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Abstract

:

The core objective of transmission tariffs is the recovery of costs related to the transport of electricity. A usual component of a tariff is a fixed charge that covers the costs of the network infrastructure. As many customers use the power grid, the rate of this charge should reflect, as closely as possible, the actual costs of supplying energy to the individual consumers. These costs result from which network elements have been used in delivering the electricity, and to what extent these elements have been used. Therefore, the fixed transmission rates should depend on the degree of network utilization. This article investigates definitions of the degree of network utilization based on the active power flow. To calculate the degree of network utilization, the flow of electricity on a branch must be decomposed into the streams flowing to individual customers. For this decomposition, two methods are examined: a power flow tracing method, based on the proportional sharing principle, and an incremental power flow method, based on the superposition principle. The analyzed methodology is applied to a small test system for conceptual discussions, as well as to the transmission network of the Polish power system, as an example of practical application. The results of this study were then compared with the commonly used “postage stamp” method. Finally, several practical aspects related to the potential implementation of the presented methodology are discussed.
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1. Introduction


1.1. Key Requirements for Transmission Tariffs


The transmission service offered by transmission or distribution system operators consists in transporting electricity from producers to consumers. Transmission is carried out using an electrical grid with different voltage levels. According to the rules currently applied in Poland, and most European countries, a transmission fee is charged to the consumers of electricity [1].



Transmission services differ across consumers due to the fact that individual consumers use energy at different powers, buy different amounts of energy at different times of the day and, above all, utilize different components of the electrical grid, even when they are supplied from the same voltage level. Therefore, the methodology of determining the transmission charges should consider the above differences to the greatest possible extent. A properly constructed transmission tariff should fulfill the following main requirements [2,3]:




	
costs reflectivity–charges paid by individual network users should correspond to the actual costs of the services provided to them; this reflectivity will ensure equal and non-discriminatory access to the network for all entities,



	
price signals–rates of transmission charges should provide information on favorable locations for new generators and large electricity consumers, as well as the required new transmission lines,



	
costs recovery–transmission charges must ensure a level of financial revenue for the network operator that will be sufficient to recover capital and operating costs,



	
simplicity–setting the rates of transmission charges and settling commercial transactions should be transparent and as simple as possible.








Some of the above-mentioned requirements may be difficult to meet at the same time; therefore, when designing transmission tariffs, certain priorities should be established, and the chosen methods of the tariff’s creation should maximize the features that are the most important. First, the tariff creation method should ensure that the rates of transmission charges for individual customers reflect the costs they cause. Additionally, the transmission tariffs should indicate which areas are favorable for the location of new generators, such as areas with a shortage of generated power (i.e., with high costs of transmission service) or areas for connecting potential new customers (i.e., areas with low rates). The tariff should also inform operators what actions may lead to the reduction of transmission costs, and provide an incentive to undertake these actions. The above requirements can be included in one general postulate: the transmission charge should inform, motivate, and cover the costs of electricity transmission.




1.2. Transmission Fixed Costs Allocation Methods


The literature describes several methods of determining transmission charges that meet the above requirements to a greater or lesser extent [4,5,6,7,8,9,10,11,12,13]. The so-called allocation methods that ensure full coverage of transmission costs are the widest group. This article focuses on the fixed costs allocation methods that cover the costs of the network infrastructure. Table 1 contains an assessment of the fulfillment of requirements for the transmission charge for the most common methods.



Generally, the allocation method determines the share in covering the costs of the transmission network for each user. In these methods, the transmission charge is calculated according to a formula:


  T  C i  = T F C    s i      ∑ i    s i      ,  



(1)




where TCi is the transmission charge for an i-th network user, TFC is the total fixed costs (the costs of the network infrastructure), and si is a share of the i-th user in covering the costs. The main difference between the allocation methods given in Table 1 are the ways in which each method determines the si coefficients.



In the “postage stamp” method [7,9,11], the share of a given consumer in covering transmission costs is proportional to the consumer’s peak power. The following formula determines the charge:


  T  C i  = T F C    P  p i       ∑ i    P  p i       =  P  p i     T F C     ∑ i    P  p i       =  P  p i   ⋅ T R ,  



(2)




where Ppi is the peak power of the i-th network user and TR is the rate of fixed transmission charge.



Formula (2) shows that the use of the “postage stamp” method leads to the same rates of the fixed transmission charge for all customers in the considered area (or for all customers qualified to the same tariff group). This means that the method assumes that all consumers use the network to the same extent. The effect of this assumption is the occurrence of cross-subsidization between customers, i.e., the situation in which some network users generate costs, and others participate in covering these costs. Therefore, this method does not reflect the costs properly. The “postage stamp” method, too, does not generate appropriate price signals that stimulate the behavior of individual market participants. Its only advantage is its simplicity. System operators in Poland, as well as in other European countries, currently use this method to determine the rates of transmission charges for all groups of network users.



The transmission charge determined by the “postage stamp” method is characteristic for the “out of the grid” energy trade. This method can be used in the case of many small and medium-sized customers, i.e., mainly in low and medium voltage distribution networks, where the degree of network utilization by all consumers is similar. Large consumers connected to high and extra-high voltage grids usually use the network to differing extents. Therefore, this disparity in network usage should be considered when calculating transmission charges for these customers, and a more suitable method should be chosen.



Power flow based methods are the methods where the allocation of transmission costs is based on certain physical quantities that reflect the actual degree of network utilization by individual customers. This group of methods includes the simple power flow based method (this name will be used in article) and the MW∙km (also called MW∙mile) method. The difference between these two approaches is that, in the MW∙km method, the degree of network utilization is determined using active power flows through individual network elements and quantities strictly related to the cost generated by these elements (e.g., for the transmission line, this is its length) [7,9,10,11]. On the other hand, in the simple power flow based method, the degree of network utilization is calculated only based on power flows through individual network elements [5]. This difference is discussed in detail in the following sections of the article.



