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Abstract: A high proportion of renewable energy access makes the net load of the power system
volatile and uncertain, increasing the demand for the ramping capacity of the power system. Tra-
ditional electricity spot markets compensate for the power imbalances caused by an insufficient
ramping capacity through traditional flexibility services such as ancillary services and interconnection
power. However, conventional flexibility services may lead to frequency deviations in the power
system, increased response costs, spikes in electricity prices, and dramatic price volatility in the tradi-
tional spot market. To solve the above problems, this paper proposes an FRP and convex electricity
spot market joint clearing (FCESMJC) market mechanism. The FCESMJC model can more accurately
represent the relationship between electrical power output and the price of electricity and reduces
the number of spikes in electricity prices. In addition, a novel FRP pricing method is proposed to
compensate FRP market participants for their FRP costs more reasonably. Additionally, the differ-
ence in system performance is provided by comparing the energy prices, pricing method, clearing
prices, and system costs in the FCESMJC method and the traditional electricity spot market. The
FCESMJC system reduces the total system cost by 18.6% compared with the electricity spot market.
Numerical experiments are simulated on the IEEE 14-bus test system to validate the superiority of
the proposed model.

Keywords: flexible ramping product; convex electricity spot markets; market clearing; ramping
capability; renewable energy sources; ancillary services

1. Introduction

Renewable energy (RE) has received increasing attention for its renewable nature and
reduction of environmental pollution and greenhouse gas emissions. For 2020, the share
of RE in newly installed capacities was 4.88 times higher than that of conventional energy
sources [1,2]. However, RE has uncertainty and variability caused by variable weather
and soiling in power generation facilities [3]. A high percentage of RE is connected to
the modern power system, which causes inconvenience to the operation and dispatch of
the grid. The new challenge is mainly reflected in the fact that when renewable energy
generators are connected to and withdrawn from the power system on a large scale, the net
load of the system will fluctuate so drastically that a “duck curve” will form, which puts
a high demand on the ramping capability of dispatchable generators (DPGs), excluding
renewable energy generators [4]. The integration of RE into the grid in a power system
is mainly driven by the flexibility of grid operation, and power systems that do not have
sufficient ramping capacities will experience operational accidents and economic losses
(e.g., load curtailment and discarding of RE) [5–7]. FRP has been proposed by many system
operators to enhance the ramping capability of power systems [8,9]. The purpose of FRP is
to reserve enough flexible ramping capacity for the system in the current period to ensure
that the DPG output can meet the demand of the load change in the following period,
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guaranteeing the system’s power balance when the electricity system takes into account
forecast errors and fluctuations in renewable energy output [10].

FRP is an ancillary service product closely linked to the operation of electricity spot
markets [11–13]. The traditional problem of electricity spot market clearing is linear
program (LP) market clearing in general equilibrium theory dominated by DC optimal
power flow (DC-OPF). LP methods have difficulty describing many nonlinear features
in power systems (e.g., nonlinear costs and nonlinear network characteristics). In recent
years, cone economics was introduced by the authors of [14], which is presented in general
equilibrium theory and focuses on financial risk mitigation, giving direction to further
characterizing the nonlinear properties of systems in market models. Power flow plays
a vital role in the operation of power markets. Currently, there are many methods for
solving power flow, such as DC-OPF [15], second-order cone programming relaxations
optimal power flow (SOCP-OPF) [16,17], and semidefinite programming optimal power
flow (SDP-OPF) [18,19]. DC-OPF calculation is fast, but the error is relatively large. SDP-
OPF calculation is more accurate, but the calculation time is longer. SOCP-OPF is a good
overall performance choice for solving power currents [20].

Using the linear markets (LM) method in power systems has recently garnered signifi-
cant attention. In [21], a linear model for microgrid dispatching utilizing electric vehicles
as flexible resources is proposed, which can reduce the operation cost of the microgrid.
The authors of [22] introduced natural gas as a flexible resource into FRP markets, added
FRP-natural gas coupling constraints, and proposed a linear DAM model, contributing
to the safe operation of natural gas-FRP markets. The authors of [23] presented a robust,
optimized linear markets model for distributed energy storage aggregator participation
and a method to measure an aggregator’s feasible service ratio, improving the system’s
profitability. The authors of [24] proposed a market clearing model with robustness and
economics by estimating the cost of generation through segmented linearized cost offers.
The authors of [21–24] successfully implemented electricity market clearing through rela-
tively fast computational work. However, they had limitations in accurately characterizing
the operation of nonlinear costs and nonlinear network properties of power systems.

In terms of market pricing, the authors of [25] proposed an enhanced FRP method to
improve the system’s reliability and obtain the FRP’s clearing price through the marginal
pricing method. The authors of [26] proposed an RT linear markets model to participate in
real-time FRP markets by utilizing the spinning reserve cleared in the day-ahead markets.
The article offers a compensation strategy for the spinning reserve portion of the FRP. The
authors of [27] introduced electric vehicles (EVs) to FRP and proposed a market model
with an objective function of minimizing cost. The marginal pricing method is used to
obtain the clearing price. In [28], a bidding model for FRP participants is presented where
the FRP price is reflected by market participant quotes, effectively reducing the market
cost. The authors of [25–28] quickly obtained the clearing price of FRP and compensated
market participants to a certain extent for their costs based on the clearing price. However,
this method does not consider the relationship between the compensation costs and the
additional operating costs incurred by DPGs due to their participation in the FRP markets.

The ramping capacity provided by the DPG is associated with its active power output.
However, traditional electricity spot markets give insufficient consideration to more accu-
rate representations of power system constraints and asset relationships. In addition, the
existing FRP pricing method is insufficient to compensate for the additional costs incurred
by FRP market participants due to their participation in FRP markets, negatively impacting
the DPG’s participation in FRP markets. To solve the above problems, the FCESMJC model
is proposed in this paper. First, to more accurately characterize the nonlinear costs of the
power system, the convex electricity spot market (CESM) model is constructed based on
SOCP-OPF and conic economics theory. Second, we propose the FRP opportunity loss
pricing (FOLP) method by adding pricing capacity boundary constraints based on the
ramping characteristics of FRP. The method is calculated by ISO, which avoids speculative
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offers and at the same time can reasonably compensate for the DPG provided by FRP.
Overall, the contributions of this paper are as follows:

1. We propose a novel FCESMJC model that reduces spikes in electricity prices and
dramatic electricity price volatility. The model’s clearing price can more accurately
represent the relationship between the active output and the value of electricity in
market clearing. The FCESMJC model reduces the system’s spikes in electricity price,
contributing to the electricity market’s stable operation.

2. We design a FOLP method that provides better economic benefits to FRP market
participants. The FOLP method offers positive incentives for DPG to participate in the
FRP market by reasonably compensating market participants. Meanwhile, the price
obtained by the FOLP method is more intuitive, facilitating FRP market participants
in making market decisions.

3. We conduct economic analyses which improve the economic efficiency of the electricity
market. The FCESMJC model brings significant ramping capabilities to the system. At
the same time, the unexpected costs that arise from net load fluctuations are reduced,
and the economic efficiency of the electricity market is improved prominently.

