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Striving to develop renewable energy generation (REG) has become a global trend. Due to high carbon emissions,
fossil-fueled generation units (FFGUs) in an electrical energy market such as the day-ahead and real-time elec-
tricity markets are facing unprecedented constraints. From the perspective of FFGUs, an effective way is to
change their market roles from energy suppliers with high environmental costs to secure and reliable frequency
regulation service providers. To help FFGUs successfully complete the transition, a bi-level optimization model
for the joint energy and regulation service market is proposed in this paper. Different from existing joint markets,
both the environmental cost of FFGUs and the frequency regulation service (FRS) cost of REG units are
considered in this research for market operators to determine the scheduling priorities of submitted bids from
generation units. In the frequency regulation service market model, a dynamic approach to determining the FRS
demand is applied, which not only incentivizes REG units to initiatively manage their outputs, but also derives
the price signals through the equilibrium of the FRS demand and supply to ensure the revenue of FFGUs in the
FRS market. Meanwhile, the decision-making model of the FFGUs under the proposed market mechanism is also
presented. Finally, extensive numerical experiments demonstrate the feasibility and efficiency of the mechanism.
Simulation results show that the proposed mechanism can stimulate a smooth transition of FFGUs by adapting to
actual situations and policy changes.

high share of FFGUs has operational risks. For example, the Australian
electricity market was shut down in June 2022, because the rising fuel
costs led to the decline in power supply and insufficient provision of
ancillary services such as frequency regulation services from FFGUs [2],
which made the entire electricity market unable to deal with this
extreme situation.

1. Introduction

1.1. Background and motivation

As the development of an environment-friendly power system has
become the consensus of governments around the world, policies to
advance the development of renewable energy generation (REG) has
been introduced, and remarkable outcomes have been achieved. In
2021, the global installed capacity of REG increased by 314.5GW and
reached 3,146 GW [1]. The increasing outputs of REG are replacing the
market share of fossil-fueled generation units (FFGUs) in power systems
characterized by the high penetration of REG.

To limit the carbon emissions of FFGUs, many countries have
established carbon emission markets. Consequently, FFGUs bear the cost
of carbon emissions. Besides, the “energy-only” electricity market with a

* Corresponding author.
E-mail address: yangjia.zju@gmail.com (J. Yang).

https://doi.org/10.1016/j.ijepes.2023.109504

Meanwhile, due to the uncertainty and intermittency of REG outputs,
the demand for frequency regulation services in power systems is
surging. The incumbent regulation service providers may not be able to
provide abundant regulation service to address the expansion of REG
units in the energy market. Specially, FFGUs can provide these regula-
tion services, which can not only meet the needs of the REG develop-
ment, but also stimulate the transition of FFGUs from energy suppliers to
regulation service providers.

However, the following challenges are identified in the transition of
FFGUs:
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Nomenclature

A. Numbers and Indexes

NG Total number of FFGUs

NR Total number of REG units

NP Total numbers of up FRS providers
Ndw Total numbers of down FRS providers

i The index of FFGUs

j The index of REG units

m The index of down FRS providers
n The index of up FRS providers

B. Parameters

Cgabon Incurred cost of carbon emissions

c}‘ Unit FRS cost caused by the j® REG unit

E¢ Unit carbon emission cost caused by the i* FFGU
€ Carbon emission factor of the i* FFGU

i
B!, geelmax - Ayxiliary parameters to characterize the
complementarity among REGs

ppex Transmission capacity of line [

psyn Minimum reserve capacity required

P, pf’bid Offered power outputs of the i FFGU and the j REG
unit

podeapp Maximum capacity for up FRS from the n FRS provider

poideap ™ Naximum capacity for down FRS from the m™ FRS
provider

p}i‘im Forecasting value of the output extracted from pf,

™", pS™* Lower and upper limit of the pE"Tbid

po™, po™  Ramp-up and ramp-down limit of the i FFGU

C"®  Incurred cost of the fuel

pf‘T“fll Actual power output of the i FFGU during interval T-1

Rym, RIP, R{™®, RM! Total revenue, the spot energy market revenue,
the FRS market revenue and the actual regulation mileage

revenue of the i* FFGU
rg,r® Offered price of the i FFGU and the j REG unit

rearbon Carbon emission price

reapp peapdw jp and down FRS capacity price
o Bidding capacity price for up FRS from the n FRS provider
rodmilee - Bidding mileage price for up FRS from the n FRS provider

rode ™ Bidding capacity price for down FRS from the m™ FRS
provider

rbidmildw  Bidding mileage price for down FRS from the m™ FRS
provider

energy _frs,capup _frs,cap,dw .
R o , T Predicted values of the spot energy market

price, up-FRS capacity price and down-FRS capacity price
in the target dispatch interval T

a, B Weighting factors of the carbon emission cost and the FRS
cost

AT Time of the target dispatch interval

C. Vector

p}ft Vector of forecasted power outputs for the target dispatch
interval T submitted by the j* REG unit

pffbid Decision variable for offered power outputs of the i* FEFGU
in the target dispatch interval T