The last allocation methods listed in Table 1 are the marginal costs based methods. These methods allocate transmission costs to network users based on short-run (SRMCs) or long-run (LRMCs) marginal costs. In theory, these methods provide the best cost reflection and most correct price signals. However, in practice, in the SRMCs based method, the real values of SRMCs are corrected to balance the transmission fixed costs [10,12]. This correction may distort the price signals provided by SRMCs. In the LRMCs based method, the accurate calculation of LRMC is very difficult; therefore, some simplifications are often applied [10,13]. These simplifications can reduce the economic efficiency of this method. These features of the marginal costs based methods, combined with their high computational complexity, do not encourage their use in practice to determine fixed transmission charges. Therefore, they will not be analyzed in the article.



Table 2 highlights the major advantages and drawbacks of various fixed costs allocation methods. It should be emphasized that the described methods can also be used to allocate variable transmission costs, e.g., the costs of losses. In this case, the evaluation of methods may be similar to that shown in Table 2 or somewhat different. For example, when the “postage stamp” method or power flow based methods are used to allocate the costs of losses, the advantages and drawbacks of these methods are practically the same, as shown in Table 2 [14,15,16]. The costs of losses can be also allocated by using SRMCs. This charging scheme has some additional drawbacks [16]: (1) this might result in over-recovery of the costs of losses (contrary to under-recovery of the fixed costs), (2) the selection of the marginal (reference) bus has considerable influence on the loss allocation.




1.3. The Scope and the Contribution of the Article


The main objective of this article is to study and discuss the power flow based allocation methods that can be used to allocate the fixed transmission costs related to the network infrastructure. The simple and MW∙km methods are considered. This paper is organized as follows. Section 2 defines the degree of network utilization based on active power flow. In this section, the usefulness of the power flow tracing method and the incremental power flow method for power flow decomposition is analyzed. The theoretical discussion is illustrated with a simple calculation example. In Section 3, on the same simple example, the rates of fixed transmission charges are determined using the analyzed power flow based methods. The obtained results are compared with the results of the “postage stamp” method. Section 3 also presents a case study for large industrial customers connected to the transmission network. This section also discusses several aspects related to the potential implementation of the presented methodology in real power systems. Finally, Section 4 presents the conclusions, which indicate that the preferred method of determining fixed transmission charges for large consumers is the MW∙km method, in which the degree of network utilization is determined using the incremental power flow method.



In the power flow based allocation methods described in the literature, the power flow tracing method and the incremental power flow method (usually based on the sensitivity factors) are proposed alternatively to determine the degree of network utilization by individual customers [4,5,6,7,10,17]. However, these methods have disparate properties and produce different results. The major contribution of this paper is to conduct an in-depth discussion that presents the advantages and disadvantages of both methods when used for calculating the rates of the fixed transmission charges. Based on this discussion, the preferred method of determining the degree of network utilization can be objectively selected. According to the authors of the article, when calculating the rates of the fixed transmission charges by using the power flow based allocation methods, the degree of network utilization should be determined by the incremental power flow method.



Another contribution of the article is the development of the incremental power flow method which is based on the sensitivity factors determined by using the classical Newton–Raphson power flow solution method. The proposed method was applied to calculate the rates of the fixed transmission charge for industrial customers connected to the real large-scale transmission network. This application proofs that the developed method is computationally efficient and easy to implement. Compared to the present situation in most European energy markets, this paper presents a new approach to calculating fixed transmission charges in an equitable and nondiscriminatory manner.





2. Methodology of Determining the Degree of Network Utilization


This section presents the methodology used for determining the degree of network utilization based on active power flow. An example illustrates the successive steps of the method’s calculations. For simplicity, the example assumes that there is only one consumer connected to each load bus.



2.1. Definition of the Degree of Branch Utilization


To determine the degree of network utilization by a given consumer, the degree of the individual branch utilization must first be determined. In the methodology presented in this section, the degree of branch utilization is defined by the formula:


  B  U  b , i   =    P  b , i      P b    ,  



(3)




where BUb,i is the degree of branch b utilization by consumer connected to the bus i, Pb,i is an active power flow in branch b for a consumer in bus i, and Pb is the total active power flow in branch b (   P b  =   ∑ i    P  b , i      ). The above definition assumes that the degrees of branch utilization are proportional to the streams of power flowing to individual customers.



The degree of branch utilization, defined by Equation (3), will be determined for a simple two-sided supplied network. Figure 1 shows the diagram of this network. It also shows the lengths of lines and the active power consumed in load buses (reactive power consumption is omitted). All lines were assumed to have the same impedance parameters per kilometer.



In the analyzed network, the resistance to reactance ratio is the same in each branch. The virtual generators that represent the remaining part of the power system are connected to supply nodes A and B. The production capacity of each source is sufficient to cover the total load. It was also assumed that the voltages in supply nodes A and B are the same. With these assumptions, the active power flow PA1 in the A-1 line can be calculated from the formula (see Appendix A for details):


   P   A 1     =     ∑ i    P i  ⋅  l  i B        l  AB      ,  



(4)




where Pi is the active power consumed in bus i, liB is the total length of lines from node i to supply node B, and lAB is the total length of lines from supply node A to supply node B.



After calculating the active power flow in the line A-1, the flow in line 1–2 can be determined based on the active power balance in bus 1. The power flows in the following lines are calculated in the same way. Figure 2 shows the results of the power flow calculations obtained using the described procedure (a natural flow, resulting from the line impedance). Active power losses were neglected.



