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Abstract: This paper propose a method for pricing energy and reserve in the system with storage to balance its high

penetration of wind power. A two-stage network-constrained schedule model based on stochastic programming co-

optimizes energy and reserves is provided by generating units and storage in the system. Constraints include DC

Kirchhoff laws throughout the network for all possible wind production scenarios. The values of generating units

and storage for reserve and energy, as well as wind energy, to system operation, are derived from the optimality

conditions in terms of locational marginal prices. The proposed pricing scheme provides proper signals of the system

cost of energy and reserve provision as well as utilization. It also recognizes the contribution of storage systems to

accommodate uncertainties induced by stochastic renewable energy for systems.
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0 Introduction

Concerns of global warming and energy crisis are
aggressively prompting governments throughout the world
to upgrade their power systems. A concept of smart grid is
widely discussed™’, which promises a reliable, secure,
economic, efficient, environmentally friendly and safe energy
infrastructure. And it is believed that the storage system is
one of the key technologies in a smart grid construction™® .

The importance of storage system has been well identified
in the power system. The introduction of storage systems
will change the operating paradigm of modern electric power
systems. Currcntly, electric power systems are operating
with the philosophy called load tracking, i.e., the highly
predictable demand is met with highly controllable
generation™ . As a result, the generation and demands
should be balanced instantaneously. Due to the essential
uncertainty and variability of renewable energy sources™,
the traditional load tracking operating philosophy is
challenged under the new energy paradigm. Power systems
have to involve more flexible resources to achieve balance.

Storage systems are one of the key technologies to mitigate

Manuscript received August 30, 2012.

This work is supported by National Basic Research Program of China
(973 Program) (No. 2012CB215102), National Natural Science
Foundation of China (No. 51206138) and China Southern Power
Grid Project (No. K-ZD2012-003).

new challenges of power system operation.
Physically, storage systems benefit power systems in
many aspects, especially for systems with high penetration

renewable energy integration™ .

Over the past decades,
pumped hydro storage facilities dominated the large-scale
storage landscape. Due to its efficiency and responsibility,
the pumped hydro is usually employed to implement load
shift. Nowadays, storage technologies, such as battery
chemistries, high-speed mechanical flywheels, compressed
air energy storage and electric vehicles, provide new
dimension of system operation™ . The beneflits of storage
systems include following aspects: (1)mitigating uncertainty
and variability associated with renewable energy, primarily
wind and solar power; (2)smoothing fluctuation of demand
to achieve a more economic and reliable operation'™ ;
(3)mitigating congestion of transmission systems by shifting
peak load; (4) providing blackstart resources to crank non-
blackstart units or pickup critical loads during system
restoration after a complete or partial outage;
(5)contributing energy to damp oscillation of frequency and
phase angles™ .

Even with well-identified benefits of storage, the
quantification of the value of a storage system remains to be

Bl A comprehensive pricing scheme includes not

discussed
only the operating cost, but also the contributions to the
system. A sound pricing scheme prompts the utilization of
storages, which is critical for a new energy paradigm.

However, few comprehensive storage pricing methodologies
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have been established. Contributions for system operation
and the storage system cost are separately studied at
present. The idea of nodal price provides a systematic
method to price different kinds of services, such as energy
reserve for power systems. Based on the concept of

locational marginal price (LMP), all of costs and system

constraints are integrated into a general framework!*!' .
The idea of LMP is adopted to price the storage system in
this paper. A continuous and convex model is established
associated with constraints of transmission systems,
generating units and storage systems. A scenario-based
approach is employed to consider renewable energy output.
By deriving Karush-Kuhn-Tucker (KKT) conditions, the
price of the storage system is obtained from Lagrange
multipliers of all balance equations in both normal and

emergency states.
1 Schedule Energy and Reserve Under Uncertainty

LMP is a pricing tool of the electricity production in the
systems around the world. The methodology of LMP is to
mathematically deduct the value of a particular energy or
reserve service to the system operation in terms of total

¥ In this paper, the theory of

system cost or social welfare
LMP is introduced to quantify the values of storage, wind
power, energy, and reserve thermal units in a system.

The dispatch model considering wind uncertainty is based
on a two-stage stochastic programming model: (1) at the
scheduling stage, the system operator schedules the energy
and reserve capacity in the generation side, as well as the
scheduled output/absorb energy of storage units; (2) at the
second stage, which is related to the actual operation of the
system, the uncertainties resulted from wind fluctuation are
modeled by the scenarios with probabilities. The deviations
in the actual operation are balanced by the up- and down-
regulation services provided by both generating and storage
units.

