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ANNOTATION 

Kiljanov G.M. Energy storage in autonomous power plants using renewable 

energy sources, 2017 - p.104, 11 tables, 40 pic. Head Bessel V.V., Professor, Ph.D. 

Department of Thermodynamics and Thermal Engines. 

An analysis of existing energy storage devices in the world is carried out. The 

scientific and technical basis of energy storage. The device and the operating principle 

of an autonomous combined power plant with an energy storage device are considered. 

On the basis of the technological calculation, an optimal combination of a wind 

generator, a system of solar panels and a reservoir, which can provide reliable and 

uninterrupted power generation, was chosen.  The economic efficiency of the project 

on the use of combined medium power plants at gas production facilities in remote areas 

was estimated. Conclusions are drawn about the advisability of introducing energy 

systems based on renewable sources with energy storage devices at the country's 

enterprises. 
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ABSTRACT 

Kilyanov G.M. Energilagring i autonoma kraftverk som använder förnybara 

energikällor, 2017 - s.105, 11 tabeller, 40 bild. Chef Bessel V.V., professor, Ph.D. 

Institutionen för termodynamik och termiska motorer.. 

En analys av befintliga energilagringsenheter i världen utförs. Den vetenskapliga 

och tekniska grunden för energilagring. Enheten och driftsprincipen för ett autonomt 

kombinerat kraftverk med en energilagringsanordning beaktas. Baserat på den tekniska 

beräkningen valdes en optimal kombination av en vindgenerator, ett system av 

solpaneler och en reservoar, som kan ge pålitlig och oavbruten elproduktion. Projektets 

ekonomiska effektivitet på användningen av kombinerade medelkraftverk vid 

gasproduktionsanläggningar i avlägsna områden uppskattades. Slutsatser dras om att 

det är lämpligt att införa energisystem baserade på förnyelsebara källor med 

energilagringsenheter hos landets företag. 

Nyckelord:  energieffektivitet, energilagring, petroleumindustrin, avlägsna 

oljefält 
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Introduction 

By accumulation (accumulation) of energy is meant the input of any kind of 

energy into a device, equipment, installation or construction - into a battery 

(accumulator) of energy - in order that this energy from there at a convenient time 

for consumption again in the same or in a transformed form Get back [1]. 

In the face of current problems in the energy sector, many countries, including 

the most developed ones, are beginning to diversify their electric power industry 

using alternative energy sources. For example, in Germany, more than 20% of all 

generated electricity falls to the share of renewable energy sources, and in the plans 

for 2020 this figure should be 30% [2]. Perhaps one of the most important problems 

of such energy sources, without taking into account the possible high cost, is a rather 

large volatility of the generated capacities, as well as a significant mismatch in the 

production and consumption of energy, in conditions of peak daytime loads. One 

can distinguish diurnal unevenness of generation, while the load curve of a consumer 

usually does not represent a straight line, and has the property to vary in time of day, 

in seasons (Fig. 1). 

And then the question arises of the system, its most effective accumulation, 

which allows to coordinate the generation and consumption of energy from RES [3]. 

Regarding RES, we should add that for Russian conditions, a characteristic feature 

of their application is a significant seasonal difference in the intensity of solar 

radiation (Figure 2) and the variability of wind speed (Figure 3). 
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Figure 1 - Daily distribution of electricity consumption for typical activities 

Farm Business Day business Evening  business 

Telecom Residential array Settlement 
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Solar radiation on the territory of Russia (KW * H/m2 * day) 

Figure 2 - Intensity of solar energy intake in Russia [4]
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Figure 3 - Average annual wind speed in Russia [5]
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In addition to smoothing daily fluctuations in the generation and consumption, 

it is necessary to consider the prospects of storage devices. 

The problem of efficient accumulation of energy from renewable energy 

sources is one of the most important and most complex tasks of modern energy. 

The choice of the type and capacity of the storage device is essentially related 

to the optimization of the reliability of power supply by reservation. 

With the help of accumulating devices the following tasks are solved: 

- leveling of the pulsating power generated by the generating unit in a 

constantly changing wind speed; 

- Harmonization of production and consumption schedules for the purpose of 

powering consumers during periods when the unit is not working or its capacity is 

insufficient; 

- supply of the object with energy according to the set schedule; 

- increase in total generation of energy by the generating unit; 

- Increasing the efficiency of renewable energy sources. 

To implement most of the tasks, as a rule, so-called capacitive storage devices 

are used in the energy reserve and is determined by 2-3-day consumption. They are 

designed for use in the period of fairly long periods in the energy generation. 

When solving issues related to the accumulation of energy, many 

characteristics of the batteries should be taken into account: 

- relative mass; 

- unit costs; 

- duration of energy storage; 

- the complexity of energy transformations; 

safety of operation, etc. 

The required battery capacity depends on the type and characteristics of the 

unit, wind conditions, conditions and the scheme of using the generating set; Load 

power and user circuit. It is also determined on the basis of technical and economic 

indicators. The accumulation should not lead to a large increase in the cost of energy. 
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   Chapter 1. Accumulation of energy 

1.1 General Terms and Conditions 

By accumulation (accumulation) of energy is meant the input of any kind of energy 

into a device, equipment, installation or construction - into a battery (accumulator) 

of energy - in order that this energy can from there at a convenient time for 

consumption again in the same or in a transformed form be Got back [1]. 

To charge the battery with energy, sometimes additional energy is needed, and 

during the charging process, there may be energy losses. After charging, the battery 

can remain in the prepared state, but in this state some of the energy can be lost due 

to leakage, leakage, self-discharge or other similar phenomena. When the energy is 

released from the battery, losses can also occur; , Sometimes it is impossible to get 

back all the accumulated energy. Some batteries are arranged in such a way that 

some residual energy must remain in them. The state of the battery with energy 

consumption, during readiness, with energy release and after recoil is schematically 

shown in Fig. 4. 

 

Figure 4 - The state of the energy accumulator (A) (simplified) 

1 reception of energy, 2 readiness state, 3 energy supply, 4 discharged state, 

Where Pin is the power input, 

       Pex - output power, 

       Tin - duration of charging, 

       Tex - duration of energy release, 
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       W is the accumulated energy 

        Pin - power consumption, 

        Pex - output power, 

        Tin - duration, 

        Wres is the residual energy, 

        Win - loss when charging, 

        Wex - losses in the energy release, 

        Wd - energy loss due to random scattering 

The accumulation of energy is usually understood as a purposeful action. 

However, energy can accumulate (accumulate) and regardless of the will or 

actions of a person - as a result of physical processes occurring in nature or in 

artificial devices. As an example, Fig. 5 presents some processes of energy storage 

in nature. In addition, it should be noted 

- a very large amount of heat contained in the hot liquid inner layers of the 

Earth, 

- the kinetic energy of the Earth's rotation around the Sun and around its axis, 

- kinetic energy of the wind, water currents and moving objects, 

- chemical energy stored in living beings. 



15 
 

 

  

Figure 5 - Examples of energy storage in nature 
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With artificial accumulation of energy, the following objectives can be set:  

• the creation of a stock of energy (usually in the form of fuel reserves) 

with intermittent receipt from energy carriers, as well as cases of temporary 

cessation of energy supplies or the emergence of crisis situations, etc.; 
 

• obtaining large short-term power from power supplies of limited power, 

for example, for supplying flash lamps or spot welding installations (Fig. 6); 
 

• the implementation of energy supply not dependent on external energy 

sources, for example, in vehicles, when using portable and transportable 

equipment (Fig.7)  

• leveling of variable load, for example, in piston mechanisms, when 

using pneumatic tools, with excessive unevenness of the daily power load graphs 

(Fig. 8) and in other similar cases. 

 

 

 

 

 

 

 

Figure 6 - Application of a rechargeable battery (A) to receive a pulse of energy of 

increased power 
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Figure 7 - Example of the application of an energy accumulator in a mobile electric 

vehicle: 

1-charge the battery from a stationary source of electricity (E),  

2-use of accumulated energy 

 

 

 

 

 

 

 

 

 

 

Figure 8 - Irregularity of the daily power system load diagrams 

1 aligning the daily load graph by accumulating energy Win during the night 

minimum load of the use of accumulated energy Wex to cover the daytime load 

peaks, 2 an ideally obtained uniform load graph
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Energy accumulators are usually characterized by 

• type of accumulated energy (electricity, heat, mechanical energy, 

chemical energy, etc.) 

• amount of accumulated energy, 

• power consumed and supplied, 

• duration of charging and energy release,  

• K.P.D. accumulation η = Wex÷Win, where Wex - energy supplied from the 

battery, Win - the energy consumed by the battery 

specific storage capacity per unit of mass or volume, 

• the unit cost of the energy received from the battery. 

     1.2. Classification of storage circuits and accumulators of energy  

Modern technologies for the accumulation of energy can be divided into three 

main categories, depending on the principle of their action: mechanical, electro-

chemical and electromagnetic. 

These categories include the subgroups: 

1. Mechanical power storage 

1.1  Gravity storage (GN) 

1.2  Compressed air energy storage (PA) 

1.3  Flywheels (AGR) 

2.     Electro-chemical power storage devices 

2.1  rechargeable batteries (AB) 

   - Lead-acid batteries 

   - NiCad batteries 

   - Sodium-sulfur batteries 

   - Lithium-ion batteries 

2.2  Hydrogen storage devices (VN) 

2.3 Redox-accumulator batteries (PRA) 

2.4 Condensers and super-capacitors (MSEs) 

3          Electromagnetic storage of electric power 
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3.1 Superconducting magnetic energy stores (SPIN) 

Different types of energy storage devices allow you to store and release 

electrical energy in a period of several seconds to many hours and days.  

See fig. 9 shows the classification of electro-chemical accumulators in terms 

of the volume of accumulated energy from the time of their action. The best 

indicators are gravitational accumulators and energy storage devices of compressed 

air [6]. 

Figure 9 - The range of energy storage by the level of accumulated energy and 

duration of action 

For situations where it is necessary to store in a short period of time, and then 

transfer energy, short-term energy storage devices are best suited. Examples of such 

drives are car batteries and super-capacitors used to start tractors and electric 

locomotives 

In general practice, the use of drives was a combination of long-term and 

short-term batteries. Uninterruptible power supplies can serve as an example of 

using combinations of such drives. At the time when the reserve capacity starts 

(which takes a fraction of a second), super-capacitors were used, followed by less 

active but more capacious accumulators based on rechargeable batteries. 

SPIN 

AB 

SMA 

WM 

SKO 

PA 

GA 

sekond minut hour day 

C
a
p

a
ci

ty
 o

f 
d

ri
v
e
rs

, 
k

W
 *

 m
W

 

Discharge 

time 



20 
 

For systems that provide long-term energy storage, the preferred options are 

hydraulic accumulators and compressed air energy storage. With less efficiency it is 

quite possible to use AB, HV and flow-through redox batteries.  

Long-life energy accumulators are in demand with the use of renewable 

sources, when the peak production of energy from a solar or wind power plant may 

not coincide with the peak load of the consumer. In this case, the instability of the 

arrival of wind or solar energy can be compensated by the energy stored in the 

accumulator during the maximum generation period 

The general technical parameters of the technology for storing long-term 

energy in the context of wind energy are given in Table 1 

          Table 1. Comparison of energy storage [30] 

type of drive 
Capacity, 

MJ 

efficiency 

% 
Technology 

Hydro-accumulation 
100…….1000 70 ÷ 80 Mechanical 

Compressed air 0,1 ... .. ... 1000 75 ÷ 85 Mechanical 

Rechargeable Battery 0,1 .... .... ....10 60 ÷ 80 Electro-chemical 

Hydrogen 0,1…………1 20 ÷ 40 Electro-chemical 

From table 1, you might notice that when converting one form of energy into 

another Efficiency may vary in a fairly wide range, depending on the technology 

used, (from 20% for hydrogen drive to 85% for compressed air) of course, for 

matching the drive it is important to take into account other factors, namely: price, 

durability, specific capacity, operating temperature (for different climate zones), 

dimensions, possible damage to the environment.  An integrated approach in 

assessing all of the above factors for a particular energy supply facility should take 

into account the fact that for different projects the various factors will have varying 

degrees of determinants. 

We will analyze various technologies of energy storage in more detail. 
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1.2.1 Mechanical energy storage devices 

A mechanical storage device (MH), or a mechanical energy storage device, is 

a device for saving and storing kinetic or potential energy, and then selecting it for 

useful work 

1.2.1.1 Gravity storage (Pumped storage stations) 

Hydro-power is one of the variations of mechanical energy, but has some 

special feature that distinguishes it from other types. It is when an accumulation of 

water energy can be stored in very large amounts, but use similar power and in the 

same time periods, which allows substantial equalization of the uneven load of the 

power system (see Fig. 10) and ensures a more even operation of thermal power 

plants. 
 

