
Zone division models and algorithms in zonal pricing power market

Ruiyou Zhang1,*,y, Shui Han2, Jinzhu Zhang3 and Dingwei Wang1

1College of Information Science and Engineering, Northeastern University; Shenyang, China
2Northeast China Bureau of State Electricity Regulatory Commission of China; Shenyang, China

3Northeastern Electric Power Research Institute Ltd.; Shenyang, China

SUMMARY

Zone division is a major problem in new electricity trading arrangements (NETA) and some other zone-pricing power markets. However, the
research efforts in this field are very limited. Therefore, a kind of zone division problem is primarily studied in this paper. The concept of zone of a
node set is proposed and defined as the minimum-girthed convex polygon containing these nodes, which can help us implement the proximity of
nodes within groups in geographical locations. Furthermore, two combinatorial optimization models for given group number and minimizing the
group number are built. Two algorithms based on tabu search (TS) and embedded by TS are developed to solve the models. Finally, the models are
tested and proved by a real-life example from the northeastern grid of China. Compared to the existing methods, the proposed method is
auto-operable and electrical-information based, and hence applicable. Copyright # 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The traditional pricing approaches in electricity market are the embedded-cost approaches based on accountancy, such as

post-stamp approach, mega-watt mile approach, and so on [1]. Generally speaking, these approaches can keep the annual financial

balances of grid companies, but can not send any economic signals to the participants of the market. In order to decrease the costs of

energy transmission and distribution, and manage transmission congestion effectively, the marginal-cost approach based on

microeconomics is introduced into power market [2–5]. However, in general, the pricing approach completely based on marginal

costs could not keep financial balance. Therefore, the hybrid approach based on both embedded and marginal costs has become a hot

topic nowadays. Additionally, in order to make the economic signals relatively stable, many pricing approaches are based on zones

rather than nodes. The new electricity trading arrangements (NETA) applied in England and Wales since 2001 is such a kind of

approach [6–8].

The partition of power grid is a major problem in NETA and some other zone-pricing-based markets [9,10]. However, the

operators in actual power market operation usually establish zones manually based on their experiences without mathematical

analysis [11]. And research efforts in this area are very limited. In [12], there are only some elementary principles but no detailed

operable partitioning method. It is reported in [13] that marginal price of a node should be close to those of the other nodes in the

same zone. A power market from China is divided completely based on its administrative regions with electrical information

unconsidered [14]. A scale hierarchical clustering method based on the radial basis function network (RBFN) for grid partitioning is

proposed in [11], but the congestion information is needed. However, in NETA, the transmission lines are supposed to have infinite

capacities. As a result, no congestion information can be obtained. In a word, there is no auto-operable zone division method which

can be used in NETA; and hence such a grid-partitioning method is proposed in this paper.
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In the zone division problem, the nodes within zones should be adjacent to each other in locations. This is usually carried out by

limiting the maximum distances within zones [11], which theoretically results in round contours of zones in shape. However, in real

life, the contours of zones may be round, square, triangular, and so on. Therefore, the concept of the zone of a node set is proposed in

this paper. It is defined as the minimum-girthed convex polygon containing these nodes. If there is no common node between any

different two zones of node sets, then the contours of zones can be in any shape and all nodes within zones are adjacent to each other.

Furthermore, the nodal prices within zones, which are the most important electrical information, should be as proximate as possible.

Two combinatorial optimization models of zone division are built. One is for given zonal number; and the other is for given

maximum spread of nodal values within zones. In order to solve the two models, two algorithms, based on tabu search (TS) and

embedded by TS, respectively, are developed.

The rest part of this paper is organized as follows: Section 2 describes the zone division problem. Section 3 presents a model of the

zone division problem with given zonal number and solves it by TS. Section 4 models the problem with given maximum spread of

nodal values within groups, and gives a new TS-embedded heuristic algorithm to solve it. A numerical example from China is given

and analyzed in Section 5. Finally, the conclusions are presented in Section 6.

2. PROBLEM DESCRIPTION

2.1. The zonal pricing approach in brief [8,12]

In NETA and its expanded version named as British electricity trading and transmission arrangements (BETTA), the concept of

transmission network use of system (TNUoS) charge is introduced in order to recover the costs happened during the operating and

maintaining of the network.