The calculated power flow shows the total power flows (Pb) in all network branches (Formula (3) denominator). The calculated power flow is also the basis for determining the streams of power (Pb,i–Formula (3) numerator) flowing to each individual consumer. To determine the active power flow in branch b for a consumer in bus i, the calculated power flow must be decomposed. For the decomposition, two methods are examined: a power flow tracing method, based on the proportional sharing principle, and an incremental power flow method, based on the superposition principle.




2.2. Power Flow Decomposition by Power Flow Tracing Method


The power flow tracing method is based on the principle of a proportional share of consumed power in the branch flows [18,19]. It considers the calculated values and directions of power flows. The analyzed consumer participates in the power flow in a given branch only when the power in this branch flows towards that consumer. The line with opposite power flow does not participate in the supply to the analyzed consumer. This rule also eliminates all the branches behind the analyzed consumer. Performing the appropriate analysis for the network shown in Figure 2, it can be concluded that:




	
the power consumed by the consumer connected to bus 1 (20 MW) flows in its entirety via line A-1 from supply node A,



	
the power consumed by the consumer connected to bus 2 (45 MW) flows in part (25 MW) via lines A-1 and 1-2 from supply node A and in part (20 MW) via lines 2–3 and 3-B from supply node B,



	
the power consumed by the consumer connected to bus 3 (10 MW) flows in its entirety via line 3-B from supply node B.








The results obtained for the analyzed network are presented in Figure 3. Table 3 presents the degrees of individual branch utilization BUb,i by all consumers, resulting from the power flow decomposition by the power flow tracing method. Results were obtained using the Formula (3).



The calculated degrees of individual branch utilization indicate that only the consumer in bus 2 uses all lines, while the consumers in buses 1 and 3 use only the lines connecting them directly to the supply nodes. However, this is not a general conclusion, because in other network operating conditions the situation may be completely different. This difference will occur if the power flow changes.



The voltages in supply nodes A and B were assumed to have the same values in the above calculations. This is a hypothetical situation because the analyzed system is often a part of a larger network, in which the bus voltages result from Kirchhoff’s laws and usually have different values. With a voltage difference between supply nodes A and B, an equalizing power flow will exist between these nodes. This flow will overlap with the natural flow resulting from the loads. As a result, the power flow in the network will change, without changing the values of consumed power. For example, if the equalizing flow between nodes A and B is 21 MW, the value of power flows will change in all lines. Additionally, in line 2-3 the flow direction will change. The new power flow is shown in Figure 4. The change in power flow will also change the degrees of branch utilization by all consumers. Table 4 shows the results.



The above analysis shows that the degree of branch utilization determined by the power flow tracing method strongly depends on the grid operation condition (i.e., depends on the power flow assumed for its calculations). As transmission charges should be based on stable foundations, this dependence on grid operation condition is an unquestionable disadvantage of this method, which makes it difficult to apply in the process of creating a transmission tariff. Therefore, a different method for calculating the degree of network utilization that will be insensitive to changes in power flow is necessary. This requirement is met by the incremental power flow method, based on the superposition principle.




2.3. Power Flow Decomposition by Incremental Power Flow Method


The incremental power flow method is based on the superposition principle. This principle states that, for linear electrical circuits, the resultant response caused by two or more stimuli is the sum of the responses that would have been caused by each stimulus individually. Thus, the natural power flow in the analyzed two-sided supplied network (Figure 2), resulting from the power consumed by all consumers, is the sum of three component flows, calculated using Formula (4) for each consumer separately, with zero powers consumed in other buses. Figure 5 shows these power flows.



The decomposition of base case power flow into three component flows allows for the determining of the degree of branch utilization by individual consumers. The results obtained using the Formula (3) are summarized in Table 5. The calculations consider the directions of power flows for individual consumers (Figure 5) compared to the natural flow (Figure 2). This leads to the appearance of negative values. A negative degree of network utilization could lead to negative values of the transmission charges, which in turn would mean that the network user gains income from the system operator by using the network. To avoid this situation, the degree of network utilization should be determined without considering the differences between the directions of power flows. This approach is used later in the article.



The exact equations defining the power flow are non-linear. To meet the superposition principle, their linearization is necessary, leading to the DC model [20], which is not always suitable for real power systems. Moreover, the use of the superposition principle for power flow decomposition in the real network may cause computational difficulties because, before each calculation of the power flow for a given consumer, the power generated in all sources must be adjusted so that their total generation covers the demand of that consumer. Avoiding these problems is possible with the use of sensitivity factors, that show the impact of the change in power consumed in a given node on the active power flows in the individual network branch [21]. In the considered example of a two-sided supplied network, the values of these factors were determined based on the base case power flow (Figure 2) and power flows calculated after increasing the demand by 1 MW in subsequent load buses (Figure 6). The following formula was used:


  S  F  b , i    =   Δ  P b    Δ  P i     =    P b  Δ P   −  P b    Δ  P i     ,  



(5)




where SFb,i is the sensitivity factor of active power flow in branch b with respect to the power consumed in node i, ΔPb is the change of the total active power flow in branch b after increasing the load in node i, ΔPi is the increase of load in node i (ΔPi = 1 MW was assumed),    P b  Δ P     is the total active power flow in branch b after increasing the load in node i (Figure 6), and Pb is total active power flow in branch b in a base case (Figure 2). The results of these calculations are summarized in Table 6. A negative value for the sensitivity factor means that increasing the load in a given node reduces the power flow in the branch, comparing to the base case (Figure 2).



