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Abstract

:

Currently, energy saving has become an acute problem all over the world. Due to the rapid development of both the energy and information technology sectors, as well as an increase in the electricity demand, the electric distribution system is facing problems caused by stricter requirements for electricity quality, reliability, efficiency, and sustainability. Therefore, the use of energy-saving technologies, both the improvement of existing ones and the application of new ones, is one of the main reserves for electricity saving in power supply systems. This study is devoted to the evaluation of the operating modes of transformer substations of the 6–10 kV electric distribution network in Dushanbe city, based on the results of control winter measurements and the dependence of the low coefficient of active power in transformer substations. It has been observed that, with a low coefficient of active power in transformer substations, when transmitting electricity from substation busbars to transformer substations of a final consumer via overhead transmission lines (an average length of 5 km), the voltage loss exceeds the maximum permissible values. When transmitting electricity via cable lines, the voltage losses are within the limit of 5%. However, a low active power factor may be the reason for an increase in capacitive currents, followed by the command of single-phase earth fault currents. Due to the low active power factor, the increase in voltage losses and useful power losses leads to the inefficient operating modes of the transformer substations.
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1. Introduction


In recent years, energy saving has become one of the main directions of technical policies in all industrialized countries all over the world. If in the past, the use of energy was characterized by low efficiency, significant energy losses, and lack of attention to the impact on the environment in most cases, nowadays considerable attention is being paid to the development of a new energy strategy. Its primary goal includes the consideration of all the above-mentioned factors against the background of the following two requirements, which are closely interrelated:




	-

	
Provide energy resources to end users and maintain the stability of their supply;




	-

	
Protection of state energy security [1,2].









In addition, the sustainable development of the economy requires an increase in the production and consumption of fuel and energy resources. In the conditions of the established trend of rising energy prices and an increase in their share in the structure of the cost of commodity products and services, their effective use is a significant internal reserve that allows for increasing the competitiveness of the gross product and the living standard of the country’s population.



The factors of energy saving can be broadly divided into external and internal ones. External factors include the growth rates of the world economy, the dynamics of prices of hydrocarbon resources on the world market, global demand, the volume of exports of hydrocarbons, and the environmental situation in the world. The internal factors of energy saving are divided into two groups: a group of providing factors and a group of effective factors, having mainly two closely interrelated and interdependent aspects—an increase in resource reserves and a reduction in their consumption [1].



Energy saving in the power supply system has always been and continues to be an urgent task for the power supply organization, and for each industry, the share of the energy component in the cost of output is different. For example, in ferrous metallurgy, it is 40%, in mechanical engineering 20%, in water production 30%, etc. The economical consumption of electricity makes it possible to produce additional products, even when the share of the energy component in the cost is insignificant, while the damage caused by the under-output of energy is many times higher than its cost [3,4].



Nowadays, the global development of the electric power system is aimed at reducing electrical losses in all elements of the supply network, as well as at the rational use and utilization of consumed electricity for their own needs (the equipment of stations and substations). Therefore, the task of reducing electricity losses is one of the most trending issues in the planning and operation of distribution systems, and it has important technical and economic consequences. For instance, since the middle of the 2000s, there has been an intensive development of technologies for optimizing electricity consumption for the needs of substations and their energy-efficient disposal. The leaders in this direction are the countries of Europe, the USA, and China [1,2,3].



Numerous studies have shown that energy losses in all distribution electric networks of the world vary in the range of 3.7–26.7% of the total electricity consumption, depending on the country. It is much easier to reduce the power losses in electric networks than increase generating capacity, and energy efficiency is the cheapest resource of all [3].



It is necessary to consider the general specifics of the construction of urban distribution electric networks of Dushanbe and Tajikistan, which differ from European, USA, and Chinese electric networks in the following ways:




	
There is no possibility of using voltage classes that differ from the established standard values both up to 1000 V and higher. Thus, due to the large branching of the considered electrical networks and the complexity of the terrain (93% of the territory of Tajikistan has mountainous terrain), the voltage losses (∆U) often exceed 10% of the permissible set values. These restrictions do not allow to increase in the voltage of transformers (as, for example, it happens in China), thereby reducing voltage losses.



	
There is no possibility of using a combined voltage—AC/DC.








There are two main groups of measures aimed at reducing losses in distribution networks such as:




	
Short-term measures:




	-

	
Identifying the weakest points in the distribution network and improving them;




	-

	
Reducing the length of distribution feeders by relocating the distribution substation;




	-

	
Installing additional transformers, etc.









	
Long-term measures:




	-

	
Replacing the old transformers with new, more efficient ones;




	-

	
Replacing the voltage level of 6/10 kV with 20 kV;




	-

	
Collecting data about existing loads, operating conditions, forecast of expected loads, etc. [3], from which it becomes obvious that two distribution elements, such as lines and transformers, represent the most unprofitable component of the distribution network and, as a result, require a special study.