The brief calculation procedure of the TNUoS charges is as follows: Firstly, the marginal km cost of each node is calculated by

using a transport model mainly according to the nodal demand and generation information. The marginal km cost of each node can

be regarded as the marginal price expressed in length of transmission lines. Secondly, the marginal km cost of each zone is

calculated as the average value of the marginal km costs of nodes within zones. Theweights for generation and demand zones are the

corresponding generation and demand capacities, respectively. Finally, the marginal km cost of each zone is converted into the final

zonal tariff by a linear transform.

In NETA, the demand zone boundaries are fixed for energy market settlement purpose. And, they are consistent with the GSP

(grid supply point) groups. However, the generation zone boundaries will be reviewed at the beginning of each price control period.

Additionally, the generation zone boundaries will be reset in some exceptional circumstances. A number of criteria are listed to

determine the generation zone boundaries:

1) The nodes within zones should be geographically and electrically proximate;

2) The number of zones should be as small as possible;

3) Some other detailed requirements.

2.2. Zone division problem

The node set in a transmission system is IN. For each node n 2 IN, the nodal price is vn, which is the key electrical information of the

node; the weight is wn(wn � 0); and the geographical location in Cartesian coordinates is (xn, yn). All the nodes are to be classified

into some non-empty groups. Each node belongs to and only belongs to one group. The nodes within groups should be adjacent to

each other in geographical locations. The prices of nodes within groups should be as proximate as possible. And, if possible, the

number of groups should be as small as possible.

If nodal price vn and weight wn are regarded as the nodal marginal km cost and nodal generation capacity, respectively, then the

division of generation zones in NETA can be easily described as the above problem. Additionally, if the market settlement purpose is

put aside temporarily, which means that the problem is considered academically, the division of demand zones in NETA can also be

formulated as the above problem.

Furthermore, the above zone division problem can also be applied in some other zonal-pricing- based power markets [15]. If the

nodal price vn is regarded as the historical peak LMP (locational marginal price) or average LMP at the corresponding location, then

the nodes can be easily classified into some groups by solving this problem.
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2.3. Other preparation

2.3.1. Definition. The zone covered by a node set (for short, the zone of a node set) is the minimum-girthed convex polygon

containing these nodes. The vertices of a node set are the vertices of the polygon. Joining all the vertices of the zone of a node set, we

get a closed folded line. The closed folded line is defined as the contour line of the set. The zone consists of the edge of and the area

in the polygon.

If we suppose that the zones of node sets S1 and S2 are Z1 and Z2, and the contours are F1 and F2 respectively, then the pseudo-code

judging common node between Z1 and Z2 are as follows:

IF there is no common node between F1 and F2, THEN

Choose a node (x1, y1) arbitrary from S1
IF node (x1, y1) does not belong to zone Z2, THEN

Choose a node (x2, y2) arbitrary from S2
IF node (x2, y2) does not belong to zone Z1, THEN

There is no common node between Z1 and Z2
ELSE there is common node between Z1 and Z2, ENDIF

ELSE there is common node between Z1 and Z2, ENDIF

ELSE there is common node between Z1 and Z2, ENDIF

Otherwise, the hierarchy of the code is not clear.

Where, the judgment on common node between two contours is given in Appendix A; and the judgment on whether a node

belongs to a zone is given in Appendix B.

If there is no common node between zones of any different two node sets, then the nodes within any node sets are adjacent to each

other in geographical locations.

Note that there are only some discrete nodes to be grouped. Therefore, a continuous boundary line separating two groups means

nothing. That the contours of node sets are convex does not mean that the zonal boundaries are convex too. In fact, the zonal

boundaries obtained from this approach can be of any shape. Furthermore, in real world, the convexity can be met in most cases. For

example, though the state boundaries of a country in map may be of any shape, the contours of some big cities within states are

convex in most circumstances.