The remainder of this paper is organized as follows. Section 2 reviews the CESM model.
Section 3 proposes the FCESMJC model. Section 4 presents computational experiments
to analyze the market performance under different market clearing models. Section 5
summarizes the work of this paper and looks forward to future work.

2. Convex Electricity Spot Market Clearing

In the present study, we advance a mathematical depiction of a CESM, which will be
based on the linear quotation approach in [29]. The time axis is discretized in this model,
with a scheduling horizon of 24 h. We assign the index h to represent the hour of the day and
construct the set H := {h : h = 1, 2, . . . , 24}. We partition each hour h into K equal-length
intra-hourly subperiods and give an index to each subperiod to signify its temporal granu-
larity. At the same time, we define the set T := {t : t = 1, 2 . . . K, . . . , 2K, 2K + 1, . . . , 24·K}.
Taking the DAM clearing time scale (1 h) as an example, intra-hourly subperiods K = 1,
and temporal granularity set T := {t : t = 1, 2, . . . , 24}, we describe the power system bus
index n and define the set of buses N := {n : n = 1, 2 . . . N}, where the constant N denotes
the aggregate number of buses within the system. At the same time, we describe the
generator index g and define the set G := {g : g = 1, 2 . . . G}. The constant G represents
the number of generator sets in the system. To illustrate the generator set on the bus i,
we describe the set Ω(i). (Take the example of generator one and generator two on bus
one, Ω(1) := {g : g = 1, 2}.)

2.1. Convex Electricity Spot Market Clearing Model

With the indexes and sets combined, CESM is described as

Min∑
t∈T

{
∑
g∈G

SPCg,t + bgPg,t + cg + Cst
g yg,t

}
(1)

The objective function in Equation (1) of the CESM problem is to minimize the DPG
generation and startup costs:

ag(Pg,t)
2 ≤ SPCg,t ∀g ∈ G, t ∈ T (2)

Equation (2) represents the convexified generation cost quadratic term constraint:

ug,1 − uo
g = yg,1 − zg,1 ∀g ∈ G, t = 1 (3)

ug,t − ug,t−1 = yg,t − zg,t ∀g ∈ G, t ∈ T ∩ t ̸= 1 (4)

0 ≤ yg,t + zg,t ≤ 1 ∀g ∈ G, t ∈ T (5)
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Pg,t ≥ 0 ∀g ∈ G, t ∈ T (6)

Equations (3)–(5) illustrate the on and off logic of the DPG, and Equation (6) places
limits on the minimum values of the variables: ∑

g∈Ω(i)
Pg,t − Pd

i,t = Gi,iCi,i,t+

∑
j∈δ(i)

(
Gi,jCi,j,t − Bi,jSi,j,t

)
 ⇔ λ

aps
i,t ∀i, j ∈ N , t ∈ T (7)

∑
g∈Ω(i)

Qg,t − Qd
i,t = −Bi,iCi,i,t − ∑

j∈δ(i)

(
Bi,jCi,j,t + Gi,jSi,j,t

)
∀i, j ∈ N , t ∈ T

(8)

Ci,j,t = Cj,i,t ∀i, j ∈ N , t ∈ T (9)

Si,j,t = −Sj,i,t ∀i, j ∈ N , t ∈ T (10)

Ci,j,tCi,j,t + Si,j,tSi,j,t ≤ Ci,i,tCj,j,t
∀i, j ∈ N , t ∈ T (11)

Equations (7)–(11) illustrate the power balance constraints:(
f max
i,j

)2
≥

(
−Gi,jci,i,t + Gi,jci,j,t − Bi,jsi,j,t

)2
+(

Bi,jci,i,t − Bi,jci,j,t − Gi,jsi,j,t
)2∀i, j ∈ N , t ∈ T

(12)

Equation (12) constrains the power flow of each power transmission line:(
Vmin

i

)2
≤ Ci,i,t ≤ (Vmax

i )2 ∀i ∈ N , t ∈ T (13)

Pmin
g ug,t ≤ Pg,t ≤ Pmax

g ug,t g ∈ G, t ∈ T (14)

Qmin
g ug,t ≤ Qg,t ≤ Qmax

g ug,t g ∈ G, t ∈ T (15)

Equations (13)–(15) constrain the maximum and minimum values of the voltage, active
power, and reactive power of the DPG, respectively:

Pg,t ≤ Pg,t−1 + Lur
g ug,t−1 + Lst

g yg,t

∀g ∈ G, t ∈ T ∩ t ̸= 1
(16)

Pg,1 ≤ Po
g + Lur

g uo
g + Lst

g yg,1
∀g ∈ G, t = 1

(17)

Pg,t−1 ≤ Pg,t + Ldr
g ug,t−1 + (Lo f f

g − Ldr
g )zg,t

∀g ∈ G, t ∈ T ∩ t ̸= 1
(18)

Po
g ≤ Pg,1 + Ldr

g uo
g,1 + (Lo f f

g − Ldr
g )zg,1

∀g ∈ G, t = 1
(19)

Equations (16)–(19) constrain the ramping rate, startup, and shutdown rates of the DPG:

t

∑
x=max(t−Tst

g,min+1,1)

yg,t ⩽ ug,t t ∈
[
SUg + 1, T

]
(20)

t

∑
x=max(t−To f f

g,min+1,1)

zg,t ⩽ 1 − ug,t t ∈
[
Odg + 1, T

]
(21)
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Equations (20) and (21) constrain the minimum continuous startup time and minimum
continuous shutdown time of each DPG, respectively. The CESM model refers to the
SOCP-OPF of SOCP relaxation of an alternative formulation [30].

2.2. CESM Vectorized Structure and Solution Methods

The CESM problem is a mixed-integer second-order cone problem. To evaluate
the clearing price in the markets, we use the standard practice implemented by most
independent operators [30]. First, we run the CESM model to obtain the optimal solution
in binary variables, indicating the DPG’s startup and shutdown status [31]. We fix the
DPG’s startup and shutdown status when we receive a continuous second-order cone
programming problem (security-constrained economic dispatch). We utilize the Karush—
Kuhn—Tucker (KKT) condition to solve the new convex problem.

To visualize the mathematical principles of the proposed model more intuitively, the
method for solving for dual variables is described as follows.

We set the variables vector as follows:

x =
(
{Pγ,τ}∀γ∈G,τ∈T , {Qγ,τ}∀γ∈G,τ∈T , {SPCγ,τ}∀γ∈G,τ∈T ,

{
Cα,β,τ , Sα,β,τ

}
∀α,β∈N ,τ∈T

)
The vectorized CESM convex model can be expressed as

Min
(

b⊤x + e⊤c
)

(22)

s.t. fθ ≤ ∥Aθx + dθ∥2 − a⊤θ x ≤ fθ (23)

kT
ξ x = e⊤hξ (24)

The problem’s parameters are A ∈ R(2n2+G)×(2n2+G), d ∈ R(2n2+G), a ∈ R(2n2+G),
f, f ∈ R, k ∈ R(2n2+3G), h ∈ R(2n2+3G), e = [1, . . . , 1]T .

