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Abstract: Large-scale wind power farms in China are suffering from large amounts of curtailed
wind power in the conventional dispatching mode. Energy-intensive loads have great potential
in providing service regulation to help consume the curtailed wind power. However, constrained
by technical limitations, the regulating power of energy-intensive loads cannot fully follow the
fluctuating wind power. This would result in insufficient utilization of the regulation capability of
energy-intensive loads, which limits the promotion in consumption of curtailed wind power brought
by load-source coordination. With this concern, a brand new method for further consuming the
curtailed wind power, which involves using coal-fueled units to provide ancillary regulation for the
coordination of energy-intensive loads and wind power is presented, and a corresponding bi-level
coordinative model is also established. The first level of optimization is intended to maximize the
consumption of curtailed wind power with minimum ancillary regulation energy. The second level of
optimization is to allocate the ancillary regulating power with minimum regulation cost. Wind power
consumption was increased by 3,369.25 MWh and utilization rate of energy-intensive loads was
promoted to 100% in the case analysis, which verifies the effectiveness of the proposed method.

Keywords: load-source coordination; energy-intensive load; wind power consumption; ancillary
regulation; utilization promotion

1. Introduction

1.1. Background and Motivation

It is reported that the installed wind power capacity in China had reached 163.67 GW by the
end of 2017 [1], however the lack of regulation capacity in the power system severely limits the
consumption of wind power, especially in those districts where large-scale wind power farms are
located. In 2017 the rates of curtailed wind power in Gansu, Xinjiang and Jilin were 33%, 29% and 21%,
respectively [1]. Wind power curtailment occurs in cases where wind generation is more than the load
minus must-run generation [2]. The excess of wind energy needs to be curtailed to keep the balance
between demand and supply [2]. That is to say, no downward regulation can be provided by the units
in the system when there is curtailed wind power, which is also the premise of this paper. Therefore
promoting wind power consumption requires additional regulating services [3]. Meanwhile, in China
energy-intensive loads are often built in the same districts where large scale wind power systems are
located. The coincidence of the distribution of energy-intensive loads and wind power farms in China
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provides great opportunities for increasing the wind power consumption with the regulation ability of
energy-intensive loads.

The basic design of the load-source coordination to additionally reduce the curtailed wind power
is to increase the load power when there is wind curtailment. Considering the regulation limitations
of the energy-intensive loads, for example the stable operation period required after one regulation,
the regulating load power cannot fully follow the fluctuating wind power. This is what the term
characteristic mismatches used in this paper means. The characteristic mismatches would inevitably
result in insufficient utilization of energy-intensive loads potential in reducing the curtailed wind
power (detailed discussion is provided in Section 3.1). How to make the best use of the regulating
capability of the energy-intensive loads to reduce the wind power curtailment under the characteristic
mismatches and the corresponding scheduling model are of great significance for further promoting
wind power consumption.

1.2. Literature Review

Energy-intensive loads are promising flexible service providers and they can be better organized in
the load-source coordination than other types of loads [4], say, residential loads, as the energy-intensive
loads often feature huge capacity and centralized control modes. Pelzer stressed the significance of
involving the bi-directional regulation ability of energy-intensive loads in the demand side response
and made prospects for the application [5]. Many studies have explored the regulation possibility
of various energy-intensive loads. The aluminum smelting load was regarded as an ideal supplier
of regulation based on researches on its capability of providing regulating services [6]. The cement
industry load was modeled as a shifting load to reduce the operating cost of the enterprise [7].
Wood industry loads were also believed to be qualified potential regulating service suppliers based on
a case analysis [8]. The regulation capability of metal casting industry loads in participating in the
ancillary market was studied too [9]. These studies verified the flexibility of energy-intensive loads
and laid a technical foundation for exploiting energy-intensive loads’ regulating capability to consume
the curtailed wind power.

Besides, electrical energy is usually one of the largest component costs in energy-intensive
enterprises, for example, in aluminum production it accounts for 30 to 40% [6]. If the tariff of curtailed
wind power is discounted, it would contribute a lot to lowering the production cost and providing
more benefits for energy-intensive enterprises, which would in turn interest the enterprises to take
part in the regulation for consuming the curtailed wind power.