The objective function is to minimize the expected cost
from generation side C by

C= E(Cm (m)+CR(7!R(ﬂI +CR(H (m +

Eﬂ’kctm ot — it )) (D
3

where n is the index of system buses; % the index of wind
power scenarios; Cg, (-) the production cost function of the
unit at bus n; P¢, the production scheduled for the unit at
bus 2, limited to P2" and P2 ; CK.c, and CR . the costs of
the unit at bus n to provide up- and down-reserve powers,
respectively; Rg, and RE, the up- and down-reserve capacity
scheduled for the unit at bus 7, limited to RE™ and R2™*,
respectively; r5;* and B¢ the up- and down-reserve
regulation provided by the unit at bus » in scenario k,

respectively; and m, is the probability of wind power
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scenario k.

In Eq. (1), the first term is the energy production cost;
the second and third terms are the costs of units to provide
up- and down-reserve; the last term is the expected cost of
up-/down-reserve regulation realized by units during each
scenario of the actual system operation. For simplicity, we
assume a single generator, storage and a single bus located
at each bus of the system.

The objective function is subject to the following
constraints, with corresponding Lagrange multiplier defined.
1)Constraints of power balance equations pertaining to the

scheduling stage and the actual system operation:

Py, 4+ PY — L, + Py, = > B, (0, —0,):2), Yn (2)

"‘5@,
P, + P+ St — Bk P — oD L 4 P, =
D B (O — 0, :A5, Vo, Vi 3)

r€o,
where 0, is the set of buses directly connected to bus n; P9,
the production scheduled for the storage at bus n; L, the
load at bus n; Py, the wind power forecasted at bus n; B,,
the susceptance of the line (n, ) ; 6, and 6, the voltage angles
at bus n and r at scheduling stage, respectively; ro* and r2*
the up- and down-reserve regulation provided by the storage
at bus n in scenario k, respectively; P, the wind power
realized at bus n in scenario k; 0, and 0, the voltage angles
at bus n and r in scenario k; and A} and A% are the Lagrangian
multipliers of corresponding constraints.

Equations (2) and (3) are the power balances for the
scheduling stage and the actual operation of the system. DC
load flow is considered.

2)Transmission capacity constraints:

— K% <B,, 0,—0) <K% :onm? om0 N o, r)  (4)
< B, (O —0) < Ky cop™ o™, Vb, ¥V (@, 1)

(©))

where K{, is the scheduled capacity of line (n, r); K% the

k
— K.,

capacity of line (n, r) in scenario k; and vi™, om0 pmink
omkare  Lagrangian  multipliers of  corresponding
constraints.

Network constraints are considered in both scheduling
stage and actual operation of the system.

3)Constraints related to generating units:

ro << RE, :BEM™, BErt, Yon, Yk (6)

PRb < RD L gRmink gDmaxk N \f b 7

o L Pg, — ot oa™t, Yo, Yk (8)

P, + 06 < PE™ o™, Y, Yk (9

PN < P, << P&™ o8, 08, Y n (10)

o << REM™ 66", Y n (11)

RE, < RGM™:000™, ¥ n (12)

where Sor™ . BarTt L geTm L pomTt L ot pat e,
o0, oo, 8™ are Lagrangian multipliers  of

corresponding constraints.

Equations (6)-(12) are variable bounds and technical
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constraints for generating units, which also link variables in
actual operation of the system to those at the scheduling
stage. For instance, reserve regulations are bounded by
scheduled reserve capacities and generation technical limits,
and scheduled reserve capacity is limited by the ramping rate
of the unit.

4)Constraints related to storage:

0 S, — P, < S :on™, ol ¥ (13)
Smin < G — PO Uk, gmink Vn vk (14)
Se = PL R S Vo Vi (15)
where S,, is the initial energy in storage unit at bus n; S™"

and S the lower and upper limits of storage unit at bus #n,

min, O max, 0 min, & max,k

respectively; and ol oot gt gk are Lagrangian
mulllphers of correspondmg constraints.

