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Multi-interval settlement is conducive to meeting the needs of growing
renewable energy resources with great intermittency and volatility and
managing the effective operation in the electricity spot market. However,
the insufficient incentive of market price inaccurately reflecting the total
cost of the electricity spot market caused by the inaccuracy of generation
and load prediction in the current multi-interval settlement will lead to
inefficient market scheduling, causing the market participants to deviate
from dispatch instructions. Based on the problem above, a new multi-
interval settlement system of rolling-horizon scheduling including the
period selection of look-ahead schedules and enhanced settlement
mechanism is proposed to improve the price incentive for the electricity
spot market. The proposed multi-interval settlement system can produce a
better look-ahead period and a more economically efficient dispatch solution
inducing dispatch-following incentives. A numerical example shows that the
proposed multi-interval settlement system outperforms the traditional
settlement mechanism regarding economic efficiency.
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1 Introduction
1.1 Background and motivation

According to the plan vision of carbon peak and carbon neutrality, Chinese
renewable energy will enter a new stage of high-quality leapfrog development, and a
high proportion of renewable energy grid connection will become the basic new feature
of the power system in the future. In order to adapt to the development of renewable
energy, the demand for power system flexibility has increased significantly, the role of
cross-time constraints of spot market optimization has been significantly strengthened,
and the coupling between optimization periods has become closer. How to design a real-
time prospective and optimized settlement mechanism with universal practicality for the
spot market of electricity to meet the construction and development needs of the
electricity market adapting to the characteristics of the new power system is a practical
problem that needs to be solved urgently in the construction of Chinese electricity
market. On the basis of the current operation mechanism, this paper improves and
designs a set of new real-time prospective optimization settlement mechanism for the
spot market of electricity, which can provide reference for the construction of the spot
market of electricity in China.
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1.2 Literature survey

According to the plan vision of “30 carbon peak, 60 carbon
neutral,” Chinese renewable energy will enter a new stage of high-
quality leapfrog development, and a high proportion of renewable
energy grid connection will become the basic new feature of the
power system in the future (Jiang et al., 2020; Chen et al., 2021). In
order to adapt to the development of renewable energy, the demand
for flexibility of the power system has increased significantly, and the
role of cross-time constraints in the optimization of the spot market
has been significantly strengthened, and the coupling between the
(CAISO, 2014
Massachusetts gov, 2016). Therefore, in order to better adapt to

optimization periods has become closer
the characteristics of flexible resources operating across time
periods, the mature spot power markets at home and abroad
have adopted the look-ahead optimization method (CAISO, 2019;
NYISO, 2020).
Compared  with look-ahead

optimization can more effectively improve the success rate of

single-period  optimization,
solving the mathematical model by expanding the time range,
reduce inefficient scheduling by pre-regulating resources (Xie and
Ilic, 2009), avoid peak electricity prices due to insufficient power
supply capacity, and give the clearing price cross-period economic
significance (Ela and O’Malley, 2016).

However, there is still a problem of insufficient price incentives
in forward-looking optimization. In typical practice, look-ahead
optimization is based on short-term load forecasting to optimize
the scheduling of resources in future multi-periods, but only the
optimization results of the current period are settled (single
settlement mechanism) (Bakirtzis et al, 2014; CAISO, 2019;
NYISO, 2020). When the current outlook optimization is applied
to the real-time market rolling clearing scenario, the supporting
single settlement mechanism will regard the historical clearing

Current settlement
problems

insufficient incentive
of market price

mathematical
optimization model

Improve the
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results as “sunk costs,” directly ignoring the components that
affect the current or future optimization results, and implicitly
“burying” the economic value of cross-time constraints. Even if
the day-ahead market has made a perfect load forecast, the forward
order settlement mechanism will still lead to the lack of market price
incentives, and the power generation companies cannot recover
costs through the market price, but choose to deviate from the
dispatching order (Wilson, 2002). Literature (Peng et al.,, 2013)
pointed out the motivation of market members to deviate from
scheduling in look-ahead optimization, but only gave qualitative
solutions.

