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A B S T R A C T

The high randomness, intermittency and uncontrollability of wind power make large-scale wind power gen-
eration present large challenges for integration into a power grid. In this paper, the principles of hydro-wind
compensating operation are explored, aiming at improving the power quality of wind power and promoting the
integration of wind power into the power grid. Based on the principles of hydro-wind compensating operation,
the calculation method of the hydropower compensation capacity for wind power is derived. Then, an opti-
mizing operation model of a hydro-thermal-wind hybrid power system based on the hydro-wind power com-
pensating principle is proposed to minimize the carbon dioxide emissions and obtain optimal operation sche-
duling of the hybrid power system by taking advantage of hydro-wind compensation and the peak regulation
capacity of hydropower. In this model, the baseload and nonbaseload output emission rates are adopted to
estimate the carbon dioxide emissions of different power output processes and the emission reduction benefits.
Moreover, three scenarios of the operation mode are proposed to demonstrate the applicability of the hydro-
wind power compensating principle in practice. The Northwest Power Grid in China is selected as a case study to
verify the effectiveness of the proposed model compared to historical operating data. The results indicate that
the hydro-wind power compensating principle plays a crucial role in hydro-thermal-wind combined optimal
operation. Additionally, the proposed model can improve the wind power generation and reduce the carbon
dioxide emissions of the power grid. In particular, the carbon dioxide emissions can be reduced by approxi-
mately 1696*104 t each year in the Northwest Power Grid. This study provides an approach to schedule optimal
operation plans for power grids with large-scale wind power and provides a valuable reference for the large-scale
utilization of other kinds of renewable energy worldwide.

1. Introduction

Energy is the basic guarantee for economic and social development.
With the gradual depletion of fossil energy and the increasing problem
of climate change, resources and the environment are becoming in-
creasingly important constraints on energy development. Meanwhile, it
is urgent to improve the consumption of clean energy and reduce the
proportion of coal and other fossil energy generation in the power grid.
Therefore, interest in the use of renewable energy resources has been
increasing. Wind and solar energy are considered major renewable re-
sources. However, these new energy sources have the disadvantages of
randomness, intermittency and uncontrollability. These disadvantages
make large-scale wind power generation present large challenges for
integration into the power grid [1]. Hydropower, by contrast, is ad-
vantageous in its rapid and adjustable response; the disadvantage of
wind power can be made up by compensating operation of hydropower

plants and wind power plants. Hence, cheap and clean hydropower
compensates for uncertain wind power and reduces the dependence on
thermal power, and this method is good for reducing emissions as well
as costs [2]. Due to the amount of large-scale wind power integrated
into the power grid, to consume the output and generation of wind
power and ensure safe operation of the power grid, other power sources
should regulate their output to compensate for wind power when the
wind power output fluctuates. Therefore, it is important to develop a
combined hydro-thermal-wind power generation system and strengthen
research on the optimal scheduling of hydro-thermal-wind power sys-
tems. In this case, the study of a reasonably optimal scheduling of a
hydro-thermal-wind power system is beneficial to realize the max-
imization of economic and safety benefits in the power grid.

As an important wind power and photovoltaic power generation
base in China, the Northwest Power Grid has formed a situation of
multipower sources combined operation. However, renewable energy
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curtailment is becoming more frequent in the Northwest Power Grid,
and the problems of wind power consumption and integration into the
power grid are increasingly prominent. Hence, it is necessary to make
full use of the peak load regulating capacity of hydropower plants for
meeting the safe and stable operation of the power grid [3].

At present, multipower combined optimal scheduling is an active
research field. The combined operation of multipower sources is con-
sidered an effective approach to solve the problem of wind power
curtailment. Regarding the importance of supplying energy to regions
that are far from the power grid, Amrollahi and Bathaee [4] analyzed
and modeled a standalone power grid of hybrid photovoltaic/wind
generation, Fang et al. [5] explored three major systems of smart micro-
grids (MGs) and smart protection systems and reviewed that MGs were
capable of delivering power in more efficient ways by utilizing modern
information technologies, and Hamdi Abdi et al. [6] reviewed and
compared the objective functions, constraints, and methodologies of
Optimal Power Flow applied to a hydro-thermal-wind hybrid power
system of smart grids and micro-grids. However, these researchers
aimed at multipower combined operation of smart micro-grids or a
small regional power grid, which is unsuitable for multipower com-
bined optimal scheduling for a large power grid.

Moreover, there are a very large number of applied studies on the
optimized goals of operation scheduling of power systems and optimi-
zation techniques of multipower combined optimal problems. With
increasing concern of environmental considerations, conventional pure
economic scheduling no longer satisfies the requirements [7]. Society
demand requires not only adequate and secure electricity at the
cheapest possible price but also at a minimum level of emissions pol-
lution. In [8], the economic emission, water transport delay and
transmission loss of system load was considered to the daily hydro-
thermal scheduling. Zhang et al. [9] studied the cascade hydropower
plants operation models considering comprehensive ecological water
demands to quantitatively analyze the relationship between power
generation and degree of ecological flow satisfaction. Chang et al. [10]
developed the adaptive operation chart for the hydropower plant to
mitigate climate change impacts, and to propose an optimal adaptive
operation chart for cascade hydropower system to increase power
generation under the climate change environment. Dubey et al. [11]
developed the combined hydro-thermal-wind scheduling problem with
five objectives consisting of cost, various emissions and power loss. In
[12], the objective of the hydro-thermal-wind scheduling problem was
to minimize the total system operational cost to meet the load demands
during the intervals of the generation scheduling. Then, solving the
power scheduling problem had been the theme of exhaustive explora-
tion for years. The traditional mathematical methods include nonlinear
programming, dynamic programming, and other modern heuristic
stochastic search technique such as artificial neural network (ANN),
evolutionary programming (EP), genetic algorithm (GA), differential
evolution (DE), cultural algorithm (CA), particle swarm optimization
(PSO). Nevertheless, the multipower combined optimal scheduling
problem is difficult to solve. To address this problem, Meng et al. [13]
proposed a new improved multi-objective cuckoo search (IMOCS) al-
gorithm for solving the multi-objective hydropower station optimal
operation (MOHSOO). Yuan et al. [14] integrated the chaotic sequence
and genetic algorithm with a hybrid chaotic genetic algorithm to solve
the short-term generation scheduling of a hydro system. For solution of
short-term hydro thermal scheduling problems, Sinha et al. [15] de-
veloped the fast evolutionary programming (FEP) techniques. Yu et al.
[16] compared different particle swarm optimization (PSO) techniques
to solve the short-term hydro-thermal scheduling problem. In [17], an
enhanced differential evolution algorithm was proposed to solve the
daily optimal hydro generation scheduling problem. Guo and Peng [18]
established the basic and characteristic equations for the hydropower
system with surge tank, and investigated the safe and stable operation
of hydropower system under step load disturbance. Yang et al. [19]
proposed an algorithm for choosing gBest for each particle of the swarm

from a Pareto-optimal solutions set. Then, various novel optimization
techniques have been developed to resolve optimization problems with
complicated objectives and constraints, such as simulated annealing-
based multi-objective cultural differential evolution (SAMOCDE) [20],
multi-objective particle swarm optimization (MOPSO) algorithm [21],
modified bacteria foraging algorithm (MBFA) [22], adaptive chaotic
artificial bee colony (ACABC) algorithm [23] and evolutionary predator
and prey strategy (EPPS) algorithm [24].

Recently, the Longyangxia complementary hydro-photovoltaic
power plants have been selected as a case study in many studies as a
representative example of the combined operation of hydropower and
renewable energy power. An et al. [25] considered that hydropower
can improve the power quality of photovoltaic by compensating for the
intermittent and random output of PV. Ming et al. [26] presented an
optimization model for complementary hydro-photovoltaic power op-
eration that could provide effective power generation plans for a hybrid
system within a reasonable time. These studies provide a reference for
solving the problem of large-scale renewable energy integrated into the
power grid. Nevertheless, in a large power grid, it is difficult to match
the corresponding hydropower plants or other flexibly regulated power
sources for all renewable energy power plants. Then, the combined
operation mode of the hydro-thermal-wind hybrid power grid would be
deeply affected after large-scale wind power was integrated into the
power grid. Hence, it is necessary to research the optimal scheduling
model of a hydro-thermal-wind hybrid system for a large power grid.