The determined sensitivity factors SFb,i can be used to calculate the active power flow in branch b for the consumer in node i, according to the formula [21,22]:


   P  b , i   = S  F  b , i   ⋅  P i  ,  



(6)




where a negative value means that the calculated power flow for the analyzed consumer has the opposite direction to the base case flow (Figure 2). The application of the Formula (6) and the sensitivity factors presented in Table 6 give the same results for the power flow as that shown in Figure 5, i.e., the degree of individual branch utilization obtained in this way is the same as shown in Table 5.



A characteristic feature of the sensitivity factors is the independence of their values from the power flow. The values of these factors depend on the location of the analyzed node relative to the generators covering the load increase and on the structure and parameters of the network. Thus, for the given structure of the power system and the power consumed in nodes, even for equalizing power flows of any value, the degree of the branch utilization by individual consumers will remain constant. This feature is desirable and it distinguishes this decomposition method from the power flow tracing method. Later in this article, the method of power flow decomposition using the sensitivity factors is called the incremental power flow method.



In the next subsection, the degree of network utilization for the power flow based methods (simple and MW∙km methods) will be defined.




2.4. Definition of the Degree of Network Utilization


In the simple power flow based method, the degree of network utilization is determined by the total flow (TF), defined for the i-th consumer as (definition is based on the idea taken from [5]):


  T  F i  =   ∑ b    P  b , i     =   ∑ b   S  F  b , i   ⋅  P i    =  P i    ∑ b   S  F  b , i     .  



(7)







In the MW∙km method, the degree of network utilization also considers the length of individual lines (in this article the degree of network utilization calculated by MW∙km method will be called a Total Flow Length–TFL). TFL is defined by the formula [7,9,10,11]:


  T F  L i  =   ∑ b    P  b , i   ⋅  l b    =   ∑ b   S  F  b , i   ⋅  l b  ⋅  P i    =  P i    ∑ b   S  F  b , i   ⋅  l b    ,  



(8)




where lb denotes the length of line b. The main difference between the degree of network utilization defined by the Formulas (7) and (8) is the fact that the length of lines is not considered in (7). As a result, with the same values of the sensitivity factors SFb,i, lines of different lengths, i.e., with different costs, are treated in the same way. This is a disadvantage of the simple power flow based method, which causes its costs reflectivity to be lower than that of the MW∙km method (Table 1).



The indicated difference between the TF and TFL coefficients can be well-illustrated using the example of a radial network. The network supplies two customers connected as shown in Figure 7. Both customers consume the same power P1 = P2 = P.



In a radial network, the sensitivity factors SF for both consumers are equal to 1. Therefore, TF1 = P and TF2 = 2P, while TFL1 = Pl1 and TFL2 = P(l1 + l2). The transmission charges for both consumers determined from formula (1) will be equal to, respectively:




	
in the simple power flow based method: ⅓ TFC and ⅔ TFC,



	
in the MW∙km method: l1/(2l1 + l2) TFC and (l1 + l2)/(2l1 + l2) TFC,








where TFC is the total fixed cost of the network.



The ratios of charges are as follows: ½ in the simple power flow based method and l1/(l1 + l2) in the MW∙km method. In the first case, this ratio is constant and equal to the quotient of the number of lines involved in supplying consumers (i.e., the first consumer uses one line, and the second one uses two lines). In the second case, the ratio of charges depends on the length of the lines involved in supplying consumers. In an extreme case, e.g., when l1 >> l2, the costs related to the provision of the transmission service for both consumers will effectively be the same. However, in the simple power flow based method, the charge of the first customer, located only slightly closer to the supply point, will be equal to half of the charge of the second customer. In the MW∙km method, these charges will be very similar. Thus, the MW∙km method better reflects the real cost of energy supply.



When determining the degree of network utilization defined by Formulas (7) and (8), three approaches, related to the sign of the sensitivity factor SFb,i, can be used [23]:




	
negative and positive values of SFb,i factors are considered,



	
only positive values of SFb,i factors are considered,



	
absolute values of SFb,i factors are considered.








In this article, the third approach is used, meaning Formulas (7) and (8) can be written as:


  T  F i  =  P i    ∑ b     S  F  b , i       ,  



(9)






  T F  L i  =  P i    ∑ b     S  F  b , i     ⋅  l b    .  



(10)







Using the above Formulas (9) and (10), the degree of network utilization by consumers connected to the simple two-sided supplied network, considered in the previous section, was calculated. The results are summarized in Table 7.




2.5. Practical Aspects of the Calculation of the Sensitivity Factors in the Real Network


The sensitivity factor SFb,i is a derivative that expresses the change in the active power flow Pb in the branch b as a result of the change in the load Pi in node i. Due to the non-linearity of the AC power flow, in practical calculations, the values of these factors are determined based on the results of two power flows: the first one for the increased and the second for the reduced power Pi consumed in the considered bus by the same value of ΔPi. The above can be expressed as:


  S  F  b , i    =   ∂  P b    ∂  P i     ≈    P b  Δ P   −  P b  − Δ P     2 Δ  P i     ,  



(11)




where    P b  Δ P     and    P b  − Δ P     are the calculated active power flows in branch b respectively after increasing and decreasing the load in node i by the value of ΔPi.



When determining the sensitivity factors SFb,i, a key factor is the selection of a generator that will cover the load increments introduced in the analyzed buses. If only one generating node is selected, then the values of the sensitivity factors are calculated with respect to this node. This method can be used when determining the point-to-point charge that is used to settle the transmission costs in a bilateral transaction, i.e., a transaction directly between the consumer and the producer. On the other hand, if the load change is balanced by a group of generators, e.g., by all units that can fully cover the power consumed by a given consumer or by the generators participating in the process of load frequency control, then the values of the sensitivity factors are calculated with respect to all these sources. This way of calculating the sensitivity factors leads to stable values that mainly depend on the existing configuration and electrical parameters of the network. This feature of this method of calculating the transmission charges is highly desirable. Therefore, this article uses a multi-generator approach to cover the load changes.



