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The proportion of renewable energy is increasing rapidly to develop low-
carbon power systems and the intermittence nature of renewable energy
harms the security operation of power systems. The participation of
interruptible loads is an effective means to handle the intermittence of
renewable energy. However, the capacity value of interruptible loads has not
been fully recognized, which results in limited involvement of interruptible loads
in power system operations. Hence, it is urgent to analyze the capacity value of
interruptible loads. In this paper, a capacity value calculation method of
interruptible loads is proposed. A joint optimal operation model of
interruptible loads and multiple power sources including thermal power
units, hydropower units, and wind turbines is established to realize the
application paradigm of power system operations with interruptible loads.
Case analysis based on the operation data of the power system in a
particular area verifies that the proposed method can effectively recognize
the capacity value of interruptible loads and reduce the installed capacity of
thermal power units. It thereby lays the theoretical foundation for analyzing the
role of interruptible loads in the low-carbon transition of the electric energy
industry.

KEYWORDS

interruptible loads, capacity value, energy transition, operation simulation, optimized
operation, unit aggregation

1 Introduction

The electric energy industry accelerates the transformation to low-carbon nowadays.
In the future, power systems will use a high proportion of renewable energy as the main
body of the power system. However, due to the uncertainty, volatility, and intermittence
of renewable energy, the power system operations in the future will face severe challenges
(Mashhour et al., 2010; Sarkhani. et al, 2011). In power systems, if conventional
generators are the only type of means used to handle the intermittence of renewable
energy, these generators are started and stopped frequently or their outputs are changed
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dramatically. This increases the difficulty of dispatching and
reduces the economy of power systems (Sampang et al,
2018). Demand response has developed rapidly in recent
years. It has gradually become a vital force that can support
power systems to peak load shifting, and absorb renewable
energy (Bessler and Jung, 2016), and its status is becoming
more and more critical (Sivaneasan et al, 2016). Hence,
measures to maintain the security operation of power systems
with high proportion of intermittent renewable energy should
not only be implemented on the power resource side but also the
demand side.

Demand response is generally divided into incentive-based
demand response and price-based demand response according to
the response mode of the demand side (Devatgaran et al., 2013).
Interruptible loads are an incentive-based demand response (Li
et al, 2013). According to the contracts signed by users in
advance, the loads will be cut off according to the agreement
when the peak load is very high, or the security operation of
power systems is threatened. Users will be given specific
compensations after the loads are cut off (Sharma et al., 2018;
Wang et al., 2020). The interruptible loads are developing rapidly
and have enormous potential. In recent years, plenty of regions
have successively introduced relevant policies on interruptible
loads (Argiento et al, 2012). With the advancement of the
electricity market, it has become inevitable for interruptible
loads to participate in the electricity market in the future
(Sampang et al,, 2018). At this stage, the interruptible loads
pricing mechanism is still dominated by the government, which
cannot fully reflect the value of interruptible loads to power
systems. Therefore, the value of the interruptible loads deserves
careful analysis to develop effective price mechanisms in the
future electricity market. Interruptible loads mainly play the role
of peak load shifting in power systems (Mashhour et al., 2010).
The effect of interruptible loads in power system operations is
similar to energy storage systems. Therefore, interruptible loads
have a particular capacity value. In the crucial period when
interruptible loads need to be developed urgently, research on
capacity value analysis has essential theoretical and practical
value.

Some papers have had some exploratory analysis on the value
of interruptible loads. Wang et al. (2004) analyzed the value of
interruptible loads under different conditions such as advance
time of interrupting notification and the duration of interrupting.
Li (2017) analyzed the value brought by demand-side users of
different scales as the interruptible loads; however, few types of
users were analyzed, which ultimately failed to reflect the capacity
value of interruptible loads. Shao et al. (2012) studied the value of
interruptible loads to different bodies such as users, electricity
companies, and society; however, the analysis process lacked
quantitative calculations and could not expressly reflect capacity
value. Li et al. (2013) analyzed the benefit of interruptible loads
under different subsidy schemes from load aggregators; however,
the load aggregators’ scale was small. Zhang et al. (2016) uses the
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FIGURE 1
Capacity value analysis frame of interruptible loads.

stochastic operation simulation method to analyze the value of
interruptible loads participating in the electricity market;
however, the analyzed capacity value is not comprehensive
enough.