D. Variables

1; Auxiliary variable larger than 0

pf Clearing outputs of the i" FEGU

pJR Clearing outputs of the j" REG unit

patP Capacity for up FRS of the n* FRS provider

Capacity for down FRS of the m" FRS provider

%20 5 e o0 59w Auxiliary variables in Karush-Kuhn-Tucker
condition

v Binary variable for the big M method

Tn

(1) There is not a widely accepted method to measure the environ-
mental cost of FFGUs participating in electricity markets.

(2) The existing market mechanism for procuring frequency regula-
tion service may not work well in the transition period and a
reasonable profit level may not be achieved for FFGUs.

(3) The lack of effective market regulation measures to guide FFGUs
through the transition period.

This paper aims to tackle the above challenges through developing
an innovative electricity spot market mechanism for power systems with
a high REG penetration rate. The solutions presented in this paper will
provide suggestions for developing an efficient electricity market
mechanism to address the ever-increasing intermittent renewable en-
ergy generation.

1.2. Related works

The negative impacts of fossil-fueled generation (FFG) on the envi-
ronment, especially in terms of carbon emissions, have been well known.
In [3], the situation in Ghana is discussed. Quantitative modeling and
simulation methods are used to analyze the environmental impacts of
generation units and fuel choices, and the technologies for low carbon
emission energy conversion such as renewable energy are essential to
reduce carbon emissions. An analysis is presented in [4] involving
greenhouse gases from small-scale (less than one megawatt) distributed
power sources and research results indicate that by 2040, these small-

scale fossil-fueled generators could account for around 1%-5% of total
carbon emissions from the U.S. electric power sector. The example of
Turkey is discussed in [5], which presents the impacts of FFG on Turkish
policy and the environment. Some publications investigate how to make
FFG reduce carbon emissions. In [6], the technology-economic perfor-
mance of carbon dioxide capture in FFGUs is examined from an indus-
trial point of view, aiming to reduce the environmental cost of FFG.
Besides, the comprehensive impact of carbon tax and demand response
on the emission decline of the power system is analyzed in [7]. However,
although some advanced technologies and mechanisms can reduce the
damage of FFGUs to the environment, it is inevitable that FFGUs will
withdraw from the electricity energy market step by step.

In order to evaluate the impacts of carbon emission from FFGUs,
more and more publications take carbon emissions as a target or
constraint condition in developing power system planning and opera-
tion optimization models. In [8], the power system expansion planning
problem is investigating with the financial costs and revenues of emis-
sions trading in the carbon emission market considered. According to
the cap-and-trade principle of the carbon emission market, carbon
emissions are expressed as a constraint in [9]. In [10], the targets of
carbon emission and REG penetration, as two unconventional economic
goals, are included in the optimal planning formulation of the power
system. In [11], a two-layer expansion planning model for multi-energy
systems with carbon emission constraints under the decentralized
methodological framework is presented. To measure the environmental
cost of FFGUs, carbon emissions are considered in the proposed joint
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electricity market mechanism.

Meanwhile, the uncertainty of REG outputs brings additional risks to
power system operation. A literature review on system reserves and
flexibility is given in [12], which stresses the necessity of revising the
existing electricity market mechanism so as to realize its full potential on
providing flexibility. Since the integration of REG brings new problems
or even challenges to power system operation, if there is not adequate
regulation capacity, the intermittency of REGs may lead to significant
excursions in power generation, and threaten the security of the power
system [13]. Therefore, in [14,15], a stochastic programming and a
multi-level stochastic optimization method are adopted to study the
coordinated planning and operation of power systems. In [14], a multi-
cooperative microgrid energy management strategy is proposed to
minimize the total daily operation cost of the microgrid, with the time-
varying and intermittent properties of REG considered.

On the other hand, the impact of growing REG integration on the
flexibility of power systems is reflected in the increasing demand for
regulation services. In [15], a comprehensive review of the demand for
ancillary services caused by REG penetration in power systems is con-
ducted. In practice, because of insufficient ancillary services in real-time
operation of a power system, the high penetration of REGs has resulted
in tremendous economic loss as a result of more frequent power outages.
In addition, the frequency regulation service (FRS) capacity in practical
power systems, such as ISOs in North America, is pre-statically deter-
mined and may not be able to meet future power system operation re-
quirements. If the ancillary service demand of a power system cannot be
accurately determined, the actual value of ancillary services provided by
FFGUs or other suppliers cannot be attained with the supply-demand
relationship. In [16], a method is proposed to dynamically determine
the demand for ancillary services in a power system, and could be
expanded to discover the actual supply—demand relationship of ancillary
services in the system.