Equations (13)-(15) are variable bounds and technical
constraints for storage units in both scheduling stage and
actual operation of the system. The technical constraints for

storage can either be the storage capacity or the rated power.
2 Price Derivation

2.1 KKT Conditions

The pricing scheme of each service provided in the system
are deducted from the KKT conditions associated with
Eqgs. (1)-(15). Some of these conditions, which are
particularly useful for establishing the price derivation, are
stated below. Note that L is the Lagrangian function of

Egs. (1)-(15) as

J JC,
a(P% =;;(:1 /\(1)1*2(/\51 m—:xl+pm|nf‘ y=0,Yn (16)
Gn Gn %
JL IC, max, max,
Sy0F = T A st =0,V Ve AD)
IV "Gn
IL 9C n max, min,
S = S A R g = 0,V Yk (18)
J
7(PL0 _ /12 _ E(;{fz _o_;r’nn,k +g\rln?ux,k) — O, V?Z (19)
IdI g r
J
Il — Mot =0,V Vi (20)
Ira”
JL k max,k
W*/\MLG.\,,“X” =0,Yn Vi (¢2Y)
J ) . .
Ok = Gl — DIRE RO =0, 2D
(R(m k
dL D Dmax,k Dmax
IRD = CRn — 2,8@, * 4 oo =0,Yn (23)
JIXNGy k

2.2 Pricing Scheme for Generating Units
1)Energy price:

IC
aL, By 2o

=20+ DAk ¥an (24)
k

where 45 is the energy price at bus n.

The energy price indicated above is consistent with that
proposed in Ref. [11]. We refer the reader to the appendix
of Ref. [11] for its derivation.

2)Reserve capacity price:

IC ¢ Umax.k -
PG = 2: ok Y n (25)
IRE, i

dC
(;R(? :#8’ _ 2 Dmaxt \f (26)
n B

where u6, and u0, are the prices of up- and down-reserve
power provided by the unit.

Note that the reserve prices proposed in this paper differ
with the security price defined in Ref. [11]. Prices in
Eq. (25) and Eq. (26) are derived in Appendix B.

3)Reserve regulation prices:

9(: EU __ aC(,',, max,k __ Yk Umax,k
2707 MGk = T P + et = Ay — Ban , Vo, YVE (27)
IC g _ 9Ce ik & Dmax
9,0F PGk = T FY — 8"t = A+ Beret, ¥, Yk (28)

where péy and péy are the prices of up- and down-reserve
regulation provided by wunit at bus 2 in scenario k,
respectively.

From the classical theory of electricity price, the reserve
regulation price contains fuel cost with the probability as well
as the Lagrange multiplier of capacity constraints of
generating unit in such scenario. Note that the equality in
Eq. (27) comes from Eq. (17).

4)Energy price:

JdC :
Spy = M ALY 29)

From the view of power balance, the energy supplied by
generators and storages has no differences. Thus, energy
prices for both generation and storage are the same, as
shown in Eq. (27).

5)Prices of regulations provided by storages:

IC  w

PR =X, Vn Vi (30)
J

,;%A: =2 VY, Vi 3D
E

where pbY and pb are the prices of up- and down-reserve
regulation provided by storage at bus n in scenario k.

The prices of regulations provided by storage are shown in
Eq. (29).
higher than that of generating units with the value of gor=* .

Note that the regulation prices of storage are

2.3 Pricing Wind Power

The prices of the wind power are:

O = A DA Vo (32)
Wa B

IC v

IPL, v, = A, Vn Vi (33)

where 44y, is the price of wind deviation at bus n in
scenario k.

The price of wind production in Eq. (32) is derived
directly from the Lagrange multipliers of Eq. (3) of the
bus, in which the wind production is located. Note that the
wind price represents its value to system operation (power
balance), even though its operating cost is trivial and similar
to hydro-power units.

The price of wind production at the scheduling stage is the

energy price. The price for wind deviation (P%, — P, ) in
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each scenario is gy, . Note that mathematically the price of
wind deviation equals the price of regulation provided by
storage. The relations between the wind deviation price and
the reserve regulation price are given in the following
section. The total payment to wind production Cy includes
two parts:

Co = 20 [(R+ 2008) Pl + 2520 (Phy, —
3 k

n

20 (AP + 2034 Ph) 34
k

n

0 j—
W) | =

The payment to wind producer according to the prices
above is equal to that for the scheduled wind production Py,
at the energy price p& minus all the payments for reserve
capacity, reserve regulation provided by the generator and
storage, as well as the congestion fee resulting from
accommodating wind realization in actual operation of the

system. The derivation is given in Appendix A.
3 Price Property

The proposed method is important to evaluate the
economic value of each service provided for the system,
especially the value of reserve service provided by both
generating units and storage to absorb the uncertainty
induced by wind power. Some important properties of the
proposed pricing scheme are described.

