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Abstract: For the multi-energy power system composed of thermal power, wind power, and a
pumped-storage power station aiming at minimizing coal consumption of the power grid, an optimal
dispatch model is established in this paper. Its advantage is to allow the power grid to accept a high
proportion of new energy while ensuring power demand. The dynamic programming method is
used to solve the problem. In the solution process, the traditional dynamic programming method is
improved by introducing the penalty function and the dynamic value of the state variable, which can
ensure the reliability of the power supply while achieving the optimization goal, as well as realize
the full utilization of energy. Using the example of a high proportion of wind power systems with a
pumped-storage power station as the energy storage mode and considering the relevant constraints
after the heating transformation of the thermal power plant, our built model solves these challenges.
The results show that when the maximum pumping power of the pumped-storage power station
reaches 1138 MW and the maximum generating power reaches 755 MW, the wind curtailment and
power rationing during the off-peak period of heating can be reduced from the previous 58,158 MWH
and 46,838 MWH to almost 0, and the wind curtailment and power rationing during the peak period
of heating can be reduced from the previous 77,656 MWH and 53,780 MWH to almost 0, so as to
realize the flexible operation of the power grid.

Keywords: dynamic programming; penalty function; high proportion of wind power consumption;
combined operation of wind power; thermal power; pumped-storage power station

1. Introduction

With global warming, reducing emissions of greenhouse gases such as carbon dioxide
is increasingly urgent. The power industry creates large carbon emissions, making it a key
industry for carbon dioxide emission reduction. The European roadmap for the power sector
dictates that an 80–95% cut of existing levels of carbon dioxide emissions is needed by the
year 2050 to meet climate goals [1–3]. As a power generation source with almost zero carbon
emissions, new energy power generation has developed rapidly in recent years. However,
new energy power generation based on solar and wind resources has low reliability and
strong variability and intermittency [4]. In many cases, the output does not match the load
demand, and thus the high proportion of new energy power will greatly increase the difficulty
of grid power balance at many times. Determining how to use energy storage methods such
as pumped storage to coordinate and stabilize the fluctuations of new energy sources, accept
as many new energy sources as possible under the premise of safe and stable operation, and
achieve the lowest carbon dioxide emissions are the major challenges of the current power
grid. Facing the problem of the high rate of abandoning new energy, it is necessary to allocate
a certain amount of energy storage to promote wind power consumption and stabilize power
grid operation [5]. In reference [6], electric boilers are used as energy storage technology
to match the fast fluctuation of wind power. In reference [7], the storage battery is used to
consume wind power and photovoltaic power. In reference [8], a thermal-electric decoupling
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(TED) approach is proposed to both bring down the constraint of forced power output of
combined heat and power plants and increase the electric load level during valley load times
that assist the power grid in consuming more wind power. At present, many researchers
use different methods to solve the problem of economic load dispatching (ELD) of the power
grid. For example, reference [9] used a novel evolutionary algorithm of hybrid multi-agent
particle swarm optimization (HMAPSO) to solve the economic load distribution (ELD) problem
considering transmission losses, and the results show that the calculation time of this method
is relatively uniform and short. Reference [10] proposes an artificial ecosystem optimization
(AEO) algorithm. AEO is a population-based optimizer that is stimulated by the flow of energy
into the earth’s ecosystem to solve the problem of economic load scheduling (ELD). The results
show that AEO has robustness, appropriateness, and effectiveness in terms of computation
time and approaching the global optimal solution. Reference [11] proposes a multi-objective
optimization algorithm based on a genetic algorithm to economically dispatch thermal power
and reduce the emitted polluting gases and production costs while generating electricity.