The academic solutions can be divided into two categories: one is
to improve the mathematical optimization model, and introduce the
time series correlation quantity of historical real-time optimization
into the model (Schiro, 2017; Zhou et al., 2017). However, how to
select the appropriate time series correlation quantity has become
the problem faced by this method. Selecting the inappropriate
correlation quantity may cause new incentive problems. There is
no definite result of this research idea at present. The second is to
increase the number of settlement rounds, bridge the gap between
the clearing results before and after the settlement rounds, eliminate
the motivation of market users to speculate, reduce compensation
costs, and improve the incentive of market participants to follow the
schedule. This article adopts the second train of thought. Based on
this idea, the literature (Yao et al., 2020) proposed a real-time multi-
settlement mechanism based on look-ahead optimization. The
prices of all periods in the optimization cycle need to be settled.
This settlement method alleviates the problem of market incentives,
but will increase the complexity of settlement. Therefore, it is
necessary to redesign the look-ahead and optimized settlement
mechanism to alleviate the problem of insufficient settlement
price. The overviews of the literature survey can be seen in
Figure 1.

Solutions

Increase the number
of settlements

: inefficient market |
scheduling

i deviate from dispatch | ! !
! instructions ! !

introduce the time
series correlation
quantity of historical
real-time optimization
into the model

1. how to select the appropriate

Simple and effective

time series correlation quantity

has become the problem

2. Selecting the inappropriate
correlation quantity may cause

alleviates the problem of market
incentives, but will increase the
complexity of settlement

new incentive problems

FIGURE 1
Overview of the survey.
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FIGURE 2
Single-interval settlement.

The fairness and rationality of the electricity spot market
settlement mechanism plays an important role in the sound
operation of the entire power system and the optimal allocation
of power market resources (Huang et al, 2019). Due to the
particularity of electricity commodities, electricity trading needs
to establish a centralized electricity spot market, and support the
corresponding deviation electricity settlement mechanism. At
present, most mature electricity spot markets adopt a double
settlement mechanism.

On the basis of the current double settlement mechanism in the
spot electricity market, this paper focuses on the analysis of the
factors that affect the prospective optimization incentive, and selects
a quantifiable priority standard for this purpose, and innovatively
designs a new real-time prospective optimization settlement
mechanism in the spot electricity market. This mechanism can
effectively improve the incentive of the settlement price, and will
not cause excessive settlement burden, It can better meet the
demand of real-time prospective optimization of power in the
new era.

2 Prior work

Unlike ordinary commodities, electric power commodities

have obvious particularity: 1) Physical electric power
commodities are almost conducted at the same time in the
four links of power generation, transmission, distribution and
utilization. The electricity market transactions need to be
consistent with the actual operation of the power system as
much as possible, and the execution of the electricity trading
contract needs to simulate the real-time balance scenario of the
power generation and consumption of the power system as much
as possible; 2) With the access of centralized and distributed
renewable energy to the grid, there will inevitably be prediction
errors on both sides of the power system’s power generation and
consumption, which will cause the actual power generation and

consumption curve to deviate from the market transaction curve,

Frontiers in Energy Research

which is inconsistent with the real-time balance of the power
system, and the market subject is required to bear the costs of
real-time power balance according to the transaction agreement;
3) There is a strong homogeneity of power commodities, and the
power commodities delivered by each market transaction cannot
be measured separately. It is necessary to formulate unified
measurement and settlement rules to deal with the deviation
between the actual electricity generated and the electricity traded
in the market, so as to realize the decoupling of the power
transaction contract and the actual electricity consumption at
the level of settlement time sequence, so that the two can be
settled separately (Xiao et al., 2021). Therefore, it is necessary to
establish a centralized electricity spot market and set up a
corresponding offset electricity settlement mechanism.

