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Abstract: Clean and low-carbon energy represented by wind power and photovoltaic power will
develop rapidly and will form a new power system with a high proportion of renewable energy. In
the context of a low-carbon economy, how to make reasonable planning for power system flexibility
resources is crucial for the development of new power systems. In this paper, we establish a
multi-flexibility resource planning model for a power system based on a low carbon economy by
considering the planning of multi-flexibility resources of “source-load—storage”. First, a ladder-type
carbon trading cost accounting model is proposed, and a set of power system flexibility evaluation
indexes are proposed. Then, with the objective of minimizing the sum of low carbon operation cost,
investment cost, and operation cost of the system, the planning model of multi-flexibility resources is
established by considering constraints such as system power balance constraint, investment constraint,
and wind power consumption constraint. Finally, the model proposed in this paper is validated
by the IEEE-RTS96 system; the results show that: (1) collaborative planning of source-load-storage
multi-flexible resources can obtain the best overall system economics, although the investment cost
increases by USD 12.6M, the total system cost is reduced by 11.22% due to the reduction in coal
generation consumption cost, carbon trading cost, and wind curtailment penalty cost; (2) as the
penetration of wind power grows, the demand for energy storage in the power system is gradually
increasing; when the installed capacity of wind power grew from 800 MW to 1600 MW, the demand
for new thermal power decreased by 53.5% and the demand for new energy storage increased by
200%; (3) the total cost of the planning model considering ladder-type carbon trading decreases by
1.35% compared to the model without carbon trading, and increases by 2.5% compared to the model
considering traditional carbon trading, but its carbon emissions decrease by 5.5%.

Keywords: low-carbon economy; carbon trading; power system planning; power system flexibility

1. Introduction

With the depletion of fossil energy and the gradual intensification of environmental
problems, the development of renewable energy has become the mainstream, within which
wind power is developing rapidly as one of the most important components. By the
end of 2020, the total installed capacity of global wind power had reached 743 GW, with
93 GW of newly installed wind power in 2020, which was an increase of 59% compared to
2019 [1]. With the increase in the penetration of renewable energy sources such as wind and
photovoltaic power in the power system, the volatility and uncertainty is also increasing,
which leads to a sharply rising demand for flexibility resources. The existing literature
has conducted in-depth analyses on a series of issues such as the mechanism of power
system flexibility balance [2], evaluation of power system flexibility [3], and operating
optimization of multiple flexibility resources [4]. However, existing studies related to
flexibility resource planning of power systems have usually ignored carbon emission
constraints, which are difficult to apply to the decarbonization transition of a power system.
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Therefore, constructing a collaborative planning method for multiple flexibility resources
considering carbon trading to promote the decarbonization of the power system is the
focus of current research.

All adjustment methods that can cope with fluctuations and uncertainties can become
flexibility resources, which mainly include thermal power units on the power supply side,
demand response on the load side, and battery storage on the energy storage side. Some
studies have been conducted on the operation optimization and planning of various types
of flexible resources on the “source-load—storage” side of the power system. In [5], a flexibil-
ity resources planning model for medium-term and long-term development was proposed
to cope with high uncertainty in the future. The study in [6] divided conventional units into
three types of flexible units according to their regulation capability, then proposed a flexible
power source expansion planning model considering the wind power consumption target.
In [7], a renewable energy power planning model was constructed with the objective of
minimizing the full-cycle investment cost by integrating renewable energy with flexibility
resources based on a quantitative flexibility assessment method. In [8], a multi-objective
transmission grid planning model based on flexibility and economy was proposed con-
sidering the economic operation strategy of the system with the objective of minimizing
the investment cost and operation cost. Reference [9] presented a power system planning
model that balances flexibility and reliability by using thermal power units, energy storage
systems, and demand-side response as flexibility resources. Reference [10] used robust
optimization to deal with peak load demand and wind capacity uncertainty, and proposes
a coordinated planning model for power grid expansion and thermal power flexibility
reformation. In [11], considering the real-time flexibility demand and the flexibility supply
capability of energy storage, a power supply expansion planning model with the objective
of minimizing the investment in renewable energy, energy storage, and thermal power units
was proposed. In [12], taking the port microgrid as an example, the integrated operation
planning and energy management model of smart microgrid, including energy storage
and power demand management, is proposed, and the positive influence of energy storage
and demand-side management on the improvement of microgrid operation economy is
explored. Although scholars have conducted sufficient research on power system flexibility
resource optimization and planning, there are few studies on flexibility resource planning
methods considering carbon trading.

In the context of the low-carbon transition of the whole society, scholars have con-
ducted in-depth research on carbon management from various perspectives, including
industry, energy, logistics, and the built environment. Reference [13] established a Com-
putable General Equilibrium model to analyze the impact of different carbon emission
trading schemes on the electricity industry and determine the best choice of carbon quota
allocation scheme for the electricity industry in China. Focusing on carbon pricing rules
in Germany’s road transport and housing sector, Reference [14] examines three possible
options for reimbursing carbon revenues, including a per-capita reallocation to private
households, the reduction of electricity prices by decreasing the electricity tax, and increas-
ing housing benefits. Reference [15] studied the impact of carbon trading on the power
industry and provided ideas for power grids to adhere to a low-carbon and environmentally
friendly development route.