In general, most of the algorithms used in the current power system load economic
dispatch are new artificial intelligence algorithms. These algorithms often have fast cal-
culation speeds, high efficiency for some systems, and can learn by themselves, but they
often fall into local optimal solutions, accumulated errors can deteriorate the final result,
and the accuracy is not very high; some parameters need to be adjusted repeatedly during
the operation for manual guidance [12–14]. For a power system with a limited number
of power plants, the operation accuracy requirement is high, while the overall time com-
plexity is not high. For this type of system, it is difficult to obtain the optimal solution
by using the above calculation method, and because of the limited data, the space for
self-learning is also very small. Reference [15] applied the dynamic programming method
and the genetic algorithm together to the Qingming project for comparison. Experiments
show that the dynamic programming method is much faster than the genetic algorithm
when the number of power plants in the system is less than eight (small-scale system),
and the genetic algorithm cannot guarantee the optimal solution. The model studied in
this paper is the power grid, which dispatches the power plants rather than the units.
Therefore, this paper defines the small-scale system as the number of power plants in the
system is less than eight. In view of this, this paper considers using dynamic programming.
Dynamic programming can obtain the global optimal solution, greatly reduce the amount
of calculation, and can use experience to improve the solution efficiency and calculation
accuracy. Dynamic programming has also been used in reactive power distribution, voltage
adjustment, and power flow distribution in power systems. For example, reference [16]
studied the 380 kV grid in the Western Operating Area (SEC-WOA) of Saudi Electricity
Company to determine the reactive power compensation capacity. Compared with the
Genetic Algorithm (GA) and the Hybrid Genetic Algorithm (HGA), dynamic programming
showed a better solution. Reference [17] shows that the dynamic programming method
can locate a globally optimal reactive power distribution under the condition of normal
operation of the micro-grid.

In addition, dynamic programming can also add corresponding strategies based on
experience and actual needs. In the flood control scheduling of reservoirs, the improved DP
is constructed according to the principle of period inflow and water balance, which includes
a variable dispersion mechanism of the retraction space and a calculation method for the
smallest discrete points of each discrete range [18]. Reference [19] adds a heuristic search
method to the dynamic programming solution for grid voltage optimization. Reference [20]
adds a random search algorithm to the dynamic programming solution to determine the
correct value of the shunt capacitor and transformer load tap changer. This paper will
improve the dynamic programming solution, adding a penalty function to the dynamic
programming recursion equation and making the final state variables dynamic so as to
give full play to the advantages of dynamic programming and realize the multi-objective
economic operation and dispatch of the power grid.
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In this paper, a power grid composed of wind power, thermal power, and pumped-
storage power stations will be used as an example. Aiming at the minimum coal consump-
tion, an optimal dispatch model for the multi-energy power system is established, using
dynamic programming to solve the model and obtain the final optimization plan. When
deriving the recurrence equation in dynamic programming, the equation is a superposition
of coal consumption and the penalty function. The penalty function is included mainly
to add the corresponding penalty value to the recursive equation according to the power
rationing and wind curtailment of the power grid, so as to reduce the power rationing
and wind curtailment of the power grid according to the actual situation in the dynamic
programming solution, making the operation of the grid low-carbon and more reliable.
After the dynamic programming and solution, the operation scheme under the goal of
minimum coal consumption can be obtained. The scheme considers various constraints
and gives some reference for the power grid while ensuring various constraints. Under
this scheme, the pumped-storage power station exerts its peak regulation capability as
much as possible, complements wind power, and greatly reduces the unreliability of wind
power. In actual operation, power grids and power plants in different regions have different
constraints. The model established in this paper considers the actual situation and can be
applied to other power grids dispatching according to the actual situation to provide other
power grids with low-carbon and reliable operation solutions.

2. Modeling of Power System Dispatching Operation
2.1. Objective Function

(1) Environmental benefits are very important for the grid. When the coal consumption
in the system is the smallest and the corresponding carbon emission is also the smallest,
the environmental benefits of the system are the best [21]. Therefore, the first goal in this
paper is to minimize the coal consumption of the system.

minB =
T

∑
i=1

Bi(Ph
i ) ∗ ∆T (1)

In the formula, B is the total coal consumption, indicating the coal consumption when
the output of the thermal power unit is Ph

i , and ∆T is 15 min (the dispatching requirements
of the power system), which is the length of a period.