With the accumulation and subsequent return of hydroelectricity, pumped 

storage power plants (HPPPs) are built on the principal scheme of the device, which 

is shown in Fig. 10. Typical solutions for the construction of pumped storage stations 

are: the construction of upper and lower reservoirs, with elevations ranging from 50 

m to 500 m, with full filling of the upper reservoir. The machine room is a room in 

which are reversible units capable of operating as pumps for pumping water into the 

upper vault and quality generators capable of producing energy when water moves 

from the top storage into the bottom; at high pressure above 500 m it uses separate 

pump and turbine units. For off-peak loads, for example at night, the aggregates fill 

the upper storage with water, and during the peak hours of energy consumption, the 

accumulated energy is converted into electric energy. Despite the fact that the KPD 

of this accumulation is about 80%, and the cost of electricity accumulated there is 

much higher than that of thermal, not to mention atomic, power plants, equalizing 

daily irregularities and possibly reducing the nominal capacity of thermal power 

plants justifies the construction of such pumped storage power plants. 
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Figure 10 - Diagram of the device of the PSP [25] 

The calculation of the accumulated energy for PSPs can be calculated using 

the following formula: 

E = m ∙ g ∙ h                                                      (1) 

where 

m-Mass of water in the upper basin, kg 

g - acceleration of gravity, m / s2 

h - average pressure of water in the power generation mode of the PSP, m. 

The specific storage capacity is also expressed in the same way as for cargo 

batteries: 

𝐸′ =  𝐸/ 𝑚 =  𝑔 × ℎ                                                (2) 

With a head between 50 and 500 meters, the specific energy content of water 

will be on the order of 0.5 to 50 kJ / kg or 0.14 to 14 kWh / kg. For modern high-

power PSPs, the energy they can accumulate ranges from 1 to 10 GWh. 

1.2.1.2. Compressed air energy storage 

The operation of compressed air energy storage devices is based on the 

compression of the air mass with the help of electric motors in off-peak hours of 
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electricity networks. During peak hours, compressed air is directed to a turbine to 

generate electrical energy. Compressed air can be stored both in special storage 

facilities on the surface of the earth, and underground, for example, in salt caverns.  

For large power systems, compressed air storage is also used. The excess electrical 

energy generated by renewable sources is used to drive powerful compressors that 

pump air under pressure into the reservoir. Traditional stations of this type use 

natural underground cavities (saline caverns) as a reservoir [7], since they hold a 

huge volume of compressed air. Naturally, such a cavern should not have cracks and 

fissures through which air could leave the space - such leaks are equivalent to the 

self-discharge of the drive. It must also withstand the operating air pressure without 

damaging itself. The higher the air pressure, the greater the energy can be stored in 

the same volume. In the first approximation, the stored energy is proportional to the 

product of the storage volume by the air pressure difference in the filled and 

discharged state. The extraction of energy from such a reservoir, however, does not 

work without a supply of heat from outside - the air sent to the gas turbine when the 

storage tank is discharged is heated by burning natural gas. See fig. 11 shows the 

scheme of storage of compressed air. 

To the pluses of such stations can be attributed the possibility of deep 

discharges, high resource characteristics, reducing capital costs through the use of 

commercially available equipment-compressors and gas turbines adapted to 

different ranges of capacity applied in other industries. 

An unquestionable advantage is the size of the energy flows balanced by a 

similar battery - we are talking about hundreds of MW, which corresponds to large 

wind farms, cities and even whole regions. 

Cons are also evident, it is necessary to use natural gas for heat, that poisons 

the very idea of clean energy, you must search for a suitable cavity that is not always 

available, therefore, as in the case of PSPS, NJeSV can not be built everywhere, for 

different regions, not only the results of geological surveys, but also the inter-

seasonal temperature differences, which in the conditions of the Far North and the 
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Siberian region as a whole, can vary from minutes 50 to plus 30 degrees throughout 

the year.. At the same time, as was already mentioned above, excessive electrical 

energy generated by renewable sources, is used to supply power to the powerful 

compressors injecting air under pressure into the tank. As well as pumped storage 

power plants, the system scales poorly at low power. 
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Figure 11 - Compressed air storage scheme in salt caverns [8]
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1.2.1.3 Flywheels 

The principle of flywheels is based on the fact that with the help of the rotor 

the flywheel is given the necessary acceleration, so that it starts to rotate while 

storing the potential energy. In order to extract this potential energy, generators are 

used which, together with the selection of energy, gradually retards the flywheel. 

The kinetic energy of the rotating flywheel is determined as follows:  

𝐸 = 𝐽 × 𝑤2/2                                                     (3) 

 J is the proper moment of inertia of the metal cylinder (since it rotates about 

the axis of symmetry),  

w is the angular velocity of rotation. 

For a radius R and height H, the cylinder has a moment of inertia: 

𝐽 = 𝑀 ∙
𝑅2

2
= 𝜋 ∙ 𝜌 ∙ 𝑅4 ∙ 𝐻/2                                             (4) 

Where p - density of metal - cylinder material 

 

Figure 12 - Scheme of the flywheel [9]:  

   

a-flywheel drive for the subway train, b-

flywheel 

Motor-generator 
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The constructive form of a specific MNE is determined by its purpose and 

operating conditions. All flywheel drives have common structural and system 

features: a set of basic elements and the relationship between them. The main, most 

characteristic element of the system - the flywheel, which functions as a battery of 

energy and a power source has the following potentially positive qualities: 

- high specific power of charge-discharge modes; 

- automatic transition from the mode of accumulation (charge) to the mode 

of energy generation (discharge); 

- high Efficiency and stability of characteristics in a wide range of changes 

in operating conditions (pressure, temperature, etc.) with a short energy storage 

time; 

- no pollution of the environment. 

Bryophytics can be divided into two groups: 

- Dynamic NEs that accumulate the energy of rotation of solids; 

- combined NOE that simultaneously store kinetic energy of rotating bodies 

and potential energy through elastic body compression changes in the shape or size 

of these bodies. 

Mechanical energy storage devices have drawbacks. The rupture of 

flywheels is associated with the appearance of high-energy fragments, all energy 

is released simultaneously and its dispersion is difficult. This forces you to 

consider when designing; high reserves of strength and provision and appropriate 

enclosure, which leads to a significant reduction in energy-capacitive indicators. 

When using mechanical energy storage, it is necessary to use additional; 

equipment 'for, conversion of energy to other types, which also leads to a 

deterioration in the mass-dimensional characteristics. 

1.2.2 Electro-chemical storage 

Electro-chemical storage (ECC) accumulation, and then release by chemical 

reactions. Such types of batteries include: electro-chemical generators (ECG) and 

chemical storage batteries (AB).The technology use is based on the electromotive 
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force, which occurs at the junction of two electrodes, fillers that differ, entering with 

the electrolyte in electro-chemical interaction. The energy released during this 

reaction depends on the number of reagents, and is characterized by: 

■ The initial electromotive force, which is within 1-3 V.  

■ charge that is transferred to the element's electrical circuit for a given 

discharge method (for example, with some unchanged load current or with a constant 

resistance of the load circuit); this quantity is called capacity and is usually expressed 

in ampere-hours (A ∙ h). 

 

Figure 13 - Connection diagram of a galvanic cell with a load resistance (K), i - 

load current, u - voltage at the terminals of the element 

The energy that we receive when the storage tank is discharged is considered 

to be equal to the accumulative capacity of the element, calculated by the formula: 

𝑊 = ∫ 𝑢 ∙ 𝑖 𝜕𝑡                                                     (5) 

where 

u is the voltage at the terminals of the element B, i is the load current A, t is 

the time, and W is the energy obtained at the discharge of Bt. 

  The chemical reactions that occur when a circuit is closed are characterized 

by the following: 

■ At the anode, the zinc atoms dissolve, give up two electrons and 

combine with the electrolyte in ammonium chloride, 
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■ on the cathode manganese dioxide MnO2 is reduced to the oxide of 

trivalent manganese Mn2O3 . 

At the boundary of the graphite rod and manganese dioxide, a hydrogen layer 

appears, increasing the internal resistance of the element and reducing the 

electromotive force. At the initial moment, the electromotive force of the coal-zinc 

primary element is in the region of 0.8 V, depending on the particular type of 

element, with a maximum value of 80 W ∙ h / kg. 

It is worth noting that electro-chemical interactions begin only when the 

external circuit is in an open state. A similar process is called self-discharge and is 

one and a half years for a coal-zinc system.    

Alkaline manganese-zinc elements, in turn, work much more efficiently than 

previously considered. The electrolyte is potassium hydroxide. The appearance of 

such a system resembles coal-zinc, but the shell consists of metal and is attached to 

the positive pole. The rod is made of brass instead of graphite. At the initial moment 

of time, the electromotive force is in the region of 1.5 V, but the specific energy 

intensity, in contrast to the coal-zinc, is significantly higher, within the range of 120-

130 W * h / kg.  

Even more efficient accumulation of energy occurs in lithium primary 

elements, the initial VOLTAGE which is equal to 3V, and the specific accumulating 

ability is, depending on the specific type, within 250-600 W∙h/kg. In these elements, 

about 10 different cathode materials are used, and they can be executed as 

cylindrical, as well as disk. Miniature disk elements are used, in particular, in wrist 

watches, in pocket calculators, in non-switchable circuits of video cameras and in 

other microelectronic equipment. 

There are other primary elements, for example, mercury-zinc (which are no 

longer being used because of the risk of mercury entering the environment), silver-

zinc, etc. They are also characterized by an increased accumulating capacity, but 

they have somewhat more specific applications. 
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Galvanic cells can be combined into batteries of the required voltage and the 

required capacity in a serial, parallel or mixed connection. Very often used, for 

example, compact small batteries with a voltage of 9 V, containing 6 carbon-zinc or 

manganese-zinc elements. 

The secondary electro-chemical cell or battery after discharge can be 

recharged from several tens to several thousand times, depending on the particular 

type.  

1.2.2.1 Lead-acid batteries  

This electro-chemical system is one of the most common among batteries due 

to its low cost, proven production technology and extensive experience of operation. 

The principle of the device, which is shown in Fig. 14 

 

Figure 14 - Principle of operation of the lead acid battery and the electro-chemical 

scheme of the discharge process [28] 

In the charged state, the anode (negative electrode) of such a battery consists 

of lead, and the cathode (positive electrode) is made of lead dioxide PbO2. Both 

electrodes are made porous so that the area of their contact with the electrolyte is as 

much as possible. In the process of charging and discharging the battery, electro-

Initial EMF 

2,05 … 2,10 V 
 

Electrolyte: 

29 … 34 % H2SO4 

71 … 66 % H2O 

Density 1,21 … 1,26 Mg/m3 
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chemical oxidation-reduction reactions occur on the electrodes, and the electrolyte 

is the medium for ion transport between the electrodes. It should be noted that any 

electro-chemical battery has in its composition these elements, performing similar 

functions, only the substances used are changed. 

Reactions on electrodes with charge AB  

(+) PbO2 + ЗН++ HSO4 - + 2e↔PbSO4+2H2O 

 (-) Pb + HSO4↔ PbSO4 + H+ + 2e  

As already mentioned above, SCA is widely known and widespread, but along 

with advantages, it also has significant drawbacks - low energy intensity (at the level 

of 10-30 W · h / kg), they use toxic lead. Also SCA is characterized by a small 

number of charge / discharge cycles and a low permissible depth of discharge in 

most of their varieties. SCA are used in a variety of applications, except for portable 

ones - the limitation is a large weight, based on the requirements for the stored 

energy. 

To charge the battery, a theoretical energy of 167 W / kg is required. This 

number also expresses, therefore, its theoretical limit for the specific storage 

capacity. However, the actual storage capacity is much smaller, so that from the 

battery at discharge, an electrical energy of approximately 30 W / kg is usually 

obtained. The factors responsible for the decrease in the storage capacity are clearly 

shown in Fig. 15. Battery efficiency (the ratio of the energy received in the discharge 

to the energy consumed by the charge) is usually in the range from 70% to 80%. 
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Figure 15 - Theoretical and actual specific storage capacity of a lead accumulator [28] 

This can happen with prolonged non-use of the battery, since the electro-

chemical discharge process (slow self-discharge) flows in the battery and when it is 

not connected to an external electrical circuit. Various special measures (increased 

concentration of acid up to 39%, using plastic structural parts and copper fittings, 

etc.) recently managed to raise specific accumulating capacity of up to 40 W • w/h 

kg and even slightly above this average. 

The above data suggest that specific ability of accumulating a lead battery 

(and also, as you will see in the future, and other types of batteries) are considerably 

lower than primary galvanic elements. However, this defect is usually compensated. 

■ by the possibility of multiple charge and, as a result, about a tenfold 

reduction in the cost of electricity received from the battery, 

■ the ability to make batteries with a very high energy intensity (if 

necessary, for example, up to 100 MWh). 

The electromotive force of a lead-acid battery depends on the density of the 

electrolyte and can be determined by the experimental formula: 

E = 0.84 + γ (6) 
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 Where E - EMF B, γ-density of electrolyte kg / m3 

According to this formula, the initial EMF of the battery, depending on the 

specific type of drive, is in the range from 2.05 V to 2.10 V. The voltage at the 

battery terminals may change, namely, decrease at the end of the discharge to 1.7 V, 

and at the end of the charge rise to 2.6 V (Fig. 16). 