However, the traditional combined scheduling research of hydro-
thermal-wind-photovoltaic hybrid power system mainly focuses on the
objective function of the optimal scheduling model and the solving
algorithm, while there are few studies on the combined scheduling
mechanism and operation policy of hybrid power system. Compared
with the traditional multipower combined operation research, this
paper innovatively studies the advantages of hydro-wind compensation
strategy in the combined operation of hydro-thermal-wind hybrid
power system based on the principle of hydro-wind compensating op-
eration. The main contribution of this research is to explore the role of
multipower combined mechanism in guiding power grid operation.

Moreover, for addressing global warming and climate change, re-
search on power grid combined scheduling of low carbon emissions is
also important. The greenhouse effect has a decisive impact on climate
change. Greenhouse gas (GHG) emissions are an important driver of the
greenhouse effect. According to the Intergovernmental Panel on
Climate Change (IPCC) report [27], the atmospheric concentrations of
CO2 (carbon dioxide), CH4 (methane), and N2O (nitrous oxide) have
increased to levels unprecedented in at least the last 800,000 years.
Carbon dioxide concentrations have increased by 40% since pre-
industrial times, primarily from fossil fuel emissions and secondarily
from net land use change emissions. In the short term, the main way to
address the greenhouse effect is to reduce greenhouse gas emissions,
such as carbon dioxide. Studies showed that carbon dioxide emissions
in China accounted for 27.1% of emissions in the world, ranking first
among all countries in 2013, and more than 80% of carbon dioxide
emissions came from burning fossil fuels in China [28]. Chinese fossil
fuel consumption is still dominated by coal, and 50% of coal is used for
thermal power generation. Thermal power plants are a major industry
that has the greatest potential to reduce emissions.

Therefore, based on the principles of hydro-wind compensation, this
paper demonstrates some objectives and principles of the combined
operation scheduling of a hydro-thermal-wind hybrid power system in a
power grid. Then, this paper establishes the combined optimal opera-
tion model of a hydro-thermal-wind hybrid power system to obtain the
optimal operation scheduling of the hybrid system. In this model, the
baseload and nonbaseload output emission rates are adopted to esti-
mate the CO2 emissions of different power output processes and the
emission reduction benefits. This work provides a theoretical basis and
practical approach to the compensation operation of power plants. The
remainder of this paper is organized as follows: the method of hydro-
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wind compensation analysis for the power grid is introduced in Section
2; the compensating capacity of wind and hydropower in the Northwest
Power Grid in China is presented in Section 3; the three scenarios of the
novel operation mode and obtained simulation results are shown in
Section 4. Finally, the conclusions are presented in Section 5.

2. Methods

To ensure the safe operation of the power grid after large-scale wind
power is integrated into the power grid, an effective method is to
compensate for the output and generation of wind power. In this paper,
the combined optimal operation model of a hydro-thermal-wind hybrid
power system is proposed based on the principle of hydro-wind com-
pensating operation, the hydro-thermal-wind combined operation
method and the method of carbon emission calculation for thermal
power. Generally, the main contents can be formulated as follows.

2.1. The principle of hydro-wind compensating operation

Hydro-wind power compensation is superior to using the peak
regulation capacity of hydropower plants to compensate for the vari-
able output of wind power in real time. Namely, hydropower reduces its
output when the wind power output increases, and water that is ori-
ginally used to generate electricity can be kept in reservoirs. When the
wind power output decreases, the hydropower output is instantly in-
creased to compensate for wind power. Superposed by the compensa-
tory output of hydropower, the intermittent and random output of wind
power becomes a relatively constant value. Then, stable and reliable
hydro-wind power generation is attained.

In general, hydropower stations not only conduct peak load reg-
ulation of the power grid but also compensate for the randomness and
intermittency of wind power output. However, the comprehensive re-
quirements of various water-using departments have severely restricted
the regulating capacity of hydropower stations. Hence, it is necessary to
make full use of hydro-wind compensation ability under the condition
that hydropower curtailment is avoided. To meet the demands of water
and flow for different reservoir utilization tasks and avoid hydropower
curtailment, the actual power output of hydropower plants must be
greater than the forced power output of hydropower N( )h force, .
Moreover, due to the limitations of water head and installed capacity,
the actual power output of hydropower plants must be less than the
expected power output of hydropower N( )h ect, exp . Usually, the short-
term peak load regulation capacity of hydropower plants is equivalent
to the difference between Nh force, and Nh ect, exp ; the average power
output of hydropower is represented as N̄h . For wind power plants, the
power generation E( )w and the max power output value N( )w, max of
wind power have impacts on hydro-wind power compensating opera-
tion.

In Appendix A, the studies have theoretically derived the calculation
formula for the capacity of hydro-wind compensating operation.
However, the calculation of hydro-wind compensating operation should
not only be derived from mathematical formulas but also adequately
consider the operation characteristics and actual situation of hydro-
power plants. The economic operation of a power grid requires the full
use of renewable energy and reductions in the consumption of primary
energy on the basis of safe operation of the power grid. Hydropower
and wind power are both clean and renewable energy. Therefore, in the
combined operation process, hydropower should compensate for wind
power to the maximum extent without hydropower curtailment, and
the process should make full use of hydropower and wind power si-
multaneously. To ensure the safety of reservoirs, there are two water
levels in different periods: the limited water level in the flood season
and the normal water level. During the operation of hydropower plants,
the water level of reservoirs must be lower than the maximum water
level of the corresponding period.

The law of operation of a hydropower plant indicates that the

reservoir water level is close to the water level limit or the normal water
level during the flood season or the end of the storage period. Under
these conditions, the average output of the hydropower plant is close to
the expected output. Therefore, the storage capacity of the reservoir is
very small, as is the compensation capacity of hydropower. Under the
condition of no hydropower curtailment, the maximum wind power
generation compensated by hydropower is represented as Ecompensation.

= − ×E N N( ¯ ) 24compensation h ect h,exp (1)

When the wind power is greater than the maximum compensation
power of hydropower, the wind power needs to be compensated by
other power sources.

= − = × − − ×E E E N H N N( ¯ ) 24w uncom w compensation w h ect h, ,max ,exp (2)

According to Eq. (2), when the average output of hydropower plants
is equal to the expected output, ≈E 0compensation . This result shows that
hydropower has little compensation capacity under this condition and
is totally dependent on other power sources to compensate for wind
power.

2.2. The method of carbon emission calculation for thermal power

This paper adopts the “operating margin” emission factor (OM) of
the electricity system, which represents kilograms of carbon dioxide
equivalent per kilowatt-hour energy (kWh), to calculate the carbon
dioxide emissions of the hydro-thermal-wind power system combined
with combined operation [29]. The computing method of OM factor is
described in Appendix B.

Then, in this paper, the nonbaseload output emission rate is adopted
to estimate the carbon dioxide emissions of different processes of
thermal power output and the emission reduction benefits from energy
efficiency and clean energy projects. The calculation methods of non-
baseload output emission rates were further researched by Rothschild
and Pechan. [30] Due to the diurnal and seasonal changes in electricity
demand, the power load could be divided into baseload and nonbase-
load. Baseload is defined as the minimum level of demand on an elec-
trical grid over 24 h; the nonbaseload hourly profile is determined by
subtracting the minimum load from the hourly demand load [31].
Baseload power generation and nonbaseload power generation of
thermal power are represented as Et BL, and Et nBL, , respectively, and Et BL,
and Et nBL, can be calculated by the following formulas:

=E T N·min( )t BL t, (3)

∑= ×E N N t[ - min( )] Δt nBL t t, (4)

where, Nt represents the thermal power output, T represents the time of
all scheduling period, and tΔ represents the minimum time-scale. In this
paper, the scheduling period is 1 day (24 h), and the minimum time-
scale is 1 h. Then, the real physical meaning of Eq. (3) is the product of
minimum power output of thermal power and all scheduling period,
and the real physical meaning of Eq. (4) is the difference between all
power generation and baseload power generation of thermal power.