Most of the world’s centralized electricity spot markets use the
double settlement system to settle between the day-ahead market
and the real-time market. Some scholars also call it multi-settlement
systems. In the field of electric power, the double settlement
the power
mechanism that divides the power transaction settlement into

mechanism refers to transaction settlement
pre-settlement and post-settlement according to the contract
behavior and default deviation behavior. Among them, prior
settlement refers to the prior settlement of the signed contract
according to the contract agreement before the physical delivery
of electric power to ensure the full implementation of the electric
power contract; After the physical delivery of electricity, the
settlement refers to the settlement according to the agreed
deviation price according to whether there is any deviation
between the behavior of the market subject and the agreement
and the extent of the deviation, and the negative incentive for
breach of contract is given economically. The double-settlement
mechanism in the spot electricity market means that the day-
ahead market is based on the day-ahead price to settle the bid-
winning electricity quantity in the day-ahead market, while the
real-time market is based on the real-time price to settle the
deviation between the real-time bid-winning electricity quantity

and the day-ahead bid-winning electricity quantity.
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FIGURE 3
Look-ahead single-interval settlement.

The spot market of PJM and ERCOT in the United States
adopts the double settlement system to realize the settlement of
the day-ahead market and the real-time market. The real-time
price of PJM is calculated every 5 min, but the weighted average
price within 1 h of each node is taken as the settlement price of
the real-time market; The time granularity of ERCOT’s day-
ahead market clearing is 1h, while that of real-time market is
5 min. The real-time market is settled according to the weighted
average price within 15 min, and the settlement price does not
include the network loss component.

The centralized power real-time market model can be divided
look-ahead
optimization model according to the optimization cycle, and

into single-period optimization model and
the corresponding real-time settlement mechanism can be
divided into real-time single settlement and real-time multi-

settlement.

< ‘ ‘ ‘

2.1 The myopic approach

This optimization model does not take into account the
future predicted power grid operation, and only optimizes the
current period in each round when the real-time market rolls out.
Each round of clearing only generates the market price and
clearing electricity quantity of the current period, and the
market will use the price and electricity quantity as the basis
for single period settlement.

Real-time single settlement mechanism is a real-time single
settlement mechanism connected with single-period optimization.
It is applicable to single-period optimization. The operation mode is
shown in Figure 2.

The mathematical model corresponding to single-period
optimization has a small solution scale, is easy to search for
optimization in a short time, and is easy to meet the calculation
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FIGURE 4
Look-ahead multi-interval settlement.
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FIGURE 5
New settlement mechanism.

speed requirements of the real-time market; In addition, real-
time single settlement is relatively simple and intuitive, easy for
market participants to understand, and the workload of
settlement is also less. Therefore, the single-period price
model has been adopted by many market operators in the
United States, such as ISO New England, MISO, PJM and
SPP. However, the single-period optimization model has
obvious defects in the economy and reliability of market
clearing. In terms of economy, compared with multi-period
optimization, if the current single period is successfully
cleared, because it only considers the load situation of the
current period for optimization, and ignores the economic
value of the cross-period constraints before and after, the
result is not necessarily the global optimal solution, but only
the sub-optimal solution, and there is still large optimization
space in general; In terms of reliability, if the clearing of the
current period fails, the market members will not be able to
actively respond to the regulation instructions because they
cannot obtain real-time market information, and the system
stability will be affected. The market operating agencies may
need to take measures outside the market to regulate resources.

2.2 The multi-period approach

The look-ahead optimization model takes into account the
forecast situation of the future power grid. When the real-time
market is rolling out, each round will carry out look-ahead
optimization for the current and future periods, and obtain the
market price and clearing electricity of all periods in the look-ahead
period.

2.2.1 Single-period settlement

Look-ahead single settlement mechanism is a real-time single
settlement mechanism connected with look-ahead optimization. It is
applicable to forward-looking optimization. See Figure 3 for its
operation mode.