Energy saving in the power supply system has always been and remains to be an urgent task for the energy supply industry of Tajikistan [4,5]: each kW of saved power in the conditions of increasing electricity consumption in the country leads to a reduction in the cost of electricity [6,7,8,9], as well as the use of saved power for other purposes, including commercial, for export to neighboring countries.



A significant increase in the number of electric consumers occurred in the last few years in Dushanbe, including those with non-linear load nature, which led to an increase in reactive power consumption. Consequently, this led to an increase in the active power losses associated with a reduced capacity of power grid elements and voltage losses.



According to generally accepted principles, the solution to these problems can be achieved either by installing reactive power compensation devices in consumer nodes or by accurately forecasting energy consumption. The former can be achieved by optimally distributing the required reactive power and obtaining the required active power factor (cosφreq). The required reactive power must be determined based on the voltage transformation stage at the transformer substations. This can be solved in various ways. The second method involves the development of a model for predicting the energy consumption of urban electrical distribution networks, in particular, considering the residential consumers. In both cases, the obtained results should make it possible to improve both the energy efficiency of the city power grid by reducing voltage and power losses and increasing the reliability of the elements of the power supply system by increasing its reliability indicators [10,11,12,13].



The paper is organized as follows: the next Section describes the used materials and methods presenting a theoretical part of the energy efficiency assessment model of the city power grid and the algorithm for performing the calculation sequence. Section 3 covers the obtained computation results and a discussion of the practical part of the implementation. Section 4 summarizes the conclusions.




2. Materials and Methods


According to the data received from JSC “Dushanbe city electric networks”, from 2013 to 2021, an analysis of electricity consumption was conducted and technological losses of electricity in absolute (Figure 1) and relative (Figure 2) units were determined.



The dynamics of changes in electricity losses presented in relative units for the examined period in Figure 2 have a high value that demonstrates the inefficiency of the considered urban power grid. At the same time, it should be noted that, despite the launch of the Dushanbe CHP-2 in 2014, the volume of electricity losses does not decrease. It is confirmed by the fact that, in Dushanbe, the period with minimum critical ambient temperatures (heating season) is short.



In winter, even considering the operation of the Dushanbe CHPP-2, there is still a shortage of electricity in the country during a certain period and some of the country’s settlements receive electricity for a limited time, which creates a great inconvenience for the population of these places. The energy shortage is mainly due to the insufficient inflow of water into the reservoir of the Nurek HPP in winter, for the purpose of generating electricity, not only in the Nurek HPP, but also in the entire Vakhsh cascade of power stations. This problem with the commissioning of the Rogun Hydraulic Power Plant dam may be solved. However, the equipment of some of the rather old power stations of the Vakhsh cascade is largely outdated and requires radical reconstruction. Consequently, at the first stage, the start of commissioning the Rogun HPP units into operation, the problem of electricity shortage in the country will still more or less remain. According to agreements with the Islamic Republics of Afghanistan and Pakistan, a certain part of the capacity will be transferred to these countries. Additionally, there is a certain reserve of power, which is lost in the elements of the electrical networks of the power supply system during its transportation, due to unsatisfactory compensation of the reactive power.



At the same time, due to the increase in the number of electric consumers, in particular, with low reactive power coefficients and the duration of their switching on, the power losses are increasing because of the lack of accurate forecasts of electricity consumption (in particular, for household consumers), as well as the reactive power compensation facilities at substations in Dushanbe. This leads to issues such as increased voltage losses and electricity, in general, as well as the asymmetry of currents and voltages and reduced reliability. Therefore, the energy efficiency of the country’s power supply system should be primarily related to reducing power losses, improving the scheme of power transmission and distribution systems, and decentralizing the reactive power compensation.



It is known that the operating mode of the elements of power supply systems, i.e., in this case, the load of the CL and power transformers, affects the readings of the quality of electricity and the total loss of electricity both in a separate part and in general [14,15,16,17,18,19]. In turn, the safety of electricity consumers depends on the operating modes of the elements of urban electric networks, especially from distribution networks, since electricity consumers directly receive power from 6–10 kV electric networks.



In general, the indicator of reliability and safety of the consumers can be provided only if the quality of the electricity is observed, one of which is voltage. The factor influencing this indicator is the loss of electricity in the elements of the distribution network [20,21,22,23].



The analysis of the reasons for the deviations of operating parameters in the urban electric networks of Dushanbe shows that most of the operating modes of the equipment installed in these networks are outside the established regulatory rules, which leads to violations of electricity quality indicators. Non-compliance with the electricity quality affects the reliability of both electricity consumers and the entire electrical network. The resulting voltage deviations, both at the electrical installations of urban consumers and in the electrical network as a whole, give out significant electricity losses. The following should be noted:




	-

	
Most of the 34 high-voltage substations with a voltage of 35 kV and higher installed for the power supply of Dushanbe city do not have compensation for the reactive power that affects the reliability of the electric networks.