According to the Technical Support Document for eGRID2016 [32]
and the literature [29], the nonbaseload emission rates are a slice of the
total system mix, with a greater weight given to plants that operate
coincident with peak demand for electricity. The eGRID subregion CO2

nonbaseload output emission rate data are recorded in the Emissions &
Generation Resource Integrated Database.

Then, the CO2 nonbaseload output emissions Em( )nBL and the CO2

baseload output emissions Em( )BL can be calculated by the following
formulas:

= ×Em E EF( ) ( )BL t BL, OMsimple (5)

= ×Em E EF( ) ( )nBL t nBL, OM,nBL (6)

where, EFOMsimple represents the baseload OM factor of the power grid,
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comparing with “the simple operating margin CO2 emission factor in
year y EF ygrid,OMsimple, ” in the Appendix B, EFOMsimple confirmed the
power grid and year. Then, EF nBLOM, represents the nonbaseload OM
factor of the power grid. Then, the practical interpretation of Eqs. (5)
and (6) are the product of power generation and OM factor of baseload
and nonbaseload respectively.

2.3. The hydro-thermal-wind combined operation based on the principle of
hydro-wind compensation

According to the principle mentioned in Section 2.1 and Appendix
A, in the actual operation of the power grid, adjustable and flexible
hydropower is preferentially used to regulate the peak load of the
power grid. However, after the hydro-wind power compensating op-
eration, the superposition of hydropower and wind power forms a basic
constant output, and the change in hydropower reduces the capacity of
peak load regulation for the power grid. Therefore, to meet the peak
load regulation for the power grid, other power sources must increase
the depth of peak load regulation. If the depth of the thermal power
peak load regulation Depth( ) exceeds its maximum allowable thermal
power peak load regulation Depth( )max , it will lead to the thermal power
regulation of the peak load by start-stop units, but this regulating op-
eration is undoubtedly very uneconomical. In this case, to avoid the
phenomenon of thermal peak load regulation by start-stop units, it is
necessary to properly reduce the adjustable hydropower power, which
is used to compensate wind power, and set aside part of the adjustable
hydropower for peak load regulation of the power grid. Then, wind
power curtailment is represented as Ew curtail, . Therefore, this paper takes
the following steps to calculate and analyze the hydro-thermal-wind
combined operation of a power grid based on hydro-wind power
compensation. And the flowchart of hydro-thermal-wind combined
operation is shown in Fig. 1.

(1) Determine the maximum compensated power output and genera-
tion of wind power by hydropower according to the hydro energy
characteristics of the hydropower plant;

(2) Carry out the system load calculation and determine the depth of
thermal power peak load regulation;

(3) Determine the optimal capacity of hydro-wind power compensation
and analyze the depth of thermal power peak load regulation. If the
depth of thermal power peak load regulation is less than its max-
imum value, the capacity of hydro-wind power compensation has
reached its optimum value; otherwise, proceed to the next step;

(4) Reduce the power output and generation of wind power compen-
sated by hydropower and repeat the second step calculation. Then,
if the depth of thermal power peak load regulation is less than the
maximum allowable thermal power peak load regulation, the ca-
pacity of hydro-wind power compensation has reached the optimal
value. Otherwise, curtail a portion of wind power appropriately,
and reduce the compensation of wind power output further. Then,
repeat the second step and calculate again until the depth of
thermal power peak load regulation is lower than its maximum
capacity.

To analyze the complementary combined operation results and
compare the power generation modes of the three scenarios, several
factors of the consumed power profile and generated power profile are
selected. The range of thermal output N( )t range, and the depth of thermal
power peak load regulation Depth( ) represent the maximum fluctuation
range of the hourly thermal power output curve for the monthly typical
day and are expressed in Eqs. (7 and 8). The parameter Depth is defined
in the ⩽ ⩽Depth Depth0 max range. For the ideal mode, Depth is equal to
zero, which indicates that the thermal power plants are in optimal
operating conditions during the operation period. The ramping velocity
of thermal power N( )ramp represents the smoothness and stability of the
hourly thermal power output curve and is expressed in Eq. (9). The

output factor of thermal power OF( )t represents the idle capacity of the
power-on thermal power units and is expressed in Eq. (10). The output
factor of thermal power can distinctly express the situation of thermal
power-on capacity utilization. The parameter OFt is defined in the

⩽ ⩽OF0 1t range, and if OFt is closer to 1, the capacity utilization of
thermal power units is higher.

= −N N Nt range t range t, , ,min (7)

=Depth N N/t range t, ,max (8)

= − −
=N N Nmax | |ramp thermal

t
thermal
t

t all the period
1 (9)

= × =
∑

×
OF E T N

N
T N

/( )t t t
T thermal

t

t
,max

,max (10)

where, Nt,max represents the maximum thermal power output, Nt,min
represents the minimum thermal power output, Et represents the
thermal power generation, Nthrmal

t represents the thermal power output
at t hour.

2.4. The optimal operation model based on minimizing carbon dioxide
emissions

By means of the hydro-wind power compensating operation, the
wind power and hydropower are superposed as relatively constant
values to serve as baseloads. Under these circumstances, thermal power
and the remaining hydropower are used for the remaining load of the
power grid. Hence, the optimal or most profitable output process of
thermal power and the remaining hydropower is another key issue of
the combined operation of a hydro-thermal-wind hybrid power system.
In this paper, the optimal operation model based on minimizing CO2

emissions is proposed to solve the optimal output process of thermal
power and the remaining hydropower.

The optimal output process of thermal power and the remaining
hydropower can be obtained by minimizing the total CO2 emissions of
the hydro-thermal-wind hybrid power system. In this optimization, the
decision variables are the hourly output of thermal power and the re-
maining hydropower. Then, the constraints of this issue include the
fundamental operational and physical limitations of hydropower, wind
power and thermal power, the generation limits of hydropower and
thermal power, the consumed and generated load balance constraint,
and the constraint of electricity demand.

The objective function minimizes the sum of the CO2 emissions
(Emtotal) during the whole time period:

∑= +Em E Emin
t

nBL t BL ttotal , ,
(11)

The constraints of this issue are as follows:

(a) The fundamental operational and physical limitations of hydro-
power, including the physical limitations on power output con-
straints.

⩽ ⩽N N Nh force h
t

h ecpect, , (12)

where Nh
t represents the power output of hydropower at time t in the

power grid.

(b) The fundamental operational and physical limitations of thermal
power, including the constraint of allowable depth of peak load
regulation and the constraint of the maximal allowable ramping
velocity of thermal power.

− ⩽ ′−N N N| |thermal
t

thermal
t

ramp
1

(13)

− ⩽N N N Depth( )/thermal thermal thermal
max min max

max (14)

where Nthermal
t represents the power output of thermal power at time t in
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the power grid and ′Nramp represents the maximal allowable ramping
velocity of thermal power.

(c) The consumed and generated load balance constraint.

+ + =N N N Nh
t

thermal
t

w
t

total load
t (15)

where Nthermal
t represents the power output of wind power at time t in

the power grid.

3. Case study

In this section, the overviews and characteristics of Northwest
Power Grid is briefly described. Then, three scenarios of hydro-thermal-
wind hybrid power system combined operation are proposed to de-
monstrate the applicability of the hydro-wind power compensating
principle in practice.

3.1. Overview of the Northwest power grid in China

The Northwest Power Grid is one of the largest power grids in
China. Required data are provided by Northwest China Grid Company
Limited. The installed capacity distribution of the Northwest Power
Grid from 2013 to 2015 is shown in Fig. 2. The characteristics of the
mean value of the generated and consumed loads of the Northwest
Power Grid for the monthly typical day are shown in Fig. 3. As shown in
Fig. 2, from 2013 to 2015, the installed capacity of thermal power in

the Northwest Power Grid accounted for more than 50%, so thermal
power is still the most important power source in the Northwest Power
Grid. However, the installed capacity is increasing slowly, and the
proportion has declined year by year. Because water resources are in-
creasingly depleted in northwest China, it is not appropriate to build
massive hydropower plants. Although the installed capacity grows
continuously, the growth rate has been declining. In 2015, the growth
rate of hydropower was only 1%. Wind energy resources and solar
energy resources in the northwest region are relatively abundant. In
recent years, the installed capacity of new energy has grown rapidly. By
the end of 2015, the installed capacity of wind power and photovoltaic
power reached 36,476MW and 19,707MW, respectively. The propor-
tion of wind power in the total power sources exceeded that of hy-
dropower in 2015. In summary, the Northwest Power Grid is dominated
by thermal power, but the proportions of installed capacity of hydro-
power and thermal power have gradually been reduced, and the pro-
portion of new energy installed capacity has increased. This is also an
optimized reflection of the power source structure in the Northwest
Power Grid.

