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Insufficient flexibility is amajor barrier to the development of new power systems.
Leveraging the resource allocation function of the electricity market is a
promising way to enhance the flexibility of power systems and promote the
consumption of renewables. The reasonable allocation of ancillary service costs
plays a pivotal role in this function. Towards the target of “who causes, who
shares,” various research related to cost allocation has been conducted.
However, there is a lack of quantitative analysis of the impact of different cost
allocation mechanisms on the market participants’ revenues. Whether various
cost allocation mechanisms can alleviate the insufficient flexibility problem of
power systems needs to be validated. With this in mind, taking operating reserve
ancillary services as an example, a long-term market operation simulation model
with energy-reserve joint clearing is established in this paper based on the time
series production simulation. According to this, the revenues of market
participants under different reserve cost allocation mechanisms are quantified.
Besides, a self-dispatch model for the energy storage (ES) equipped by
renewables is established, based on which the impact of ES on the revenues
of renewables under different cost allocation mechanisms is analyzed. Case
studies based on practical data from a provincial power grid in China demonstrate
that with the well-designed reserve cost allocation mechanism, the revenues of
flexible resources can be ensured. Meanwhile, renewables are incentivized to
reduce their fluctuations and uncertainties by equipping the ES. Hence, the
insufficient flexibility problem of power systems can be alleviated from both
supply and requirements perspectives.
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1 Introduction

In recent years, the large-scale integration of renewables has brought significant
challenges to the safe and stable operation of power systems due to their inherent
fluctuations and uncertainties. Regarding this, leveraging the resource allocation
function of the electricity market plays a crucial role in enhancing the operational
flexibility of power systems and promoting the consumption of renewables. The
resource allocation function of the electricity market is twofold: it provides reasonable
compensation to flexible resources that offer ancillary services, and thus, they are
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incentivized to provide ancillary services to handle the variability of
renewables (Fang et al., 2019); and it reasonably allocates the
ancillary services costs to market participants that cause the
requirements for services, and thus, they are incentivized to
reduce their variability. The aforementioned resource allocation
function can alleviate the impact of renewables from both the
supply and requirements of ancillary services (Chen et al., 2015;
Ela and Hytowitz et al., 2019; Yu et al., 2019).

The reasonable allocation of ancillary service costs is the key part
of the resource allocation function (Gazafroudi et al., 2015; Buchholz
et al., 2019), which affects the revenues of flexible resources and the
penalties for market participants that cause the requirements for
services. This issue has drawn global attention. In industrial practice,
China mainly allocates the ancillary service costs in proportion to
the generated or consumed energy of market participants. This
method is easy to implement. However, the variability of market
participants cannot be considered (Prica and Ilic, 2006). Australia
allocates the ancillary service costs according to the deviation
responsibility, for instance, the frequency regulation costs are
allocated based on the deviation between the planned and actual
energy of market participants (AEMO et al., 2018). This method can
reflect the variability of market participants to some extent.
However, the providers of ancillary services need to undertake
service costs, which affects their market revenues (Morales-
Espana et al., 2016). California allocates the ancillary service costs
in proportion to the declared ancillary service requirements of
market participants (Yu et al., 2019). The actual variability of
market participants cannot be considered. Regarding the
drawbacks of the methods used in industrial practices,
researchers have proposed various cost allocation methods to
achieve that target of “who causes, who shares.” These methods
include the method based on the Vickrey-Clarke-Groves (VCG)
theory (Xiang et al., 2023), forecast accuracy (He et al., 2019), risk
contribution theory (Liang et al., 2007), the Shapley value (Haring
et al., 2014), and price components of ancillary services (Wang et al.,
2020), etc. Among them, based on the contribution of renewables
and load to the reserve requirement, reference Wang et al. (2020)
derivates the reserve price component to achieve the natural
allocation of reserve costs. If the contribution of renewables and
load to the reserve requirement is accurate, this method can achieve
the target of “who causes, who shares”. In the following part of this
paper, this method will be regarded as the ideal cost allocation
mechanism and compared with other traditional cost allocation
mechanisms.

In summary, toward the target of “who causes, who shares,”
various cost allocation methods have been proposed. Nevertheless,
the impact of different cost allocation mechanisms on the market
participants’ revenues has not been quantitatively analyzed. How
could different cost allocation mechanisms alleviate the insufficient
flexibility problem of power systems is not clear. The necessity of a
reasonable cost allocation mechanism needs to be further validated.

With this in mind, taking the operating reserve as the research
object, the market participants’ revenues under different cost
allocation mechanisms are quantitatively analyzed in this paper
based on the long-term market operation simulation. The effect of
ensuring flexible resources’ revenues and incentivizing renewables to
reduce their variability of different cost allocation mechanisms is
explored, which can give references for the design of the cost

allocation mechanism. In this paper, the market participants
include renewables, load, and thermal power units. The energy
storage devices mentioned in this paper are equipped with
renewables. Hence, they belong to renewable entities. The
contributions of this paper are listed as follows:

1) Based on the time series production simulation, a long-term
market operation simulation model with energy-reserve joint
clearing is established in this paper. In the established model,
the contributions of renewables and load to the reserve
requirement are described according to their historical
forecast errors. A self-dispatch model for energy storage
(ES) equipped by renewables is established. The forecast
errors of renewables can be reduced by the equipped ES,
and thus, their contributions to the reserve requirement can
be reduced. According to the market clearing prices and
different cost allocation mechanisms, the market
participants’ revenue calculation model considering the
equipped ES is constructed, which lays a foundation for
analyzing how could different cost allocation mechanisms
alleviate the insufficient flexibility problem of power systems.