	-

	
The high-voltage power transformers and consumer power transformers must be equipped with automatic and manual voltage regulators to maintain the voltage in the load nodes. The so-called RUL-regulation under load changes the transformation coefficient of the transformer automatically when the load changes and SE-switching without excitation, changing the transformation coefficient of the transformer manually (maintenance personnel) for the summer and winter seasons. Most of these regulators are not performing their actions. The first is in high-voltage power transformers, due to incorrect settings, and secondly, the 3rd position is always set to +2.5%, regardless of the load changes.









To assess the operating mode of the substations of urban electric networks, depending on the nature of the loads, the control winter measurements were taken as initial data, since in winter, electricity consumption concerning summer measurements is relatively higher, due to connection reason of additional electrical loads to the city electrical network.



However, it should be noted that, during the control measurements at substations during the day, the load currents at the input and outgoing busbars, voltage, and temperature of transformers and outgoing feeders are measured by the on-duty substation of Dushanbe. Thus, there is no information on reactive power consumption, since it depends on the active power factor, as well as on the actual load of the transformers.



When conducting a study on the operating mode of the urban electric network of the city of Dushanbe to assess its condition by such factors as voltage losses and active power factor, it is necessary to have information about the actual electrical load and the amount of power consumption. When these parameters are known based on the results of the analysis of the state of the elements of the considered urban distribution electric network, using the next given Equations (1)–(6), it is possible to propose solutions aimed at optimizing its operation mode. Let us look at them in more detail:


  ∆  W *  =  W *  ·  ω *  ·  (     t  c o n s .      T  y e a r      )  ,  



(1)




where    W *    is power consumption in relative units (relative power consumption);    ω *   —is a flow of failure in relative units (relative flow of failure);    t  c o n s . s u b s c r i p t i o n s     is a time of electric power consumption by consumers in hours.



In Equation (1), the parameter    W *    is the ratio of actual electricity consumption to the amount of electricity reception by the city power grid, taking into account the following indicators, which characterize the operating mode of the power grid: the voltage losses and active power factor, and they can be represented as follows:


   W *  =    W  a c t u a l      W  r e c e p t .     ,  



(2)




where    W  a c t u a l     is the value of the actual power consumption on the plots, kWh;    W  r e c e p t .   = n ·  P  a c c e p t .   ·  t  m .     is the accepted (recommended) value of electricity consumption during the month, kWh;    P  p e r m .     is the permissible capacity issued by the power supply company (4–5 kW) per customer.



The relative flow of failure has the following functional dependence on power consumption:


   ω *  = f    (   W *  +  α  t e r .   c o n d .  *   )  ,  



(3)




where    α  t e r .   c o n d .  *    is a temperature coefficient characterizing the terrain conditions, which was derived from authors’ earlier works and is given in [24,25].



The algorithm of performing the sequence of calculation steps to establish the degree of energy efficiency of the urban power grid of Dushanbe is shown in Figure 3, where the completion of the sequence of actions allows us to assess the degree of energy efficiency of the considered electric network, the indicator of which is the under-discharge of electricity   ∆ W  .



The algorithm presented in Figure 3 is used to assess the energy efficiency of the urban distribution electric networks for the under-discharge of electricity, where the following actions must be performed:




	
After receiving the measurements’ results of the electrical load and actual power consumption    W  c o n s u m     from the readings of electricity metering and the wattmeter measuring device, we analyzed the comparison between the actual power consumption and the received power consumption    W  r e c e p t    . We obtained these values from the reference substations, according to the daily readings of electricity. The comparison is based on Equation (2), where the obtained results are expressed in relative units for a convenient and simplified way to evaluate the energy efficiency.



	
In cases of    W  r e c e p t   =  W  c o n s u m     equality, the data are stored in a single database, which is located at the national integrated power company “Barki Tojik”. If the condition    W  r e c e p t   >  W  c o n s u m     is not met, it is necessary to evaluate the energy efficiency of the considered urban electric network by the voltage loss   ∆ U  . The need to evaluate the energy efficiency through this parameter is more informative.



	
Since the considered urban distribution electric network at the moment physically does not have the ability to reduce voltage losses    (  ∆ U  )    below 10%, it takes the value of 10% as the base value. Thus, in the cases of Wrecept > Wconsum, using Equation (6), we calculated the voltage loss    (  ∆ U  )   . If the value   ∆ U ≤ 10 %  , then the network was efficient, and this completed the calculation. The calculation results were sent to the database. In cases of   ∆ U > 10 %  , it is necessary to analyze the considered electrical network by the indicator of undersupply of electricity, since this indicator is an important component for electric power systems with renewable energy sources. In this case, the main source of electricity in the Republic of Tajikistan is the hydraulic power plants, the production of which depends on the inflow and flow of water. Since the inflow of water depends on the melting of glaciers, in winter, it decreases sharply, and as a result, each inefficient consumption of electricity leads to a decrease in the reliability and efficiency of both the urban distribution network of Dushanbe and the entire Republic of Tajikistan.