For the control of energy-intensive loads, most studies [3,7,10–16] are focused on exploiting
the regulation capability of energy-intensive loads in load shedding and shifting for peak load
management and the operation cost reduction of energy-intensive enterprises. Only a few have
investigated the coordination of energy-intensive loads and wind power. Bao [17] and Xu [18]
employed energy-intensive loads to support the frequency control of power system integrated with
wind power. Liao [19] proposed a direct control scheme of energy-intensive loads to smooth the wind
power fluctuation, but the wind power consumption is not the research emphasis in the mentioned
literatures. Chen [20] designed a decomposed coordinative scheduling approach to organize the
coordination between energy-intensive enterprises and the power system with wind power integrated,
thus to promote the consumption of wind power and bring the enterprises more benefit. However,
a minimum steady operation duration required by some energy-intensive loads is not considered.
To sum up, flexibility of energy-intensive loads has been applied in improving the performance of
power system in many ways, however, most of the studies have focused on peak load management
and frequency control, and practical load-source coordinative method of consuming the curtailed
wind power with energy-intensive loads remains an important issue to be addressed.
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1.3. Contributions

This paper discusses how to make full use of the flexibility of energy-intensive loads to consume
the curtailed wind power considering technical requirements of energy-intensive loads. Based on a
real project in Western China, many application limitations are considered in this paper to make the
proposed method practical. And as the ancillary service market is not fully developed yet in China, the
mode of direct load control [21] is adopted. The main contributions of this paper can be summarized
as follows:

(1) Ancillary regulation from the coal-fueled units is involved to alleviate the characteristic
mismatches between energy-intensive loads and wind power, which helps further promote
the wind power consumption with energy-intensive loads.

(2) A coordinative model is given, which takes both the technical requirements of energy-intensive
loads and ancillary generation cost into consideration.

The remainder of this paper is organized as follows: in Section 2, characteristics of energy-intensive
loads and wind power are introduced. The insufficient utilization of regulation capacity of
energy-intensive loads resulting from characteristic mismatches between energy-intensive loads and
wind power is analyzed in Section 3, along with the proposal of ancillary regulating of coal-fueled
units. A bi-level coordinative model to promote wind power consumption with energy-intensive loads’
flexibility considering the ancillary regulating provided by coal-fueled units is constructed in Section 4.
A case analysis is shown in Section 5. Finally, conclusions are given in Section 6.

2. Characteristics of Energy-Intensive Loads and Wind Power

2.1. Characteristics of Energy-Intensive Loads

As most of the local energy-intensive loads in Gansu are electrolytic aluminum production loads,
here we take electrolytic aluminum as an example to show the characteristics of energy-intensive
loads. Electrolytic aluminum production takes cryolite-alumina as the raw material, and aluminum is
obtained after an electrolysis process. Under normal circumstances, the electrical load of electrolytic
aluminum is stable [6], and the regulation within a certain range only affects the quantity but not
the quality of product nor the safety of the equipment. However, the impact resistance of electrolytic
aluminum equipment is limited, so it is necessary to stabilize the production for a period of time after
one regulation [21]. The regulation characteristics of electrolytic aluminum are shown in Figure 1.
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The mathematical formulation in this paper is based on discrete time representation and the
overall control period (say one day) is split into T intervals of equal duration ∆t (for example 15 min).
According to characteristics of electrolytic aluminum, corresponding control model is established
as follows:
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(1) Limitations of upper and lower boundary power of load:

Pt
Di,min ≤ Pt

Di ≤ PDi,max (1)

where, i represents the ith energy-intensive load; t represents the tth duration; Pt
Di is the power of

energy-intensive load in MW; Pt
Di,min, PDi,max are respectively the technically allowed maximum

and minimum power of the energy-intensive load in MW.
(2) Limitations of the minimum duration of stable operation:

τ+Tcompi−1

∑
t=τ

Spi(t) ≤ 1

∀τ ∈ [1, T − Tcompi + 1]
(2)

− Spi(t)M ≤ Pt
Di − Pt−1

Di ≤ Spi(t)M (3)

where, Spi(t) is a state variable of energy-intensive load, Spi(t) ∈ {0, 1}, When Spi(t) = 0, the
load power has to keep stable and regulation is not allowed, that is Pt

Di = Pt−1
Di , and when

Spi(t) = 1, a load regulation is allowed, that is Pt
Di can be different from Pt−1

Di ; Tcompi is the
required minimum duration of stable operation of energy-intensive load; M is a parameter
introduced for model linearization in MW, M ≥ PDi,max − PDi,min.