Frontiers in Energy Research 05

Under normal circumstances, only the price and energy of the
current period have the basis for settlement; The market
information in the other look-ahead periods is only instructive,
which can provide the basis for market members to make future
decisions, and can also be used as the “backup” basis for the
settlement of subsequent clearing rounds. When the clearing fails
in the current period, the market cannot form the current settlement
scheme. The “standby” basis of the previous round of settlement
corresponding to the current period can be used to ensure the
reliability of settlement. Therefore, the power market operators in
New York (NYISO) and California (CAISO) have adopted the look-
ahead single settlement mechanism. However, the current look-
ahead optimization still has some defects, because the look-ahead
order settlement mechanism needs to introduce real-time look-
ahead optimization, and taking the clearing result as the basis for
settlement may lead to inefficient scheduling, insufficient system
compensation, incentive incompatibility and increased price
volatility.

2.2.2 Multi-period settlement

Look-ahead multi-settlement mechanism is also a real-time
look-ahead
forward-looking

multi-settlement  mechanism  connected  with
It

optimization. See Figure 4 for its operation mode.

optimization. is also applicable to

Similar to the nature of the look-ahead single settlement
mechanism, the look-ahead multiple settlement mechanism also
needs to carry out real-time rolling look-ahead optimization to
obtain the clearing information of all periods in the look-ahead
period. However, the look-ahead multi-settlement mechanism will
take the clearing information of the whole period as the settlement
basis, without distinguishing between the current period or the look-
ahead period.

Due to the increase of settlement frequency, look-ahead multi-
settlement can better adapt to the problem of increased real-time
volatility of the power system, promote the price response of flexible
resources, and to some extent alleviate the problems of insufficient

compensation and incentive incompatibility caused by forward-
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TABLE 1 Technical parameters and cost quotation.

Minimum output/MW

Maximum output/MW

10.3389/fenrg.2023.1170138
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Cost quotation/$
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200 100
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400

Load level/MW

200

1 3 5 7

FIGURE 6
Load parameters.

looking optimization. Compared with the forward single settlement
mechanism, forward multiple settlement relies more on the
reliability of market solution. Once the market clearing fails, it
will lead to the loss of settlement data, which is not conducive to the
settlement work. In addition, look-ahead multi-settlement requires
several times of real-time clearing data, which greatly increases the
settlement complexity of the real-time market, and also puts forward
higher requirements for the storage space, accuracy and security of
market data. At present, the settlement mechanism is still only the
proposed scheme (Schiro, 2017), and has not been applied in the
actual market.

3 The proposed multi-interval
settlement system

Cross-period constraint is an important factor affecting the
incentive of forward-looking optimization settlement. Cross-
period constraints couple the optimization results of different
periods in the electricity spot market, and the clearing prices of
each period are intertwined. Therefore, look-ahead optimization
is not suitable for the optimization and pricing of resources by
simply cutting the period. However, due to the lack of incentives
for the price of the look-ahead single settlement mechanism,

Frontiers in Energy Research
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power generation companies may not be able to recover costs
through the market price and choose to deviate from the
dispatching order. Therefore, when necessary, they should
appropriately and flexibly increase the number of settlement
rounds to make the settlement price highlight the real value of
the actual resources as much as possible, thus increasing the
incentive of the settlement price. In general, the longer the
optimization period is considered, the more the clearing
results can reflect the real economic signals, and the more
incentive. Therefore, in the case of perfect forecast or low
look-ahead
optimization, the day-ahead market takes into account the 24-

forecast deviation, compared with real-time
h load situation, and the economic signals expressed by the
clearing result are more comprehensive and more incentive,
which can be regarded as the best clearing result. The problem
to be solved by the new settlement mechanism is to minimize the
deviation of clearing results between day-ahead and real-time
settlement rounds, and improve the incentive of market
participants to follow the schedule.

The look-ahead optimization cycle is 3-5 h, and the day-ahead
optimization cycle is 24 h. Under the same load, the essential
difference between the two is the optimization cycle. Therefore, it
is necessary to analyze the influencing factors closely related to the

look-ahead cycle. The constraint of ramp rate has a cross-time
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Settlement priority.

TABLE 2 The selection result of first-settlement in the first 18 intervals.

