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1. Introduction 
Hydro-thermal power replacement needs to con-

sider various indicators effectiveness of unit output 
arrangement scheme in the energy saving and low 
cost targets. In these indicators effectiveness, hydro-
power units’ integrated power performance value 
have a higher rank, so we need make hydropower on 
the grid for achieving many goals. However, hydro-
power units’ generation is constrained by the amount 
of inflow water after guaranteed living water and 
industrial process water, and arranging waterproof 
generation [1]. Reservoir’ inflow water which is in-
fluenced by seasons and periods isn’t fixed value, so 
it makes hydro-thermal scheduling have great uncer-
tainty. Therefore, we need optimize hydro-thermal 
scheduling through related risk control tools, and the 
paper builds hydro-thermal generation replacement 
model by applying multi-objective CVaR theory [2].

Hydropower generation cost is relatively low, ther-
mal power plant annual operating costs approximately 
is ten or fifteen times of the same capacity hydropow-
er plant; hydropower ramp rate approximately is ten 
times of thermal power, and hydropower adjustable 
handle capacity is 0~100%, but thermal power adjust-
ment handle capacity is about 50%~100%. Therefore, 
thermal power units can achieve load increase and de-
crease task, and adjust the demand of load change. 
However, hydropower units have greater influence by 
seasons, so we can reduce difficulty which electric-
ity load changes for peaking demand through hydro-
thermal power generation replacement [3-5].

Value at Risk (VaR) is the product of measure-
ment of financial investment risk. It is risk measure-
ment technology based on statistical analysis, and it 
can measure the market risk of different trading and 
different business, conductive to risk size comparison 
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between different business sectors. Multi-objective 
CVaR theory is another new measure of risk based 
on VaR theory. it not only absorbs VaR’ features like 
intuitive, objective, and effective, but also overcomes 
some defects of VaR [4-6]. 

To analysis the risk that load demand’s uncertain-
ty would bring, this paper introduced multi-objective 
CVaR method and built a hydro-thermal joint sched-
uling optimization model. In the optimization model, 
minimize power generation cost, minimize pollutant 
emission and maximize storage capacity of the hydro-
power station are optimization objectives. To solve 
the proposed model, this paper used rough set the-
ory to weight the multi-objective function. Then the 
model was transferred into a multi-objective CVaR 
model. Finally, this paper did a simulation based on 6 
thermal plants and 3 cascade hydropower stations to 
verify the effectiveness and feasibility.

2. Multi-objective CVaR theory
2.1. VaR and CVaR method
Assuming ( ),x yp presents revenue function of 

portfolio vector x , nx R∈ , my R∈ is random vector, 
presents uncertainty investment factor of portfolio, 
assuming probability density function was ( )p y , for 
any x , the distribution of ( ),x yp would be:

	
( ) ( )

( ),
, dy

x y
x p y

p ≤ξ
ψ ξ = ∫ 	  (1)

The formula is no increasing, right continuous 
function about ξ . For any confidence level [ ]0,1η∈ , 
revenue VaRη− is:

	 ( )( ) ( ){ }, sup : ,VaR x y R xη p = ξ∈ ψ ξ ≤ η 	  (2)

VaR method can descript portfolio program’ rev-
enue risk simply, but non additive and convexity 
of the method restrict application space of the VaR 
method. CVaR method is introduced for overcoming 
VaR method’ disadvantages, that is:

   ( )( ) ( ) ( ) ( ), , ,CVaR x y E x y x y VaR xη η p = p p ≤  	  (3)

For simplified method of solving, according to re-
search at home and abroad, formula (3) equivalent to 
formula as below:
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In the formula, ( ) ( ){ }, min , ,0x y v x y v−
p − = p −   ,

when formula (4) obtains the maximum, v values is 
VaR values.

