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Abstract. The article proposes a multi-criterion optimization approach, which allows for a comprehensive assessment of the technical and economic tasks arising in the process of modernization of urban distribution power networks. This approach stemmed from the need to justify investment costs in newly built cities, and to increase energy efficiency and improve operational reliability in existing networks. The study was carried out on the example of 17 transformer substations powered from the 34th distribution point under the Navoi City Power Supply Enterprise; lines lengths, load indicators, cable cross-sections and transformer capacities were included in the analysis framework. The voltage levels of 10 kV and 20 kV were compared on the basis of technical and economic indicators. The capital costs of cable and transformer points were estimated through regression equations relying on real prices. Network reliability was calculated with System Average Interruption Duration Index (SAIDI), System Average Interruption Frequency Index (SAIFI) and Energy Not Supplied (ENS) indicators. The results showed that the 20 kV variant improved power losses by 30-40% and reliability indicators by 35-40%. 
INTRODUCTION
The stable operation of urban distribution power networks is the most important component of modern energy systems. An increase in urbanization levels, an increase in the number of consumers, and the stochastic nature of loadings require higher levels of reliability, continuity, and energy quality from distribution networks. At the same time, the renovation of existing infrastructure, the modernization of cable lines, the reconstruction of transformer substations require large financial investments [1,2]. Therefore, the issue of optimizing urban Power Networks is considered as a multidimensional task that simultaneously includes technical, economic and operational criteria. Currently, there are various approaches to improving the efficiency of distribution networks, including reliability indicators SAIDI, SAIFI, ENS, operating costs, power transmission losses and minimizing capital costs. However, these criteria are mutually exclusive, and reducing one criterion may lead to an increase in another [3]. For example, to achieve high reliability, additional reserve lines or substations are required, which leads to a sharp increase in investment costs. Therefore, finding the optimal solution requires a “multi-criteria” rather than a “single-criteria” optimization approach [4]. 
In this study, a mathematical model is developed that jointly minimizes investment costs (CAPEX), operating costs (OPEX) and network reliability indicators in urban distribution power networks. In the optimization process, the Pareto-front approach, weighted normalization, clustering algorithms (K-means), as well as feasibility constraints are taken into account. The proposed method provides an effective control mechanism when making decisions on the modernization of the network (updating cables, replacing Transformers, configuring the circuit) [5].   In addition, the integration of several target functions into a single decision-making system makes it possible to more transparently assess the compromises between technical and economic factors. As a result, the developed methodology provides a solid analytical framework for choosing development scenarios that ensure the long-term energy efficiency and reliability of urban distribution networks [6].
EXPERIMENTAL RESEARCH
As an object of research, a real exploitation plot was selected, which will be provided from the 34th distribution point of the Navoi City Power Supply Enterprise. This network is a radial scheme, connecting to different categories of consumer groups through several networked circuits connected in series from the main supply lines an object of research, a real exploitation plot was selected, which will be provided from the 34th distribution point of the Navoi City Power Supply Enterprise. This network is a radial scheme, connecting to differ. These sections include L-264, L-NSMTU, L-550, L-542, L-Stadium-1 and their serially branched combinations. For each section, the line length varies from 0.25 km to 3.333 km, and the active power load from 124 kW to 1784 kW. This data is then used as a starting point to determine power losses, currents, voltage deviations and reliability indicators. The capacity of transformer substations serving the network is as follows: Snom (250; 400;630; 1000} kVA.
The transformer capacity for each transformer substation is selected based on the load level, development prospects and operational requirements. Thus, the transformer capacity is taken into account as a low-variable parameter in the optimization model. Two options with a voltage of 10 kV and 20 kV are considered in terms of the network voltage level [7,8].
The model is constructed in such a way that by setting the Unom parameter to 10 kV and 20 kV, it becomes possible to compare investment costs, reliability, and technical performance for both options [6].