(2) The large power rationing will have a great impact on the development of society.
Therefore, for the power supply of the grid, the power rationing must be as little as possible
so that the social development has a stable power supply. When the power grid is running,
the power rationing should be the minimum (the second goal)

minQration =
T

∑
i=1

(Pi − Pwind
i − Ph

i + Ppump
i − Phydro

i ) ∗ ∆T (2)

In the formula, Pi is the load demand of the grid, Pwind
i is the actual output of wind

power, Ph
i is the output of thermal power, Ppump

i is the pumping power of the pumped-

storage power station, and Phydro
i is the power generated by the pumped-storage power

station. Qration is the sum of power rationing. Power rationing will only occur when the
actual demand is greater than the power capacity of the grid.

(3) Wind power is a clean energy source, and it does not generate additional carbon
emissions in the process of power generation. Therefore, the power grid should accept
wind power as much as possible and try not to curtail the wind power. Therefore, the
system also needs to minimize the amount of wind curtailment (the third goal).

minQcurtail =
T

∑
i=1

(Pwind
i,max − Pwind

i ) ∗ ∆T (3)
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In the formula, Qcurtail indicates the sum of wind curtailment, and Pwind
i,max is the maxi-

mum output capacity of wind power in period i.
(4) The thermal unit is related to urban heating. When the output of the thermal unit

varies greatly, the temperature of urban heating fluctuates greatly. From the perspective of
urban heating, the output of the thermal power unit should be kept as constant as possible
(the fourth goal).

minσ =
T

∑
i=1
|Ph

i − Ph
average| ∗ ∆T (4)

In the formula, σ indicates the output fluctuation value of the thermal power unit, and
Ph

average indicates the average output of the thermal power unit.
In the modeling and analysis, a certain initial and final state quantity are selected first,

and goal 1 is first achieved according to the constraints so as to minimize the total coal
consumption. In the dynamic programming solution, the final energy storage value of
the pumped-storage power station is changed, and the penalty function is also introduced
according to the wind curtailment and power rationing. In this way, goals 2 and 3 can
be achieved, and the minimum amount of wind curtailment and power rationing can be
realized. After getting the results, it can be manually corrected according to the actual
situation to achieve goal 4 so that the output of the thermal unit remains stable. The
realization process of multiple goals is shown in Figure 1.
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2.2. Constraints

In the model, constraints are divided into system power balance constraints, thermal
power, wind power, and pumped-storage power output constraints.

2.2.1. System Power Balance Constraint

The system power balance constraint is mainly the load balancing constraint:

Pi ≥ Pwind
i + Ph

i − Ppump
i + Phydro

i (5)

In the formula, Pi is the grid load demand, not the real-time power supply of the grid.
Pwind

i is the actual output of wind power, Ph
i is the thermal power, Ppump

i is the pumping

power of the pumped-storage power station, and Phydro
i is the power generated by the

pumped-storage power station. The ≥ is used because the power supply from the grid can
be less than the demand but cannot greater than the demand.

2.2.2. Thermal Power Constraints

Due to the limitation of heating and operating conditions, the output of the thermal
power plant can only fluctuate within a range, and the rate of change will also be greatly
constrained [22].

(1) The constraints of thermal power output range are:

Ph
min ≤ Ph

i ≤ Ph
max (6)

In the formula, Ph
min is the lower output limit of the thermal power plant and Ph

max is
the output upper limit of the thermal power plant.

(2) The constraints of thermal power output change rate:

Ph
i+1 − Ph

i ≤ UR (7)

Ph
i − Ph

i+1 ≤ DR (8)

In the formula, UR and DR are the rate limits for the uphill and downhill ramps of the
thermal power plant. Ph

i is the output of the thermal power plant in period i.

2.2.3. Constraints of Pumped-Storage Power Station

(1) Constraints of pump working conditions of the pumped-storage station:

Ppump
min ≤ Ppump

i ≤ Ppump
max (9)

In the formula, Ppump
min is the lower limit of the output under the working condition of

pumping, Ppump
max is the upper limit of the output under the working condition of pumping.

(2) Turbine working condition limitations of the pumped-storage station:

Phydro
min ≤ Phydro

i ≤ Phydro
max (10)

In the formula, Phydro
min is the lower limit of the output under the generating condition,

and Phydro
max is the upper limit of the output under the generating condition.

