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Abstract: The volatility and uncertainty of high-penetration renewable energy (RE) challenge the
stability of the power system. To tackle this challenge, an optimal dispatch of high-penetration RE
based on flexible resources (FRs) is proposed to enhance the ability of the power system to cope with
uncertain disturbances. Firstly, the flexibility of a high-penetration RE integrated power system is
analyzed. The flexibility margin of power supply and flexible adaptability of RE are then introduced
as the evaluation indices for optimal operation. Finally, a multi-objective optimal dispatch model
for power system flexibility enhancement based on FRs under the constraint of flexibility indices is
proposed. The simulation results show that the proposed optimal dispatch can effectively enhance the
flexibility of the power system and the penetration of RE and reduce pollutant emissions. Compared
with the conventional method, the daily average emissions of CO,, SO,, and NO, with the proposed
method are reduced by about 83,600 kg, 870 kg, and 370 kg, respectively, the maximum allowable
volatility of net load is increased by 7.63%, and the average volatility of net load is reduced by 2.67%.

Keywords: flexibility evaluation indices; flexible resources; high-penetration renewable energy;
interruptible load; optimal dispatch

1. Introduction

Due to the volatility and intermittence of renewable energy (RE), large-scale integration of RE into
a power system increases the volatility of the system’s net load, which causes the thermal power unit
(TPU) to operate in a state of deep peak shaving and affects the economics and pollution of the power
system [1,2]. Traditional resource flexibility can no longer meet the flexibility needs of high-penetration
power systems [3]. Therefore, it is necessary to develop an optimal dispatch of a high-penetration RE
integrated power system to enhance the system’s flexibility [4].

At present, the complementary characteristics of RE and conventional energy sources such as
gas power and thermal power are used to ensure the safe operation of power system [5,6]. In the
high-penetration RE integrated system, it is difficult to effectively respond to the rapid change of the
net load by relying solely on the reserve capacity, resulting in greater risks to the security of the power
grid [7,8]. In [9,10], scholars point out that the effective management of FRs can improve flexibility and
reduce the operation cost of the system. A multi-carrier energy dispatch optimization method based
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on energy storage (ES) is proposed in [11]. The coordinated control of gas units and ES can increase
system flexibility and reduce operation cost. ES and TPU models are considered in the presented
models [12,13]. The energy response and ES in the real-time electricity market are considered in [14,15].
However, it is not enough to rely on ES and conventional power sources to provide flexibility. More
flexible resources (FRs), such as interrupted loads, are required to participate in improving power
system flexibility.

Configuring enough spare capacity can easily cause a lot of spare redundancy, which is expensive
and unsustainable. In recent years, some scholars have analyzed the high-penetration RE integrated
system from the perspective of flexibility [16,17]. Most of the researches on flexibility are based on
principle analysis, qualitative evaluation, and lack of quantitative evaluation indices and modeling
methods for power system flexibility. Reference [18] evaluates the flexibility by scoring different
types of FRs, but the uncertainty of the FRs is not considered. It is only applicable to the rough
assessment at the early stage of planning. Reference [19] proposes a new capacity expansion model,
which considers ES and policy constraints, but the balance of a high-penetration RE power system
is neglected. An improved real-time dispatch model is proposed to enhance system flexibility by
operational flexibility metrics that lack slope probability [20]. The flexibility of power generation
capacity is considered to improve the flexibility of the power system [21,22]. Furthermore, [23] proposes
a method to improve system flexibility by reducing load levels. However, it ignores the issue that unit
shutdown may be caused by excessive net load fluctuations. Although the flexibility of the traditional
power system has been improved, there are still insufficient evaluation indices for the power system
with high-penetration RE. The advantages and disadvantages of research on power system flexibility
are shown in Table 1.

Table 1. Advantages and disadvantages of research on power system flexibility.

