35 
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Appendix 3 – AGREPREF method matrices 

Pij 

       

 

V1 V2 V3 V4 V5 V6 V7 

V1 

 

0.2 0.2 0.45 0.45 0.65 0.2 

V2 0.8 

 

0.65 0.8 0.45 0.65 0.45 

V3 0.35 0.35 

 

0.8 0.8 0.45 0 

V4 0 0.2 0.2 

 

0 0.65 0.2 

V5 0.35 0 0.2 0.35 

 

0.65 0.2 

V6 0.35 0.35 0 0.35 0.35 

 

0 

V7 0.35 0 0.2 0.8 0.8 0.45 

  

Pji 

       

 

V1 V2 V3 V4 V5 V6 V7 

V1 

 

0.8 0.35 0 0.35 0.35 0.35 

V2 0.2 

 

0.35 0.2 0 0.35 0 

V3 0.2 0.65 

 

0.2 0.2 0 0.2 

V4 0.45 0.8 0.8 

 

0.35 0.35 0.8 

V5 0.45 0.45 0.8 0 

 

0.35 0.8 

V6 0.65 0.65 0.45 0.65 0.65 

 

0.45 

V7 0.2 0.45 0 0.2 0.2 0 

  

Pi=j 

       

 

V1 V2 V3 V4 V5 V6 V7 

V1 

 

0 0.45 0.55 0.2 0 0.45 

V2 

  

0 0 0.55 0 0.55 

V3 

   

0 0 0.55 0.8 

V4 

    

0.65 0 0 

V5 

     

0 0 

V6 

      

0.55 

V7 

       
V3 = V7; V4 = V5. 

Pij-Pji 

       

 

V1 V2 V3 V4 V5 V6 V7 

V1 

 

-0.6 -0.15 0.45 0.1 0.3 -0.15 

V2 0.6 

 

0.3 0.6 0.45 0.3 0.45 

V3 0.15 -0.3 

 

0.6 0.6 0.45 -0.2 

V4 -0.45 -0.6 -0.6 

 

-0.35 0.3 -0.6 

V5 -0.1 -0.45 -0.6 0.35 

 

0.3 -0.6 

V6 -0.3 -0.3 -0.45 -0.3 -0.3 

 

-0.45 
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V7 0.15 -0.45 0.2 0.6 0.6 0.45 

 
V1 ≻ V4; V2 ≻ V1, V4, V5, V7; V3 ≻ V4, V5, V6; V7 ≻ V6. 

Appendix 4 – Financial model, calculation of wind-diesel power plant NPV 

with electricity price 5.65 RUB/kWh with straight-line depreciation 

 

 

 

Appendix 5 – Financial model, calculation of diesel power plant NPV with 

electricity price 5.65 RUB/kWh 

 

 

Year 1 2 3 4 5 6

Investment 19 662 600.00   

Cost 6 595 106.41    2 857 487.74    3 066 655.84    3 291 135.05    3 532 046.13    3 790 591.91    

Depretiation 728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       

D. batteries 424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       

taxes 0.2 -                      -                      -                      -                      -                      -                      

Revenues 4 034 968.65    4 330 328.36    4 647 308.39    4 987 491.37    5 352 575.74    5 744 384.28    

CF 2 560 137.76-    1 472 840.62    1 580 652.56    1 696 356.32    1 820 529.61    1 953 792.37    

Sum of CF 2 560 137.76-    1 087 297.13-    493 355.42       2 189 711.75    4 010 241.36    5 964 033.73    

NPV 12 372 218.67-  

7 8 9 10 11 12 13

11 877 227.38  

4 068 063.23    4 365 845.46    4 685 425.35    5 028 398.49    5 396 477.26    5 791 499.39    6 215 437.15    

728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       

424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       

-                      219 513.29       252 457.63       287 813.50       325 757.41       366 478.82       410 181.04       

6 164 873.21    6 616 141.93    7 100 443.52    7 620 195.99    8 177 994.33    8 776 623.52    9 419 072.36    

2 096 809.98    2 030 783.17    2 162 560.53    2 303 984.00    2 455 759.66    2 618 645.30    2 793 454.17    

8 060 843.71    10 091 626.88  12 254 187.41  14 558 171.41  17 013 931.07  19 632 576.37  22 426 030.54  

14 15 16 17 18 19 20

6 670 407.15    7 158 680.95    7 682 696.40    8 245 069.77    8 848 608.88    9 496 327.05    10 191 458.19  

728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       

424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       

457 082.26       507 416.65       561 435.52       619 408.56       681 625.24       748 396.17       820 054.74       

10 108 548.45  10 848 494.20  11 642 603.98  12 494 842.59  13 409 465.07  14 391 037.91  15 444 461.88  

2 981 059.05    3 182 396.60    3 398 472.07    3 630 364.25    3 879 230.95    4 146 314.69    12 918 176.33  

25 407 089.58  28 589 486.19  31 987 958.25  35 618 322.50  39 497 553.45  43 643 868.14  56 562 044.47  

Year 1 2 3 4 5 6

Cost 27 061 240.61  29 042 123.42     31 168 006.85  33 449 504.95  35 898 008.72  38 525 742.96  

Taxes -                      -                         -                      -                      -                      -                      

Revenues 4 034 968.65    4 330 328.36        4 647 308.39    4 987 491.37    5 352 575.74    5 744 384.28    