(3) Limitations on the overall number of regulations:

T

∑
t=1

Spi(t) ≤ Ni,max (4)

where, Ni,max is the maximum number of times of regulation of the energy-intensive load during
the control period.

2.2. Characteristics of Large-Scale Wind Power

Influenced by various weather factors, wind power is characterized by fluctuation. The changes
of large-scale wind power in Hexi region of Gansu Province during three consecutive days randomly
selected from the year of 2016 are shown in Figure 2 (it has to be pointed out that data shown is the
available wind power, it may be greater than the actual output of wind power considering the possible
derating required by the grid operator). Obvious fluctuation of the wind power can be observed from
Figure 2. According to 2016 statistics, the maximum change of wind power in Hexi in 1 min, 5 min,
15 min are respectively 259 MW, 609 MW and 1457 MW, accounting for 2.5%, 5.9% and 14.1% of the
installed capacity of wind power in Hexi [22].

Energies 2018, 11, x FOR PEER REVIEW  4 of 15 

Energies 2018, 11, x; doi: FOR PEER REVIEW  www.mdpi.com/journal/energies 

(1) Limitations of upper and lower boundary power of load:  

D ,min D D ,max
t t
i i iP P P≤ ≤  (1)

where, i  represents the i th energy-intensive load; t represents the t th duration; D
t
iP  is the 

power of energy-intensive load in MW; D ,min
t
iP , D ,maxiP are respectively the technically allowed 

maximum and minimum power of the energy-intensive load in MW. 

(2) Limitations of the minimum duration of stable operation: 
comp+ 1

p
=

comp

( ) 1

[1, 1]

iT

i
t

i

S t

T T

τ

τ

τ

−

≤

∀ ∈ − +

  (2)

1
p D D p( ) ( )t t
i i i iS t M P P S t M−− ≤ − ≤  (3)

where, p ( )iS t  is a state variable of energy-intensive load, p ( ) {0,1}iS t ∈ , When p ( ) 0iS t = , the load 

power has to keep stable and regulation is not allowed, that is 1
D D
t t
i iP P −= , and when p ( ) 1iS t = , a load 

regulation is allowed, that is D
t
iP  can be different from 1

D
t
iP
− ; compiT  is the required minimum 

duration of stable operation of energy-intensive load; M is a parameter introduced for model 
linearization in MW, D max D mini, i,M P P≥ − . 

(3) Limitations on the overall number of regulations: 

p ,max
=1

( )
T

i i
t
S t N≤  (4)

where, ,maxiN  is the maximum number of times of regulation of the energy-intensive load during the 
control period. 

2.2. Characteristics of Large-Scale Wind Power 

Influenced by various weather factors, wind power is characterized by fluctuation. The changes 
of large-scale wind power in Hexi region of Gansu Province during three consecutive days randomly 
selected from the year of 2016 are shown in Figure 2 (it has to be pointed out that data shown is the 
available wind power, it may be greater than the actual output of wind power considering the 
possible derating required by the grid operator). Obvious fluctuation of the wind power can be 
observed from Figure 2. According to 2016 statistics, the maximum change of wind power in Hexi in 
1 min, 5 min, 15 min are respectively 259 MW, 609 MW and 1457 MW, accounting for 2.5%, 5.9% and 
14.1% of the installed capacity of wind power in Hexi 22.  

 

0

1000

2000

3000

4000

0:
00

1:
00

2:
00

3:
00

4:
00

5:
00

6:
00

7:
00

8:
00

9:
00

10
:0

0
11

:0
0

12
:0

0
13

:0
0

14
:0

0
15

:0
0

16
:0

0
17

:0
0

18
:0

0
19

:0
0

20
:0

0
21

:0
0

22
:0

0
23

:0
0

Wind power
/MW Day 1 Day 2 Day 3

Figure 2. Profile of wind power in Hexi, Gansu.