References Models Advantages Disadvantages

Multi-energy coordination and

Distributed dispatch model [5] Ignore FRs in optimal dispatch

optimization
FRs S . .
Considering FRs to participate  Ignore the connection between
Integrated ES model [9,10] in optimal dispatch FRs and traditional resources
Comprehensive centralized Considering the coordination
pren and optimization of ES and Ignore the diversity of FRs
scheduling model [12-15] L
traditional resources
ES and load coordination model [18] Co.ns.ldenr}g mu.ltlple I.JRS to Ignore the uncertainty of FRs
participate in optimal dispatch
Flexibility Capacity expansion model [19] Combmmg‘ system ﬂe_)<1b111ty Ignore sys-tem ﬂuctuat.lons
. . and policy constraints caused by high-penetration RE
Evaluation Indices
Distributed energy resources FRs and load coordination and Ignore problems caused by
aggregator optimization model [23] optimization large fluctuations in net load

FRs (Flexible Resources), ES (Energy storage), RE (Renewable energy).

This paper proposes comprehensive flexibility evaluation indices to enhance the flexibility
of a high-penetration RE integrated power system. Flexibility evaluation indices quantify power
system flexibility from time scale and directionality. A multi-objective optimal dispatch model of
a high-penetration RE integrated power system with interruptible loads and ES is established.
With the consideration of the proposed flexibility evaluation indices, the volatility of net load and
pollution emissions are reduced through the accurate regulation of FRs.

The remaining part of this paper is organized as follows. Section 2 analyses the evaluation indices
related to the flexibility of the power system. The dispatch model of a high-penetration RE integrated
power system based on FRs is proposed in Section 3. In Section 4, the pollution and net load fluctuation
results of different dispatch models in the simulation are compared. Finally, the conclusions are given
in Section 5.
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2. Flexibility Evaluation Indices of the Power System with High-Penetration RE

2.1. Power System Flexibility

At present, there is no standard definition of power system flexibility. The power system flexibility
is mainly characterized by inherent attributes, directionality, and time correlation [24]. Power system
flexibility is influenced by power supply side, grid side, load side, and ES. In this paper, the flexibility
of the power system with RE is defined, as, within certain time scales, the power system quickly
dispatches resources and responds to changes in the net load under the strictly economic and operational
constraints. Net load indicates the sum of the total load, RE, and other FRs. The more flexible the power
system, the more RE generation can be absorbed [25]. Increasing flexibility is beneficial to reducing
pollution emissions and enhancing the economy of the power system.

Energy consumption is expected to increase at an additional annual rate of 10% [26]. The integration
of high-penetration RE has become an inevitable trend [27,28]. The high-penetration RE will lead to
frequent fluctuation of the net load and reduce the power system flexibility. Therefore, to enhance the
power system flexibility, it is necessary to optimize the flexibility resources. The control actions are
commonly used to optimize the flexibility of a power system at different time scales [24]. The control
actions at different time scales are shown in Figure 1. Based on different time scales, the system has
different levels of flexibility, which requires relevant control actions. A shorter time scale focuses on
short-term flexibility operations and evaluation, and a longer time scale focuses on the system’s ability
to respond to changes over several years. This paper studies and analyzes the power system flexibility
on an hourly time scale.
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Figure 1. Control actions at different time scales.

2.2. Power System Flexibility Evaluation Indexes

This paper develops the comprehensive flexibility evaluation indices from the aspects of the
power supply flexibility margin and flexible adaptability of grid-connected RE. Power supply flexibility
margin considers the balance between supply and demand. Flexible adaptability of grid-connected RE
considers the influence of RE on different time scales.

(1) Power Supply Flexibility Margin

Power supply side mainly relies on conventional power sources (e.g., TPUs, gas units, hydroelectric
units) to achieve flexibility adjustment. The adjustable capacities of TPUs represent flexibility.
In the process of load rise or fall, upward and downward adjustment flexibilities are expressed
in Equations (1)—(6).

M; Mg
psu = Z Py, + Z Py 1)

my=1 mg=1
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Py, =min(Py, = Py, RY,) )
p ; b= mm(P — Pmgts R%g) ©)
M¢ Mg
d d d
psd — Z P+ Z e (4)
mp=1 mgzl
P4 = min(Py, s - P,,, RS,) (5)
. _p- d -
P - { min(Pugs = Py, R ), Pogs = Py ©

0, Puygs < Py

where P§* and PSd are the upward and downward adjustment flexibilities of the power system at time ¢,
My is the total number of TPUs, P},  and P ; are the upward and downward adjustment flexibilities
of TPU my, Py, s is the output of TPU my, PJ’25 and P;,, are the upper and lower limits of the output,
Rj, and Rd are the climbing and descending capabilities, My is the total number of gas units, P”

and Pd ; are the upward and downward adjustment flexibilities of gas unit mg, Py, + is the output

of gas umt mg, P m and Py, are the upper and lower limits of the output, and R}, and RY, m, are the
climbing and descendmg capablhtles, respectively. The power unit is MW and the chmblng capability
unit is MW/h.