As one of the measures to effectively reduce carbon emissions, carbon trading is used
as a mechanism to trade emission rights through carbon allowances, and the cost of carbon
trading is included in the power system dispatch cost to achieve low carbon goals with the
help of economic leverage [16]. The paper [17] analyzed the impact of carbon trading on the
energy costs of thermal power generation units. The paper [18] introduced carbon trading
cost into the objective function and applied stochastic programming theory to propose a
dispatching model that considers both economy and low carbon. Reference [19] introduced
a carbon trading mechanism in the model to improve the wind power acceptance capacity,
and proposed an optimization model for wind power consumption based on carbon trading.
Reference [20] introduced carbon trading costs in a system with large-scale PV access and



Sustainability 2022, 14, 13296

30f18

established a low-carbon economic dispatch model for a system containing large-scale
PV. Reference [21] conducted a systematic literature review and analyzed the operational
strategies and technical means to improve the energy efficiency and carbon reduction
benefits of ports and terminals, and studied the low-carbon transformation of integrated
port energy systems.

While the existing literature has made some progress in flexible resource planning
and low-carbon operation of power systems, there are still some shortcomings: (1) Existing
studies only consider one or two flexibility resources, however, with the increasing pen-
etration of renewable energy, a single flexibility resource is no longer sufficient to meet
the flexibility needs of the power system. (2) Existing studies have failed to adequately
consider the negative impact of carbon emissions from power system operation on the
global environment when conducting flexibility resource planning.

To sum up, a planning model that integrates multiple flexibility resources, such as
source-load—storage, is the key to solving the problem of insufficient flexibility caused by a
high proportion of renewable energy in the future; meanwhile, incorporating a reasonable
carbon trading mechanism into the flexibility resource planning model is an effective way
to achieve a low-carbon power system.

The main contributions of this paper are summarized as follows.

(1) Based on the traditional carbon trading model, a ladder-type carbon trading model
considering carbon emissions is proposed, which will make low-emission units more
competitive and minimize system carbon emissions while ensuring system economics.

(2) Based on the technical mechanism of multi-flexibility resources, a comprehensive
flexibility evaluation index system is proposed, which enables a comprehensive
evaluation of the planning results of the power system’s multiple flexibility resources.

(3) With the objective of minimizing the sum of operation cost and investment cost
of the system, the multi-flexibility resource planning model of the power system
under carbon trading is established considering the system power balance constraint,
investment constraint, wind power consumption constraint, and other constraints.

The rest of the paper is organized as follows. Section 2 constructs the ladder-type
carbon trading model. The flexibility evaluation indexes of power system operation are
introduced in Section 3. Section 4 presents the carbon trading-based multi-flexibility
resource planning model. Section 5 presents the case study of the IEEE-RTS96 system, in
which the impact of different flexibility resources allocation schemes, wind power access
capacity, and different carbon trading models on the power system planning result is
analyzed. Finally, Section 6 concludes the paper.

2. Modeling of Carbon Trading Costs

Considering the “low carbonization” requirement of the future power system, carbon
allowance and carbon trading costs need to be considered in the optimization model.
During the operation of the power system, thermal power units burning coal to generate
electricity are the main source of carbon emissions. Sources such as hydropower, wind
power, photovoltaic power, and energy storage produce almost no carbon emissions during
power system operation. Therefore, in this paper, only the carbon emissions of thermal
power units are modeled. Considering that the power carbon trading market is in its initial
stage, this paper adopts a carbon emission allowance allocation method based on power
generation, and the main idea is that the baseline method is used to determine the carbon
emission allowance of the market player based on the average emission intensity of the
power industry and the actual power generation amount of the market player.

T Ng

CEc=1n)Y Py 1)

t=1i=1
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where CEc is the carbon allowance allocated to the power system, N is the number of
thermal units, P; ; is the output of thermal unit i at time ¢, T is the dispatch period, 7 is the
carbon allowance per MW of the unit output.

The reference [22] gave a method for calculating carbon emissions from thermal
power units in power systems, where the actual carbon emissions are determined by the
following equation:

T Ng
CEx =Y ) (Pl +BiPys+ M) 2)
t=1i=1
where CE, is the actual carbon emissions of thermal units, «;, §; and A; are carbon emission
factors of thermal power unit 7.

The carbon trading cost of a power system is related to the carbon trading volume of
the system, which is generally based on the net emissions of the system, i.e., the difference
between the carbon emissions of the system and the carbon emission allowances as the
carbon trading amount of the system. After calculating the net carbon emissions, the
traditional carbon trading model generally takes Equation (3) to calculate the carbon
trading cost. It indicates that if the system’s carbon emissions are smaller than the carbon
emission allowances in a certain time, the remaining credits can be sold to gain revenue; if
the system carbon emissions are larger than the carbon emission allowance, it needs to pay
extra to buy the allowance.

Cc = fCACE = fS(CEA — CEc) ®3)

where f€ is the carbon trading price per unit of carbon emissions, ACE indicates the net
carbon emissions.

