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Coordinated Generation Scheduling Considering
Peak Regulation Cost Allocation and
Compensation Distribution in Power Systems
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Abstract—As the share of renewable generations (RGs) in
power systems grows, the demand for peak regulation has in-
creased, leading to higher associated costs. In this paper, we
propose a mechanism for allocating peak regulation cost among
RGs and distributing compensation among peak regulation re-
sources (PRRs). This mechanism is integrated into a coordinat-
ed generation scheduling model to enhance the economic effi-
ciency of independent system operators (ISOs) and incentivize
PRRs. First, we propose a model for peak regulation cost of di-
verse PRRs. Next, we develop a method for constructing an RG
output curve that facilitates peak regulation. The waveform dif-
ference between this constructed curve and the RG forecasted
output curve is then calculated. In addition, we create a mecha-
nism for peak regulation cost allocation and compensation dis-
tribution that incorporates the waveform difference, the peak
regulation contribution of PRRs, and participant satisfaction as
key indicators. We then establish a coordinated generation
scheduling model using this mechanism, which is solved
through the column-and-cut generation algorithm and rolling
optimization. Finally, we conduct case studies based on an im-
proved IEEE 30-bus test system and perform several compara-
tive analyses to validate the effectiveness of the proposed mecha-
nism and coordinated generation scheduling model.

Index Terms—Peak regulation cost allocation, renewable gen-
eration, compensation distribution, peak regulation resource, co-
ordinated generation scheduling.

1. INTRODUCTION

N recent years, as the penetration rate of renewable ener-
gy in power systems has continued to increase, variability
and counter peak regulation characteristics [1] of renewable
energy outputs have led to a continuous increase in peak-to-
valley differences in the net load of power systems [2], there-
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by increasing peak regulation pressure and costs. According-
ly, designing reasonable mechanisms for the allocation of
peak regulation costs and compensation distribution is cru-
cial for building a comprehensive generation-load-storage co-
ordinated generation scheduling method. This is important
for enhancing the economic efficiency of independent sys-
tem operators (ISOs), incentivizing peak regulation resources
(PRRs) [3], and improving load supply security and renew-
able energy consumption [4].

Based on the principle of “causation responsibility”, re-
newable generations (RGs) must be responsible for allocat-
ing peak regulation costs, which is typically implemented
through the Shapley value and its variants by current re-
search works. Reference [5] proposes a planning-operation
model of energy storage system (ESS) for a wind power ag-
gregation station, where the profits of wind farms are distrib-
uted to the storage system at the operational level using an
improved Shapley method. Reference [6] quantifies the peak
regulation costs induced by wind generation integration us-
ing the Shapley method to determine the peak regulation
costs attributable to each wind turbine (WT). Reference [7]
introduces the ratio of deep peak regulation ability and de-
mand as a parameter to improve the short-sight of the origi-
nal Shapley value allocation method, ultimately proving the
efficacy of the modified method through case studies. Some
researchers have extended the Shapley value allocation meth-
od to other costs. A problem formulation that accounts for
the costs of ancillary services, including peak regulation, fre-
quency regulation, and reserves, is proposed in [8], which in-
troduces a model for allocating these costs based on the
Shapley value allocation method. However, as the number of
renewable generation units increases, the “coalition number”
used in the Shapley value allocation method can grow expo-
nentially, making it increasingly challenging to solve the
peak regulation cost allocation problem. Clustering algo-
rithms have been adopted by many researchers to extract typ-
ical features from numerous resources, thereby achieving di-
mensionality reduction and rapid analysis. Clustering has
been applied in areas such as power forecasting for renew-
able energy units [9], residential load forecasting [10], and
the identification of generation and consumption patterns
[11]. Specific clustering methods include the K-means and K-
shape algorithms. In short, clustering methods can be viewed
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as a means of striking a balance between computational ac-
curacy and time. However, when applied to peak regulation
cost allocation, they may simplify the allocation process,
which inevitably reduces the granularity and fairness of the
final outcomes, negatively affecting participant enthusiasm.
Therefore, it is of urgent need to develop efficient and accu-
rate allocation methods.

Reference [12] assumes that the peak regulation compensa-
tion distribution of traditional generation (TG) units is linear-
ly related to the volume of peak regulation. Accordingly, this
compensation is incorporated into the objective function of
the optimization problem to realize economic scheduling that
considers the peak regulation compensation for TG units.
However, this method does not sufficiently consider the con-
tribution of peak regulation, making it difficult to encourage
the active participation of PRRs. As the types of PRRs in
power systems continue to diversify [13], [14], developing
more applicable compensation distribution mechanisms for
various types of PRRs is imperative.

Reference [15] models the pumped-storage power stations
and integrates them with conventional hydropower stations
to consider the overall scheduling of a cascaded hydropower
plant system as a coordinated generation scheduling between
pumped-storage and conventional hydropower stations. Simi-
lar to [15], [16] integrates an RC thermal-network-based
building aggregation model into the scheduling model of in-
tegrated electricity and district heating systems, where the
overall scheduling result is considered as the coordinated re-
sult. In addition, although some researchers have not consid-
ered the result of overall scheduling derived from coordinat-
ed generation scheduling, they also have not accounted for
the transfer of interests between PRRs under coordinated
generation scheduling. Reference [17] proposes a multi-
source coordinated peak regulation optimization model that
includes nuclear power, conventional power sources, and
wind power stations. Although [17] demonstrates good
matching characteristics between wind and nuclear power
for peak regulation, coordination methods and the transfer of
interest in peak regulation between different power sources
are not explored. Compared with [17], [18] proposes a sched-
uling optimization model that considers biogas, solar, and
wind energy, utilizing a multi-energy flow coupling matrix
to realize coordinated generation scheduling, which consid-
ers coordination methods but neglects the transfer of inter-
ests. Overall, some coordinated generation-scheduling stud-
ies combine the mathematical models of two or more energy
resources into a single entity, treating the result of overall
scheduling as that of deriving from coordinated generation
scheduling. However, this method faces challenges when
considering the transfer of interests while fully utilizing the
coordinating capabilities of various resources. In addition, as
peak regulation pressures and costs continue to increase in
future power systems, the economic issues of resources must
not be ignored.