Based on the above analysis, the research gap in the existing
literature is that there is no unified method and standard for
analyzing the capacity value of interruptible loads, which results
in limited involvement of interruptible loads in power system
operations and hinders the improvement of power system
security while incorporating a high proportion of renewable
this paper
calculation method of interruptible loads and establishes a

energy. Hence, proposes a capacity value
mathematical model for the optimal joint operation of
interruptible loads, thermal power units, hydropower units,
and wind turbines. The proposed method can effectively
recognize the capacity value of interruptible loads and reduce
the installed capacity of thermal power units. The content is
arranged as follows. Section 2 introduces the methodology,
framework, and vital technologies of the capacity value
the

operation simulation model of interruptible loads and the

analysis of interruptible loads; Section 3 presents
calculation process of the capacity value; Section 4 shows the
case analysis on a power system in a particular region; Section 5 is

the conclusion of this paper.

2 Methodology
2.1 Research fundamentals

The coordinated operation of interruptible loads and power
systems can enhance the security and sustainability of power
systems. In this paper, the capacity value of the interruptible
loads is a value brought to the security operation of power
systems. However, the capacity value is difficult to be reflected
in power systems directly. Theoretically, the installed capacity of
thermal power units can reflect the capacity value of interruptible
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FIGURE 2
The realization process of interruptible loads.

loads on the premise of ensuring the balance of power
consumption.

To address the above issue, we proposed a calculation
method of the capacity value of interruptible loads and
established a of the
operation of thermal power units, hydropower units, wind

mathematical model coordinated
turbines, and interruptible loads in a regional power system
that ensures the balance of power consumption with external
electricity. The regional power system is considered infinite,
ignoring the internal operation constraints and the grid
structure. The frame of the value analysis of interruptible

loads capacity is shown in Figure 1.

2.2 The function of interruptible loads

Interruptible load controlling is a load regulation method
that considers both the system security and the users’ wishes. The
users sign agreements with the relevant departments of power
systems in advance. During the peak period of power
consumption, the interruptible loads can be activated to
maintain the power balance of the systems. When the
interruptible load needs to be activated to maintain the
the
department will interrupt them according to the former

security operation of power systems, dispatching
agreements (Sivaneasan et al, 2016). The realization process
of interruptible loads is shown in Figure 2.

Early interruptible loads only existed among large industrial

users for various reasons: single management means, low

management efficiency, and insufficient power grid
intelligence. Due to the lack of experience managing
interruptible loads and imperfect value analysis, large

industrial users did not attend early interruptible loads
With  the
improvement of the intelligence level of power systems in

practices for a large amount. continuous
recent years, the types of users that can participate in the
implementation of interruptible loads have been expanded

from single large industrial users to medium and small
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FIGURE 3
The function of interruptible loads

industrial users and even commercial users. Medium and
small users will participate in interruptible loads mainly
through load aggregators.

In the foreseeable future, the proportion of renewable energy
units such as wind turbines in power systems will increase, and
the power balance of power systems will face new challenges.
Interruptible loads will play a more important role in peak
shaving and maintaining the balance of power consumption
with intermittent renewable energy in the future, as shown in
Figure 3.

2.3 Aggregated modeling of conventional
generation units

2.3.1Aggregation of thermal units

The aggregation modeling method of thermal power units
mainly superimposes the output constraints and ramping
constraints, installs the capacity of all thermal power units in
the regional power system, and obtains the new output
constraints, ramping constraints, and installed capacity of the
aggregation thermal power unit

PR =y pr (1)
j=1

Prin =y pme )
j=1
n

R™™ = 3y 3)
=

Rmin — Zr;nin (4)
=1

W, = zwc,j (5)
j=1

Where P is the maximum output of the thermal power unit
max

after the aggregaﬁon; Pe
power unit j; P™" is the minimum output of the thermal power

is the maximum output of the thermal

unit after the aggregation; P':}" is the minimum output of the
thermal power unit j. R™** is the upper ramping limit of the

1 1 . max
thermal power unit after the aggregation; r7

ramping limit of the thermal power unit j; R™" is the lower

is the upper
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FIGURE 4
Wind turbine output curve prediction process.

ramping limit of the thermal power unit after the aggregation;
™0 is the lower ramping limit of the thermal power unit j. W is
the total installed capacity of thermal power units after the

aggregation; w, ; is the installed capacity of thermal power unit j.