In order to further control carbon emissions and guide the power system toward low-
carbon and clean development, this paper adopts a ladder-type carbon trading model [23,24]
to divide the system carbon trading cost into more detailed intervals. An incentive factor is
introduced to characterize the government subsidy when the system carbon emissions are
lower than the carbon allowance; a penalty factor is introduced to characterize the higher
carbon trading cost when the system needs to purchase carbon allowance. The ladder-type
carbon trading cost model constructed in this paper takes the net carbon emissions of the
power system as the interval division criterion, and the net carbon emissions are linearized
in segments when solving the model. The mathematical expression of the model is shown
in Equation (4).

fE(1+3u)(ACE +2d) — f<(2+3u)d ACE < —2d
FC(1+2u)(ACE +d) — fC(1+u)d  —2d <ACE < —d

fC(1+ pu)ACE —d <ACE<0

Cc=1"c (4)
fCACE 0<ACE<d
FE(1+A)(ACE —d) + fCd d <ACE < 2d

FE(14+2A)(ACE —2d) + f€(2+A)d  ACE > 2d

where Cc is the carbon trading cost of the power system under the ladder-type carbon
trading model; p and A are respectively the incentive and penalty factors when the net
carbon emissions of the system are less than or greater than the carbon emission allowance;
and d is the length of the interval of segmented carbon emissions.

The relationship between carbon trading price and net carbon emissions in the above
carbon trading cost calculation model is shown in Figure 1. The solid blue line indicates
the “Ladder-type carbon trading model”, and the red dashed line indicates the “traditional
carbon trading model”. A positive net carbon emission means that the system is short of
carbon allowances and needs to purchase additional allowances from the carbon trading
market; a negative net carbon emission means that the system has a surplus of carbon
allowances and can sell the surplus for a profit. By comparison, when the system carbon
emission allowance is insufficient, the system needs to accept extra penalties by using
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the ladder-type carbon trading cost model rather than the traditional carbon trading cost
model; when there is a surplus of the system carbon emission allowance, the system can get
more benefits by using the ladder-type carbon trading cost model rather than the traditional
carbon trading cost model. Thus, compared with the traditional carbon trading cost model,
the ladder-type carbon trading cost model used in this paper has stronger sensitivity and
identification accuracy for the carbon reduction efforts or excess carbon emissions of the
power system.

ACE

A CC
FE(I+BANd s ;
3/d
f( (1+/1)d '“‘“‘“/7:"/ !
rapA

N
v

Figure 1. The relationship between carbon trading price and net carbon emissions.

3. Flexibility Evaluation Index of Power System

The power system flexibility evaluation index is mainly used to measure the opera-
tional flexibility of the power system and evaluate the effect of various types of flexibility
resources in each stage of operation, so that the optimization results of the model can be
evaluated and analyzed. In this paper, we propose electricity loss of upward flexibility
insufficient (ELUFI), electricity loss of downward flexibility insufficient (ELDFI), power
curtailment rate of upward flexibility insufficient (PCRUFI), and power curtailment rate of
downward flexibility insufficient (PCRDEFI).

The flexibility resources studied in this paper come from the thermal power units,
demand response, and energy storage, and the flexibility supply capacity is shown in
Equation (5). The flexibility demand of the power system mainly considers the load
fluctuation, load, and wind power forecast inaccuracy, which is calculated as shown in
Equation (6).

up _ pHp | pUp | pup
Poy =Py +P L,tu+ p Bt 5)
ng,}twn = ngwn+PL,€+PBﬁ
Pgly = (Lyy1 = Lt) + GupLesn + AupPwyr i Len > Ly ©)
Pﬁ?fun = (Lt - Lt+l) + gdownLtJrl =+ /\downPW,tJrl if Lt+1 < Lt

where Pg’; and Pg‘,’f"” are upward and downward supply capacity of the flexibility resource,
P;F; and Pﬁf’t’”” are the upward and downward flexibility requirements of the power system,
Lt is the system load forecast at time ¢, Py ; is the predicted output of wind power at
moment ¢, §yp and §joy, are the upward and downward flexibility demand factors due
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to load forecast errors, Ay and A,y are the upward and downward flexibility demand
factors due to wind power forecast errors.

3.1. Electricity Loss of Flexibility Insufficient

Electricity loss of flexibility insufficient is the cumulative value of load electricity loss
or renewable energy curtailment due to the upward and downward flexibility demand
being greater than the flexibility resource supply capacity in the statistical cycle.

T
EL =Y AP Psgn{ PR — PE, } @)
t=1
T
Eg = ) AP{""sgn{ P — Pl | ®)
n=1

where E; and Ep are electricity loss of upward flexibility insufficient and electricity loss
of downward flexibility insufficient, APt” P is the electricity loss at time f, APtd“"" is the
curtailed power of renewable energy at time .

3.2. Power Curtailment Rate of Flexibility Insufficient

Power curtailment rate of flexibility insufficient is the ratio of the accumulated value
of electricity loss to the total load electricity demand or the ratio of renewable energy
curtailment power to renewable electricity generation due to the upward and downward
flexibility demand being greater than the flexibility resource supply capacity.

T
up up up
L AP sgn{ Py, — Pe }

Nup = T )
Y L
=1
T
tgl AP;iownsgn{Plgi)twn _ Pg(jg,un}

Ndown = (10)

T
Y. Pgy
=1

where 17, and 7, are power curtailment rate of upward flexibility insufficient and power
curtailment rate of downward flexibility insufficient, Pg; is the power output of renewable
energy generation at time ¢.