To determine the factors of energy efficiency indicators of the urban distribution electric network, the following expressions will be used:


  c o s  φ  a v .   v .   =    P    ∑     a v . v      S  n . t r .   ·  K  l o a d .     ,  



(4)




where    P    ∑     a v . v     is the total average value of the active power for 24 h, kW;    S  n . t r    —the rated power of the transformer, kVA (MVA);    K  l o a d .    —the load сoefficient of the transformer, following the state standards in force in Tajikistan and other CIS countries.


   Q    ∑     a v .   v .   =  P    ∑     a v .   v .   · t a n φ ;    



(5)






  ∆  U  t r   =    P    ∑     a v .   v .   ·  R  t r   +  Q    ∑     a v .   v .   ·  X  t r      U 2    · 100 % ,    



(6)




where    R  t r    ,    X  t r     are calculated as active and reactive resistances of the transformer at the higher voltage stage, Ohms.



Evaluations of the transformer operating modes, depending on the nature of loads, were carried out for several substations of urban electric networks. As an example, two substations of the urban electric networks of the city of Dushanbe with relatively characteristic nodes were considered.



Similarly, active power coefficients were calculated for other substations, depending on reactive power consumption at a nominal load of transformers. The calculation results are shown in Table 1.



From the obtained results in Table 1, it can be seen that, for a significant part of the substations, the active power factor during the day was at an unacceptably low limit, which did not correspond to the transformation stage. This is because most of the transformers at the substations operate in the underloading mode for active power, from the point of view of payload, although, based on the values of the effective full power, their loading is in the maximum permissible values. This is achieved by adding a large reactive power to the active power. With this mode of operation, considering the increase in the number of electrical conductors with a non-linear load for consumers having an inductive nature, when transmitting electricity from a power source—transformer substations to electricity consumers—the entire city with 6–10 kV distribution network will be loaded with reactive power flowing through the elements of this network. This will lead to inefficient electricity consumption, associated with an increase in losses, a violation of the quality of electricity by voltage in consumer nodes, and the appearance of high harmonics. Additionally, almost all considered transformer substations of the urban electric network, except the substation “Industrial”, do not have the reactive power compensation.



Table 1 shows that the voltage losses in transformers with a low active power factor vary from 1 to 16%, and there is also an excess of the permissible voltage deviation value. Moreover, there is an excess of reactive power consumption in most of the examined substations. As a result, it leads to an increase in electricity losses and a decrease in the capacity of the elements of the electrical network. As a consequence, transformer losses with a low power factor may lead to the inability to maintain voltage limits in the nodes of 6–10/0.4 kV consumer transformer substations when transmitting electricity through a 6–10 kV distribution network.



According to the data of JSC “Dushanbe city electric networks”, the average length of 6–10 kV overhead power transmission lines, when transmitting electricity from transformer substation busbars to the transformer substations of the end user, is 5 km. The transmission of electricity is carried out by wires of the A-50 and A-70 types, with the consideration of the load capacity. When using cable lines (CLs), the cross-section areas with intervals from 120 to 240 mm2 are used. Therefore, with a known maximum transmitted power, according to the data of control measurements and the values of the active power coefficients obtained based on control measurements by calculation, it is possible to determine the maximum voltage losses during the transmission of electricity.



Consequently, with a known magnitude of the electrical load and the resulting power consumption, it is possible to determine the factor indicators characterizing the operating parameters of the elements of the urban distribution grid. In this regard, the next chapter will be devoted to the practical confirmation of compliance with the considered urban electric network, according to such indicators as the voltage loss and the load factor of the transformer. Their optimality allows us to characterize the degree of efficiency of the electric network by the active power consumed. This requires such initial parameters as the actual load that depends on the actual power consumption, as well as external climatic and meteorological factors. For example, one section feeding several transformers via CL and receiving power from one busbar will be considered in detail. For the remaining sections, the results will be presented in tabular form.




3. Results and Discussion


With known values of current power consumption, as well as the climatic and meteorological factors of the city of Dushanbe (also, other cities and regions of Tajikistan), using a coefficient characterizing the terrain conditions during the hours of maximum loads    α  max l o a d     [24,25], it is possible to forecast power consumption by the following equations:


   W  f o r e c a s t   =  W  c o n s .   ·  α  max l o a d   ·  (  1 −  α  max l o a d    )  ,  



(7)






   P  a v . max d a y .     =    W  f o r e c a s t      t  max l o a d   d a y       ·  α  max l o a d   ,  



(8)




where    W  c o n s .    —electricity consumption during the examined period, kWh; tmax⁡load day—the maximum load time during the day, hours;    α  max l o a d    —time coefficient of maximum load.