The flexibility requirements of the power system in the process of load rise or fall are expressed in
Equations (7) and (8).

Pl = w, Py, +n, it + (P - PY) 7)
pdd = wd(Pgax - P;fH) +ngPitl 4 (PfL - PfL“) (8)

where P‘tiu and P‘fd are the requirements for the power system upward and downward adjustment
flexibilities, w, and w, are the requirements of the wind power prediction error for upward and
downward adjustment flexibilities, P}" is the prediction power of wind turbines, P}y, is the maximum
wind power prediction, n, and n, are the requirements of the load forecasting error for the upward
and downward adjustment flexibilities, and P} is the load.

According to the abovementioned supply and requirement flexibilities of the power system,
the power supply flexibility margins are derived as in Equations (9) and (10).

P = p5u — pilu ©)
Pmd Psd Pdd (10)

where Py and Ptmd are the power supply upward and downward adjustment flexibility
margins, respectively.

The insufficient upward adjustment flexibility margins are represented by insufficient generating
capacity adequacy and upward climbing speed [29]. The power system needs to perform a load
shedding action to ensure its normal and stable operation. Insufficient valley-load peak regulation and
downward climbing speed are both incidents of insufficient downward adjustment flexibility margins
of the power system. The downward adjustment flexibility margins were so tight that the probability
of RE consumption was reduced.

(2) Flexible Adaptability of Grid-Connected RE

Flexible adaptability of grid-connected RE refers to the ability of the power system to accept RE
with uncertainty and volatility. In view of the ability of the power system to suppress RE uncertainty
fluctuation, two flexible adaptive indices of net load volatility and its maximum volatility were
calculated using Equations (11) and (12).
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Vi = (PN - PNG[)/ PN x 100% (11)

where Pf’ L is the net load and VtL is the net load volatility. The net load volatility refers to the rate of
change of the power system’s net load. The net load volatility reflects the intensity of fluctuations in
the net load per unit time.

Mes
VE o = Z RY, + ZR“ +RY |/PNF x 100% (12)
where VthaX is the maximum allowable volatility of the net load, R}, is the climbing capability

allowed by ES, R} is the climbing capability allowed by the power system, and M,s is the amount
of ES. The greater the maximum allowable volatility of the net load, the stronger the ability of the
power system to accept RE. If V, t nax V}, the power system can meet the flexibility requirements.
If not, the flexibility of the power system is insufficient.

3. Dispatch Model

This paper assumes that all RE is consumed and RE is not used as an optimization variable in
dispatch. The prioritized task of FRs is to regulate peak load and try to reduce the peak and valley
difference of the net load to improve the flexibility margin. At the same time, the net loads are required
to be as flat as possible. A smooth load process is particularly important for TPUs to balance system
power. Because the adjustment ability of TPUs is relatively poor, it should bear the base load as much
as possible [30].

3.1. Objective Function

This paper considers the joint optimization of ES and interruptible loads under flexibility
constraints. ES and interruptible loads are widely used to optimize system flexibility due to their fast
response and wide distribution [31]. As illustrated in Figure 2, the overall system consisted of RE
composed of wind power and photovoltaic (PV), uninterrupted loads, and FRs (including conventional
power sources and flexible dispatch resources). Conventional power sources include TPUs and
gas units. Flexible dispatch resources include ES and interruptible loads for participation in system
optimal dispatch.

—— Power Flow

Communication
Link

__ ,Ljogallﬁs ___
Lodul bus Local bus 4 } LOL41 bus Local bus
I

Interruptible
Loads

Gas units
Conventional Power Sources

Figure 2. Structural diagram of the overall system.

Compared with other gas units, TPUs emit more CO,, SO,, and NOy pollutants during operation.
In order to minimize the total emission of pollutants during the dispatch period, the system operation
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costs and net load volatility should be taken into account. The objective functions are established in
Equations (13) and (15).