4. Carbon Trading Based Multi-Flexibility Resource Planning Model
4.1. Framework of the Planning Model

The main purpose of power system flexibility resource planning is to obtain the
investment decision plan for new flexibility resources in the planning year, so that the
system can meet the requirements of economy and flexibility at the same time. The planning
target may include both thermal and hydropower sources that can meet the power demand,
and there may be a variety of flexibility resources involved in the planning, such as energy
storage and demand response resources used to meet the flexibility demand of the system.

The flowchart of the power system multi-flexibility resource planning model is shown
in Figure 2. The model mainly considers the planning of thermal power units, energy
storage and interruptible load, with the objective of minimizing the total annual cost of the
whole power system; it considers constraints such as unit operation constraints, energy
storage operation constraints, interruptible load constraints, wind power consumption
constraints, and investment ceiling constraints. The model takes the original system
parameters, load and wind power typical scenario data, and parameters of the flexibility
resources to be built as inputs; optimizes the variables such as the type and number of
flexibility resources to be built, all unit output, energy storage output, and interruptible
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Input Data

load interruption. The final output is the type and number of flexibility resources to be
built, the system operation economy index, and the system operation flexibility index.

Output Results

System Parameters

Load Typical
Scenario Data

Wind Typical

Scenario Data

Parameters of the
Flexibility Resources

to be Built

Power System Multi-Flexibility Resource

Type and amount of
Planning Model

flexibility resources

Optimization Objectives to be built

Minimizing the total annual cost
of the power system

Carbon emissions
Carbon trading costs

Optimization variables
® Type and amount of flexibility

resources to be built
= .

® Energy Storage Capacity

Unit Capacity

System operating

® Interruptible load interruptions economy index

Constraints
® Unit Operation Constraints

Energy Storage Constraint

System operational

Interruptible Load Constraint
flexibility index

Wind power consumption constraint

Investment Constraint

Figure 2. The flowchart of the power system multi-flexibility resource planning model.

4.2. Objective Function

The multi-flexible resource capacity planning model of the power system under the
low carbon economy is aimed at minimizing the total annual cost of the power system,
which includes the investment cost of thermal units, energy storage, interruptible load, and
the total operating cost of the system. The specific mathematical expression of the objective
function is shown in Equation (11).

Min.C = Cry + Cop (11)

where C is the total annual cost of the power system, Cry is the annual value of the
total investment cost for flexibility resources, and Cop is the annual operating cost of the
power system.

4.2.1. Investment Cost of Flexibility Resources

Since this paper focuses on the expansion planning of thermal power, energy storage,
and interruptible load, the investment cost of flexibility resources consists of the investment
cost of conventional thermal power, energy storage, and interruptible load together, and
the specific mathematical expressions are shown below.

Civ = Cgv +Criv + Cpv (12)

where Cg 1y is the equivalent annual value of investment cost for new thermal units, Ct 1y
is the equivalent annual value of investment cost for new energy storage devices, and Cp 1v
is the equivalent annual value of investment cost for new interruptible load.

Cov = Y xiCiGidcre(r, Vi) (13)
iEQG
CT,IV = Z y](kpp] + kEEj)‘SCRF(r/ YT) (14)
JEQT
Cov =Y, zZmQuPudcrr(r, YD) (15)

meQp



Sustainability 2022, 14, 13296

8 of 18

Ns

Cc=Nr)_
s=1

|

r(1+1r)"
1+ -1

where Q¢, O, and Q)p denote the set of thermal units, the set of energy storage, and the
set of interruptible loads to be selected, respectively; the binary variables x;, y;, and zy,
indicate whether the thermal units, energy storage, and interruptible loads are put into
construction; C; is the construction cost per unit capacity of candidate thermal power unit i;
G; is the installed capacity of the candidate thermal power unit i; kp and kg are the price
per unit power and per unit capacity of energy storage; Q,;, is the investment cost per unit
capacity of interruptible load; P, is the power demand of the candidate interruptible load
m; écrp(r,Y) is the equal annual value factor, whose value is related to the operating life of
each flexible resource Y and the discount rate r.

Scre(r,Y) = (16)

4.2.2. Operation Costs

The total operating costs of the system include energy generation costs, start-up and
shutdown costs, carbon trading costs, wind curtailment penalty costs, and load interruption
compensation costs, which are calculated as shown in Equation (17).

Cop = Cg +CQT—|—CC +CQw+CDR (17)

where, Cg is the operation cost of thermal power units, and its value includes the operation
cost of original units and new units; Cqr is start-up and shutdown costs of thermal power
units; Cc is carbon trading costs; Cow is wind curtailment penalty costs; Cpr is load
interruption compensation costs for users who participate in demand response.

T [Ng
0sY (Z (4G 2 + PS4 ey ) + 1 xj(aPS 2+ b;PS  + cjusjrt)>] (18)
@)

t=1 \i=1 j€Qg

Ny T Ng
Cor =Nr)_ [Ps (Z (i (U= uil1)Sori+ 3 i (1- ”fc';s'”)SQT'j)ﬂ "
t=1 i

s=1 =1 JE€QG
S & oss
CQW = QW X NTZ ZPst,s,t (20)
s=1t=1
Ns
Cec = NTZ PsCC,s (21)
s=1
Ng T /N L 78
Cpr = NTZ PSZ Z KnPysi + Z K”PJ}SJ (22)
s=1 t=1\n=1 j€Qp

where, N7 is the total statistical period; ps is the probability of the scenario s; Ng is the
number of existing generating units; ufs,t is the operating state of thermal power unit i
at time ¢ under scenario s; a;, b;, and c; are the energy cost coefficients for generation of
thermal power unit i; Sgr,; is the start-up and shutdown cost of thermal power unit i; Qu

is the cost factor of wind curtailment penalty; P52 is the curtailed wind power at the time

t under scenario s; P, is the interrupted load power of user n at time t under scenario s;
Ky, is the coefficient for load interruption compensation.