2.3.2Aggregation of hydropower units

The aggregation modeling method of the hydropower unit is
similar to the aggregation modeling method of the above-
mentioned thermal power unit. Superimpose the upper and
lower limits of all hydropower units in the regional power
system within a dispatch period to obtain the upper and
lower limits of the aggregation hydropower unit; superimpose
the installed capacity of all hydropower units to get the installed
capacity of the aggregation hydropower unit:

Sy =y s (6)
j=1

Spim =Yg )
j=1

Wiy =) wy, ®)
j=1

Where S is the upper limit of the hydropower unit in one
Smax
hj

the hydropower unit j in one dispatch period;

dispatch period after the aggregation; is the upper limit of
Sx]/‘lnin

limit of the hydropower unit after the aggregation in one dispatch

is the lower

period; Shm);“ is the lower limit of the hydropower unit j in one
dispatch period; W), is the total installed capacity of the
hydropower unit after the aggregation; wy,; is the installed
capacity of the hydroelectric unit j.

2.4 Conditional prediction of wind power
output

The wind power output curve is generated using Conditional

Generative Adversarial Networks (CGAN) (Kim, 2021). The
generator maps the noise vector z in the low-dimensional space
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to the high-dimensional space to generate new samples close to the
actual data (Xu et al, 2020). The discriminator’s function is
judging whether the input data is actual data. Usually, the
generator and the discriminator are two convolutional neural
networks with symmetrical structures. The robust feature
extraction capability of the convolutional network can improve
the quality of the generated data (Mohseni et al., 2020). Through
the adversarial training of the two networks, the generator finally
learns the distribution characteristics of the original data and can
generate data that conforms to the real laws. The wind turbine
output curve prediction process is shown in Figure 4.

First, the noise vector z is sampled from a Gaussian
distribution with a mean of 0 and a standard deviation of
1. It is horizontally spliced with the wind power output
historical data (conditional label ¢) and input to the
generator to generate the generated samples. The generated
and actual samples are combined with the corresponding
condition labels and then input to the discriminator. In the
game training process, the generator tries to generate new
samples close to the actual data under condition c¢. The
discriminator tries to distinguish between actual data or
generated data under condition ¢, and the two progress
together in this process. Finally, the output of the
aggregation wind turbine P,,, is obtained through training.

The loss functions of the discriminator and generator are:

Lg = =E.p,(»[D(G(z[c)|c)] )
_ | “Ex-p o [D(xl0)]+
to= { E. .0 [D(G(z[0)lc)] (10)

Where E is the expectation; x ~ p, (x) is the probability that a set
of actual samples x, D (-) is the probability of the discriminator to
judge that the input samples are actual; is the noise vector
collected in the Gaussian distribution p,(z); G(zlc) is the
generated data under the condition c.

The objective function of the CGAN prediction process is:

min maxV (G, D) =
G D

(11)
{Exp, (x [D (x16)] = E.p, 5y [D (G (2c)|0)]}

The principle of constructing the objective function is that
while training the generator, the generator tries to generate data
that meets the mapping of condition ¢ and the distribution of
actual data to deceive the discriminator. At this time, the training
objective of CGAN is to minimize the above objective function.
While training, the discriminator tries to distinguish between
actual data and generated data under condition ¢, so the objective
function needs to be maximized while training the discriminator.
The CGAN training process is essentially a game of minimum
and maximum values. After the training is over, the generator
can learn the mapping relationship between the actual data and
condition ¢ to generate data that obey the real law under
condition c.
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3 Design of interruptible loads
operation model