We derive the solution procedure based on the Karush—Kuhn—Tucker condition.
Let f (x) = b⊤x + e⊤c, g(x) = ∥Aθx + dθ∥2 − a⊤θ x, h(x) = kT

ξ x − e⊤hξ . The following
function can describe the CESM vectorized convex model:

Min f (x)
s.t. g(x) ≤ 0

h(x) = 0
(25)

By slacking the problem in Equation (27), the slacked optimization problem can
be obtained:

min f (x)
s.t. h(x) = 0

g(x)− l − fθ = 0
g(x) + u − fθ = 0
l, u ≥ 0

(26)

In the optimization problem in Equation (28), the slack variable is l = [l1, . . . , lc1 ]
T,

u = [u1, . . . , uc2 ]
T .

By transforming the objective function, the barrier function is obtained:

min f (x)− µ
c
∑

θ=1
ln(lθ)− µ

c
∑

θ=1
ln(uθ)

s.t. h(x) = 0
g(x)− l − fθ = 0
g(x) + u − fθ = 0

µ ≥ 0

(27)
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The Lagrange function of the optimization problem in Equation (29) is given by

L = f (x)− h(x)λ− [g(x)− l − fθ ]z − [g(x) + u − fθ ]w − µ
c

∑
θ=1

ln(lθ)− µ
c

∑
θ=1

ln(uθ) (28)

In Equation (30), λ =
[
λ1, . . . , λξ

]T , z = [z1, . . . , zθ ]
T ≥ 0, w =

[
w1, . . . , wη

]T ≥ 0 is
the Lagrange multiplier. The necessary conditions for the existence of the extremum of
the problem is that the partial derivatives of the Lagrange function for all variables and
multipliers are zero. Therefore, we obtain the first-order necessary conditions as follows:

Lx = ∂L
∂x = ∇ f (x)−∇h(x)λ−∇g(x)(z + w) = 0

Ly = ∂L
∂y = h(x) = 0

Lz =
∂L
∂z = g(x)− l − fθ = 0

Lw = ∂L
∂w = φ(x) + u − fθ = 0

Ll =
∂L
∂l = z − µ1L−1e = 0 ⇒ Lµ

l = Zl − µe = 0

Lu = ∂L
∂u = −w − µ2U−1e = 0 ⇒ Lµ

u = Wu + µe = 0

(29)

In Equation (31), Z = diag(z), W = diag(w). With Lµ
l = 0 and Lµ

u = 0, and we obtain
the equation

µ = lTz − uTw (30)

The duality gap is defined as

Gap = lTz − uTw (31)

µ =
Gap
2c

(32)

µ = σ
Gap
2c

(33)

The authors of [32] proved that under certain conditions, if x∗ is a solution to the
optimization problem in Equation (28), then x(µ) is a solution to the optimization problem
in Equation (29) when µ is fixed. Then, when Gap → 0, µ → 0 , x(µ) converges to x∗.

In Equation (34), σ ∈ (0, 1) is called the center parameter. From [33], when the
parameter µ in the objective function is taken as in Equation (32), the convergence of the
algorithm is poor, and it is found that when the parameter µ in the objective function is
taken according to Equation (33), σ is generally taken to be 0.1, and good convergence
results can be obtained most often.

The necessary condition in Equation (29) for the extremum is a system of nonlinear
equations which the Newton—Raphson method can solve. After linearizing Equation (29),
we obtain the modified equation:

−Lx =
(
∇2 f (x)−∇2h(x)λ−∇2g(x)z −∇2g(x)w)

)
∆x

−∇h(x)∆λ−∇g(x)∆z −∇g(x)∆w)

−Ly = ∇h(x)T∆x
−Lz = ∇g(x)T∆x − ∆l
−Lw = ∇g(x)T∆x + ∆u
−Lµ

l = Z∆l + L∆z
−Lµ

u = W∆u + U∆w

(34)
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



H(·) ∇h(x) ∇g(x) ∇g(x) 0 0
∇h(x)T 0 0 0 0 0
∇g(x)T 0 0 0 −I 0
∇g(x)T 0 0 0 0 I
0 0 L 0 Z 0
0 0 0 U 0 W





∆x
∆λ
∆z
∆w
∆l
∆u

 =



Lx
−Lλ

−Lz
−Lw
−Lµ

l
−Lµ

u


H(·) = −∇2 f (x) +∇2h(x)λ+∇2g(x)z +∇2g(x)w)

(35)

In Equation (35), the unit diagonal matrix and the column vectors that make it up are
represented by I = diag([1, 1, . . . , 1]) = [I1, I2, . . . , IΓ].

Taking g(x) = [g1(x) g2(x) . . . gθ(x)] as an example, the vector function is calcu-
lated as follows.

The Jacobian matrix is obtained by

∇g(x) =


g1(x)
g2(x)

...
gθ(x)


′

=


IT
1 A2

1x + IT
1 (2dT

1 A1 − aT
1 ) · · · IT

θ A2
1x + IT

θ (2dT
1 A1 − aT

1 )
IT
1 A2

2x + IT
1 (2dT

2 A2 − aT
2 )

...

· · ·
. . .

IT
θ A2

2x + IT
θ (2dT

2 A2 − aT
2 )

...
IT
1 A2

θ x + IT
1 (2dT

θ Aθ − aT
θ ) · · · IT

θ A2
θ x + IT

θ (2dT
θ Aθ − aT

θ )

 (36)

∇2 g(x) is a Hessian matrix. The derivation of the first line of ∇2 g(x) is as follows:

∇2 g(x) = ∇g(x)′ ⇒ ∇2 g1(x) ≜


IT
1 A2

1 I1 IT
1 A2

1 I2 · · · IT
1 A2

1 Iθ

IT
2 A2

1 I1 IT
2 A2

1 I2 · · · IT
2 A2

1 Iθ
...

...
. . .

...
IT
θ A2

1 I1 IT
θ A2

1 I2 · · · IT
n A2

1 Iθ

 (37)

The dual variable (λ) of h(x) is obtained by the above solution method. The dual
variable in λ corresponding to the bus power balance (BPB) constraint is the clearing price
of electricity.

3. FCESMJC Model
3.1. Assessment of FRP Demand

The essence of FRP is the ramping capacity that the DPG sets aside in advance to cope
with fluctuations caused by uncertainty and variability in the net load of the system. The
FRP demand is related to system uncertainty fluctuations and changes in the forecasted net
load in the following period. Referring to [34], we use the 95% confidence interval method
to assess the net load fluctuation. The formulas are as follows:

Fusup
t = max{NLt+1 − NLt + UTt+1, 0} (38)

Fdsup
t = max{NLt − NLt+1 + UTt+1, 0} (39)

3.2. Mathematical Model of the FOLP Method

The essence of FRP pricing is to compensate the DPG for the opportunity cost of not
being able to operate at a power value corresponding to a higher econometric profit due to
the reserved regulation capacity. The authors of [29] proposed the opportunity loss (OL)
pricing method, an opportunity cost-based pricing method for ancillary products. This
paper introduces the OL pricing method to FRP markets and proposes the FOLP pricing
method by adding a pricing capacity boundary (PCB).