2) Based on the practical data from a provincial power grid in China,
a quantitative analysis of market participants’ revenues is
conducted under different cost allocation mechanisms,
variability of renewables, and capacities of the equipped ES.
Case studies demonstrate that compared with the method
based on energy generation/consumption used in Chinese
industry, the method based on “who causes, who shares” can
ensure the revenues of flexible resources better (revenues are
improved by 3.34%). Besides, under the method based on “who
causes, who shares,” the revenues of renewables can be greatly
improved by equipping the ES (reflected in the 28.64%
improvement in energy revenues and the 49.61% reduction of
allocated reserve costs). While under the method based on energy
generation/consumption, the allocated reserve costs of renewables
will instead increase by 61.11% after the configuration of the ES,
which affects the total revenues of renewables. Therefore, the
reasonable cost allocationmechanism can alleviate the insufficient
flexibility problem of power systems by ensuring the flexible
resources’ revenues and incentivizing renewables to reduce their
variability.

2 Long-term market operation
simulation model with energy-reserve
joint clearing

To quantitatively assess the revenues of market participants
under various reserve cost allocation strategies, a simulation of the
power spot market’s daily operations is required, utilizing extensive
load and renewables data via time-series production simulation
theory. This section outlines the energy-reserve market joint
clearing model employed in this study, enabling the
determination of market participants’ operational modes through
model resolution. Subsequently, Section 3 will evaluate the impacts
of different reserve cost allocation mechanisms on market
participants’ revenues. The energy-reserve joint clearing model
utilized in this study is detailed further below.
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2.1 Energy-reserve joint market clearing
model considering contributions of market
participants to reserve requirement

2.1.1 Objective function
The market clearing model’s objective function aims to

minimize the system’s operating costs:

min ∑
k∈K

∑
t∈T
∑
g∈G

bt,kE,g × Pt,k
g + bt,k,UPR,g × Rt,k,UP

g + bt,k,DNR,g × Rt,k,DN
g + Ct,k

g,U + Ct,k
g,D[ ] + Ct,k

r
⎡⎢⎢⎣ ⎤⎥⎥⎦⎡⎢⎢⎣ ⎤⎥⎥⎦⎡⎢⎢⎣ ⎤⎥⎥⎦⎧⎨⎩ ⎫⎬⎭

(1)

Ct,k
r � ∑

v∈V
rv Pt,k,f

v − Pt,k
v( ) + ∑

d∈D

rd Pt,k,f
d − Pt,k

d( )⎡⎣ ⎤⎦ (2)

Ct,k
g,U ≥ Kg ut,k

g − ut−1,k
g( )

Ct,k
g,U > � 0

⎧⎨⎩ (3)

Ct,k
g,D ≥ Mg ut,k

g − ut−1,k
g( )

Ct,k
g,D > � 0

⎧⎨⎩ (4)

When ut,kg is 0, the thermal power unit is shut down.When ut,kg is
1, the thermal power unit is operational.

2.1.2 Operating constraints
2.1.2.1 Line power flow constraints

σt,k,l−l( ), Pl
min ≤ ∑

j∈J
Hlj AjgP

t,k
g + AjvP

t,k
v − Pt,k

d( )≤Pl
max, σt,k,l+l( )

(5)

2.1.2.2 Power balance constraints

∑
v∈V

Pt,k
v +∑

g∈G
Pt,k
g � ∑

d∈D

Pt,k
d , σt,kb( ) (6)

2.1.2.3 Reserve constraints
The aggregated frequency regulation capacity across all units

must satisfy the system’s overall frequency regulation requirements.

∑
g∈G

Rt,k,UP
g ≥Rt,k,UP

sys , λt,k,UPR( ) (7)

∑
g∈G

Rt,k,DN
g ≥Rt,k,DN

sys , λt,k,DNR( ) (8)

Rt,k,UP
sys � πdP

t,k,UP
d + πvP

t,k,UP
v (9)

Rt,k,DN
sys � πdP

t,k,DN
d + πvP

t,k,DN
v (10)

where the ratio πdi/vi is determined by the maximum ratio between
the historical forecast errors of market members and their
corresponding predicted power generation capacity/load demand
(the system reserves capacity to address the maximum forecast error
of market members). It is noted that the focus of this paper is not to
accurately quantify the operating reserve requirement of the power
system. Instead, this paper aims to quantitatively analyze the impact
of different cost allocation mechanisms on the market participants’
revenues, thus, demonstrating the effectiveness of the cost allocation
mechanism that obeys the principle of “who causes, who shares.”
Therefore, the offset of prediction errors of renewables and load is

ignored and the ratio πdi/vi is assumed to be accurate, based on which
the reserve cost allocation that obeys the principle of “who causes,
who shares” can be achieved. Besides, so far, there still lacks a cost
allocation mechanism that can achieve the target of “who causes,
who shares” considering the impact of conventional generators,
renewables, and load. Therefore, to achieve a reasonable cost
allocation that obeys the principle of “who causes, who shares”
and simplify the analysis, this paper does not consider the impact of
conventional generators on the reserve requirement. The reasonable
cost allocation mechanism that considers conventional generators is
worthy of future research but out of the scope of this paper.

Except for the constraints illustrated above, constraints related
to the upper/lower output limits of thermal power units, the
upward/downward ramping limits of thermal power units, and
the operating status of the last period on day k being the same as
the first period on day (k + 1) are common constraints for thermal
power unit operation. Additionally, the constraints related to the
curtailment of renewable energy units and load are also considered.
Due to space limitations, these constraints are not illustrated
in detail.

The market clearing model outlined in this section enables the
daily determination of scheduling and operation plans for various
market participants. This forms the basis for calculating subsequent
earnings for market participants.