T M
b= Z (ath %ﬁ,t + bt Pt t + Cmt + dmteg"’tpmt/t) (13)
t=1 mtzl
Fy =Fp+Fi +Fes+Fp (14)
T
Fs = Z vk (15)
=1

where F; is the total emissions of pollutants (including CO,, SO,, and NOy) in the power system,
using tons as the unit, F; is the total operation cost, using USD as the unit, and F3 is the system net
load volatility. F, includes the cost of purchasing electricity Fg, the load compensation cost Fy, the ES
operation cost Frg, and the system prediction error compensation cost Fr. These costs were calculated
using Equations (16) and (19).

T
Fp =) CFPf (16)
t=1
Ny,
ZZC%%PP; 17)
T Ngs
Fps = Z Z ((CES/MES)PES At (18)
t=1 i=1
T
Fr= Z CFpF 19
F — 4t ( )
t=1

where CE is the unit price of purchased electricity, using USD/MW as the unit, P is the purchased
electricity, C}% is compensation time-sharing electricity price of the interruptible loads, P}% is the
consumption of the interruptible loads, CFS is the purchasing cost of the i-th ES, M?S is the charge and
discharge time, Cf is the flexible resource cost, and Pf is the power of FRs.

Eco,, Eso,, and Enp, are the emissions of CO,, SO,, and NO,. They are obtained by
Equations (20) and (22) [32].

EC02 = Pmt,t,BmQCOZACOZKCOZ)/COZ (20)
Eso, = PuttBmns0,050,750, 1)
Eno, = 1.63P 1B (N0, ONO, + 0.000938) 22)

where f3, is the coal consumption rate of power generation, Qco, is the calorific value of coal units,
yco, and yso, are the molar mass ratios of CO; to C and SO, to S, the values of which are 3.67 and 2,
Aco, is the potential carbon emissions per unit of calorific value, Ko, is the oxidation rate of carbon in
the fuel, Y50, and Yo, are the conversion rates of SO, and NOy in coal combustion, and 650, and
ONo, are the contents of SO, and NOy in coal combustion.

3.2. Constraints

(1) Constraints of Power Balance

N, NEgs

Li— Z Pl = PE + Z Pyt Z Pyt % Z PES 4 P 4 PPV (23)

i=1 mg_l mp=1
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where P}" is the wind power and va is the photovoltaic (PV) power.

(2) Constraints of Upward and Downward Flexibility
PR > (24)

pmd >0 (25)
(3) Constraints of Gas Units

Gas units, with a certain adjustable margin, can enhance the anti-disturbance ability of the power
system. The daily control power of the gas units is set to a fixed value, as shown in Equation (26).

T

Y Pung it = En, (26)
t=1

where E, is the daily control power of the gas unit mg. The gas units can operate in the load rate
range of 0% to 100%. However, when the load rate of the units is less than 75%, their performances
are significantly reduced and the cost of power generation is increased, which affects the efficiency
of power generation. Therefore, this paper sets the load rate of 75% as the lower limit of the output
power of gas units, as shown in Equations (27) and (28).

Py < Pt < P;g (27)

Py, = max(Py, ,0.75P;, ) (28)

Meanwhile, frequent starts and stops significantly affect the lives of the gas units and increase
operation costs. Therefore, we set the minimum start-up duration to avoid frequent starts and stops of
gas units, as shown in Equation (29).

tmg 2 b (29)
Pigt+1 = Png,t < quglpmg,t+1 =Pt 20 (30)
ng,t - ng,t+l < Rig/ ng,t - ng,t+1 >0 (31)

where t,, is the continuous operation time of the gas unit n1g, using h as the unit, ;, is the minimum
operation time.

(4) Constraints of TPUs
umt,l = uHZf,Z == umt,T (32)

Other constraints of the TPU, such as the upper and lower limits of the output force and the ability
to climb the slope, are the same as those of the gas unit.