Energies 2018, 11, 2925 5 of 14

3. Characteristic Mismatches between Energy-Intensive Loads and Wind Power and Ancillary
Regulation of Coal-Fueled Units

3.1. Characteristic Mismatches of Energy-Intensive Loads and Wind Power

The basic idea of promoting wind power consumption using energy-intensive loads is to increase
the load when there is curtailed wind power that could not be consumed by the system in the
conventional dispatching mode which doesn’t include the demand side flexibility into regulation.
A conventional dispatching scheme is where the discussion in this paper starts. The curtailed wind
power referred in this paper is the part of available wind power that exceeds the generation plan given
in the conventional dispatching scheme. A considerable amount of curtailed wind power could be
consumed by regulating energy-intensive loads according to the curtailed wind power profile.

However, constrained by the minimum duration of stable operation, the regulated load curve is
composed of multiple horizontal lines (see Figure 1) and the wind power appears to be an irregular
fluctuating curve (see Figure 2). Thus energy-intensive load regulation cannot fully follow the curtailed
wind power owing to characteristic mismatches. The schematic of curtailed wind power consumption
using energy-intensive loads is shown in Figure 3. Note that curves in Figure 3 are qualitative curves
without connection to Figures 1 and 2.
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Figure 3. Curtailed wind power consumption with energy-intensive loads involved.

As we can see from Figure 3, during the stable operation duration T0, the regulating load power
has to be consistent. To keep the energy balance of the system, the regulating load power is matched
to be equivalent to the minimum curtailed wind power during T0. In this way, the curtailed wind
power within the maximum upward regulation capacity of energy-intensive load is not completely
consumed, and that leaves much to do to make better use of the regulation capacity to further promote
the consumption of curtailed wind power.

Here, we define the utilization rate of energy-intensive loads’ regulation capacity in the process of
consuming the curtailed wind power ηT to quantify the aforementioned phenomenon:

ηT =
S

Smax
(5)

Smax =
T

∑
t=1

min

{
Pt

W,cgt,
ND

∑
i=1

Pt
Di,upmax

}
∆t (6)

S =
T

∑
t=1

min

{
Pt

W,cgt,
ND

∑
i=1

Pt
Di,up

}
∆t (7)
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Pt
Di,upmax = Pt

Di,max − Pt
Di,0 (8)

Pt
Di,up = Pt

Di − Pt
Di,0 (9)

where, Smax is the maximum possible consumption of curtailed wind power with energy-intensive
loads in MWh; S is the actual consumption of curtailed wind power with energy-intensive loads in
MWh; Pt

W,cgt is the curtailed wind power in MW; ND is the number of energy-intensive loads involved
in the regulation; Pt

Di,0 is the original load power of energy-intensive load in MW; Pt
Di,max, Pt

Di,up are
respectively the maximum upward regulating capacity and the actual upward regulating power of the
energy-intensive load in MW.

3.2. Further Reducing Curtailed Wind Power with Ancillary Regulation of Coal-Fueled Units

As analyzed in Section 3.1, to maintain the energy balance of the power system, the upward
regulating power of energy-intensive loads have to be equivalent to the minimum curtailed wind
power during the stable operation duration. It is reasonable to come up with the idea of requiring
ancillary regulation from coal-fueled units, which means to increase the output of coal-fueled units
when the curtailed wind power is temporarily low and limits the utilization of energy-intensive loads’
regulation capacity, the corresponding schematic is shown in Figure 4.
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Figure 4. Curtailed wind power consumption with energy-intensive loads considering the ancillary
regulation power of coal-fueled units.

It can be seen from Figure 4 that, with ancillary regulating power provided by coal-fueled units
during the period when the curtailed wind power is relatively low, the upward regulating power of
energy-intensive loads can be raised even to the maximum regulation capacity in the whole stable
operation duration without damaging the energy balance of the power system. Comparing Figure 3
with Figure 4, it can be observed that the consumed curtailed wind power with energy-intensive loads
significantly increases when taking the ancillary regulating power into consideration.

4. Bi-Level Coordinative Model for Consuming Curtailed Wind Power with Energy-Intensive
Loads Considering the Ancillary Regulation of Coal-Fueled Units

Though the compensation mechanism is not what we focus in this paper, it is not difficult to
get the point that the compensation for ancillary regulation would be part of the cost of consuming
the curtailed wind power. So we intend to achieve the maximum consumption of the curtailed
wind power with the minimum ancillary regulation. Thus a bi-level coordinative model is proposed.
The first-level optimization aims to maximize the consumption of curtailed wind power and minimize
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the ancillary regulating energy. The second-level optimization is to allocate the regulating power
among the involved coal-fueled units with minimum generation cost.