Interval Selection period of first real-  Interval  Selection period of first real-  Interval  Selection period of first real-
time settlement time settlement time settlement
1 1-4 7 4-7 13 10-13
2 2-5 8 5-8 14 11-14
3 3-6 9 6-9 15 15-18
4 3-6 10 7-10 16 16-19
5 3-6 11 8-11 17 17-20
6 3-6 12 9-12 18 17-20

nature, and its shadow price reflects the economic value of the cross-
time component, which has a great relationship with the look-ahead

cycle.

3.1 Settlement design

When the real-time market adopts the forward optimization
with a forward period of T, T electricity prices will be calculated for
each period. The forward single settlement only selects the electricity
prices of the current period as the basis for settlement, while the
forward multiple settlement will include all electricity prices in the
settlement system. The former is too mechanical and lacks
motivation; The latter is too complex and lacks flexibility.
Therefore, it is necessary to choose a balance between them,
which can not only increase the incentive of settlement, but also
limit the settlement complexity to a reasonable range.

For this reason, this paper designs a new mechanism of two
settlements in the real-time market, and adds another settlement
process on the basis of prospective single settlement, in order to

Frontiers in Energy Research 07

increase the incentive of settlement without excessively increasing
the complexity of settlement. In connection with the day-ahead
market settlement, real-time one-time settlement can form the
original double settlement mechanism with the day-ahead
settlement combination. This content is the same as the existing
double settlement mechanism, which will not be repeated in this
article.

Real-time secondary settlement is based on the current target
period’s settlement electricity price and clearing electricity quantity,
and the deviation electricity quantity between secondary settlement
and primary settlement is settled according to the target period’s
settlement electricity price. The new settlement mechanism design
can be seen in Figure 5.

3.2 Settlement priority

It is known that when the real-time market adopts the
forward optimization with a forward period of T, T
electricity prices will be calculated in each time period, and
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the calculated electricity prices need to be prioritized. Where: L is the Lagrange function of optimization

Therefore, it is necessary to explore the economic value of
the cross-time components in the look-ahead optimization of
electricity prices. See Eq. 1 for the mathematical model of real-
time prospective optimization.

minz Z(:i (pir)
By pr,t = Zdj,t

§ie ™ i< pi ™
& ™ pipzpi ™™

0,1 Pit — Pir-1 SApP;
05t Pig-1 — Pie SAD;
W PSP
s prez pte

(1)

Where: ¢; (-) is the operation cost function of generator i p;; is
the active output of generator set i in time period £; d; is the load of
load j period # p; ™ and p; ™ are the minimum and maximum
output limits of unit ; A p; is the ramping constraint for unit i in each
period. pj,, P and p™™° are the power flow power, power lower
limit and power upper limit of line [ respectively; 3, is the shadow
price of the reference node; &, ™ and £;, ™" is the shadow price
constrained by the upper limit and lower limit of unit power
respectively; o}f and oo™
constraint and the landslide constraint respectively; ;, ™ and y,

the shadow price of the unit ramping
min
the shadow price constrained by the upper power limit and lower
power limit of line L.

By constructing the Lagrange function and according to the
Karush-Kuhn-Tucker (KKT) condition, it can be concluded that:

oL _ aCi (Pi,t) max min up up
E = W +B + (8 £ ™) + (03 — 0iga )+ o
down down max min ap lc,t _
(Ui,t+l — 0 ) + Z(nul —H )a - 0
1 pt,t
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problem Eq. 1.
According to the definition of locational marginal price, spot
market electricity price has two expressions:

-\ 0p;
An, — _ﬂ + (‘Ll max —‘Ll mm)_,t
t t ; 1 1 adj,t

_ aci (piJ) max _ min (3)
- W + (Ei,t fi,t )

down

up up down
+(oi) —0itn) + (Ui,t+l Y )

it

Where: A, is spot market electricity price.