In the next section, the considered power flow based methods are applied for calculating the rates of fixed transmission charges in the previously analyzed two-sided supplied network. The results of this calculation are compared to the results of the commonly used “postage stamp” method. As an example of practical application, this section also presents a case study for large industrial customers connected to the transmission network





3. The Rates of Fixed Transmission Charges Based on the Degree of Network Utilization


3.1. The Rates of Fixed Transmission Charges in the Two-Sided Supplied Network


The calculated values of the TF and TFL coefficients (Table 7), and the Formula (1), are the basis used to determine the transmission charges for consumers connected to the two-sided supplied network. In the simple power flow based method, the coefficient si in Formula (1) is equal to TFi, while in MW∙km method, it is equal to TFLi. To calculate the “postage stamp” transmission charges, Formula (2) is used. The power consumed by customers connected to the two-sided supplied network (Figure 1) was assumed to be equal to their peak power (Pi = Ppi). By dividing the calculated transmission charges by the peak power of a given consumer, the values of the rates of transmission charges can be obtained.



Both examples in this article present the relative rates of fixed transmission charges, i.e., the rates of transmission charges for a given consumer, determined by each of the analyzed methods, has been referred to the rate of charge calculated using the “postage stamp” method. This is expressed by the formula:


  T  R i  rel .   =     T F C    s i      ∑ i    s i         P  p i         T F C    P  p i       ∑ i    P  p i          P  p i       =      s i     P  p i           ∑ i    s i        ∑ i    P  p i         ,  



(12)




where   T  R i  rel .     is the relative rate of fixed transmission charge for the i-th consumer. Using Formula (12), the rates of transmission charges can be calculated without knowing the value of the total fixed costs TFC. Figure 8 presents the results for consumers connected to the two-sided supplied network.



The relative rates of transmission charges calculated using the “postage stamp” method are the same for all consumers. This means that each consumer participates equally in covering the total fixed costs of transmission, regardless of their degree of network utilization. On the other hand, in the case of the power flow based methods, differentiation of rates is noticeable. The consumer connected to bus 1 has the lowest rate. This customer receives power mainly through the line A-1 (Figure 5a), which is also the shortest line in the entire network. Thus, this consumer covers primarily the costs of the line A-1 and covers the cost of the other lines to a much lesser extent. A similar situation takes place in the case of the consumer connected to bus 3. This customer receives power mainly through the line 3-B (Figure 5c). However, the ratio of the power flowing through this line to the power flowing to this consumer from the opposite source is smaller than in the case of the first consumer, which results in a relatively higher degree of network utilization, which in turn results in a higher rate of transmission charge. The consumer connected to node 2 has the highest rate. This customer receives power from both sources in a similar proportion (Figure 5b), and therefore this consumer has the highest network utilization, which is reflected in the value of their rate.




3.2. The Rates of Transmission Charges for Industrial Customers Connected to the Transmission Network


The power flow based allocation methods are suitable to calculate the transmission charges for consumers connected to a high and extra-high voltage grids. As an example of practical application, the incremental power flow method was used to determine the rates of fixed charges for large industrial customers connected to the transmission network. The analyzed consumers are characterized by high electricity consumption with relatively low variability in time. Three categories of industrial customers were distinguished:




	
category 1–consumer connected to the 220 kV network node,



	
category 2–consumer connected to the strong 110 kV network node,



	
category 3–consumer connected to the node located deep inside the 110 kV network.








Figure 9 shows an example supply method for consumers belonging to the different categories.



The calculations were made using the model of the Polish power system. This model included the 400 kV and 220 kV networks, owned by the transmission system operator (TSO), and the 110 kV grid, owned by distribution system operators (DSOs). The model reflected the peak load of the Polish power system in 2018 (19.00, February 28,2018). In this operating state:




	
the total system load (including transmission losses) was 26,258 MW,



	
generation of centrally dispatched generating units was 17,605 MW,



	
generation of non-centrally dispatched generating units was 8312 MW,



	
the cross-border exchange was 341 MW (import).








Detailed information is available in [24]. Similar to the previous example, the relative rates of fixed transmission charges are calculated according to Formula (12) for the industrial consumers.



An example of a consumer of category 1 (Figure 9a) is an industrial plant with a peak load of 99 MW. This plant is connected to the 220 kV grid, which means that it uses only the 400 kV and 220 kV networks (consumers of category 1 do not use the 110 kV grid). In this power system operating state, the total load of the 400 kV and 220 kV networks was 14,420 MW. Table 8 shows the degree of network utilization by the example category 1 industrial customer and the total value in the entire 400 kV and 220 kV networks.



The relative rates of transmission charges are 1.27 in the simple power flow based method and 0.46 in the MW∙km method. The difference in the values of the rates can be explained using the data presented in Table 8. Namely, if we divide the TF coefficient for the considered consumer by the power consumed, we will get 368 MW ÷ 99 MW = 3.7. If we do the same for the entire network, we will get 41,801 MW ÷ 14,420 MW = 2.9. The first calculated value can be interpreted as the number of virtual lines involved in the supply of the energy to the analyzed customer, while the second value can be interpreted as an average in the entire network. The ratio of both values is the relative rate of transmission charge for the customer (see Formula (12)). The analyzed consumer uses a greater number of transmission lines than the average for other customers, so the analyzed consumer should pay more for using the network. Therefore, the rate calculated using the simple power flow based method is higher than unity.