In 2015, the proportion of wind and photovoltaic power are 17%
and 10% respectively. Compared with that of wind power, the pro-
portion of photovoltaic power installed capacity is small. Then, the
randomness, intermittency and volatility of photovoltaic power are
low, and the demand of hydro-photovoltaic compensating operation is
relatively low too. On the other hand, the characteristics of wind and
photovoltaic power are different, and the classic days of wind and

Fig. 1. Flowchart of the hydro-thermal-wind combined operation model.
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photovoltaic power are difficult to determine. Therefore, the photo-
voltaic power is not selected in this paper.

3.2. The characteristics of the Northwest power grid

3.2.1. Hydropower characteristics
Hydropower plants in the Northwest Power Grid that have reg-

ulating capacity are mainly concentrated in the upstream reaches of the
Yellow River. The upstream segment of the Yellow River is located from
the riverhead to Inner Mongolia's Hekou town. It is the “rich ore area”
of water resources and hydro energy of the Yellow River and is one of
the top 12 Chinese hydropower bases. At present, the upper reaches of
the Yellow River encompass more than 20 massive water conservancy
hubs. In addition, the comprehensive utilization tasks of hydropower
plants in the upper reaches of the Yellow River mainly include flood
control, ice-flood protection, water supply and irrigation as well as
water use in the middle and lower reaches [33]. Fig. 3 represents the
power output curves of the Northwest Power Grid in 2015 and the
proportion of each power source’s output in the power grid. The annual
maximum output of hydropower is mainly concentrated in July and
August, and the minimum output is mainly concentrated in December
and January. To avoid hydropower curtailment, hydropower plants will
increase the discharge flow in the flood season and agricultural irri-
gation season. The hydropower generating units have full or nearly full
installed capacity operation at these times. Therefore, the hydropower
output is relatively stable and is mainly used as baseload in the op-
eration of the power grid. In the non-agricultural irrigation season of
the flat and dry periods, there is less incoming water, and the hydro-
power plants reduce their daily power output, so hydropower has a
great regulating capacity. To utilize the excellent peak-load regulation
capacity of hydropower, hydropower is currently used for peak load
regulation of a power grid.

3.2.2. Thermal power characteristics
As shown in Fig. 3, the power sources of the Northwest Power Grid

are mainly based on thermal power, and the output of thermal power is
much higher than that of other power sources. The maximum output of
thermal power is mainly concentrated in December and January, and
the minimum output is concentrated in August. Due to limitations of
the minimum technical output of the generating units, the regulating
range of thermal power output is small, and the ramping velocity is
slow. Thus, the ramping velocity is the main constraint for thermal
power, and the ramping of thermal power is represented by Nramping.
Then, in this paper, according to the thermal power characteristics of
the Northwest Power Grid, the maximum allowable thermal power
peak load regulation is determined as =Depth 0.2max . In addition,
thermal power has high cost and is difficult to use for peak load reg-
ulation. Generally, it is used as the baseload in the power grid, and it
takes more fuel to be used for peak load.

3.2.3. Wind power characteristics
The vast area of northwestern China, with rich wind energy and

other new energy resources, is one of the most wind-rich areas in China.
The wind energy resources in northwestern China are mainly con-
centrated in Dabancheng, the Hexi Corridor, and some mountain passes
and lakes. The characteristics of wind power generation have obvious
differences in different seasons, and climate factors have a great in-
fluence on wind power generation. The northwestern region has strong
winds in winter and slightly weaker winds in summer. Wind power
generation is greatly affected by the natural environment. Then, the
wind power compensated by other power sources is suitably used as
baseload in the power grid.

3.2.4. Carbon emission rate
The data on the power supply and fuel consumption in the OM

calculation follow the conservative principle of the IPCC report in 2006.
The OM factors of the power grid in China are shown in Table 1.

Fig. 2. Distribution diagram of installed capacity distribution in the Northwest Power Grid from 2013 to 2015.

Fig. 3. Characteristics of power output and generation of the Northwest Power Grid in 2015. (a) The mean value of generated and consumed loads of the Northwest
Power Grid in 2015. (b) The yearly generation of entire power sources in the Northwest Power Grid in 2015.

Y. Wang, et al. Energy Conversion and Management 194 (2019) 94–111

99



In this paper, the OM factor is used as the mean OM factor of the
Northwest Power Grid from 2012 to 2014, =EF 0.9316OMsimple . Because
the Northwest Power Grid of China lacks statistical data on CO2 non-
baseload output emission rates, the CO2 nonbaseload output emission
rate can be estimated by regressing the relationship between the non-
baseload emission rate and total emission rate. In this paper, the non-
baseload OM factor of the Northwest Power Grid is determined as

=EF 1.4259nBLOM, .

3.3. Three scenarios of hydro-thermal-wind hybrid power system combined
operation

In this paper, three scenarios of the novel operation mode are pro-
posed to demonstrate the applicability of the hydro-wind power com-
pensating principle in hydro-thermal-wind power combined operation.
The results of hydro-thermal-wind power combined operation based on
the hydro-wind power compensating principle in the Northwest Power
Grid are presented. Then, the graph explanations of scenario 1, scenario
2 and scenario 3 are shown in Fig. 4.

In scenario 1, the adjustable power output and generation of hy-
dropower fully compensate for wind power. When arranging the daily
operation scheduling, the wind power is considered to participate in the
generation scheduling together with other conventional power sources.
According to the hydro-wind power compensating principle, the ad-
justable power output and generation of hydropower should be given
full play to compensate for wind power generation. However, the ad-
justing ability of power output and generation of hydropower can't be
used up at the same time. Then, when the adjustable power output of
hydropower is used up, the remaining hydropower generation is used to
regulate the peak load. Furthermore, if the power output and genera-
tion of wind power cannot be fully compensated by hydropower, the
uncompensated power output and generation of wind power should be
compensated by other power sources or curtailed when other power
sources should undertake the task of peak load regulation. In this case,
the adjustable power output and generation of hydropower are com-
pletely used to compensate wind power, and hydropower is no longer
used to regulate the peak load of the power grid, which may lead to
wasting the adjustable capacity of hydropower.

In scenario 2, assume that the wind power output process extremely
deteriorates the dummy load process; then, the operation mode is the
same as scenario 1. This assumption means that the wind power output
is very high in times of low consumed load and it is very low in times of
high consumed load. Hence, the wind power output maximizes the
peak-to-valley difference of the dummy load. In such a situation, as in
scenario 1, adopt the adjustable power output and generation of hy-
dropower to compensate for the lowest wind power output. Then, the
remaining hydropower and thermal power share the peak load reg-
ulation task. The output and generation of uncompensated wind power
can be compensated by thermal or curtailed according to the actual
situation.

In scenario 3, the adjustable power output and generation of hy-
dropower are used to compensate for the wind power appropriately,
and the remaining adjustable power output and generation are used to

participate in the peak load regulating operation at the same time. In
this scenario, the optimization algorithm is used to arrange the power
generation mode of the power grid. The objective of determining the
hydro-thermal-wind combined operation process for minimum carbon
emissions is mathematically formulated using GA method. The objec-
tive is to maximize wind power generation and minimize carbon
emissions. In this optimization, scheduling the peak load regulation of a
hydro-thermal-wind combined system is given particular attention. The
decision variables are the output of wind power, compensation of hy-
dropower and thermal power, peak load regulation of the remaining
hydropower, and remaining thermal power. The constraints of this
issue include the fundamental operational and physical limitations of
hydropower, wind power and thermal power, the generation limits of
hydropower and thermal power, the consumed and generated load
balance constraint, and the constraint of electricity demand.