In summary, although the coordinated generation schedul-
ing has received considerable attention as a vital measure for
maintaining the supply-demand balance, the increasing costs
of peak regulation indicate that traditional models that do
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not consider economic issues of resources have become inad-
equate. In this paper, we propose a mechanism for peak regu-
lation cost allocation and compensation distribution, based
on which we develop a two-stage coordinated generation
scheduling model. The main contributions are as follows.

1) The model for peak regulation cost of diverse PRRs is
proposed. For a TG unit, the model offers a more refined
method than traditional models by accounting for the peak
regulation cost incurred from upward ramping. For an ESS,
a new coefficient is introduced to represent the increased
life-loss cost due to deviation from the regular state of
charge (SOC) range, and the life-loss cost from overcharging
or overdischarging is considered as the peak regulation cost.
For a transferable load (TL), the transfer cost is regarded as
the peak regulation cost.

2) A mechanism for peak regulation cost allocation and
compensation distribution is proposed. For cost allocation,
peak regulation-friendly output curves are introduced as the
basis for calculating the allocation ratios for RGs, whereby
generation friendliness in cost allocation is considered. The
concept of peak regulation contribution is introduced as the
basis for compensation distribution. Compared with conven-
tional methods, the proposed mechanism encourages PRRs
to participate in peak regulation.

3) Based on the proposed mechanism, a coordinated gener-
ation scheduling model is constructed. At the day-ahead
phase, the ISO provides pre-scheduling results using the dis-
tributionally robust optimization (DRO) framework while si-
multaneously calculating parameters such as the allocation
ratio based on data submitted by the mechanism participants.
At the intraday phase, a rescheduling model is established to
minimize the ISO subsidy, which is related to participant sat-
isfaction. The coordination process among various resources
is reflected in cost allocation and compensation distribution.

The remainder of this paper is structured as follows. In
Section II, peak regulation cost modelling (PRCM) is pre-
sented. Section III describes the proposed mechanism consid-
ering participant satisfaction. Section IV presents a coordinat-
ed generation scheduling model considering the proposed
mechanism. Section V presents the case study. Section VI
concludes the paper.

II. PRCM

A. PRCM for TLs

In practice, because of the large number of nodes in a
power system, analyzing and modelling the peak regulation
cost at the nodal level is challenging [19], [20]. Therefore,
loads in an area can be aggregated into regional loads. Spe-
cifically, we assume that the regional load includes a fixed
load (FL) and a TL, where TLs participate in incentive-
based demand response for peak regulation.

For power system load aggregation, the traditional modu-
larity function is modified using an electrical distance ma-
trix, which serves as the core module of the community de-
tection [21] algorithm to achieve regional segmentation. Fol-
lowing aggregation, the peak regulation cost of TLs can be
expressed as [22]:
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Cl= (AP +AP!; ) p" Vie T.VkeN, (1)

where ¢ and T are the index and set of time periods, respec-
tively; k and N, are the index and set of TLs, respectively;
Cy7" is the TL cost for peak regulation; AP} and AP}, are
the transfer-in and transfer-out power of the TL, respective-
ly; and p” is the unit TL cost.

B. PRCM for TGs

Figure 1 presents the peak regulation process for TGs,
where P#” and P#“ are the minimum outputs with and with-
out oil-boosting, respectively; P¢”" and P& are the mini-
mum and maximum outputs in regular peak regulation, re-
spectively; and P? is the maximum output in upward peak

regulation.
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Fig. 1. Peak regulation process for TGs.

1) Modelling for Upward Peak Regulation Cost

At the upward peak regulation stage, the rotor of the gen-
erator experiences relatively high temperatures and stresses,
which are more likely to lead to rotor creep damage and can
result in life-loss costs. The calculation method for the life-
loss costs refers to the Manson-Coffin formula [23]. In addi-
tion, an excessive load reduces efficiency, necessitating addi-
tional fuel consumption. Thus, the upward peak regulation
cost of TGs can be expressed as:

cie_g PE ,
C,’,t —ﬁ,‘ VIET,VIENG (2)
2N/ PE,)
g adcoal __ Plgf g.coal .
C§ =| e -1|C8 Vte T,Vie N, 3)

Ce=pe Pg, Vte T,Vie N,

where i and N, are the index and set of TGs, respectively;
e, %) and C%/“" are the coal cost at regular peak
regulation stage, life-loss cost, and additional coal cost at up-
ward peak regulation stage, respectively; P¢, is the output of
TGs; p? and p™ are the unit output cost and purchase cost

of TGs, respectively; and N,(-) and /3, are the rotor crack cy-

cle count and loss coefficient, respectively.
2) Modelling for Deep Peak Regulation Cost

At the non-oil peak regulation stage, the output of TG de-
viates significantly from the design values, leading to a low-
cycle fatigue loss of the rotor, which can also be calculated
using (2).

At the oil-boosted peak regulation stage, the peak regula-
tion cost includes life-loss, oil, and polluting gas emission
costs.

C;ioil: ng,oilpo[l Vit e T; Yie NG (4)
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Cf,tem,':pson?,soz(Plga_Pft) +pN0"w§’NO‘(P;"”“—Pf,)

Vte T,Vie N, (5)
where C£" and C£" are the oil cost and polluting gas emis-
sion cost of TGs, respectively; p* is the unit oil price; p°%
and p"°- are the unit emission costs of SO, and NO_, respec-
tively; Q%" is the single oil injection amount; and w#*% and
ws"% are the polluting gas emissions of SO, and NO,
caused by a unit output that is lower than P{“, respectively.

