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Abstract. Under the background of “Carbon Peak, Carbon Neutralization”
national strategic carbon reduction goal, establishing an appropriate carbon trad-
ing mechanism is an effective way to achieve carbon reduction. This paper estab-
lishes an optimal model of economic and environmental dispatching for a virtual
power plant (VPP) which contains energy storage, gas turbine, wind power and
photovoltaic generation when it participates in carbon trading. Firstly, the carbon
trading mechanism is introduced, and the scenario generation method considering
the uncertainty of wind power based on Gaussian kernel function theory is formed
to get the classical scene curve of wind power. Then, a mixed integer quadratic
programming model for coordinated dispatch of distributed power and energy
storage in VPP under carbon trading environment is established with the objective
of minimizing the total cost of VPP. Finally, the example validation shows that
the model reduces the total cost and total carbon emissions of the system, greatly
improves the consumption of clean energy, and makes the scheduling of virtual
power plants take into account both economic and environmental benefits.

Keywords: Distributed energy · Virtual power plant · Carbon trading · Optimal
scheduling

1 Introduction

In order to achieve the goal of “carbon dioxide” and build a clean economy and sustain-
able energy-saving society, the electric power industry is facing enormous pressure of
carbon emission reduction. Therefore, introducing the concept of “low-carbon economy”
into the power industry, taking into account the energy saving and emission reduction
targets in the operation and dispatch of power systems, is of great significance to the
realization of “dual-carbon” goals [1].

Virtual power plant is a special power plant containing renewable energy, interrupt-
ible load, energy storage, electric vehicle and other power resources. It aggregates a large
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number of scattered power sources or loads, and makes it participate in the operation of
power system and power market as a whole without changing the grid connection mode
of distributed power generation [2]. If the carbon emission in the production process of
equipment is not considered, there is almost no carbon emission in the power generation
process of wind power and photovoltaic generator units in VPP. For energy storage, if
the wind power or photovoltaic power generation during the low load period is used for
charging, it can also significantly reduce carbon emissions. VPP can achieve economic
benefits and reduce carbon emissions objectively by reasonably allocating distributed
resources and optimizing operation [3].

There are some research reports on the low-carbon operation of power system at
home and abroad. Reference [4] introduced carbon emission quota into power system
economic dispatching to improve the environmental protection of power system with a
large number of distributed generators, and limited carbon emission with rigid indica-
tors. Reference [5] constructs a power system optimization model considering carbon
emissions, and uses the weight value to make a reasonable compromise between the
optimization of energy conservation and emission reduction. Reference [6] optimized
the scheduling of economic and environmental benefits when VPP with electric vehicles
participates in green card trading, and proved that the large-scale application of elec-
tric vehicles in VPP can produce obvious environmental benefits. Reference [7] added
excessive emission penalty in the design of low-carbon framework to better control
carbon emissions. These references focus on the mandatory restriction, quota and pun-
ishment of carbon emissions in the traditional optimal dispatching of power system, but
rarely quantify the value of carbon emission rights, and combine the carbon emission
rights with environmental protection and economy. In the VPP with flexible operation
and rapid output adjustment, the introduction of carbon trading mechanism to promote
low-carbon emission reduction also has a large gap in the research related to this aspect.

On the other hand, with the rapid development of energy storage technology, the
restriction degree of energy storage participating in power system regulation by capac-
ity and cost is also decreasing. In recent years, it is generally believed that distributed
energy storage is a high-quality adjustable resource of virtual power plant. Reference
[8] combined with a wind storage system demonstration project, proposed the operation
mode of energy storage system based on commercial VPP, and established a stochastic
optimal scheduling model including wind light water storage with the goal of maxi-
mizing the revenue of VPP. Reference [9] establishes two distributed energy storage
models of grid connected energy storage and user side energy storage, and optimizes
the scheduling of virtual power plant resources based on the day ahead market time
of use price. Reference [10] analyzes the operation mode of VPP composed of energy
storage equipment and distributed wind power participating in system economic optimal
dispatching. The above literature shows that the addition of energy storage in VPP can
effectively suppress the impact of the uncertainty of wind and solar output and improve
the consumption of clean energy, but it is less involved that energy storage can also
replace some gas turbine output in the carbon trading environment, which has the func-
tion of improving the environmental protection of VPP as a rapid response unit in the
system.
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In summary, on the basis of the existing research, this paper constructs an output
scenario considering the uncertainty ofwindpower byusing the kernel density estimation
method based on the Gaussian kernel function. A virtual power plant dispatch model
with distributed power supply and storage synergy under the carbon trading environment
is established by introducing the carbon rights tradingmarket environment. The example
results verify that the model proposed in this paper can effectively improve the economic
and environmental benefits of VPP.