 

 

Figure 16 - Changing the voltage of a lead-acid battery in some possible charge 

and discharge processes [28] 

Each charge-discharge cycle is accompanied by some irreversible processes 

on the electrodes, including the slow accumulation of non-reducing lead sulfate in 

the mass of the electrodes. For this reason, after a certain number (usually about 

1000) of cycles, the battery loses its ability to charge normally. This can happen with 

prolonged non-use of the battery, since the electro-chemical discharge process (slow 

self-discharge) flows in the battery and when it is not connected to an external 

electrical circuit. The lead accumulator loses, due to self-discharge, usually from 

0.5% to 1% of its charge per day. To compensate for this process electrical 

installations use constant charge of fairly stable voltage (depending on the type of 

battery with a voltage of up to 2.15V to 2.20V). 
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Another irreversible process is the electrolysis of water ("Boiling" battery), 

which appears at the end of the charging process. Water loss is easily compensated 

for by topping up, but evolved hydrogen can, together with air, lead to the formation 

of an explosive mixture in the battery room or compartment. Appropriate reliable 

ventilation should be provided to avoid the risk of explosion. 

Rechargeable batteries from the very beginning (from the second half of the 

19th century) have been used in vehicles since the battery-powered electric drive has 

many advantages over combustion engines. Examples include:  

■ a much simpler and more compact design of the traction motor (or 

engines), 

■ the ability to use multi-motor drives (for example, supplying each wheel 

with a separate engine), 

■ high efficiency drive (from 80% to 90%), 

■ smooth speed control in the entire required control range without the 

use of a gearbox (gearbox), 

■ absence of a special starting system (battery and starter), 

■ the ability to accumulate energy released during braking, 

■ more simple possibilities of using automatic control and regulation 

systems (including wireless systems), 

■ higher drive reliability, less maintenance and longer service life, 

■ safer operation (due to the lack of fire and explosive motor fuel), 

■ the absence of exhaust gases and other emissions harmful to the 

environment, 

■ absence of additional energy sources (for example, generators), 

■ low noise. 

At the present time, batteries with improved resource characteristics are 

available, reaching 3000 cycles with a discharge depth of 50%. However, the price 

of such batteries is higher than that of standard systems. 
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1.2.2.2 Nickel-cadmium batteries 

Nickel-cadmium batteries also have been around for a long time.  

The initial EMF of the nickel-metal hydride element is 1.25 V, and the specific 

storage capacity is in the range from 60 to 120 W ∙ h / kg. The principle of operation 

is based on the formation of cadmium hydroxide on the anode and nickel hydroxide 

- on the cathode. Their energy intensity is almost twice as high as that of the SCA, 

they are operable at low temperatures, while the permissible charge and discharge 

currents are also significantly higher. These advantages enabled nickel-cadmium 

batteries to be widely used in transport, aviation and stationary systems. At the same 

time, nickel-cadmium batteries have such a disadvantage as the memory effect - their 

energy intensity drops sharply with an incomplete discharge or charge and special 

charging algorithms are required for its recovery. They are also the most critical of 

all types of electro-chemical batteries to accurately meet the requirements for proper 

operation. Despite these shortcomings, nickel-cadmium batteries were considered as 

an alternative to SCA in electric transport applications before the appearance of more 

sophisticated and less demanding systems. However, they were not able to 

completely displace SCA, first of all, because of a higher price. 

1.2.2.3. Sodium-sulfur batteries 

The application of lead-acid batteries in vehicles (cars, boats, trains, etc.) is 

difficult because of their relatively large mass exceeding the usual mass of internal 

combustion engines and, in the case of acceptable weight-too small mileage after 

charge (usually approximately 100 km). Therefore, for electric cars and other 

electric vehicles, various accumulators with a greater specific storage capacity are 

proposed. In the 1970s, for this purpose, for example, a sodium-sodium battery was 

developed, whose EMF is in the range from 2.0 V to 2.1 V, and the theoretical 

specific storage capacity is 1.29 kWh / kg. In practice, the specific storage capacity 

of 80 W · h / kg (twice as much as that of lead accumulators) has been achieved. The 

action of such a battery is based on a relatively simple electro-chemical reaction 

2Na + xS Na2Sx 
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The principle of the device is shown in Fig. 17 

 

 

Figure 17 - The principle of the  sodium-sulfur battery. [28] 

During discharge, sodium ions penetrate through the ion-exchange membrane 

into sulfur and combine with it, forming sodium sulfide [12] 

Because in this battery as sulfur (initial melting point 119  
O

C) and sodium 

(melting temperature 98  
0
C) must be in the molten state, and molten sulphur should 

be good enough to dissolve sodium sulfite (melting point 1180 
0
C), battery operating 

temperature must be within the range of 300 
0
C to 350 

0
C. However, this 

disadvantage is compensated for, in comparison with the lead accumulator, 

 

■ by high specific storage capacity, 

 

■ smaller sizes, 

 

■ longer service life (1500 charge-discharge cycles), 
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■ complete absence of self-discharge phenomenon, 

 

■ inability to recharge. 

 

The battery is hermetically sealed and can be installed in any position. Its 

K.P.D. is approximately the same as for a lead-acid battery (from 75% to 80%). The 

capacity of the battery cell shown in Fig. 5.17, is 42A ∙ h, and the mass is 0.4 kg. 

The high operating temperature of a sulfur-sodium battery requires effective 

thermal insulation and pre-heating before using an electric vehicle. For these 

reasons, this type of battery has not yet found application in mass produced electric 

vehicles 

Sealed Nickel-metal hydride and lithium-ion power batteries are considered 

more promising for electric vehicles, introduced in 1998 (before that such batteries 

were produced to power small receivers-mobile phones, camcorders, small 

COMPUTERS, etc.).  

1.2.2.4 Rechargeable Lithium-ion batteries 

In lithium-ion batteries, the anode consists of carbon containing lithium 

carbide Li in a charged statexC6 , and the cathode is made of lithium oxide and cobalt 

Li1-хCoO2. As electrolyte, solid lithium salts (LiPF6 , LiBF4 , LiClO4 or others) 

dissolved in a liquid organic solvent (for example, in ether). A thickener (for 

example, organo-silicon compounds) is usually added to the electrolyte, so that it 

acquires a jelly-like appearance. Electro-chemical reactions in the discharge and 

charge result in the transition of lithium ions from one electrode to another and 

proceed according to formula 

 

LixC6 + Li1-xCoO2C6 + LiCoO2 

 

On the external form, the lithium-ion battery cells can be flat (similar to 

quadrangular plates) or cylindrical (with roll electrodes). Batteries are also available, 



38 
 

in which other materials of the anode and cathode are used. One of the important 

areas of development is the development of fast-charging batteries. 

The lithium-polymer battery is a more advanced design of a lithium-ion 

battery. The electrolyte is a polymer material with inclusions of a gel-like lithium-

conductive filler. Household lithium-polymer batteries are not able to give a great 

current, but there are special power lithium-polymer batteries, which are capable of 

giving a current of 10 and even 45 times greater than the numerical value of the 

container. They are widely used as accumulators in mobile and computer technology 

for radio-controlled models, as well as in portable power tools and in some modern 

electric vehicles.      

A schematic diagram of the lithium-ion battery is shown in Fig. 18. 



39 
 

 

Figure 18 - Schematic diagram of a lithium-ion battery [13] 
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 Table 1. Main characteristics of electro-chemical storage 

Battery type 
Efficien

cy, % 
Cost (€ / 

kW) 

Number of 

cycles to a 

certain digit 

(%) 

Operating 

temperatur

e (° C) 

Specific 

energy (W 

hour / kg) 

Self-

discharg

e (% / 

month) 

Lead-acid 72-78 50-150 
1000-2000 

70%  
-5 ÷ 40 25  2 - 5 

Nickel-cadmium 

(Ni-Cd) 
72-78 200-600 

3000        

100% 
-40 ÷ 50 40-80  5 - 20 

Sodium sulfide 

(NaS) 
89 400-500 

2500      

 100% 
300 ÷ 350 100 0 

Lithium-ion 98 700-1000 
3000         

80% 
-30÷60 90-190 1 

Vanadium 

Redox 
85 360-1000 

10000                   

75% 
0÷40 30-50 0-10 
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The analysis shows that of all the batteries presented today in the market, lead 

acid batteries are the preferred storage devices for use in autonomous power supply 

systems. This is due primarily to economic considerations, because they cost more than 

14 times lower than the cost of a lithium-ion battery, and 4 times lower than the cost 

of the nickel-cadmium AB. 

1.2.2.5 Flowing Redox Battery  

The flowing redox battery is a system in which two charged electrolytes interact, 

which pass through the cell and produce an electric current. Electrolytes are contained 

in special containers (tanks), and during movement through the cell they are separated 

by a special separator, the quality of which is the membrane., Through which the ions 

pass. According to the principles of action it is like a classic battery. Since the positive 

and negative electrodes in this case is the electrolyte, it is called "liquid electrodes" 

Despite the extensive nature of the redox system, in practice the redox system 

with vanadium is most often used. The principle of operation of such a battery is based 

on the ability of vanadium to be in solution at once in four different degrees of 

oxidation. Typical battery composition is: Two tanks filled with electrolyte, where the 

electrolyte is a solution of salts of vanadium in sulfuric acid, pump units and an electro-

chemical conversion device, in which the process of separation of liquids occurs, using 

a membrane (Fig. 19). In one tank there is a container, containing ions V5+? and the 

other V2+; electromotive force of such a process EMF = 1.246 B. During the discharge, 

the degree of oxidation of vanadium takes the value V3+ at the anode, accompanied by 

the release of the atom of ionized hydrogen. After this, the proton passes through the 

membrane, and the electron hits the cathode, where the degree of oxidation of 

vanadium in the composition of the catholyte changes with V5+ on V4+. The external 

voltage directed to the electrodes makes it necessary to reverse this process .. 
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Figure 19 - Diagram of a flowing redox battery [14] 

The redox batteries have the following advantages: 

 - The capacity of such batteries, provided with large volumes of the tank, can 

be almost unlimited; 

- easy charge-discharge process;  

- copes well with changing loads 

- Resistant to overload.  

However, they also have disadvantages 

 - strong dependence on ambient temperature; 

 - Low values of specific energy (30 ÷ 50 W * h / kg);  

- To date, several times more expensive than lead batteries; 

 - more complex systems compared to conventional batteries.  

It should be noted that to date one of the newest installations of redox batteries 

was presented by chemists at the University of Pennsylvania. It can be charged with an 

aqueous solution of carbon dioxide. The device generates electricity due to the 

difference in CO concentrations2 in emissions and air. For the Russian industry, the 

https://hightech.fm/2017/02/10/battery-carbon-dioxide
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utilization of CO2 is one of the most important issues requiring a decision in the very 

near future, therefore this technology can potentially be very interesting 

1.2.2.6 Capacitors and Super-capacitors 

A schematic diagram of a flat capacitor is shown in Fig. 20: 

 

Figure 20 - Devices of a flat capacitor, 1 plate, 2 dielectric [28] 

The capacitance of such a capacitor is determined by the formula: 

С = ε ∙
A

d
 ,                                                              (7) 

where C is the capacitance of the capacitor, f;  

A is the area of the electrode, m2 

d is the thickness of the dielectric, m;  

ε is the permeability, F / m 

 

The energy stored by the capacitor is determined by the formula:  

     𝐸 =
𝐶𝑈2

2
,                                                      (8) 

where W is the stored energy, J;  

C is the capacitance of the capacitor, Ф;  

U is the voltage applied to the capacitor, V 
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There are also "rolled" capacitors. Such capacitors are produced using a foil and 

film dielectric (multi-layer) liner. For such capacitors, the specific storage capacity can 

reach 1 J / kg or 0.3 mWh / hr / kg.  In consequence of the fact that this indicator is still 

quite low, in conditions of long-term storage this type of drive does not find its 

application.  

Electric capacitors are considered much more reliable and convenient for use as 

an energy store. A schematic diagram of such capacitors is shown in Fig. 21. 

 

 

 

 

 

 

Figure 21 - Schematic diagram of the electrolytic capacitor. [28]         

          The outer layer consists of a metal sheet or foil, and the inner layer is a 

dielectric, of a metal oxide (Al2O3, Ta2O5or other), the intermediate layer is paper 

with glycerin 

The capacitance of such capacitors can reach 1 Farad, due to the fact that the 

thickness of the dielectric is usually within 0.1 micrometer. However, it is worth noting 

the low voltage inherent in such capacitors.. 

The most capacious is another type of capacitor, called "ultra-capacitors" 

(ionistors). In this case, the coating is a double electric layer, whose thickness is of the 

order of 0.3 μm at the interface between the electrode and the electrolyte. The electrode 

itself is made from materials such as graphite. In this case, the porosity is more 

important, due to which the effective area of the plates can reach 104 square meters per 

gram of mass of electrodes. This phenomenon allows you to achieve greater capacity 

with small dimensions of the capacitor itself. To date, super-capacitors are available 
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for voltages up to 3 volts and a capacity of 4 kFV.  Specific storage capacity of such 

capacitors reaches 60 W ∙ h / kg, and the newest advanced technologies up to 350 W ∙ 

h / kg  

 

Figure 22 - Principle of the device super-capacitors [28]: 

1-electrodes made of micro-porous graphite, 2-electrolyte. 