(3) The constraints of reservoir capacity of pumped-storage power station:

0 ≤ Vi ≤ Vmax (11)

In the formula, Vi is the amount of water storage in the reservoir, and Vmax is the
maximum water storage allowed by the reservoir.
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(4) Constraints on the energy storage value of pumped-storage power stations:

0 ≤Wi ≤Wmax (12)

In the formula, Wi is the amount of energy stored in the reservoir. Wmax is the
maximum energy storage value allowed by the reservoir, and it is related to water head
and Vmax. The energy stored in the reservoir can be calculated by the following formula:

Wi + 1 = Wi − (Phydro
i /ηhydro+Ppump

i ∗ ηpump) ∗ ∆T (13)

In the formula, ηhydro+ is the generator efficiency, taken as 0.88 here. ηpump is the
efficiency of the pump working condition, taken as 0.90 here.

(5) Constraints on working conditions of pumped-storage power plants:

Ppump
i ∗ Phydro

i = 0 (14)

Due to the limitations of the water conservancy facilities of the pumped-storage power
station, the power station cannot generate electricity and pump water at the same time.

2.2.4. Wind Power Output Constraints

Because the output of wind power is affected by the weather and is constrained by
wind energy resources at a certain time, the output of wind power has an upper limit,
which is Pwind

i,max. Wind power can be curtailed but cannot generate electricity beyond the
upper limit.

0 ≤ Pwind
i ≤ Pwind

i,max (15)

3. Dynamic Programming Algorithm for Solving the Model
3.1. Introduction to Dynamic Programming Algorithm

Dynamic programming is a method used in mathematics, computer science, and eco-
nomics to solve complex problems by breaking the original problem into relatively simple
sub-problems. Dynamic programming is often suitable for problems with overlapping
sub-problems and optimal substructure properties, and the time consumption of dynamic
programming methods is often much less than that of naive solutions. The basic idea
behind dynamic programming is very simple. Roughly speaking, to solve a given problem,
solve its different parts (sub-problems), and then combine the solutions of the sub-problems
to arrive at the solution of the original problem. Often, many sub-problems are very similar,
and for this reason, dynamic programming attempts to solve each sub-problem only once,
thus reducing the amount of computation: once the solution of a given sub-problem has
been solved, it is memorized so that it is feasible to check the table directly when solving
the same sub-problem next time. This practice is particularly useful when the number of
repeated sub-problems grows exponentially with the size of the input.

Solving steps:

(1) Stage division: According to the characteristics of the problem, the problem is divided
into several stages. The divided stages must be ordered or sortable.

(2) Determining the state and state variables: Reflect the various situations in which the
problem develops to various stages. The choice of the state must satisfy no follow-up.

(3) Determine the decision and write the state transition equation: The state transition
means to derive the state of this stage according to the decision and state of the previ-
ous stage. The decision-making method and state transition equation are determined
according to the relationship between the states of two adjacent stages.

(4) Boundary conditions: the state transition equation is a recursive formula, so it is
necessary to find the conditions for the termination of the recurrence.
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3.2. Improvement Strategies for Dynamic Programming

(1) The dynamic value of the final state variable

In the traditional dynamic programming method, the initial and final states are fixed
values for carrying out the optimization solution. However, many factors need to be
considered in the power grid dispatching. In this paper, the energy storage value of the
pumped-storage power station was selected as the state variable. In reality, the economic
and stable operation of the power grid must be considered. In order to consider the extreme
situation of the power grid operation, the model assumes that the energy storage value of
the pumped-storage power station is 0 at the start so that the power grid will not experience
more serious power outages during normal operation.

When considering the final state of the state variable, its value is not necessarily 0 in
this paper. Because the energy stored in the pumped-storage power station can be reused
later, if the final state variable value is forced to be 0, the wind power may be curtailed
in some periods while the power grid can use this part of the wind power later, which
causes the waste of wind energy resources. Therefore, when solving the model, this paper
sets different final state variable values and calculates the minimum value B (the coal
consumption) of the power grid in each case. Then, the power supply of the power grid
Esupply and the stored energy of the pumped-storage power station W f inal are calculated,
and the total available power can also be calculated according to the following formula.