2.2. Multi-objective CVaR method
The above chapter is shown that traditional single 

objective CVaR model just consider single loss func-

tion scenario and the method need to extend when 
considering multi-loss function (the paper will ob-
jective function as loss function)[7]. Assuming there 
was n -loss function ( ),i x yp related to decision vari-
ables nx R∈ ⊂X and they are continuous function, 
which would be:

	
( ) ( )

( ),
,

i
i x y

x p y dy
p ≤ξ

ψ ξ = ∫ 	  (5)

For in favor of discussion, the paper will set 
weight of every loss functions ( )1,2, ,i i nλ =  . When 
discussing multi-objective CVaR method, defining 
decision variables x , VaRα − loss value under confi-
dence levelα based on weight λ firstly:
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∑ ∑ (6)

Then, defining decision variables x , CVaRα − loss 
value under confidence level α based on weight λ :
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For finding out minimum loss value in CVaRα −
the feasible region, that is finding out minimum x  in

( )( )( )*, ,x xφ ξ λ , we need solve optimization problem 
as below:
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s.t. x X∈
The paper re-defines loss function and optimiza-

tion problem for simplifying solving process due to 
model (8) is very complex during solving process, 
specific as shown in (9):
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regard to any x , that would be:
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If ( ),x ξ made (9) achieve optimal in regard to
λ , and formula (10) founded, could make model (9) 
achieve optimal.

If there wasn’t specific function of loss function, 
we would define it by simulations, assuming analog 
data was ( )1,2, ,i

jz j J=  , specific loss function de-
fining as below:
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Model (9) would convert approximately:
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s.t. Rξ∈ , x X∈
3. Model constructions
3.1. Objective function
Due to the amount of inflow water of reservoir is 

random variables, for minimum generation risk and 
maximum hydro-thermal power replacement in the 
hydro-thermal scheduling, we need to simulate the 
amount of inflow water[8]. The paper assumes the 
amount of inflow water W obey normal distribution

( )2,W u σ , u is the mean amount of reservoir’ in-
flow water, 2σ is the variance of reservoir’ inflow 
water, the two parameters are obtained from the 
reservoir’ inflow water of past year data. The paper 
assumes hydropower’ output power meets binomial 
function, as below:

	 ( ) 2
ht ht h h ht h htg U U U= ϖ + θ +ϑ 	  (13)

In the formula, hϖ , hθ , hϑ present hydropower 
units output coefficient which are obtained from gen-
eration historical data.

Generation energy consumption amount mini-
mum objective function

( ) ( )( ), , , , 1 ,
1 1

min 1
T I

c i t c i t i t i t i t it
t i

u f g u u D p−
= =

p = + − ⋅∑∑
	
(14)

	 ( ) 2
, , ,c i t i i i t i i tf g a b g c g= + + 	  (15)

In the formula: ia , ib , ic is generation unit i ’ fuel 
cost coefficient which are determined from genera-
tion units generation historical data.
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off c
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In the formula, c
iD is generation unit i ’ cold start 

cost; h
iD is generation unit i ’ hot start cost; min

,d iT is 
generation unit i ’ minimum allow downtime; ( )off

iX t
is generation unit i ’ continuous downtime at j mo-
ment; ,

c
s iT is generation unit i ’ cold start time; off

iH is 
the sum of the shortest downtime and cold start time 
of generation units. For considering the uncertainty 
of inflow water, the chapter wills hydropower units’ 
output replace thermal power units generation output, 
as below:
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In the formula, n , m presents the total number of 
thermal power units and hydropower units respec-
tively.

generation pollutant emissions amount minimum 
objective function

Recently, the main pollutant emissions of genera-
tion are 2CO , 2SO , xNO which our country focuses on, 
making 1,2,3k = separately presents 2CO , 2SO , xNO , 
obtaining objective function as below:

{ }2
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1 1 1
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k k k

e i t i i i t i i t i k
t i k

F u g g p
= = =

 = α +β + γ ∑∑∑ 	 (19)

In the formula, K presents the kind number of pol-
lutant, making 3K = ;

k
iα , k

iβ , k
iγ presents generation unit i ’pollutant 

emissions coefficient which apply the least squares 
method according to the unit harmful emissions mon-
itoring data.