Manufacturing technology ultra-capacitors is very complex, and the cost per unit 

of energy stored in them is therefore much higher than that of other capacitors, reaching 

50,000 € / kWh. Despite this, due to the simplicity of design, small size, reliability, 

high KPD. (95% or more) and durability (several million charge-discharge cycles), 

they began to be used both in vehicles and in industrial power plants instead of electro-

chemical accumulators and other means of accumulating energy. They are particularly 

advantageous when the energy is consumed in the form of short pulses (for example, 

to feed the starter of internal combustion engines) or when fast (second) charging the 

accumulator. 

The principal difference between batteries and ionistors is that the reactions take 

place on the surface of the electrode, which results in a decrease in the reaction rate 

due to the absence of a diffusion phenomenon. The accumulation of electric charge 

occurs as a result of the separation of substances between the electrode and the 

electrolyte, while having the maximum possible potential difference. This parameter is 

calculated based on the voltage value, when the electrolyte decomposes and is in the 

range 1.2-4 V depending on the type of electrolyte. Direct conversion of various 
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substances during the course of reactions in the ionistor is not observed, so we can say 

that their potential is unlimited. Under real conditions, it is possible to single out a 

significant disadvantage of such conventional capacitors, as against ionistors, which 

shows in the fact that the resistance of the materials from which the electrodes are 

produced is subject to electro-chemical degradation. This disadvantage over time 

reduces the declared number of cycles of the capacitor operation by several tens or 

even hundreds of times. The materials from which super-capacitors are made are 

oxides and hydroxides of nickel and manganese. 

Advantages of ionistors as against batteries: 

• The greatest possible reversibility for today; 

• Huge number of charge-discharge cycles: 100 000 ÷ 10 000 000 cycles; 

• Rapid charge rate of the capacitor 

• Resistance to temperature changes; 

• Guarantees life cycle more than 12  

• Minimal need for maintenance 

• Environmentally friendly 

1.2.2.7. Hydrogen (H2) drives 

The history of the development of the accumulation of energy in the form of 

hydrogen, began with a number of surprising properties of hydrogen, namely: 

- In the process of water electrolysis, hydrogen, due to its unique properties, can 

be used as an energy carrier and energy store  

- It is necessary to note the ecological aspect. Water is considered one of the 

cleanest resources on Earth, so using it for the energy storage process will be very 

environmentally friendly, with a minimum emission of toxic substances 

- RES can generate more energy than we need at the moment, and with the help 

of the process of electrolysis of water, can be accumulated in the system and then at 

peak hours of loads using TEs be selected to cover the unevenness.  

Currently, leading companies are developing hydrogen systems for energy 

storage. The accumulation process is based on the fact that the water in the cell is 



47 
 

decomposed into hydrogen and oxygen, which are stored in high-pressure cylinders, 

and then converted into electricity in the fuel cell. The energy intensity of systems 

based on the hydrogen cycle can reach high values, due to the fact that in a compressed 

state we can store gases almost infinitely, but, despite this, K.P.D. of the system 

remains very low, about 30%. 

 

1.2.3. Storage of energy in a magnetic field.  

The inductive coil is capable of accumulating energy in the form of a magnetic 

field, provided that current flows through it (constant) [17]. During the connection to 

the coil of the circuit through which energy is transferred and the momentary reduction 

or cessation of the current that creates the magnetic mole, current and energy are 

generated in the circuits. See fig. 22 examined, electric power connection to the 

receiver coil and tripping current which is supplied to the coil. Such an operation, in 

particular, is used for magnetic field quenching at switching-off of windings of 

excitation of electric cars that in the transient process dangerous over-voltages do not 

occur. See fig. 23 shows the transfer of energy accumulated in the magnetic field of 

the inductor to the circuit of the electric receiver through the secondary winding of the 

coil when the coil is disconnected from the power source. In the secondary circuit, 

electrical energy can be converted to other forms of energy (for example, heat or 

mechanical energy). 
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Figure 23 - Accumulation of energy with an inductive coil by connecting the 

receiver, in series with the coil and at disconnection, L-inductance, i-damped current 

pulse [28] 

 

1.2.3.1 Superconducting magnetic energy storage devices 

The main block of the superconducting magnetic energy store (SPIN) consists 

of a large coil made of a superconductor in a cryostat with liquid helium or nitrogen. 

The energy stored in the coil, (E), is given by 

𝐸 =
1

2
∙ 𝐿 ∙ 𝐼2                                                          (9) 

where 

L - inductance of the coil circuit (HH) 

I is the current of the coil circuit (A) 



49 
 

Today, these devices have a high efficiency, since the superconducting coil has 

practically no ohmic losses, and only electronic losses for energy conversion are taken 

into account. This system (SPIN) can accumulate a large amount of energy, it is low-

inertia, but today the method is still not worked out. 

In connection with all of the above, it is possible to highlight the characteristic 

advantages and disadvantages for each energy storage technology. The analysis result 

is presented in table 3. To date, about 150 types of drives are well-studied and 

successfully produced. An example of their use in modern technologies can be the 

energy supply systems for air transport, and where a small mass of equipment is 

needed, silver-zinc storage devices are used, with an acceptable degree of storage 

capacity, on average 100 W * h / kg.  For example, in aircraft power supply systems 

where the mass of equipment should be as small as possible, silver-zinc accumulators 

with specific storage capacity, on average, 100 W h / kg, are used. The best storage for 

today is fluorine-lithium, but unfortunately they are not introduced into wide 

production yet.  

Table 2. Typical advantages and disadvantages of various energy storage 

technologies 

Technology Benefits Disadvantages 

Pumped Storage Plants 
High "maneuverability", relatively 

fast output at full capacity 

Low specific energy 

intensity, Extremely high 

unit cost of construction 
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Storage of compressed 

air energy 

The possibility of deep discharges, 

high resource characteristics, 

reducing capital costs through the 

use of commercially available 

equipment-compressors and gas 

turbines and applied in other 

industries 

The amount of energy 

flows balanced by such a 

battery is about hundreds 

of MW, which 

corresponds to large wind 

parks, cities and even 

whole regions. 

Flywheels 

High specific power of charge-

discharge modes, automatic 

transition from the accumulation 

mode to the generation mode, high 

efficiency, no pollution of the 

environment 

Potentially highly 

destructible, that requires 

a consideration of 

additional reserves of 

strength and include 

appropriate restrictions 

that leads to the total 

reduction of energy 

intensity 

Lead-acid batteries  
Low cost, proven technology, 

extensive operational experience 

Low specific energy 

intensity, the use of toxic 

lead, a relatively small 

depth of discharge 

Table continued 3 

Nickel - cadmium 

Batteries 

The energy intensity is twice as 

high as that of the SCA, the ability 

to operate at low temperatures, 

With an incomplete 

discharge or charge, there 

is a significant drop in 

energy intensity, a high 

cost 

Sodium-sulfur batteries 

High operating temperature (290-

360 degrees Celsius), discharge 

depth of about 90% 

Expensive materials 
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Lithium-ion batteries 
High energy intensity, deep charge-

discharge cycle 

The cost of such batteries 

is highly dependent on the 

type of electro-chemical 

systems, as well as on the 

temperature and mode of 

operation 

Flowing Redox Battery 

With the use of large volumes of 

storage, virtually unlimited 

capacity, easy recharging and rapid 

response to changing loads 

Strong dependence on 

ambient temperature, low 

values of specific energy, 

several times more 

expensive than lead 

batteries 

Super-capacitors 
Practically unlimited cycling, short 

charging time, long service life 

Electro-chemical 

degradation, depending on 

the electrolyte used 

Hydrogen 

The possibility of achieving a high 

energy intensity (due to unlimited 

storage of gases in a compressed 

state) 

Relatively low KPP, not 

exceeding 40%. 

SPIN High efficiency (no ohmic losses) Expensive technology 

To date, about 150 types of drives are well-studied and successfully produced. 

An example of their use in modern technologies can be the energy supply systems for 

air transport, and where a small mass of equipment is needed, silver-zinc storage 

devices are used, with an acceptable degree of storage capacity, on average 100 W * h 

/ kg.  For example, in aircraft power supply systems where the mass of equipment 

should be as small as possible, silver-zinc accumulators with specific storage capacity, 

on average, 100 W h / kg, are used. The best storage for today is fluorine-lithium, but 

unfortunately they are not introduced into wide production yet.  
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For long-term work, GE is successfully used, for medium-term, short-term use 

and covering jump loads-rechargeable batteries. Condensers and SPIN technology are 

used exclusively for a large number of impulse load surges. Ionistors are most often 

used in conjunction with renewable energy sources to cover the unevenness of their 

work, which is characteristic of them. The limits of applicability of a group of storage 

devices, depending on the duration of the load and the output power, are shown in 

Figure 24.  

 

Figure 24 - The boundaries of specific storage capacity (from) and specific power (p) 

of some accumulating devices 

1.3. Summary of results and conclusions  

1. Autonomous energy supply for small and medium-sized consumers can be 

organized through the use of the potential of renewable energy sources, especially in 

those remote areas where their potential is high and the cost of diesel fuel is high;  

2. When developing power supply schemes, it is necessary to take into account 

seasonal and daily unevenness of solar energy and wind flows for different regions;  
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3. The use of solar energy produced by photoelectric converters requires the use 

of accumulators of excess electrical energy to smooth daily diurnal production and 

consumption of electricity.  

4. Different types of energy storage devices allow storing and releasing electric 

energy during a period from a few seconds to many hours and days  

5. The choice of the drive is determined by the requirements of a particular 

consumer and the initial data for the energy consumption system as a whole. At the 

same time, it is necessary to take into account both technical and economic features of 

drive operation  

6. The use of electro-chemical accumulation technologies and electro-chemical 

energy storage devices is the most rational for today due to its high specific energy 

density, high efficiency. and a wide range of operating temperatures. 
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Chapter 2. Calculation and comparative analysis of an autonomous power 

plant based on renewable energy sources with an energy storage device and a 

diesel generator 

2.1. The device and operating principle of an autonomous combined power 

plant  

In this chapter, the device and the operating principle of an autonomous 

combined power plant are considered.  

The installation is a prototype, it is designed to study the processes of 

accumulation of solar energy and wind energy, as well as autonomous power supply 

of process equipment and tele-mechanics systems. The development of the plant took 

into account the requirements of the documents of Gazprom 2-2.1-579-2011 

"Automated gas fishing. The main requirements for technological equipment and 

volumes of automation at the stage of development of the field "[18]; GOST 24.701-

86 "Unified system of standards for automated control systems. Reliability of 

automated control systems. Key provisions "[19], as well as other normative 

documents and standards of OAO Gazprom and the Russian Federation. The 

installation, with the exception of primary transmitters and communication lines with 

them, is intended for placement outside hazardous areas and outdoor installations. 

Primary transducers (Instrumentation) are designed for placement in an hazardous area. 

The stand-alone combined power plant includes a solar battery, batteries, a wind 

generator, a charge controller, cabinet housings, a mast and an installation system. 

To ensure the autonomous operation of the installation, one of the energy sources 

is the solar panels, which convert solar radiation into electrical energy. Solar panels are 

the main source of electricity in the installation in question, and provide the necessary 

energy reserves for reliable operation of the entire system. The installation used solar 

PLM 200m (shown in Figure 25) manufactured from high-performance single-crystal 

solar cells, which guarantees increased performance and reliability of the module. 
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Figure 25 - Solar battery. [23] 

The characteristics of the batteries are shown in Table 4. 

Table 4. Characteristics of solar battery PLM-200M [27] 

Indicator Value 

Peak power, W: 200 

Short Circuit Current, A:  5.66 

Voltage at the maximum power point, 

V:  

37.89 

Current at the point of maximum power, 

A:  

5.28 

No-load voltage, V:  45.48 

Dimensions, mm:  1580х808х35 

Weight, kg:  16 

High performance in diffuse light provides increased power generation in cloudy 

weather and in winter. The manufacturer guarantees preservation of the declared 

capacity of more than 90% of the nominal capacity - for 10 years, maintaining the 

declared capacity of more than 80% of the minimum rated capacity - for 25 years 
 

Advantages of the PLM-200M solar battery: 

- Effective solar cells are used. 

- Excellent performance in diffused light. 



56 
 

- Toughened glass of high quality ensures its high transparency and guarantees 

an increased efficiency of the module 

-Anodized aluminium profile with drainage holes and tight structure is used in 

conjunction with solar panel charge controller Morningstar SS-MPPT-15L, which is 

the most perfect of all existing types of controllers. Its advantage is that it finds and 

tracks the maximum power point of the solar battery and uses all available power by 

pulse-width conversion in all charge modes. Thus, using the MPPT controller permits 

increasing the amount of solar energy used by the same battery by 10-30%, depending 

on the depth of the battery discharge. 

An additional source of electricity is represented by the wind generator 

"SunForce DS-600". This wind generator was developed by the Canadian company 

SunForceProductsInc, shown in Fig. 26. 

 

 

 

 

 

 

                             

Figure 26 - Wind generator "SunForce DS-600" [22] 

The main technical characteristics of the SunForce 600W are given in Table 5. 