2 Carbon Trading Mechanism and Scenario Generation

2.1 Carbon Trading Mechanism

Carbon trading, also known as carbon emission rights trading, is amarket-basedmeasure
to achieve energy conservation and emission reduction goals. Carbon emission rights
trading practice is generally a carbon emission rights trading system, in which the rele-
vant government agencies set the total amount of emissions in one or more industries,
and issue a certain number of tradable quotas within the total amount. Generally, each
quota corresponds to one ton of carbon dioxide emission equivalent. This paper uses the
baseline method to determine the carbon trading quota of VPP [11].

For VPP including gas turbine, wind power and photovoltaic power generation, the
carbon trading quota in period t can be obtained by Eq. (1).

MD,t =
N∑

i=1

εPi,t (1)

In the formula, N is the total number of generator units in the studied VPP. Pi,t is
the active output of generator set i at time t; ε is the distribution coefficient of VPP unit
electricity emission, which is determined according to the “ regional power grid baseline
emission factor “ issued by the national development and Reform Commission [12].

VPP can make a profit by selling emissions that do not meet the carbon emission
quota. If the actual carbon emission of VPP in this period is higher than the carbon
emission quota, the carbon trading fee shall be paid to purchase the emission quota.
Carbon trading revenue is expressed as follows:

ICt = kC(QQ
t − QN

t ) (2)

QQ
t = γ CPG

t (3)

In the formula, ICt is the income of carbon trading market; kC is the carbon trading

price; QQ
t is the carbon emission quota of gas turbine unit in t period; QN

t is the net
emission of gas turbine unit in t period; γ C is the carbon emission benchmark limit per
unit of electricity [13]; PG

t is the net output of gas turbine unit in t period.
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2.2 Scenarios Generation Considering Scenery Uncertainty

VPP contains a large number of intermittent distributed power sources such as wind and
photovoltaic, and its output power has strong randomness and uncertainty. If the wind
and solar output data of a single historical day is selected to verify the feasibility of the
model, it lacks scientific rigor and credibility. Because the scenario analysis method can
clearly describe the probability distribution of uncertainty and better retain the statistical
characteristics of wind and solar output data, it has become one of the main methods
to deal with the uncertainty of wind and solar power generation. This paper describes
the uncertainty of the scenery by generating the classical scene method with probability
information, establishes the probability density function of the historical scenery output
data and samples it to obtain the whole scene set with huge dimension, and then forms
the classical scene set through the scene reduction technology.

The specific steps of scene generation are as follows.

(1) Based on the historical n-day wind and solar output data, the sampling period is
1H, and the nuclear density estimation method is used to establish the probability
density function of fan and photovoltaic output in each period of 24 h, as follows:

⎧
⎪⎪⎨

⎪⎪⎩

fh,t(xt) = 1
nh

n∑
d=1

G
(
xt−Xd ,t

h

)

fh,t(yt) = 1
nh

n∑
d=1

G
(
yt−Yd ,t

h

) (4)

In the formula, h is the time scale; Xd ,t is the fan output in t period of day d; Yd ,t is
the photovoltaic output in t period of day d; G is selected as Gauss kernel function.

(2) The joint probability distribution function of wind and photovoltaic output is sam-
pled for each period, and the sample output of fan and photovoltaic is obtained by
inverse transformation, and the set C of the initial scene is obtained.