The FRP cost of the FOLP pricing method is calculated as follows:

Ccl
g,p = max

{
λ

p
g,t − CEo

g,p, 0
}

(40)
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The FOLP method first obtains a forecasted locational marginal price (LMP) based
on market clearing with a forecasted load, fixing the output P f ix

g,t of each DPG at that time.
Then, the total cost Cocl

g,t is calculated based on the computed capacity demand PCL
t for

FRP products. The pricing formula at this point is

Cocl
g,t =

P f ix
g,t +Pcl

t∫
P f ix

g,t

Ccl
g,p dp (41)

Then, we find the cost pricing value per DPG of the capacity for each DPG:

Ccl0
g,t = Cocl

g,t
/
Pcl

t
(42)

The capacity of the FRP involved in FRP pricing should be commensurate with the
ramping capacity that the system can provide. However, traditional pricing methods like
the OL pricing method do not consider a constrained FRP capacity, which participates in
FRP pricing. During drastic changes in net load, the FRP demand is more significant and
may exceed the ramping capacity that a single DPG can provide. Using the traditional
pricing method would involve too great a ramping capacity in FRP pricing, making FRP
prices unreasonable. To solve the above problems and find a more reasonable FRP pricing
method, we calculate the capacity of the FRP involved in FOLP, which is consistent with
the DPG ramping capacity, by adding PCBs:

PFu
g,t = min

{
Lur, Fusup

t

}
(43)

PFd
g,t = min

{
Ldr, Fdsup

t

}
(44)

Equations (36) and (37) obtain the FRP pricing capacity with a nonzero cost, the
schematic calculation of which is shown in Figure 1:

Fua
g,t =


0 bpg ≤ Pg,t
bpg − Pg,t bpg − PFu

g,t ≤ Pg,t < bpg

PFu
g,t 0 ≤ Pg,t < bpg − PFu

g,t

(45)

Fda
g,t =


0 PFd

g,t + bpg ≤ Pg,t

bpg − Pg,t + PFd
g,t bpg ≤ Pg,t < bpg + PFd

g,t
PFd

g,t 0 ≤ Pg,t < bpg

(46)
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Equations (43)–(46) are brought into Equations (41) and (42) to derive the total FRP
cost and FRP price of the FOLP method, the schematic calculation of which is shown in
Figure 2:

Co f u
g,t =

 λ
p
g,t − CEo

g,P f ix
g,t
+

λ
p
g,t − CEo

g,P f ix
g,t +Fua

g,t


2

Fua
g,t (47)

Co f d
g,t =

 λ
p
g,t − CEo

g,P f ix
g,t −PFd

g,t
+

λ
p
g,t − CEo

g,P f ix
g,t −PFd

g,t+Fda
g,t


2

Fda
g,t (48)

C f u0
g,t = Co f u

g,t

/
PFu

g,t
(49)

C f d0
g,t = Co f d

g,t

/
PFd

g,t
(50)
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3.3. Mathematical Modeling of Joint FRP and Convex Electricity Spot Market Clearing

In this section, we describe the proposed mathematical model of FCESMJC:

Min∑
t∈T



 ∑
g∈G

SPCg,t + bgPg,t + cg + Cst
g yg,t

+C f u0
g,t Fug,t + C f d0

g,t Fdg,t


+

(
∑

i∈n
CpencutPcut

i,t + CovPov
i,t

)
 (51)

a(Pg,t)
2 ≤ SPCg,t ∀g ∈ G, t ∈ T (52)

The objective of the FCESMJC model is to minimize the costs associated with DPG
operation, startup, and FRP, as well as unexpected costs due to load curtailment and power
surplus. The unit cost of FRP is obtained from Equation (51). To facilitate the study of the
characterization and clearing of the electricity spot markets with FRP, the net demand for
the system buses was set to be completely inelastic. Equation (52) represents the convexified
generation cost quadratic term constraint:

ug,1 − uo
g = yg,1 − zg,1 ∀g ∈ G, t = 1 (53)
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ug,t − ug,t−1 = yg,t − zg,t ∀g ∈ G, t ∈ T ∩ t ̸= 1 (54)

0 ≤ yg,t + zg,t ≤ 1 ∀g ∈ G, t ∈ T (55)

Equations (53)–(55) describe the DPG commitment, startup, and shutdown logic
constraints:

Pg,t ≥ 0 ∀g ∈ G, t ∈ T (56)

Pcut
i,t ≥ 0 ∀g ∈ G, t ∈ T (57)

Pov
i,t ≥ 0 ∀g ∈ G, t ∈ T (58)

Equations (56)–(58) constrain the nonnegativity of the variables: ∑
g∈Ω(i)

Pg,t − Pd
i,t + Pcut

i,t − Pov
i,t =

Gi,iCi,i,t + ∑
j∈δ(i)

(
Gi,jCi,j,t − Bi,jSi,j,t

)
 ⇔ λ

ap f
i,t

∀i, j ∈ N , t ∈ T

(59)

∑
g∈Ω(i)

Qg,t − Qd
i,t = −Bi,iCi,i,t

− ∑
j∈δ(i)

(
Bi,jCi,j,t + Gi,jSi,j,t

)
∀i, j ∈ N , t ∈ T

(60)

Ci,j,t = Cj,i,t ∀i, j ∈ N , t ∈ T (61)

Si,j,t = −Sj,i,t ∀i, j ∈ N , t ∈ T (62)

Ci,j,tCi,j,t + Si,j,tSi,j,t ≤ Ci,i,tCj,j,t
∀i, j ∈ N , t ∈ T (63)

Equations (59)–(63) describe the bus power balance. We will obtain the dual variables
from Equation (59) and use them to describe the LMP:(

f max
i,j

)2
≥

(
−Gi,jCi,i,t + Gi,jCi,j,t − Bi,jSi,j,t

)2

+
(

Bi,jCi,i,t − Bi,jCi,j,t − Gi,jSi,j,t
)2

∀i, j ∈ N , t ∈ T
(64)

Equation (64) constrains the power flow of each power transmission line:

Vmin ≤ Ci,i,t ≤ Vmax ∀i ∈ N , t ∈ T (65)

Pmin
g ug,t ≤ Pg,t ≤ Pmax

g ug,t g ∈ G, t ∈ T (66)

Qmin
g ug,t ≤ Qg,t ≤ Qmax

g ug,t g ∈ G, t ∈ T (67)

Equation (65) constrains the maximum and minimum voltage values at each bus,
while Equations (66) and (67) constrain the maximum minimum values of the active and
reactive power output of the DPG, respectively:

Pg,t ≤ Pg,t−1 + Lur
g ug,t−1 + Lst

g yg,t

∀g ∈ G, t ∈ T ∩ t ̸= 1
(68)