Abandoned water cost minimum objective func-
tion

	
( ){ }*

1 1 1
min

T n m

m ht ht ht
t i h

F g g p
= = =

= −∑∑∑  	 (20)

In the formula, *
htg presents hydropower units’ 

available power output; htg presents hydropower 
units’ actual power output.

3.2. Solving process
3.2.1. Weight calculating
We need to make multi-objective problem convert 

to single objective problem when solve multi-objec-
tive optimization problem, so we need reasonably es-
tablished every objective function’ weight value, the 
paper establishes every objective function’ weight 
value applying rough set theory. There are more lit-
eratures about rough set theory at home and abroad, 
and the weight calculating steps based on rough set 
theory as below:

Constructing evaluation function, making genera-
tion multi-objective function convert single objective 
function:
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Establish relational data model.
The paper makes every objective function as con-

dition attributes, and given initial weights 1/iw n= , 
obtaining comprehensive objective function F which 
as decision attributes. Assuming decision attributes 
set was { }D F= , and comprehensive objective func-
tion ku under different optimization objective was 
a message of study F , all comprehensive objective 
function value construct set 1 2( , , , ; )k k k mk ku f f f F= 

under single objective function. { }1 2, , , kU u u u= 

is domain, object ku , attribute is ( )i k ikf u c= , 
( )i k kF u F= , 1, 2, ,i m=  ; 1, 2, ,k n=  .
Calculating knowledge base CR , dependence to 

knowledge base DR is:
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D
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In the formula, ( )ρ presents set cardinality;
( )cp D and | | ( )

ic c Dp − separately is the objective set 
which expressed knowledge of all applying classifi-
cation /U C of universe U before and after removing 
indicator iC . 

Calculating knowledge base DR , dependence to 
knowledge base | |iC cR − for every single objective op-
timization function if , that is:
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Calculating the importance of i -th optimal objec-
tive, that is:
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−
σ = − 	  (25)

Weight coefficient of i -th optimal objective is:

	
D D
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m
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In the formula, iλ presents weight coefficient of
i -th optimal objective function.

3.2.2. Multi-objective CVaR optimization 
problem construction

Constructing hydro-thermal units’ generation re-
placement optimization model based on multi-objec-
tive CVaR theory. The goal is minimum CVaRα −
loss value, specific solving process as below:

(1)We solve weight coefficient iλ of every objec-
tive function respectively, according to weight calcu-
lation model;

(2)We define loss function according to multi-ob-
jective CVaR theory, specific as below:
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In the formula, G presents thermal power units 
and hydropower units’ output arrangement program, 
obtaining thermal power units and hydropower units’ 
optimization model based on CVaRα − minimum loss 
value, specific model as below:
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4. Cases analysis
In order for the proposed model numerical ex-

ample, paper selects six thermal power plants (T1 
to T6) and three cascade hydropower stations (H1 to 
H3) as a hydro-thermal scheduling system, the basic 
parameters of thermal power and integrated emission 
factors see [9] , the operating parameters of cascade 
hydropower stations, see [10] below. Load forecast-
ing deviation assumed normal distribution, the typi-
cal daily load load conditions, see [11] below. With 
the GAMs software to solve the proposed model, the 
specific results see 4.1 and 4.2.

4.1. Multi-objective same confidence level sce-
nario

The scenario separately chooses =0.85,0.9α and 
=0.95,0.99α , and obtains units’ output program of 

different confidence level for analyzing different 
confidence level’ influence for hydro-thermal power 
generation replacement, specific as shown in Table 1, 
and separately obtaining VaR values and CVaR val-
ues of different confidence level, specific as shown in 
Table 2.