Proceeding analogously with the TFL coefficient, the following results are obtained:




	
for the considered consumer: 5855 MW·km ÷ 99 MW = 59.1 km,



	
in the entire network: 1,837,236 MW·km ÷ 14,420 MW = 127.4 km.








The results above can be interpreted as an equivalent transmission distance for the consumer and the average equivalent transmission distance in the entire network. The ratio of calculated values is the relative rate of transmission charge. Since the equivalent transmission distance for the consumer is much shorter than the average for the entire network, the rate calculated using the MW·km method is much lower than unity.



The reason for this large of a discrepancy between the rates determined by the simple power flow based method (1.27) and the MW·km method (0.46) is the means of transmission of the electricity to the considered customer. This consumer is powered by a relatively large number of short lines (shorter than the average line length in the entire 400 kV and 220 kV network). As a result, the degree of network utilization determined by the customer’s TF coefficient is high. Including the length of lines in the TFL coefficient significantly reduces the degree of network utilization. This issue was discussed with a simple example in Section 2.4.



Calculations for customers connected to the 110 kV grid (consumers of categories 2 and 3) were made for two industrial customers supplied from the grids of two different distribution system operators. The 110 kV network of the first operator (DSO 1), which supplies the consumer of category 2 (Figure 9b), is a network with a low area density and relatively long transmission lines. The network of the second operator (DSO 2), to which the consumer of category 3 is connected (Figure 9c), has a higher density with much shorter lines. The total network loads of both DSOs are similar, and equal to 860 MW and 925 MW, respectively. Table 9 shows the degree of network utilization by the considered industrial customers of categories 2 and 3 and the total value in the entire 110 kV networks of both DSOs.



The average number of virtual lines involved in the supply of the energy to the consumers in the entire network is 4 (DSO 1) and 4.6 (DSO 2). The average equivalent transmission distance is 24.2 km (DSO 1) and 16.6 km (DSO 2). The difference in these values is mainly the result of the network density in a given area (a higher density gives a greater number of virtual lines involved in the supply of the energy and a smaller equivalent transmission distance).



For the consumer of category 2 connected to the network of the DSO 1, the number of virtual lines is 1.8 and the equivalent transmission distance is 12.4 km. For the consumer of category 3 connected to the network of the DSO 2, the number of virtual lines is 4.3 and the equivalent transmission distance is 13 km. The differences mainly result from the means of supply for these consumers (Figure 9b,c), but also arises from the network density in the given area.



Figure 10 shows the relative rates of transmission charges for industrial customers for the three different categories. As has already been pointed out, both power flow based methods analyzed in this article give different results for the allocation of fixed costs. For some customers, such as consumers of category 1, these differences can be significant. Considering the previously discussed features of these methods, the MW·km method is recommended.




3.3. Potential Benefits Resulting from the Implementation of the Proposed Methodology in the Energy Market


The transmission charges calculated according to the methodology proposed in this article reflect the costs of utilizing the network more accurately than the charges determined using the currently used “postage stamp” method. As a result of the implementation of these charges on the energy market, new industrial plants can be more often located in places where the transmission costs are lower. Places with low transmission costs are usually close to a power plant. The shorter distance between the generator and the consumer increases the reliability of the power supply due to a smaller number of network elements being necessary for energy transport (the probability of failure of the supply system is lower). The costs of undelivered energy caused by a system failure can be 100 times higher than electricity prices during normal conditions [25]. Therefore, the minimization of these costs is desirable.



Locating consumers closer to power plants will reduce the need to invest in overall network development. As a result, the fixed costs of the network will be lower, and therefore the transmission charges for all groups of consumers will also be lower. Limiting the need for network development will reduce the negative impact of the power sector on the natural environment and conflicts with the local community (protests related to the construction of transmission lines have intensified in recent years). Another benefit of locating industrial consumers closer to power plants will be the reduction of transmission losses. The decrease of losses will reduce emissions related to electricity generation and, furthermore, increase the energy efficiency of the energy supply process. Moreover, the cost of losses, one of the components leading to the variable costs of the network, is now covered by the customers, by using the variable transmission charge. As a result of the lower costs of losses, the charges for all customers will be lower.





4. Summary and Conclusions


The transmission charges should reflect, as fully as possible, the actual costs of supplying energy to individual consumers. These costs depend on which network elements are used and the extent to which they have been used. The current model of calculating transmission charges in Poland, along with other European countries, assumes that the fixed charge paid by a given consumer is proportional to their peak power. This approach is incorrect, and it leads to averaging (socializing) of the costs of providing the transmission service. As a result, there is a cross-subsidization between consumers, i.e., a situation in which some customers generate costs and others are required to cover them.



Various methods can be used to determine which network elements participate and to what extent they participate in supplying the energy to a given consumer. This article focuses on the application of power flow based methods as the most accurate for calculating costs because the power flow in the network is the basic quantity that characterizes its operating condition. The simple power flow based method and the MW·km method were used to define the coefficients determining the degree of network utilization by individual consumers. The degree of network utilization defined by the MW·km method better reflects the cost of supplying energy to a given customer. The advantage of this method comes from considering the length of the line, i.e., the quantity on which the cost of these network elements depends.