4. Results and discussion

In this paper, three scenarios of the daily operation mode are built
to verify the effectiveness and superiority of the combined optimal
operation comparing with the actual historical operating data. The
hydro-wind compensating ability, power generation, wind power cur-
tailment, CO2 emissions, thermal power output fluctuation and the ty-
pical operation process are demonstrated. In addition, the results of this
study are also compared with the previous studies to analyze the ra-
tionality and contribution of the proposed approach.

4.1. The wind and hydropower compensation analysis for the Northwest
power grid

The capacity of the hydro-wind compensating operation in the
Northwest Power Grid is analyzed according to the principle (in Section
2.1). Then, the hydropower data of adjustable regulation in the
Northwest Power Grid are shown in Table 2. Based on the above data of
the hydropower and wind power characteristics, the monthly com-
pensated wind power output and generation in the Northwest Power
Grid are respectively calculated using the principle of hydro-wind
compensating operation. The final results are exhibited in Table 3.

As shown in Tables 2 and 3, the installed capacity of wind power
exceeds the installed capacity of hydropower in the Northwest Power
Grid. Thus, hydropower cannot completely compensate for the power
output and generation of wind power. Because of the large amount of
incoming water in the flood season, the output of hydropower plants is
likely to reach full capacity. Then, this effect will possibly result in
hydropower curtailment when hydro-wind compensation operates.
Therefore, it is recommended that other power sources be involved in
wind power compensation. However, based on the principle of hydro-
wind compensation, the hydro-thermal-wind combined operation of
hybrid power system is beneficial to make full use of the regulation
capacity of hydropower.

4.2. Power generation and wind power integration

The power generation of different power sources and the maximum
integrated output of wind power under each scenario are shown in
Table 4, and the power generation and wind power integration are
shown in Fig. 5 and Fig. 6.

As shown in Table 4 and Figs. 5 and 6, the three scenarios of the
daily operation mode could satisfy the consumed load and power
generation of the Northwest Power Grid. The power output process and
generation of three scenarios are consistent with the actual operating
situation of the Northwest Power Grid.

The wind power generation of the three scenarios is greater than the
actual historical operating data. The maximum integrated output of the
wind power of the three scenarios is also greater than the actual his-
torical operating data. These results mean that the combined operation

Table 1
The OM factors of the Northwest Power Grid in China.

Main Power Grid of China The OM Factors of the Grid (t/MWh)

2012 2013 2014 Mean

the North China Power Grid 1.0583 0.9913 0.9551 1
the Northeast Power Grid 1.1225 1.1102 1.1184 1.1171
the Eastern Power Grid 0.8107 0.8222 0.7932 0.8086
the Central China Power Grid 0.9437 0.9291 0.8976 0.9229
the Northwest Power Grid 0.9546 0.9424 0.9041 0.9316
the South Power Grid 0.9063 0.8664 0.8306 0.8676
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Fig. 4. The Graph explanations of scenario 1, scenario 2 and scenario 3.

Table 2
Hydro energy characteristics of the Northwest Power Grid in China in 2015.

Power Output Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Force Power Output (MW) 3504 2753 3147 6254 8135 9855 11,362 9092 8166 7173 5280 3956
Average Power Output (MW) 5906 6018 6771 8613 11,528 13,120 16,109 13,251 13,237 11,181 11,154 7865
Expected Power output (MW) 9144 9559 11,819 13,894 14,355 17,105 19,502 16,775 16,775 14,024 13,705 11,134
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of a hydro-thermal-wind hybrid power system based on the hydrowind
power compensating principle is an effective method to increase wind
power generation and integrated output. Similar results can be found in
other studies. For example, An et al. [24] found that complementary
hydro-photovoltaic operation could remarkably improve the power
quality of photovoltaic systems and prevent the curtailment of solar
energy, and it was better able to satisfy the power system than stan-
dalone photovoltaic or hydropower plants. In addition, except for a few
months, the wind power generation and the maximum wind power
integrated outputs of scenario 1 and scenario 2 are the same. In addi-
tion, scenario 3 is optimal. The advantage of scenario 3 is mainly
concentrated in January to July. This result shows that the peak load
regulation of the power grid needs to be completely regulated by
thermal power when hydropower cannot fully compensate for wind
power (see Section 4.1). In this case, wind power curtailment is usually
executed to guarantee the peak load regulation of the power grid.

In addition, the thermal power generation of the three scenarios is
lower than the actual historical operating data. This result indicates
that the combined operation of a hydro-thermal-wind hybrid power
system based on the hydro-wind power compensating principle can
effectively reduce the randomness and volatility of the wind power
output process and eliminate the adverse impact of load demand with
inconsistent wind power processes. For scenario 1 and scenario 2, the
thermal power generation is basically the same. Scenario 3 has the least

thermal power generation, especially when hydropower cannot fully
compensate for wind power. These results show that using the regula-
tion of hydropower can effectively reduce the idle capacity of hydro-
power. This effect is conducive to wind power generation integrated
into a power grid.

Otherwise, the hydropower generation of all three scenarios is the
same as historical operating data. Then, the monthly hydropower
generation presents significant seasonal characteristics. The power
generation in spring and winter is significantly lower than that in
summer and autumn. The highest hydropower generation appears in
July, while the lowest hydropower generation appears in January. This
is consistent with the annual variation of hydro energy. However, the
power generation of hydropower compensating wind power and reg-
ulating peak load exhibit a large difference for each scenario. For the
actual operation, the wind power is not compensated by hydropower,
and the total hydropower is used to regulate the peak load of the power
grid. For scenario 1 and scenario 2, only the remaining adjustable hy-
dropower generation is used to regulate the peak load after hydro-wind
power compensation. For scenario 3, the adjustable hydropower gen-
eration is used to compensate for the wind power and regulate the peak
load simultaneously. Then, the hydropower generation for peak load
regulation is similar in each month. This means that the optimal hy-
dropower generation peak load regulation is always in a small range.

Table 3
The characteristics of power output and generation of hydro-wind compensation.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Nw com, (MW) 5641 6806 8672 7639 6220 7250 8140 7683 7327 6558 4189 5621
Ew com, (MWh) 57,654 78,357 86,989 56,594 81,440 78,359 113,934 99,806 110,502 90,401 52,597 78,462
Nw un, (MW) 2626 1215 1692 413 3779 1842 1826 1405 0 0 0 0
Ew un, (MWh) 47,440 17,820 55,336 38,474 82,099 30,975 35,661 13,777 0 0 0 0
E E/w un w, 45.14% 18.53% 38.88% 40.47% 50.20% 28.33% 23.84% 12.13% 0% 0% 0% 0%

Table 4
The power generation of hydro-thermal-wind power system and the maximum integrated output of the wind power.

Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Actual Eh(105MWh) 1.42 1.44 1.63 2.07 2.77 3.15 3.87 3.18 3.18 2.68 2.68 1.89
Et(105MWh) 13.6 13.3 12.1 12.1 11.9 11.6 11.2 11.7 10.2 10.4 13 14
Ew(105MWh) 1.43 1.23 1.6 1.19 0.91 1.37 1.08 1.37 0.854 0.774 0.774 0.56
Eh com, (105MWh) 0 0 0 0 0 0 0 0 0 0 0 0
Et com, (MWh) 0 0 0 0 0 0 0 0 0 0 0 0
Eh peak, (MWh) 1.42 1.44 1.63 2.07 2.77 3.15 3.87 3.18 3.18 2.68 2.68 1.89
Nw,max(MW) 7306 6584 8855 6505 7198 7417 7559 7221 5734 5002 3789 4161

Scenario 1 Eh(105MWh) 1.42 1.44 1.63 2.07 2.77 3.15 3.87 3.18 3.17 2.68 2.68 1.89
Et(105MWh) 13.2 12.8 11.4 11.7 11.5 11.1 10.8 11.1 9.87 10.1 12.7 13.8
Ew(105MWh) 1.84 1.75 2.28 1.59 1.3 1.96 1.52 1.95 1.22 1.11 1.11 0.806
Eh com, (105MWh) 1.42 1.44 1.63 2.07 2.77 3.15 3.87 3.18 3.06 2.63 1.79 0.784
Et com, (MWh) 0 22,555 55,221 11,178 81,962 32,318 6860 31,414 0 0 0 0
Eh peak, (MWh) 0 0 0 0 0 0 0 0 11,199 5778 88,392 15,382
Nw,max(MW) 10,129 11,308 15,428 9472 12,230 12,713 12,686 12,870 9688 8373 6796 6627