CF 23 026 271.95-  24 711 795.06-     26 520 698.46-  28 462 013.58-  30 545 432.98-  32 781 358.67-  

NPV 385 632 819.30-   

7 8 9 10 11 12 13

41 345 827.34  44 372 341.90  47 620 397.33  51 106 210.41  54 847 185.01  58 861 998.96  63 170 697.28  

-                      -                      -                      -                      -                      -                      -                      

6 164 873.21    6 616 141.93    7 100 443.52    7 620 195.99    8 177 994.33    8 776 623.52    9 419 072.36    

35 180 954.13-  37 756 199.97-  40 519 953.81-  43 486 014.43-  46 669 190.68-  50 085 375.44-  53 751 624.92-  
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Appendix 6 - Financial model, calculation of wind-diesel power plant NPV 

with electricity price 6.96 RUB/kWh with straight-line depreciation 

 

 

 

Appendix 7 – Financial model, calculation of diesel power plant NPV with 

electricity price 6.96 RUB/kWh 

 

 

14 15 16 17 18 19 20

67 794 792.32  72 757 371.12  78 083 210.69  83 798 901.71  89 932 981.31  96 516 075.55  103 581 052.28  

-                      -                      -                      -                      -                      -                      -                        

10 108 548.45  10 848 494.20  11 642 603.98  12 494 842.59  13 409 465.07  14 391 037.91  15 444 461.88    

57 686 243.87-  61 908 876.92-  66 440 606.71-  71 304 059.12-  76 523 516.25-  82 125 037.64-  88 136 590.39-    

Year 1 2 3 4 5 6

Investment 19 662 600.00   

Cost 6 595 106.41    2 857 487.74        3 066 655.84    3 291 135.05    3 532 046.13    3 790 591.91    

Depretiation 728 730.00       728 730.00           728 730.00       728 730.00       728 730.00       728 730.00       

D. batteries 424 000.00       424 000.00           424 000.00       424 000.00       424 000.00       424 000.00       

taxes 0.2 -                      -                         301 088.02       340 003.63       381 767.86       426 589.23       

Revenues 4 970 510.06    5 334 351.39        5 724 825.92    6 143 883.17    6 593 615.42    7 076 268.07    

CF 1 624 596.35-    2 476 863.66        2 357 082.06    2 512 744.50    2 679 801.43    2 859 086.93    

Sum of CF 1 624 596.35-    852 267.31           3 209 349.37    5 722 093.87    8 401 895.31    11 260 982.24  

NPV 64 995.80             

7 8 9 10 11 12 13

11 877 227.38  

4 068 063.23    4 365 845.46    4 685 425.35    5 028 398.49    5 396 477.26    5 791 499.39    6 215 437.15    

728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       

424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       

474 691.53       526 314.92       581 717.14       641 174.80       704 984.76       773 465.61       846 959.26       

7 594 250.89    8 150 150.06    8 746 741.04    9 387 002.49    10 074 131.07  10 811 557.46  11 602 963.47  

3 051 496.13    3 257 989.68    3 479 598.55    3 717 429.20    3 972 669.05    4 246 592.46    4 540 567.06    

14 312 478.36  17 570 468.04  21 050 066.59  24 767 495.79  28 740 164.84  32 986 757.30  37 527 324.36  

14 15 16 17 18 19 20

6 670 407.15    7 158 680.95    7 682 696.40    8 245 069.77    8 848 608.88    9 496 327.05    10 191 458.19    

728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00       728 730.00          

424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00       424 000.00          

925 832.65       1 010 479.57    1 101 322.64    1 198 815.42    1 303 444.68    1 415 732.80    1 536 240.40       

12 452 300.40  13 363 808.79  14 342 039.59  15 391 876.89  16 518 562.27  17 727 721.03  19 025 390.21    

4 856 060.60    5 194 648.27    5 558 020.55    5 947 991.69    6 366 508.72    6 815 661.19    15 782 919.00    

42 383 384.96  47 578 033.23  53 136 053.78  59 084 045.48  65 450 554.19  72 266 215.38  88 049 134.38    

Year 1 2 3 4 5 6

Cost 27 061 240.61  29 042 123.42     31 168 006.85  33 449 504.95  35 898 008.72  38 525 742.96  

Taxes -                      -                         -                      -                      -                      -                      

Revenues 4 970 510.06    5 334 351.39        5 724 825.92    6 143 883.17    6 593 615.42    7 076 268.07    

CF 22 090 730.55-  23 707 772.02-     25 443 180.94-  27 305 621.78-  29 304 393.30-  31 449 474.88-  

NPV 369 964 826.23-   

7 8 9 10 11 12 13

41 345 827.34  44 372 341.90  47 620 397.33  51 106 210.41  54 847 185.01  58 861 998.96  63 170 697.28  

-                      -                      -                      -                      -                      -                      -                      

7 594 250.89    8 150 150.06    8 746 741.04    9 387 002.49    10 074 131.07  10 811 557.46  11 602 963.47  

33 751 576.45-  36 222 191.84-  38 873 656.28-  41 719 207.92-  44 773 053.94-  48 050 441.49-  51 567 733.81-  
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14 15 16 17 18 19 20

67 794 792.32  72 757 371.12  78 083 210.69  83 798 901.71  89 932 981.31  96 516 075.55  103 581 052.28  

-                      -                      -                      -                      -                      -                      -                        

12 452 300.40  13 363 808.79  14 342 039.59  15 391 876.89  16 518 562.27  17 727 721.03  19 025 390.21    

55 342 491.93-  59 393 562.33-  63 741 171.10-  68 407 024.82-  73 414 419.04-  78 788 354.51-  84 555 662.06-    