4.3. The Constraints

The constraints of the multi-flexible resource capacity planning model of power system
under low carbon economy include system power balance constraint, investment constraint,
wind power consumption constraint, energy storage operation constraint, transferable load
constraint, interruptible load constraint, etc.

(1) System power balancing constraints
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G IL
Y, Pli+Pwsit+ Y, Poist+ Y HusiPuge = Prit+ Lrrinst — Lrroutst  (23)
iEQGS jEQBS neQyp

where Py s is the output of wind farm at time ¢ under scenario s; Pp s ; is the output of

energy storage j at time ¢ under scenario s; Pg, ; is the output of thermal power unit i at time

t under scenario s; (g is the set of thermal power units, which includes the exciting units

and candidate units; ()pg is the set of energy storage; () is the set of interruptible load;

Hn,s,t is the load interruption state variable of user n at time t under scenario s; Lty s and

LTLouts are the transferred-in and transferred-out load power at time t under scenario s.
(2) Flexibility Resource Investment Constraints

Y GG+ ), yi(kpPi+keEp)+ Y zmQu(qpPm + qEDm) < Imax (24)
i€Qg jEQT meQp

where Inay is the upper limit of total investment in flexibility resources.
(3) Wind Power Consumption Constraints

Ng T Ns T
Y N PSS /Y Y Pwsr < Dw (25)
s=1t=1 s=1t=1

where, Dyy is the maximum allowable wind curtailment rate of the power system.

(4) Energy Storage Operating Constraints

Equation (26) is the energy state constraint of the energy storage device; Equation (27)
is the battery storage power balance constraint; Equation (28) indicates that the beginning
and end residual capacities of the energy storage device need to be kept equal.

SBESS,min < SBESS,st < SBESSmax (26)

E —E E — Epmi
max(—Pg, B’S’tTBiyd) < Pgs < min(—Pg, B’S’tAtimB’mm) (27)
Ego = EpT (28)

where, Ep; is the value of the power stored in the battery at time t under scenario s;
SBEss,s,t is the state of charge of the battery energy storage at time ¢ in scenario s.

In this paper, the degradation of the load storage system is not considered, thus
reducing the difficulty of solving the model.

(5) Constraints of Transferable Load

When customers participate in demand response, the load demand of each time
period will change with the price of electricity, but customers do not change the electricity
consumption of the whole time period, and only adjust the electricity consumption of each
time period. So, it is necessary to meet the electricity conservation constraint of customers.

T T
Z LTLin,s,t = Z LTLout,s,t (29)
t=1 t=1

The amount of power load transferred during each period cannot exceed the maximum
load capacity that can be transferred.

LTLin,s,t < LTLin,max (30)

LTLout,s,t S LTLout,max (31)

where L7, max indicates the maximum electric load capacity that can be transferred in;
Linmax indicates the maximum electric load capacity that can be transferred out.

(6) Constraints of Interruptible Load

Equation (32) is the load interruption amount constraint at time ¢, Equation (33) is the
interruption time constraint, and Equation (34) is the interrupt count constraint.
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PVILL.min S Prlzl,ds,t S PrIlL.max (32)
(ng,t—l - Tz,nmm) (Hnst—1— Hnst) 20 (33)
ng,t S Tgﬁnax
T
Yo (1= pusp1)pnst < NyFm (34)
t=2

where PIL™in and PILmax denote the maximum and minimum interrupted electrical power
demand of customer 7 at time ¢; T , denotes the duration time of the continuous inter-
ruption of the interruptible user n at time f under scenario s; T} and T7',., are the
minimum and maximum interruption time for user #; NJ-™3X is the maximum number of

interrupts for user n.

5. Case Study

In this paper, the modified IEEE-RTS96 system [25] is used to carry out a case study.
The number of exciting thermal power units is 26, the total installed capacity of thermal
power is 3105 MW, the maximum system load is 4800 MW, and the system load curve is
shown in Figure 3. The capacity of exciting energy storage is 50 MW /150 MWh, and the
charging and discharging efficiency of which is 90%; detailed data on energy storage are
shown in [26]. The maximum wind curtailment rate Dyy of the power system is 5%, Qw
takes the value of 40 USD/MWh [27]. The system has three exciting interruptible load
users, each with an interruptible capacity of 60 MW, a maximum interruption time of 3 h,
and a minimum interruption time of 1 h; the compensation cost of load interruption for the
user is 40 USD/MWHh [28]. The installed capacity of the existing wind farms in the system
is 1200 MW, the typical scenes of wind power output are obtained by K-means clustering,
and the results are shown in Figure 4. The upward and downward flexibility demand
factors from load forecasting errors are ¢,y = Gjon= 0.05, and the upward and downward
flexibility demand factors from wind forecasting errors are Ay, = Agon= 0.01. According
to the carbon emission factor data of the power grid in the “Notice on the Key Work Related
to the Management of Enterprise Greenhouse Gas Emissions Reporting in 2022” issued by
the Ministry of Ecology and Environment of People’s Republic of China [29], the carbon
emission allowance per unit of power generation is set at 0.5810tCO,eq/MWHh, the carbon
trading price of 30 USD/t, and the incentive and penalty factors of carbon trading are set
at y = 0.2 and A = 0.25, respectively. The parameters of thermal power, energy storage,
and interruptible load to be built are shown in Table 1, and the social average discount
rate takes the value of 0.08. The MATLAB platform is used to employ CPLEX to solve the
model proposed in this paper, and the overall computation time is less than 5 min.