3. MODEL AND ALGORITHM FOR GIVEN GROUP NUMBER

3.1. Model

If the number of groups is given as a constant, an optimization model is built as follows:

Model GN

minE ¼
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P
s2IS

P
n2Ss

vn �
P
n2Ss

wnvnP
n2Ss

wn

0
@

1
A

2

INj j

vuuuuut
; (1)

s:t: Zs1 \ Zs2 ¼ F; 8s1 6¼ s2; s1; s2 2 IS; (2)

Ss1 \ Ss2 ¼ F; 8s1 6¼ s2; s1; s2 2 IS; (3)

[
8s2IS

Ss ¼ IN; (4)

Ss 6¼ F; 8s 2 IS: (5)

Where, s, s1, and s2 are the indices of groups; Ss, Ss1, and Ss2 are the node sets of the group s, s1, and s2, respectively; Zs1 and Zs2 are

the zones of group s1 and s2, respectively. E is the root-mean-square of the differences between the nodal prices and the average

prices; IS ¼ 1; 2; � � � ; ISj jf g is the set of node sets; and F stands for empty set.
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In model (1)–(5), the objective (1) minimizes the difference between the average prices and nodal prices. Constraint (2)

guarantees that there is no common node between any different zones of node sets. Constraints (3)–(5) mean that each node belongs

to and only belongs to one group and none of the node group can be empty.

3.2. Algorithm based on TS

TS, a kind of meta-heuristic approach after the emergence of genetic algorithm (GA) and simulated annealing (SA), was first

proposed by Glover in 1986 [16,17]. In TS, to prevent the search from cycling, the attributes of recently visited solutions are

memorized in a tabu list as forbidden area for a number of iterations (tabu duration). A cell of the tabu list can be any attribute of

solution, such as the objective value, or the movement from the current solution. The corresponding solutions to the attributes in tabu

list are forbidden, unless they meet a so-called aspiration criterion. In most cases, the aspiration criterion is that the solution should

be better than the optimal solution in history.

TS has been successfully applied in many fields [18], mainly including a widespread variety of combinatorial optimization

problems [19]. In power system, there are also some applications of TS, such as generation expansion planning, unit commitment,

and so on [20–22].

The Model GN is a type of combinatorial optimization problem with complex constraints like (2). It can not be solved by

traditional mathematical programming approaches. Therefore, an algorithm based on TS is designed as follows:

Algorithm GN:

1) Coding: The algorithm is coded with natural numbers. The length of a solution equals to the number of nodes INj j. Each
element of the solution represents its group, and its value belongs to the set IS. For example, if 12 nodes are to be divided into

3 groups, then the following is a valid solution.

½2; 3; 3; 3; 1; 3; 1; 1; 2; 3; 1; 2�
Where, the first element ‘‘2’’ means that the first node is assigned to the second group; the second element ‘‘3’’ means that the

second node is assigned to the third group, and so on.

2) Initialization: If a solution is initialized completely randomly, it is very difficult to be feasible. Especially, the constraint (2) is

hard to be met in most circumstances. In order to save the times of tabu iterations, a feasible solution is given initially. There

are many methods giving feasible solutions. For example, the nodes with the smallest horizontal ordinate in IN are grouped

into Set 1; the nodes with the second smallest horizontal ordinate in IN are grouped into Set 2;. . . and the rest nodes are grouped
into Set ISj j.

3) Neighborhood structure: The TS procedure starts from the initial solution built in 2). At the beginning of each time of iteration,

the neighbors of the initial solution will be generated. If any neighborhood solution is better than the optimal one in history, it

will be selected as the initial solution for the next iteration. Otherwise, only the best non-tabu neighbor will be selected. If we

change any element of the current solution into any other value in IS, we can obtain a neighborhood of the solution.

4) Tabu list: The pair of a node and its group is a cell of the tabu list. For example, the element (2, 3) denotes that the 2nd node

belongs to the 3rd group. The maximum length of tabu list is very important for the performance of the algorithm. It can be

decided according to the number of nodes and be modified along with the iteration.

5) Aspiration criterion: If a neighbor solution is better than the optimum one in history, it will be selected regardless its tabu

status.

6) Stop rule: If the maximum number of iteration is reached, the iteration will stop.