Etotal = Esupply + W f inal ∗ ηhydro (16)

Next, divide the coal consumption B of the power grid by the total available power Etotal
to obtain the coal consumption b per unit of electricity consumption of the power grid.

Compare the coal consumption b per unit of electricity consumption in different states
and find the minimum value corresponding to this value, which is the real economic
operation point of the power grid.

(2) Add penalty function

When solving the model, according to the traditional dynamic programming, the recur-
sive equation should be the coal consumption of the thermal power plant Bi(Ph

i ). However,
the loss caused by the power rationing of the power grid is very large, which should be
avoided as much as possible during the operation of the power grid. Therefore, in order to
minimize the power rationing of the grid, the penalty function method is introduced during
the solution, which is to set a penalty factor and a penalty function. Then, the penalty function
is added to the recursion equation so that the penalty factor can be used to greatly reduce
the amount of electricity that is curtailed. The role of the penalty function is very significant.
For example, in reference [23], the penalty function is used to realize peak shaving and valley
filling and balance the energy distribution of the power system.

3.3. The Steps of the Calculation

(1) Separate the calculation period; divide the scheduling period (15 days) into
1440 periods, every 15 min for one session.

(2) Determine the state transition equation as:

Wi+1 = Wi − (Phydro
i /ηhydro + Ppump

i ∗ ηpump) ∗ ∆T (17)

(3) Determine the dynamic programming recursion equation as:

Bi
∗(Vi−1) = min[Bi(Ph

i ) ∗ ∆T + Bi+1
∗(Vi) + kration ∗Qi,ration + kcurtail ∗Qi,curtail ] (18)

Among them, Bi∗(Vi−1) is the recursive equation, which means the sum of coal
consumption and penalty function value from period i to the end of calculation period
when the water storage capacity is Vi−1, according to the optimal operation mode. kration is
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the penalty factor for power rationing, and Qi,ration is the sum of power rationing in period
i. kcurtail is the penalty factor for wind curtailment and power rationing, and Qi,curtail is the
sum of wind curtailment in period i.

(4) Determine the solution method.

When solving the point i, select the reachable point i + 1 at first. For the reachable
point, the corresponding thermal power output must be within a positive or negative range
of its corresponding output and must meet other constraints. For the point i + 1 that it can
reach, calculate the coal consumption from point i + 1 to it, as well as the amount of wind
curtailment and the power rationing of the grid, then calculate the distance between the
two points, so as to use the recursive equation to calculate the total distance from the point
to the last point. Calculate the total distance of all paths from the point to the last point, and
then the shortest path and the shortest distance corresponding to the point can be obtained.

(5) Starting from the last point, calculate the distance to the initial point according to the
above process four, find the shortest path from the initial point to the last point, and
calculate the corresponding distance.

(6) Change the value of the final state, repeat the above five calculation processes. After
calculating the power which can be supplied by the power grid Etotal , calculate the
coal consumption of unit power supply b according to b = B/Etotal . Establish the
relationship between the final state value and the coal consumption b per unit of
power supply and find the corresponding final state value W f inal when the coal
consumption per unit of power supply is the lowest.

(7) The final state value W f inal corresponding to the above 1–6 is the economic operation
point of the power grid, and the optimal path is also found according to the initial
and final state values of the power grid. According to the optimal path, the optimal
output curve of thermal power and the output curve of the pumped-storage power
station are obtained, and the wind power output curve is determined according to the
operating state of the pumped-storage power station. Calculate the coal consumption
of the power grid, the power available for the power grid, the wind curtailment, and
the power rationing of the power grid.

(8) According to the calculation results, check the rationality of the data and make certain
adjustments. If it is still unsatisfactory for power rationing or the wind curtailment
power, increase the value of the penalty factor and recalculate.

(9) Finally, make manual correction according to the actual situation to keep the thermal
power output as stable as possible.

The detailed steps of dynamic programming are as follows (Figure 2).
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4. Case Study
4.1. Introduction to the Power System

(1) There is a thermal power plant running in the power grid of a certain place. The
installed capacity of the first phase of the power plant is 2 × 135 MW, and the installed
capacity of the second phase is 2× 330 MW. Previously, the city was powered by this power
plant. In recent years, the city is trying to build a green and environmentally friendly city.
Due to the early construction time and low efficiency of the first phase of the plant, the
city decides to shut down the first-phase units. At the same time, the second phase of the
power plant is reformed for heating, and the coal-fired heating boiler is shut down.