2.2 Self-dispatch model for energy storage
equipped by renewables

An effective alternative cost allocation mechanism should
incentivize renewable sources to reduce their forecast errors
through the deployment of ES systems. This requires that the
market revenues of renewable sources, post-storage deployment,
exceed their pre-storage revenues, with a growth rate higher than
that of renewable sources without storage deployment. To analyze
whether different cost allocation mechanisms can motivate
renewable sources to voluntarily deploy storage, this section
develops a self-dispatch model for renewables with integrated
storage. This model can reflect, through historical operation data
of renewable sources, the extent to which proper storage operation
planning can reduce the daily maximum forecast error. As discussed
in Section 2.1, the reduction in the maximum forecast error reduces
the reserve impact of renewable sources, thereby decreasing the
overall system reserve requirements and total reserve costs.

2.2.1 Objective function
The objective function for the self-dispatch model of renewables

with integrated ES, as developed in this study, aims to minimize the
maximum prediction error across all operational periods for
renewable sources as detailed in the Eqs 11, 12.

min max et,k
∣∣∣∣ ∣∣∣∣( ){ } (11)

et,k � Pt,k,f
v − Pt,k,a

v + χt,kes,chaP
t,k
es,cha − χt,kes,disP

t,k
es,dis( ) (12)

χt,kes,cha = 1 Indicates the charging state, and 0 signifies the absence
of charging; similarly, χt,kes,dis = 1 denotes the discharging state, with
0 indicating no discharging. Pt,k

es,cha/dis quantifies the power associated
with charging or discharging the ES system.
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2.2.2 Operating constraints
In the self-dispatch model for renewables with integrated ES, the

operational constraints of ES systems include the following:

(1) ES state mutually exclusive constraint

An ES unit can either be in a charging or discharging state at any
given time, as detailed in Eq. 13.

χt,kes,cha + χt,kes,dis ≤ 1 (13)

(2) Charge/discharge power constraints for ES devices as detailed
in the Eqs 14, 15.

0≤Pt,k
es,cha ≤ χt,kes,chaP

t,k,max
es,cha (14)

0≤Pt,k
es,dis ≤ χt,kes,disP

t,k,max
es,dis (15)

(3) ES constraints

The energy levels within the storage system must remain within
its permissible limits, as specified in Eq. 16:

κes
minEcap ≤Et,k

es ≤ κes
maxEcap (16)

The initial energy level for each day is set based on the final
energy level from the preceding day, as outlined in Eq. 17.

E24,k
es � E1,k+1

es (17)

The constraint governing changes in ES is detailed in Eq. 18.

Et,k
es � 1 − αes( )Et−1

es + Pt,k
es,cha,iδes,cha + Pt,k

es,dis/δes,dis( )Δt (18)

2.2.3 Objective function linearization
The objective function depicted in Eq. 11 is non-linear,

hindering the model’s solvability. To address this issue, the study
linearizes the objective function by introducing an ancillary variable
z, thereby transforming it into a linear form devoid of absolute
values and the max function. Consequently, the objective function
now aims to minimize the value of z, with two additional constraints,
as specified in Eq. 19, incorporated into the model.

min z

s.t z≥ et,k

z≥ − et,k
{ (19)

The constraints in Eq. 19 necessitate that the ancillary variable z
must be at least as large as the absolute value of the prediction error
for renewables in each historical period, ensuring z≥ max(|et,k|).
Thus, minimizing z equates to reducing the maximum prediction
error of renewables across all operational periods. Consequently, the
optimization problem, when substituting the original objective
function depicted in Eq. 11 with that in Eq. 19, remains
equivalent to the original problem.

By implementing the self-dispatch model for renewables
integrated with ES, renewables operators can optimally utilize ES
systems. This optimization allows for the adjustment of
discrepancies between actual and forecasted outputs through

strategic charging or discharging of the storage system.
Consequently, this reduces the maximum prediction error
associated with renewable sources, diminishing their impact on
system reserve requirements and enhancing their competitive
position in the market. With ES in place, the reserve
requirements attributed to the variance in renewables production
decrease. As a result, the overall bidding cost of the energy unit is
reduced, improving its likelihood of success in market clearing.

3 Total revenues calculation of market
participants under different reserve
cost allocation mechanisms

3.1 Energy revenues calculation of market
participants

Regarding power revenue, the market clearing prices
discussed here mainly consist of energy and start-stop prices.
Thermal power units earn revenue from both energy and start-
stop operations, while renewables sources (considered units with
minimal start-stop costs) generate income similarly. On the other
hand, the load incurs both energy and start-stop expenses. As
explained in Section 2.1, the model for energy-reserve joint
clearing introduces a binary variable to indicate the start-stop
status of units, which introduces non-convexity into the model.
To accurately formulate energy and start-stop prices, this study
uses the approach outlined in the reference Wang et al. (2023),
converting the original non-convex model into a convex one
through the application of artificial constraints.

The clearing model delineated in Section 2.1 is designated asm1.
Building upon the solution outcomes of m1, the price-assisted
optimization model m2 is developed. In m2, the integer variable
and ut,kg from m1 are relaxed into continuous variables with values
spanning from 0 to 1, as illustrated in Eq. 20. Additionally, an
artificial bundle is introduced as depicted in Eq. 21.

0≤ ut,k
g ≤ 1,∀g, ∀t,∀k (20)

∑
v∈V

Pt,k
v +∑

g∈G
PUt,k

g ut,k
g � ∑

d∈D

Pt,k
d , ςt,ken( ) (21)

where: ςt,ken represents the dual multiplier of the artificial constraint,
and PUt,k

g is determined based on the solution results of m1.
Specifically, when the optimal start-stop state in m 1, ut,k*g � 1, is
active, PUt,k

g it corresponds to the optimal output value of the
M1 thermal power unit Pt,k*

g . Conversely, when ut,k*g � 0 it is
inactive, PUt,k

g it is set to the negative maximum output of the
thermal power unit.