(3) Set the probability of scenario Pi
f and P

j
f in C as πi and πj respectively, and define

the distance between scenarios as
∥∥∥Pi

f − Pj
f

∥∥∥
2
. Use synchronous backdating tech-

nology based on probability distance to reduce the scene and form a classical scene
set[14]. The steps of the synchronous substitution reduction technique are shown in
Fig. 1.
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Fig. 1. Flowchart of synchronous generation reduction method

If the classical scene set is J, including S scenes and the deleted scene set is J’, the
optimal scene reduction set is satisfied:

min

⎧
⎨

⎩
∑

i∈J ′
πi min

∥∥∥Pi
f − Pj

f

∥∥∥
2

j∈J

⎫
⎬

⎭ (5)

3 Carbon Trading Mechanism and Scenario Generation

3.1 VPP Composition Unit

The composition diagram of VPP system proposed in this paper is shown in Fig. 2,
including gas turbine unit, wind turbine unit, photovoltaic unit, electric energy storage
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and electric load. In VPP, if the output of gas turbine unit, wind turbine unit, photovoltaic
unit and electric energy storage cannot meet the demand of electric load, purchase
electricity from the power grid through the electric energy market; If the output of wind
turbine and photovoltaic unit is not fully absorbed, the electric energy storage will be
charged and stored. When the electric energy storage reaches the upper limit of capacity,
the phenomenon of wind and light will be abandoned. The carbon emissions in the
VPP system are mainly generated by gas turbine units. According to the actual carbon
emissions, sell carbon rights in the carbon trading market for profit or purchase excess
carbon rights.

power grid

Electric energy 
storage

Photovoltaic  
station

Wind turbine

Stored electric 
energy

Gas turbine 
unit

wind and 
solar power 
curtailment 

Electric load

Carbon trading 
market

Certified Emission 
Reduction

Fig. 2. Composition diagram of VPP system

By installing energy storage equipment and cooperating with distributed power gen-
eration, this paper can fully make up for the impact of wind and solar output uncertainty
and fluctuation, and ensure the reliability of VPP output and operation.

3.2 Optimization Objectives

In order to reflect the economy and environmental protection of VPP, this paper takes the
minimization of the net operation cost of VPP taking into account the carbon emission
cost as the optimization objective. The decision variables include gas turbine output,
wind power photovoltaic output, electric energy storage charge and discharge power
and market power purchase. The objective function is as follows:

min
T∑

t=1

(CF
t − ICt + CW

t + CV
t + CES

t + CM
t ) (6)

In the formula: the objective function consists of 6 parts, namely gas turbine fuel
cost CF

t , carbon asset market income ICt , wind turbine operation and maintenance cost
CW
t , photovoltaic power generation equipment operation and maintenance cost CV

t ,
energy storage use cost CES

t , energy market power purchase cost CM
t , and T is the total

dispatching time. The specific expression of each part is as follows:
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1) The fuel cost of gas turbine is [15]:

CF
t =

l∑

i=1

(
af + bf PG

t + cf (PG
t )2

)
(7)

In the formula, af , bf , cf are the fuel cost coefficient; l is total number of gas turbines.
2) The expression of carbon asset trading income is shown in Eqs. (2)–(3). In this

paper, carbon emissions are mainly caused by gas turbines, where:

QN
t =

l∑

i=1

(λiP
G
t ) (8)

In the formula, λi is the carbon emission correlation coefficient of gas turbine.
3) The use cost of energy storage includes two parts: investment cost and operation

and maintenance cost, which can be expressed as:

CES
t = Ccapital + COM

t (9)

COM
t = cES(P

ESC
t + PESD

t ) (10)

In the formula:Ccapital is the investment cost [16], which is related to the average life
of the energy storage manufacturer, which is a fixed value in the calculation example.
COM is the operation and maintenance cost. cES is the operating cost per unit of energy
storage. PESC , PESD is the charge and discharge power of electric energy storage.

4) The operation and maintenance cost of the fan during daily operation is:

CW
t = λ1P

W
t (11)

In the formula: PW
t is the wind power output in t period; λ1 is the unit maintenance

cost of wind power.
5) The operation and maintenance cost of PV during daily operation is:

CV
t = λ2P

V
t (12)

In the formula: PV
t is the photovoltaic output in t period; λ2 is the unit maintenance

cost of photovoltaic.
6) When the power is insufficient, VPP can be purchased from the power grid to

meet the power load demand. The expression of power purchase cost in power market
is as follows:

CM
t = kEMt PEM

t (13)

In the formula: PEM
t is the power purchase in the power grid in period t; kEMt is the

power purchase price of power grid in period t.
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3.3 Constraint Condition

The constraints are as follows:

1) Electric power balance constraint.

PG
t + PW

t + PV
t + Ptn.ES = PEL

t − PEM
t (14)

In the formula: PEL
t is the electrical load in t period.

2) Output and climbing constraints of gas turbine unit.