3.1 Objective function

To minimize the total cost of regional power system operation,
the power generation cost of aggregation thermal power units and
the power abandonment penalty of renewable energy are considered
to meet regional power system power consumption balance
constraints, thermal power unit output constraints, and ramping
constraints. The objective function is as follows:

T T T
min{ Y'Det Geg (Pey) + ki Y Eus + ko ) Epg } (12)

t=1 t=1 t=1

Where T is the total number of periods; D,; is the 0-1 variable
representing the operation state of the aggregation thermal power
unit at the moment ¢, 0 means the unit is not running, and 1 means
the unit is running; P, is the output of the aggregation thermal
power unit at the moment # k; is the wind power abandonment
penalty factor; E,,; is the abandoned wind power in the system at the
moment £ k; is the hydropower abandonment penalty factor; Ej; is
the abandoned hydropower in the system at the moment t; G.; is the
cost function of the aggregation thermal power unit at the moment ¢,
its expression is as follows (Dey and Basak, 2017; Yang et al., 2020):

Gy=a-Pl,+b-Py+d (13)

Where a, b, and d are the coefficients between the thermal power
unit’s power and the generator’s cost.

The abandoned wind power and hydropower in the system
are calculated as follows:

Ew,t = Ww,! - Pw,:
Eh,t = Wh,t - Ph,t

(14)
(15)

Where W, is the theoretical output power of the aggregation
wind turbine at time # P, is the actual output power of the
aggregation wind turbine at time t. W, is the theoretical output
power of the aggregation hydropower unit at time t; Py is the
actual output power of the aggregation hydropower unit at time .

3.2 Constraints

In the operation simulation model of interruptible loads, the
regional power system is regarded as an infinite power system.
The constraints within the system and the power consumption of

the lines in the system are ignored.

3.2.1 Balance of power consumption constraints

P+ Pys+Pys+ Py + Py =L (16)
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Where P;; is the power of the interruptible loads responding to
the interruption command at time ; Py, is the power of external
power in the regional power system at time t; P;; is the local load
in the system at time .

3.2.2 Output constraints

PMt <P, < P (17)

Where P™" is the minimum output allowed by the aggregation
thermal power unit at any time; PT* is the maximum output
allowed by the aggregation thermal power unit.

3.2.3 Ramping constraints

Py =Pepy < —R™
Pc,t - Pc,t—l < Rmax

(18)
19)
Where P, is the output of the aggregation thermal power unit
at time t-1; R™" is the lower limit of the aggregation thermal

power unit at any time; R™* is the upper limit of the aggregation
thermal power unit at any time.

3.2.4 Aggregation hydropower unit's constraints

T
Epn <Y (Pyy + Epy) SEP™

t=1

(20

Where EII" is the lower limit of the aggregation hydropower unit
in a dispatch period; it E;?* is the upper limit of the aggregation
hydropower unit in a dispatch period.

3.2.5 Reserve capacity constraint

H™"<H, (21)

where H™?® is the lower limit of the reserve capacity in the
regional power system at any time; H, is the reserve capacity in
the regional power system at the time ¢.

3.2.6 Interruptible loads constraints

The constraints of interruptible loads include interruption
quantity constraint, maximum interruption time constraint,
minimum interruption time constraint, maximum
interruption number of times constraint, and minimum
interruption interval constraint (Sousa et al, 2017). Because
the the the

interruptible loads in the regional power system, the operation

interruptible loads in model are actual
is simulated on a typical day. The constraints of the maximum
interruption time, the maximum number of interruptions, and

the minimum interruption interval are not considered. However,
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the total outage power constraint of the interruptible loads in
1 day is added.

3.2.6.1 Interruption quantity constraint

Pi min < Pit < P max (22)

Where P; i is the minimum interruption a quantity of the
interruptible loads at any time; Pj;max is the maximum
interruption quantity of the interruptible loads.

3.2.6.2 Minimum interruption time constraint

T; 2T, (23)

Where T is the interruption time of the interruptible loads; Ty is
the minimum interruption time of the interruptible loads.

3.2.6.3 Total interruption power constraint

T
Zpi,t < Qmax

t=1

(24)

Where Qpax it is the maximum quantity of the total interruption
power of the load that can be interrupted in 1 day.