To calculate the value of the coefficients determining the degree of network utilization, both the power flow tracing method and the incremental power flow method were examined. The main features of these methods were highlighted using a simple example of a two-sided supplied network. The recommended method is the incremental power flow method, because the calculated degree of network utilization depends mainly on the configuration and electrical parameters of the network branches and the location of the generators. Because the variability of these factors over time is low (the changes in the structure of the network and the location of energy sources result from the construction of new or decommissioning existing facilities), the values of the coefficients will be stable over long periods. For calculating the rates of fixed transmission charges, which are determined for annual or longer periods, this lack of variability is a desirable feature. Additionally, the incremental power flow method considers all potential supply routes to consumers, so it naturally takes into account the reliability of the power supply.



The analyses carried out in a real-world transmission network allowed for the estimation of the rates of a fixed charge for industrial customers characterized by high and stable energy consumption. The practical application of the method discussed in this article would consist in calculating rates for certain categories of customers characterized by similar degrees of network utilization. The charges for each individual customer can also be calculated. Individual charges for industrial customers have recently been implemented in Germany. For this implementation, the shortest supply path method was used. This methodology was approved by the European Commission [26]. Therefore, the method presented in this article is also feasible for practical application, especially as it is consistent with the EU policy, aimed at reflecting in the transmission charges the actual costs of utilizing the network.
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Appendix A


This appendix contains a derivation of the Formula (4) that was used to calculate the power flow in a two-sided supplied network shown in Figure A1.
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Figure A1. Diagram of a two-sided supplied network. 
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The voltage loss ΔUAB can be calculated from the formula:


  Δ    U ¯    AB   =    U ¯   A  −    U ¯   B  =  3       I ¯     A 1       Z ¯     A 1    +    I ¯    12      Z ¯    12   +    I ¯    23      Z ¯    23   +    I ¯     3 B       Z ¯     3 B      ,  



(A1)




where:


     I ¯    12   =    I ¯     A 1    −    I ¯   1  ,  



(A2)






     I ¯    23   =    I ¯     A 1    −    I ¯   1  −    I ¯   2  ,  



(A3)






     I ¯    23   =    I ¯     A 1    −    I ¯   1  −    I ¯   2  −    I ¯   3  .  



(A4)







Considering Formulas (A2)–(A4), Formula (A1) can be written as:


    Δ   U ¯   AB   =  3       I ¯     A 1    (    Z ¯     A 1    +    Z ¯    12   +    Z ¯    23   +    Z ¯     3 B    ) −    I ¯   1  (    Z ¯    12   +    Z ¯    23   +    Z ¯     3 B    ) −    I ¯   2  (    Z ¯    23   +    Z ¯     3 B    ) −    I ¯   2     Z ¯     3 B      =     =  3       I ¯     A 1       Z ¯    AB   − (    I ¯   1     Z ¯     1 B    +    I ¯   2     Z ¯     2 B    +    I ¯   3     Z ¯     3 B    )      



(A5)




from which the current IA1 can be calculated:


     I ¯     A 1    =      I ¯   1     Z ¯     1 B    +    I ¯   2     Z ¯     2 B    +    I ¯   3     Z ¯     3 B         Z ¯    AB     +      U ¯   A  −    U ¯   B     3     Z ¯    AB     .  



(A6)







Assuming that UA = U1 = U2 = U3 = UB = U, the power SA1 is equal to:


     S ¯     A 1    =  3   U ¯     I ¯     A 1   *  =  3   U ¯         I ¯   1 *     Z ¯    1 B  *  +    I ¯   2 *     Z ¯    2 B  *  +    I ¯   3 *     Z ¯    3 B  *       Z ¯    AB  *      =      S ¯   1      Z ¯    1 B  *  +    S ¯   2      Z ¯    2 B  *  +    S ¯   3      Z ¯    3 B  *       Z ¯    AB  *    .  



(A7)







If all lines have the same impedance parameters per kilometer (R’, X’), Formula (A7) takes the form:


     S ¯     A 1    =      R ′  + j  X ′         S ¯   1   l  1 B   +    S ¯   2   l  2 B   +    S ¯   3   l  3 B          R ′  + j  X ′     l  A B     =      S ¯   1   l  1 B   +    S ¯   2   l  2 B   +    S ¯   3   l  3 B      l  A B     .  



(A8)







When reactive power is omitted, the Formula (A8) simplifies to the form:


   P   A 1     =    P 1   l  1 B   +  P 2   l  2 B   +  P 3   l  3 B      l  A B     =     ∑ i    P i   l  i B        l  AB      .  



(A9)
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Figure 1. Diagram of a simple two-sided supplied network. 
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Figure 2. Natural active power flow in the analyzed network (base case power flow). 
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Figure 3. Decomposition of the base case power flow by the power flow tracing method–active power flows in the branches for the consumer in the bus: (a) 1; (b) 2; (c) 3. 
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Figure 4. Active power flow in the analyzed network after considering the equalizing flow. 
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Figure 5. Decomposition of the base case power flow by the superposition principle–active power flows in the branches for the consumer in the bus: (a) 1; (b) 2; (c) 3. 
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Figure 6. Natural active power flow after increasing the demand by 1 MW in bus: (a) 1; (b) 2; (c) 3. 
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Figure 7. Radial network supplying two customers consuming the same power. 
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Figure 8. Relative rates of fixed transmission charges for consumers connected to the two-sided supplied network. 
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Figure 9. Example supply method of the industrial customers belonging to the different categories. (a) category 1–consumer connected to the 220 kV network node, (b) category 2–consumer connected to the strong 110 kV network node, (c) category 3–consumer connected to the node located deep inside the 110 kV network. 
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Figure 10. The relative rates of transmission charges for industrial customers of different categories. 
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Table 1. General assessment of the fulfillment of requirements for the transmission charge for various fixed costs allocation methods.
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Allocation Method

	
Costs Reflectivity

	
Price Signals

	
Costs Recovery

	
Simplicity






	
“Postage stamp”

	
low

	
lack

	
full

	
high




	
Power flow based:

	




	
Simple

	
average

	
average

	
full

	
average




	
MW∙km (or MW∙mile)

	
good

	
good

	
full

	
average




	
Marginal costs based:

	




	
Short-run

	
very good

	
very good

	
full

	
low




	
Long-run

	
very good

	
very good

	
full

	
low
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Table 2. Major advantages and drawbacks of various fixed costs allocation methods.