In conclusion, Eqs 1–10, and Eqs 19–21 form the m2 pricing
auxiliary optimization model within the framework of linear
programming. The inclusion of Constraint (21) ensures that,
even when the integer variable ut,kg is relaxed to a continuous
variable, its optimal value aligns with the optimal solution of the
original model,m1. Consequently, the optimal solution of the price-
assisted optimization model m2 coincides with that of the original
model m1. Utilizing model m2 facilitates the derivation of energy
and start-stop prices (detailed derivation is beyond the scope of this
discussion but can be found in reference (Wang et al., 2023),
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enabling the calculation of power revenue for each market
participant.

The energy price for thermal power units is detailed in Eq. 22.

γt,ken,g � σt,kb +∑
l∈L

σt,k,l−l − σt,k,l+l( )Hlg (22)

The start-stop price for thermal power units is detailed in Eq. 23.

γt,kst,g � ςt,ken PU
t,k
g (23)

The income from electricity for thermal power units is presented
in Eq. 24.

Ht,k
en,g �∑

t∈T
γt,ken,gP

t,k
g + γt,kst,gu

t,k
g( ) (24)

For load d, the electricity price, comprising both energy and
start-stop components, is indicated in Eq. 25.

γt,kd � σt,kb +∑
l∈L

σt,k,l−l − σt,k,l+l( )Hld + ςt,ken (25)

The cost incurred by load d for electrical energy is depicted in
Eq. 26.

Et,k
en,d � γt,kd Pt,k

d (26)

Similarly, the electricity price for renewables units v, which
includes the energy and start-stop components, is specified in Eq. 27.

γt,kv � σt,kb +∑
l∈L

σt,k,l−l − σt,k,l+l( )Hlv + ςt,ken (27)

The income from electricity for renewables units v is
documented in Eq. 28.

Et,k
en,v � γt,kv Pt,k

v (28)

3.2 Reserve revenues calculation of market
participants under different reserve cost
allocation mechanisms

The energy-reserve joint clearing model, as delineated in Section
2.1, quantifies the influence of renewables and load on reserve
requirements. This study posits that this influence is precisely
characterized and, on this premise, computes the reserve revenue for
market participants across various reserve cost allocation mechanisms.
Subsequently, it evaluates the efficacy of these mechanisms. It is noted
that the focus of this paper is not to propose an ideal reserve cost
allocation. This paper aims to demonstrate the necessity of reasonable
cost allocationmechanisms that obey the principle of “who causes, who
shares” by comparing market revenues under different cost allocation
mechanisms.

3.2.1 Mechanism based on “who causes,
who shares”

As outlined in Section 2.1, this study excludes the influence of
thermal power unit outages on system reserve requirements.
Consequently, under the “who cause, who share” allocation
mechanism, thermal power units are exempt from reserve costs,

while the revenue generated from providing reserve services is
distributed between renewable sources and load entities. Thus,
thermal power units accrue reserve revenue, whereas renewable
sources and load entities incur the reserve costs.

As highlighted in the introduction, accurately characterizing
the impact of renewables and load on requirements for reserve
services enables the application of the method from reference
(Wang et al., 2020) to fulfill the market allocation principle of
“who cause, who share.” Building on the premise that the impact
of renewables and load on reserve requirements, as described in
Section 2.1, is precisely articulated, this study employs the
approach detailed in reference (Wang et al., 2020) to calculate
the reserve price components for thermal power units, as well as
renewables sources and load. This approach facilitates the natural
redirection of reserve costs via price signals, thereby achieving
the “who cause, who share” objective. The pricing and earnings
related to reserves for each market participant are presented
below [the detailed derivation process is elaborated in reference
(Wang et al., 2020)].

The reserve revenue for thermal power units is detailed in Eq. 29.

Ht,k
s,g � λt,k,UPR Rt,k,UP

g + λt,k,DNR Rt,k,DN
g (29)

By integrating this with the electricity revenue, the total revenue
for thermal power units is computed as presented in Eq. 30.

Ht,k
g � Ht,k

en,g +Ht,k
s,g (30)

The reserve price components for renewables unit v are outlined
in Eq. 31, encompassing both the upper and lower reserve price
components.

ρt,kv � πvλ
t,k,UP
R + πvλ

t,k,DN
R (31)

The reserve costs attributed to renewables unit v are specified in
Eq. 32, consisting of the reserve price components for renewables
and their output power.

St,kw,v � ρt,kv Pt,k
v (32)

The overall revenue of renewables is determined by aggregating
the electricity revenue and the reserve costs for renewables units, as
indicated in Eq. 33.

Et,k
v � Et,k

en,v − St,kw,v (33)

The reserve price component for load d, detailed in Eq. 34,
comprises both the upper and lower reserve price components.

ρt,kd � πdλ
t,k,UP
R + πdλ

t,k,DN
R (34)

The reserve cost incurred by load d, specified in Eq. 35, includes
the reserve price component associated with renewables and the load
requirements.

St,kw,d � ρt,kd Pt,k
d (35)

By holistically assessing the electrical energy cost and reserve
cost for load d, the aggregate cost payable by the load is computed, as
presented in Eq. 36.

Et,k
v � −Et,k

en,d − St,kw,d (36)
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3.2.2 Mechanisms based on the proportion of
energy generation/consumption

The allocationmethod, predicated on the ratio of power generation
to consumption, distributes the total reserve cost among market
participants based on their respective shares of total power
generation and consumption within the network. This approach is
detailed in Eqs 37, 38, exemplified by the reserve cost allocation for day
k, and represents a prevalent method within the Chinese industry.