(2) In order to save energy and reduce emissions, the city transforms the second-phase
units into cogeneration units, using the waste heat generated by the power plant to heat the
city, which greatly improves the efficiency of the power station and reduces carbon emissions.
At present, the heating area is 15.88 million square meters, and the energy saving effect is
remarkable. However, after the transformation of the cogeneration unit, in order to ensure the
normal heating of the city and the safety of the pipeline, the adjustability of the unit is greatly
reduced. Table 1 shows the heating situation of the second-phase units of the power plant
after heating transformation, and Table 2 shows the output constraints during heating.
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Table 1. The heating situation of the thermal power plant.

Installed Capacity Heat Supply (t/h) Remark

(MW) The off-peak period of heating The peak period of heating Try not to adjust the output during heating
2 × 330 680 1060

Table 2. The output constraints during heating.

Minimum Operating Mode Allowed (MW) Maximum Operating Mode Allowed (MW)

The off-peak period of heating The peak period of heating The off-peak period of heating The peak period of heating
2 × 165 2 × 225 2 × 260 2 × 240

The relationship between coal consumption and the output of each thermal power
unit is:

B = ap2 + bp + c (19)

In the formula, a = 0.525, b = 55.41, c = 468.2, B is coal consumption(kg/h), and p is the
output of a unit (MW).

(3) The city is very rich in wind energy resources, and the city vigorously develops
wind power generation. At present, the installed capacity of wind power has reached
1350 MW. The output of wind power is very unstable with intermittent, random charac-
teristics. The output of wind power varies greatly, which requires great reliability of the
power grid.

(4) The following Figure 3 shows the 15-day electricity load curve and wind power
output curve of the power grid. As can be seen from the figure, the volatility of wind power
is very strong, and the output of wind power and the load power of the grid are seriously
mismatched, so that the goal of accepting a high proportion of wind power in the grid
cannot be achieved by relying on traditional energy sources.
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The relationship between coal consumption and the output of each thermal power 
unit is: 

2= + +B ap bp c  (19)

In the formula, a = 0.525, b = 55.41, c = 468.2, B is coal consumption(kg/h), and p is the 
output of a unit (MW). 
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grid. 
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Figure 3. Power load and wind power output.

(5) In order to solve the problem of large installed capacity of wind power in the city,
strong output variability, the low adjustability of cogeneration units, and urban heating’s
strict restrictions on the output of cogeneration units, it is decided to lease a pumped-
storage power station in another system to achieve the goal of the combined operation of
thermal power, wind power, and pumped-storage power.

(6) The pumped-storage power station is a cascade hybrid pumped-storage power station.
The pumped-storage power station is built by using the reservoirs of two cascade hydropower
stations in a certain basin by building new reversible units and underground powerhouses.
At present, the remaining 4*300 MW reversible hydraulic turbines can be rented. The upper
reservoir is an annual regulating reservoir with a normal storage level of 710 m, a dead water
level of 690 m, and an average water level of 700 m. Considering the scheduling of the upper
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reservoir, the available power generation storage capacity of the pumped-storage power
station is 36.6 million m3. The lower reservoir is a daily-regulating reservoir, and the water
level is kept at 310 m during normal operation. The pumped-storage power station currently
allows a maximum energy storage value of 38,857 MWH.

4.2. Results and Analysis
4.2.1. The Off-Peak Period of Heating

(1) Pumped-storage power station not involved in operation

When the city temperature is not very low, the combined thermal power unit is in the
operation state of the off-peak period of heating.

It can be seen from Figure 4 that if there is no pumped-storage power station in
operation, wind curtailment and power rationing will be severe. According to numerical
calculation, at this time, the power rationing is 46,834.76 MWH, accounting for 3.99% of the
total demand, and the wind curtailment reaches 58,518.275 MWH, accounting for 39.17%
of the total wind power generation capacity. On the one hand, the reliability of the power
grid is insufficient, and on the other hand, a large amount of clean energy is wasted.
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Figure 4. The situation of wind curtailment and power rationing without the pumped-storage power
station during an off-peak period of heating.