Overall, the peak regulation cost of TG C{/" can be ex-

pressed as:
CE e 1. Cgadeont pre (P Pi] wevi

Cir=1cp pre[pee i) vevi (©)
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C. PRCM for ESSs

In this paper, the life-loss cost resulting from overcharging
or overdischarging of the ESS is considered as the peak reg-
ulation cost, which can be expressed as:
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where j and N are the index and set of ESSs, respectively;
C;7"" is the peak regulation cost of ESSs; S is the SOC of
ESSs; A\ and 5;’“”‘”" are the maximum and minimum
SOCs of ESSs at regular peak regulation stage, respectively;
S‘f‘“ and §;“ are the maximum and minimum SOCs of ESSs,

respectively; AS?; is the SOC change due to peak regulation;
pj’“"’”f" is the purchase cost of ESSs; N is the number of
fully charging and discharging cycles; and 47} is the increase
in the life-loss ratio resulting from a deviation from the regu-
lar SOC range.

III. PROPOSED MECHANISM CONSIDERING PARTICIPANT
SATISFACTION

A. Satisfaction Modelling for Mechanism Participants

1) Satisfaction Modelling of RGs
In this paper, RGs include WTs and photovoltaic (PV) sys-
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tems, which are abbreviated as w and v in subsequent equa-
tions. For RGs, if weather conditions change, the actual out-
puts during certain periods may be significantly lower than
the forecasted outputs. In these cases, the power generation
income is low, but the demand for upward peak regulation
of the system is high, which can result in an undesirable con-
sequence whereby the RGs bear a high ratio of the peak reg-
ulation cost related to their income. In these situations, the
ISO provides a subsidy, denoted as C***, to meet the satis-
faction constraints of the RGs.

¢ VieTxe {wv}

L all
CtX atloc
pe( P;c_P;c,cur) + C;c,sub

¢ R
g2¢

(8a)

e=1- Vixe {wvf  (8b)
where &' is the participant satisfaction; ¢*“ is the minimum
satisfaction value of RGs; p° is unit electricity price; P; and
P are the forecasted output power and curtailment power
of x, respectively; and C*** and C* are the peak regula-
tion cost allocation for x and the peak regulation subsidy for
x, respectively.
2) Satisfaction Modelling of PRRs

PRRs include TGs, ESSs and TLs, which are abbreviated
as g, ess, and #/ in the subsequent equations. For PRRs, if
the peak regulation compensation C;"“"” is significantly low-
er than the peak regulation cost C;*”, the participant incen-
tive will be reduced in peak regulation. The ISO also pro-
vides a subsidy C*" to meet the satisfaction constraints for
the PRRs as shown in (9).

&> §PRR VieT,x e {g,ess,tl}

(92)

xX.pr

oo

X, comp x, sub
Crem+C;

PRR - .. . .
where ¢ is the minimum satisfaction value of PRRs.

&= VteT,xe {g,ess,tl}

(9b)

B. Cost Allocation Based on Peak Regulation-friendly Out-
put Curves

1) Construction of Peak Regulation-friendly Output Curves

Based on a directrix-based demand response [24], we de-
fine the peak regulation-friendly output curves of RGs as the
output curves obtained by adjusting the forecasted output
curves under certain constraints. When the RGs generate
power according to the peak regulation-friendly output
curves, the peak regulation demand in the power system will
be minimized, in this case, the RGs can be regarded as
friendly to the power system.

We consider the construction of peak regulation-friendly
output curves as an optimization problem, which aims to
minimize the peak regulation demand. The total power gener-
ation invariance, adjustment threshold, and peak-valley char-
acteristics serve as the main constraints. The objective func-
tion is expressed as:

minf: agfg+ae.r.vfe.v.v+atlft1 (lOa)
1 av; 2
fi= > (PE-PE) (10b)
ieNgtel
ess 1 ess ess,avg 2
Io=g > (sesee) (100)
J €Nkt €T
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il t+ -
/= (AP{;+AP])
keN,teT

(10d)

ess

where af, a*, and a" are the normalization coefficients; 1%,
fe, and f" are the objective functions for TGs, ESSs, and
TLs, respectively; and the superscript avg denotes the aver-
age value. Equation (10a) represents the weighted minimum
of the variance of RG time-sequenced outputs, the variance
of the ESS time-sequenced SOC, and the transfer power of
the TLs.
The primary constraints can be expressed as:

sz'f’i = ZPf xe {wv}

teT teT

PX,/H_PX

|t7’va Vte T,x e {w,v} (11)
P

P< Pt Vt, e T, Vt,e Ty.x € {w,v}

where v, is the adjustment threshold; P} and P} are the
peak regulation-friendly output curve and forecasted output
curve of x, respectively; and 7,, and T, are the sets of peak
periods and valley periods, respectively. Other constraints
such as the operation constraints of various resources are
similar to those of general economic scheduling. Equation
(11) ensures that peak regulation-friendly output curves are
objectively reasonable. The curve constructed for each RG
serves as the basis for the subsequent calculation of the allo-
cation ratio of peak regulation costs.
2) Calculation of Allocation Ratio Considering Waveform
Differences

We use the dynamic time warping (DTW) distance [25] to
assess the waveform differences between the normalized
forecasted outputs and the peak regulation-friendly output
curves. Here, (5 represents a normalized curve. We assume
that the DTW distance between P*"" and P is D*(T,T). In
addition, the waveform difference ¢, during period ¢ is:

PP L vietxe vl

Si= === DT tel,x e \w,v

! Z‘P;_P;,/rl (12)
teT

D*(T,T) is subdivided into periods by (12), indicating that
the output deviation during each period and the overall
friendliness of the outputs during cost allocation are consid-
ered.