Eq. 3 explains the connotation of spot market electricity price
from the perspective of system and generator respectively (Shi et al.,
2019). It can be seen from Formula 3 that the economic value of the
cross-time component in the electricity price is mainly reflected in
the Lagrangian multiplier constrained by the ramp rate, which is also
a key factor affecting the incentive of look-ahead optimization (Hua
et al,, 2019; Zhao et al.,, 2020). There is a significant price deviation
from the day-ahead optimization model using the traditional
forward optimization rolling clearing electricity price, because it
cannot reflect the value of cross-time constraints. All clearing results
in history are regarded as “sunk costs” without distinction, which
will make the unit have the impulse to deviate from scheduling
(Schiro et al., 2016).

Among them, the willingness of the unit to deviate from the
dispatching can be measured by the opportunity cost (LOC)
compensation cost. The LOC compensation cost of units in the
real-time market is defined as the difference between the maximum
revenue of unit self-dispatch under the determined market clearing
price and the actual revenue of units following the dispatching order.
The calculation formula is shown in Formula 4:

Rioc = max Z Z (g = cip)pie = (Mig — cir) pi) (4)
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Proposed multi-interval settlement system.

TABLE 3 The incentive of first-settlement price.

ltem New settlement mechanism Current settlement mechanism
Average value of electricity price deviation rate/% 41.8 453
Change amplitude/% -7.8 0
Opportunity cost compensation fee/$ 25,750 36,650
Change amplitude/% -29.7 0
Calculation complexity/s 5.82 5.43
Change amplitude/% +7.2 0

Where: RE! is the total opportunity cost of the unit; p;; is the
output of unit self-dispatch; p; s the output of the unit following the
dispatching instructions; A;; is the market electricity price.

At the real-time one-time settlement meeting, the settlement
electricity price with the highest priority of prospective
optimization and the clearing electricity quantity will be
selected as the basis for settlement. Among them, the
determination of settlement priority needs to select
The standard needs to reflect the
deviation of clearing results between the day-ahead and real-

time settlement rounds, and highlight the incentive of following

quantifiable criteria.

the schedule. There are two types of quantifiable criteria that
meet the requirements, namely, the Lagrange multiplier that
reflects the economic value of cross-time components, or the
LOC compensation that reflects the incentive to follow the
scheduling.

Because the calculation of LOC compensation cost is relatively
complex, it does not meet the time requirement of real-time rolling
calculation. The Lagrange multiplier of the ramping constraint is the
companion variable of the real-time prospective optimization result,
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which can be directly extracted, greatly simplifying the calculation
process of settlement priority. Therefore, this paper selects the
Lagrangian multiplier with ramping constraints as the key factor
to quantify the deviation between the real-time prospective
optimization results and the day-ahead optimization results, in
order to maximize the incentive of cross-cycle prospective
optimization. In this paper, LOC compensation cost of real-time
one-time settlement price is taken as one of the incentive evaluation
indicators.

3.3 Settlement process

1) Calculation of settlement priority. The look-ahead period has a
periodicity, and the factors affected by the optimization period in
the optimization model are mainly cross-time components.
According to Formula 3, the cross-time component in the
electricity price is mainly the ramping constraint, and the
formula is expressed as (o} —o;p,)) + (Jfffl“ —OS;’W“). It is
necessary to extract the cross-time component value of a
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single time period, that is, the cross-time components of each
unit are superimposed, as shown in Formula 5. Because the
deviation of day-ahead load forecasting is low and the number of
time periods considered in day-ahead optimization is more
comprehensive, the Lagrange multiplier with cross-time
constraints can be taken from the day-ahead clearing results.

Y@ -aif, (5)
i

O_;um — ) + ( O_down N

down
it+1

it

Where: 07"™ is the cross-time component value of interval ¢ in
the day-ahead clearing result.