3.3 Linearization of aggregation thermal
unit cost

Due to the existence of the generator cost function of the
aggregation thermal power unit in the objective function, the
model of the interruptible loads and the coordinated operation of
thermal power, hydropower, wind turbine, and the regional
which the
constraints in 3.2, is a mixed-integer nonlinear programming

power  system, comprehensively  considers
problem. When solving, the power generator cost of the
aggregation thermal power unit should be linearized by the

following formula:

Gct = ZKSPES (25)
s=1

Py = )P (26)

s=1

pmax _ Pmin

F=-° £ 27)

n
Ki=a(2s-1F+b (28)

Where K is the slope of the aggregation thermal power unit in
the s segment interval; # is the number of segments; P is the
actual output of the aggregation thermal power unit in the s
segment; F is the maximum output of the aggregation thermal
power unit in the s segment.
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FIGURE 5
Flow chart of capacity value calculation of interruptible loads.

After piecewise linearization of the power generator cost of
the aggregation thermal power unit, the model becomes a mixed-
integer linear programming problem in each piecewise interval,
which can be solved by using the mature linear programming
commercial solver, Gurobi.

3.4 Calculation process

Figure 5 shows the flow of capacity value calculation for
interruptible loads

(1) Data preprocessing: thermal units’ and hydropower units’
aggregation; use CGAN to predict the output curve of the
aggregation wind turbine; linearize the power generator cost
of the aggregation thermal power unit;

(2) On a typical day, simulate the operation of the regional
power system when there are no interruptible loads; obtain
the output of the aggregation thermal power unit;

(3) Add the interruptible loads to the system; all other
parameters remain unchanged and perform the operation
simulation on the same typical day again;

(4) In the case of the interruptible loads and the coordinated
operation of the regional power system, calculate the output
of the thermal power unit in the system;
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TABLE 1 Predicted generation and interruptible load capacities in
2025.

Unit type Predicted capacities in
2025/10 MW

Thermal unit 7,200

Hydropower unit 800

Wind turbine 2,800

Interruptible loads 200

(5) Judge whether the capacity of thermal power units in the
system put into operation is higher than the rated value. If it
is not higher than the rated value, perform step (7); if it is
higher than the rated value, perform step (6);

(6) Reduce the installed capacity of the thermal power unit, and

then perform step (4);

(7) Calculate the difference between the capacity of the thermal

power unit after and before the interruptible loads are added

to the system. The formula for calculating the benefit of

interruptible loads capacity is:

Fi=W.-W. (29)

Where F; is the capacity value of the interruptible loads; W is the
installed capacity of the thermal power unit under the condition
that the interruptible loads are added to the operation of the
regional power system to ensure the security operation of the
system and the system reserve capacity meets the constraints.

4 Case analysis

We designed the following cases to quantitatively calculate
the value of interruptible loads in regional power systems with
intermittent renewable energy in the future.

4.1 Related parameters

The data in the calculation example is based on the actual
installed capacity and actual local loads of a regional power
system in a particular region. The parameters of the system in
2025 and the annual load growth rate are set as 5.0. The data
sampling interval is 1 h. The data of external power is the planned
external power in the region in 2025. The minimum output of
thermal power units is 50% of the installed capacity. Interruptible
load refers to a load that can be positively activated 1 hour in
advance. Its capacity forecasts in 2025, according to the growth
rate of 5.0%, is about 2,000 MW, and the other scenarios,
including the capacity of 4,000 and 6,000 MW, are used for
comparison. The minimum interruption time is set to 1 h, and
the maximum interruption energy in 1 day in the three scenarios
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FIGURE 6
Local load and external power on typical day 1.
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FIGURE 7
Local load and external power on typical day 2.

is set to 16,000, 32,000, and 48,000 MWh, respectively. Other
parameters of the system are shown in Table 1:

4.2 Results and analysis

In this regional power system in 2025, the day with the largest
daily peak-to-valley difference was selected as typical day 1, and
the day with the highest load was selected as typical day 2. The
change of the installed capacity of thermal power units before
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and after the interruptible loads participated in the operation of
power systems is calculated. The local load and external power on
the typical day 1 and 2 are shown in Figures 6, 7, respectively. The
output forecast of wind turbines on two typical days is shown in
Figure 8.