When determining the allocation ratio of the peak regula-
tion costs, we must also consider the proportion of forecast-
ed power for each RG. The higher the forecasted proportion,
the higher the allocation ratio. The allocation ratio during pe-
riod ¢ is:

P
IR

xe {wv}

Vie T,x e {w,v} (13)

where ¢; is the ratio of peak regulation cost allocation. The
total peak regulation cost C?" during period ¢ and the amount
of peak regulation cost allocation are given as:

Cfr: z Cf{p; + 2 C/f’.js,pr + z C,él,p'

ieNg; J €N keN,
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Cr=g'C" VteT,xe {wv} (15)
C. Compensation Distribution Based on Peak Regulation
Contribution

We represent the contribution of each PRR by the propor-
tion of each PRR peak regulation power with respect to the
total peak regulation power. The peak regulation power is
calculated as:

o P Pz P (16)
C by Prept

P =AS]O a7

PLIM=AP!+AP[; (18)

where PF, P75, and P'r" are the peak regulation power
of the TGs, ESSs, and TLs, respectively; and Q/‘.’“ is the ESS
capacity.
By combining (16)-(18), the total peak regulation power
P during period ¢ and the contribution of each PRR r; are:
Pr= S P 3 PRSP VieT )
Ken,

ieNg J € Niss

N Px,pr
ri= Ptfr VteT,x e {g,ess,tl}

(20)

Based on the peak regulation contribution, the compensa-
tion received by each PRR during period ¢ is:

Crem=p*C" ViteT,xe {gesst} 1)

D. Implementation Method of Proposed Mechanism

Figure 2 shows the implementation method of the pro-
posed mechanism at two stages. At the day-ahead stage, the
PRRs and RGs report their parameters, including forecasted
electricity load and forecasted output P;, to the ISO. The
ISO constructs P/ based on P’ and the PRR parameters. ¢’
and ¢ are also calculated.