4. MODEL AND ALGORITHM MINIMIZING GROUP NUMBER

4.1. Model

If the maximum spread of nodal prices within groups is given as a constant, another model is built as follows:
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Model GS

min ISj j; (6)

s:t: max
n2Ss

vn �min
n2Ss

vn � ES; 8s 2 IS; (7)

Zs1 \ Zs2 ¼ F; 8s1 6¼ s2; s1; s2 2 IS; (8)

Ss1 \ Ss2 ¼ F; 8s1 6¼ s2; s1; s2 2 IS; (9)

[
8s2IS

Ss ¼ IN; (10)

Ss 6¼ F; 8s 2 IS: (11)

Where, ES is the maximum spread of nodal prices within groups.

In model (6)–(11), the objective function (6) minimizes the number of groups ISj j. Constraint (7) guarantees the maximum spread

of nodal prices within groups. The meanings of the other symbols in model (6)–(11), and the meanings of constraints (8)–(11) are

similar to the corresponding ones in the Model GN.

TheModel GS can exactly explain the problem in NETA. Of course, the definition of zone of a node set is additionally proposed in

this paper. In NETA, ES equals to� £1=kW. Compared to the Model GS, the Model GN is more reasonable because of the

consideration of the nodal weights.

4.2. Algorithm embedded by TS

Similar to the Model GN, the Model GS can neither be solved by traditional mathematical programming approaches. Furthermore,

the existence of (7) makes it more difficult for the algorithm to iterate toward the optimal solution. And the variable number of

groups is undesired in computation. Thus, this model is solved not directly by TS but by a new heuristic algorithm.

At first, let the number of node sets NS equal to a smaller value. With the given value of NS, find the solutions meeting all the

constraints of the Model GS. If no feasible solution is found, then increase the number of node sets little by little, and find feasible

solutions once again with the new value of NS. Continue such search procedure until a feasible solution is found. In this algorithm,

the first found feasible solution is also an optimal one. In this way, the algorithm is very similar to the traditional out-point method.

So it is called imitating out-point method.

The step-by-step procedure of this algorithm is as follows:

Algorithm GS

Step 1: Find the lower bound of the group number NSL of the Model GS.

Step 1-1: Initialize the sub-algorithm. The ungrouped node set U ¼ IN; find the maximum nodal price vmax in those

ungrouped nodes; vmax ¼ max
n2U

vn; and the number of groups NS ¼ 1.

Step 1-2: For each ungrouped node n 2 U, if its nodal price is in the closed interval vmax � ES; vmax�½ , then it is

grouped into Set NS; and hence, it never belongs to U.

Step 1-3: If U is not empty, then vmax ¼ max
n2U

vn; NS ¼ NS þ 1; and go back to Step 1–2.

Step 1-4: Otherwise, NSL ¼ NS. End.

Step 2: Initialize the solution with the given group number NSL similarly to the initialization of the Algorithm GN.

Step 3: According to the current group number and the initial solution, find the feasible solutions of the Model GS, i.e., solve a

sub-problem of it.

Step 4: If the optimum solution obtained from Step 3 is not feasible for the Model GS, then divide the node group with maximum

spread of nodal prices into two groups. Thus, the new solution with the increased group number is the initial solution for

the next iteration. NS ¼ NS þ 1. Return to Step 3.

Step 5: Otherwise, the optimum solution obtained from Step 3 is feasible and hence optimal for the Model GS. Stop.
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Exchange (6) and (7) and modify them by little; and then we can get the sub-problem. The sub-problem minimizes the maximum

spread of nodal prices within groups with the given group number. This sub-problem is very similar to the Model GN and can be

solved by TS similar to the Algorithm GN. Therefore, this algorithm is named as a heuristic algorithm embedded by TS.

5. NUMERICAL EXAMPLE

5.1. Conditions of the example

A lot of zone division problems have been effectively solved by using the models and algorithms developed in this paper. Some of

these real-life problems are too large in size (there are 323 nodes in the biggest one) to be listed here. Therefore, a relatively small

example is given here because of the limitation of the space.