4.1. First-Level Optimization Model

(1) Objective

The objectives of the first-level optimization are set as follows:
Objective A:

max f1A =
T

∑
t=1

Pt
Wc,cgt∆t (10)

Objective B:

min f1B =
T

∑
t=1

Pt
G,aux∆t (11)

where, f1A is the consumed curtailed wind energy during the control period in MWh; f1B is the ancillary
regulating energy provided by the coal-fueled units during the control period in MWh; Pt

Wc,cgt is the
consumed curtailed wind power in MW; Pt

G,aux is the total ancillary power of the coal-fueled units in
MW. Let T = 96, ∆t = 15min and the control period is one day (24h) in this paper.

In order to facilitate the model solving, objective A & B are combined as a single objective through
weight coefficient setting as follows:

max f1 =
εA f1A + εB(− f1B)

εA + εB
(12)

where, εA
εA+εB

and εB
εA+εB

are respectively the weight coefficients of the two objectives. As objective A
is the priority issue to be addressed, that is, the objective B needs to be implemented on the basis of
achieving objective A, so εA � εB should be guaranteed when setting the weight coefficients.

(2) Constraints:

Pt
Di = Pt

Di,0 + Pt
Di,up (13)

Pt
Wc,cgt + Pt

G,aux =
ND

∑
i=1

Pt
Di,up (14)

Pt
Wc,cgt ≤ Pt

W,cgt (15)

Pt
G,org + Pt

G,aux ≤ Pt
G,max (16)

Pt
G,aux ≥ 0 (17)∣∣∣(Pt

G,org + Pt
G,aux

)
−
(

Pt−1
G,org + Pt−1

G,aux

)∣∣∣ ≤ Rt
G,max (18)

where, Pt
G,org and Pt

G,max are respectively the total original generation schedule and maximum total
output of the coal-fueled units in MW; Rt

G,max is the total maximum ramping power of the coal-fueled
units in MW.

Besides, the energy-intensive loads related control constraints which also need to be included in
the model are as shown in Equations (1)–(4).
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4.2. Second-Level Optimization Model

(1) Objective
The second-level optimization is to be provide the demanded ancillary regulation with minimum

generation cost, the objective can be expressed as:

min f2 =
NG

∑
j=1

Cj (19)

where, f2 is the generation cost of the ancillary regulation in $; NG is the number of the coal-fueled
units involved, and Cj is the ancillary regulation cost of coal-fueled unit j in $ [23]:

Cj =
T
∑

t=1

 aj

(
Pt

Gj,org + Pt
Gj,aux

)2
+ bj

(
Pt

Gj,org + Pt
Gj,aux

)
+ cj

−
(

ajPt
Gj,org

2 + bjPt
Gj,org + cj

)
∆t

=
T
∑

t=1

[
ajPt

Gj,aux
2 +

(
2ajPt

Gj,org + bj

)
× Pt

Gj,aux

]
∆t

(20)

where, Pt
Gj,aux is the ancillary regulating power of coal-fueled unit j in MW; Pt

Gj,org is the original
generation schedule of coal-fueled unit j in MW; ajbjcj are the operating cost parameters [23] of
coal-fueled unit j respectively in $/(MW)2h, $/MWh and $/h.

(2) Constraints:
NG

∑
j=1

Pt
Gj,aux = Pt

G,aux,opt (21)

Pt
Gj,org + Pt

Gj,aux ≤ Pt
Gj,max (22)

Pt
Gj,aux ≥ 0 (23)∣∣∣(Pt

Gj,org + Pt
Gj,aux

)
−
(

Pt−1
Gj,org + Pt−1

Gj,aux

)∣∣∣ ≤ Rt
Gj,max (24)

where, Pt
G,aux,opt is demanded ancillary power calculated by the first-level optimization in MW; Pt

Gj,max
is the maximum output of coal-fueled unit j in MW; Rt

Gj,max is the maximum ramping power of
coal-fueled unit j in MW.

Equation (21) is the boundary condition to be satisfied for the second-level optimization given by
the first-level optimization. The proposed model can be solved with Mosek in MATLAB.