3.1 Link Between Storage Regulation Price and Generation
Regulation Price

Considering that Eq. (3) for a specific scenario k is
reduced by 1 MW . h of storage regulation or wind power. To
balance the additional reduction of storage regulation or wind
power, two kinds of services of generating units may be
required: the scheduling of 1 MW of reserve capacity and its
subsequent deployment in the form of 1 MW .h of regulation
energy during the operation of actual system. Thus, the
marginal cost of balancing such 1 MW -h reduction of storage
regulation or wind power in scenario k, which is storage
regulation and wind deviation price in Egs. (30) and (33),
is equal to the marginal cost of additional 1 MW of the

Umax, &

reserve capacity in [, plus the marginal cost of additional
1 MW . h of reserve regulation by the generation, which is
reserve regulation price given by Eq. (27). As shown in
Eq. (35), the relationship is also consistent with the
equation of KKT condition in Eq. (16).
pone + part = B =yl ¥ (35)

As a result, the regulation by storage and up-wind
deviation is more valuable than that by generating units in
specific scenario. Thus, it not only supply energy, but also
help to lower the minimum requirement of total reserve
capacity in the system.
3.2 Wind Payment

If wind producers provide part of the energy supply, they
should receive a positive payment for their contribution to

the social welfare. This property directly stems from the
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previous one, considering that the generation cost of the
wind farm is virtually zero. According to Eq. (A6) in the
Appendix A, the payment to wind producers results from
the price of the energy minus the costs of the scheduled
reserve capacity by generators, the reserve regulation (to
absorb wind fluctuations) by both generator and storage, as
well as the fee associated with network congestion events.
3.3 Full Cost Recovery

From the view of social welfare, every producer that is
committed in the system to provide a given service, either
energy or reserve, has the guarantee of recovering the costs
derived from its provision and utilization, unless such a
commitment is imposed by technical reasons, such as the unit
must run constraints. The proof of the property can be
found in Appendix C.
3.4 Revenue Reconciliation

The proposed pricing mechanism guarantees that the
collection of payments from loads equals total payments to
all services in the system. By applying Egs. (2), (A2) and

(A6), the revenue reconciliation is presented as:

DUUEL, = Cy + Coum + Cuomage + Coomen (36)

n

_ 2 Epo U pUuU D D
C(}cn - [#u Gn +#(}1:R(QN +/~l(,‘nR(}n +
n
2 EU _U. ED _D.k
(/l(mkrm T MGuk U Gn )]
k

. Epo EU __U.k ED D,k
Corage = E : [/1,,Pw + E : (o s — praat 7o ]
k

n

Compes = ) { (4" — 4B, (0, —0,) +

o, r)
SV X)B,, [0 — 04 — (6, — m}
-

where Cegen s Caonge and Ceongest are total payments for units,
storage and congestion, respectively.

By applying Eq. (34), it yields the revenue reconciliation:
the collection of payment from load for their energy
consumption equals the payment to generation for energy
supply and reserve back-up, storage for the energy supply
and regulation services, wind producer for the production,
congestion fees and other services to absorb wind

fluctuations.
4 Case Study

The proposed pricing schemes and their properties are
illustrated by a 3-bus system shown in Fig. 1. Line
reactances are all 0.13 ( per-unit value) on the base of
41 MW and 120 kV. The dispatch model including Eqgs. (1)-
(13) is solved by CPLEX solver on the platform of
GAMS! |

Table 1 lists the data of generators and storage. The
minimum output limits of generators are zero. An inelastic
load of 285 MW is located at bus 3. A storage unit is
installed at bus 1. A wind plant (WP) is placed at bus 2
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with a power production characterized by a base case and
four scenarios given in Table 2.