Table 5. Parameters of Wind Turbine Generator SunForce 600W 

Indicator Value 

 Rated wind speed, m / s  12 

 Nominal power, W  600 
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 Voltage (factoring MPPT function), V   12 / 24 

 Wind wheel diameter, m  1.31 

 Starting wind speed, m / s  2 

 Maximum working wind speed, m / s  25 

 Material of blades  Glass fiber 

Recommended battery capacity 100 A*h 

Weight without mast, kg 9 

Wind power 600 W high efficiency and reliability, meets the highest technical 

requirements and standards for wind energy installations. The small diameter of the 

wind wheel allowed the achievement of a low starting speed, which allows more 

efficient use of wind energy and contributes to the generation of electricity in low-

winded areas. Has a compact size, which allows you to install the wind generator in 

the shortest possible time and without resorting to complex technical solutions 

associated with installation. 

 

Among the advantages of the wind turbines can be identified: 
 

■ low starting wind speed (2 m / s); 
 

■ built-in charge controller with MPPT function; 
 

■ automatic voltage selection (12V / 24V); 
 

■ built-in protection against reverse polarity; 
 

■ lightness of construction. 
 

Additional equipment that provides reliable operation of the solar panel and wind 

generator: 

1. The pyrano-meter (shown in Fig. 27) is designed to measure the total, 

scattered or reflected solar radiation entering the solar panel and analyzing its 

effectiveness in different weather conditions. The GSM / O pyranometer registers 

100% of the solar spectrum in the range from 380 nm to 2800 nm, thus covering UV 

(ultraviolet radiation), VIS (visible radiation) and part of IR (infrared radiation). 
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Figure 27 - Pyranometer [23] 

2. Wind speed and horizontal wind speed sensors (shown in Figure 28) allow the 

analyzing of the efficiency of the wind turbine depending on the speed and direction 

of the wind. 

The wind speed sensor is designed to measure the horizontal wind speed. The 

principle of action is the physical effect of the air flow on the cup wheel. Wind of any 

direction rotates the rotor at a speed proportional to the wind speed. The blades are 

made of plastic, the body is made of anodized aluminum and plastic. 

The compact wind direction sensor WRG2 / O measures the horizontal direction 

of the wind. The wind acts on the tail part of the sensor, turning it in the direction of 

the wind. Allows you to study the main directions of the wind, build a wind rose, and 

conclude that the installation is more advantageous. 

 

 

 

 

 

Figure 28 - Wind speed and horizontal wind speed sensors [23] 
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Controllers and some sensors are installed in the tele-mechanics cabinet, which 

is shown in Fig. 29 

. 

 

 

 

             

 

 

 

Figure 29 - Tele-mechanics cabinet [23] 

The design of the cabinet provides reliable protection against climatic influences, 

external cables are inserted through the mechanical protection seals of the equipment 

installed in it. The cabinet is made vandal resistant, with the possibility of parsing only 

from the inside. The cabinet consists of a non-separable casing, a base, an upper roof 

with release, and a front door. All units are made of steel 2 mm thick, with additional 

ribs for rigidity. The cabinet provides for the installation of heating and ventilation 

systems and sensors and thermostats necessary for controlling the thermal regime. To 

protect against temperature fluctuations, the cabinet is sheathed from inside with 

thermo-insulating material, temperature sensors are installed inside and outside the 

cabinet, in winter it is possible to use a heating system. 

The cabinet is mounted on a cone-shaped mast 7 meters high by means of special 

mounting kits. This mast is a reliable construction that withstands all the loads of 

installed equipment. The mast is installed on a specially made foundation, which is 

calculated on the basis of the installed equipment. 
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The main component controlling the operation of the whole installation is the 

controller MK-400. 

2.2 Principle of operation of the combined installation 

The principle of operation of the installation is the following: solar radiation 

reaching the solar panel is converted into electric energy, part of which is spent on 

constant consumption sensors and controllers installed, surplus energy accumulates in 

the installed batteries. At the same time, the MorningstarSunSaver MPPT controller 

increases the efficiency of battery charging from solar panels up to 97.5% due to the 

application of the technology of finding the optimum point of the ratio of voltage and 

current intensity of the charge. These batteries provide energy for installation and 

technological equipment at night, and the battery is also equipped with a supply of 

energy to power the unit in case of shortage of solar energy, for example on cloudy 

days. The capacity of the batteries is designed for uninterrupted operation of the 

devices during 4-5 cloudy days. An additional source of energy to ensure the reliability 

of the installation is a wind generator. When the rotor blades are exposed to the wind, 

electricity is generated, which also accumulates in the battery packs. The wind 

generator can be effectively used at night, with no energy from the solar panels. Due 

to the conversion of wind energy, the plant's own equipment receives the required 

amount of electricity, which can significantly increase the battery life. The use of a 

wind turbine is acceptable practically anywhere, but maximum efficiency is achieved 

in an open area with strong and stable enough winds in the region.  

Maintenance of the stand-alone combined power plant is performed by means of 

remote access to the operator's workstation, and provides for the regulation of operating 

modes without physical impact on the equipment of the installation. The transfer of 

data between the installation and AWP is carried out by means of two modems 

providing a stable signal, with high throughput. The connecting link in this case is the 

Intouch visualization system and specially developed software that is loaded into the 

controllers. This system allows you to get all the technical parameters in real time, 
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accumulate the data received, process it and provide changes to the values of all 

parameters in the form of graphs. 

Installation in the initial period of work required certain settings related to the 

optimization of the operating modes of additional equipment and the timing of its 

operation. A set of measures was carried out aimed at eliminating the shortcomings of 

the system associated with the operation of the installation in winter in short daylight.  

The results of testing an autonomous combined power plant, conducted since 

October 15, 2014. on March 5, 2015, showed that the plant is able to function in the 

winter season, which automatically confirms its reliable operation in the all-the-year-

round mode in the climatic conditions of the central strip of Russia. 

The facilities where the power plant can be used can be represented by various 

equipment dispersed in a remote area: gas wells, crane assemblies and nodes for 

receiving and starting up cleaning devices, points for measuring the transported 

product, and other objects whose power supply is impossible and / or inappropriate for 

different reasons 

Tele-mechanics systems with power supply from autonomous power plants of 

low power allow the solving of the following technological problems [20,21]: 

• Ensuring reliable and efficient operation of main and auxiliary production 

facilities through optimal management of their operating modes in accordance with the 

requirements of technological regulations, timely detection and elimination of 

deviations and prevention of emergency situations; 

• Fulfillment of established production targets for volumes of transported 

marketable products, reduction of losses of material and technical and fuel and energy 

resources and reduction of operating costs; 

• Providing control of shut-off and control valves when performing technical 

operations for transporting the working environment and maintenance of pipelines; 

 

• Reducing operating costs and labor costs for inspection and maintenance of 

line pipelines, improving technical and economic performance of the fishery; 
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• Provision of anti-damage and fire protection of facilities in order to improve 

the environmental safety of production.  

The application of power supply technology for industrial facilities based on 

renewable energy sources will provide an opportunity for the development of the oil 

and gas infrastructure of enterprises in hard-to-reach areas of the country, as well as 

reduce the economic costs of construction of power lines and tele-mechanics 

communication facilities, reduce the areas of land and forest areas allocated for 

construction and minimize the negative impact on the ecosystem. 

Despite the obvious benefits of this system, there is also the obvious 

disadvantage of the limitation on applicability due to the fact that this setting may not 

work 24 hours a day that entails the loss of energy and, consequently, loss of efficiency. 

Obviously, this installation requires an additional source of energy, for the continuous 

supply of energy to the consumer. Such sources, in the condition of remote areas, can 

become: 

1 Diesel generators 

2. Power storage device 

For a more specific comparative analysis, let's make the assumption that the 

analysis object consumes energy of 50 kW and the operating time of such an aggregate 

will be 8 hours per day 

          2.3. Diesel generators  

Types of diesel generators  

The market is filled with many models of the DGU. In each case, the model is 

selected based on the scope and individual preferences of the buyer.  

First of all, the classification [22] goes according to the field of application. Its 

type is used in construction, agriculture and energy trains.  

By power: 

By power distinguishes small electric power units (up to 50 kW), medium (50-

200 kW) and high (more than 200 kW).  

By cooling method: 
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There are three ways: air, radiator (also called water-air) and two-circuit (or 

water-water). 

By type of use: 

Also, typical power plants are classified into lighting, power, as well as special 

purpose stations (for example, instrumental ones). 

By ability to move: 

In direct dependence on the ability to move, there are stationary, mobile and 

portable generating sets. Mobile are usually used as mobile power supplies. 

In the method of execution: 

In specially prepared premises it is possible to place power stations of open 

execution. Otherwise, it is worthwhile to use the power station in a housing. It will 

protect the unit from rain and other harmful environmental influences. In a harsh 

climate, container power plants are commonly used. 

By way of occurrence of magnetic fields: 

Synchronous and asynchronous generators are allocated. Asynchronous ones are 

considered more reliable, they do not cause radio interference when used. However, 

unlike analogues, they are not able to tolerate long-term overloads. 

By number of phases: 

DGU are classified into single-phase and three-phase. The main difference is 

that the three-phase power plant has two outputs - 230 and 400V. In a single-phase 

electric generator there is only one output - at 120V. Some believe that three-phase 

devices can be attributed to universal use, because it acquires them, even if today three-

phase current is not needed. At the same time, the cost of the three-phase DGU and its 

maintenance is significantly higher than the single-phase costs. If three-phase 

consumers are not in the circuit, the best option is to purchase a sufficiently powerful 

single-phase unit. 

At present, the energy supply of oil and gas facilities remote from the main 

facilities of the Unified Energy System of the Russian Federation for distances of tens 

or even hundreds of kilometers. is carried out mainly by diesel power plants (DES). 
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The installed capacity of the diesel power stations and certain diesel units on the main 

subjects of the Siberian Federal District totaled 379.2 Mw, which produced 902.1 

million. kW*h. electricity. The total number of diesel power stations in the SFO in 

terms of 300 - 500 kW, including single diesel units, are estimated at 1,000 - 1,300 

units. At the moment, the cost of electricity generated by the DIESEL varies within-

25-50 rub. per kW*h. Ways to deliver fuel for diesel power plants are very diverse. 

They depend on the specialization of consumers, their remoteness and the condition of 

the road transport network. The collection, generalization and analysis of information 

on the costs of fuel delivery by various modes of transport made it possible to establish 

that fuel prices increase by 1.2-1.5 times for transportation of automobiles, 1.3-1.8 

times for sea vessels, non-road transport - by 1.5-2.5 times, and when using aviation - 

3 times or more in relation to the selling price at the base fuel supply bases. It is also 

necessary to note the significant dimensions of diesel generators of high power, for 

example diesel generators rated for 50 kW have an average size in three dimensions of 

about 2.5 - 1.5 - 2 meters, being a large-sized unit. The service life of such units is 

about 10 years, subject to major overhaul after 5 years, and routine repairs every 2 

years. In addition to the diesel generator itself, it is necessary to remember that the use 

of fuel involves fuel storage, which is a tank of high capacity, which makes this 

structure very massive.  

When using a power supply scheme using diesel generators, it is expected to use 

at least 3 units, 2 of which work in parallel at incomplete load and one that is in reserve.  

Based on the generalization of data and current trends in the field of diesel 

generators, the Gesan (Spain) generator was chosen (Fig. 30) which has the following 

characteristics: 
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Figure 30 - Appearance of diesel generator brand Gesan (Spain) [24] 

Table 6. The main characteristics of the diesel generator  

Brand / Country: Gesan / Spain 

Engine / Freq. Perkins / 1500 rpm. 

Power constant: 48.00 kW 

Power constant: 60.00 kVA 

Standby power: 52.00 kW 

Standby power: 66 kVA 

Voltage: 380V 

Frequency: 50 Hz 

https://www.mototech.ru/dizelnye-generatory/gesan/
https://www.mototech.ru/info/engine/perkins/


66 
 

Type of launch: Electrostarter, autostart is possible 

Fuel tank: 90 l 

Fuel: Diesel 

Fuel consumption at 75% load: 10.4 l / h 

Warranty: 1 year 

The cost of such an aggregate is 1,451,832 rubles [26], but as noted earlier, we need 

at least 3 such. 

Total cost of 3 diesel generators will be 3,300,000 rubles. 

 

2.4. Selection of energy storage  

As described earlier, the most suitable energy storage devices are battery cells, 

hydrogen storage, flow-through redox batteries and super-condensors. It is necessary 

to carry out a comparative analysis and choose an energy storage device, which will 

most closely correspond to energy requirements.  

For a weighted selection of a suitable battery, you need to be guided by the main 

indicators that characterize energy storage devices, namely: 

In order to compare the technologies, the following indicators were selected: 

1. Depth of discharge 

2. Efficiency: energy loss during charge and discharge 

3. Number of discharge and charge cycles 

4. Life cycle 

5. Weighted average cost of energy (Cost of 1 kW of energy) 

For the comparative characteristics, the best representatives of the energy 

storage market were chosen in their sector. 
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1) Modular energy storage system for home WATTS - Lithium-

ion cells 

2) Power storage system for "smart home" AAA "Power" - 

Redox battery 

3) Nickel - Saline Rechargeable of Fiamm company 

4) Energy storage company 4D Energetics 

It should be noted that hydrogen storage devices were not considered in this 

analysis because of the high cost of the technology and the very low CPD. 