Up to now, the research work regarding the role transformation of
FFGUs in intermittent renewable energy rich power systems is pre-
liminary. It is shown in [17-19] that energy systems are in a major
transformation process and take different approaches such as power
electronic devices or flexibility options to help accomplish this process.
In [20], the main issues of energy transformation are discussed and
analyzed. After investigating multiple paths, one of the conclusions is
that market policymakers need to take measures to ensure a rapid
transition to REG in power systems. In [21], the difficulties and prob-
lems associated with FFGUs are examined during the transition period
from the perspective of social relationship. However, the above studies
did not propose specific plans of the transformation for FFGUs.

It is worth noting that in the transition path of FFGUs, the design of a
joint energy-frequency regulation electricity market is critical. Some
joint market mechanisms have been proposed [22-28], and played roles
in different application scenarios. For the scenario described in this
paper, the proposed method can not only accurately estimate the
demanded frequency regulation capability, but also motivate the RESs
to initiatively manage the uncertainty of their own power outputs.
Comparisons among several existing joint market mechanisms and the
proposed one are shown in Table 1.

1.3. Novelty and contributions

To sum up, the challenges of a workable market mechanism design to
support the transformation of FFGUs are still not well addressed. The
transformation of FFGUs from energy market suppliers to regulation
service providers can not only reduce carbon emissions, but also help
REGs better integrate into the electricity spot market. Given this back-
ground, an electricity market mechanism for joint energy and regulation
service clearing is proposed in this work. In the proposed mechanism,
carbon emission cost is embedded into the electricity spot market. On
the other hand, the cost of regulation services caused by REGs is also
incorporated into the spot market clearing, which helps to determine the
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Table 1

Comparisons among existing joint market mechanisms and the proposed model.
Method Application scenario Highlight
Sequential dispatch or Traditional power system e Intuitive

deterministic
dispatch [22,23]

Adjustable robust co-
optimization model
[24-26]

Versatile distribution
model based on a
chance-constrained
optimization
approach [27,28]

Proposed model in this
paper

where the frequency
regulation demand is
relatively prefixed
Real-time electricity
market considering wind
power uncertainties

Peer-to-peer (P2P)
market for distributed
energy resource
management

Guiding FFGUs to
complete role
transformation in a
renewable-rich power

Easy to implement

Capable of obtaining the
optimal and feasible
solutions

Immunizing against the
uncertain wind power
output

Compensating for the
uncertainty originating
from RES

Allocating the reserve
cost induced by
uncertainty fairly
Obtaining the frequency
regulation requirements
of the system based on
different unit scheduling

schemes

Motivating the RES to
manage their own output
uncertainty

system

actual value of regulation services in power systems and motivates REGs
to actively manage their power outputs. Besides, the proposed market
mechanism employs adjustable weighting factors as a measure of policy
regulation to ensure the smooth role transition for FFGUs. The decision-
making model for FFGUs is also given to evaluate the feasibility of the
proposed market mechanism. The main contributions of this paper are
summarized below:

First, the transition path of FFGUs is determined and their trans-
formation from energy suppliers to regulation service providers is
guided by a joint energy-regulation electricity market mechanism.

Second, a joint energy and regulation service bi-level market model
is proposed, in which its Karush-Kuhn-Tucker (KKT) condition ensures
this model solvable. The market clearing model can accurately deter-
mine the regulation service demand of the power system and discover
the regulation service price according to the actual supply-demand
relationship, so as to guarantee the profits of FFGUs during the transi-
tion period.

Third, the quantified environmental cost of FFGUs is incorporated
into the electricity market mechanism, and the decision-making model
of FFGUs under the proposed mechanism is developed. Through simu-
lation results of short-term, medium and long-term data, the effective-
ness of the proposed mechanism for guiding the role transformation of
FFGUs is demonstrated.

The structure of the remaining parts of this paper is arranged as
follows. Section 2 introduces the proposed electricity spot market
clearing mechanism. Then, the decision-making model of FFGUs is
expounded in Section 3. Case studies are presented in Section 4. Finally,
the paper is concluded in Section 5.

2. Proposed market mechanism

To address the challenges that restrict the role transformation of
FFGUs, a path is given in Fig. 1. This path serves as a guide regarding the
decision-making of FFGUs through the design of a joint energy-
frequency regulation electricity market mechanism, and it is expected
that the transition of FFGUs from energy suppliers to FRS providers over
time would be finally completed. The market design is detailed below
and the decision-making procedure of generation units will be described
in Section 3.
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Fig. 1. A flowchart of the role transformation path for FFGUs.

2.1. Assumptions

Prior to the development of the proposed mechanism, some basic
assumptions are given below.