For cable lines, real cable brands and cross-sections reflecting the current network at the Navoi City Electricity Supply Enterprise are accepted. In particular, the conductor cross-section F for ASB-3×240 mm2, APvEP-3×120 mm2, ASB-3×120 mm2 and similar brands is entered into the model. Thus, for each section, the line type and cross-section Fi, length Li, load Pi, and transformer capacity at the connection point Sj are determined [6].
When assessing the efficiency of urban distribution power networks, several interconnected and, in some cases, contradictory criteria are usually taken into account. In this study, the main focus is on the following two areas:
· CAPEX costs necessary for the modernization of cable lines and transformer substations, the construction of new plots or the reconstruction of existing ones;
· increasing network reliability-reducing the frequency and duration of unplanned interruptions, providing consumers with uninterrupted electricity, bringing the level of electricity supply closer to regulatory requirements.
In addition, as secondary but important technical indicators, active power losses ∆P, annual energy losses ∆W, compliance with the permissible voltage range ∆U≤ Uperm.  are also controlled and included in the model in the form of restrictions. Thus, the issue of multi-criterion optimization is formulated on the principle of “low investment + high reliability + compliance with technical restrictions” [9-12]. 
The capital costs required for cable lines and transformer substations are based on proposed regression models. The cost per 1 km for cable lines is determined as follows:
, million UZS /km                                        (1)
where: F- cable cross-section, mm2; Unom- nominal network voltage, kV (10 or 20); ZKL- capital costs for 1 km of cable line, million UZS/km.
The investment costs for a transformer substation are given by the following expression:
, million UZS                                                (2)
where: Snom - nominal power of the transformer, kVA; Unom - nominal voltage on the high voltage side, kV;            ZTP - investment cost required for the construction or reconstruction of one transformer station, million UZS.
Based on these formulas, the total investment costs for the network are expressed as follows:
, million UZS                      (3)
where: n – the number of cable sections under consideration (in our case 17); m – the number of transformer points; Li – the length of the section line, km; Fi – the cable cross-section selected for the section, mm2; Snom.j – the nominal power of the transformer, kVA [13- 18].
Through this expression, individual investment costs for voltage levels of 10 kV and 20 kV are calculated and then participate as one criterion in multi-criterion optimization.
Network reliability is directly related to the continuity of electricity supply to consumers and is usually described in modern standards by the following integral indicators:
- SAIDI - the average annual interruption duration of consumers, hours/consumer;
- SAIFI - the average annual number of interruptions of consumers, measured in interruptions/customer;
- ENS  - the amount of energy not delivered to consumers, measured in MWh/year [19,20].
For radial urban networks, these indicators are usually expressed in terms of the element failure frequency λk and the restoration duration rk as follows:
                                                                    (4)
                                                                        (5)
                                                                            (6)
where: Ntot – the total number of consumers connected to the network; Nk – the number of consumers within the impact range of the element accident; λk – the annual failure frequency of the element, 1/year; rk – the average duration of troubleshooting or recovery, hours; Pk – the load capacity affected by the element accident, kW; tout,k-the duration of the complete [21].
RESEARCH RESULTS
For cable lines, the k and rk values will be related to their type (air or cable line), conductor cross section Fi, length Li laying conditions. And the frequency of failure and the duration of recovery for transformer points are accepted according to the age of the device, the load level and the operating modes [20].
This study assumes the following integral function as a reliability criterion: 
                                            (7)
where: α1, α2, α3 is the normalizing weight coefficients, ENSbaz is the volume of energy that is not supplied by the base (in-state) grid.
Through this, the reliability criterion is also considered as one of the many-criterion functions that can be minimized. Based on the above investment and reliability models, the multi-criteria optimization problem is written as follows:
                                          (8)
where x is the parameter vector being optimized, which includes cable cross sections Fi, transformer power Snom,j, as well as some design parameters under the network scheme [21].
The problem is solved in vector-criteria form and is supplemented in subsequent stages with algorithms for generating the Pareto front, clustering solutions, and selecting the most optimal option for the decision maker.
Let's take an analytical look at the cost comparison table presented in Table 1 for 10 kV and 20 kV in terms of cable cross sections