(2) Pumped-storage power station involved in operation

1©. The operation of pumped-storage power
Figure 5 shows the output of the pumped-storage power station and the energy

stored in reservoir, which is the operation of the pumped-storage power station during the
off-peak period of heating.
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Figure 5. Operation of pumped-storage power station in heating off-peak period.
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2©. The load composition
As shown in Figure 6, the output of the thermal power plant was relatively stable at

this time, and the average output of the thermal power plant was 444 MW. During the
period of off-peak heating, the pumped-storage power station operates jointly with wind
power, absorbing wind power and participating in the peak regulation of the power grid,
which plays an important role in the stable operation of the heat network and the efficient
operation of the thermal power plant.
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Figure 6. The load composition in heating off-peak period.

3©. The capacity of the pumped-storage power station
As shown in Figure 7, when the pumped-storage power station is running while

the output of the thermal power plant is stable and the power rationing of the grid is 0,
the maximum output of the pumped-storage power station under the power generation
condition should be reached at 755 MW, and if the wind curtailment of the grid is 0, the
maximum pumping power of the station is 1132 MW. If there is no wind curtailment or
power rationing, the pumped-storage power station should have a capacity of 1132 MW.
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Figure 7. Input capacity and curtailment of wind and power rationing in the off-peak period of heating.

4.2.2. The Peak Period of Heating

When the temperature of the city is low, the combined heat and power unit is operating
in the peak heating period.

(1) Pumped-storage power station not involved in operation
As can be seen from Figure 8, if there is no pumped-storage power station in operation,

the wind curtailment and power rationing during the heating peak period are also severe.
According to the numerical calculation, at such a time, the power rationing of the grid was
53,780.53 MWH, accounting for 4.60% of the total demand (3.99% in the heating off-peak
period), and the wind curtailment reached 77,656.323 MWH, accounting for 51.99% of the
total wind power generation (heating peak period 39.17%); the power operation at this
time was more severe than the heating peak period.
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Figure 8. The situation of wind curtailment and power rationing without pumped-storage power
station during peak period of heating.

(2) Pumped-storage power station involved in operation
1©. The operation of pumped-storage power Figure 9 shows the output of pumped-

storage power station and the energy stored in reservoir, which is the operation of pumped-
storage power station during peak period of heating.
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Figure 9. Operation of pumped-storage power station in heating peak period.

2©. The load composition
Figure 10 shows the composition of the load during heating peak period. As shown in

Figure 10, after the pumped-storage power station participates in operation, the output of
the thermal power plant is relatively stable, with an average output of 450 MW.
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3©. The capacity of the pumped-storage power station
As shown in Figure 11, when the pumped-storage power station is running while the

output of the thermal power plant is stable, and the power rationing of the system is 0,
the maximum output of the pumped-storage power station under the power generation
condition should reach 750 MW. In addition, if the wind curtailment of the system is 0, the
maximum pumping power of the pump is 1138 MW. Only when the input capacity of the
pumped-storage power station is greater than or equal to 1138 MW can the grid be free
from wind curtailment and power rationing.
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4.2.3. Statistical Analysis
Algorithms for Solving the Models

Reference [15] has demonstrated that for small-scale systems (less than eight power
plants in the system), dynamic programming has advantages in speed and accuracy. In
order to verify the accuracy of the improved dynamic programming algorithm, the model
was solved by using the improved dynamic programming algorithm and the unimproved
dynamic programming algorithm, and then compared the obtained results. The comparison
results were mainly the wind curtailment and power rationing during the peak period of
heating and the off-peak period of heating.

It can be seen from Table 3 that when the pumped-storage power station is put
into the same capacity, the improved dynamic programming algorithm can minimize the
wind curtailment and power rationing, while the unimproved dynamic programming
algorithm cannot simultaneously minimize the wind curtailment and power rationing.
This reflects that when solving multi-objective problems, making the value of final state
variable dynamic and adding penalty function are indeed huge improvements to the
dynamic programming algorithm. In addition, the improved dynamic programming
algorithm shows achievability in solving the model and is feasible. By exploring the results
of reference [14] and whether to improve dynamic programming, this paper believes that
for this small-scale system (the number of power plants in the system is less than eight),
the algorithm is feasible compared to other existing algorithms, and the results obtained
are also accurate.