Cost report
ESS so [T Ess
Boun.d'ary Compensation
condition Allocation {---------- » TG
TG f--------- s .
distribution Subsidy
————————— o TL
TL Forecasted i ) &F
output LR
~~~~~~~~~ s
Allocated cost
N 1 hour Hyl—/
~

Day-ahead stage Intraday stage
---- Information flow; — Cash flow

Fig. 2. Implementation method of proposed mechanism.

At the intraday stage, each PRR reports its peak regula-
tion cost to the ISO. The ISO calculates C?" and notifies the
RGs to pay C7“" based on ¢!. After the RGs pay C "
the ISO distributes C,"“"” to the PRRs based on r;. The ISO
also distributes subsidy C*" to the RGs and PRRs to meet
the satisfaction constraints, thus completing the entire cost al-
location and compensation distribution.
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IV. COORDINATED GENERATION SCHEDULING MODEL
CONSIDERING PROPOSED MECHANISM

A. Day-ahead DRO Pre-scheduling Model

1) Objective Function

The objective function of the day-ahead DRO pre-schedul-
ing model aims to achieve the economic optimum of system
operation, which is expressed as:

Fy=min > > (CE™+CE) +
¥ icTie Ng
max min B, > > |C&+ > o+
peQ vy teTieNg J € Npgs
22a)
1. shed w, cur v, cur pr (
DG DO X G (Y
keN, meN, neN,
_ g ess.dis  ess.ch tl+  tl— T
X= ui,ﬂuj,t > Yt uk,t’uk,t
T
ss, ch ess, dis , cur ), I, shed
p= [Pl Pryt Paste prar pror plied]
L coal .
Ce“=P¢ pf VteTl,VieNg (22b)
ess, dis
ess __ ess,ch pess,ch Jit ess .
Cor=\m" P+ —aw |7 VLV €Ngg  (22¢)
J
Cy"=Py " p" VteTl,VneN, (22d)
Cr::,tcur:Prv;:[curpw.cur Yt e ]-; Ym e NW (226)
1, shed I.shed I, shed
Clied = pisied plhoied e Tk e N, (221)

where p, and Q are the probability of typical scenario s and
the set of confidence distribution of RG output probabilities,
respectively; C%” and C%” are the start-up and shut-down
costs of TGs, respectively; C;", Cy¢, and C){" are the
costs of load shedding, WT power curtailment, and PV pow-
er curtailment, respectively; C;7' is the conventional opera-
tion cost of ESSs; P{;** and P{*" are the charging and dis-
charging power of ESSs, respectively; P;}" is the load shed-
ding power; ;7;'”“’” and ;jf““’“ are the charging and discharg-
ing efficiencies of ESSs, respectively; x and y are the vec-
tors of day-ahead and intraday optimization variables, respec-
tively; p"/, p™“ and p"“ are the unit costs of load shed-
ding, WT power curtailment, and PV power curtailment, re-
spectively; p;™ is the unit output cost of ESSs; E  denotes
the mathematical expectation; n and N, are the set and index
of PVs, respectively; and m and N, are the set and index of
WTs, respectively.
2) Constraints
1) Power system balance constraint

Spie 3 (r-pp) s 3 (PP +
ieN, J € Npgs nen,

> (Pr=Pu) = 3 (PLAPL~APL + AP —P{)

meN, keN,

v, cur

(23)

where P{, is the load demand of the FLs; and P, is the load
demand of the TLs without considering the transfer.
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2) Operation constraints for TGs

uf,PEP< P! <uf P{ VieNgVteT (24a)
—R¥M<Pf—P%_ <R¢” YieNgVteT  (24b)
(41801
So(1-ug) <ee(uf,_ ~uf) VieN;  (24c)
teT
15" -1
> oug, <ee(uf,—uf, ) VieN, (24d)

teT
where R¥” and R%™ are the ramp-up and ramp-down rates
of the TGs, respectively; /5" and %% are the minimum start-
up and shut-down time of the TGs, respectively; and uf, is
the operation status variable of the TGs.
3) Operation constraints for ESSs

ess, dis

ult P +uft =1 VjeNgVteT (25a)
0< P Pesdyssds e Ny Vie T (25b)
0< Pﬁx’Ch < pﬁs’Cthf’C" Vje Ny, VteT (25¢)
SU<SH< S VjeNyVieT (25d)
ess,ch ess, dis
ess ess ess,ch__J-t Pjvt .
S =St - Vj € Ny, YVt (25e)

J Q ;'ss n ;.’.xs. dis Q ;ss

where uj‘.?‘f"”'s and uz”f"'h are the discharging and charging sta-
tuses of the ESSs, respectively.

4) Operation constraints for TLs

ut+ul, =0 Vte T o tramsy (26a)

uffj + uff; <1 VieT,,q (26b)
0<AP!T<v"™utP!, VkeN,VteT (26¢)
0<AP!;<v"u,P!, VkeN,VteT (26d)
D AP! = S AP/ VkeN, (26¢)

teT teT

where T,,,. ..y and T, are the non-transferable and trans-

ferable periods, respectively; u!+ and uf, are the transfer-in
) . tl+
and

and transfer-out statuses of TLs, respectively; and o
v~ are the maximum transfer-in and transfer-out ratios, re-
spectively.

5) Constraints for power curtailment

0Py <Pr™ NneN,VteT (27a)
0SPr <Py VmeNy,ViteT (27b)

6) Constraint for load shedding
0<P <Py VkeN, VteT (28)

7) Constraint for transmission line capacity [26]

—quS z (Glprp,t) - z (Glquqet) SP}’W Vpgel, (29)

peQ, qeQ,

where P, and L, are the generation and load demands at
buses p and g, respectively; P, is the maximum power flow
between buses p and ¢; G, , is the line-bus admittance ma-
trix; and £, is the set of buses.
8) Probability distribution set of random variables
Scenarios and probability distributions are obtained

through scenario reduction from historical RG output sam-

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 6, November 2025

ples. Based on the assumption that s typical scenarios are ob-
tained after reduction, the probabilities p? can be expressed
as [27]:

pl= % VseS
where S is the set of typical scenarios; N is the total number
of samples; and N, is the number of original scenarios in-
cluded in a typical scenario s. With p? used as the base prob-
ability density, the reference distribution is:

(30)

P°={pt.p5. .0y G1)

Based on P°, we construct Q by considering the 1-norm
and oo-norm constraints [28]-[30]:
p,20,VseS

S>p=1

ses§

1> p-p?

ses

L]
2N

-2 (32)

_01

2IS]
1

12
< Ip—==
Sovisg

_ 40
max| p,~p,
where p, belongs to the set Q, representing the probability of
typical scenario s; and 6, and 6 are the confidence levels at
the 1-norm and oo-norm, respectively.

B. Intraday Rescheduling Model

1) Objective Function

At the intraday stage, the objective function of reschedul-
ing aims to minimize C™ and various penalty costs, which
enhances ISO economic efficiency while ensuring a high lev-
el of operation reliability. The objective function is ex-
pressed as:

Fy= >

teTxe {wvgess|

L sub L cur w, 1, shed
C;c sub . 2 C’\;Icu + 2 Cm-tcur_i_ 2 ij e

nen, men, keN,
(33)
2) Constraints
The constraints for the intraday rescheduling model in-
clude upper-limit adjustment and post adjustment output con-
straints. Taking TGs as an example, we can obtain:

AP$,<AP!, VieNgVteT (34a)

uf, P& < Pf+APS,<uf P{ VieNgVteT (34b)
(Pf”l_i_APf’*l) - (Pft"—Asz) SuftR?g’dn_ (uft_uft—l)Pf-tb

Vie Ng, VteT (34c)

where AP{, is the output adjustment of TGs at the intraday
stage. As cost allocation and compensation distribution occur
intradaily, the constraints also include (8a) - (9b) and
(14)-(21).

C. Solution

We divide the day-ahead DRO pre-scheduling model into
a master problem (MP) and subproblem (SP) and solve them
using the column-and-cut generation algorithm [31]. For the
SP, the inner minimum problem is transformed into a set of
equations with no objective under the Karush-Kuhn-Tucker
conditions [32] and further incorporated into the outer maxi-