After collecting and summarizing information on all four representatives, the 

main indicators were summarized in Table 7. 

Table 7. Comparison of the main parameters of energy storage devices 

Parameter 
Units of 

measurement 
WATTS 3A Power 

4D 

Energetics 

Fiamm 

SoNick 

48TL  

K.P.D. % 96  90 85 87 

Depth of 

discharge 
% 50  75 90 80% 

Number of cycles -  3000  1500 20000 4,500 

Life cycle Year(s) 2  4 20+ 20+ 

Cost of energy $/kW*h 2000 280  300 1000 

 

From the table we can draw the following conclusions: 

1) product of the company Watts, too high unit cost of energy, with the 

smallest life cycle.  

2) 3a Power has a fairly low unit cost of energy, but the number of charge-

discharge cycles is too small. 

3) Of the remaining two representatives, 4D Energetics has clearly more 

cycles, the possibility of a deep discharge and a lower unit cost of energy 

Summarizing all of the above, the product of 4D Energetics is the most 

acceptable option for use in an autonomous power plant. 
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2.4.1. Drive Design  

Technology developed by the company 4D Energetics, combines the advantages 

of storage batteries and supercapacitors and does not have the drawbacks inherent in 

these technologies. In other words, the device 4D Energetics has a high stability in 

cyclic operation, the possibility of rapid recharging (similar to supercapacitors) and a 

relatively high specific energy intensity (at the battery level). 

In the device 4D Energetics as a basic material of electrodes, a material with a 

high adsorption capacity and a high specific surface area - activated carbon is used. 

The high adsorption capacity of the electrode material makes it possible to form a layer 

of electro-chemically active substances on the developed surface of the material 

particles. Sorted substances are electro-chemically active during the operation of the 

device, that is, at a certain value of the electrode potential, these substances can be 

oxidized or reduced (Faraday processes). The presence of such oxidation-reduction 

processes on the surface of the electrodes provides the accumulation of considerable 

capacity (and energy) in addition to charges stored in a double electric layer (purely 

electrostatic process). Thus, the operation of the device 4D Energetics there are two 

mechanisms - Faraday and electrostatic. Such a duality of energy storage mechanisms 

allows a substantial increase in the specific capacitance of the electrodes, which in turn 

leads to an increased specific energy capacity of the device. 

The energy saving module 4D Energetics consists of a bank of rechargeable 

adsorption batteries and an electronic unit (Fig. 31). The power socket is located on the 

left side, and the power outlet socket is on the right side. 
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Figure 31 - Example of the energy storage unit 1 kWh: the electronic unit (1) and the 

battery pack (2) [20] 

The battery bank consists of rechargeable adsorption batteries (Fig. 32) with a 

voltage of 110 or 270 VDC (or other user-specified voltage in the range of 4.8 to 480 

VDC). The adsorption battery is a conceptually new type of battery developed by 4D 

Energetics specifically for stationary storage. Hidden battery terminals prevent 

accidental contact with hands during operation. Installing or replacing the battery is 

similar to installing a book on a bookshelf. 

 

Figure 32 - Rechargeable adsorption batteries with safety terminals [20] 

The batteries are installed on a standard 19-inch rack. The height of the battery 

for a power of 1 kWh is 9U (about 50 cm). The storage capacity can be increased to 1 

MWh (the size of the saline container) by increasing the height of the tier and adding 
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additional racks. The electronic unit is located on the top panel of the device. The 

location may be different in the case of using larger capacity blocks for easy access. 

The front panel of the unit (Fig. 33) has an ON / OFF switch, LAN and USB connectors 

and signal lights (one for each battery). The power storage device is inactive (the power 

source is connected to the load), if the switch is in the "OFF" position. The "ON" switch 

turns on the power storage unit in combination with the power supply to maintain the 

load. During normal operation, the warning lights go out. The battery indicator lights 

up yellow when the battery is low and red if the battery needs to be replaced. The 

battery can be removed and replaced when the drive is turned on. The device can 

continue to work when some batteries are removed.

 

Figure 33 - Front panel of the electronic unit [20]: ON / OFF switch (1), LAN 

connector (2), USB connector (3) and battery warning lights (4)  

The electronic unit has two sub-blocks: a battery management system (BMS) 

and AC / DC and DC / AC inverters. The BMS is responsible for directing the input 

power either to the load or to the batteries and to maintain the charging and discharging 

of the battery. The AC / DC converter is required to convert the AC input from the load 

to a constant one to charge the battery. The DC / AC output converter is required to 

convert DC from battery power to AC power to support load. As an option, sub-

modules for storing and transmitting data (LAN, cellular or GPS) can be added. 

Connecting a computer to the USB port will allow the user to save on a daily basis, 

monthly and overall the cost of electricity and the technical state of the storage device. 

The additional software will allow using a sophisticated algorithm for minimizing 

energy costs (COE) for the operation of the device. The algorithm is based on artificial 

intelligence and uses collected information about the history of operations of a specific 

storage unit. 

Company 4D Energetics offers its own line of energy storage devices: 
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1 - 10 kW*h remote areas  

100 - 200 kW * h small power engineering  

100 kW*h to 1 MW*h small and renewable energy  

over 1 MW * h distributed and centralized generation, transmission and 

distribution of energy 

The work of the storage device consists of 3 stages: charge, rest and discharge. 

The technology used in the storage devices is described in Fig. 33, 34 and 35. 

 

Figure 34 - The scheme of the process of charge [20] 

When the charge is formed, products of oxidation-reduction reactions are 

formed. The electrical energy from the charger is converted into the chemical energy 

of the reaction products. The reaction products are attracted to the electrodes by van 

der Waals forces (physical adsorption). Energy is stored in the form of chemical energy 

of reaction products adsorbed by electrodes. 

At the moment of rest the chain is in the open state, and the anions and cations "stick" 

to the electrodes. 
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Figure 35 - The scheme of the resting process [20] 

At the moment of rest the chain is in the open state, and the anions and cations "stick" 

to the electrodes. 

 

Figure 36 - Scheme of the discharge process [20] 
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When connecting the payload, reverse oxidation-reduction reactions occur. 

Adsorbed products are consumed and released (absorb) electrons, which ensures 

current flow through the load 

It is easy to understand that in the described system there are no structural 

transformations in the volume of electrodes during the processes of charge / discharge. 

Both described mechanisms of charge storage occur exclusively on the surface of the 

material of the electrodes and do not affect its volume. Electro-chemically active 

substances sorbed on the electrode form a thin mono- or bi-molecular layer covering 

the surface of the electrode material. The small (molecular) thickness of the electro-

chemically active layer is formed naturally during the adsorption process. The 

restriction of electro-chemical transformations by a thin adsorption layer avoids the 

accumulation of mechanical stresses and structural instability inherent in the electrodes 

of conventional batteries during cyclic operation. Moreover, the operating principle 

described does not include the solid-state diffusion process, which limits the 

performance of most batteries. Thus, the small thickness of the electro-chemically 

active layer is the key factor explaining the exceptional stability and speed of the 

device. The reversibility of oxidation-reduction processes passing through the 

electrodes is another important requirement for ensuring the stability of the device. 

In this case, the Faraday capacitance, which is additional to the capacity of the 

double electric layer, is stored (during the charge) and is discharged (in the course of 

the discharge) at a voltage on the cell equal to the difference in the oxidation-reduction 

potentials of the compounds adsorbed on the positive and negative electrodes. Since 

the stored energy is proportional to the voltage of the device, the greater the difference 

in the values of the oxidation-reduction potentials of substances on the electrodes, the 

greater the specific energy capacity of the device. 

It should be noted another significant advantage: production of carbon electrodes 

makes this drive even more attractive for use in refining facilities, because the primary 

process gas purification carbon filters are used. 
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The product designed for a peak load of 200 kW has the following 

characteristics, which are given in Table 8. 

Table 8. The main parameters of the energy storage device with a peak load 

of 200 kW. 

Parameter Units of measurement  Values 

Capacity kW*h 160 

Power kW 150 

Max Current (AC) A 2-1400 

Max E.g. (AC) V 110-84000 

Weight kg 6600 

Length m 2.5 

Width m 2.0 

Height m 2.1 

Racks with batteries pcs. 23 

Racks with electronics pcs. 1 

Rack weight kg 273 

Batteries pcs. 805 

Battery weight kg 7.8 

 

The design of the battery cell is shown in Fig. 36. 
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Figure 36 - Design of the battery cell [20] 

The cost of the components of this battery is shown in Table 9. 

 

Table 9. The cost of the battery cell accessories 

Source Materials Cost, $ / kW * h 

Activated carbon (electrodes) 2.9 

Binders (electrodes) 5.6 

Graphite foil (current passage) 34 

Cellulose (separator) 5.0 

organic liquid (electrolyte) 74 
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Plastic bag (cell shell) 2.0 

Total 124 

 

Taking into account electronics, the unit cost of 1 kW*h of energy in dollars is 

300 $ / kW * h. In rubles, the cost as of May 11, 2017 will be:  

300 $ / kW * h * 60 rubles / $ = 17,400 rubles / kW * h 

Maintenance of this battery at the request of the manufacturer is not required, so 

the operating costs will depend only on the AEC. 

2.5 Calculation of technological indicators  

Calculation of an autonomous power combination plant for power supply of an 

object with an energy consumption of 70 kW*h. 

The operation of an autonomous power plant should take place within 8 hours 

and should provide energy not only for the object of energy consumption, but also for 

fully charging a stationary energy storage device that will operate the remaining 16 

hours a day, ensuring the operation of the power consumption object in Fig. 37 

 

Fig. 37. Scheme of work of the AES with the accumulator 
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We introduce a system of equations: 

𝑊аэу = 𝑊ЭП + 𝑊АБ ,                (10) 

where: 

WАЭУ - daily operation of an autonomous power plant, kW∗ 

hour; 

WЭП - energy consumed by the object, kW * h; 

WАБ -energy transferred to the drive, kW*h. 

Wаэу = Р aэу * Tаэу (11) 

where: 

Pau - actual capacity of an autonomous power plant, kW; 

Taeu - the operating time of the AEC is assumed in calculations equal to 8 hours. 

𝑊ЭП = 𝑃ЭП ∗ 𝑇аэу(12) 

where: 

PЭП - rated power of the power consumption object, kW; 

Taeu - the operating time of the AEC is 8 hours. 

𝑊АБ = 𝑘 ∙ 𝑃ЭП ∙ 𝑇аб                                              (13) 

where: 

k = (1-0.3) is a coefficient that takes into account the maximum possible depth 

of the accumulator discharge (from 100 to 30% of the maximum charge) [24],  

TAB - the time spent on the discharge of the drive is (24-8) = 16 hours, as the 

power consumption is round-the-clock. 

Substituting equation 2,3 and 4 into equation 1, we obtain:  

4) 𝑃аэу ∗ 𝑇аэу = 𝑃ЭП ∙ 𝑇аэу + 𝑘 ∙ 𝑃ЭП ∙ 𝑇аб 

Substituting the numerical values of time 

5) 𝑃аэу ∙ 8 = 𝑃ЭП ∙ 19,2 

Taking into account the fact that our facility consumes energy in the amount of 

70 kW*h, we get: 
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𝑃аэу =
70 ∙ 19,2

8
= 168 ≅ 170кВт 

that is, 170 kW will be enough to supply both our "object" and the battery 

Substituting the value of the actual power of the AEC into equation (4), we 

obtain: 

𝑊АБ = (1 − 0,3) ∙ 70 ∙ 16 = 784 kW*h 

Taking into account the maximum possible depth of discharge, it is necessary to 

lay a reserve of energy, which we transmit to the battery: 

𝑊АБ
′ = 784

0,7⁄ = 1120kW*h 

We also need a reserve of battery capacity, in case of "re-using" the energy of an 

autonomous power plant, therefore, taking into account the battery reserve, the energy 

transferred to the drive will be taken for 2000 kW*h. 

The cost of a battery capacity of 2000 kW ∙ ч taking into account the price of  

300 $/ kW ∙ ч [24]: 

САБ = 2000 ∙ 300 ∙ 60 = 36 млн. руб. 

 

 

2.5.1. Stand-alone power plant with accumulator 

Taking into account the calculated actual capacity of the autonomous power 

plant of 170 kW, the capacity of the solar power station (SES) and the wind turbine 

(wind farm) will be equal (with the distribution of power between the SES and the wind 

farm 50x50%): 

PC = 85кВт 

PВ = 85кВт 

But you need to take into account such a parameter as the load factor, which will 

be: 

 for solar power station: 𝐾З = 0,25 [25]; 

 for wind turbine: КВ = 0,7 [25]. 
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Then, making a correction for the load factor, the installed capacity of the solar 

power plant and the wind generator will be: 

𝑃𝐶
′ = 𝑃𝑐

𝐾𝐶
⁄ = 85

0,25⁄ = 340 кВт .                                       (14) 

PВ
′ =

𝑃В
𝐾В

⁄ = 85
0,7⁄ = 121,4 ≅ 122 кВт                                (15) 

The cost of a solar power plant taking into account the cost of solar panels per 

kW of installed capacity of 2000 $ / kW [24] will be: 

СС = 340 ∙ 2000 ∙ 60 = 40,8 млн. руб. 