(5) Constraints of Interruptible Loads

1L 1L 1L
Pi,min,t < Pi,t < Pi,max,t (33)
T <TF< T (34)

imin — i,max

where PIL and PIL  are the minimum and maximum values of the interruptible loads and T'L .
i,min,t 1,max,t 1,mi

and Tszn A are the minimum and maximum times.

n

(6) Constraints of ES
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The remaining capacity of the ES, the state of charge (SOC), is not only related to the current
dispatch, but also affects its next dispatch. SOC reflects the ratio of the ES remaining capacity to the
total capacity in the current period. Therefore, the state of charge of ES is a key variable in the process
of charging and discharging. The SOC constraint equation is expressed in Equation (35).

SOCin,i < SOC; < SOCpax.i (35)

where SOC,;,, ; and SOC,,, ; are lower and upper limits of the SOC for i-th ES.

The three weight coefficients are related to pollution emissions, total operation cost, and net load
volatility, respectively. If the weight F; of pollution emissions is higher, it will lead to insufficient
utilization of FRs in optimal dispatch. If the weights F» and F3 of total operation cost and net load
volatility are higher, the economic cost of the system will be increased. The three weights can be
relatively flexibly chosen, according to the demands and conditions of the power system. In this paper,
the weights of F1, F», and F3 were chosen as 0.5, 0.25, and 0.25. However, our approach was not limited
to this set of parameters.

The overall flow chart of the proposed framework of optimal dispatch is shown in Figure 3.
The comprehensive flexibility evaluation indices, including the power supply flexibility margin and
the flexible adaptability of grid-connected RE, were developed. Insufficient upward adjustment
flexibility margins will lead to load shedding. Insufficient downward adjustment flexibility margins
may reduce consumption of RE. Insufficient flexible adaptability of grid-connected RE will change net
load volatility. The optimal targets consider pollutant emissions, operation cost, and net load volatility.
A dispatch model with ES and interruptible loads was constructed based on the proposed power
system flexibility evaluation indices and constraints.

T M,
- 2 Ent
B = D3 (B + o+ + ™)

=1 m=1

Fy = Fy +Fy + Fps+Fp

Input
parameters

B
| =5
Evaluation Indices Influences T v
3 Insufficient Upward | ] Dispatch
! | Adjustment Flexibility | Load Wind/PV Power

! Margins(p~) Shedding

i Insufficient Downward
| | Adjustment Flexibility || Reduce RE

Margins(p+) Consumption
1 Insufﬁci.ept Flexib.le Large Net :
| Adaptability of Grid- | | Lol |

it Volatility | Reduce Net Load Volatility |

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

D [ _Constraints |

(Optimal Dispatch Results)

Figure 3. The overall flow chart of the proposed framework of optimal dispatch.
4. Analysis of Examples

4.1. The Setup of Simulation

The volatility and variability of RE have made the demand for flexibility in the high-penetration
integrated power system significantly increase. On the premise of ensuring the safe operation of the
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power system, we gradually increased the penetration rate of RE. The resulting net load curve is shown
in Figure 4.

0% Penetration
10% Penetration
20% Penetration
40% Penetration
80% Penetration

2 4 6 8 10 12 14 16 18 20 22 24
Time[h]

Figure 4. Net load curves with different renewable energy (RE) penetrations.

As shown in Figure 4, with the gradual increase in the penetration rate of RE, there were three
changes in the net load curves:

(1) During 02:00-04:00, with increasing penetration rate, the net load valley reduced, which lead to
insufficient flexibility in the downward adjustment of the power system.

(2) During 16:00-20:00, with increasing penetration rate, the net load fluctuation rate increased,
causing the system net load fluctuation rate insufficient flexibility.

(3) During 19:00-21:00, with increasing penetration rate, the peak of the net load decreased, which
had a certain effect on improving the upward flexibility of the power system.

Figure 5 shows the total load, wind power, and PV curves during 1 week. The output of wind
power fluctuated and the power of PV was 0 in the morning and evening. Due to the habits of
consumers, the valley period of the total load was in the evening and the peak period of the total load
was in the morning. Compared with the working day, the total load on Saturday and Sunday was
lower. There were four TPUs and one gas unit in the test system. This paper focuses on the regulation
of flexibility, and the predicted values of wind power and PV were used as actual values in model
dispatch. The parameters are shown in Table 2. The pollution emission coefficients a, biut, Ciut, Amt,
and g+ of the TPUs were obtained by fitting the actual emission data of the units. The TPUs, gas units,
and interruptible loads parameters P, Py, Py, Py, Rl ang, PfLm i P{En ax st g T{?n . and Tllgn ~
were obtained from a provincial power grid in China. The rest of the parameters refer to [33-35]
and were set according to the actual operation of the power grid. The initial state of charge (SOC) of
ESis 0.5 [35].