Table 3 shows the reserve and energy dispatches of
generators and storage. Only generating unit 2 is scheduled
to provide the reserve. The storage is scheduled to supply
23 MW .h at the scheduling stage, reserving 2 MW space to

provide 2 MW of regulation in the scenario of wind power

shortage. Fig.1 3-bus example system
Table 1 Data of generators and storage
Units P /MW Co/($ - (MW-h)" 1)  CYe/($ -MW 1) CR /(S MW 1) RU™ /MW RDmx /MW
G1 100 20 15 5.5 5 5
G2 50 30 14 4.3 15 15
G3 100 25 19 4.5 10 20
Storage Initial energy 5 MW.h Upper bound 30 MW . h Lower bound 0
Table 2 Data of wind power scenarios $22.2/MW and $4.2/MW, and the prices of its

Scenarios P,/ (MW . h) T
Base case 42 0.6
k=1 50 0.1
k=2 45 0.1
k=3 25 0.2

Table 3 Dispatch results of base case without congestion

Scheduling P‘k;v,, /(MW . h)
Units  Po,/  Ra/  Ra/ 0, g
(MW.h) MW MW
G1 100 0 0 0 0 0
G2 20 15 5 —5 —5 15
G3 100 0 0 0 0 0
Storage 23 — — —3 2 2

Table 4 lists the prices for generating units, storage and
wind production. The energy price is $30/(MW - h), the
same as the marginal cost of most expensive unit G2. The

prices of up- and down-reserve capacity provided by G2 are

regulations in  each scenario are $3/( MW.h ),
$1.2/(MW-h) and $6/(MW.h), respectively.

The price of wind production at scheduling stage is the
energy price. The prices for wind deviations in each scenario
are 0, $1.8/(MW-h), and $22.2/(MW-h), respectively,
which are equal to the prices of regulation provided by
storage.

Note that the wind price in scenario 3 is relatively high.
Because the additional wind power in scenarios with low wind
is more valuable, it not only contributes to the energy
supply, but also indicates a reduction of wind volatility. In
addition, the price of wind deviation and regulation provided
by storage in scenario 1 is 0. Physically, in scenario 1 with a
high wind production, a disturbance of load or wind
production can be balanced by storage, and does not affect

the objective function.

Table 4 Energy reserve ve prices and regulation price for base case

Unite u/ o/ 26/ s Cor piD/ (8 - (MW -h) ™1l Cor gl /(3 - (MW -h) 1)
($-(MW-h)y 1)  ($.MW 1) ($ - MW 1) k=1 k=2 k=3 k=1 k=2 k=3
G2 30 22.2 4.2 — — 6 3 1.2
Storage 30 — — 0 1.8 28.2 0 — —
Wind 30 — — 0 1.8 28.2 — — —

Note: /z§::/¢§:: $30/(MW-h) for G1 and G3.

5 Conclusions

This paper provides a marginal pricing scheme adapted to
systems that include a large amount of stochastic energy
sources. The price of storage system is derived. It accounts
for both the costs derived from the energy dispatch and the
costs related to the scheduling and allocation of reserves
(provision and deployment). The conclusions are as follows.

1) The pricing scheme reported in this paper is specially

suited to power systems with high penetration of wind

powers. Even for a system without mature power market,
the proposed method can provide an approach to assess values
of a storage system.

2)Due to the characteristics of the renewable energy, the
scenario based method is employed in this paper. The method
can be extended to meet the requirements of renewable
generation analysis in realistic systems.

Further research is needed to extend the scheme proposed
to price storage system considering their contributions to the

dynamic performances of the system.
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Appendices in this paper are available on line at website of

Automation of Electric Power Systems(http://aeps. sgepri. sgcc.

com. cn/aeps/ch/index. aspx) .
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fi5k A Equivalence of Wind Payment

Considering (6), the total payment for wind power is

Cw =, (,15 P+ A van] (A1)
k

n

Total payment to scheduled wind power at energy prices is
Co =Dty Rin = Z(/l,? +30 2k ]P\A‘}n (A2)
The difference of these two payments is n n k
=3 > (R —PRu) (A3)
From the difference of (1. 2) and (1.3) for each , e
-Cy = ZZM[ Dk  —rP* B, (6, —6,)+B, (6,-6.)] (A4)
Applying Egs. (14)-(19) to replace 2* ,

S RICEIB»> EF

U max,k max,k U .k
+ﬂGn +pGn j an +

max, min, min, (A5)
ZZ[ aG[;k_ GDn k_pGnkj( ) Zn:; k Uk
ZZ( maxk )+Zzz_ﬂ’k[8nr nk r ) nr(en_gr)]
re®,
Considering (A4) and (A5),
_CW:Z(:u(lSJn +:an Gn) ZZ(:UCEE:( (;Jnk_:ugrli Gan+:u5E1llf er:k_:usiE slr?k) ( 6)
A

+Z Z ﬂ'l’k ﬂ’nk [Bnr nk rk) nr (gn - gr )]

The first term of Eq.(A6) is the payment for reserve capacity. The second term the payment for regulations. The
third term the payment for the congestion fee due to wind power realization.