Zk
s �∑

t∈T
∑
g∈G

Ht,k
s,g (37)

Skp,d/v/g �
∑
t∈T

Pt,k
d/v/g

∑
t∈T

∑
d∈D

Pt,k
d + ∑

v∈V
Pt,k
v + ∑

g∈G
Pt,k
g( )

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠Zk

s (38)

Within this distribution mechanism, thermal power units,
renewable sources, and loads are all required to contribute towards
the reserve costs. Consequently, the aggregate revenue of thermal power
units is derived from their electricity sales revenue, reserve revenue, and
the reserve costs they incur, as illustrated in Eq. 39.

Ht,k
g � Ht,k

en,g +Ht,k
s,g − St,kp,g (39)

The total revenue calculations for renewables sources and loads,
akin to those presented in Eqs 33, 36, respectively, will not be
reiterated here.

3.2.3 Mechanism based on types of market
participants

The apportionment method, which accounts for the type of
market entity, initially allocates the total reserve cost among
different types of market entities in predetermined proportions.
Subsequently, it distributes the reserve cost to individual market
participants based on their share of electricity generation/
consumption. This approach is a prevalent method of cost
distribution within the Chinese industry.

The total reserve cost allocated to various market entities by this
method is detailed in Eq. 40.

Wk
d/v/g � αd/v/gZ

k
s (40)

In the Chinese industrial sector, the allocation ratio for thermal
power units αd/v/g is set at 10%, while the ratios for renewable energy
and load are both set at 45%.

Taking thermal power units as an example, the reserve cost
allocated to thermal power units will be further allocated to each
thermal power unit according to the ratio of power generation
between thermal power units, as shown in Eq. 41. The
apportionment of the reserve cost between the load subject and
the renewables subject is similar to that of the thermal power unit,
which will not be described here.

St,kx,g �
∑
t∈T

Pt,k
g

∑
t∈T
∑
g∈G

Pt,k
g

⎛⎜⎜⎜⎜⎜⎜⎜⎝ ⎞⎟⎟⎟⎟⎟⎟⎟⎠Wk
g (41)

Under this apportionment mechanism, the total revenue of
thermal power is similar to Eq. 39, and the total revenue of

renewables and the total revenue of load are similar to Eqs 33,
36, which will not be repeated here.

3.3 Total revenues calculation of renewables
with equipped energy storage

Section 3.1 determines the electricity revenue generated by
renewable sources, while Section 3.2 assesses the reserve costs
allocated to renewables under various distribution mechanisms. The
overall revenue of renewables is derived from combining electricity
revenue and reserve costs. Additionally, for renewables entities
equipped with supporting ES systems, it is imperative to account for
the investment and operational costs of these storage solutions to
precisely evaluate the revenue implications for renewables entities
following the implementation of ES under diverse cost allocation
mechanisms.

The costs associated with ES discussed in this paper encompass
investment costs, maintenance costs, and life loss costs, as detailed in
references (Li and Xu et al., 2018; Ahmadi et al., 2018; Li et al., 2021).
These costs are distributed across each moment and day within the
sequential production simulation.

The life loss cost, allocated per period, is detailed in Eq. 42.

Ct,k
es � ∑

es∈ES
εes · Pt,k

es,cha + Pt,k
es,dis( ) (42)

The parameter εes can be obtained by fitting the energy storage
life cycle curve.

The investment cost allocated per period is outlined in Eq. 43.

Ct,k
cap �

∑
es∈ES

Ccp,esf 1 + f( )wes/ 1 + f( )wes−1[ ]
R × L

(43)

The maintenance cost for each period of ES is detailed in Eq. 44.

Ct,k
ma � Pt,k

es,cha + Pt,k
es,dis( )Et,k

es,om (44)

Upon accounting for ES costs, the total revenue of renewables
entities, inclusive of supporting ES, comprises electricity revenue,
reserve costs, and ES costs. This is exemplified in Eq. 45, utilizing the
“who cause, who share” principle for reserve cost allocation.

Et,k
v � Et,k

en,v − St,kw,v − Ct,k
es + Ct,k

cap + Ct,k
ma( ) (45)

Since the energy storage is equipped with renewables, the costs of
the energy storage are added to the costs of corresponding renewables.

4 Case studies

4.1 Case description

The operational data from a provincial power grid in China,
spanning January 2020 to December 2020, serves as the basis of the
load and renewables data utilized in case studies. Meanwhile, to
improve the penetration of renewables, the renewables data are
proportionally expanded to achieve a 30% penetration rate. In
addition, the prediction errors of renewables and load are
generated according to the assumption that the prediction errors
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follow a normal distribution with a mean of zero (Holttinen et al.,
2008). By amalgamating the prediction error data with the practical
data, the predicted renewables and load are obtained. The predicted
data are used as input for the market clearing model, while the
prediction error data are used to form the operating reserve
requirement of the power system.

The IEEE 30-node system serves as the basis of the power
system’s topology in case studies. In addition, two wind turbines
are added in nodes 5 and 50, and two thermal power units are added
in nodes 8 and 19. The practical renewables and load data are scaled
to fit the parameters of the IEEE 30-node system. This paper focuses
on the evaluation of market participants’ revenues under various
reserve cost allocation mechanisms and explores the mechanisms’
effectiveness. For the sake of simplicity, this paper denotes the three
cost allocation methods introduced in Section 3.2 as M1, M2, and
M3, respectively. The scheduling interval used in the dispatch model
introduced in Section 2 is 1 h. The operating parameters of the
thermal power units in the modified IEEE 30-node system are
detailed in Table 1.