(1) The electricity spot market is usually referred to an ex-ante
market such as the day-ahead, hour-ahead, and real-time (for
example 15 min-ahead) ones. In this work, the electricity mech-
anism is developed based on the hour-ahead market.

Input from
generation side

A bi-level model combining the energy market
and the ancilliary service market

International Journal of Electrical Power and Energy Systems 155 (2024) 109504

(2) Due to the power output uncertainty of REGs, there will be an
inevitable imbalance between the scheduled and actual power
outputs, which will be covered by regulation services. The
regulation service in the proposed electricity market mechanism
refers to the FRS, which is consistent mainstream regulation
service markets in various countries.

(3) The electricity spot market is a wholesale one and generators are
required to schedule generation outputs according to the market
clearing outcomes. Otherwise, the unindicated deviation of the
actual output from the cleared one will be penalized if outside a
given tolerance range.

2.2. Model of proposed market clearing mechanism

In the proposed market mechanism, the energy market and the FRS
market are jointly cleared, which is described by a bi-level model, as
shown in Fig. 2. FFGUs not only participate in the energy market with
REGs, but also bid for provision in the FRS market with other regulation
service providers.

From the perspective of establishing a market operational organi-
zation, the bi-level model is more conducive to its division of market
responsibilities. Some market entities do not participate in the energy
market and the FRS market at the same time, for example, energy
storage systems may only participate in the FRS market. The bi-level
model helps the market operator distinguish between these market
participants, which is beneficial to define responsibilities within the
market organization.

2.2.1. Upper-Level: Energy market clearing model
In the energy market clearing model, FFGUs and REG units provide

offers to the electricity spot market, which are represented by <rl.G,
piG’bid> (i € NO) for the i" FFGU and (r}‘7 pf’hid) (j € N®) for the j* REG
unit. r&, r}‘/pic’bid and pf'bid denote the offered price /power outputs of

the i" FFGU and the j REG unit, respectively.NC and NR represent the
number of FFGUs and REG units, respectively. After receiving energy

G T AR
¢ Input from
! transmission and

i distribution side

Power network
topology

Transmission

line capacity
limits

i

Network tarifl

Load demand
elasticity

Typical load

=

A

curve

1
} 1 1
1 1 |
| 1 1
} 1 '
] 1 1
1 | Predicted output | | ' .
] | ! ’ . y -
: of REG P Upper-Level: Energy market clearing model
i i i = Objective function: scheduling cost + carbon cost + FRS cost
o . 1 ]
! Generation ! A . Decision variables: the clearing outputs of units
! constraints 1 !
| { b
Unit !
| | N 3 . o 4
% = 'RS | ‘RS b
: maintenance \ | l FRS price FRS demand
E arrangement i E ”
1
| } ! .
: , o3 Lower-Level: FRS market clearing model
1 Fuel costs : -
' ! 1 | ®  Objective function: up and down FRS cost
i Garbon i E = Decision variables: the capacity for up and down FRS of participants
i emission price | 1 E
|
. b oy - 1

Fossil-fueled
generation units

i I
i /°|\i
E REG units

Fig. 2. Illustration of the bi-level clearing model for the joint market.
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bids from all participants, the energy market bids will be cleared as
follows

miny_ (77 + ab)pf + > (1F + pel ) €y
ieNG JENR
s S Y ®
ieNG JENR keNbus
) SEES W R [ ©
keNbus ick Jjek
E,C' — e[G.rcarbon‘AT (4)

S R bid ca
ij.rLdP.up + <p S _ p’() .r&,dp.dw

G o )
J

o<pi<p™ (6)

0<pl<p™ %)

where the objective function (1) is to minimize the procurement cost in
the given time period including the energy cost, carbon emission cost as
well as FRS cost which is obtained via the lower-level market model. ES
and CJR denote the unit carbon emission cost caused by the i* FFGU and
unit FRS cost caused by the j* REG unit, respectively.a and j3 are the
weighting factors of the carbon emission cost and the FRS cost, which
are determined with power system security, environmental benefits,
policy support for RES development and other factors considered.
Equations (2) -(3) represent the power balance constraint and trans-
mission capacity constraint. p? represents the load at the k* bus, Pk
denotes the power transfer distribution factor, and P["* represents the
transmission capacity of line I. Equations (4) -(5) represent the calcu-
lation formulas of EY and ¢}, respectively. rewbon denotes the carbon

emission price during the clearing period. el is the carbon emission

Price &

Market cleaning price

Bidding prices of participants

International Journal of Electrical Power and Energy Systems 155 (2024) 109504

factor of the i FFGU. r*®r and r**% are respectively the up and down
FRS capacity prices, which are obtained from the lower-level FRS mar-
ket clearing model. Equations (6) -(7) respectively represent constraints
on decision variables p¢ and pJR, which denote the clearing outputs of the

i FFGU and the j REG unit, respectively.

