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Abstract. With the rapid development of the social economic, China has launched
anew round of electrical marketization reform to facilitate the cross-region trans-
action of electricity for the purpose of adapting to the requirements of power
industry in the new era. In 2021, the government published a rule named{Notice
on Further Deepening the Reform of Market-based On-Grid Pricing for Coal-fired
Power Generation), in which the industrial and commercial catalogue electricity
price was cancelled, to push all the industrial and commercial users to participate
in the market competition. In consequence, the grid-agent power purchase app-
roach rose in response in recent two years, which has been one of the research
hotspot in the power industry now. In this paper, a model for regional grid-agent
power purchase business is proposed, aiming at solving the regional grid-agent
power purchase clearing optimization problem in China, and the case of North
China grid would be selected as the target to verify the feasibility and validity of
the model proposed.
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1 Introduction

With the rapid development of the social economic, China has launched a new round of
electricity marketization reform [1] to facilitate the cross-region transaction of electricity
for the purpose of adapting to the requirements of power industry in the new era. In 2021,
the NDRC (National Development and Reform Commission) published the Notice on
Further Deepening the Reform of Market-based On-Grid Pricing for Coal-fired Power
Generation, cancelling the industrial and commercial catalogue electricity price, to push
all the industrial and commercial users to participate into the market competition [2].
However, considering the various influencing factors, the grid-agent power purchase
approach rose in response in recent two years, which has been one of the research
hotspot in the power industry now. Though, it is still immature and needs to be improved
in some aspects. Unlike the traditional agent power purchase, the grid-agent power
purchase preferentially consumes the renewable generation in the origin province and
pays more attention to guarantee of power supply in the province [3, 4]. Moreover, the
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grid participates in the power spot market on behalf of all customers not willing to make
deals in the market by themselves, reducing the price risk of each customer. To reduce
the cost of transaction, the grid applies prediction-related technology [5] to collect the
power demand of each agent-client, and predict the demand in the next period. Then,
considering the power generation plan published by the PGPD (Power Grid Planning
Department), the grid would predict the power price of the clients in the next period.
Finally, the grid publish the price and make a deal with each agent-client [6], considering
the settlement results from PGMD (Power Grid Marketing Department).

Recent years, lots of research have been conducted aiming at improve the profits
of each side in the grid-agent power purchase. In order to solve imbalance between
supply and demand caused by the high randomness and high volatility [7] of renewable
generation, uncertainty analysis and price volatility quantitative analysis methods was
adopted to create an annual power purchase optimal decision-making model [8]. This
model considers the uncertainty and price volatility comprehensively. It could formulate
the power purchase plan reasonably, considering the priority power generation, priority
power consumption and the matching situation between them. However, its complexity is
too high to solve, causing extreme need for the configuration of the calculating computer.
Based on hierarchical sequential simulation approach, an optimization method of annual
power purchase strategy was proposed [9], which establishes the objective constraint set
and design the objective function of minimum comprehensive cost. Then, the means of
hierarchical processing was applied to facilitate the speed of calculation, and the annual
power purchase strategy can be obtained to optimize the cost of power purchase and pro-
mote the complementarity between energy. However, this model design is too idealized
and ignores the safety of network operation and transmission loss, which means it could
not consider the requirements of safety and stability of the power grid. To ensure the
safely operating of the grid, a cross-province monthly power purchase decision-making
model was constructed in [10], considering the constraints of cross-province power flow
capacity, extreme-high voltage DC contact line and inter-province transmission channel
capacity, to simplify the complexity of the model and reduce the difficulty of solving
process. Though, only the inter-province coordinated optimization is considered in this
model, which cannot satisfy the demand of optimization in a cross-region grid. To solve
this problem, the approach of modelling the relevant rules mathematically to construct
a clearing optimization model of grid-agent power purchase in regional grid could be
conducted, increasing the profit of grid and ensuring the reliability of power supply in
the core region in the grid [11].

In this paper, a model for regional grid-agent power purchase business is proposed,
aiming at solving the regional grid-agent power purchase clearing optimization problem
in China. The case of North China grid would be selected as the target to verify the
feasibility and validity of the model proposed. Firstly, all the supply and demand data
would be collected to clear the boundary conditions of the grid-agent power purchase
case. Then, all the data would be input into the model and calculate the clearing quantity
of each plant as well as the quantity distributed to each region. Finally, we would analyse
the results of the model to figure out its rationality. The next section would introduce
the model constructed for regional grid-agent power purchase in details.
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Fig. 1. Flow Diagram of the Model

2 Model of Regional Grid-Agent Power Purchase

2.1 Structure of Model

The model of regional grid-agent power purchase is divided into three parts—Balance
Verification model, Sequence Clearing model and Region Distribution model. Firstly,
the user should input demand and generation data from all regions into the Balance
Verification model. The data of total regional demand, priority electricity, and other
electricity (like replacing energy) would be collected to calculate the quantity of demand
each region would buy from the central grid out, which are then used to figure out the
quantity of electricity distribution to each sequence in grid.