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mization problem. The MP and SP are expressed as (35a)
and (35b), respectively.

rrEn(ch+a)

st.oa> zpsdTy

seS
Ax=i
Cx>h
By=1
Ky>w
Wy > NE,
Fx+Gy=g
Jx+Ry>r
>pd'y

ses

(352)

max
peQye¥(xé)

s.t. By=1
Ky>w
Wy = N¢,
Fx+Gy=g
Jx+Ry=r
0<z, L (w-Ky)=0
0<z, L (NE-Wy)=0
0<m, L (r-Jx—Ry)=0
VyL(y,n'l_s) =0

(35b)

where a is the auxiliary variable representing an upper
bound on the objective value of the SP; ¢ and d are the col-
umn vectors of coefficients in (22a); 4, B, C, F, G, J, K, N,
R, and W are the coefficient matrices of variables under
their corresponding constraints; g, h, i, I, r, and w are the
constant column vectors; & is the RG output in typical sce-
nario s; L(-) is the Lagrange function; Y (-) is the feasible re-
gion given x and ¢; and m-m; and &, ; are the Lagrange
multipliers introduced for inequality and equality constraints,
respectively. The specific linearization methods and solution
flow can be found in [33].

As Fig. 3 shows, at the day-ahead stage, the ISO solves
the DRO pre-scheduling model, whereas the binary variables
corresponding to TGs, ESSs, and TLs participating in the
peak regulation are fixed at the intraday stage. The outputs
of the nonpeak regulation TGs and ESSs are also fixed at
the intraday stage. In addition, the prescheduled results for
all peak regulation participants are transferred to the intraday
stage for reference purposes. At the intraday stage, the re-
scheduling model is solved through rolling optimization
[34], and the proposed mechanism is implemented.

V. CASE STUDY

In this section, we present numerous case studies demon-
strating the effectiveness of the proposed mechanism and
day-ahead DRO pre-scheduling model. These experiments
are performed using Gurobi 10.0.0 using MATLAB R2022a
on a personal computer with an AMD Core (Ryzen 9
6900HX) and 16 GB of memory.

1927
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set of random variables
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Solve day-ahead DRO pre-scheduling model |
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F
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1

Solve intra-day rolling scheduling
model and implement scheduling
decision during period ¢

Pass boundary conditions
to next rolling scheduling
period

i

t=t+1 |

Fig. 3. Flowchart for proposed day-ahead DRO pre-scheduling model.

The basic data for the IEEE 30-bus system can be ob-
tained from [35]. The IEEE 30-bus system includes 6 TGs
with units 2, 4, and 6 participating in the proposed mecha-
nism. The ESS has a charging/discharging power limit of
100 MW and a capacity limit of 300 MWh, with an initial
SOC of 0.5. Table I lists the operation parameters of TG and
Table II presents the node information and participation sta-
tus of all PRRs.

TABLE I
OPERATION PARAMETERS OF TG

Unit PP (MW) P27 (MW) PE7 (MW)  PE(MW) PSP (MW)
1 500 420 250 180 80
2 350 300 180 120 60
3 120 100 60 40 30
4 120 100 60 40 30
5 150 120 80 60 40
6 150 120 80 60 40
TABLE II

NODE INFORMATION AND PARTICIPATION STATUSES OF ALL PRRS

Resource Node Participation status

ESS 24 N

PV 8 J

WT 20 v

TL1 24, 25, 26, 27, 28, 29, 30 N

TL2 12, 13, 14, 15, 18, 23

TL3 1,2,3,4,5,6,7,8 N

TL4 9, 10, 11, 16, 17, 19, 20, 21, 22
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A. Construction Effectiveness Analysis of Peak Regulation-
friendly Output Curves

We next validate the construction effectiveness of peak
regulation-friendly output curves. The values of v, a®, a**,
and a” are set to be 0.2, 0.01, 100, and 10, respectively. Fig-
ure 4 presents the peak regulation-friendly output curves and
forecasted output curves.

3000 Forecasted output curve of WT
Peak regulation-friendly output curve of WT
2500 L Forecasted output curve of PV
Peak regulation-friendly output curve of PV
=o2000L— F orecasted output curve of load
= ‘ o . 18:00-24:00.
b
= 1500 + !
5]
2 . }
& 1000 ! v
500 "
0 T T N |
00:00  04:00 08:00 12:00 16:00 20:00 24:00
Time

Fig. 4. Peak regulation-friendly output curve and forecasted output curve.

As Fig. 4 shows, the peak regulation-friendly output of
PV is higher than the forecasted output from 10:00 to 13:00
and lower than the forecasted output of PV from 14:00 to
17:00, aligning with the trend of the mid-day peak load. Sim-
ilarly, the peak regulation-friendly output curve of WT
aligns with the evening peak load trend from 18:00 to 24:00.
Therefore, the peak regulation-friendly output curve exhibits
higher similarity than the load curve.

Furthermore, we use peak regulation-friendly output
curves and forecasted output curves as inputs to solve the
general economic scheduling model [36] and calculate f¢,
£, and f". The calculation methods are expressed in (10b)-
(10d).

Table III shows that using the peak regulation-friendly out-
put curves as inputs results in a decrease in /¢, £, and f".
/" shows the greatest decrease due to the high compatibility
of the peak regulation-friendly output curves with the load
curve. The previous analysis further demonstrates the con-
struction effectiveness of the peak regulation-friendly output
curve.

TABLE III
COMPARISON OF INDICATORS FOR PEAK REGULATION PRESSURE

RG output fg fe.r.v frl
Forecasted output 262864.12 0.55 267.96
Peak regulation-friendly output 180190.57 0.02 0

B. Effectiveness Analysis of Proposed Mechanism

Since the proposed mechanism considers the satisfaction
of PRRs and the waveform difference of RGs as key parame-
ters, we design multiple cases for the analysis in this sec-
tion. Case 1 applies the proposed mechanism. Case 2 does
not consider the satisfaction of PRRs. Case 3 does not con-
sider the waveform difference of RG. In Case 2, because the
satisfaction of PRRs is not considered, the ISO does not sub-
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sidize them, and they receive compensation based solely on
their contributions. In Case 3, because the waveform differ-
ences are not considered, the allocation ratios are related on-
ly to the proportion of RG outputs.

For Cases 1 and 2, we introduce the compensation-to-cost
ratio (CCR) (which includes ISO subsidy in Case 1) as an
evaluation indicator. CCRs in Cases 1 and 2 are calculated
as:

X.comp X, sub
Crm+ C;

CCR = o Vtx e { g ess, tl } (36a)
t
Cx,camp
CCR= C’mpr Vix e {g, ess, tl} (36b)
t

Table IV clearly shows that no CCR in Case 1 falls below
1, which demonstrates that the proposed mechanism consid-
ering satisfaction ensures that each PRR receives compensa-
tion exceeding its peak regulation costs, thus securing finan-
cial benefits. In addition, in Case 1, the ISO subsidy for TGs
is significantly higher than that for the other PRRs. This is
because the cost of TGs to participate in peak regulation is
higher than that of the ESSs and TLs. If the satisfaction of
PRRs is not considered, TGs would only earn compensation