The clearing price in the energy market depends on the quoted price
from the marginal generation unit that has won the bid, as shown in
Fig. 3.

2.2.2. Lower-Level: FRS market clearing model
In the FRS market, each participant (including FFGUs) submits a bid

(rﬁid‘“p’“p, phidmilup pﬁid'“"‘“"> with n € N' for providing up FRS or a bid

(r’l?;d,cap,dw7rlt;id‘mil,dw7 pg:d-,cap~dW> with m € N for providing down FRS.

rpdecapop pbidmilup jphid.capdw pbidmildw represent the bidding capacity price
and bidding mileage price for up/down FRS, respectively. pgidﬁﬂp«,up /

podeapd™ - denote the maximum capacity from the up/down FRS

providers.N"* and N represent the numbers of up and down FRS pro-
viders, respectively.

To determine the system’s demand for FRSs, each REG unit needs to
submit a vector of forecasted power outputs p}ft(t € T) for the target
dispatch interval T to the electricity market trading system. Given that
the FRS market maintains a continuous balance of generation and load
at a very fine-grained level, the time granularity of pft should be
consistent with or less than that of the FRS signal. Since the process is
carried out ex-ante, the power output of the REG unit , pf’bid

: R.bi
uncertain. Therefore, p;***

, is actually
and p§; contain information about the power
outputs of REGs featured by uncertainty.

REG units submit predicted generation outputs in the target dispatch
interval, which are employed in determining FRS requirements in the
studied power system. The FRS market clearing model is formulated as
follows.

|
|
| Load ol demand side

Bidding outpul ol participants

m Lower limit of winning bidding output

Failed bids due 1o carbon cost

Failed bids ducto FRS cost ...

—— Tailed bids due 1o quotation

-

Power

Upper limit of winning bidding output

—— Winning bids of fossil-fueled generation units

=== Winning bids of REG units

Up-regulation reserve for uncertain output

Down-regulation reserve [or uncertain output

Fig. 3. Schematic diagram of the energy market clearing.
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. cap,up _cap,u cap,dw _cap,dw
min ) rPUpIP 4 Y i ®

neNtw meNIw

Syn Hcp] cap,u
st P D 0 i = 2P ©

JENR nenvwp

,bid !
[ e B = )]

ng::xap.upgp:?id.cap‘up (1 1)

ZmeNdecap dw (1 O)

ng:':p,dw gpl:’:d.cap.dw (12)

where the objective function (8) is to minimize the up and down FRS
cost. Equations (9)-(10) represent the market balance including the up
and down FRS, where the complementarity effect of intermittent REG
outputs is considered. In (9), P*" represents the minimum reserve ca-
pacity required even if the predicted changes can offset each other out so
as to account for the inherent generation output changes from REGs.
Equations (11)-(12) represent constraints on decision variables py*"?

cap,dw

and pi™", which denote the capacity for up FRS of the n™ up FRS
provider and the capacity for down FRS of the m" down FRS provider,
respectively. H® and H®'™>* measure the complementarity among
REGs, where the change in absolute value of forecasting results sub-
mitted by generators is taken into consideration. H*?' and H®"™* can be
attained by Equations (13)-(16).

R,im

ApR™ = piim —pRin Vi e T (13)

Hcpl _ Z Zb PR Jim (14)

teT |jeNR

eplmax _ 7 Z > |bap 15)

€T\ jeNR
P = b, =0 16)

where pﬁt’im is extracted from p}‘t, and represents the forecasting value of

the output from the j* REG unit. The larger H®' is, the worse the
complementarity effect of the total REG output will be. H*®' reaches its
maximum H®"™* when all REG outputs change in the same direction
simultaneously. Equations (14)-(15) are used to determine the FRS re-
quirements by the system. Equation (16) guarantees that the FRS cost be
considered when pJR is scheduled. b; is a binary variable, and #; is an
auxiliary variable larger than 0.

The proposed market mechanism employs a two-part pricing scheme
including a capacity price and a mileage price as payment basis for each
FRS provider [29,30]. Equations (17)-(18) demonstrate the method to
determine capacity prices for up- and down-FRS, which are represented
by r$P*P and riP| respectively.

)(Ldp up rbld ,cap,up +Xmll uprbld mil,up

Ldp up _
bid,cap,up a7
Pn
cap,dw .bid,cap,dw mil,dw ,.bid,mil,dw
rcapxiw _ Xn "m +)(; T (18)
m - bid,cap,dw
Pm
i, ap.d - -

where y; ", 0, ymt ", and y™m4Y are all weighting factors.