Then, the results would be sent to the Sequence Clearing model to calculate the
clearing energy for each plant. In this model, it would consider the declaring quantity,
limit capacity, required capacity and the price comprehensively, but preferring the price
only.

Finally, the quantity of clearing electricity distributed to different regions of each
plant would be calculated, considering the results of Balance Verification model. The
overall workflow of this model is shown in Fig. 1.

2.2 Balance Verification Model

In the Balance Verification model, the total demand and supply for each region would
be calculated firstly. The total demand includes the grid-agent demand, residential and
agricultural demand, and the loss of line transmission, which could be expressed as
below:

qdemand,r = 9GA,r + qRA,r + qLL.r (D

where qdemand,r» 9GA,r» qRA,r» qLL,r indicate the total demand, grid-agent demand,
residential and agricultural demand and the loss of line transmission of the region r
respectively. In this model, r includes ry, rp and r3, represents Beijing, Tianjin, and
Hebei.
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The supply of electricity consists of four parts, which are priority, extreme-high volt-
age, external transmission, and coal-fired power plants. The priority electricity includes
the generation from wind power, photovoltaic, hydroelectric, biomass energy. Consid-
ering the extreme-high voltage (EHV) and external transmission (ET) are transmitted
to the grid aggregately via certain transmission lines, the electricity from these two
parts would be distributed to each region depending on the residential and agricultural
demand, which is necessary for the social stability. Finally, using the total demand sub-
tracts the priority electricity, EHV, ET and other supply like replacing energy to get the
left demand, which would be filled by the coal plants completely. The expressions are
shown below:

priority,r = Qwind ,r +qpv,r+ qHydro,r + gBio,r + Ggas,r (2)
R
qenv. = qenv.* (1= ) % qrar/ ) _ dra.r 3)
R
qeT,r = qET,r % (1 — p) * CIRA,r/Zr=161RA,r “4)
Ycoal,r = Ydemand ,r — Ypriority,r — YEHV ,r — 4ET.,r — Yothers,r )

where R indicates the total number of regions. The Qpriority,r» Qwind,r» PV,r»> qHydro,r»
gBio,r» Jgas,r Te€present the priority electricity, wind power, photovoltaic, hydroelectric,
biomass energy and preferred gas electricity of region r. qgnv,r and qgr,r indicated the
quantity of EHV and ET distributed to region r. p represents the line loss rate of the gird.
The qeoal,r is the left quantity of electricity should be generated by the coal plants.

Then, the gcoq1,r continues to be divided into two parts—Ilow voltage part (voltage at
220 kilo Voltage) and high voltage part(500kV), based on the total capacity of plants of
the low voltage sequence and that of the high voltage sequence. This could be expressed
as below:

Capry r
Capry .» + Capgy »

(6)

qLVcoal,r = Ycoal,r *

Cappy r
Capry » + Capyy »

qHVcoal,r = Ycoal,r * (7)
where qrycoal,r and qHvcoal,r Fepresent the coal electricity demand of the 220kV sequence
and 500kV sequence in the regionr. The Cap; y , and Capyy , represent the total capacity
of the 220kV sequence and 500kV sequence in the region r.

Because the central grid only has control over the plants at 500kV, so the electricity
supplied by plants that central grid cannot control directly should be subtracted, which
could be expressed as below:

4qGridDemand ,r = Ydemand ,r — Ypriority,r — 4LVcoal,r (8)

where qGridDemand,r indicates the total quantity should be purchased by region r from the
central grid.
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From then, the distribution electricity for each sequence in the grid could be figured
out with the results of qGridDemand,r- In the Chinese grid-agent power purchase business,
there are always twice as many as sequences as the number of regions in the grid, includ-
ing half sequences at low voltage and half at high voltage. Moreover, there sometimes
would be a point-to-grid sequence, including all the plants that outside the grid, but sup-
ply electricity to the grid directly. The distribution electricity of point-to-grid sequence is
a bit different from others, which depends on the total grid demand and the coal demand
of high voltage sequence, while the distribution electricity of other sequences equals to
the value of the coal demand of the related sequence. The expressions are shown below:

R R
Q;fztlc = Zr:l (9GridDemand .r — EVH ,» — qET r) — ZrZICIHVcoaI,r )
q;;g’r = 4HVcoal,r (10)
qze‘;]’r = {qLVcoal,r (11)

where qls)z%, qlsfg, o qls_i? . represent the sequence distributed electricity of the point-to-

grid sequence, the high voltage sequence in region r, and the low voltage sequence in
regionr.