According to the monthly readings of electricity records, the amount of electricity consumption and the average power during the hours of maximum loads for one of the feeders of the substation “Vostochnaya—110/35/6 kV” were determined, and the model is given in Figure 4.



Let us to consider a section of the city electrical network supplying from a transformer substation TS-65 with a consumer transformer T-630/6 with monthly power consumption      W  c o n s .   m o n t h .   = 91418.19   k W h  a   per   month   , for which:




	-

	
Power consumption during peak load hours, as follows:


   W  f o r e c a s t   = 91 , 418.19 · 0.145 ·  (  1 − 0.145  )  = 11 , 333.57   kWh ;  



(9)








	-

	
Average power during peak load hours, such as:


   P  a v . p e a k   l o a d   h o u r s     =   11 , 333.57     2.5     · 0.145 = 657   kW .  



(10)













The computation results for the remaining 6/0.4 kV consumer transformer substations are summarized in Table 2.



According to the obtained data given in Table 2, we determined the load factors of consumer transformer substations (CTS), as well as the voltage losses in the 6 and 0.4 kV CLs feeding CTS-6/0.4 kV and internal switchgear (IS) and voltage losses in nodes 0.4 kV of CTS-6/0.4 kV, during the hours of maximum loads.



The performed calculations for TS-65 with a T-630/6 consumer transformer, the type, and cross-section, as well as the lengths of the 6 and 0.4 kV supply cables, are shown in Figure 4. The load coefficients of a single-transformer substation and voltage losses in the considered sections of the CL and transformer nodes are determined by the following expressions.




	-

	
The load factor of a 6/0.4 kV single transformer substation:


   К  l o a d   =    S  e s t      S  n o m .     ,  



(11)




where    S  e s t .    —estimated total power, determined by the following formula:


   S  e s t   =    P  e s t  2  +  Q  e s t  2    ,   kVA ;  



(12)













   S  n o m .     is a rated total power of the power transformer, kVA.




	-

	
Voltage losses in the supply of the 6 and 0.4 kV CLs, as follows:


  ∆ U =    P  e s t   · R · L +  Q  e s t   · X · L    U l 2    · 100 % ,  



(13)




where    P  e s t    ,    Q  e s t     are estimated active and reactive power, MW, MVar;  R ,  X —active and reactive resistance of the CL, Ohms;  L —plot length, km;    U l   —line voltage, kV.




	-

	
Voltage losses in transformer substation nodes:


  U =    P  e s t   · R +  Q  e s t   · X    U l 2    · 100 % ,  



(14)




where  R ,   X     are active and reactive resistances of the power transformer, Ohms.









Based on the calculation that the active power factor is 0.9 for household consumers, the total power is defined as follows:


  t h e    S  e s t   =     657  2  +   302  2    = 723   kVA ;  



(15)












	-

	
Load factor, as follows:


   К  l o a d   =   723   630   = 1.15 .  



(16)













Considering the section busbar No. 8 (TS-65) that feeds other 6/0.4 kV CTP (Figure 4) through the main line, when determining voltage losses in the 6 kV supply cable, the total load is taken. Thus, the following is defined:




	-

	
CL-6 kV, feeding a group of consumers:


  ∆ U =   1523 · 0.057 + 0.700 · 0.025    6 2    · 100 % = 0.29 % ;  



(17)








	-

	
CL-0.4 kV, feeding the input switchgear (IS) of household consumers:


  ∆  U  C L   =   0.657 · 0.057 + 0.302 · 0.025     0.4  2    · 100 % = 28 % ;  



(18)








	-

	
Voltage losses in the 0.4 kV CTS-6/0.4 node:


  ∆  U  t r .   =   0.657 · 0.0031 + 0.302 · 0.0136     0.4  2    · 100 % ≈ 4 % ;  



(19)













Similar calculations have been performed for the rest of the power supply scheme feeding busbar No. 8. The computation results are shown in Table 3.



The obtained results are performed based on the proposed method of forecasting power consumption, considering the factor conditions to establish the influence of electricity consumption by household consumers during the hours of maximum loads on the operating modes of the urban electric grid, especially in the 0.4 kV networks (Table 3). This is manifested in both the voltage losses and load of transformers.



Similarly, depending on the average maximum current load of the substation busbars of the examined sections of the overhead and cable lines, with a known average value of the active power factor, we determined the voltage losses along the sections of the 6–10 kV distribution network. The results are shown in Table 4, and their continuation is shown in Table 5



The obtained results show that, with a low active power factor, the voltage losses in the end nodes of the 6–10 kV distribution network for more loaded busbars, on average, exceed the established 10% during a power transmission over overhead lines. Thus, transformer substations are not able to maintain the maximum permissible voltage deviations in these nodes. Moreover, the operating modes of the consumer 6–10/0.4 kV transformer substations themselves, considering the nonlinear loads, which are connected directly to them, will also additionally create the voltage losses that sum up with the voltage losses of the distribution network itself.