The example is from a 500-kilo-volt power system in northeastern grid of China. There are twenty-seven nodes (buses) in the

system. For each node n2IN¼ 1; 2; � � � ; 27gf , the geographical location (xn, yn) is shown in Table I. They are obtained from a map

and the unit is centimeter (cm). The nodal marginal km costs (in km) and the generation capacities (in MW) are calculated from a

transport model [12]. They are regarded as the nodal prices vn’s and weights wn’s, respectively, and shown in Table I.

According to the algorithms developed in this paper, some programs written in matlab 6.5.1 are run in Dell personal computer

with 512MB memories and Intel 2.80GHz CPU.

For the Model GN, the given group number is 6. For simplicity, the size of tabu list is fixed at 25. The maximum number of

iterations is 300.

For the Model GS, the given maximum spread of nodal prices within groups is 300 km. The size of the tabu list is also fixed at 25.

The difficulty of solving the sub-problem of the Model GS depends on the group number at that time. Therefore the maximum

number of iterations embedded in the Algorithm GS varies along with the varying group number.

Table I. Given data of the twenty-seven-bus example.

Node n Ordinate xn (cm) Ordinate yn (cm) Price vn (km) Weight wn (MW)

1 4.4 53.1 1037 730
2 22.0 52.3 659 606
3 25.8 49.8 553 606
4 34.5 43.8 344 110
5 37.3 46.5 301 110
6 44.0 48.5 120 146
7 46.7 53.4 0 73
8 50.0 51.2 281 511
9 31.8 33.9 496 621
10 36.3 34.7 576 1825
11 30.0 29.3 564 621
12 26.9 29.4 637 876
13 35.7 27.9 398 1825
14 28.5 21.0 241 1095
15 26.8 20.0 262 1095
16 28.5 23.7 349 876
17 29.7 18.8 219 431
18 27.0 17.1 151 365
19 26.8 14.8 171 365
20 25.1 4.0 426 73
21 25.1 3.0 436 1022
22 21.0 15.3 325 402
23 10.7 18.8 539 1095
24 18.7 13.3 401 73
25 16.5 9.3 513 73
26 16.7 8.1 527 1168
27 13.5 7.1 679 73

Copyright # 2008 John Wiley & Sons, Ltd. Euro. Trans. Electr. Power 2009; 19:140–149

DOI: 10.1002/etep

ZONE DIVISION MODELS AND ALGORITHMS 145



5.2. Results and analyses

For the Model GN, the zone division result is shown in Figure 1 with the optimal E being 128.3426 km. The node sets, the averaged

nodal prices within groups, and the minimum and maximum nodal prices within groups are shown in Table II.

For the Model GS, The lower bound of the group number NSL derived from Step 1 of the Algorithm GS is 5. The zone division

result is shown in Figure 2 with the group number NS being 6.

Both Figure 1 and Figure 2 indicate the validities of the two models and algorithms. Geographical locations of nodes within

groups are adjacent to each other. And nodal prices within groups are proximate. For example, the price of Node 1 is much higher

Figure 1. Result of the example from the Model GN.

Table II. Information of groups from the Model GN.

Set s Nodes Ss Average vn (km) Minimum vn (km) Maximum vn (km)

1 14, 15, 16, 17, 18, 19, 20, 21 290.3 151 436
2 4, 5, 10, 13 477.6 301 576
3 1 1037 1037 1037
4 2, 23, 27 585.8 539 679
5 6, 7, 8 220.7 0 281
6 3, 9, 11, 12, 22, 24, 25, 26 532.5 325 637

Figure 2. Result of the example from the Model GS.
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than any other nodal prices; as a result, there is only one node in its group. Though the objective of the Model GN does not minimize

the spread of nodal prices within groups directly, the spread of nodal prices within groups has also been minimized in the result. This

can be seen from Table II.

There are 6 groups in both Figure 1 and Figure 2. But the division results are different. This is the result of the different definitions

of the two models. In the Model GN, the nodal weights are taken into account. Therefore, the bigger a nodal weight is, the more

important it is during the division. Because the proposed lower bound NSL is very close to the final optimum value in this example, it

is a little easier to solve the Model GS than the Model GN.