Summarize the cross-time component values of all time periods in
the look-ahead optimization cycle to form a qualitative settlement
priority. The formula is shown in Formula 6. By summing the
Lagrange multipliers with cross-time constraints in the T cycle, the
economic value of the cross-time components in the T cycle can be
comprehensively obtained. The larger the sum, the more real the
economic value can be reflected by selecting this cycle. Taking this
as the basis for settlement can better reduce the deviation from the day-
ahead settlement, more truly reflect the scarce value of the system’s
cross-era resources, and improve the incentive of the settlement price.

t+T1

_ sum
=2
t

Where: T; is the number of intervals extended by the forward

sum

at,t+TL

(6)

looking optimization. The forward looking period described above is

T=(Tp+1); o7yr,

when the corresponding current interval is .

is the settlement priority of the optimized round

To make a settlement selection for time period t, it is necessary
to compare the settlement priority of each optimization cycle
including time period t. Select the clearing result of the
optimized round with the highest priority as the basis for real-
time one-time settlement.

settle __ sum sum sum
0, = max(o't—T,_,t’ Ot Ty 1410 o Ul,t+T]_) 7
Assuming that the result of Formula 7 is ofe = o7 ;> the

electricity price and electricity quantity of the optimized round with
the optimization period from interval (¢-T7) to interval ¢ are selected
as the clearing basis.

2) Day-ahead settlement. The day-ahead settlement is consistent
with the current market model, and the day-ahead electricity
price and the day-ahead clearing electricity quantity are used for
settlement. The formula can be seen in Formula 8.

DA
RRA = DA

it Pit (@)

Where: RP* is the day-ahead settlement fund of unit i in time
period t; AgA and p)* are the day-ahead settlement electricity price
and settlement electricity quantity of the corresponding period ¢ of
unit i.

3) Real-time settlement. Real-time settlement adopts the mode of
deviation power settlement. The real-time first settlement will
select the settlement electricity price with the highest priority of
prospective optimization and the settled electricity as the
settlement basis. Real-time secondary settlement is based on
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the settlement electricity price and clearing electricity quantity of
the current target period. The deviation electricity quantity
between secondary settlement and primary settlement is
settled according to the settlement electricity price of the
target period. The formula can be seen in Formula 9.

- PN+ A (o - )

Where: thT is the real-time settlement fund of unit i in interval #
At and pftt

it
settlement electricity quantity of the corresponding interval ¢ of unit

;A3 and pie

and settlement electricity quantity of unit i corresponding to time

R = A5 (Pl ©)

are the real-time first settlement electricity price and
are the real-time secondary settlement electricity price

period t.

4 Numerical experiments

4.1 Case data

The calculation example uses IEEE 9- node-3-units system to
demonstrate the incentive of the new mechanism of prospective
optimization settlement. The example sets 48 time periods, and the
period of real-time prospective optimization is 4. See Table 1 for the
technical parameters and cost quotation of the unit and Figure 6 for
the load parameters. It can be seen from the price characteristics that
unit 1 has the lowest cost and the largest capacity, and is suitable for
serving as the base load unit. Unit 3 has the highest climbing speed
and is suitable for being a flexible unit. In period 3, period 20, period
27 and period 44, the electricity price drops sharply, which proves
that the economic effect of cross-period constraints in the model is
more obvious and can better verify the incentive of the new
settlement mechanism in this paper.

4.2 Case analysis

The settlement priority is shown in Figure 7. See Table 1 for the
selection results of partial time periods for real-time one-time
settlement. When the settlement priority of all optimization
rounds is completely consistent, the earliest optimization round
is generally selected as the basis for a settlement.

According to Figure 7; Table 2, the time period with high
settlement limit is easier to be selected as the optimal time
period for first real-time settlement.

The situation of real-time one-time settlement electricity price is
shown in Figure 8. It can be seen that compared with the secondary
settlement electricity price (the real-time settlement electricity price
of the original mode), the one-time settlement electricity price is
closer to the day-ahead electricity price.