Scenario 2 Eh(105MWh) 1.42 1.44 1.63 2.07 2.77 3.15 3.87 3.18 3.17 2.68 2.68 1.89
Et(105MWh) 13.2 12.8 11.4 11.7 11.5 11.1 10.8 11.1 9.87 10.1 12.7 13.8
Ew(105MWh) 1.84 1.75 2.27 1.59 1.29 1.96 1.52 1.95 1.22 1.06 1.11 0.806
Eh com, (105MWh) 1.42 1.4 1.63 2.07 2.77 3.14 3.82 3 3.06 2.34 1.79 1.73
Et com, (MWh) 489 22,555 42,533 11,178 74,614 32,318 6860 31,414 0 0 0 0
Eh peak, (MWh) 0 4734 0 0 0 1342 4257 17,638 11,199 34,369 88,392 15,359
Nw,max(MW) 10,129 11,308 14,867 9472 11,902 12,713 11,187 12,870 9688 7001 6796 6627

Scenario 3 Eh(105MWh) 1.42 1.44 1.63 2.07 2.77 3.15 3.87 3.18 3.18 2.68 2.68 1.89
Et(105MWh) 13 12.8 11.4 11.6 11.5 11 10.8 11.1 9.87 10.1 12.7 13.8
Ew(105MWh) 2.04 1.75 2.28 1.69 1.3 1.96 1.55 1.95 1.22 1.11 1.11 0.806
Eh com, (105MWh) 0.72 0.657 0.868 1.17 2.05 2.33 3.04 2.5 2.56 2.04 2.2 1.01
Et com, (MWh) 50,620 30,530 77,663 23,565 33,787 45,879 45,879 45,879 0 0 0 0
Eh peak, (MWh) 69,715 78,727 75,669 89,851 71,764 81,769 82,520 67,761 61,608 64,813 47,660 87,825
Nw,max(MW) 12,888 11,308 15,428 11,018 12,229 12,713 12,686 12,870 9687 8373 6797 6627
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4.3. Wind power curtailment and carbon dioxide emissions

For the actual operation and the three proposed scenarios, the re-
sults of wind power curtailment and CO2 emissions are shown in
Table 5 and Fig. 7.

As shown in Table 5 and Fig. 7, the wind power curtailment of the
three scenarios is lower than the actual historical operating data. For
the actual operation, the wind power curtailment occurs more in spring
and less in winter. Then, the wind power curtailment of scenario 1 is
similar to that of scenario 2. The difference in the wind power cur-
tailment between scenario 1 and scenario 2 is approximately 20%.
Furthermore, when there is high wind power curtailment in January
and April, wind power curtailment is fully the same for scenarios 1 and
2. In addition, the monthly wind power curtailment of scenario 3 is

always zero.
In addition, the CO2 emissions of the three scenarios are lower than

those in the actual historical operating data. Then, the CO2 baseload
output emissions of the three scenarios are obviously lower than those
in the actual historical operating data. However, the CO2 nonbaseload
output emissions of the three scenarios are slightly greater than those in
the actual operation data, especially for scenario 1 and scenario 2. The
main reason is that hydropower is used to compensate for the output
and power generation of wind power to the maximum extent. This use
wastes the peak load regulation capacity of hydropower and increases
the nonbaseload thermal power generation. For scenario 3, the flex-
ibility of hydropower peak load regulation is fully utilized. Then, not
only is wind power curtailment reduced but also CO2 nonbaseload
output emissions do not increase. Similar results can be found in other

Fig. 5. The monthly power generation of hydro-thermal-wind power system. (a) Thermal power generation. (b) Hydropower generation. (c) Wind power generation.

Fig. 6. The monthly power generation of hydro-thermal-wind power combined operation for three power sources. (a) The actual operation data. (b) Scenario 1. (c)
Scenario 2. (d) Scenario 3.
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studies. For example, Xu et al. [2] proposed that a clean, reliable
equilibrium scheduling model-based daily hydro-thermal-wind com-
plementary mechanism could promote the consumption of wind power
and reduce the carbon emissions of a power grid without disturbing
system reliability. In addition, Li et al. [34] applied a short-term eco-
nomic environmental hydro-thermal scheduling model that could pro-
vide the fuel cost and carbon emission Pareto optimal schemes of hy-
brid hydro-thermal power systems.

Furthermore, as seen from the distribution of monthly carbon
emissions, the CO2 emissions of the power grid are also kept at a low
level during the flood season (from June to October). This result is
mainly because hydro energy resources are abundant in the flood
season, so hydropower can visibly reduce the demand for thermal
power. At the same time, abundant hydro energy resources can effec-
tively compensate for wind power. Then, hydropower can promote the
consumption of wind power by the power grid and further reduce the
baseload generation of thermal power. However, due to the flood
control requirements during the flood season, the average output of
hydropower is close to the expected output or hydropower installed
capacity. In this case, the peak load regulation capacity of hydropower
is decreased, so the nonbaseload CO2 emissions of the power grid do not
decrease during the flood season.

4.4. Thermal power output fluctuation

For the actual operation and the three proposed scenarios, the re-
sults of thermal power output fluctuations are shown in Table 6 and
Fig. 8.

As shown in Table 6 and Fig. 8, the depth of the thermal power peak
load regulation and the fluctuation of thermal power from high to low
are represented by scenario 2 > scenario 1 > actual operation >
scenario 3. Because hydropower preferentially compensates for the
power output and generation of wind power, the efficiency of reg-
ulating capacity and generation of hydropower cannot be fully devel-
oped. Especially for scenario 2, as wind power is the most unfavorable
output process, hydropower increases the peak load regulation demand
of other power sources in the power system. Then, hydropower leads to
the maximum depth of thermal power peak load regulation and fluc-
tuation of thermal power in scenario 2. Similar results are found in
previous studies with a similar scope. For example, Wang et al. [35]
presented a multi-objective model for the coordinated operation of a
hydro-wind-photovoltaic power system that could seek to maximize
power generation and minimize output fluctuations under the con-
straints of multilayer architecture of the power network and balanced
allocation of power curtailment.

However, the output factor of the thermal power in the three

Table 5
The wind power curtailment (MWh) and the CO2 emissions (104t) in each scenario.

Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Actual Ew curtail, 61,264 52,565 68,385 50,807 38,991 58,735 46,463 58,591 36,600 33,167 33,160 24,175
EmBL 3623 3194 3284 3103 3179 2979 3057 3098 2666 2745 3324 3846
EmnBL 488 420 314 435 404 418 280 422 298 410 483 300
Em 4111 3614 3598 3538 3583 3397 3337 3520 2964 3155 3807 4146

Scenario 1 Ew curtail, 19,887 0 0 10,394 0 0 0 0 0 0 0 0
EmBL 3423 3075 3085 2919 3149 2844 2839 3026 2608 2571 3413 3768
EmnBL 607 393 315 541 277 373 407 273 231 529 205 313
Em 4031 3468 3401 3460 3426 3217 3246 3299 2838 3101 3618 4081

Scenario 2 Ew curtail, 19,887 0 780 10,394 517 0 2926 0 0 4336 0 0
EmBL 3421 3032 2927 2919 2904 2780 2817 2969 2608 2666 3386 3768
EmnBL 611 458 561 541 654 472 455 361 231 403 247 313
Em 4032 3490 3488 3460 3558 3252 3271 3330 2838 3069 3632 4081

Scenario 3 Ew curtail, 0 0 0 0 0 0 0 0 0 0 0 0
EmBL 3482 2990 3124 2837 3158 2795 3010 2952 2582 2561 3373 3834
EmnBL 433 522 257 625 263 449 147 387 270 545 267 212
Em 3915 3513 3381 3462 3422 3244 3156 3339 2852 3106 3639 4046

Fig. 7. The monthly wind power curtailment characteristics of hydro-thermal-wind power system. (a) The energy curtailment rate. (b) The wind power curtailment.
(c) The nonbaseload carbon emissions and total carbon emissions.
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scenarios is greater than the actual historical operating data. The output
factors of the thermal power in scenario 1 and scenario 2 are similar
except in winter. The output factor of the thermal power of scenario 3 is
optimal. Especially in January and July, scenario 3 has significant ad-
vantages over the other scenarios. This result indicates that the thermal
power of the three scenarios is closer to the full load operation.
Therefore, it is conducive to the efficient operation of the thermal
power unit.