2.3 Sequence Clearing Model

The Sequence Clearing model uses the results from the Balance Verification model to
figure out the exact clearing electricity for each plant, considering the declaring quantity,
limit capacity, required capacity and the price comprehensively. This model consists
of 3 sub-models, which are Fundamental Clearing, Requirement Clearing, and Limit
Clearing.

The Process of Fundamental Clearing.

In the Fundamental Clearing, the price index would be calculated firstly, which
represents the level of the declare price of each plant in its sequence. It could be expressed
as below:

Price™™

Pl =M + wer — Pricej
in —

T 1
. . 3
Prlcemax Prlcemm

€Sy (12)

where S, indicates the set of sequence n, each which consists of several plants. PI;
indicates the price index of the plant i in the sequence n. The M represents the price
index factor. The Price; p, Pricenmin and Pricel™* indicate the declare price of plant i in
the sequence n, the minimum and the maximum declare price of plants sequence n.
Then, the reference quantity and declare willingness should be figured out, which
represent the will of each plant to participate in the market. The equations are expressed

as below:

ql.’j = g%« Pl i € Sy (13)
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qdeclare
dw;, = ol ,ieS, (14)
min g1 (1 = y1) = gl a5}
declare

where qir’ and ¢; 7" indicate the reference quantity and declare quantity of the plant i
in the sequence n. dwi,n represents the declare willingness of the plant i in the sequence
n, showing the market participation level of each plant, affected by the ratio of its
declare quantity and limit quantity. The qum“, qlelT, q]KrI;lm“ represent the limit quantity,
monthly trading quantity and K-limit quantity of the plant iin the sequence n respectively.
The qKlelt is a requirement from the central grid to control the cap of the monthly
tradable electricity of each plant, so there is a min calculation between the limit quantity
subtracting the quantity traded already and the K-limit quantity to figure out the real
limit cap for each plant. The vy; , indicates the self-consumption rate of the plant i in the
sequence n.

Followed by, the fundamental clear quantity, fundamental clear check quantity and
final fundamental clear quantity should be calculated sequentially, which could be
expressed as below:

FundCl seq . ref
%Zn ear_qn *qzn/z an»ZGSn»I_{Sl S2""’S } (15)
q§:'1nalFundClear _ quﬁndClear unndClear < qdeclare ies,
qualFLdelear — qdiclare’ quzndClear > qdeclareanddwl a<l,ieS, (16)
qﬁlnalﬂmdaw’ = qu”d‘le‘” qf Z”dae‘” > qd“l‘”‘anddwl n=1,1€S,
FundClearCheck _ qFundClear _ o FinalFundClear ; ¢ g, (17)

where I indicates the total number of plants in the grid, consisting of a set of n sequences

in the grid. N indicates the total number of sequences in the grid. The qF““dCle‘lr

1,n
q}:‘n“le““dCICar and qF‘r’lr‘dCIe“erheCk indicate the fundamental clear quantity, final funda-

mental clear quantity and fundamental clear check quantity of the plant i in the sequence
n. The gy ? represents the sequence distributed electricity of sequence n. The calcula-
tion of final fundamental clear quantity is divided into three situations, ensuring that
each plant in the gird should be distributed different quantity depending on its declare
willingness and declare quantity.

The Process of Requirement Clearing.

In this part, the required quantity planned by the central grid and the gap between
the required quantity of each plant should be considered comprehensively to figure out
the adjustment amount to its declare quantity to compensate the gap. Firstly, the total
required quantity and grid required quantity are figured out using the sequence required
rate index, which are expressed below:

q?:];equire _ ququire % (1 _ )/i,n)’ ieS, (18)

GRequire Require .
i n =4, * (1 — y,',n) * T, 1 €Sy (19)
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TRequire

GR«
where q; | and q; equire

represent the total required quantity and grid required

quantity of the plant i in the sequence n. qR AU i dicates the required quantity of the

plant i in the sequence n.The t, indicates the required rate index of sequence n.
Then, the require gap is calculated depending on the declare willingness and required
quantity of the plant, which is expressed as below:

RequireGap _ GRequire FinalFundClear
in in in sdwi,=1,ie€ S,

RZQWWGQP 0, dwin < 1anqumalFundClear > qlp;"ql”r‘f €S,
RequzreGap GRequire FinalFundClear FinalFundClear TRequire
in in — iy ,dwi g < landq <, ,
ies,
(20)
RequireGa . ..
where q; AU pepresents the require gap of the plant i in the sequence n.