By modeling the uncertain characteristics of the forecasted power
outputs from REGs, the required FRS capacity in the system can be
determined in the next period of power system operation. The purchased
cost of FRS should be undertaken by the market participants who cause
this service demand.

International Journal of Electrical Power and Energy Systems 155 (2024) 109504

2.2.3. Reformulation and solution

The developed bi-level market clearing models could be reformu-
lated for improving the solving efficiency. The well-established Karush-
Kuhn-Tucker (KKT) condition could be employed to solve the problem,
because the lower-level model is a linear programming problem. Spe-
cifically, the FRS market clearing model can be replaced with its KKT
conditions which are then integrated into the upper-level model. Finally,
the original problem is transformed into a single-level optimization
model. Based on (8) and (12), the Lagrangian function I" of the lower-
level model can be reformulated as follows.

_ cap,up _.cap,up cap,dw__cap,dw
D= ) rimepiee 4 ) L rep;

nENUP meNd

e[ o ()

neN JENR

cpl
e capdw Rbid R H 19
P pj pj Hcpl.mux
meN JENR
—UP ¢ bid,cap,up cap, up U cap,up
=D H, (P — P = >,
nenNvw nenNvw
_ ;dw ( bid,cap,dw __ Cdp dw l/ cap,dw
m \Pm m p m

meNI meNI

where A%, 2%, 7", i, 7 and 7% are auxiliary variables.
Thus, the KKT COIldlthIlS of the FRS market clearing model can be
expressed by (20)-(29).

(1) Equality constraints

ar . —~u —u
Gy = I AT f, —H, =0 (20)
or Cdw —dw
0 cap,dw rtﬂp aw Ad“ TV, — VU = 0 21
Pm
0r _ cap,up psn R Hcpl =0 22
W - Zp” - - pr .Hcpl.max - ( )
neNvP jENR
or cap,dw R,bid R Hcpl
aﬂdw = % pmp - ; ([),' _pj > Hcplmax =0 (23)
meNIw JE
(2) Inequality constraints
ng;ap,up <pl:lld.cap,up (24)
ng:::p,dw Spl;:d,cap.dw (25)

(3) Dual complementary constraints

OSp, L (phewar — perer) >0 -
0T, L (phiternen — pepdv) 50 -
0<p, Lp§™P20 -
0<, Lpia 20 o

The big M method can be used to transform the above dual com-
plementary constraints into linear ones. For instance, a binary variable
7 is introduced to convert (26) into (30) and (31).

0<u, <Mz (30)
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0< (p:id.cap‘up _ p:;ap.up)SM(l _ T:p) (31)

where M denotes a sufficiently large positive number.

Together with Equations (13)-(18), the bi-level model is thus trans-
formed into a Mixed-Integer Linear Programming (MILP) problem, and
can be efficiently solved by the GUROBI solver in MATLAB.

2.2.4. Advantages of the proposed market mechanism
Some advantages of the proposed market mechanism are presented
below:

(1) The incurred carbon emission cost of FFGUs and the incurred FRS
cost of intermittent REG units are both properly considered in the
joint energy-regulation market. The joint market clearing can
promote the employment of clean and low-carbon electrical en-
ergy in the power system, and ensure that sufficient FRS capacity
be obtained. This helps to enable an appropriate trade-off be-
tween the portfolio of different kinds of energy supply and the
amount of required FRS in final market clearing outcomes.
In the proposed market mechanism, a dynamic method is pro-
posed to determine the FRS service price. The participating
FFGUs in the FRS market could be profitable. At the same time,
because the FRS purchased cost reserved for variable REG is
considered, REG units are incentivized to proactively manage
their uncertain power outputs so as to avoid being penalized, and
the operation efficiency of the power system with a high pene-
tration level of REG could then be improved.

(3) Subsidy policies for pushing the role transformation of FFGUs are
remodeled by incorporating weighting factors a and § in the en-
ergy market clearing model, where the values of a and p represent
the respective weights on the environmental cost and system
security, and are variable with practical situations and the
transformation progress of FFGUs. More detailed analysis is
presented in Section IV.

2

—

3. Decision-Making Model of fossil-fueled generation units

According to the proposed electricity market mechanism, the reve-
nue of FFGUs includes three parts, including the spot energy market
revenue, the FRS market revenue and the actual regulation mileage
revenue, as shown in Equation (32).

R:‘um — R:P _,’_R;fﬂp _,’_R;nil (32)

where R{"™, R, R{*” and RP' denote the total revenue, the spot energy
market revenue, the FRS market revenue and the actual regulation
mileage revenue of the i FFGU, respectively.