147 ! ' ' ' |
12Mﬁw
= 105 : J
z —+— Totalload |-
28 = Wind power
i PV power |-
£
1 i
2r . ( #
0 1 g ’ o

Figure 5. The prediction curves of total load, wind power and photovoltaic (PV) power.

Til%e[day] 4
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Table 2. The parameters of dispatch models.

Parameter Value Parameter Value Parameter Value Parameter Value
amt (kg/MW2)  0.0135 RY, (MW/h) 1000 Aco, (t/T]) 2774  Cj} (USDMW) 5
byt (kg/MW) — —2.22 R;Lg (MW/h) 100 Kco, (%) 0.9 CES (USD/MW) 30,000

cmt (kg) 300 Pl e (MW) 0 ¥so, (%) 90 CF (usD/MW) 6
At (kg) 0.5035 Pflmaxt (MW) 300 850, (%) 1 MES (day) 2000
gmt (MW 0.0208 b () 2 UnOx (%) 25 Mg 2

Py (MW) 3000 Tk (h) 0 dno, (%) 1.5 M; 4

Py, (MW) 1500 T M) 8 SOCini 0.2 Nir 2

Pj,;g (MW) 500 Brm (g/KWh) 300 SOCan i 0.9 N 2

Py, (MW) 300 Qco, (MJ/kg) 212 CE(USD/MW) 5 - -

4.2. Comparison of Different Dispatch Models

This paper compares two scenarios to verify the effectiveness of the proposed dispatch model

with flexibility indices in the high-penetration RE integrated power system.

In scenario I, no FRs were used. In scenario II, ES and interruptible loads were dispatched.

Figures 6-8 show the comparison of the emissions of CO,, SO,, and NO, under the two scenarios.
Due to comprehensive flexibility evaluation indices and constraints, the output of TPUs and FRs were
adjusted. The output of TPUs was reduced, thanks to the utilization of FRs in the model. Compared
with scenario I, the emissions of CO;, SO;, and NOy in scenario Il decreased by an average of 62.15 tons,

0.65 tons, and 0.27 tons, respectively. The total pollutant emission decreased by 63.07 tons, and the
emission reduction rate was 4.8%.
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=y _
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Time[day]

Figure 6. Comparison of CO, emission.
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Figure 7. Comparison of SO, emission.
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Figure 8. Comparison of NO, emission.
4.3. Analysis of Dispatch Results of One Day

In scenario I, no FR participated in the optimal dispatch model. The flexibility of the power system
was adjusted by traditional resources. In scenario II, ES and interruptible loads were dispatched to
enhance the flexibility. The coordination of FRs and traditional resources was used to increase the
capacity of RE consumption. The difference between the models in the two scenarios was whether
to utilize FRs. Based on the proposed flexibility evaluation indices, the FRs were used to reduce the
peak-valley difference of the net load and the net load fluctuation rate. Therefore, compared with
scenario I, the average output of the TPUs in scenario II could be reduced and the system’s flexibility
margin was increased.

Figure 9 shows the upward and downward flexibility margin of the power system. In scenario
I, the flexibility redundancy during the peak-load period was large. There was a lack of flexibility
margin in the valley-load period. The flexibility deviations during 04:00-05:00 reached 92.56 MW
and 113.57 MW, respectively. Figure 8 indicates that the power system had insufficient downward
adjustment during 04:00-05:00, which caused the power system to not respond to the changes of load
and RE quickly. There was a high probability of causing wind curtailment or emergency shutdown
of TPUs.

457 Scenario 1|

‘ ‘ Scenarjo |
| == Scenario II + i 3 |[=*= Scenario 11

» \

4

T

= -
gﬂ =z 1.5
< 20
= s 1
=
0.5
0
0.5 -0.5 .
2 4 6 8 10 12 14 16 18 20 22 24 2 4 6 8§ 10 12 14 16 18 20 22 24
Time[h] Time[h]
(a) (b)

Figure 9. Comparison of flexibility margins between the two scenarios. (a) Upward flexibility margin.
(b) Downward flexibility margin.