Table 3. Related indicators for unimproved and improved dynamic programming.

Method Unimproved Dynamic Programming Improved Dynamic Programming

Related indicators Wind curtailment Power rationing Wind curtailment Power rationing

The off-peak period of heating 10,653 286 0 0

The peak period of heating 25,523 0 0 0

The Models

It can be clearly seen from the Table 4 that when there is no pumped-storage power
station to participate in the operation of the power grid, both the wind curtailment and
the power rationing account for a large proportion. If it is in the peak period of heating,
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the proportion of abandoned wind power will reach nearly 52%, and the power limit will
account for 4.6%. At this time, not only a large amount of clean wind power is wasted, but
the normal power supply of the city cannot be satisfied. When the pumped-storage power
station is added to the power grid, whose maximum pumping power of the pumped-storage
power station reaches 1138 MW and maximum pumping power reaches 755 MW, the wind
curtailment and the power rationing of the grid can be reduced to 0, which makes wind power
an important power source for the power grid. In addition, the output of the thermal power
plant is very stable, which ensures the safety of urban heating. This proves that the model
proposed in this paper can improve the ability of the grid to accept new energy under the
condition of ensuring the power demand and meeting various constraints.

Table 4. Quantitative analysis.

Whether There Is Pumped-Storage
Power

Wind Curtailment
(MWH) Ratio of Total (%) Power Rationing

(MWH) Ratio of (%)

not involved in
off-peak period 58,518.275 39.17% 46,834.76 3.99%

peak period 77,656.323 51.99% 53,780.53 4.60%

involved in
off-peak period 0 0.00% 0 0.00%

peak period 0 0.00% 0 0.00%

However, the utilization rate of the units of the pumped-storage power station un-
der different working conditions is extremely unbalanced. If wind power is to be fully
consumed, more capacity needs to be invested. If the rental cost of the pumped-storage
power station is high, the wind curtailment can be reduced to improve the utilization rate
of pumped-storage power and ensure the economic operation.

5. Conclusions

Increasing the use of renewable energy sources is one of the strategic objectives of
the European Union. In this paper, an optimal dispatch model of the multi-energy power
system is established, and dynamic programming is used to solve the low-carbon operation
scheme of the power grid. Aiming at the shortcomings of the dynamic programming
method, the penalty function and the dynamic method of state variables are introduced,
which are used in the solution process of dynamic programming. Through case study, the
following conclusions can be obtained:

(1) Aiming at the minimum coal consumption of the power grid, this paper established
an optimal dispatch model of the multi-energy power system, which is composed of thermal
power, wind power, and a pumped-storage power station. Through the demonstration of
case study, the model could coordinate the output of various energy sources in the system,
especially solving the high proportion problem of wind power consumption, and it had a
good promotion and application value.

(2) The dynamic programming method is used to solve the model in this paper. We
found that for small-scale systems (the number of power plants in the system is less than
eight), the process of dynamic programming is fast and can obtain the global optimal
solution, and it can complete the multi-goal solution according to the actual situation. The
solution considers the actual operation of the power grid, which not only fully absorbs
new energy power, but also fully guarantees the power demand and achieves a win–win
situation. This shows that the improved dynamic programming algorithm is feasible in
solving multi-objective problems, and the obtained results are also accurate.

(3) Through the above analysis of the case study, it is evident that the pumped-storage
power station is an effective means to promote the absorption of new energy. When the
number of power plants in the system is less than eight, this model can be solved with the
improved algorithm to determine the appropriate capacity of the pumped-storage power
station, absorbing the high proportion of wind power while ensuring power demand.



Energies 2022, 15, 6819 16 of 17

(4) In addition, through calculation, it is found that during operation, the penalty
factor of wind curtailment and power rationing can be adjusted according to the situation,
so as to realize the economical operation of the power grid.
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