Since wind power output is characterized by randomness and uncertainty, it is impos-
sible to analyze and evaluate every wind power output scenario in the analysis process,
and cluster analysis, as an effective tool for cutting scenarios, can solve this problem well.
In this paper, the K-means clustering algorithm is used to cluster the wind power output
scenarios. Based on the one-year wind power generation data of a wind farm in western
China, the number of target clusters is set to six, and the six typical clustering output curves
and the corresponding scenario probabilities are shown in Figure 4.

There are three types of flexibility resources that can be selected to be built, which
includes thermal power units, battery energy storage devices, and interruptible load.
Thermal power units have a selectable capacity from 20 MW to 400 MW, and their annual
value of per unit capacity investment is 65,000 USD/MW. Battery energy storage has a
selectable capacity from 50 MW /150 MWh and 150 MW /450 MWh, and its annual value
of per unit capacity investment is (16,500 USD/MW) /(22,000 USD/MWh). Interruptible
load has a selectable capacity of 30 MW /90 MWh and 60 MW /180 MWh, and its annual
value of per unit capacity investment is (10,000 USD/MW)/(90 USD/MWHh). The detailed
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investment data of thermal power units and energy are shown in [27], and the detailed
investment data of interruptible load are shown in [28].
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Figure 3. Load power forecast p.u. curve.
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Figure 4. Typical Scenes of Wind Power Output Obtained by K-means Clustering.
Table 1. Parameters of flexibility resources to be built.
Thermal Power Energy Storage Interruptible Load
Selectable Capacity
(MW /MWh) 20, 50, 100, 200, 400 50/150, 150/450 30/90, 60/180
Annual Value of Per Unit Capacity Investment 65,000 16,500,/22,000 10,000/90

(USD/MW)/(USD/MWh)

5.1. Impact of Different Flexibility Resources on Power System Planning

In order to deeply explore the impact of different flexibility resources on power system
expansion planning, this paper compares and analyzes the system planning results under
the following four scenarios.

Scenario 1: Consider thermal power only as a flexibility resource for expansion planning.

Scenario 2: Consider thermal power and energy storage as flexibility resources for
expansion planning.
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Scenario 3: Consider thermal power and demand response as flexibility resources for
expansion planning.

Scenario 4: Consider thermal power, energy storage, and demand response as flexibil-
ity resources for expansion planning.

According to the calculation results, the planned unit types and capacities under
each scenario are shown in Figure 5, and the economic indicators as well as the flexibility
evaluation indicators are shown in Tables 2 and 3, respectively.
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Figure 5. Unit types and capacities for flexibility resource planning in different scenarios.

Table 2. Economic indicators corresponding to each flexibility resource planning scheme.

Cost/($10°) Scenariol Scenario 2 Scenario 3 Scenario 4
Total cost 2160.1 1962.5 1959.5 1917.6
Investment cost 55.9 58.8 32.1 68.5
Operation cost 2104.2 1903.7 1927 .4 1849.1
Coal consumption cost 1727.2 1708.2 1707.0 1673.0
Start-up and shutdown cost 54.0 51.1 46.8 34.3
Carbon trading cost 171.6 133.8 145.9 119.1
Wind curtailment penalty cost 6.9 0 5.1 0
Penalty for loss of load 133.8 0 0 0
Load interruption cost 10.6 10.6 22.7 22.7

Table 3. Flexibility evaluation metrics for each flexibility resource planning scheme.

Scenario 1 Scenario 2 Scenario 3 Scenario 4
ELUFI /(10° kW) 66 27 0 0
PCRUFI 0.23% 0.09% 0 0
ELDFI /(10° kW) 241 0 185 0
PCRDFI 4.1% 0 3.0% 0

Table 2 shows the economic indicators corresponding to each flexibility resource
planning scheme, which shows the total annual cost of the power system and the detailed
investment cost of the flexibility resource, operation cost of power system, carbon trading
cost, etc.

There are 4 types of flexibility evaluation metrics in Table 3: electricity loss of upward
flexibility insufficient (ELUFI), electricity loss of downward flexibility insufficient (ELDFI),
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power curtailment rate of upward flexibility insufficient (PCRUFI), and power curtailment
rate of downward flexibility insufficient (PCRDEFI).