Since the regulation mileage revenue of each FFGU is settled ex-post,
this part of revenue is thus not considered in the decision-making model
of the FFGU. The decision-making model for determining the offered
outputs of FFGUs is formulated by Equations (33)-(37).

energy _G,bid + r;fs.cap.upp?i.;l,cap,up + rﬁ‘s.cap,dwphid,cap.dw _ C;'arbun

e (33)

maxrr = pir T iT

st Copeon = pipid.eforgon AT (€]
G = ap (pF) + bip + 35)

p?.minspfi‘bidgp?.max (36)
=P = pFe <pi (37)
where 75", rIS“PP and P denote the predicted values of the spot

energy market price, up-FRS capacity price and down-FRS capacity price
in the target dispatch interval T, respectively. C* and C;""®" represent
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the incurred cost of carbon emissions and the fuel, respectively, and can
be attained by Equations (34)-(35). A quadratic function is introduced to
describe the energy cost of each FFGU, where q;, b; and c; are all the

coefficients of this expression. Equations (36)-(37) represent the con-

straints on the decision variable p*;""*. p®™* and p®™" denote upper and

lower limits of the p_i"“, respectively. p? ™" and po™"

ramp-down limits of the i FFGU, respectively. pf’T“f]l is the actual power

output of the i* FFGU during interval T-1.

Besides, the bidding capacity of FFGUs in the FRS market can be
expressed as

are ramp-up and

p?i;i.cap,up — min (piG.rupl’piG.max _ p?%bid) (38)

p?i;l.cap,dw _ min(p.(}.rdw"pfv%bid _ pQ.min) (39)

i i

where min(x,y) denotes the smaller one between x and y.

With the implementation of carbon emission reduction policies and
the guidance from market regulators, FFGUs may be more inclined to
make decisions regarding reducing generation outputs and providing
more FRS capacity services, their role transformation in the electricity
market environment can then be gradually completed.

4. Case study
4.1. Simulation data

Numerical experiments are carried out with real-world electricity
market data in a province in eastern China. It is supposed that the
transformation of FFGUs begined in 2021. Parameter settings of market
participants including photovoltaics units, wind turbines, fossil-fueled
generators and other FRS providers in 2021 are shown in Table 2. The
annual growth rate of REG installed capacity is set based on govern-
mental policies [31]. The REG power output is predicted according to
historical data. The parameters of the carbon emission market are set
according to the China’s national carbon market [32]. It is assumed that
FFGUs are required to pay for carbon emission allowances.

4.2. Analysis of short-term simulation results

Based on the set data in 2021, short-term simulation results are
examined. In order to demonstrate the effectiveness of the model pro-
posed, two cases are investigated:

(1) The traditional market clearing model is adopted to clear the
combined energy and FRS market without considering carbon
emissions.

(2) The market clearing model proposed in this paper is adopted with
carbon emissions considered.

In case 2, the changes in market regulation measures according to
government policy for RES, environmental benefits, and power supply
reliability are simulated by changing the weighting factors in the elec-
tricity spot market model, as shown in Table 3. The higher the ratio of /
a is, the higher the tolerance for carbon emissions of FFGUs will be.

Figs. 4 and 5 show the spot market clearing outcomes and the rev-
enue or cost of FFGUs in two cases.

Table 2
Parameter settings of market participants in 2021.

Generator type Number Total installed capacity (MW)
Wind turbines 21 3802

Photovoltaics 10 940

Fossil-fueled generators 20 10,120

Other FRS providers 10 630
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Table 3
Parameter settings of §/a Ratio in each month.
Month 1 2 3 4 5 6 7 8 9 10 11 12
B/a 0.9338 0.8874 0.9463 0.9876 1.0925 0.9566 0.8469 0.8576 0.9199 0.9789 1.0684 1.0144

In Fig. 4, it is shown that the cleared generation output curve of
FFGUs in case 2 is below that in case 1, which means that REG units gain
more energy market share in the proposed mechanism. More impor-
tantly, by adjusting the ratio of p/a, the market regulator can guide the
transformation of the FFGUs. For example, a lowest ratio of f/« in the
summer means that the market regulator is much more stringent on the
cost of carbon emissions in the concerned time period than in the other
periods, but is less restrictive on FRS costs. This is because of the sig-
nificant increase in the REG output in this time period, and the FFGUs
should be guided to participate in the FRS market so that electricity
consumers can enjoy cheap and clean electricity energy from REG units.
Fig. 5 shows the effect of the proposed mechanism on the revenue of
FFGUs. In case 2, the revenue of FFGUs from the energy market de-
creases slightly, but that from the FRS market increases substantially.
This is because the supply-demand relationship of FRS is properly re-
flected, and FFGUs recover the opportunity cost by providing capacity
service to the FRS market. Specifically, in February, when carbon
emissions are usually high for heating, the revenue of FFGUs from the
FRS market even exceeds that from the energy market, resulting in the
lowest carbon emission cost of the year.