When using the CLs made of XLPE and lead sheath for the electricity transmission through the 6–10 kV distribution networks, the voltage losses have a low active power factor average of 5%. However, it should be noted that the CLs are laid underground, and with these load factors, the capacitive currents relative to the ground increase, which, in turn, can lead to insulation breakdown and the appearance of single-phase earth fault currents. Thus, according to the data of OJSC “Dushanbe city electric networks”, in recent years, the cause of frequent failures of the CLs is precisely the appearance of these currents, and due to the lack of compensation for capacitive earth fault currents at the transformer substations, there is a decrease in reliability and an increase in electricity losses in 6–10 kV distribution networks. Therefore, based on the conducted research and identification of the state of the elements of the urban distribution electric network of Dushanbe, it was found that, in general, the electric network does not meet the energy efficiency criteria for the following indicators: active power coefficient, voltage losses, load factor, and transmission capacity of overhead power lines.



One of the ways to solve this problem is to optimize the power consumption (in particular, by household consumers), since these consumers create the main uncertainty and, thereby, lead to a decrease in the energy efficiency of the urban distribution network. This is possible using Equations (7) and (8), the implementation of which is proposed based on the algorithm shown in Figure 3 by considering the most significant factors affecting the forecast in the conditions of Dushanbe, thereby allowing us to increase the energy efficiency of the considered electric network.



Figure 5 shows the algorithm for monitoring the energy consumption using smart electricity meters that have been developed based on the proposed approach, and its operating principle is described as follows:




	
Information about the recorded electricity is transmitted via RS-485 communication channels to the data center union (DCU). In turn, to transfer information from the DCU to the information collection center (ICC), a SIM card with an Internet connection is installed in the DCU, and information is transmitted wirelessly over the WAN. In addition, the ICC proposed to place the above information in the central dispatching service of the national integrated power company “Barki Tojik” to monitor the load in the electrical system and in the database of the operational dispatching service of the city of Dushanbe (the latter is for monitoring specific loads and the power consumption of individual subscribers).



	
When the conditions for consumption are met, the specific consumption of electricity during the maximum hours is equal to the normalized specific consumption (Wactual = Wnormal), and the received information is automatically transferred for saving. Then, if Wfactual > Wnormal, information about the data of such consumers is taken under control, and for 3 days during the hours of maximum load, consumption data are recorded, which are stored in the ICC. If the inequality Wfactual > Wnormal persists for 3 days, without passing to the required condition Wfactual ≤ Wnormal, the subscriber is notified about the overspending of electricity consumption, which should encourage consumers to reduce the cost of electricity consumption. However, in case of further non-compliance with electricity consumption standards, the subscriber is recommended to replace the single-phase electricity meter with a three-phase one. This recommendation is extremely important from the point of view of the need to solve the problem of maintaining the symmetry of current loads between phases and reducing the asymmetry in the network, also to maintain the voltage at the maximum permissible values. Moreover, more than 95% of all electricity is generated at hydroelectric power stations, and in winter, due to a decrease in water inflow, maintaining voltage in consumer nodes seems to be an extremely difficult, and sometimes practically impossible, task.









4. Conclusions


When considering a strategy to increase the energy efficiency of any process, it should be noted that energy efficiency has a multiplicative effect as one of the key categories of any economic system, namely the higher the energy efficiency in the initial sectors of the technological chain, the more efficient the entire chain as a whole. The most important characteristics of energy efficiency are in the fuel and energy sectors, for instance, in the electric grid industry. Ultimately, the lost electricity is lost products, unproven services, etc. Therefore, one of the links of the electric grid sector—a transformer substation, together with installed power transformers—should be the subject of close analysis when developing and implementing a strategy to increase energy efficiency in the transportation and distribution of electric energy.



This could be achieved by precisely forecasting the power consumption, considering the most accurate factors affecting it. This is possible by performing an algorithm for calculating and evaluating the energy efficiency of the urban distribution grid, according to the indicator of power underutilization. Equations (7) and (8) should be applied in this case, which considers the most significant factors affecting the forecast in the conditions of the city of Dushanbe, thereby allowing us to increase the energy efficiency of the considered electric network.



To ensure the constant monitoring of energy consumption and timely recommendations and prescriptions to network subscribers, in the case of the over-expenditure of electricity, the proposed method of the implementation must be utilized, which is based on the relationship between the above algorithm and the algorithm for monitoring energy consumption using smart electricity meters. This approach is used in case of non-compliance with the equality condition in the calculation and assessment algorithm of energy efficiency of the urban distribution power grid by the indicator of power underutilization.