The two figures proved the reasonableness of convexity of zones once again. Though the contours of node sets are convex and

there is no common node between any two zones, the zonal boundaries can be of nay shape in the two figures. Furthermore, in this

example, both the group number and the nodal number are not very large. So, the definition of zones does not show its advantage to

this problem. Once there are more nodes in larger real-life power systems, the concept of zone as the minimum-girthed convex

polygon containing the nodes will play a key role.

In practice, the zone division problem is solved with a very low frequency, just once or twice a year. As a result, it is unnecessary

for us to solve the problem in real-time. Therefore, the running time of the program is not very important. The performances of the

two algorithms are acceptable even for real system in considerable size.

6. CONCLUSIONS

Zone division problem in zonal-pricing-based power market is primarily studied in this paper. The concept of zone of a node set is

defined as the minimum-girthed convex polygon containing these nodes. If there is no common node between any different two

zones of node sets, the nodes within groups are adjacent to each other. Based on this preparation, two combinatorial optimization

models are built and solved by tabu search (TS) and a new heuristic based on TS. Finally, the models and algorithms are tested and

proved by a twenty-seven-node system from Northeastern Power Grid of China.

Compared to the existing zone-division methods in literature, the proposed one in this paper has such two advantages as: first, the

division is operated automatically based on mathematical models rather than manually based on individual experiences; second, the

facts basing the division are the important electrical and locational information rather than the administrative regions.

The proposed two models are a little similar to each other. If the problem to be solved is not very large, either model can be

selected. However, if the problem is very large, then the Model GN is recommended as maybe it is easier to be solved.

7. LIST OF ABBREVIATIONS AND SYMBOLS

7.1. Abbreviations

TS tabu search

NETA new electricity trading arrangements

TNUoS transmission network use of system

BETTA British electricity trading and transmission arrangements

LMP locational marginal pricing

GN the model and the corresponding algorithm for given number of groups

GS the model and the corresponding algorithm for given maximum spread of nodal prices within groups

7.2. Symbols

n index of node

s index of node set (or group)

vn price of node n (km in the example)

wn weight of node n (MW in the example)

xn, yn geographical location in Cartesian coordinates of node n (cm in the example)

Ss node set of s
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Zs zone of node set s

Fs contour of node set s

E difference between nodal prices and the average prices weighted by wn within groups (km in the example)

ES given maximum spread of prices within groups (km in the example)

IN universal set of nodes

IS universal set of the node sets

F empty set

INj j; ISj j size of the set IN and IS
NSL lower bound of group number used in the Algorithm GS

U ungrouped node set used in the Algorithm GS

NS number of groups used in the Algorithm GS

vmax maximum value of nodes in U used in the Algorithm GS (km in the example)
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APPENDIX A. JUDGEMENT ON COMMON NODE BETWEEN CONTOURS

In order to judge common node between two contours of node sets, we should judge common node between each line segment of the

two contours.

Each point (x, y) of the line segment between two points (x1, y1) and (x1’ , y1’ ) can be expressed in the following function

x ¼ ax1 þ ð1� aÞx01
y ¼ ay1 þ ð1� aÞy01

�
ðA-1Þ

Where, 0 � a � 1. As a result, there exist common node(s) between two line segments (x1, y1)–(x1’ , y1’ ) and (x2, y2)–(x2’ , y2’ ), if

and only if the solution(s) (a, b) of equation set

ax1 þ ð1� aÞx01 ¼ bx2 þ ð1� bÞx02
ay1 þ ð1� aÞy01 ¼ by2 þ ð1� bÞy02

�
ðA-2Þ

meet 0 � a � 1 and 0 � b � 1.

APPENDIX B. JUDGEMENT ON WHETHER A NODE BELONGS TO A ZONE

Because the zone S of a node set is a convex polygon, it can be formulated in the following inequations

Aixþ Biyþ Ci � 0; i ¼ 1; � � � ;NB ðB-1Þ

where, Ai, Bi andCi (i ¼ 1; � � � ;NB) are the coefficients of the i’th section of the contour of the node set. NB is the number of sections

of the contour of the node set. If and only if a node (x, y) meets inequations (B-1), it belongs to the zone S.
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