4.5. Operation process of representative days

To analyze the operation process of all power sources in detail in the
dry season and flood season, the representative operation process of the
three scenarios in January and July are selected. The results are shown
in Fig. 9.

As shown in Fig. 9, the wind power generation increases while the
thermal power generation and output fluctuation decrease in the three
scenarios compared to the actual operation process for both the dry
season and flood season. Then, as shown in Fig. 9(a)–(d), the integrated
wind power output and generation from high to low are represented by
scenario 3 > scenario 1= scenario 2 > actual operation. In contrast,
the thermal power generation from high to low is represented by actual
operation > scenario 1= scenario 2 > scenario 3. Moreover, similar
results can be obtained from Fig. 9(e) to (h). In addition, comparing
Fig. 9(b) and (c), it is seen that the thermal power operation process is
the same in scenarios 1 and 2. The operation process of wind power and
hydropower is only chronologically different for scenario 1 and sce-
nario 2. This result means that the hydro-wind compensating operation
can reduce the adverse impact of randomness of wind power in the dry
season. However, Fig. 9(f) and (g) show that the thermal power

Table 6
The thermal power output fluctuations in each scenario.(MW).

Scenario Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Actual Nt range, 8942 9216 5936 8013 7224 9097 4832 6961 5669 6932 10,669 6205
Nramp 2843 2893 2312 2797 2504 2201 1933 1294 1619 2174 3064 1938
Depth 0.146 0.153 0.111 0.148 0.136 0.170 0.099 0.135 0.125 0.149 0.177 0.101
OFt 0.854 0.847 0.889 0.852 0.864 0.830 0.901 0.865 0.875 0.851 0.823 0.899

Scenario 1 Nt range, 12,256 10,851 7474 9948 6521 8687 9507 6595 4475 9028 6732 6005
Nramp 3779 3810 2658 2629 2875 3011 2138 2249 2832 3724 3607 4015
Depth 0.199 0.176 0.166 0.186 0.143 0.159 0.195 0.131 0.103 0.196 0.117 0.099
OFt 0.894 0.891 0.913 0.912 0.925 0.902 0.894 0.926 0.949 0.912 0.918 0.949

Scenario 2 Nt range, 12,338 11,531 10,558 10,880 10,473 9650 10,160 7865 4763 9617 8909 9207
Nramp 3820 3631 2846 3383 4657 3865 2378 2249 2832 3732 4867 5588
Depth 0.200 0.192 0.200 0.200 0.200 0.189 0.200 0.155 0.109 0.200 0.150 0.145
OFt 0.893 0.891 0.900 0.897 0.918 0.902 0.888 0.926 0.942 0.879 0.890 0.902

Scenario 3 Nt range, 7158 10,963 7893 9838 4627 9673 2655 6988 5802 9173 7329 4195
Nramp 3187 3653 4065 4000 3007 3582 1787 4652 2747 3597 2701 3389
Depth 0.125 0.187 0.152 0.189 0.092 0.188 0.058 0.141 0.131 0.199 0.127 0.07
OFt 0.946 0.906 0.914 0.928 0.957 0.897 0.972 0.933 0.93 0.913 0.918 0.963

Fig. 8. The peak load regulation of thermal power. (a) The peak load regulation depth and output factor of thermal power (the solid line represents the Depth, and the
dotted line represents the OFt). (b) The monthly ramping velocity of thermal power.
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Fig. 9. The representative operation process of three scenarios in January and July. (The actual operation process in January is shown in (a); the scenario 1 operation
process in January is shown in (b); the scenario 2 operation process in January is shown in (c); the scenario 3 operation process in January is shown in (d);.the actual
operation process in July is shown in (e); the scenario 1 operation process in July is shown in (f); the scenario 2 operation process in July is shown in (g); and the
scenario 3 operation process in July is shown in (h).)
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operation process is different in the peak load period because the
fluctuation of the peak load is slightly regulated by the remaining hy-
dropower in scenario 1. Then, combining the results in Section 4.2 and
Section 4.3, it can be seen that the wind power output and generation of
scenario 1 are slightly greater than those of scenario 2. This result in-
dicates that the adverse impact of the randomness of wind power
cannot be fully eliminated in the flood season. Furthermore, Fig. 9(d)
and (h) show that the optimal thermal power operation process appears
in scenario 3 with minimum thermal power generation and the
smoothest output process of thermal power.

Fig. 9 also shows the power output process of thermal and hydro-
power compensating wind power. Fig. 9(a) shows that the combination
of hydropower and wind power sharply fluctuates. This leads to great
fluctuations in thermal power. Fig. 9(b–d) show that wind power is
compensated by hydropower and thermal power synchronously and
that the combined output remains a constant value. Then, the com-
pensation of thermal power is smoother than the compensation of hy-
dropower. This result means that appropriately using thermal power for
compensation of wind power has little impact on thermal power fluc-
tuations. In the flood season, the result is similar to that of the dry
season, as shown in Fig. 9(e) to (h). In addition, Fig. 9 shows that there
is the best peak load regulation of hydropower in scenario 3. Both in the
dry season and flood season, part of the hydropower in scenario 3
regulates the peak load demand at periods 8–10 and 18–21.

In conclusion, the combined operation scheduling of a hydro-
thermal-wind hybrid power system based on the hydro-wind compen-
sation principle proposed in this paper has shown good performance in
many respects. First, it can increase wind power generation as well as
decrease the power generation of thermal power and the carbon
emissions of the power grid simultaneously. Second, it can take full
advantage of the peak regulation capacity of hydropower plants to
compensate for the intermittent and random wind power output and
decrease the peak regulation requirement of thermal plants. Above all,
by considering the CO2 baseload and nonbaseload output emissions, the
thermal power carbon emissions and the relationship between the
carbon emissions and peak load regulation of thermal power can be
quantitatively analyzed.

Compared with the traditional multipower combined operation re-
search, the researches of other scholars are limited to the traditional
power generation optimization operation, ignoring the combined
scheduling operation mechanism and policy of hybrid power system.
For example, Wang et al. [1] proposed a combined coordinated op-
eration model of interconnected power systems with hydro-thermal-
wind-photovoltaic (HTWP) plants to mitigate the curtailment problem
of new energy by maximizing the new energy power generation and
minimizing the thermal output fluctuation. However, in this work, the
internal structure of power grid is less considered, and the hydro-wind
compensating operation is considered as the ideal condition. The con-
straints of power grid and hydro-wind compensating operation should
be more considered in future research.

5. Conclusions

Wind and solar energy are considered major renewable resources to
address the constraints of resources and the environment for energy

development. However, these new energy sources have the dis-
advantages of randomness, intermittency and uncontrollability. These
disadvantages make large-scale wind power generation present large
challenges for integration into a power grid. In this paper, based on the
principles of hydro-wind compensating operation, the optimizing op-
eration model of a hydro-thermal-wind hybrid power system is pro-
posed to promote the integration of large-scale wind power into the
power grid. In this model, the baseload and nonbaseload output emis-
sion rates are adopted to estimate the CO2 emissions of different power
output processes and the emission reduction benefits. Then, the
Northwest Power Grid in China is selected as a case study, and it is used
to verify the effectiveness of the proposed model and methods. The
major conclusions can be drawn as follows.

(1) The proposed model can reduce the power generation and output
fluctuations of thermal power and the CO2 emissions of the power
grid by the combined operation of a hydro-thermal-wind hybrid
power system based on the hydro-wind power compensating prin-
ciple. In particular, the CO2 emissions could be reduced by ap-
proximately 1696*104 t every year in the Northwest Power Grid.