4.3. Analysis of medium and long-term results

According to the “14th Five-Year Plan” in China, the “carbon peak-
ing” goal in 2030, and the outline of the long-term goal in 2035 [31,33],
results of the transformation of FFGUs in the next 15 years starting from
2021 are attained, as shown in Fig. 6.

As can be seen from Fig. 6, during the transformation of FFGUs, due
to the growing demand for FRS brought by the continuous development
of REG, the clearing capacity of FFGUs in the FRS market increases

gradually. In the meantime, the cleared total generation output from
FFGUs in the energy market reduces gradually. By 2030, the tenth year
after the start of the simulation, the market shares of FFGUs in the en-
ergy market and the FRS market will level off, and the transformation of
FFGUs will be basically complete. On the other hand, it is obvious that
the cost from carbon emission and the revenue from the energy market
of FFGUs will decrease year by year, while the revenue from the FRS
market continuously will increase. Although the net revenue of FFGUs
would decrease slightly in the first three years of the transformation,
probably due to relatively low market demand for FRS in these three
years, the overall revenue of FFGUs during the transformation period
would remain stable and even increase slightly.

In this case, to 2035, the revenue composition of FFGUs will be
relatively fixed, and the curve will only fluctuate with changes in load
demand or unexpected situations. When FFGUs complete the trans-
formation, the new electricity market mechanism will be implemented
to meet the future development need of REG and policy requirements.

It should be noted that the actual situation in China is taken as the
basis for the research work in this paper, which does not mean that the
proposed mechanism is only applicable to China. In fact, the proposed
mechanism could be implemented or adapted in different electricity
markets in the transformation period for FFGUs.

4.4. Sensitivity analysis

The sensitivity analysis of the market clearing outcomes of fossil fuel
generating units in the energy market and the FRS market against
boundary conditions such as the REG penetration level and load demand
in the power system is carried out. Specifically, 5% as a step is set to
gradually change the system load demand from —15% to +15%, while

T T T
12000
10000H
(o]
% 8000F7 1
b L)
3 Y
£ 6000F
4000r \ i
2000+

e Power load

6 7 8 9 1o 11 12
Month

Clearing output of fossil-fueled generation units in case 1

~— Clearing output of tossil-fueled generation units in case 2

Fig. 4. Spot market clearing outcomes of FFGUs in two cases.
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Fig. 5. Revenue or cost of FFGUs in two cases.

with 10% as a step of the REG penetration level in the power system is
adjusted gradually from —20% to +20%. Taking the simulation data in
2021 as an example, the clearing results of FFGUs from the energy
market and FRS market are respectively shown in Fig. 7 and Fig. 8.

It can be found that with load increase, the cleared total generation
output from FFGUs from the energy market basically presents a linearly
increasing trend. This is because the REG output is limited, and the task
of balancing the fluctuating load can only be completed by the FFGUs in
the studied power system, which highlights the role of the FFGUs as the
FRS providers for the real-time balance in the power system. However,
when the system load changes beyond the adjustment range of the
FFGUs, the system will suffer security risk. Changes in the REG pene-
tration level can alter the market share of FFGUs in the energy market.
The higher the penetration level of REG is, the stronger the regulation
capability of the FFGUs will be.

The cleared capacity of FFGUs in the FRS market decreases non-
smoothly with load increasing. This is because the load variation af-
fects the offering strategy of FFGUs in the FRS market, and hence
affecting the supply-demand relationship of the FRS capacity. At the
same time, a higher REG penetration level will inevitably increase the
demand for FRS capacity. However, due to uncertain power output from
REG, the cleared capacity from FFGUs in the FRS market substantially
changes in different clearing periods.

5. Conclusion

In the context of energy transition, it is necessary to guide the

transition of FFGUs from energy suppliers to regulation service pro-
viders. A joint energy-regulation electricity market mechanism is pro-
posed in this paper for this purpose. Different from the existing
electricity market mechanisms, the proposed one incorporates the
incurred environmental cost of FFGUs and the incurred FRS cost of REG
units into the objective function of the energy market clearing model. In
addition, a method of dynamically determining the FRS demand in a
power system is presented for the FRS market, which not only provides
incentives for REGs to manage their power outputs, but also helps to
discover the supply-demand relationship for reserve capacity in the
system, thus determining a reasonable FRS price to ensure the profit-
ability of FFGUs. The weighting factor in the proposed market mecha-
nism is used as the policy control measure to ensure the smooth
transition of FFGUs. An optimal decision-making model for fossil-fueled
generators is presented so as to maximize their benefits. A large number
of numerical experiments have been conducted to demonstrate the
feasibility and efficiency of the proposed model. Simulation results show
that the role transformation of FFGUs could basically be completed in
China by 2035.

In our future research efforts, the impacts of the proposed electricity
spot market mechanism on other FRS providers and the incentives for
flexible consumers will be systematically investigated.
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