PG,min ≤ PG
t ≤ PG,max (15)

∣∣∣PG
t+1 − PG

t

∣∣∣ ≤ �PG (16)

In the formula: PG,max, PG,min are the upper and lower limits of gas turbine unit
output respectively; �PG is the climbing rate constraint of gas turbine unit.

3) Electric energy storage constraint.

The charging and discharging of energy storage is mainly affected by the charging state
of energy storage. In this paper, the power loss of electric energy storage is considered,
and its constraints are as follows:

SESt = SESt−1(1 − σES) + ηESCPESC
t − PESD

t

ηESD
(17)

0 ≤ PESC
t ≤ PESC,maxμESC

t (18)

0 ≤ PESD
t ≤ PESD,maxμESD

t (19)

0 ≤ μESC
t + μESD

t ≤ 1 (20)

SES,min ≤ SESt ≤ SES,max (21)

SES0 = SES24 (22)
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In the formula: SESt is the storage capacity of electric energy at the end of t period.
σES is the electric loss rate of electric energy storage; ηESC , ηESD are the charging and
discharging efficiency of electric energy storage; PESC,max, PESD,max are the maximum
value of charge and discharge power respectively; Boolean variables μESC

t and μESD
t

respectively indicate whether the electric energy storage in t period is discharged. If yes,
set 1, otherwise set 0; SES,max, SES,min are the maximum and minimum power storage
capacity respectively; SES0 , SES24 are the beginning and end value of the energy storage
battery in a day.

4) Wind and solar output constraints

0 ≤ PW
t ≤ PW ,max (23)

0 ≤ PV
t ≤ PV ,max (24)

In the formula: PW ,max, PV ,max are the maximum available output of scenery.

3.4 Model Solving

The 24-h power dispatching model in this paper is a mixed integer quadratic pro-
gramming (MIQP) problem with complex constraints and high-dimensional variables.
YALMIP is a toolbox suitable for solving planning problems in MATLAB, and CPLEX
is a commercial solver for solving MIQP problems. In this paper, YALMIP/ CPLEX
solver is used to solve the optimization model.

4 Example Analysis

4.1 Example Description

In order to verify the model proposed in this paper, the dispatching period is divided
into 24 h. The VPP constructed contains 7 × 2 MW wind power cluster, 6 × 2 MW
photovoltaic cluster and 3 × 2 MW gas turbine units. Among them, gas turbine unit 1st
is a low-carbon unit with high operation cost, and the operation parameters of gas turbine
unit are shown in Table 1. In this paper, the historical output data of wind power stations
in a southern region for half a year are selected as wind power output samples, and the
sampling interval is 1H. The parameters of each unit are given in Appendix Table A1,
and the carbon quota is determined by the method in Sect. 2.1 of this paper. The typical
daily load curve is shown in Fig. 3.
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Fig. 3. Typical daily load curve

Table 1. Parameters of gas turbines

Gas
turbine

af /yuan bf /(yuan·MW−2) cf /(yuan·MW−1) CO2 emission
intensity/[kg·(MW·h)−1]

1 30.0 70.21 1.2 560

2 20.0 68.80 1.0 960

3 20.0 68.80 1.0 960

4.2 Scenarios Generation Results Considering Scenery Uncertainty

Using the scene generation method proposed in Sect. 2.2 of this paper, the selected
scenery output data makes an appropriate compromise between reducing the amount
of calculation and retaining the output characteristics, and the number of scenes in the
scene reduction is 5. The output curve of each scenario and the corresponding prob-
ability information are shown in Fig. 3. The wind and photovoltaic output conditions
meet the unit output constraints. Applying the scene generation results to the day-ahead
scheduling model can better reflect the uncertainty of the wind output and make the
model more reliable.

4.3 Comparison Scheme Construction and Scheduling Analysis

In order to compare, measure and analyze the impact of the introduction of carbon
rights trading market and different capacity energy storage on the operation cost of VPP,
scheme 2 and scheme 3 are set as comparison schemes, as shown in Table 2.
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Fig. 4. Scenarios generation results

Table 2. Three different compositions of VPP.