4.2 Analysis of simulation results

4.2.1 Analysis of market participants’ revenues
under different reserve cost allocation
mechanisms

To effectively analyze the impact of the reserve cost allocation
mechanism on market participants’ revenue, this section assumes that

the two introduced typhoon motor groups, labeled W1 and W2, have
identical installed capacities and forecasted outputs. However, the
standard deviation of the forecast error for W1 is 30% of its actual
output, while for W2, it is 20%. Neither wind turbine incorporates ES.
Table 2 presents the revenue of each market entity under various
standby cost allocation mechanisms, with “G” representing all thermal
power units.

Data from Table 2 indicates that, under the allocation mechanism
M1, thermal power units enjoy the highest total revenue. This outcome
is attributed to the fact that in mechanismM1, thermal power units do
not induce additional reserve requirements (as the model does not
consider shutdowns of thermal units), thus exempting them from
bearing the costs associated with reserve capacity. Conversely, under
mechanisms M2 and M3, thermal units incur higher reserve costs,
diminishing their reserve revenue in comparison to M1, which in turn
affects their overall profitability. Consequently, compared to
mechanisms M2 and M3, thermal units’ total revenue under
M1 increased by 3.46% and 3.38%, respectively. Therefore,
mechanism M1 more effectively ensures the profitability of thermal
power units, encouraging them to offer reserve services. In contrast,
under mechanisms M2 and M3, despite providing reserve services, the
associated costs dampen their enthusiasm for offering ancillary services.

A comparison of the energy revenue between wind power units
reveals that W2’s energy revenue is 25.07% higher than that of W1.
This is because W2 exhibits less variability, leading to lower system
reserve requirements per unit of output (i.e., a lesser impact on
reserve requirements), thereby reducing the operational costs
associated with its output. Hence, compared to W1, which has

TABLE 1 Operation parameters of thermal power units.

Unit index Energy bid price
/$·(MW·h)−1

Reserve bid price
/$·(MW·h)−1

Maximum output
/MW

Minimum output
/MW

Ramping capability
/[MW·(5 min)−1]

1 28.50 36.61 70.00 15.00 10.00

2 40.39 38.30 75.00 15.00 10.00

3 36.32 26.32 80.00 10.00 10.00

4 38.27 22.35 60.00 10.00 10.00

5 36.30 25.45 50.00 10.00 10.00

6 23.47 39.74 30.00 15.00 10.00

7 35.64 41.85 60.00 15.00 10.00

8 30.47 34.52 40.00 15.00 10.00

TABLE 2 Earnings of market players under different reserve cost allocation mechanisms.

Cost
allocation
mechanism

M1 M2 M3

Market entity Energy
revenue

Reserve
revenue

Total
revenue

Energy
revenue

Reserve
revenue

Total
revenue

Energy
revenue

Reserve
revenue

Total
revenue

W1 1,611,317 −128,433 1,482,884 1,611,317 −12,673 1,598,644 1,611,317 −16,410 1,594,907

W2 2,015,401 −60,993 1,954,408 2,015,401 −33,645 1,981,756 2,015,401 −40,768 1,974,633

G 14,172,753 1,114,357 15,287,110 14,172,753 603,496 14,776,249 14,172,753 614,356 14,787,109
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more significant fluctuations, the market prefers to accommodate
W2, as evidenced by its substantially higher accepted bid volume (an
increase of 66.21%, as shown in Figure 1), ultimately resulting in
higher energy revenue for W2.

An analysis of the reserve costs associated with wind turbines
reveals that under the M1 allocation mechanism, W2 incurs a lower
reserve cost, constituting only 47.44% of W1’s reserve cost,
attributed to its minimal impact on reserve requirements.
Conversely, traditional cost allocation mechanisms M2 and
M3 allocate reserve costs based on bid quantities, resulting in
W2 incurring higher reserve costs, 165.45% and 148.43% greater
than W1, respectively. Besides, under traditional cost allocation
mechanisms M2 and M3, W2 with fewer uncertainties undertakes
more reserve costs than that allocated to W1. Hence, these
mechanisms do not obey the principle of “who causes, who
shares” and are regarded as unfair (Gazafroudi et al., 2017; Xiang
et al., 2023). By contrast, the M1 mechanism is more favorable for
renewable sources with smaller fluctuations and uncertainties, as it
imposes lower reserve costs on them, thereby incentivizing the
reduction of their fluctuations and uncertainties characteristics.

Regarding the total revenue of wind turbines, under allocation
mechanism M1, W2 achieves not only a higher energy revenue than
W1 but also incurs a lower reserve cost, resulting in a total revenue
increase of 31.79% compared toW1. In contrast, under mechanisms
M2 andM3, the elevated reserve costs borne byW2 lead to a relative
decrease in its total revenue increase to only 23.96% and 23.81%,
respectively, when compared to W1. Analysis of the total revenue
across both turbines under all three mechanisms reveals that
W1 and W2 secure higher revenues under M2 and M3. This

outcome is attributable to the distribution of reserve costs among
thermal power units in M2 and M3, thereby reducing the wind
turbines’ reserve costs and enhancing their total revenue.

In conclusion, the M1 allocation mechanism is more effective in
ensuring the revenue stability of power supply regulation while also
enabling renewable sources with lower fluctuations and
uncertainties to gain a competitive edge in the market (relative to
the revenue increase of newer, high-fluctuation energy sources).
This approach incentivizes renewable entities to minimize their
fluctuations and uncertainties characteristics.

4.2.2 Incentive effect of different reserve cost
allocation mechanisms on configuring energy
storage by renewables

To further assess the validity of various reserve cost allocation
mechanisms, this section will evaluate the impact of ES configurations
with differing capacities and maximum charge/discharge rates in wind
turbine W1. It will also examine the revenue variations of two wind
turbines to understand the motivational effects of these mechanisms on
the integration of ES into renewable sources. It is posited that both wind
turbines, W1 and W2, have identical installed capacities, predicted
outputs, and actual outputs, with the forecast error’s standard deviation
being 20% of the actual output.