The solution of identifying problems in the distribution network through constant monitoring of electricity consumption should improve their energy efficiency. The proposed algorithm is recommended to be implemented, together with use of the smart electricity meters, as a part of an interstate project between Tajikistan and China, called “Smart Grids of Dushanbe”.
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Figure 1. Diagram of changes in the reception of electricity from the system and technological losses during the transmission of electricity for the period of 2013–2021. 
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Figure 2. Dynamics of the relative electricity losses for the period of 2013–2021. 
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Figure 3. Calculation and assessment algorithm of energy efficiency of the urban distribution power grid by the indicator of power underutilization. 
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Figure 4. Model of the section of the city electrical network. 
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Figure 5. Algorithm for monitoring energy consumption using smart electricity meters. 
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Table 1. Dependence of active power coefficients on reactive power consumption at the rated load of transformers.
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Substation Number

	
Name of

Substation

	
Type and Power of Transformers

	
    P    ∑     a v . v .   ,   

MW

	
    S  n . t .   ,   

MVA

	
     K  l o a d .   ,    

	
    Q    ∑     a v . v .   ,   

MVar

	
COS     φ  a v . v .     

	
    ∆  U   t r    ,   %    






	
1

	
Bahor

	
Т1, 16,000/110

	
13.55

	
16

	
0.7

	
9.1

	
0.8

	
7.44




	
Т2, 16,000/110

	
7.7

	
16

	
0.7

	
6.7

	
0.69

	
5.1




	
2

	
Buston

	
T, 16,000/110

	
8.23

	
16

	
0.7

	
6.6

	
0.73

	
5




	
3

	
Botanicheskaya

	
Т-1, 10,000/110

	
6.6

	
10

	
0.7

	
3

	
0.94

	
4




	
Т-2, 6300/110

	
6.6

	
6.3

	
0.7

	
8.1

	
0.5

	
16




	
4

	
Vinzavodskaya

	
Т-1, 10,000/35

	
3.5

	
10

	
0.7

	
8.57

	
0.5

	
6




	
Т-2, 10,000/35

	
2.38

	
10

	
0.7

	
3.83

	
0.34

	
3.3




	
5

	
Vostochnaya

	
Т-1, 25,000/110

	
12.74

	
25

	
0.7

	
10.3

	
0.72

	
5




	
Т-2, 25,000/110

	
11.6

	
25

	
0.7

	
10.8

	
0.66

	
5.2




	
6

	
Vodonasosnaya

	
T, 10,000/35

	
5.14

	
10

	
0.7

	
3.2

	
0.74

	
3.3




	
7

	
Zavodskaya

	
Т-1, 25,000/110

	
10.3

	
25

	
0.7

	
11.3

	
0.58

	
5.4




	
Т-2, 25,000/110

	
12.0

	
25

	
0.7

	
10.6

	
0.68

	
5




	
8

	
Istiklol

	
Т-1, 10,000/35

	
7.65

	
10

	
0,7

	
0

	
1

	
1




	
Т-2, 10,000/35

	
5

	
10

	
0,7

	
4.2

	
0.71

	
4.2




	
9

	
Kofarn. Vodozabor

	
Т-1, 16,000/110

	
7.32

	
16

	
0.7

	
6.44

	
0.65

	
4.9




	
Т-2, 16,000/110

	
6.65

	
16

	
0.7

	
7

	
0.6

	
5.3




	
10

	
Karamova

	
Т-1, 25,000/110

	
7.34

	
25

	
0.7

	
10.3

	
0.42

	
5




	
Т-2, 16,000/110

	
12.03

	
16

	
0.7

	
4.66

	
0.93

	
2




	
11

	
Comintern

	
Т-1, 2500/35

	
1.87

	
2.5

	
0.7

	
0

	
1

	
1




	
Т-2, 2500/35

	
1.1

	
2.5

	
0.7

	
1.07

	
0.63

	
3.2




	
12

	
Luchob

	
Т-1, 40,000/110

	
11.3

	
40

	
0.7

	
16.4

	
0.4

	
5




	
Т-2, 40,000/110

	
13.76

	
40

	
0.7

	
16.96

	
0.5

	
5




	
13

	
Industrial

	
Т-1, 25,000/110

	
16.6

	
25

	
0.7

	
5.4

	
0.95

	
2.7




	
Т-2, 25,000/110

	
19.2

	
25

	
0.7

	
12.87

	
0.8

	
5




	
14

	
Sovietskaya

	
Т-3, 16,000/110

	
3.81

	
16

	
0.7

	
6.1

	
0.34

	
4.5




	
Т-1, 25,000/110

	
13.2

	
25

	
0.7

	
10.2

	
0.75

	
5




	
15

	
Sportivnaya

	
Т-2, 40,000/110

	
25.8

	
40

	
0.7

	
10.4

	
0.92

	
3.22




	
Т-2, 10,000/35

	
15.3

	
10

	
0.7

	
14.5

	
0.65

	
15




	
16

	
Firdavsi

	
Т-1, 25,000/110

	
13.24

	
25

	
0.7

	
9.96

	
0.76

	
5




	
Т-1, 16,000/110

	
11.2

	
16

	
0.7

	
0

	
1

	
0.89
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Table 2. Computation results of power consumption and average power during the hours of maximum loads.
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	Number
	Name
	Type and Power of CTS, kVA
	    W   c o n s  .    m o n t h  .   ,   