Pg,1 ≤ Po
g + Lur

g uo
g + Lst

g yg,1
∀g ∈ G, t = 1

(69)

Pg,t−1 ≤ Pg,t + Ldr
g ug,t−1 + (Lo f f

g − Ldr
g )zg,t

∀g ∈ G, t ∈ T ∩ t ̸= 1
(70)
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Po
g ≤ Pg,1 + Ldr

g uo
g,1 + (Lo f f

g − Ldr
g )zg,1

∀g ∈ G, t = 1
(71)

Equations (68)–(71) impose constraints on the DPG’s on and off status and the change
in power output over two consecutive hours based on the commitment, startup, and
shutdown variables defined in Equations (62)–(64):

Fug,t ≤ Lur
g ug,t+1 + (Lst

g − Lur
g )yg,t+1

∀g ∈ G, t ∈ T ∩ t ̸= T
(72)

−Ldr
g ug,t + (Ldr

g − Lo f f
g )zi,t+1 ≤ Fug,t

∀g ∈ G, t ∈ T ∩ t ̸= T
(73)

Fd
g,t ≤ Ldr

g ug,t + (Lo f f
g − Ldr

g )zg,t+1 − Pmin
gyg,t+1

∀g ∈ G, t ∈ T ∩ t ̸= T
(74)

−Lur
g ug,t+1 + (Lur

g − Lst
g )yg,t+1 ≤ Fd

g,t
∀g ∈ G, t ∈ T ∩ t ̸= T

(75)

Equations (72)–(75) constrain the FRP provided by the DPG:

0 ≤ Pg,t + Fug,t ≤ Pmax +
(

Lst
g − Pmax

)
(1 − ug,t)

∀g ∈ G, t ∈ T ∩ t ̸= T
(76)

0 ≤ Pg,t + Fdg,t ≤ Pmax +
(

Lst
g − Pmax

)
(1 − ug,t)

∀g ∈ G, t ∈ T ∩ t ̸= T
(77)

In Equations (76) and (77), we concurrently impose limitations on the FRP furnished
by each DPG within each time frame and the alteration in DPG power output between each
pair of consecutive time intervals, respectively:

∑
g∈G

Fug,t = FuSup ⇔ λ
f u
g,t

∀g ∈ G, t ∈ T
(78)

∑
g∈G

Fdg,t = FdSup ⇔ λ
f d
g,t

∀g ∈ G, t ∈ T
(79)

We describe the FRP supply-demand equilibrium constraint by bringing the upward
FRP demand and the downward FRP demand obtained from the evaluation in Equa-
tions (38) and (39) into Equations (78) and (79). We further use the shadow prices of the
constraints in Equations (78) and (79) to set the clearing prices for the upward FRP and
downward FRP [35], respectively:

t

∑
x=max(t−Tst

g,min+1,1)

yg,t ⩽ ug,t t ∈
[
SUg + 1, T

]
(80)

t

∑
x=max(t−To f f

g,min+1,1)

zg,t ⩽ 1 − ug,t t ∈
[
Odg + 1, T

]
(81)

Equations (80) and (81) describe the minimum DPG startup and shutdown times,
respectively.

Other services, such as spinning reserves, were omitted from the model due to the
complexity it would introduce to the FCESMJC model without directly addressing the
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underlying concerns of FRP. The flowchart of the FCESMJC market mechanism is shown in
Figure 3.
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4. Numerical Experiments
4.1. Assumptions

The FRP market is cleared at different time intervals in different ISOs. In the California
Independent System Operator, the time intervals of FRP in the real-time market are 15 min
and 5 min [34]. In the Midcontinent Independent System Operator, the FRP market is
categorized into day-ahead trades (1 h) and real-time trades (5 min) [36]. Our proposed
generalized model can apply to the FRP and electricity spot markets. We performed
simulations using a time interval of 1 h and implemented the proposed FCESMJC model
on the IEEE 14 bus test system.

It is important to emphasize that net load volatility in the day-ahead and real-time
markets exhibit different characteristics. This study used a standard deviation of 10% to
calculate the error in net load volatility in the DAM. The DPG power surplus and load
curtailment cost was USD 60/MW. The Gaussian probability distribution function models
the system’s net load fluctuations, and the 95% confidence level expresses the forecast error
coverage [34,37]. The proposed model was simulated in the Python optimization platform.
The proposed optimization model was solved using the GUROBI solver.

The following five test cases are simulated in this paper, and the results are compared
and analyzed extensively:

(1) LESM: linear electricity spot markets without FRP and net load fluctuations;
(2) LESM-F: linear electricity spot markets without FRP but with net load fluctuations;
(3) FCESMJC: convex electricity spot markets with FRP and net load fluctuations;
(4) FCESMJC-F: convex electricity spot markets without FRP but with net load fluctua-

tions;
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(5) NP-FCE: model of joint clearing of FRP and convex electricity spot markets without
FOLP.

The LESM and FCESMJC models are market clearing models. The LESM model is
a linear market clearing model based on power transfer distribution factors (PTDF), the
power balance constraints of which are slack power balance constraints based on DC-
OPF. The LESM-F and FCESMJC-F models are based on the clearing results and net load
after fluctuations in the LESM and FCESMJC model market clearing results under net
load fluctuations.

The IEEE 14 bus test system used in the test cases is shown in Figure 4 (The numbers
in Figure 4 represent buses numbers). The day-ahead forecasted net load curve, output
curve of a renewable energy generator, and total system load curve are shown in Figure 5.
The net load curve in Figure 5 is the duck curve formed by the participation of RE in
the power system, and the load fluctuations in Figure 5 are referenced in [4]. The DPG
characterization parameters in the IEEE 14 bus test system are shown in Table 1. Table 2
shows the segmental step cost offer curve in the LESM model.
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Table 1. Characteristic parameters of the DPG.

DPG
The Bus Where the

DPG Is Located

DPG Cost Parameters Characteristic Parameters of DPG

a b c Pmin Pmax SU Od Tst
g,min Toff

g,min Lur
g Ldr

g Lst
g Loff

g Cst
g

DPG1 1 0.005 2.45 1.0 50 200 1 1 4 4 55 55 50 50 259.33
DPG2 2 0.005 3.51 1.0 20 100 1 1 2 2 25 25 20 20 34.53
DPG3 6 0.005 3.89 1.0 20 100 1 1 1 1 65 65 20 20 4.01

Table 2. Segmental step cost offer curve parameters.

DPG
Segmental Power Points Segmental Step Cost

SPP1 SPP2 SPP3 SPP4 SPP5 cost1 cost2 cost3 cost4

DPG1 50 90 130 170 200 315 355 395 430
DPG2 20 40 60 80 100 381 401 420 442
DPG3 20 40 60 80 100 419 439 455 483

The segmented step cost offer curves were divided into four active power unit cost
segments by the five segmental power points (SPPs). The unit cost per segment of the
segmental step cost offer curve corresponds to the characteristic parameters of the DPG.