Table 3 illustrates the revenue shifts for new energy entities given
an energy storage configuration of 30 MW charging/discharging
power and 200 MWh capacity.

Table 3 demonstrates that equipping wind turbine W1 with ES
significantly mitigates its fluctuations and uncertainties characteristics
and enhances its market competitiveness, leading to an increase in its

FIGURE 1
Comparison of scalars in fans with different bearing coefficients.

Frontiers in Energy Research frontiersin.org08

Wen et al. 10.3389/fenrg.2024.1413297

https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://doi.org/10.3389/fenrg.2024.1413297


bid-winning capacity. Conversely, this results in a reduction in both the
bid-winning capacity and capacity income of thermal power units.
Furthermore, analyzing the revenue of thermal power units after
integrating ES into W1 under the three allocation mechanisms
reveals an increase in reserve revenue for the thermal motor group
under M1 by 44.49% and 42.82% compared to M2 and M3,
respectively, with total revenue seeing an uptick of 3.36% and
3.24%. This indicates that in scenarios involving renewables
configurations with ES, M1 more effectively safeguards the market
revenue of thermal power units compared to the conventional
mechanisms M2 and M3.

An analysis of W1’s market revenue reveals that integrating
ES leads to a significant improvement in energy revenue, with a
27.51% increase in bid power compared to configurations
without ES. Regarding reserve costs, the M1 allocation
mechanism sees a reduction in W1’s fluctuations and
uncertainties characteristics due to ES installation, thereby
decreasing its impact on reserve requirements and reducing its
reserve costs by 49.61%. Despite the higher investment cost for
ES, W1’s overall revenue post-integration increases by 32.01%.
Conversely, under the M2 and M3 mechanisms, W1 incurs
higher reserve costs (61.09% and 53.00% increases,
respectively) due to enhanced bid-winning power, resulting in
overall revenue growth rates of only 24.58% and 24.44%,
respectively, which are lower than those observed under M1.
In summary, the M1 mechanism more effectively promotes the
enhancement of overall revenue for renewable sources equipped
with ES by encouraging a reduction in fluctuations and
uncertainties through strategic ES allocation, in comparison
to M2 and M3.

Analysis of W2’s market revenue indicates that in scenarios lacking
ES support, W1, and W2 exhibit identical market revenues across all
three reserve cost allocation mechanisms due to their matching
operating parameters. However, upon integrating ES, W1 enhances
itsmarket competitiveness and bid capacity, inversely affectingW2’s bid

capacity. Consequently, W2’s energy revenue decreases by 9.46% in
comparison to scenarios where W1 is not equipped with ES. Regarding
reserve costs, under the M1mechanism,W2 incurs higher reserve costs
owing to its pronounced fluctuations and uncertain characteristics.
Nevertheless, W1’s adoption of ES leads to a system-wide reduction in
reserve costs, thereby diminishing W2’s reserve expenses by 12.52%
relative to scenarios excluding ES. Ultimately, W2’s total revenue
declines by 7.38%; under M2 and M3 mechanisms, due to its lesser
bid capacity, W2’s reserve costs are lower than W1’s and are further
reduced by 11.88% and 13.10%, respectively, compared to scenarios
withoutW1’s ES, culminating in a total revenue reduction of 7.07% and
7.66%. This comparison underlines that traditional mechanisms
M2 and M3, where W1 incurs higher reserve costs post-ES
integration, may deter renewable sources from adopting ES solutions.

This study aims to examine the impact of the M1 allocation
mechanism on incentivizing renewable sources to actively integrate
ES. Figure 2 presents a comparative analysis of the overall revenue
across various renewables units under M1, focusing on
configurations of W1 with diverse ES capacities and
maximum powers.

Figure 2 illustrates that, under the M1 allocation mechanism, as
ES capacity and maximum power enhance, W1’s total revenue
progressively increases. In contrast, W2’s total revenue exhibits a
corresponding decline. Notably, when the ES parameters reach
50 MW/300 MWh, W1’s total revenue surges by 46.73% relative
to scenarios lacking ES, whereas W2’s total revenue diminishes by
15.97%. This pattern underscores that, within the M1 framework,
renewable sources equipped with storage markedly boost their
revenue, whereas those without storage experience a revenue
downturn. Hence, the M1 mechanism effectively motivates the
strategic integration of ES among renewable sources.

In conclusion, the M1 allocation mechanism outperforms
traditional mechanisms M2 and M3 by more effectively securing
power supply revenue adjustments and incentivizing renewable
sources to integrate ES. Consequently, there is a compelling need

TABLE 3 Revenues of each market entity under different reserve cost allocation mechanisms after new ES is configured.

Market
entity

Cost allocation
mechanism

M1 M2 M3

Does
W1 incorporate

ES?