In scenario 1II, the FRs were adjusted according to the power supply flexibility margin indices.
The system’s downward flexibility requirements in the valley-load period and its adjacent period
were considered. By exploiting the flexibility of upward adjustment of FRs during the peak-load time,
the system could meet the flexibility requirements of each period.



Energies 2020, 13, 3456 12 of 18

With the optimal dispatch of FRs, the flexibility of the power system with a high-penetration RE

was significantly improved. Figure 10 shows the comparison curves of the net load change under
two scenarios.

—* 'gceﬁarioi |
—6—Scenario 11

—_
5]

Net load[GW]

0 2 4 6 8 10 12 14 16 18 20 22 24
Time[h]

Figure 10. Net load change curves of two scenarios.

As can be seen from Figure 10, when the FRs participated in the optimal dispatch, the trend of
the net load changed relatively slowly and the difference between the peak and valley loads reduced.
Especially during 17:00-21:00, the net load fluctuation in scenario II was significantly less than that
in scenario I. Net load fluctuation slowed significantly. The TPUs had relatively poor adjustment
capability and could only bear the base load. The FRs could minimize the difference between the peak
and valley of the net load. Thus, enhancing the flexibility of the system can reduce the output of TPUs
and pollutant emissions.

Figure 11 shows the net allowable volatility curve and the net load volatility curve for 24 h in the
two scenarios. At 19:00 and 20:00, the net load volatility exceeded the maximum net load volatility
allowed in scenario L. At this time, the power system was insufficiently flexible and the peak-load
regulation ability was weak. In order to ensure the stable operation of the power system, we performed
operations such as abandoning wind, discarding light, and removing the load. In scenario II with
FRs participating in optimal dispatch, the maximum allowable net load volatility was significantly
improved and the net load volatility indices at each moment were met. The net load volatility at 20:00
decreased from 28.55% in scenario I to 16.01% and, at other time points, the net load volatility of
scenario II was significantly lower than scenario I.

45

B Scenario I volatility
401 B Scenario IT volatility

Scenario I maximum allowable volatility
—&— Scenario Il maximum allowable volatility

w
W
T

—_ o o o
w (=) W fe=)
T T T T

Net load volatility[%]

2 4 6 8 10 12 14 16 18 20 22
Time[h]

Figure 11. Net load volatility curves of two scenarios.

Under the optimal dispatch of FRs, the output of TPUs reduced. While saving costs, the coal
consumption of TPUs also decreased, so that the total amount of pollutants reduced. We analyzed the
impact of interruptible loads and ES on pollutant emissions, total operation costs, and net load volatility.
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The results of the TPUs optimization of two scenarios are shown in Figure 12. The interruptible loads
and ES optimal results are shown in Figures 13 and 14.
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Figure 12. Results of coordinated optimal dispatch of thermal power units (TPUs).
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Figure 13. Result of interruptible loads optimal dispatch.
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Figure 14. Result of energy storage optimal dispatch.

Figures 12-14 show the power curves of TPUs, ES, and interruptible loads, respectively.
In scenario II, FRs and traditional resources participated in optimal dispatch. During periods of
peak load (10:00-19:00), FRs and traditional resources were coordinated to reduce the volatility caused
by RE and reduce the output of TPUs. During periods of valley load (00:00-06:00), ES used its rapid
response to fill the net load valley. In scenario I, the output of the TPUs was higher than that in
scenario II, since only traditional resources were adjusted in optimal dispatch. Thanks to FRs, the output
power of the TPU was smoothed to enhance stability. It can be seen from Figure 12 that the maximum
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output of TPUs was 2.64 GW, the peak-to-valley difference reduced from 0.90 GW to 0.66 GW, and the
mean square error reduced from 2.56 GW to 2.02 GW, which verifies the proposed model.

The total operating costs of scenario I and scenario II were 223,720 USD and 195,240 USD,
respectively. The average daily production of TPUs was 2.51 GW and 2.29 GW. The total pollution
emission reduced from 6008.77 tons to 5492.49 tons and the emission reduction rate was 8.5%.
These results mainly benefit from the flexibility indices proposed in this paper. Through the optimization
of limited flexibility resources, system redundancy greatly decreased. The TPUs output and pollutant
emissions were also reduced.