Combining Figure 5 and Tables 2 and 3, it can be seen that under the expansion
planning scenario considering only thermal power as a flexibility resource, on the one
hand, without the addition of new energy storage and demand response resources, the
system does not have sufficient up-regulation as well as down-regulation capacity, making
the system appear to have insufficient up-regulation and down-regulation flexibility, and
the up-regulation and down-regulation insufficient curtailment rates reach 0.23% and
4.1%, respectively. On the other hand, due to the large number of thermal units and lack
of sufficient flexibility resources, although there is a reduction in investment costs, the
system curtailment penalty costs, carbon trading costs, generation costs, and start-up and
shutdown costs have increased, making the total system costs increase accordingly.

In Scenario 2, the installation of new energy storage increases the flexible regulation
capacity of the system, and compared with Scenario 1, the wind curtailment phenomenon
is significantly improved, and the system operation cost and carbon trading cost are also
reduced, but the construction cost of energy storage is relatively high, which makes the
investment cost increase.

In Scenario 3, the new interruptible load increases the up-regulation capacity, which
can reduce the thermal power start-up and improve the system’s load loss phenomenon,
while the new demand for thermal power decreases, and the system operation cost, carbon
trading cost, and start-up and shutdown cost are reduced, but the system wind curtailment
phenomenon is still relatively serious, and the annual curtailment rate reaches 3.0%.

In Scenario 4, the best overall system economics are achieved by planning for the three
kinds of flexibility resources. Compared with Scenario 1, although the investment cost
increases by USD 12.6M, the total system cost is reduced by 11.22% due to the reduction of
coal generation consumption cost, carbon trading cost, and wind curtailment penalty cost.
At the same time, the system does not experience a shortage of upward and downward
flexibility due to the addition of energy storage and interruptible load to meet the system
flexibility needs.

It can be seen that integrated planning for multiple types of flexibility resources is
more competitive in terms of system economics and operational flexibility than planning
for a single resource or two resources.

5.2. Analysis of Optimization Results for Different Access Wind Power Capacity

In order to study the impact of installed wind power capacity on the optimization
results, we set the wind power installation in the 800-1600 MW variation to get the system
in different wind power capacities access to the operational economic indicators shown
in Table 4. Figure 6 shows the planning type and capacity of flexibility resources under
different wind power access capacities.

Table 4. System economic indicators for different access wind power capacity.

Wind Capacity/ MW 800 1000 1200 1400 1600
Total cost/(USD 10°) 21933 2061.1 1917.6 1802.3 1742.2
Investment cost/(USD 10°) 70.4 61.6 68.5 59.6 65.3
Operation cost/(USD 10°) 21229 1999.6 1849.1 1742.6 1676.9
Coal consumption cost/(USD 10) 1884.7 17859 1673.0 1566.5 1494.1
Start-up and shutdown cost/(USD 100) 36.5 35.3 343 33.2 32.2
Carbon trading cost/(USD 10%) 179.0 155.7 119.1 117.8 115.2
Wind curtailment penalty cost/(USD 10°) 0 0 0 2.5 12.8
Penalty for loss of load 0 0 0 0 0

Load interruption cost/(USD 10°) 227 22.7 22.7 22.7 22.7
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Figure 6. Impact of different wind capacities on flexibility resource planning results.

Combined with Table 4 and Figure 6, the total system cost shows a gradual decrease
with the increase in wind power capacity. When the system accesses wind power capacity
from 800 MW to 1400 MW, on the one hand, wind power, as a clean energy source, gradually
increases with its access capacity, and the new demand for thermal power units gradually
decreases, which makes the system power generation cost and carbon trading cost also
gradually decrease due to the substitution effect of clean energy on fossil energy. On the
other hand, wind power has certain anti-peaking characteristics, and the new wind power
installation increases the flexibility demand of the system, so the energy storage planning
capacity increases. When the wind power capacity increases to 1600 MW and the wind
power penetration rate reaches 40%, the energy storage required to match the system also
increases significantly, and the newly built energy storage capacity reaches 450 MW, so
the investment cost of the system also increases significantly, and a small amount of wind
curtailment phenomenon occurs in the system.

The more the wind power penetration rate increases, the more flexibility resources the
system needs to match due to the increase in flexibility demand brought by it. In the future
scenario of a high percentage of renewable energy, when the penetration rate of wind and
other resources is getting higher, it is more necessary to have sufficient flexibility resources
to ensure the stable operation of the system and the consumption of renewable energy.

5.3. Analysis of Optimization Results for Different Carbon Trading Models

In order to illustrate the rationality of the established ladder-type carbon trading model
in this paper, the following three kinds of power system planning models are compared:
(1) traditional power system planning model, where carbon trading cost is not considered
in the objective function, and the carbon trading cost is calculated after the results are
obtained; (2) power system planning model based on carbon trading, where the carbon
trading cost is calculated by Cc = f¢(CE5 — CEc) in the objective function; (3) power
system planning model based on carbon trading, where the carbon trading cost is calculated
by the ladder-type carbon trading model established in this paper.