After ﬁguring the gap quantity, the quantity of compensation for the gap would be
calculated, which is expressed below:

RComp ReqmreGap FundClearCheck RequireGap .

O L1 R G = i S (1)
RComp FundClearCheck eqmre ap RequireGap :
i,n Zl_lql n /Zz—l din ,others, i € S,

where qi}f " indicates the compensation for the require gap of the plant i in the sequence
n.

Followed by, the quantity over require quantity should be tailored, which could be
expressed as below:

OverTRequi TRequi .
qi’:er equire — ax{unndClearCheck qi’ne‘]mr@ 0} ic Sn (22)
OverGRequire FundClearCheck GRequire .

in max{q — 4, 0},ies, 23)

OverRequireScale 0verGRe uire
1 T dwi, =1,i €8,

in
OverRequireScale __ 0verTRequzre dwi, < 1andq0verTReqmre 0ies (24)
in = in s n
OverRequireScale OverGRe uire 0verTRe uire .
in 4 =4, T dw; < landg; e —0,ie S

OverTR OverGR
verTRequire an dq verGRequire

in indicate the quantity over total require quantity and

OverRequireScale

where q;"

grid require quantity, respectively. q; represents the scale of quantity over
require quantity, the equation of Wthh considers the declare willingness level of each
plant. The purpose of these three is to calculate out the total quantity should be tailored
later.

The tailor quantity would be distributed into each plant in the same sequence, which
could be expressed as below:

R ireGap .
Cut _ =0, Zi— qr anClearCheck > Z equire ap’ ics,

ql n i=14 in
R G(lp FundCl Check querRequireS('ule
Cut __ equtre undClearChec in
" = (X4, — g ) * T GrerRequiesale (25
i=19in

FundClearCheck ReqmreGap .
’ Zl—lqz n < Zz_l i €S,
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where qCut indicates the tailor quantity of the plant i in the sequence n.
Flnally, the require clearing quantity could be figured out with the fundamental clear
check quantity, require gap and the tailor quantity, which could be expressed below:

RequireClear FundClearCheck RequireGap Cut .
re _ Qi,zn earCheck Gin qlz , 1€S5, (26)
R Clear . .. . . . ..
where q; equireClear 4, dicates the final require clearing quantity of the plant i in the
sequence n.

The Process of Limit Clearing.

Due to that each plant in the gird has its limit capacity and K-limit capacity, therefore,
all the quantity over the limit should be distributed to the plants with left capacity
unscheduled in the grid. Firstly, the left capacity of each plant should be calculated,
which could be expressed as below:

LeftLimit RequireCl .

g mln{qll",:"” (1= i) — g, qf(,L,”"”} — g e S, @)
where qLelctlelt indicates the left capacity of the planti in the sequence n. qum“ represents
the limit quantity of the plant i in the sequence n.

Then, the quantity over limit of each plant would be calculated as below:

ql();l;germ _ mln{qTRequlre . qf?flqmreClear 0} ie S (28)
where qOverlell indicates the quantity over limit of the plant i in the sequence n. As for

the plant without any over quantity, the qOverlelt

clearing quantity is beyond its total require.

In order to calculate the total over limit quantity for each sequence, the declare
check quantity of each sequence would be figured out firstly, which could be expressed
as below:

DeclareCheck FundClearCheck
an = max(y", df -2

equals zero, which means its require

1
qRequzreGap 0} ieS, (29)

111"

qzl"otalOverLtmzt _ aneclareCheck + ZII lqu’\;erLtmlt’ i€sS, (30)

DeclareCheck TotalOverLimit

where q indicates the declare check quantity of sequence n. q,
indicates the total over limit quantity of the plant i in the sequence n.
Finally, the total over limit quantity in the grid would be apportioned among all other
plants with left capacity, which could be expressed below:
qﬁ;thlear = (=1) % (Z TotalOverLzmzt Lefthmtt/Z LeftLtmzt ieS, 3D

lln

where qL”‘““Cle':lr indicates the quantity distributed to the plant i in the sequence n,

dependmg on its left capacity proportion among all left capacity of the grid.
The final clear quantity of each plant equals to the sum of its require clear quantity,
over limit quantity and limit clear quantity, which could be expressed as below:

FinalClear __ _RequireClear OverLimit Lzmthlear .
ql n - qi,n + qi,n + Qz n IS Sn (32)
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2.4 Region Distribution Model

In this subsection, the final clear quantity of each plant would be distributed to each
region in the grid, depending on the centrally-controlled demand, which equals to the
difference between the grid demand and the sum of extreme-high voltage and external
transmission electricity of each region. There, all the final clear quantity should be
distributed equitably depending on the actual demand of each region, ensuring there
would not be power shortage in any region. It could be expressed as below:

Ay = 4GridDemand,r — YEVH ,r — 4ET,r (33)
FinalClear FinalClear ar
bin,r =din * 3R (34)
Zr:lar

where «, indicates the ratio of regional distribution. The ti g‘?lClear represents the quantity

distributed to region r of the final clear quantity of the pléuit i in the sequence n.

3 Case Study

In this section, a clearing case for a monthly grid-agent power purchase in North China
regional grid would be studied. Some data of the plant has been modified artificially,
considering the need of confidentiality. The specification of North China regional grid
is that there are totally 3 regions, and the central region is not installed with any plants.
So, it could be found in the 4.1 subsection below that there 3 regions, but 5 sequences
only (normally, there should be 7 sequences because one region should have one low
voltage and one high voltage sequence). Moreover, there is one region without any
plant, has the hugest demand for electricity. Though, this case is a bit extreme, this case
is one of the most typical cases to imply the core aim of the regional grid-agent power
purchase—ensuring the power supply for each region in the grid.

3.1 Input Data

The input data is divided into 4 parts—data of plants, data of EVH and ET, data of
regional demand, and the clearing index. Input data source: a power grid company in
North China, all the input data are shown in the Tables 1, 2, 3 and 4.

3.2 Model Performance

Using the regional grid-agent power purchase model proposed in this paper to calculate
this case, the output data is shown in the Fig. 2 below.

It could be seen from the Fig. 2 that the final clear quantity distributed to R1, R2, and
R3, of different plants are different and the region lis apportioned with most quantity,
which is comply with the assumption before. Because there are no installed plants in
R1, but the demand is huge.

Inthe Fig. 3, we choose A6—A9, totally 4 plants with the same declare price to find out
if the model could output the results considering the declare quantity comprehensively.
It could be seen that although A7-A9 have the same declare price, the final clear quantity
distributed to R2 of each plant is a bit different, influenced by the declare quantity and
the declare willingness.
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A Model for Regional Grid-Agent Power Purchase

0 0 69001°C 9STIF'0 |  69SLL'IT|  S9LEE8L|  0£T690L €088T'ST|  69880°9% I |
9L6T9¥ |  9€STLTI 889LY'1 890210  6£89S1 869171 8€1L0°C YES6O'LL |  69S1L'8T 4!
ITI¥9°0 | 00080°LE 0L108'T 078900  0SSSL'0 0SEVI0 000L8°C 000€6'SE | 000LT0S T

UMY 0T/ |  UMAGOT/ | UM g01/| YUMAGOL/| UM g0T1/| UMT OT/| UMY 0T/ UMY g0T/

549110 spSp oigp oipSHp Adb puisp TIb | ymd q01/V¥b VDb |  xopur uoidoy

puewop [euoI3al1 Jo vle g dqeL



1000 Y. Hu et al.

Table 3. Data of EVH and ET transmitted to grid

Extreme-high voltage quantity External Transmission
28.23218 43.26497

Table 4. Data of clearing index

p M Required rate for each sequence
PG TILV JBLV TIHV JBHV
0.0272 1 0.37 0.19 0.12 0.19 0.12

Final Clear quantity of each plant/MWh
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Fig. 2. Final clear quantity of each plant

4 Conclusion

In conclusion, the model proposed in this paper comprehensively considers the influence
of declare quantity and declare willingness of each plant, not only the declare price, on
the final clear quantity. Therefore, this model is adaptive for the regional grid-agent
power purchase business in China, ensuring the power supply and the individual interest
for each plant in the regional electricity market.
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The influencing factor analysis
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Fig. 3. Analysis of the influencing factor of final clear quantity
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