Figures 15 and 16 show the comparisons of CO,, SO;, and NOy emissions, respectively.
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Figure 15. The emission of CO,.
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Figure 16. The emissions of SO, and NOx.

Figures 15 and 16 show that the pollutant emissions in scenario II were lower than scenario I in
24 h. It shows that under the optimal dispatch of FRs, it can effectively reduce the emissions of CO,,
50;, and NOx. It proves that flexible resource optimal dispatch can meet the requirements of reducing
fluctuation of net load and pollutant emission in the power system with high-penetration RE.

5. Conclusions

This paper proposes comprehensive flexibility evaluation indices to enhance the flexibility of
a power system. The developed dispatch model considers FRs and quantifies the power system
flexibility in terms of time scale and directionality. Our method improves the flexibility margin of
the power system and reduces pollution emissions. Compared with the traditional optimal dispatch
method, the average daily emissions of CO,, SO,, and NOy, with the proposed optimal method,
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are reduced by 83.60 tons, 0.87 tons, and 0.37 tons, the maximum allowable fluctuation rate of the net
load increases by 7.63%, and the average volatility of the net load decreases by 2.67%.

We will try our best to apply the proposed method in a real case study to further verify its
effectiveness in future work.
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Nomenclature

The following nomenclatures are used in this manuscript:

RE Renewable energy
FRs Flexible Resources
ES Energy storage
TPU Thermal power unit
SOC State of charge
PV Photovoltaic
Pf“ / Pfd Upward/downward adjustment flexibilities of system
M; Total number of TPUs
Pum,,t / Pﬁw Upward/Downward adjustment flexibilities of TPU m;
Py, t The output of TPU m;
Py /Py, Upper/Lower limits of the output of TPU m;
Ry, / R‘,im Climbing/Descending capabilities of TPU m;
Mg Total number of gas units
Pﬁ,g,t/ Pﬁ,g,t Upward/downward adjustment flexibilities of the gas unit g
ng,t The output of the gas unit Mg
P,}';g /P, Upper/Lower limits of the output of the gas unit
Rﬁig / Rﬁlg Climbing/Descending capabilities of the gas unit m,
P‘t”” / P’fd Requirements of power system upward/downward adjustment flexibilities
Requirements of wind power prediction error for upward/ downward
Wy / wy . [
adjustment flexibilities
Py Wind power prediction
Phax Maximum wind power prediction
Requirements of the system load forecasting error for the upward/ downward
1y /ng . eas
adjustment flexibilities
Py P;”d Power supply upward/downward adjustment flexibility margins
VtL Net load volatility
Pg\’ L Net load
Vljmax Maximum allowable volatility of the net load
Ry, Ability to climb the slope allowed by ES
RY Climbing ability allowed by the power system
Fy Total emissions of pollutants
F> Total operation cost
F3 System net load volatility
FE Purchasing of electricity cost
Fr Load compensation cost
Fgg ES operation cost
Fr System prediction error compensation cost

CE The unit price of purchasing electricity
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Pf Purchasing electricity

CP; Interruptible loads compensation time-sharing electricity price
PP; Consumption of the interruptible loads

CFS The i-th ES purchasing cost

Mf‘s Charge and discharge times

Cf Flexible resource cost

Pf FRs required to stabilize the prediction error

ECOZ /E502 /ENOX Emissions of COz/SOZ/NOx

Bm The coal consumption rate of power generation
Qco, The calorific value of coal units

Aco, Potential carbon emissions per unit of calorific value
Kco, The oxidation rate of carbon in the fuel

Yso,/¥No, Conversion rates of SO,/NOy

050,/ O0N0, Contents of SO,/NOy in coal combustion

py Power of the wind turbine

PFV Power of the PV

Ep, Daily control power of the gas unit m,

tmg Continuous operation time of the gas unit m,

ting Minimum operation time

U, ¢ The 0, 1 variable of the unit startup state

Pfﬁn int llgn axt Minimum/Maximum values of the interruptible loads
Tllﬁn i/ Tllfn ax Minimum/Maximum times

S50Cin i/ SOCmax,i Lower/Upper limits of the SOC
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