4.2. Simulation Results
4.2.1. Market Clearing Price Analysis

By simulating the LESM-F and FCESMJC-F models, we obtained the LMPs of the
LESM-F and FCESMJC-F models for each bus at each period, displayed in Tables 3 and 4.
(B in Tables 3 and 4 refers to the bus, and h refers to the time.) The LMP from the LESM-F
model showed dramatic fluctuations, which are bolded and provided in Table 3. From
Tables 3 and 4, we can see that the LMP was smaller at low load states because the LMP is
related to the marginal cost, which is equal to the marginal cost that the system increases
when the variable per unit of capacity is increased. When the net load was low, the system
had a lower active output level from the DPG. When the level of active output was lower,
the generation cost was minor, and the marginal cost was smaller. Therefore, the LMP
obtained was smaller. Similarly, the LMPs were generally higher when the load state
was high.

The LMPs from the LESM-F and FCESMJC-F models at bus 13 are shown in Figure 6. In
the LMP results for the LESM-F model, spikes in electricity prices reflected the unexpected
cost factor generated at t = 7 and t = 17. And the spikes in electricity prices were harmful to
market operations. At t = 6 and t = 17, the LMP of the FCESMJC-F model did not create
spikes in electricity prices because the FCESMJC-F model could more accurately represent
the relationship between the active output and the value of electricity while providing
ramping capability, which reduced the number of times the spikes in electricity prices were
generated. In summary, the FCESMJC-F model reduced the spikes in electricity prices
for the LMP and facilitated more excellent market stability. It should be noted that both
models have a computing speed of seconds, which can meet the markets’ requirements for
solution speed.

Table 3. LMP from LESM-F model.

Hours
Buses

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14

h1 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55
h2 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95
h3 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95
h4 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95
h5 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01
h6 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01 4.01
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Table 3. Cont.

Hours
Buses

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14

h7 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0
h8 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81
h9 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81
h10 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81
h11 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81
h12 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81
h13 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81
h14 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55
h15 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55 3.55
h16 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81 3.81
h17 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0 60.0
h18 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95
h19 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95
h20 4.29 4.29 4.29 4.29 4.29 4.29 4.29 4.29 4.29 4.29 4.29 4.29 4.29 4.29
h21 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19 4.19
h22 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95
h23 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95
h24 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95 3.95

Table 4. LMP from FCESMJC-F model.

Hours
Buses

B1 B2 B3 B4 B5 B6 B7 B8 B9 B10 B11 B12 B13 B14

h1 3.24 3.3 3.43 3.38 3.36 3.36 3.38 3.38 3.38 3.38 3.38 3.39 3.39 3.42
h2 3.43 3.51 3.65 3.59 3.56 3.56 3.59 3.59 3.59 3.59 3.59 3.61 3.61 3.64
h3 3.38 3.45 3.59 3.53 3.5 3.5 3.53 3.53 3.53 3.53 3.52 3.53 3.54 3.57
h4 3.36 3.43 3.56 3.5 3.48 3.48 3.5 3.5 3.5 3.51 3.5 3.51 3.52 3.55
h5 3.7 3.81 4.01 3.92 3.88 3.88 3.92 3.92 3.92 3.93 3.92 3.93 3.95 3.99
h6 3.51 3.6 3.8 3.7 3.66 4.09 3.7 3.7 3.7 3.71 3.70 3.71 3.72 3.78
h7 3.17 3.22 3.32 3.28 3.26 3.26 3.28 3.28 3.28 3.28 3.28 3.29 3.29 3.32
h8 3.11 3.17 3.26 3.22 3.2 3.2 3.22 3.22 3.22 3.22 3.22 3.22 3.23 3.25
h9 3.11 3.17 3.26 3.22 3.2 3.2 3.22 3.22 3.22 3.22 3.22 3.22 3.23 3.25
h10 3.11 3.17 3.26 3.22 3.2 3.2 3.22 3.22 3.22 3.22 3.22 3.22 3.23 3.25
h11 3.06 3.11 3.2 3.16 3.14 3.14 3.16 3.16 3.16 3.16 3.16 3.16 3.17 3.19
h12 3.06 3.11 3.2 3.16 3.14 3.14 3.16 3.16 3.16 3.16 3.16 3.16 3.17 3.19
h13 3.06 3.11 3.2 3.16 3.14 3.14 3.16 3.16 3.16 3.16 3.16 3.16 3.17 3.19
h14 3.01 3.05 3.13 3.1 3.08 3.08 3.10 3.10 3.10 3.10 3.10 3.10 3.11 3.13
h15 3.01 3.05 3.13 3.09 3.08 4.09 3.09 3.09 3.09 3.10 3.09 3.10 3.10 3.12
h16 3.01 3.04 3.12 3.08 3.07 4.09 3.08 3.08 3.08 3.09 3.08 3.09 3.09 3.11
h17 4.07 4.18 4.43 4.29 4.24 4.24 4.29 4.29 4.29 4.31 4.29 4.30 4.32 4.39
h18 3.74 3.86 4.1 3.97 3.92 4.09 3.97 3.97 3.97 3.98 3.96 3.98 4.02 4.06
h19 3.81 3.93 4.18 4.05 4.00 4.09 4.05 4.05 4.05 4.07 4.05 4.06 4.08 4.15
h20 3.75 3.87 4.11 3.99 3.94 4.09 3.99 3.99 3.99 4.00 3.98 4.02 4.01 4.07
h21 3.71 3.81 4.03 3.93 3.89 3.89 3.93 3.93 3.93 3.94 3.93 3.94 3.96 4.01
h22 3.48 3.57 3.72 3.65 3.62 3.62 3.65 3.65 3.65 3.66 3.65 3.66 3.67 3.7
h23 3.58 3.69 3.83 3.76 3.73 3.73 3.76 3.76 3.76 3.77 3.76 3.76 3.77 3.81
h24 3.48 3.57 3.69 3.63 3.61 3.61 3.63 3.63 3.63 3.64 3.63 3.64 3.65 3.68

4.2.2. Economic Analysis of Market Participants

By simulating the FOLP method, the upward FRP and downward FRP demand were
found, as shown in Figure 7. FRP demand is associated with the variability and uncertainty
of the net load. The upward FRP demand increased when the net load rose sharply. For
example, the net load rose sharply from t = 16 to t = 17, while the uncertainty was significant,
leading to a more considerable upward FRP demand at t = 16. Similarly, from t = 6 to t = 7,
the connection of renewable generation led to a sharp decrease in the net load. At the same
time, renewable generation forecast errors led to uncertainty in the net load. The effect of
the above two components caused the system to generate a downward FRP demand spike
at t = 6.
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Figure 7. Upward FRP demand and downward FRP demand.

Figures 8 and 9 illustrate the pricing results and clearing prices for the NP-FCE and
FCESMJC models. From Figures 8 and 9, we see that at high loads, the level of active output
of the DPG was higher, leading to a higher LMP at the bus where the DPG was located,
which led to a higher opportunity cost lost by the DPG to participate in the FRP market.
Therefore, the upward FRP price and downward FRP price were higher in the high-load
state relative to other load states. At low-load states, the LMP at the bus where the DPG
was located was smaller, and there were sufficient FRP ramping resources in the power
system, while the DPG’s loss of participation in the FRP market was lower. Therefore, the
upward FRP price and the downward FRP price were lower at low-load states.