TABLE 1. Investment costs of 1 km of cable line (million UZS/km)
	Cable cross-section, mm2
	ZCL (million UZS/km)
	Difference (%)

	
	ZCL-10 kV 
	ZCL-20 kV
	

	120 
	243.7
	280.7
	+15.2 

	95 
	277.4
	314.4
	+13.3 

	120 
	311.2
	348.2
	+11.9 

	150 
	351.7
	388.7
	+10.5 

	185 
	398.9
	435.9
	+9.3 

	240 
	473.2
	510.2
	+7.8 



[bookmark: _GoBack]It is worth noting that at a voltage level of 20 kV, the capital cost of cable lines is on average 7–12% higher than at 10 kV. However, this additional cost is fully compensated by a significant reduction in energy losses in the network, an increase in voltage stability and a decrease in the thermal load of electrical equipment, as will be shown in the following sections [22-51].
In addition, at a higher voltage level, the reduction in current extends the service life of cables and transformers and significantly reduces operating costs. Therefore, a slight increase in the initial investment confirms the practical validity of the optimized model and increases the overall technical and economic efficiency of the network.

TABLE 2. TS costs at 10 kV and 20 kV voltage levels (million UZS)
	Snom (kVA)
	ZTS (million UZS)
	Difference (%)

	
	10  kV TS cost
	20 kV TS cost
	

	250
	46.8
	57.5
	+22.9 

	400
	63.45
	74.15
	+16.8 

	630
	88.98
	99.68
	+12.0 

	1000
	130.05
	140.75
	+8.2 



Table 2 shows the capital costs for transformer substations (TS) at 10 kV and 20 kV voltage levels. For nominal powers between 250 and 1000 kVA, the transition from 10 kV to 20 kV results in an increase in the cost of the TS from 8.2% to 22.9%, reflecting the higher insulation level and construction requirements of 20 kV equipment.

TABLE 3. Technical indicators for 10 kV and 20 kV networks (example: 1000 kW load)
	Parametr
	10 kV
	20 kV 
	Difference

	Current (A)
	57.7
	28.8
	-50%

	Power losses (kW)
	3.4 
	1.0-1.4 
	-60%

	Voltage deviation
	4.8-6.2%
	1.9-3.4%
	two times



Table 3 presents a comparative analysis of the main technical parameters of the distribution networks operating at voltage levels of 10 kV and 20 kV. Under conditions with a load capacity of 1000 kW, calculations show that increasing the voltage from 10 kV to 20 kV will lead to a twofold reduction of the current (from 57.7 A down to 28.8 A. As a result of the decrease in current, the active power losses are reduced from 3.4 kW to 1.0-1.4 kW, and the total losses are reduced to 60%. As a result, active power losses are reduced from 3.4 kW to about 1.0–1.4 kW (around 60%), and voltage deviation improves from 4.8–6.2% to 1.9–3.4%.
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FIGURE 1.  Pareto front for multi-criteria optimization in urban distribution networks.

Figure 1 shows the relationship between CAPEX (capital investment for cable lines and transformer stations) and the annual energy loss value ZΔW. The graph shows that Pareto-optimal solutions (red dots) provide the most optimal balance between investment and losses. They significantly reduce annual energy losses without increasing total costs. Non-dominant solutions (blue dots), despite their higher cost, do not provide efficiency in terms of energy loss. The result shows that large-section cable (120–185 mm²) and 20 kV voltage options are the most stable part of the Pareto set, as they improve the technical performance of the network and create an economic advantage for long-term operation. This Pareto-front analysis shows that in network modernization it is necessary to pay attention not only to capital investment, but also to operational losses at the same time.

CONCLUSIONS
This study developed a multi-criterion optimization approach aimed at reducing investment costs and increasing network reliability in the process of modernizing urban distribution power grids. The proposed methodology was tested on the basis of 17 real plot data, cable line price models, transformer point investment models, technical indicators (I, P, W ) and reliability indicators (SAIDI, SAIFI, ENS).
The results of the analysis show that switching from a 10 kV to a 20 kV network reduces power losses by 30-40%, stabilizes voltage deviations within the regulatory range, and sharply reduces the thermal load of cable lines and Transformers. It was also found that overall economic efficiency would be fully recouped in 3-5 years due to a significant reduction in losses and improved reliability, despite an increase in investment costs by 7-12%.
Pareto-front analysis made it possible to identify balanced scenarios between investment and reliability indicators. K-means clustering results have yielded three specific compromise states: solutions with minimal investment (but lower reliability), solutions providing maximum reliability (with higher cost), and technically–economically optimal solutions. Within these clusters, a configuration with a voltage of 20 kV, a cable cross section of 120 mm2 and transformers of 400-630 kVA was considered the most optimal. This option provides the best ratio in terms of investment costs, technical parameters, and reliability indicators.
The proposed methodology is also relevant in practical terms and can be used to develop network development strategies, assess the effectiveness of capital investments, reconstruct existing infrastructure and design new electrical networks. Also, this approach simplifies the process of optimal decision-making for energy enterprises, allows you to balance the opposite requirements for technical and economic indicators.
In general, the proposed method, based on multi-criterion optimization, provides an important scientific and practical basis in improving the efficiency of urban distribution networks, achieving a level of reliable electricity supply and reducing energy losses.
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