5. Case Analysis

In this section, a simulation on a modified system based on the Hexi District power grid in Gansu,
China, is used to show the performance of coordinative scheduling. The simplified diagram of the
target system is as shown in Figure 5. The original generation schedule and other parameters of the
coal-fueled units involved to provide ancillary regulation are respectively shown in Figure 6 and
Table 1. The parameters of energy-intensive loads involved in the consumption of curtailed wind
power are shown in Table 2. The curtailed wind power is shown in Figure 7.
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Table 1. Parameters of coal-fueled units.

Unit Lower Limit of
Output/MW

Upper Limit of
Output/MW aj/($/(MW)2h) bj/($/MWh)

Maximum
Ramping

Rate/(MW/min)

Unit 1 210 350 0.051 50 6
Unit 2 300 600 0.045 41 10
Unit 3 180 300 0.108 50 5

Table 2. Parameters of energy-intensive loads.

Energy-Intensive
Load

Rated
Power/MW

Original Load
Power /MW

Minimum Load
Power/MW

Maximum Load
Power/MW

Maximum
Upward

Regulation
Capacity/MW

Minimum
Duration of

Stable
Operation/h

Maximum
Number of

Times of
Regulation Per

Day

Load 1 700 700 630 770 70 4 4
Load 2 1400 1400 1260 1540 140 4 3
Load 3 500 500 425 575 75 4 4
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5.1. Analysis of the Results of First-Level Optimization

We compare the consumptions of curtailed wind power in the following two modes:
Mode 1: Coordinating the regulation capacity of energy-intensive loads and curtailed wind power

considering the ancillary regulation of coal-fueled units (employing the coordinative model proposed
in this paper, see Equation (1)–(4) and (12)–(18)).

Mode 2: Coordinating the regulation capacity of energy-intensive loads and curtailed wind power
without considering the ancillary regulation of coal-fueled units (let Pt

G,aux = 0 in the proposed model).
Coordination results are shown in Figure 8 and Table 3. The detailed regulating curves of involved

energy-intensive loads in different modes are shown in Figures A1 and A2 in the Appendix.
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Table 3. Comparison of control results in different modes.

Mode
Consumption of
Curtailed Wind

Power/MWh

Ancillary Regulating
Energy of Coal-Fueled

Units/MWh

Utilization Rate of
Energy-Intensive Loads’

Regulation Capacity

1 3369.25 692.50 100%
2 1893.75 / 56.2%

It can be seen from Figure 7 that a great amount of the curtailed wind power can be consumed by
simply increasing the energy-intensive loads without the ancillary regulation of coal-fueled units in
Mode 2. However, during 4:00~4:30, 8:00~12:00, 17:15~24:00, the capacity of energy-intensive load
is not used up, nor is the curtailed wind power all consumed, which result in the utilization rate of
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energy-intensive loads’ regulation capacity to be only 56.2%. This is because the profile of regulating
power of energy-intensive loads is composed of multi horizontal lines, which determines that the
regulating power for an interval is not only limited by the regulation capacity and the curtailed wind
power at this interval, but also limited by the conditions of adjacent intervals. It could be observed
in Figure 7 that regulating power of energy-intensive loads during 9:00~11:45 is all limited by the
curtailed wind power at 9:15 in Mode 2, leaving the regulation capacity insufficiently utilized. By
levelling out the trough in wind power with ancillary regulation provided by coal-fueled units in Mode
1, the characteristic mismatches between wind power and energy-intensive loads are alleviated, and it
can free the regulation of energy-intensive loads from the limitation of the minimum curtailed wind
power in a certain duration. Thus the utilization rate of energy-intensive loads’ regulation capacity is
increased to 100% in Mode 1. Accordingly, energy-intensive loads consumes 1,475.50MWh of curtailed
wind power more in Mode 1 than in Mode 2, which accounts for 77.91% of the consumption of curtailed
wind power in Mode 2.

In conclusion, involving the energy-intensive loads in consuming the wind power can raise the
wind power consumption to an extent. Even better, the ancillary regulation of coal-fueled units can help
to alleviate the characteristics mismatches between the wind power and energy-intensive loads and
the proposed coordination method can make the most of the regulation capacity of energy-intensive
loads, thus to further increase the consumption of wind power consumption significantly.