According to Table 2, the shadow price of cross-time
constraints corresponding to optimization periods 3-6 and
17-20 is higher, and the settlement priority is also higher.
Corresponding to the change rule of the settlement electricity
price in Figure 8, periods 3-6 and 17-20 are periods of violent
fluctuations in electricity price. The system needs more flexible
resources for cross-time scheduling, and the flexible resources
have cross-time economic value in this situation.
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Assuming zero error in real-time load forecasting, that is, there
is no deviation between day-ahead load and real-time load, it can be
seen from Table 3 that the electricity price selected for one-time
settlement can better connect the results of day-ahead market, and
the deviation is relatively low, and the average deviation rate of
electricity price is reduced by 7.8%. In addition, through calculation,
the opportunity cost (LOC) compensation cost of the real-time one-
time settlement electricity price is reduced by about 30% compared
with the original look-ahead settlement and only increased 7.2% of
the calculation burden. If the updated research (Changshuo et al,
2022; Liping et al., 2022; Ning et al., 2022) methods are applied, the
computational burden can be further reduced.

It should be noted that the biggest difference between the new
settlement mechanism and the original settlement mechanism is to
add real-time primary settlement. The real-time secondary
settlement in the new settlement mechanism is the real-time
settlement in the original settlement mechanism. The example
deeply analyzes the most direct difference, that is, the incentive
of one-time settlement electricity price, which can eliminate
unnecessary interference, and is more conducive to directly and
objectively highlight the differences between different mechanisms,
reflecting the incentive effect of the new mechanism.

The calculation example shows that the new mechanism of look-
ahead optimization settlement designed in this paper and the
introduction of real-time one-time settlement electricity price can
effectively reduce the deviation rate of real-time market electricity
the opportunity
compensation costs of power generation companies, and greatly

price, and can significantly reduce cost
improve the incentive of market members to follow the dispatching

instructions. Figure 9 summarizes the effect of the calculation example.

5 Conclusion

Prospective optimization plays an important role in adapting to
the development needs of renewable energy and ensuring the good
operation of the electricity spot market. However, the current look-
ahead optimization model has the problem of insufficient electricity
price incentives, which brings challenges to market construction.
For this reason, this paper introduces the settlement priority. By
appropriately and flexibly increasing the settlement rounds, it will
not cause excessive settlement burden, but also enable the settlement
price to highlight the real value of actual resources as much as
possible, effectively improve the incentive of the settlement price,
better adapt to the demand of real-time prospective optimization of
the new era, and provide reference for the construction of Chinese
electricity spot market. (Peng and Chatterjee, 2013).

In view of the above conclusions, the following conclusions are
drawn:

1. Increase the incentive of real-time optimization. Under the current
look-ahead optimization model, the value of cross-time constraints
is only reflected in the day-ahead market clearing results, but not in
the real-time market rolling optimization. Therefore, the price factor
of cross-time constraints in the spot market can be introduced into
the objective function of the mathematical optimization model, so
that the price of real-time optimization covers the value of cross-time
constraints and increases the incentive of real-time optimization.
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2. Select an appropriate look-ahead settlement period. The current
look-ahead optimization model always has differences between the
day-ahead and real-time settlement due to the forecast deviation, and
the selection of different look-ahead settlement periods will affect this
deviation. Therefore, on the premise of not reducing the real-time
incentive, select the most efficient look-ahead settlement cycle, try to
reduce the settlement difference between the day-ahead market and
the real-time market, and ensure the stability of the market.

3. Flexibly increase the number of settlement rounds and improve the
settlement mechanism. Under the current look-ahead settlement
mode, the settlement basis is relatively mechanical, and the market
entities may deliver at the settlement price with insufficient
incentive. Therefore, the incentive of settlement price can be
increased by flexibly increasing the number of settlement rounds
at the cost of increasing the amount of calculation, or the most
efficient settlement price can be selected by the priority of settlement
incentive, and the incentive of real-time optimization can be
increased at the cost of increasing the complexity of settlement
process, so as to improve the settlement mechanism.

. Improve the calculation efficiency of settlement and increase the
adaptability of practical engineering applications. Under the current
forward-looking settlement mode, there is an obvious lack of incentive,
and increasing the number of settlement rounds is a relatively feasible
solution. Increasing the number of settlement rounds will inevitably
increase the computational burden, so applying the latest research
results to improve the computational efficiency of the actual settlement
operation is the future development direction.
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