Table 2. Major advantages and drawbacks of various fixed costs allocation methods.










	Allocation Method
	Advantages
	Drawbacks





	“Postage stamp”
	Simplicity:

	
low computational complexity



	
a small amount of data needed



	
easy to understand and apply





	Lack of price signals

Cross-subsidization between customers

An equal degree of network utilization is assumed for all consumers

Localization of consumer in the power system is not considered



	Power flow based
	The influence of each customer on the network is analyzed

Localization of consumer in the power system is considered

Individual degree of network utilization is calculated (cross-subsidization is eliminated)
	Depending on the applied power flow decomposition method, the results may be affected by the choice of reference bus or by the choice of network operating conditions



	Marginal costs based
	Economic efficiency (in theory, provides the best cost reflection and correct price signals)
	Does not ensure the recovery of the total fixed costs of the network (the adjustment of rates is necessary; this adjustment may significantly distort the price signals)

High computational complexity
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Table 3. The degrees of individual branch utilization by all consumers, resulting from the power flow decomposition by the power flow tracing method–the base case power flow.
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The Consumer in the Bus:

	
The Degree of Branch Utilization




	
A-1

	
1-2

	
2-3

	
3-B




	
MW/MW

	
%

	
MW/MW

	
%

	
MW/MW

	
%

	
MW/MW

	
%






	
1

	
20/45

	
44

	
0

	
0

	
0

	
0

	
0

	
0




	
2

	
25/45

	
56

	
25/25

	
100

	
20/20

	
100

	
20/30

	
67




	
3

	
0

	
0

	
0

	
0

	
0

	
0

	
10/30

	
33




	
Sum

	
45/45

	
100

	
25/25

	
100

	
20/20

	
100

	
30/30

	
100
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Table 4. The degrees of individual branch utilization by all consumers, resulting from the power flow decomposition by the power flow tracing method–the equalizing flow considered.
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The Consumer in the Bus:

	
The Degree of Branch Utilization




	
A-1

	
1-2

	
2-3

	
3-B




	
MW/MW

	
%

	
MW/MW

	
%

	
MW/MW

	
%

	
MW/MW

	
%






	
1

	
20/66

	
30

	
0

	
0

	
0

	
0

	
0

	
0




	
2

	
45/66

	
68

	
45/46

	
98

	
0

	
0

	
0

	
0




	
3

	
1/66

	
2

	
1/46

	
2

	
1/1

	
100

	
9/9

	
100




	
Sum

	
66/66

	
100

	
25/25

	
100

	
20/20

	
100

	
30/30

	
100
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Table 5. The degrees of individual branch utilization by all consumers, resulting from the power flow decomposition by the superposition principle–the base case power flow.
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The Consumer in the Bus:

	
The Degree of Branch Utilization




	
A-1

	
1-2

	
2-3

	
3-B




	
MW/MW

	
%

	
MW/MW

	
%

	
MW/MW

	
%

	
MW/MW

	
%






	
1

	
17.14/45

	
38

	
−2.86/25

	
−11

	
2.86/20

	
14

	
2.86/30

	
10




	
2

	
25.71/45

	
57

	
25.71/25

	
103

	
19.29/20

	
96

	
19.29/30

	
64




	
3

	
2.15/45

	
5

	
2.15/25

	
8

	
−2.15/20

	
−10

	
7.85/30

	
26




	
Sum

	
45/45

	
100

	
25/25

	
100

	
20/20

	
100

	
30/30

	
100
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Table 6. Sensitivity factors of active power flow in branches with respect to the power consumed in buses.
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The Consumer in the Bus:

	
Sensitivity Factors of Active Power Flow in the Branch




	
A-1

	
1-2

	
2-3

	
3-B




	
MW/MW

	
MW/MW

	
MW/MW

	
MW/MW






	
1

	
0.857

	
−0.143

	
0.143

	
0.143




	
2

	
0.571

	
0.571

	
0.429

	
0.429




	
3

	
0.214

	
0.214

	
−0.214

	
0.786
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Table 7. The degree of network utilization by consumers connected to the two-sided supplied network.
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The Consumer in the Bus:

	
TF

	
TFL




	
MW

	
MW∙km






	
1

	
25.7

	
342.9




	
2

	
90.0

	
1542.9




	
3

	
14.3

	
235.7




	
Sum

	
130.0

	
2121.5
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Table 8. The peak power and the degree of network utilization by the consumer of category 1.
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Consumer and Network

	
Pp

	
TF

	
TFL




	
MW

	
MW

	
MW∙km






	
Consumer of category 1

	
99

	
368

	
5,855




	
Entire 400 kV and 220 kV networks

	
14,420

	
41,801

	
1,837,236
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Table 9. The peak power and the degree of network utilization by consumers of categories 2 and 3.
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Consumer and Network

	
Pp

	
TF

	
TFL




	
MW

	
MW

	
MW∙km






	
Consumer of category 2

	
44

	
80

	
547




	
Entire 110 kV network of DSO 1

	
860

	
3426

	
20,928




	
Consumer of category 3

	
68

	
289

	
885




	
Entire 110 kV network of DSO 2

	
925

	
4257

	
15,344
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