Appendix B Derivation of Reserve Price

Since reserve capacity variables do not appear in the balance equation Egs. (2) and (3), the reserve price is
derived by perturbation analysis.
Let the optimal reserve be R*. The stochastic dispatch model in Egs. (1)-(13)can be written as

minC(x,R") (B1)
st f(x)=0:4 (B2)
R —g(x)>0:p (B3)
h(x)>0:¢ (B4)

where C is the objective function, vector x all variables other than R, f the balance equations (B2) and (B3),
constraints (B2) the linking of R to x, h other inequality constraints in the problem, and 2,B,c are the Lagrange

multipliers of the corresponding constraints. Bold symbols represent vectors.
The optimal solution must satisfy the KKT optimality condition, i.e.



6_L:§_;J ﬁ_BT @_GT 6_h:0
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f(x)=0,R"—g(x)>0,h(x)>0 (B5)
B'[R -g(x)]=0,6"h(x)=0
AB,c=20
Assuming that with a differential perturbation dR over R”, Eq.(B3) is still satisfied as
R -g(x)>0 >R -dR-g(x) >0 (B6)

where x’ is the new optimal solution after the perturbation.
Constraints (B3) can be equalities or inequalities at the optimum. Firstly, considering that constraints are
satisfied as equalities:

B>0R -g,(x)=0 (B7)
With a negative differential perturbation dR, constraints Eqs(B7) can be still assumed as equalities.
R —dR—g(x")=0 (B8)
Considering (B7) and (B8)
dg, =%dX=gi(x')—gi(X)=dR (B9)
X
Bdg; = SdR (B10)
Secondly, considering the inequality case, i.e.,
B =0R -g,(x)>0 (B11)

If g isequaltoO, itisnoted that (B10) is finally satisfied for inequality constraints.

Supposing that the optimal value of the objective function is changed by the perturbation dR as

dc = ux (B12)
[5).

Considering the first equation in (B5)
dc =A" a dx+p’ % dx+o' oh dx=A"df +p"df +o"df (B13)
19).¢ 16):¢ 19).¢

Considering Eq.(B2) and the third equation in Eq.(B5)

Atdf =A"(f+df)=0 (B14)
Likewise ,if Eq.(B4) is satisfied as inequality
6=0h>0—>06'dh=0 (B15)
Else ,if Eq.(B4) is satisfied as equality
6>0h=0,6'h=0 (B16)
Constraints (B4) after the perturbation also satisfy the KKT optimality condition as
(6 +do) (h+dh)=0 (B17)
where o +do isthe Lagrange multipliers after perturbation. Then it follows that
6'dh=0"'dh+6'h—(c+do)"' (h+dh)=-de" (h+dh)=-d6"dh=0(A) =0 (B18)
Then (B12) becomes
dC =p"dg=> AR (B19)
Consequently, the price of R is
Hp = 3;« :Zﬂl (BZO)

Applying Eq.(B20) to the up- and down-reserve powers provided by generations and storage yields Eq.(23).



Appendix C Proof of Cost Recovery of Energy and Reserve

The cost recovery of energy, reserve capacity and regulation are proved below, under the assumption that
minimum power output constraints of units are not binding.

1) Cost recovery of energy

From Egs.(14) and (22), the energy price must satisfy
E aCGn Z max,k > Gn .vn (C]_)
# SR 4 oPy,

Thus the payment guarantees full recovery of the cost.

2) Cost recovery of reserve

For up-reserve power provided by units, from Eq.(15), the reserve capacity price in Eq.(23) must satisfy

/ugn = Zﬂénnax,k = CR(lBJn + 5(L;Jnmax 2 CR[GJn ,Vn (CZ)
k

Hence Eq. (C2) guarantees that the cost for providing up-reserve is fully recovered by the payment. The cost
recovery of down-reserve power can be proved in a similar fashion.

3) Cost recovery of reserve regulation

From Eq. (25), the prices of the up-reserve regulation by units must satisfy

oC oC
Ues =m, ﬁ‘f‘ oK > —evn (C3)
Gn

thus, the cost of such regulation is fully recovered by the payment. Also the cost recovery of down-reserve

regulation can be proved similarly.