The cost of the wind power plant, taking into account the cost per kW of installed 

capacity of 1200 $ / kW [23] will be: 

СВ = 122 ∙ 1200 ∙ 60 = 8,78 млн. руб. 

The cost of an autonomous combined power plant (AEC) is: 

САКЭУ = СС + СВ = (40,8 + 8,78) ∙ 106 = 49,58 млн. руб. 

 

2.5.2. Installation with diesel generators 

According to the experience of the operation of diesel generators, the scheme of 

their operation should be presented in the form of two diesel generators operating under 

partial load and one diesel generator in reserve, Fig. 38: 
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Diesel generator
48 kW

Кз=0,75

Object
70 kW

Diesel generator
 (In reserve)

48 kW
Кз=0,75

Diesel generator
48 kW

Кз=0,75

P=72 kW

 

Figure 38 - Diagram of the system operation with diesel generators 

Then the calculation formula for such a system would look like this: 

Pку = Pдг ∙ n ∙ КЗ                                               (16) 

where: 

Pku - power of combined installation 

Pdg - power of diesel generator 

n is the number of diesel generators 

Ks is the load factor of the diesel generator (the average is 0.75) 

Given the selected characteristics of the selected diesel generator with a power 

of 48 kW and a load factor of 0.75, the energy produced by such a system will be: 

PДГ = 48 ∙ 2 ∙ 0,75 = 72kW 

The fuel consumption per day of such a system will be calculated using the 

following formula: 
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Qку = Qдг ∙ n ∗ T (17) 

where: 

Qdg - fuel consumption in one diesel generator, l / h 

n is the number of diesel generators 

T-time of operation of a diesel generator per day, hours 

Qку = 10,4 ∙ 2 ∙ 24 = 499,2 ≅ 500 л
сутки⁄  

But it is necessary to note the fact that an adequate fuel supply is necessary, both 

for current consumption, and laying the necessary stock in the period of summer 

operating conditions, when roads are blurred and the terrain is swamped. 

Transportation of fuel by land transport is impossible, so there are two alternatives: 

1) Transport of fuel in tanks using helicopters 

2) Creation of a fuel reserve in the field for the whole summer period 

Qз = Qку ∙ Tn                                                   (18) 

where: 

Q3 - the volume of fuel to be stored, liters 

Tn is the number of days in a year when transportation of fuel by land transport 

is impossible (about 7 months per year) 

Then the fuel reserve for 7 months will be: 

V = 10,4 ∙ 2 ∙ 24 ∙ 30 ∙ 7 = 102 816 литров ≅ 103 000 литров 

Such a volume of fuel naturally implies the construction of a tank, for its storage 

There are two main storage options: 

1) In barrels 

2) In specialized repositories of various shapes 

The barrel can hold about 200 liters of diesel, that is, after simple calculations, 

we get that we need about 500 barrels, which is a very large amount, and the 

transportation of such drums can cause some difficulties.  

Usually for the storage of fuel at the facilities of the oil and gas complex, old 

railways with a capacity of 60 to 65 m3 or car tanks with a capacity of 20 - 25 m3. 

Accordingly, they will need 2 in the first case and 6 at least in the second. 
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By analyzing the various options, you can select 3 basic types of storage, and 

make a preliminary calculation of their sizes: 

1) Sphere 

V =
4

3
πR3(19) 

from 

R = √
3 ∙ V

4 ∙ π
= 

3

√
3 ∙ 102816

4 ∙ 3,14

3

= 29м 

2) Cube 

V = H3(20) 

from 

H = √V
3

= √102816
3

≅ 47м 

In three dimensions, a cube store should have the following metrics: 

47x47x47 

3) Cylinder 

V = πR3H                                                      (21) 

from 

R = √
V

πH

3
= √

102816

3,14∙47

3
= 8,86 ≅ 8,9 m 

As can be seen from the calculations, the sizes of such storage facilities will not 

only be large, but really huge, and the cost of building such facilities will be very high. 

Substantiation of cost 1 kW∙h electricity during the operation of a diesel 

generator. 

Calculate the cost 1 kW∙h electric power 

At the cost of one diesel generator, equal to 1,045 million rubles [24], the cost 

of three generators in the system is: 

СДГ = 3 ∙ 1,045 ∙ 106 = 3,135 млн. руб. 

           It should also be noted that the diesel generators have a so-called operating time 

to failure, that is, the operating time of the diesel generator until the moment when it 
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becomes unsuitable for repair. For the most modern diesel generators of high capacity, 

this operating time is about 40,000 thousand hours. For the bulk of diesel generators 

currently in use, the time between failures varies from 15,000 to 25,000 hours. For 

calculations, we take the time between failure of the diesel generator, taking into 

account the maximum load: 

                                          tot = 20,000 hours.  

             Repair during the life cycle of the diesel generator is carried out 3 times. The 

cost of the first scheduled preventive maintenance is, as a rule, 10-15% of the cost of a 

diesel generator, the second and third repairs are capital repairs and make up about 

40% of the cost of diesel generators.  Thus, the three costs of the three repairs carried 

out in the life cycle of the diesel generator are up to 50% of its original cost. If we add 

to this the current operating costs, which constitute up to 10% of the cost of the 

generator in the life cycle, the total costs for repairs and maintenance over the life cycle 

period will be up to 66% of the initial cost of the generator.  

               Determine the life cycle of the diesel generator, taking into account the load 

factor of 70% of the maximum power, using the formula: 

t J C = t ot/ 8760 / 0.7 (22) 

                                             t J C= 20000/8760 / 0.7 = 3.26 years                         

                 Thus, it is not difficult to determine that the annual operating costs for 

servicing the diesel generator: 

OPEX = 0.66 CAPEX / t J C = 0.2 CAPEX  (23) 

                                               or 20% of CAPEX 

               The duration of the investment project (regional and prospecting and 

evaluation stage of geological exploration) was adopted equal to 25 years (219 

thousand hours), that is, for total time, taking into account the time between failures, it 

is necessary to completely replace all diesel generators at least 10 times. Therefore, the 

cost of all diesel generators for the entire life cycle of the project will be: 

С∑,ДГ = 3,135 ∙ 10 = 31,35 млн. руб. 

Operating costs (OPEX) for an investment project duration of 25 years will be: 
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𝑂𝑃𝐸𝑋 = 3,135 ∙ 106 ∙ 0,2 ∙ 25 = 15,68 млн. руб. 

The required amount of fuel for the operation of two diesel generators for 25 

years when one diesel generator consumes 10.4 l / h is: 

V = Q ∙ N ∗ t, where (24) 

𝑄 − расход дизельного топлива,l/h 

N - number of operating diesel generators 

T - time of operation of diesel generators for the whole life cycle, hours 

𝑉 = 10,4 ∙ 2 ∙ 8760 ∙ 25 = 4,55 млн. литров 

Then the cost of this fuel at a diesel price of 60 rubles per liter 

 (according to an optimistic forecast) will be: 

Стопл = V ∗ Cд, where (25) 

Cд − стоимость 1 литра дизельного топлива, рублей 

Then: 

Стопл = 4,55 ∙ 106 ∙ 60 = 273 млн. руб. 

The cost of storage facilities can be estimated at between 30% and 70% of the 

cost of diesel generators [27], depending on the design and technological 

characteristics chosen. Let's take 0.5∙Sdg, as the average value of the cost of tanks for 

diesel fuel, then: 

Сх = 0,5 ∙ 3,135 ∙ 106 = 1,57 млн. руб 

Thus, the capital costs (CAPEX) for diesel generators will be: 

𝐶𝐴𝑃𝐸𝑋 = С∑,ДГ + 𝑂𝑃𝐸𝑋 + Стопл + Сх = (31,35 + 15,68 + 273 + 1,57) ∙ 106

= 321,6 млн. руб. 

The work of two diesel generators for 25 years is equal to: 

𝑃ДГ = 48 ∙ 2 ∙ 0,75 ∙ 8760 ∙ 25 = 15,77 млн  kW∙ ч 

Based on their calculations, we get the cost of 1 kW∙h of electricity generated by 

the operation of a diesel generator: 

Сэл =
𝐶𝐴𝑃𝐸𝑋

𝑃ДГ
=

321,6 ∙ 106

15,77 ∙ 106
=  20,4 руб./кВт ∙ ч 



85 
 

The calculated value 1 kW∙h electricity generated by the operation of the diesel 

generator will be used in calculating the efficiency indicators of the investment project 

for the use of autonomous combined power plants with an energy storage unit for 

power supply to oil and gas facilities. 

2.6. Generalization and conclusions  

1. In this paper, an analytical assessment of the main advantages and 

disadvantages of a combined power plant including a solar panel and a wind generator 

and the possibility of its application for the needs of the oil and gas complex was carried 

out.  

The advantages of such an installation is the following: the possibility of 

providing power to objects in a remote area: gas wells, crane assemblies and units for 

receiving cleaning equipment, points for measuring the transported product, etc., 

whose power supply is impossible and / or inexpedient for various reasons. The 

application of power supply technology for industrial facilities based on renewable 

energy sources will provide an opportunity for the development of the oil and gas 

infrastructure of enterprises in hard-to-reach areas of the country, as well as reduce the 

economic costs of construction of power lines and tele-mechanics communication 

facilities, reduce the areas of land and forest areas allocated for construction and 

minimize the negative impact on the ecosystem. 

Its drawbacks are the following: the limitation on applicability, due to the fact 

that this installation can not work 24 hours a day, which entails loss of energy and 

consequent loss of efficiency. Obviously, this installation requires an additional source 

of energy, for the continuous supply of energy to the consumer. 

2. In carrying out these studies, a comparison was made between the technical 

and economic performance of a combined power plant and a diesel generator.  

According to the collected technical data, the most optimal type of diesel 

generator was selected. A diesel generator of Gesan brand (Spain) with a rated output 

of 48 kW was selected. When using the scheme of power supply with the diesel 

generators, it is expected to use at least 3 units, 2 of which work in parallel at 
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incomplete load and one that is in reserve. At the same time, the output power with a 

load factor of 0.75 is 72 kW. This capacity is sufficient to ensure the uninterrupted 

operation of three typical oil pumps, which cope with their functions provided that a 

force of 20-25 kW per pump is applied.   

However, the wide use of diesel generators to provide power to industrial 

facilities is limited by their cumbersome nature, the need for their constant supply of 

fuel and increased fire hazard. 

3. In order to level out the existing shortcomings of the combined power plant 

described in paragraph 1, it was decided to include an additional energy store in its 

structure.  

When conducting a comparative analysis of existing energy stores, the 

following criteria were chosen: 

 Depth of discharge 

 Efficiency: energy loss during charge and discharge 

 Number of discharge and charge cycles 

 Life cycle 

 Weighted average cost of energy (Cost of 1 kW of energy) 

Based on the results of preliminary comparative studies of various types of 

drives, it was determined that one of the most promising for further use is the 4D 

Energetics storage device.    

4. The study of the selected drive showed: 

- In the 4D Energetics drive, the material used for making electrodes is a material 

that has a high adsorption capacity and a high specific surface area - activated carbon.  

- The high adsorption capacity of the electrode material makes it possible to form 

a layer of electro-chemically active substances on the developed surface of the material 

particles.  

- Sorted substances are electro-chemically active during operation of the device, 

that is, at a certain electrode potential, these substances can be oxidized or reduced (so-

called Faraday processes).  
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- The presence of such oxidation-reduction processes on the surface of the 

electrodes ensures the accumulation of considerable capacity (and energy) in addition 

to the charges stored in the double electrical layer (purely electrostatic process).  

Thus, the basis of the 4D Energetics device is two mechanisms - Faraday and 

electrostatic. Such a duality of energy storage mechanisms allows a substantial increase 

in the specific capacitance of the electrodes, which in turn leads to an increased specific 

energy capacity of the device. 

5. In this paper, the first study of the possibility of a joint application of an 

autonomous power plant with a hybrid storage ring based on the principle of action, 

referring to a super-capacitor (with the possibility of rapid recharging), but with a high 

specific capacity at the level of storage batteries.  

6. The study of the charging, discharging and quiescent processes of the 4D 

Energetics accumulator allowed us to determine that the products of oxidation-

reduction reactions are formed during the charge. The electrical energy from the 

charger is converted into the chemical energy of the reaction products. The reaction 

products are attracted to the electrodes by van der Waals forces (physical adsorption). 

This ensures a high rate of charging of the drive.  

The restriction of electro-chemical transformations by a thin adsorption layer 

avoids the accumulation of mechanical stresses and structural instability inherent in the 

electrodes of conventional batteries during cyclic operation. 

It should be noted another significant advantage: production of carbon electrodes 

makes this drive even more attractive for use in refining facilities, because the primary 

process gas purification carbon filters are used. 

7. In order to obtain the most reliable and comparable results, an original 

methodology was developed for calculating an autonomous power combination plant 

for the power supply of an object with an energy consumption of 70 kW*h. In the 

calculation, the concepts of energy directed to the satisfaction of the needs of the object 

and the energy of the accumulator directed to charging were used. Also in the 
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calculation was laid the reserve of energy, which we transmit to the battery, when 

"refining" the energy of an autonomous power plant. 