based on their peak regulation contributions, which would re-
sult in significant losses for their earnings. The previous
analysis demonstrates that the proposed mechanism not only
ensures the benefits of all PRRs but is also more favorable
for resources with higher peak regulation costs, thus aiding
its implementation in practical engineering projects.

TABLE IV
COMPARISON RESULTS OF CASES 1 AND 2

Compo- Cas.e 1 Case 2 :
rertcor ST ity R oot )
TG2 1.25 226.82 331.66 0.67 1302.72
TG4 1.26 3702.93 1500.92 0.74 2965.24
TG6 1.26 6192.17 2741.49 0.86 6139.22
TL1 1.59 444.17 62.03 1.57 616.01
TL3 1.37 1945.74 357.70 1.38 3244.70
ESS 2.71 2001.27 246.99 5.57 1924.67

Figures 5 and 6 illustrate the peak regulation cost alloca-
tion in Cases 1 and 3, respectively, and the time interval is
15 min. The largest difference is observed between 13:00
and 18:00. During these periods, both the WT and PV have
high power outputs, leading to a high allocation ratio for the
WT and PV in Case 3. By contrast, Case 1 adjusts the allo-
cation ratio based on the waveform difference, which ac-
counts for the friendliness of the output.

Figure 7 illustrates the allocation ratio variation trend
among the RGs in Case 1, along with the peak regulation-
friendly output curves and forecasted outputs. The figure
clearly shows that, although the forecasted output of the PV
system is higher at 13:00 than that at 12:00, its allocation ra-
tio is lower because the forecasted output at 13:00 closely
matches the peak regulation-friendly output curve.
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Fig. 5. Peak regulation cost allocation in Case 1.
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Fig. 6. Peak regulation cost allocation in Case 3.
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Fig. 7. Allocation ratio variation trend among RGs and power in Case 1.

In addition, the allocation ratio of PV at 08:00 and 09:00
reveals that, although the respective waveform differences of
RGs are nearly constant, the allocation ratio of PV at 09:00
is higher than that at 08:00 due to a significant increase in
the forecasted output of PV as compared with that of WT.

The previous analysis demonstrates that when using the
proposed mechanism for peak regulation cost allocation, it
not only considers the RG output but also incorporates the
waveform difference between the peak regulation-friendly
output curves and the forecasted output curves, thus consid-
ering the friendliness of RGs from a system perspective.
Compared with the mechanism based solely on power out-
put, the proposed mechanism is more reasonable.

To further validate the effectiveness of the proposed mech-
anism in cases with increasing RG output, we construct mul-
tiple cases in this subsection. Case 1 considers that all data
remain the same. Cases 2-5 consider that the forecasted RG
output during each time period increases sequentially by
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1.05, 1.10, 1.15, and 1.20 times, forming new forecasted out-
put curves.

In addition, we introduce two evaluation indicators: subsi-
dy-to-cost ratio (SCR) and RG net allocation-to-revenue ra-
tio (RGNARR). The calculation methods for them are ex-
pressed as:

Cx,sub
t
SCR— te I.x e{g.ess.tl.w.v} (37)
>.Cr
teT
( C;\f, alloc _ Ctx,sub )
RGNARR = ‘=11 (38)

pe(P;c_P;r,cur)

The indicator results for various cases are presented in Ta-
ble V. As the RG outputs increase, both the peak regulation
cost and the ISO subsidy increase. According to the pro-
posed mechanism, ISO is required to provide subsidies to
both RGs and PRRs, which leads to a greater increase in
ISO subsidy compared with the increase in peak regulation
cost. As a result, the SCR also increases. Nevertheless, the
maximum SCR value remains at only 59.85% across all cas-
es, indicating that the proposed mechanism effectively allo-
cates and distributes the peak regulation cost and compensa-
tion among the RGs and PRRs. This significantly reduces
the traditional policy-driven peak regulation subsidy for the
PRRs paid by the ISO.

TABLE V
INDICATOR RESULTS FOR VARIOUS CASES

Case SCR (%) RGNARR (%)
1 46.36 3.62
2 49.90 2.49
3 5321 291
4 56.12 331
5 59.85 3.12

In addition, the RGNARR remains low across all cases, in-
dicating that after the subsidy provided by the ISO to the
RGs is considered, the net allocation cost provided by the
RGs is significantly lower than their revenue from power
generation, ensuring the interests of the RGs.

C. Economic Analysis of Scheduling Model When Proposed
Mechanism is Applied

We next analyze the economic impact of the proposed
mechanism on power system scheduling. This section in-
cludes two cases. Case 1 applies the proposed mechanism.
Case 2 applies the regular economic scheduling model, with
ISO bearing all peak regulation costs (ISO subsidy equals
cost).

Table VI shows that the proposed mechanism significantly
reduces the ISO subsidy by effectively allocating the peak
regulation cost generated by the PRRs among the RGs, there-
by cutting ISO subsidy expenditures and enhancing the oper-
ation economy. In addition, the zero-penalty cost indicates
that the proposed mechanism ensures operation reliability.
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TABLE VI
COMPARISON OF COSTS BETWEEN TWO CASES

Case Total cost ISO subsidy ~ Peak regulation  Penalty cost
©®) ©®) cost () ®)
691669.59 5240.79 14513.18 0
2 697786.00 16204.06 16204.06 0

Figure 8 shows the variation trends of the ISO subsidy for
the PRRs in Cases 1 and 2, and the time interval is 15 min.

3000 r $2859.18
s Case 1 R
£ 2500 | Case 2
&
A< 2000 68.87%
=}
1500}
)
£ 1000 | L
@ $889.94
2 500t

0 16 32 48 64 80 9%

Time interval

Fig. 8. Variation trends of ISO subsidy for PRR in Cases 1 and 2.

The variation trend is similar for the two cases, with the
ISO subsidy peaking in the afternoon, which aligns with pe-
riods of high RG generation. Therefore, significant adjust-
ments in PRR outputs are necessitated to ensure complete re-
newable energy absorption, generating high peak regulation
costs during these periods. Although the overall trends of the
two curves exhibit similarity, the difference in their magni-
tudes is notable, with the maximum discrepancy reaching
$1969.24, which is translated to a substantial reduction of
68.87%. This analysis shows that the proposed mechanism
can reduce policy-driven subsidies in regular economic
scheduling, particularly when high levels of RGs are generat-
ed.

To further analyze the differences in resource scheduling
between the two cases, Table VII presents the electricity of
the peak regulation and associated cost for each PRR.

TABLE VII
ELECTRICITY OF PEAK REGULATION AND ASSOCIATED COST FOR EACH PRR

Compo- _ Case 1 _ Case 2
nent El(ﬁ;&t{;]cﬁ;y Cost ($) Eg/clt\;}%ty Cost ($)
TG2 2.08 444.18 8.80 1941.73
TG4 23.71 4138.70 22.70 4008.01
TG6 42.00 7105.05 42.00 7171.33