DPGs with different cost curves and opportunity costs should also have different FRP
prices. However, Figures 8 and 9 show that FRP marginal pricing made distinguishing
between the FRP prices of different DPGs difficult because the marginal pricing results
were related to the FRP supply-demand equilibrium equation. However, the FOLP method,
which can calculate the FRP price based on the cost of the DPG and LMP, could better
compensate for the opportunity cost of the DPG. Meanwhile, the FRP cost obtained from
marginal pricing was generally small and complex to compensate for the economic loss
incurred by the DPG’s participation in the FRP market. Compared with the traditional
marginal pricing method, the FOLP method could better compensate for the opportunity
cost of participating in the FRP market.
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As shown in Figures 8 and 9, the FRP cost curves of different DPGs could be obtained
in FOLP pricing, and the FRP clearing price could also be obtained in the FCESMJC model.
In contrast, marginal pricing could only obtain the clearing price, which was used as the
result of FRP pricing. Compared with marginal pricing, the FOLP method provided more
information to market participants, and the price signal was more prominent, which helps
market participants make market decisions.

By simulating the NP-FCE and FCESMJC models, we obtained the cost and profit
curves of DPG3, shown in Figures 10 and 11. The NP-FCE model obtained the upward
FRP and downward FRP prices through marginal pricing, but the FRP profit received was
insufficient to cover the costs incurred by DPG3’s participation in the FRP market. However,
the FCESMJC model could reasonably cover the cost of a DPG’s participation in the FRP
market through the FOLP method, which increased the DPG’s incentive to participate in
the FRP market. At t = 6, the enlarged charts of cost and profit in Figures 10 and 11 show
that participation in the FRP markets without FOLP resulted in a negative net profit, which
had a harmful impact on the DPG’s participation in the FRP markets, and with FOLP, the
DPG’s net profit was positive, which reduced DPG’s economic loss from participating in
the FRP markets and provided a positive incentive for DPG to join the FRP markets.
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4.2.3. Markets Economics Analysis

Figures 12 and 13 illustrate the upward FRP and downward FRP clearing results
obtained from the FCESMJC model, respectively. The upward FRP and downward FRP
clearing results are related to FRP pricing. The model prioritizes the clearing of products
with low FRP prices. For example, at t = 16, the upward FRP demand was considerable
and was provided by several DPGs. During the clearing process, DPG3, which had a lower
FRP price, provided the ramping capacity first, and after that, DPG2, which had a higher
FRP price, provided the ramping capacity. However, DPG2 was constrained by the upward
ramping capacity to meet the remaining upward FRP demand. Moreover, DPG1 provided
the final upward FRP demand. Compared with the LESM model, the FCESMJC model
could clear the FRP based on the FRP price and clear the DPG active output, improving the
system’s ramping capability in the next time interval to better cope with drastic fluctuations
in the net load.

By simulating the LESM and FCESMJC models, we obtained the active output of
the DPG in the LESM and FCESMJC models, as shown in Figures 14 and 15, respectively.
Figures 14 and 15 show that if the load forecast was accurate, the FCESMJC model could
meet the net load demand well even without FRP. However, when a load forecasting
error existed, load curtailment (power surplus) due to forecasting uncertainty mainly
occurred when the net load positive increment (negative increment) was too large, and the
system’s upward (downward) ramping capability was seriously insufficient, thus affecting
the system’s performance. Table 5 shows the load curtailment and power surplus of the
LESM-F and FCESMJC-F models. According to Table 5, the load curtailment and power



Sustainability 2024, 16, 2390 19 of 25

surplus of the LESM-F model were 26.8 MWh and 10.0 MWh, respectively, which would
result in significant unexpected costs. However, the load curtailment and power surplus
of the FCESMJC-F model were zero, which means the FCESMJC model could reduce the
unanticipated costs of the system, providing a sufficient ramp-up capability to cope with
large fluctuations in the net load.
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Table 5. Result of load curtailment and power surplus in different cases.

Model Load Curtailment (MW) Power Surplus (MW)

LESM-F 26.8 10.0
FCESMJC-F 0 0
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Figure 15 shows that the FCESMJC model changed the operating status and active
output of the DPG through the FRP markets, reserving enough ramping capacity in advance
to reduce the unexpected cost of the system (for load curtailment and power surplus).
Figures 14 and 15 show that at t = 7, due to the large-scale access to renewable energy
sources, the net load negative increment was significant, and there was a high demand for
the downward ramping capacity of the system. Due to the absence of FRP, DPG3 was not
turned on at t = 6 in the LESM model, and the downward ramping capacity of the system
was insufficient, resulting in a power surplus. In the FCESMJC model, DPG3 was turned
on in advance to reserve enough ramping capacity for t = 7, thus solving the power surplus
problem. Compared with the LESM model, the FCESMJC model reduced load curtailment
and power surplus by providing ramping capacity to the power system through changing
the startup-shutdown states and DPG active output levels in advance.

The generation cost (active power cost and DPG startup cost), FRP cost, unexpected
cost, and system cost for both models (LESM-F and FCESMJC-F) are shown in Table 6. The
FCESMJC-F model had a higher generation cost and FRP cost but a lower unexpected cost.
The system cost of the FCESMJC-F model was 18.6% lower than that of the LESM-F model.
This is because the system improved a small portion of the generation and FRP costs,
improved the ramping capacity of the DPG, and reduced the unexpected cost, which had a
higher unit cost. In summary, the FCESMJC-F model could effectively cope with rapidly
changing net load fluctuations, and from an economic point of view, the FCESMJC-F model
provided significant operating cost savings for the entire system, further demonstrating the
advantages of the FCESMJC-F model.

Table 6. Case operating costs.

Model Generation Costs
(USD) FRP Cost (USD) Unexpected Costs

(USD)
System Costs

(USD)

LESM-F 9092.1337 0 2209.1099 11,301.2436
FCESMJC-F 9175.3727 20.9244 0 9196.2971

To more fully demonstrate the feasibility of the proposed model, we conducted a phase
angle calibration experiment, such as at t= 1, and the results are displayed in Figure 16.
Figure 16 shows that the phase angle could satisfy the range of safety constraints.
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4.3. Discussion

To better cope with the net load fluctuation caused by the large-scale entry of new
energy sources into the grid, this paper proposes the FCESMJC market mechanism, which
finds the LMP through the CESM model based on the SOCP-OPF approach, conic economics
theory, and the KKT condition and then calculates the FRP price through the FOLP method.
Finally, it finds the DPG active power clearing price and the FRP clearing price through the
FCECMJC model. Numerical experiments were simulated on the IEEE 14 bus test system:

1. In the traditional LESM model, the LMP at t = 7 of bus 13 was USD 60/MW, as shown
in Figure 6, which far exceeded the generation cost of the DPG and made the electricity
price fluctuate drastically. In the proposed FCESMJC model, the LMP at t = 7 of bus 13
was USD 3.29/MW, as shown in Figure 6. In contrast, the proposed FCESMJC model
reduced the number of spikes in electricity prices and the dramatic fluctuations in the
electricity prices.