8. A comparative calculation was made of an autonomous power plant with an 

energy storage device and a diesel generator. 

The calculation showed that for the calculated capacity of the autonomous power 

plant of 170 kW, the required capacity of the solar power plant is 340 kW and the wind 

generator - 122 kW. 

For a similar capacity of 170 kW, it is necessary to have two diesel generators 

operating at partial load and one diesel generator that is in reserve. The consumption 

of diesel fuel per day is 0.5 tons. Taking into account the features of the supply for the 

smooth operation of the diesel generator, it is necessary to have a fuel reserve for 7 

months, which is 102.8 tons. To store it, it is necessary to build a separate fuel depot 

with a tank heating system and an additional infrastructure, which will lead to 

unnecessarily high costs and a significant increase in the cost of electricity produced.  
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CHAPTER 3. ECONOMIC SECTION  

3.1 Theoretical justification of economic calculation 

In this part of the thesis, the calculation of the efficiency indicators of the 

investment project for the use of autonomous combined power plants with an energy 

storage for energy supply of oil and gas complex facilities with a capacity of 70 kW: 

ChDD, IDE, The payback period of the project; as well as a sensitivity analysis for all 

changes in such parameters as: Annual OPEX; Discount rate; Cost of 1 kW∙h 

electricity. 

Investments - Expressed in monetary form the costs of enterprises, the results of 

which are manifested over a long period of time or after a long period. 

Cash flow is the time dependence of cash receipts and payments on the 

implementation of the project generating it during the billing period. For its formation, 

a certain time interval (month, quarter, year) is selected, for which the balance of 

expected inflows and outflows of funds is determined, which can be either negative or 

positive. 

Current and forecast prices can be used to model the cash flow. The current 

(constant) are prices that do not take into account inflation. Forecasting The prices 

expected in the future in view of predicted inflation are called.  

When assessing the effectiveness of an investment project, along with the 

concept of cash flow, accumulated cash flow. The accumulated cash flow is 

determined (at each interval of the calculation period) as the algebraic sum of the 

balances of all preceding intervals. 

Accounting for the time factor (the achievement of comparability of non-

recurring funds) is carried out by means of a discounting operation of monetary values. 

The discounting of the cash flow is the reduction of its interval (annual) 

monetary balance values to their value at a certain point in time, which is called the 

moment of reduction. As the moment of reduction (when evaluating oil and gas 

projects), the beginning of the first year of the settlement period is usually chosen. 



90 
 

The main economic standard used in discounting is the discount rate (En), 

expressed in fractions of a unit or in percents per year. 

The discount rate used in assessing commercial efficiency reflects the annual 

percentage received on invested capital below which a potential investor (investors) 

considers the financing of an investment project unacceptable.  

Discounting the cash flow balance corresponding to the year ti is carried out by 

multiplying its value by the discount factor αt , calculated by the formula: 

 

𝛼𝑡 =
1

(1+𝐸𝑛)𝑖
𝑡−1 .                                                        (26) 

 

The main indicators in assessing the commercial efficiency of an investment 

project are: 

 net discounted income; 

 internal rate of return; 

 need for additional financing; 

 profitability index; 

 Payback period, 

The most important indicator of the effectiveness of the investment project is net 

present value (BHP,NPV). It corresponds to the amount of accumulated discounted 

cash flow and is defined as the algebraic sum of the discounted annual balance values 

for the settlement period. 

Net present value (NPV) is the amount of income, reduced to the initial moment 

of the project, which is expected after reimbursement of invested capital and obtaining 

an annual interest equal to the discount rate chosen by the investor. 

ЧДД = ∑
(𝐵𝑖−𝐾𝑖−Э𝑖−𝐻𝑖)

(1+𝐸𝑛)𝑡−1
𝑇
𝑖=1  , (27) 

Where ATi - Revenues from sales (services rendered, works performed, sold products) 

in a year i;  
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T - estimated evaluation period;  

TOi - capital investments in the project in the year i;  

Ei - operating costs (production) per year i without depreciation charges and taxes 

included in the cost (services, works, products);  

Hi - tax payments (payments) in a year i;  

En - discount rate. 

If the value of the NPV is positive, the investment project is considered cost-

effective, which indicates the feasibility of financing and implementing the project. 

Another important indicator of the effectiveness of the investment project is the 

internal rate of return (profitability) (GNI, IRR). The value of this indicator 

corresponds to the annual percentage that is expected to be received on the capital 

invested in the project. In the most common cases (the cash flow is characterized by 

one investment cycle) the value of the discount rate is variable, at which the net present 

value is zero. The definition of GNI is based on the solution of the following equation:  

∑
(Bi−Ki−Эi−Hi)

(1+ВНД)t−1
= 0T

i=1  .                                (28) 

Iterative methods are used to solve this equation. 

With a number of assumptions, it is considered that the amount of the GNI 

corresponds to the annual percentage rate of the loan for full funding of the investment 

project, in which the enterprise-borrower is able to pay off the creditor, but its profit 

turns to zero . 

To assess the effectiveness of the investment project, GNI is compared with the 

discount rate. If the value of GNI is greater than the value of the discount rate, the NPV 

is positive and the investment project is effective. If the value of GNI is less than the 

discount rate, the NPV is negative, and the investment project is ineffective.  

Payback period (DPP) names the duration, the period from the initial moment 

of project implementation to the time of payback. The moment of recoupment is the 

earliest time in the accounting period, after which the accumulated discounted cash 



92 
 

flow becomes positive and in the future remains non-negative (payback period, taking 

into account discounting). 

The index of profitability of discounted investments - the ratio of the amount of 

discounted cash flow elements from operating activities to the absolute value of the 

discounted amount of cash flow elements from investment activities. Its value is equal 

to the ratio of the NPV to the accumulated discounted investment volume increased by 

one. 

The calculation of the investment return index is made using the following 

formula: 

ИД =
∑ (Пчi+At)T

i=1 /(1+En)t−1

∑ K/T
i=1 (1+En)t−1

                                                 (29) 

3.2 Calculation of the commercial efficiency of the project for the use of 

autonomous combined power plants with an energy storage device 

We will calculate the commercial efficiency of the investment project for the use 

of autonomous combined power plants (AEU) with an energy storage unit for energy 

supply of oil and gas complex facilities with a capacity of 70 kW. 

The initial data for the calculation is presented in Table 10. 

Table 10. Initial data for calculating the effectiveness of the investment project 

Input data Value 

Cost of an autonomous combined power plant (AEU), million 

rubles. 
49.58 

Cost of energy storage, million rubles. 36 

Energy consumption of the selected power supply facility, kW 70 

The cost of electricity, Сэл-эн, RUR / kW ∙ h 20.4 

Share of logistics of the project from the cost of equipment,% 20 
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Annual OPEX for AEU service,% of initial investment (CAPEX) 10 

Annual OPEX growth,% 3 

Discount rate [%] 15 

Growth of the tariff for electricity,% 5 

Income tax,% 20 

Term of amortization, years 25 

 

Initial investment (CAPEX) includes the cost of an autonomous combined power 

plant (AEC) and the cost of an energy storage device (batteries), taking into account 

the share of equipment logistics: 

CAPEX = (49.58 +36) ∙ 106th∙ 1.2 = 102.7 million rubles. 

Annual depreciation is calculated based on the life of the equipment for 25 years: 

A = 102.7 ∙ 106th/ 25 = 4.1 million rubles. 

Annual operating costs are 10% of the cost of equipment: 

OPEX = 102.7 ∙ 106th∙ 0.1 = 10.27 million rubles. 

The cost of electricity is assumed equal to 20 rubles / kWh, planning to install 

the unit in remote hard-to-reach places in the absence of power lines. 

Further, using the specially developed program in MS Excel, we calculate the 

investment attractiveness of the project: BHD, ID, The payback period of the project: 

BHD = 80.5 million rubles. 

Payback period = 8 years. 

ID = 1.78. 

According to the economic calculation (Table 12), this measure is economically 

advantageous at a selected cost of electricity.  
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We will carry out a sensitivity analysis for all changes in such parameters as: 

Annual OPEX; Discount rate; Cost of 1 kW∙h electricity. 

Results of the study of indicators BHP and payback period project depending on 

the cost of 1 kWh of electricity are shown in Figure 38. At the same time, the cost of 

electricity is selected in the range from 15 to 22 rubles / kWh, the remaining data for 

the calculation is taken from Table 12. 
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Table 11. Calculation of the efficiency of the investment project 
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Drawing 38 - Dependence of investment attractiveness indicators of AEU project 

with energy storage from the cost 

1 kW ∙ h electric power 

 

Interpretation of the data taken as a basis for constructing the graphical 

dependence in Figure 38 allows us to say with confidence that with a higher cost of 

electricity in the region, the efficiency of the AEU using renewable energy sources 

with the storage device increases. 

The effect of the discount rate on the investment attractiveness of the project is 

investigated. At the same time, the cost of electricity was taken at 20 rubles / kWh, the 

remaining data for the calculation were taken from Table 12. The results of the study 

are shown in Fig. 39. 
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Figure 39 - Dependence of the investment attractiveness of the AEU project using an 

energy storage device from the discount rate 

 

 The discount rate, being the most important parameter influencing the values of 

both cash flows, As the calculation results show, even when the large energy projects 

are unattractive for practical implementation of the discount rate of 20%, the project 

not only may be of interest, but also bring substantial profit. 

A study of the influence OPEX on the indicators of the investment attractiveness 

of the project. The data for the calculation is taken from Table 12. The results of the 

study are shown in Fig. 40. 
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Figure 40 - Dependence of the indicators of investment attractiveness of the AEU 

project with the energy storage from OPEX 

 

           Obviously, with the increase in operating costs, the net discounted income falls, 

and the payback period increases, but it should be noted that, despite potentially high 

operating costs, about 15% of the capital expenditures, the project remains 

economically viable.  
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3.3 Conclusions on the economic part 

           The calculation of the main economic indicators of the project and the analysis 

of sensitivity were made, the results of which can draw the following conclusions: 

1) With the help of a specially developed program in MS Excel, we calculate 

the indicators of the investment attractiveness of the project, namely:  

BHD = 80.5 million rubles. 

Payback period = 8 years. 

ID = 1.78. 

2) The results of the rapid assessment allow us to state that the project is an 

attractive investment for all three indicators. 

3) With a change in the cost of 1 kW*h of electricity from 15 rubles / kWh to 

22 rubles / kW*h, net discounted income will change from 14.1 million rubles 

to 100.2 million rubles, respectively. The payback period varies from 11.7 

years to 6.9, which is an acceptable value in both cases. 

4) The discount rate also significantly affects both indicators: when it changes 

in the range from 10% to 20%, the NPV varies from 161.8 million rubles to 

29.4 million rubles. In turn, the payback period is in the range from 7 to 10.7 

years. 

5) Annual operating costs, as a percentage of capital expenditure, ranged from 

10% to 20% of capital expenditures.  BHP varied from 117.3 to 43.7 million 

rubles, while the payback period varied from 6 to 11.7 years, respectively.  

6) The change in the main parameters affects the overall economic component 

of the project, but even under the most pessimistic forecast, the project 

remains attractive to investors  
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CONCLUSION FOR DISSERTATION 

1.  The studies conducted made it possible to note thatthe secondary energy 

supply for small and medium-sized consumers can be organized by using the potential 

of renewable energy sources, especially in remote areas where their potential is high, 

and the cost of diesel fuel is high;  

2. In addition, when developing power supply schemes, it is necessary to take 

into account seasonal and daily unevenness of solar energy and wind flows for different 

regions;  

In the classification work, the advantages and disadvantages of the main types 

of energy accumulators are given, as well as the main purposes of the applications and 

the characteristics of the energy accumulators        

4. The use of solar energy produced by photoelectric converters requires the use 

of accumulators of excess electrical energy to smooth daily diurnal production and 

consumption of electricity.  

5. It is shown that the main criterion when choosing the required battery capacity. 

The choice of the drive is determined by the requirements of a particular consumer and 

the initial data for the energy consumption system as a whole. At the same time, it is 

necessary to take into account both technical and economic features of drive operation  

6. The use of electro-chemical accumulation technologies and electro-chemical 

energy storage devices is the most rational for today due to its high specific energy 

density, high efficiency. and a wide range of operating temperatures. Based on 

preliminary analysis of various types of drives, it was determined that the most 

promising for use is the 4D Energetic accumulator. 

7.  The results of the comparative calculation of the project of an autonomous 

power plant with an energy storage device and a diesel generator project 

showed that the option of using an AEU with a storage device is the best from 

both an economic point of view and from an ecological point of view. 

8. The calculation of the main economic indicators of the investment 

attractiveness of the project was carried out, according to the rapid assessment 
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of which it is possible to say with certainty that the project may be of interest 

to investors. The payback period of the project will be 8 years, with a net 

discounted income of 80.5 million rubles and an index of profitability of 1.78. 

9. It can be said with certainty that the project of an autonomous power plant 

with a drive is able to provide an object with an energy consumption of 70 

kWh with a uniform supply of electricity, with a fairly quick payback period, 

and high profitability, and can be recommended for implementation as the 

main source of electricity for oil and gas facilities branch in the territory of 

Russia. 
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