(2) The proposed model can improve the wind power generation and
alleviate the wind power curtailment by making full use of the peak
load regulation capacity and the compensating characteristics of
hydropower.

The results provide a reference for realizing the maximization of
economic and ecological benefits in a power grid. Nevertheless, to de-
termine the maximum integrated capacity of wind power in the
Northwest Power Grid, the actual transmitted power process between
the subregions and the operation process of each hydropower plant are
considered as the ideal conditions in this paper. In reality, these sim-
plifications are different from actual operating conditions. Hence, it is
necessary to make the simulation process consistent with the actual
operation process as much as possible and improve the rationality of the
power generation plan for the power grid.
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Appendix A:. The derivation of hydro-wind compensating calculation

The derivation of hydro-wind compensating calculation are given as follows.
According to the wind power output process on one day, the wind power output process can be roughly generalized into 3 situations, as shown in

Fig. A1.
For the above three cases in Fig. A1, as long as the power generation and the max power output of wind power are known constants, the principle

of hydro-wind compensating operation is identical. When the processes of wind power output are similar to the rectangle, pyramidal or actual
situation in Fig. A1(a–c), respectively, the calculation method of hydro-wind compensating capacity is identical. Only the calculation formula of
wind power generation needs to be corrected. Hence, to ensure derivation of a simple and clear formula, the process of wind power output can be
assumed as the condition of Fig. A1(a).
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The adjustable output range is N[0, ]h controll, , of which hydropower can compensate for wind power.

= −N N Nh controll h ect h force, ,exp , (A1)

1. When ⩾N Nh controll w, ,max, the situation of hydropower compensating wind power is as follows:

= ×E N Hw w,max (A2)

where Ew represents wind power, and H represents the time of wind power generation.
The combined power generation of hydropower and wind power is represented as −Eh w.

= ×−E N24h w w,max (A3)

Then, the maximum compensating power generation of hydropower for wind power is represented as ∗Ew. The formula to calculate ∗Ew is as
follows:

= − = × − × = × −∗
−E E E N N H N H24 (24 )w h w w w w w,max ,max ,max (A4)

The actual power generation of hydropower is represented as Eh. The maximum adjustable power generation of hydropower is represented as
Eh controll, . Then, these two variates can be calculated as follows:

= ×E N̄ 24h h (A5)

= − ×E N N( ¯ ) 24h controll h h force, , (A6)

(1) When = ∗E Eh controll w, , hydropower can compensate for wind power exactly, but there is no excess regulation capacity to participate in the peak
load regulating operation, as shown in Fig. A2(a).

(2) When > ∗E Eh controll w, , the schematic diagram is shown in Fig. A2(b). Hydropower can completely compensate for wind power, and there is excess
regulation capacity of hydropower to participate in the peak load regulating operation. Eh peak, represents the excess hydropower generation that
can participate in the peak load regulating operation.

= − = − × − × −∗E E E N N N H( ¯ ) 24 (24 )h peak h controll w h h force w, , , ,max (A7)

(3) When < ∗E Eh controll w, , the schematic diagram is shown in Fig. A2(c). Hydropower cannot fully compensate for wind power, and the other power
sources are required to participate in wind power compensation. The uncompensated wind power generation is represented as Ew uncom, .

⎜ ⎟= −
−

× = ⎛
⎝

−
− ×

−
⎞
⎠

×E E
E

H
H N

N N
H

H
24

( ¯ ) 24
24w uncom w

h controll
w

h h force
,

,
,max

,

(A8)

Then, the remaining wind power Nw uncom, should be compensated by other power sources, such as thermal power. The output and generation of
thermal power compensating for the remaining wind power are represented by Nt com, and Et com, , respectively.

= −
−

= −
−

−
N N

E
H

N
E E

H24

¯

24t com t
h controll

t
h h force
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,

(A9)

=
× −

E
E H

H
(24 )

t com
w uncom

,
,

(A10)

2. When <N Nh controll w, ,max, the specific situation of hydro-wind compensation is shown in Fig. A2(d). Hydropower cannot fully compensate for the
wind power output, and wind power needs to be compensated by other power sources. The actual power output of hydropower compensating
wind power is represented as Nh com, .

=
×

−
=

− ×
−

N
N

H
N N

H
24

24
( ¯ ) 24

24h com
h controll h h force

,
, ,

(A11)

If <N Nh com h controll, , , Ew uncom, represents the wind power generation that cannot be compensated by hydropower. Ew uncom, can be calculated by the
following formula:

Fig. A1. The power output process of a wind power plant.
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If ⩾N Nh com h controll, , , then =N Nh com h controll, , . The uncompensated wind power generation E( )w uncom, can be calculated by the following formula:

= × − = − × −E N H N N H(24 ) ( ) (24 )h com h controll h ect h force, , ,exp , (A13)

= −
−

× = − + ×E E
E

H
H N N N H

24
( )w uncom w

h com
w h ect h force,

,
,max ,exp , (A14)

The above studies have theoretically derived the calculation formula for the capacity of hydro-wind compensating operation. However, the
calculation of hydro-wind compensating operation should not only be derived from mathematical formulas but also adequately consider the op-
eration characteristics and actual situation of hydropower plants. The economic operation of a power grid requires the full use of renewable energy
and reductions in the consumption of primary energy on the basis of safe operation of the power grid. Hydropower and wind power are both clean
and renewable energy. Therefore, in the combined operation process, hydropower should compensate for wind power to the maximum extent
without hydropower curtailment, and the process should make full use of hydropower and wind power simultaneously. To ensure the safety of
reservoirs, there are two water levels in different periods: the limited water level in the flood season and the normal water level. During the operation
of hydropower plants, the water level of reservoirs must be lower than the maximum water level of the corresponding period.

The law of operation of a hydropower plant indicates that the reservoir water level is close to the water level limit or the normal water level
during the flood season or the end of the storage period. Under these conditions, the average output of the hydropower plant is close to the expected
output. Therefore, the storage capacity of the reservoir is very small, as is the compensation capacity of hydropower. Under the condition of no
hydropower curtailment, the maximum wind power generation compensated by hydropower is represented as Ecompensation.

= − ×E N N( ¯ ) 24compensation h ect h,exp (A15)

When the wind power is greater than the maximum compensation power of hydropower, the wind power needs to be compensated by other
power sources.

= − = × − − ×E E E N H N N( ¯ ) 24w uncom w compensation w h ect h, ,max ,exp (A16)

Fig. A2. Schematic of the calculation of hydro-wind compensation.
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According to Eq. (A16), when the average output of hydropower plants is equal to the expected output, ≈E 0compensation . This result shows that
hydropower has little compensation capacity under this condition and is totally dependent on other power sources to compensate for wind power.

Appendix B:. The computing method of OM factor

To determine the OM factor, this paper adopts the method in the Methodological Tool, which was issued by the CDM Executive Board under the
United Nations Framework Convention on Climate Change (UNFCCC), to calculate the emission factor for an electricity system. The OM emission
factor is calculated based on the net electricity supplied to the grid by all thermal power plants serving the system, as well as the fuel type(s) and total
fuel consumption of the power system, as follows:

=
∑ × ×

EF
FC NCV EF

EG
( )

grid OMsimpley
i i y i y CO i y

y
,

, , ,2

(B1)

where EF ygrid,OMsimple, represents simple operating margin CO2 emission factor in year y (tCO2/MWh); FCi y, represents amount of fossil fuel type i
consumed in the project electricity system in year y (mass or volume unit); NCVi y, represents net calorific value (energy content) of fossil fuel type i in
year y (GJ/mass or volume unit); EF i yCO , ,2 represents CO2 emission factor of fossil fuel type i in year y (tCO2/GJ); EGy represents net electricity
generated and delivered to the grid by all power sources serving the system, not including low-cost/must-run power plants/units, in year y (MWh); i
represents all fossil fuel types combusted in power sources in the project electricity system in year y; and y represents the relevant year as per the data
vintage.

Then, the carbon dioxide emissions of thermal power in time slot y can be denoted as:

= ×EM EF Gy grid OMsimpley y, (B2)

where Emy represents the carbon dioxide emissions of thermal power, and Gy represents the power generation of thermal power.
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