5.2. Analysis of the Results of Second-Level Optimization

The second-level optimization is to economically allocate the needed ancillary regulation power
among the coal-fueled units, the corresponding allocation can be referred as Allocation 1. There
is another allocation scheme, in which the allocated ancillary regulation power is in proportion to
the available capacity of the units, and the corresponding allocation can be referred as Allocation 2.
Comparisons of the two allocations are shown in Table 4.

Table 4. Comparisons of different allocations.

Allocation Unit 1 Unit 2 Unit 3 Total

Allocation 1
Ancillary regulating energy/MWh 158.62 532.93 0.95 692.50
Cost of the ancillary regulation/$ 11,902.80 38,972.00 84.60 50,959.40

Allocation 2
Ancillary regulating energy/MWh 167.97 374.89 149.64 692.50
Cost of the ancillary regulation/$ 12,428.30 26,986.80 13,894.60 53,309.70

It can be seen from Table 4 that in Allocation 1, the ancillary regulation power is mainly allocated
to the unit 2 and the unit 1 which have better economic performances. Compared with Allocation 2,
the ancillary regulation cost of Allocation 1 can be reduced by $2350.30. The proposed method can
allocate the regulating energy economically with the second-level optimization. It must be pointed out
here that since the ancillary regulation cost is related to the original generation schedule of the unit
(see Equation (20)), the economic performance of the unit’s ancillary regulation varies with original
generation schedule.

In the case analyzed above, the wind power consumption is increased by 1475.50 MWh with
692.50 MWh ancillary regulating energy. Let the tariff of wind power be 67.16 $/MWh, then the
economic benefit brought by the ancillary regulation can be calculated and a comparison of the
brought benefit and cost of the ancillary regulation can be made as shown in Table 5.

Table 5. Cost and benefit of the ancillary regulation.

Cost of the Ancillary Regulation/$ Economic Benefit Brought by Ancillary Regulation/$

50,959.40 99,094.58
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It can be seen from Table 5 that the economic benefits brought by ancillary regulation far outweighs
the cost of ancillary regulation. The schedule is economically practical in some way.

5.3. Practical Application

The proposed method has been applied in a project in Hexi District (Gansu, Western China),
which is intended to promote the consumption of renewable energies by coordinating the system and
local energy-intensive loads. Hexi District is where renewable energy generation system of Jiuquan is
located. The installed capacity of the renewable power included in the project is 10,840 MW, and the
installed capacity of involved energy-intensive loads is 2900 MW. The involved loads mainly comprise
the load of electrolytic aluminum production at the Enterprise of Dongxing Aluminum in the City of
Jiayuguan. The coal-fueled units of Jiugang, with an overall capacity of approximately 3000 MW in the
City of Jiayuguan are also involved in the project. The load regulation of electrolytic aluminum in the
project is realized by changing the production current. The load power ranges within 100–105% of
rated power during the regulation. According to the operation data during September to December,
2016, the coordination increases the wind power consumption by 22,258 MWh. Based on what has
been implemented, we expect to make greater changes by including more loads into the project to
further promote the consumption of renewable energy in China.

6. Conclusions and Future Work

The flexibility of energy-intensive loads are believed to be beneficial for improving the
performance of the power grid. The coordination between the system and the energy-intensive loads
is even more meaningful in systems with high wind power penetration rates or other intermittent and
uncertain energies, as the energy-intensive loads can be regulated according to the availability of the
wind power, which can help reduce the curtailed wind power.

To make the load-source coordination practical in China, many application limitations were
considered in the paper. Besides, the technical operational requirements were comprehensively
considered and modeled, including the minimal duration of stable operation, which was neglected
by existing literatures. To alleviate characteristic mismatches between the wind power and
energy-intensive loads, which limited the consumption of curtailed wind power with energy-intensive
loads, a scheme of providing ancillary regulating power by the coal-fueled units was put forward
to make better use of the capability of energy-intensive loads to further consume the curtailed wind
power. And the proposed coordinative method showed great advantage in promoting the wind
power consumption.

In the future, the quantification of contributions of the involved energy-intensive loads and
coal-fueled units in promoting wind power consumption needs to be explored, as it is important in
constructing a reasonable compensation mechanism.
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Figure A1. Regulation of energy-intensive loads in Mode 1.
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