Figures 9-11 are the comparison of the thermal power unit’s
output before and after the interruptible loads participate in the
system operation under three different scenarios on typical day 1;
Figures 12-14 are the comparison of thermal power unit’s output
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day 1 with 4 million kW interruptible loads.
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FIGURE 11
Comparison of the output of thermal power units on typical
day 1 with 6 million kW interruptible loads.

before and after the interruptible loads participate in the system
operation under three different scenarios on typical day 2.

On typical day 1, the operation simulation is carried out
for two cases whether the interruptible loads participate in the
operation of power systems. Compared with the time when
the interruptible loads do not participate in the operation of
power systems when the interruptible loads capacity is
2,000 MW, the addition of the interruptible loads can
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Comparison of the output of thermal power units on typical
day 2 with 2 million kW interruptible loads.
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5400 T T T T
5300 | O'utput (.Jf thermzf\l power units |
without interruptible load
| | Output of thermal power units |
5200 with interruptible load

o«
=S
o
o
T

Output of thermal power units
N N N <)
~ [+ © o
o o o o
o o o o
T

4600

4500

4400 . . : .
0 5 10 15 20 25

Time/h

FIGURE 13
Comparison of the output of thermal power units on typical
day 2 with 4 million kW interruptible loads.

reduce 1,005.84 MW of thermal power units; when the
interruptible loads capacity is 4,000 MW, the addition of
interruptible loads can reduce the thermal power assembly
by 2,270.40 MW of thermal power units;
interruptible loads capacity is 6000MW, the addition of
interruptible loads can reduce 2,712.21 MW of thermal
power units. On typical day 2, the operation simulation is

when the

carried out for two cases whether the interruptible loads
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participate in the operation of power systems. Compared
with the time when the interruptible loads do not
participate in the operation of power systems when the
interruptible loads capacity is 2 MW, the addition of the
interruptible loads can reduce 1999.73 MW of thermal
power units; when the interruptible loads capacity is 4 MW,
the addition of interruptible loads can reduce 3,232.26 MW of
thermal power plants; when the interruptible loads capacity is
6 MW, the addition of interruptible loads can reduce
4,876.73 MW of thermal power units.

In summary, the benefit statistics of interruptible loads
capacity are shown in Table 2:

In the simulation analysis of the operation of the
interruptible loads, the multiple units, and power systems,
it is undeniable that interruptible loads have plenty of capacity
value in the operation of power systems. However, this paper
uses the data of typical days for analysis. The response time of
the interruptible loads used is short, which cannot wholly
reflect the capacity value of different types of interruptible
loads. The interruptible loads capacity in the calculation
the

the
systems

example is predicted according to electricity

consumption growth rate to current

loads
region.

according

interruptible capacity of power in a

The
calculates the value of interruptible loads in regional power

particular proposed method effectively
systems with intermittent renewable energy. In the future
the

interruptible loads will be higher than that in the

construction of power systems, capacity of the

calculation example, and the interruptible loads will be able
to reflect a higher capacity value.
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TABLE 2 Results of the capacity value of interruptible loads.

The capacity of
interruptible loads

SIMW Fi/MW

2,000 1,005.84
4,000 2,270.40
6,000 2,712.21

5 Conclusion

The participation of interruptible loads is an effective
means to handle the intermittence of renewable energy, so
the capacity value analysis of interruptible loads is an urgent
problem. In this paper, combined with the functional
characteristics of interruptible loads in power systems, a
mathematical model for the optimal joint operation of
the
are carried out based on actual

interruptible loads, several wunits, and operation
simulation analysis
operation data of power systems in a particular region. By
comparing the changes in the installed capacity of thermal
power units in power systems under the two conditions of
whether the interruptible loads participate in the operation of
power systems, the capacity value of the interruptible loads is
calculated quantitatively. The installed capacity of thermal
power units can be reduced obviously. The proposed method
can effectively promote the participation of interruptible loads

in power systems with intermittent renewable energy.
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