2. In the NP-FCE model, the downward FRP price for all DPGs at t = 6 was USD
8 × 10−6/MW, as shown in Figure 9, and the net profit of DPG3 was USD −1.001, as
shown in Figure 10. In the FCESMJC model, using the FOLP method, the downward
FRP prices for DPG1, DPG2, and DPG3 at t = 6 were USD 0.114/MW, 0.21514/MW,
and 0/MW, respectively, as shown in Figure 9, and the net profit of DPG3 was USD
1.530, as shown in Figure 11. The FRP price for all DPGs in the NP-FCE model at t = 6
was close to 0, and DPG3 operated at a negative net profit. This was not enough to
cover the lost opportunity cost of DPG3. In contrast, DPG3 had better economic profit
in the FCESMJC model. The proposed FCESMJC model could calculate the FRP price
based on the power output of the DPG and LMP and better compensate for the FRP
cost of the FRP market participants.

3. In the conventional LESM-F model, the generation cost was USD 9092.1337, the FRP
cost was USD 0, the accidental cost was USD 2209.1099, and the system cost was USD
11,301.2436, as shown in Table 6. In the proposed FCESMJC-F model, the generation
cost was USD 9175.3727, the FRP cost was USD 20.9244, the unexpected cost was
USD 0, and the system cost was USD 9196.2971, as shown in Table 6. Compared with
the LESM model, although the generation cost and FRP cost of the FCESMJC model
increased by 0.68%, the unexpected cost of the system was reduced by improving the
ramping capacity of the system, which resulted in a decrease in the system cost by
18.6%. This improved the economic efficiency of the system.

5. Conclusions

The high percentage of fluctuating new energy access poses new challenges to the flexible
operation of power systems. FRP is designed to meet the increased demand for DPG ramping
capacity by reserving the ramping capacity of an adjustable DPG in advance. In this paper,
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we proposed a novel FCESMJC market mechanism that reduces spikes in electricity prices,
compensates FRP market participants economically, and improves system economics.

Future works may look at joint services between FRP and other products in the
electricity market to improve the ramping capacity of the power systems and optimize the
market for ancillary services. Additionally, further research on FRP demand is necessary to
calculate FRP demand more accurately by considering the stochastic nature of the net load,
which is closely related to the operating status of the DGP, the level of active output, and the
market clearing price. The conventional calculation of FRP demand is based on renewable
energy fluctuations and load forecast errors, and thus a more accurate characterization
of renewable energy fluctuations is essential for assessing FRP demand. Procuring FRP
products through stochastic and robust optimization is also a future research priority.
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Nomenclature

Indices and set
G, g Set, index of thermal DPGs
T , t Set, index of periods
N , i, j Set, index of buses
Ω(i) Set of DPGs on bus i
Parameters

a, b, c
Quadratic term factor, primary term factor, and constant term factor for
generation costs

Cst
g Startup cost factor

Gi,j, Bi,j Conductance and conductivity matrix
Pd

i,t Active power load of DPG g bus i at period t
Qd

i,t Reactive power load of DPG g at bus i period t
Vmin

i , Vmax
i Maximum and minimum values of bus voltage at bus i

Pmin
g , Pmax

g Maximum and minimum values of active power by DPG g
Qmin

g , Qmax
g Maximum and minimum values of reactive power by DPG g

Lur
g , Ldr

g Upward and downward ramping rate of DPG g

Lst
g , Lo f f

g Startup and shutdown rate of DPG g
Tst

g,min Minimum continuous startup time of DPG g

To f f
g,min Maximum continuous startup time of DPG g

SUg
Number of periods of DPG g that still need to run continuously at the initial
time point

Odg
Number of consecutive periods of DPG g that still need to be closed at the
initial point in time

A Coefficient matrix of quadratic inequality constraint
b, c, d, a, h,f, f Constant coefficient column vectors in the CESM
θ, ξ The number of inequality constraints and linear equivalence constraints in CESM
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Γ Dimension of the unit diagonal matrix (varies with the correlation matrix)
C f u

g,t Upward FRP cost factor

C f d
g,t Downward FRP cost factor

Cpencut The unexpected cost factor for load curtailment of bus i at period t
Cov The unexpected cost factor for power surplus of bus i at period t

CEo
g,p

Cost of electricity per unit of capacity in the cost offer curve when the active
power is P of DPG g

Variables
SPCg,t Secondary cost of DPG g at period t
Pg,t Active power of DPG g at period t
Qg,t Reactive power of DPG g at period t
ug,t ∈ {0, 1}, commitment status of DPG g at period t
yg,t ∈ {0, 1}, startup status of DPG g at period t
zg,t ∈ {0, 1}, shutdown status of DPG g at period t

Ci,j,t, Si,j,t
Two variables related to the real and imaginary parts of the voltage of each
bus in the SOCP- OPF

UTt+1 Uncertainty and variability fluctuations
Fusup

t Upward FRP demand at period t
Fdsup

t Downward FRP demand at period t

Ccl
g,p

Unit cost of electricity for ancillary products of DPG g in the FOLP pricing
method

P f ix
g,t Fixed output in FOLP pricing method

PCL
t Ramping capacity required for systems participating in FOLP pricing

Cocl
g,t

The total cost of ancillary products in the FOLP pricing method for DPG g
at period t

Ccl0
g,t

Unit cost of ancillary products in the FOLP pricing method for DPG g at
period t ($/M.W.)

bpg,t
Active power corresponding to the intersection between the LMP and the
DPG g cost offer curve

PFu
g,t The upward ramping capacity of participating FOLP of DPG g at period t

PFd
g,t The downward ramping capacity of participating FOLP of DPG g at period t

Fua
g,t Upward FRP capacity with nonzero cost of DPG g at period t.

Fda
g,t Downward FRP capacity with nonzero cost of DPG g at period t

Co f u
g,t The total cost of upward FRP of DPG g at period t

λ
p
g,t

LMP obtained by market clearing at the period t in the bus where DPG g is
located

λ
aps
i,t LMP in CESM model of bus i at period t

λ
ap f
i,t LMP in FCESMJC model of bus i at period t

λ
f u
g,t Upward FRP clearing price at the period t in the bus where DPG g is located

λ
f d
g,t Downward FRP clearing price at the period t in the bus where DPG g is located

Co f d
g,t The total cost of downward FRP of DPG g at period t

C f u0
g,t Unit capacity cost of upward FRP of DPG g at period t

C f d0
g,t Unit capacity cost of upward FRP of DPG g at period t

Fug,t Upward FRP clearing capacity of DPG g at period t
Fdg,t Downward FRP clearing capacity of DPG g at period t
Pcut

i,t Unexpected capacity for load curtailment of bus i at period t
Pov

i,t Unexpected capacity for power surplus of bus i at period t
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