Scheme Carbon trading market Energy storage capacity/MW

1
√

12

2 × 12

3
√

6

The Sect. 4.2 wind turbine and photovoltaic output scenarios are one-to-one substi-
tuted into the 4.1 section of the example description. Based on the weighted weighting
of their respective probabilities, the optimization results satisfying the constraints are
obtained. According to the three schemes, the comparison of the benefit and partial cost
results and the dispatch results are obtained as shown in Tables 3 and 4, respectively.
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Table 3. Comparison of profit and cost result.

Scheme Carbon trading
income/102¥

Wind and solar
power casting
cost/102¥

System
maintenance
cost/102¥

Total system
cost/102¥

1 2.219 0 354.625 616.207

2 –6.132 0 354.625 625.856

3 –17.176 60.181 291.463 685.094

Table 4. Comparison of scheduling results.

Scheme Output of 1 gas
turbine/MW

Carbon emissions/t Energy market
electricity
purchase/MW

Amount of
abandoned wind
and solar/MW

1 16.714 29.416 1.500 0

2 11.206 31.613 1.500 0

3 18.109 34.528 1.589 5.471

Compared with scheme 2, scheme 1 realizes the VPP framework for the coordinated
operation of gas units and wind power storage under the environment of carbon rights
trading. It can be seen from Table 3 that due to the consideration of carbon emission
cost, the dispatched output of gas turbine 1 with low carbon emission intensity per unit
power is higher. In a scheduling cycle, scheme 1 reduces carbon emissions by 2.197t
compared with scheme 2, so it also obtains positive benefits from the carbon trading
market. However, the need to purchase carbon emission rights in scheme 2 increases the
cost of VPP, which reduces the total cost of scheme 1 by 835.1 ¥ compared with scheme
2, so that the overall benefits and environmental protection characteristics of scheme 1
VPP are better.

Compared with scheme 3, scheme 1 uses a higher capacity energy storage device,
which increases the investment cost and operation and maintenance cost of scheme 1,
but sufficient energy storage capacity realizes the flexible allocation of power resources
in the VPP, so that the photovoltaic output of clean energy fans in the VPP is fully
absorbed. Due to the insufficient energy storage capacity of scheme 3, it is impossible to
store all the wind and light output in the low load period, resulting in the phenomenon of
abandoning wind and light. In addition, the electric energy provided by wind and light
storage is limited in the peak load period, so VPP has to call more gas turbine output,
which increases the carbon emission of scheme 3 by 5.112t and the cost by 59.89 × 102

¥ compared with scheme 1, resulting in the poor benefit and environmental protection
of VPP with insufficient energy storage capacity of scheme 3. It is worth noting that in
schemes 1 and 2, the wind and light abandonment is 0, so it is meaningless to continue
to increase the energy storage capacity, which will only increase the system investment
cost and operation and maintenance cost, and damage the economy of VPP.
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To sum up, scheme 1 of the VPP model proposed in this paper introduces the car-
bon rights trading environment, configures the electric energy storage with appropriate
capacity, and cooperatively optimizes the scheduling with gas turbine and wind power
photovoltaic, which can reduce the net cost and carbon emission of VPP, promote the
consumption of clean energy and suppress the impact of load fluctuation, making VPP
both economic and environmental.

4.4 Analysis of VPP Optimal Scheduling Results

According to the example simulation of the proposed model, the output and power
purchase of each unit in scheme 1vpp are shown in Fig. 5, and the storage, discharge
and energy storage of energy storage device are shown in Fig. 6.
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Fig. 5. Optimized scheduling results of VPP
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It can be seen from Fig. 5 and Fig. 6 that during the period from 1 to 5, there is almost
no output of photovoltaic at this time, the output of wind power is large and the load
demand is small. At this time, the output of gas turbine does not change with the load,
and the load demand can be met as long as it is kept near the minimum output power.
After the wind power meets the load demand, the surplus is stored by the energy storage
device, and the electric energy in the electric energy storage is increased. If there is no
energy storage device in the VPP, the abandoned wind is mainly concentrated in this
period.

During the 6–9 period, the load demand began to increase. Although the wind power
output decreased slightly, the photovoltaic output began to show an upward trend, and
the clean energy output can still meet the load demand. The electric energy storage
continues to be charged, and the charging amount per unit time is lower than before. If
there is no energy storage device in VPP, the light rejection is mainly concentrated in
this period.