kWh/Month
	     W   f o r e c a s t   ,   

kWh/Month
	    P   a v  .  p e a k     l o a d     h o u r s      ,   

kW





	1
	TS-54/2, Т-1
	Т-1000/6
	44,177.22
	5476.87
	318



	2
	TS-54/2, Т-2
	Т-400/6
	41,075.77
	5092.37
	295



	3
	TS-264/2
	Т-400/6
	22,215.4
	2754.15
	159



	4
	TS-2427
	Т-400/6
	13,030
	1615.39
	94
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Table 3. Computation results of voltage losses and load coefficients of a 6/0.4 kV consumer transformer substation.
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Feeding CL-6 kV

	
Feeding CL-0.4 kV

	
Consumer Transformer

Substations CTS-6/0.4 kV

	
    К    load




	
Plots

	
    ∆  U  C L .   ,   %    

	
Plots

	
    ∆  U  C L .   ,   %    

	
Nodes

	
    ∆  U  t r .   ,   %    






	
1–2

	
0.1

	
2′–2″

	
12

	
2′

	
1.18

	
0.35




	
2–5

	
0.013

	
5′–5″

	
3.5

	
5′

	
0.79

	
0.26




	
2–3

	
0.14

	
3′–3″

	
11.25

	
3′

	
2.7

	
0.81




	
3–4

	
0.03

	
4′–4″

	
8.1

	
4′

	
1.4

	
0.44
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Table 4. Voltage losses in nodes with a maximum average current load at a known active power factor at substations.
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Substation Number

	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8




	
Cell Number

	
16

	
32

	
19

	
9

	
2

	
19

	
3

	
24

	
3

	
14

	
17






	
   I    ∑     a v .   v .    , kА

	
0.13

	
0.13

	
0.18

	
0.18

	
0.11

	
0.1

	
0.283

	
0.261

	
0.3

	
0.11

	
0.32




	
   cos  φ  a v . v .     

	
0.69

	
0.8

	
0.73

	
0.5

	
0.5

	
0.34

	
0.72

	
0.66

	
0.74

	
0.71

	
0.6




	
   Q    ∑     a v .   v .   ,  

Мvar

	
1.97

	
1.5

	
2.56

	
4

	
1.5

	
1.4

	
2.53

	
2.6

	
2.5

	
1.1

	
3.5




	
  ∆  U l   , %

OL

	
10.3

	
9.41

	
14.2

	
16.85

	
6.35

	
5

	
13.77

	
13.04

	
14

	
5

	
16.56




	
  ∆  U l   , %

CL with XLPE

	
3.1

	
3.7

	
5.5

	
6.26

	
2.31

	
1.8

	
5.4

	
5

	
5.41

	
1.7

	
6




	
  ∆  U l   , %

CL with LSH

	
3.7

	
3.52

	
5.13

	
5.73

	
2.15

	
1.75

	
5

	
4.64

	
5.13

	
1.65

	
5.7
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Table 5. Voltage losses in nodes with a maximum average current load at a known active power factor at substations.
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Substation Number

	
9

	
10

	
11

	
12

	
13

	
14

	
15

	
16




	
Cell Number

	
3

	
5

	
7

	
30

	
2

	
6

	
18

	
9

	
18

	
4

	
20






	
   I    ∑     a v .   v .    , kА

	
0.23

	
0.11

	
0.125

	
0.130

	
0.181

	
0.11

	
0.21

	
0.11

	
0.22

	
0.15

	
0.2




	
   cos  φ  a v . v .     

	
0.42

	
0.63

	
0.4

	
0.5

	
0.75

	
0.65

	
0.76

	
0.82

	
0.18

	
0.68

	
0.5




	
   Q    ∑     a v .   v .   ,  

Мvar

	
5.45

	
1.2

	
3.26

	
2.87

	
2.5

	
1.89

	
2.83

	
1.33

	
8.82

	
2.33

	
4.32




	
  ∆  U l   , %

OL

	
21.27

	
5

	
12.7

	
10.1

	
14

	
10

	
16

	
9.5

	
27

	
12.4

	
18.4




	
  ∆  U l   , %

CL with XLPE

	
8

	
3.5

	
6.5

	
4.8

	
5.45

	
4.7

	
6.35

	
3.8

	
9.6

	
5.8

	
8.5




	
  ∆  U l   , %

CL with LSH

	
7.7

	
3

	
6

	
4.6

	
5.2

	
4.4

	
6.1

	
3.6

	
9.4

	
5.4

	
8.3
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