Without
ES

With ES
(30 MW/
200 MWh)

Without
ES

With ES
(30 MW/
200 MWh)

Without
ES

With ES
(30 MW/
200 MWh)

W1 Energy Revenue 1,574,131 2,007,110 1,574,131 2,007,110 1,574,131 2,007,110

Reserve Revenue −134,826 −67,944 −18,637 −30,024 −23,768 −36,365

ES Cost 0 39,169 0 39,169 0 39,169

Total Revenue 1,439,304 1,899,997 1,555,493 1,937,916 1,560,363 1,941,747

W2 Energy Revenue 1,574,131 1,461,887 1,574,131 1,461,887 1,574,131 1,461,887

Reserve Revenue −134,826 −117,943 −18,637 −16,423 −23,768 −21,177

Total Revenue 1,439,304 1,343,943 1,555,493 1,445,463 1,560,363 1,440,710

G Energy Revenue 10,322,660 10,296,755 10,322,660 10,296,755 10,322,660 10,296,755

Reserve Revenue 1,015,278 843,756 544,914 468,326 555,175 482,421

Total Revenue 11,337,939 11,140,512 10,867,575 10,765,082 10,877,826 10,779,177
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to develop a market-driven allocation mechanism aligned with the
principle of “who causes, who shares.” This study presupposes that
renewable sources and loads can precisely forecast the system’s
reserve requirements, thereby achieving the cost allocation principle.
However, this assumption may not hold in real-market operations,
necessitating further investigation by market operators. Such
research is crucial for enhancing the power system’s flexibility
through a well-designed cost-allocation mechanism for
auxiliary services.

5 Conclusion

This study addresses the challenge of enhancing power network
flexibility, which is compromised by the high influx of renewable
sources. We explore a viable reserve cost allocation mechanism to
tackle this challenge. We develop a comprehensive simulation model
that combines long-period market operations with energy-reserve joint
clearing. This model encapsulates the impact of renewable source
prediction errors on system reserve requirements. Furthermore, we
formulate a self-dispatchmodel for the equipped ES to accurately reflect
changes in prediction error post-storage implementation. By
incorporating market clearing mechanisms, we establish a model for
calculating the total revenue of market entities under various reserve
cost allocation schemes. This sets the stage for an in-depth analysis of
how different mechanisms can alleviate the system’s flexibility shortfall.
Using real data from a provincial power grid in China, we conduct a
comparative analysis of the revenues to market participants under
diverse reserve cost allocation frameworks. This analysis helps to
illustrate the potential of these mechanisms to enhance system
flexibility. The key findings are as follows:

(1) In contrast to the traditional allocation mechanisms that
are widely used in the Chinese industry, under the

mechanism that obeys the principle of “who causes, who
shares,” the regulating resources that do not cause the need
for the reserve need not undertake reserve costs. As a
result, the market revenues of regulating resources can
be ensured.

(2) Besides, under the mechanism that obeys the principle of
“who causes, who shares,” the reserve costs allocated to
renewables can be greatly reduced by equipping ESs. As a
result, their market revenues can be significantly improved
(including the costs of ESs). By contrast, the market revenues
of renewables without equipped ESs are decreased.

In summary, this research demonstrates that the “who causes,
who shares” allocation mechanism not only effectively ensures and
stabilizes the revenue of power suppliers but also motivates
renewable entities to diminish their fluctuations and uncertainties
traits through the adoption of ES. This approach holds significant
potential for enhancing the power system’s flexibility and addressing
its current limitations.
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FIGURE 2
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Nomenclature

g, G Index and set for generators

v, V Index and set for renewables

d, D Index and set for load

es, ES Index and set for energy storage

j, J Index and set for buses

l Index for branches

k, K Index and set for the day

t, T Index and set for dispatch intervals

bt,kE,g Energy bid of generator g in the tth dispatch interval ($/MWh)

bt,k,UP/DN
R,g

Regulation-up/down mileage bid of genera-tor i in the tth dispatch
interval ($/MWh)

Pt,k
g

Planned output of thermal power units

Rt,k,UP/DN
g

Upper/lower reserve capacity by thermal power units

Ct,k
r

The cost associated with renewables curtailment and load shedding

rv/d The per-unit cost of renewables curtailment/load shedding

Pt,k,f
v/d

The forecasted output of renewable and predicted load demand

Pt,k
v/d

The actual output of renewable and actual load demand

Ct,k
g ,U/D

Startup and shutdown costs of thermal power units

Kg The unit startup costs of thermal power units

Mg The unit shutdown costs of thermal power units

ut,kg The binary variable indicates the operational status of thermal power
units

Hl,j The transfer distribution factors between injection power and active
power flow

Ajg The correlation matrix between thermal power unit indices and node
indices

Ajv The correlation matrix between renewable unit indices and node indices

Pmax /min
l Maximum/minimum transmission power

σt,k,l+/−l
Dual multipliers of line flow constraints

σt,kb Dual multipliers of power balance constraints

Rt,k,UP/DN
sys

System upward/downward reserve requirements

πdi/vi The impact of load/renewable on system reserve requirements

λt,k,UP/DN
R

Dual multipliers of system upward/downward reserve requirement
constraints

|et,k | Forecast errors in renewables

Pt,k,a
v

The historical actual output of renewable

χt,kes,cha/dis Integer variables for the charging/discharging state of energy storage

Pt,k
es,cha/dis

Charging/discharging power of energy storage

Pt,k,max
es,cha/dis

Maximum charging/discharging power of energy storage

κmin /max
es The maximum/minimum energy coefficients allowed for energy storage

Ecap Maximum energy capacity of energy storage equipment

Et,k
es

Energy capacity of energy storage

αes The natural decay rate of energy storage

δes,cha/dis Charging/discharging efficiency of energy storage

Δt Time granularity of each dispatch period

St,kv/d Reserve costs are borne by renewable/load

Skp,d/v/g Reserve costs that each market member needs to bear

Zk
s

Total reserve revenue of all thermal power units on the kth day

αd/v/g Allocation coefficients of various market entities

Wk
d/v/g

Total reserve costs that each market entity needs to bear

εes Power degradation cost per unit for energy storage

R Number of periods per day in long-term simulations

L Total number of simulated days

Ccp, es Initial investment costs

Wes Annual interest rate lifespan of energy storage units

f Annual interest rate

Et,k
es,om

Maintenance cost per unit of power for energy storage
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