During the period of 10–13, the fan output generally shows a decreasing trend. The
photovoltaic output reaches the output peak at noon, while the load demand increases
rapidly, and the load curve has the first peak. VPP needs to call more gas turbine output
to achieve electric energy balance. However, since this paper takes into account the
economic and environmental protection VPP of carbon rights trading, the output of gas
turbine should be reduced as much as possible, At this time, the energy storage discharge
is used to make up for the insufficient output of the distributed generation.

During the period from 14 to 17, the photovoltaic output remains at a high level. At
this time, the load demand drops, the electric energy storage is charged, and the electric
energy in the energy storage is increased to the maximum capacity.

During the period of 18–21, the power load demand reaches the second peak and
reaches the maximum load demand. The wind power output increases slightly and the
photovoltaic output gradually decreases to zero. At this time, the stored energy is used to
output electric energy at the maximum power. As there is still a power gap, VPP adopts
the way of increasing the output of gas turbine and purchasing power from the power
grid to meet the load demand. The carbon emission of VPP is mainly concentrated in
this period.

During the period of 22–24, the load demand decreases significantly, the wind
power output continues to increase, the photovoltaic output stops, the gas turbine out-
put returns to the minimum output state, and the energy storage returns to the initial
state of dispatching after one dispatching cycle, so as to prepare for the next round of
dispatching.

To sum up, based on the optimal dispatching model and method of virtual power
plant with carbon rights trading considering the coordination of distributed generation
and energy storage proposed in this paper, the flexible coordinated dispatching and
complementarity of power resources can be realized. Taking into account the uncertainty
of scenery, this paper uses the classical scenario construction method to enhance the
reliability of the model, and then combined with the energy storage resources with
appropriate capacity, transfers the period of high power generation and low power load
of distributed clean energy to the period of low power generation and high power load
of distributed clean energy, so as to achieve the supply-demand balance between source
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loads and complete the full consumption of distributed clean energy. At the same time,
in the carbon trading environment, during the energy storage and discharge period, the
output of the gas turbine and the power purchase of the power grid are reduced, the
non environmental phenomenon that the gas turbine is consistent with the load change
trend in order to quickly respond to the wind and rain fluctuation under the traditional
regulation measures is avoided, and the final dispatching structure of the established
model takes into account the economy and environmental protection, which further
proves the effectiveness and rationality of the model established in this paper.

5 Conclusion

In the environment of introducing carbon rights trading, considering the uncertainty
of scenery, this paper establishes a virtual power plant model with energy storage and
multiple distributed generators, studies its scheduling strategy, and draws the following
conclusions.

(1) By considering the scene generationmethod of uncertain output of scenery, the char-
acteristics of scenery output of original data are strengthened, the impact of fluctu-
ation of scenery output on the rationality and reliability of the model is effectively
reduced, and the model effect verified by an example is highlighted.

(2) By introducing the carbon trading environment,VPPcanbe encouraged to configure
energy storage devices, so as to improve the solar energy consumption capacity,
alleviate the contradiction between the output of distributed generation and the
demand of electric load, and improve the regulation ability of VPP in response
to the change of output of distributed generation. Under the influence of carbon
emission cost in the carbon trading environment, VPP improves the output level
of low-carbon units, reduces the total carbon emission, and sells excess carbon
rights to improve income, reduce cost, and improve the economy and environmental
protection of VPP.

There are many directions and contents of collaborative multi resource optimal
scheduling in VPP, which are worthy of further research. In the following research
work, we will select the scenery data with longer historical period for scene generation,
and study the selection method of the optimal energy storage capacity. At the same time,
the composition of the comprehensive evaluation index system for the regulation results
of VPP in the carbon trading environment is also the focus of further research.
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Appendix A

Table A1. VPP unit parameters

capitalC
/yuan·M

W-1

ESc
/(yuan/(MW·

h))

1 /(yuan/(MW·
h))

2 /(yuan/(MW·
h))

,minGP /M
W

1000 40 80 65 0.3

,maxGP /MW
GP /MW

ES ESC ESD

2 1 0.001 0.95 0.95

,maxESCP /MW
,maxESDP /MW

,maxESS /MW
,minESS /MW 0

ESS
/MW

3 2 12 0.5 0.5

,maxESCP /MW
,maxESDP /MW

,maxESS /MW
,minESS /MW 0

ESS
/MW

3 2 12 0.5 0.5

Ck /yuan·kW-1
C

/ kg·kW-1

0.38 1.1
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