The planning results for the different power system planning models considering
different carbon trading models are shown in Table 5.
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Table 5. Planning results under different carbon trading models.
Planning Results/MW
anning esutis . Total Cost/ Investment Carbon Trading Carbon
Thermal Energy Interruptible 10 Cost/($10%) Cost/($105 Emissions/t

Power Storage Load ($10°) 08 0st/(510°) missions

1) 560 150 210 1943.9 50.9 132.8 49,168.3

) 460 250 210 1870.7 52.7 102.3 48,632.5

3 440 300 210 1917.6 68.5 119.1 45,941.5

As can be seen from Table 5, when the objective function of the optimization model
does not consider the carbon trading cost, the total cost and investment cost of scheme (1)
are the smallest. When the carbon trading cost is considered in the optimization model, the
total cost and carbon trading cost of scheme (2) with the traditional carbon trading model
are reduced by 3.7% and 22.9%, respectively, compared with scheme (1); the new thermal
power is reduced by 100 MW and the new energy storage is increased by 100 MW in the
planning result. Meanwhile, the total cost and carbon trading cost of scheme (3) with the
ladder carbon trading model are respectively reduced by 1.4% and 10.31%, compared with
scheme (1); the new thermal power is reduced by 120 MW and the new energy storage
is increased by 150 MW. When carbon trading costs are considered, the overall carbon
emissions of schemes (2) and (3) are lower than that of scheme (1). Considering carbon
trading costs in the power system multi-flexibility resource planning model can increase
the competitiveness of low-carbon units such as energy storage and demand response on
the basis of ensuring system economics, promoting system priority in using clean power,
and reducing system carbon emissions.

Scheme (3) introduces the incentive and penalty mechanism of carbon emission based
on scheme (2), which imposes penalties on power generation entities with high carbon
emissions and gives additional incentives to clean and low-carbon power generation en-
tities, further promoting the low carbon development of the power system. Compared
with scheme (2), the total cost of scheme (3) increases by 2.5%, and the investment cost in-
creases by 29.98%, but both carbon emissions and carbon trading costs decrease. Therefore,
considering the ladder-type carbon trading model in the planning model will make the
low-emission units more competitive and thus reduce the system carbon emissions, which
has a stricter constraint on carbon emissions than the planning scheme considering the
traditional carbon trading model, and still ensures the economics of the planning scheme.

6. Conclusions

As energy supply shortage, environmental pollution, global warming, and other issues
become more and more significant, the development of low pollution and low emissions
for the characteristics of the low-carbon power system has become the trend. However,
due to the large volatility and uncertainty of wind power, photovoltaic power, and other
clean energy output systems, its large-scale access will bring the severe challenge of the
operational flexibility of the system, resulting in a sharp increase in the demand for power
system flexibility resources. Therefore, this paper establishes a multi-flexibility resource
planning model for power systems considering ladder-type carbon trading, and optimizes
the newly installed capacity of various flexibility resources. The conclusions are as follows.

(1) By analyzing the results of the participation of different flexibility resources in
the planning, the integrated planning of multiple flexibility resources is more competitive
in terms of system economy and operational flexibility than the planning of one or two
resources; although the investment cost increases by USD 12.6M, the total system cost
is reduced by 11.22% due to the reduction in coal generation consumption cost, carbon
trading cost, and wind curtailment penalty cost.

(2) The model proposed in this paper can effectively improve the utilization rate of
the connected wind power and help the system to consume more wind power. When
only thermal power is considered as the flexibility resource, the wind curtailment penalty
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cost is USD 6.9 x 10°; when considering “source-load-storage” multiple flexibility re-
sources, the wind curtailment penalty cost is 0, which means that the wind power output is
fully consumed.

(3) By comparing the results of different wind power access capacities, the rise in wind
power capacity will increase the capacity demand of new energy storage and reduce the
capacity of new thermal power; when the wind power penetration rate increases, there is a
need for more adequate flexibility resources to ensure the stable operation of the system
and the consumption of renewable energy. When the installed capacity of wind power
grew from 800 MW to 1600 MW, the demand for new thermal power decreased by 53.5%
and the demand for new energy storage increased by 200%.

(4) By comparing the results of different planning schemes considering different
carbon trading models, the ladder-type carbon trading model established in this paper
can constrain system carbon emissions more strictly when conducting flexibility resource
planning, promoting low-carbon development of the power system, and still ensure the
economics of the planning scheme. The total cost of the planning model considering ladder-
type carbon trading decreases by 1.35% compared to the model without carbon trading,
and increases by 2.5% compared to the model considering traditional carbon trading, but
its carbon emissions decrease by 5.5%.

In this paper, we have studied the problem of multi-flexible resource planning for
power systems considering carbon trading, and have achieved some theoretical results,
but there is still some work that deserves to be continued. The model proposed in this
paper only considers wind power, and the adaptability of the model can be improved by
considering both PV and wind power in the flexibility resource planning model in the
future. At the same time, this paper does not consider the influence of the electricity market
on the system flexibility supply and demand, and the influence of market instruments on
the flexibility resource planning scheme can be studied in the future.
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ELUFI Electricity Loss of Upward Flexibility Insufficient
ELDFI Electricity Loss of Downward Flexibility Insufficient
PCRUFI Power Curtailment Rate of Upward Flexibility Insufficient
PCRDFI Power Curtailment Rate of Downward Flexibility Insufficient
Nomenclature
Sets and Indices
i Index of units
T Total dispatch period
t Index of time periods
7 Carbon allowance per MW of the unit output
Ng The number of thermal units
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Ng The number of existing generating thermal power units
Qs /Or/Qp The set of thermal units/energy storage/interruptible load to be selected
Ocs/Qps/ Q1 The set of all thermal power units/energy storage/interruptible load
Parameters
a;,Bi i Carbon emission factors of thermal power unit i
< Carbon trading price per unit of carbon emissions
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The discount rate
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