TL1 10.68 318.48 13.05 392.92
TL3 56.19 1675.66 77.90 2344.86
ESS 30.44 831.11 21.47 345.21
Total 165.09 14513.18 185.92 16204.06

Table VII shows that the pre-scheduling model that consid-
ers the proposed mechanism reduces the total electricity of
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the peak regulation and associated costs. This is because, af-
ter considering the proposed mechanism, the ISO balances
the relationship between the peak regulation electricity and
the compensation/subsidy received by PRRs during the intra-
day adjustment. This ensures that the resource scheduling re-
sults maximally satisfy the self-balance between the peak
regulation cost/compensation among the PRRs and RGs,
thereby enhancing the economic efficiency of the system.

D. Comparative Analysis of Various Mechanisms

To demonstrate the superiority of the proposed mecha-
nism, we present a comparative analysis with the similar
mechanism in [37]. Reference [37] calculates the peak regu-
lation compensation of PRRs based on the peak regulation
of electricity and the unit compensation price, improving the
existing mechanism of peak regulation cost allocation and
compensation distribution. Recipients of peak regulation ser-
vices are allowed to bear the compensation costs. Notably,
n [37], TGs without providing peak regulation services are
still required to bear the peak regulation costs. For consisten-
cy, we uniformly exclude these TGs from the cost allocation
in the case study. Further details can be found in [37].

The comparison of compensation distributions between
two mechanisms are shown in Fig. 9. The figure shows that
within the same category of PRRs, the peak regulation elec-
tricity and the corresponding compensation are generally pro-
portional, which demonstrates the fairness of the proposed
mechanism. However, the compensation is significantly low-
er when the mechanism in [37] is used. The unit compensa-
tion price in [37] is determined through market clearing,
which may lead to PRRs receiving either insufficient or ex-
cessive compensation [37]. By contrast, we treat peak regula-
tion costs as total compensation and include a small ISO sub-
sidy to ensure that all the compensation that the PRRs re-
ceive exceeds their costs. The proposed mechanism ensures
that PRRs are motivated to participate in peak regulation
and prevents both under- and over-compensation.

100 ¢ 110000
= Electricity a
= 80| M Compensation 18000 =
= 16000 2
2 B
5 40t 14000 g
8 20f {2000 §
= I N I

OL—mm . : 0
TG2 TG4  TG6 TLl TL3 ESS
Component
(a)

100 .. 710000
= Electricity 2
= 80 MM Compensation 18000 =
= 16000 2
) 1%}
5 40} 14000 §
8 20} I {2000 £
CENI N "N N O |, °©

TG2 TG4 TG6 TL1 TL3 ESS
Component
(b
Fig. 9. Comparison of compensation distributions between two mecha-

nisms. (a) Proposed mechanism. (b) Mechanism in [37].
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Besides, we compare the variation trends in the allocation
ratios for peak regulation costs or compensation. Figure 10
shows that some differences exist in the allocation ratios be-
tween the two mechanisms. We further analyze the forecast-
ed power of WT, PV, and load during certain periods, as
shown in Fig. 11. At 13:00, both the load and PV power are
close to their daily peaks, with the PV providing significant
power support, which is beneficial for system operation.
Therefore, the PV ratio under the proposed mechanism is
lower. However, at 14:00, the load starts to decline, whereas
the PV power continues to increase slightly, which introduc-
es certain risk to the system operation. As a result, the PV
ratio at 14:00 under the proposed mechanism is higher than
that under the mechanism in [37]. In short, the proposed
mechanism considers the friendliness of RGs when the allo-
cation ratio is determined. Compared with other mechanisms
that determine only the allocation ratio based on the genera-
tion power, the proposed mechanism is more reasonable.
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Fig. 10. Comparison of allocation ratios between two mechanisms. (a) Pro-
posed mechanism. (b) Mechanism in [37].
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Fig. 11. Forecasted power of WT, PV, and load.

VI. CONCLUSION

We design a mechanism for peak regulation cost alloca-
tion and compensation distribution that considers participant
satisfaction and in turn constructs a coordinated generation
scheduling model. The conclusions are as follows.

1) The peak regulation-friendly output curves significantly
lower the peak regulation pressure as compared with the
forecasted RG outputs, providing a basis for assessing the al-
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location ratios among various RGs.

2) The proposed mechanism effectively allocates peak reg-
ulation costs and distributes compensation, thus favoring
PRRs with higher peak regulation costs. In addition, the pro-
posed mechanism is well-suited for future power system op-
eration scenarios with high volumes of renewable energy. A
comparative analysis shows that the proposed mechanism
not only avoids insufficient or excessive compensation but
also offers a more reasonable method for determining the al-
location ratios for RGs.

3) The coordinated generation scheduling model based on
the proposed mechanism significantly reduces the ISO subsi-
dy while ensuring load supply security and renewable ener-
gy accommodation. The model can also reduce both electrici-
ty consumption during peak regulation and the associated
costs through coordinated generation scheduling among vari-
ous resources, further enhancing economic efficiency.

The forecasted RG output is reported by the RG opera-
tors, and we do not specifically account for the possibility of
RG operators submitting unreliable data at the day-ahead
stage when designing the proposed mechanism. The reliabili-
ty of the data submitted by the RGs significantly affects the
fairness of the operation of the proposed mechanism. In fu-
ture research, we will adopt a more comprehensive method
for designing similar mechanisms. For example, we may in-
troduce a data reliability assessment mechanism or adjust the
allocation ratios during the intraday rolling stage based on
the actual generation of the RGs to eliminate the negative ef-
fects of unreliable data submitted at the day-ahead stage. In
addition, with the emergence of ISOs, the connection be-
tween power system dispatch and market clearing has be-
come increasingly important. Designing optimization sched-
uling methods or allocation-distribution mechanisms without
considering the electricity market may lead to issues such as
mismatches between dispatch results and market clearing.
Our future work will adopt a more comprehensive method to
ensure that our results align better with practical engineering
applications.
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