The Table 1 can be found that with hydro-thermal 
power generation replacement acquiring confidence 
levelα ’ increase, thermal power units’ output in-
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crease gradually and hydropower units’ output de-
crease gradually. This is generated for overcoming 
the risk which hydropower units’ output uncertainty 
bring about. The higher confidence level, the lower 
risk tolerances of generators, the generators intend 
to increase thermal power units’ output and decrease 
hydropower units’ output. For analyzing units’ gener-
ation output arrangement under different confidence 
level, the paper calculates VaR and CVaR values of 
generation scheduling objective function, as shown in 
Table 2.

The Table 2 can be found that with confidence 
level increase, VaR and CVaR values increase at the 
same time. Combined the Table 1, we can find that 
units’ output arrangement approach gradually, more 
and more intend to generate from thermal power 
units. CVaR values increasing gradually present that 
the higher confidence level, the lower risk tolerances. 
This situation presents multi-objective CVaR model 
applicable hydro-thermal power generation replace-
ment transactions optimization problem.

4.2. Multi-objective different confidence level 
scenario

The Table 3 can be found that CVaR values un-
der different confidence level are higher than CVaR 

values under the same confidence level, and VaR val-
ues under high confidence level are higher than VaR 
values under low confidence level as shown in Table 
2 and Table 3. Though weighting objective function, 
we can counterpoise hydro-thermal power generation 
replacement transaction risks.

Table 3. The VaR and CvaR values under the same α  in 
scenario 2

Program
VaR values

CVaR valuesf1 f2 f3

1 0.330 0.308 0.292 0.330
2 0.347 0.322 0.304 0.337
3 0.364 0.336 0.316 0.344
4 0.382 0.351 0.328 0.351

4.3. Results contrast
For further contrasting different confidence level 

influencing on system integrated generation replace-
ment revenue, the chapter comparison analyses gen-
eration energy consumption, pollutant emissions and 
abandoned water opportunity cost of both scenario, 
specific results as shown Table 4.

As shown in TABLE 4, we firstly contrast sce-
nario1 and scenario2. Due to the requirement of ev-
ery objective confidence level are different, scenario2 

Table 1. The unit output arrangement under the same α  in scenario 1

α 1# 2# 3# 4# 5# 6# 7# 8# 9# 10# Hydro-1 Hydro-2
0.85 14250 11320 7650 5042 3983 900 1100 20 40 80 2450 2092.2
0.9 14400 11405 7756 5077 4013 850 1025 0 0 60 2636 2140
0.95 14400 11515 7838 5131 4058 886 1047 55 21 70 2372.4 1968.8
0.99 14400 11515 7918 5201 4113 928 1081 97 53 110 2372.4 1968.8

Table 2. The VaR and CVaR values under the same α  in scenario 1.

α
VaR values

CVaR valuesf1 f2 f3

0.85 0.272 0.284 0.242 0.314
0.9 0.278 0.288 0.245 0.321
0.95 0.285 0.293 0.247 0.327
0.99 0.272 0.284 0.242 0.334

Table 4. Generation replacement benefits comparative analysis in different scenarios

Program
Generation Coal Consumption/Tce Generation Pollutant 

Emissions Amount/t
Abandoned Water 

Opportunity Cost/Ten 
Thousand

Yuan
Generation Coal 

Consumption
Start/Stop Coal 
Consumption CO2 SO2 NOx

Scenario1

1 13418 146 33014 105 101 1002
2 13999 153 33847 111 102 1015
3 14139 155 34185 112 103 1026
4 14280 156 34527 113 105 1036

Scenario2

1 14713 159 35221 115 107 1046
2 14860 158 35573 116 108 1057
3 14423 163 35929 117 109 1067
4 14568 161 34872 114 106 1078
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need integrated generation replacement risk minimum 
as a target when optimize generation results. For meet 
the requirement of confidence level, scenario2 need 
increase thermal power units’ generation output, and 
decrease hydropower units’ generation output, reduc-
ing the uncertainty of inflow water which influence 
on generation replacement revenue, finally, resulting 
in generation energy consumption, generation pollut-
ant emissions and generation abandoned water op-
portunity cost of generation replacement are higher 
than scenario1. Then, with confidence level increase, 
system integrated generation replacement energy 
consumption cost, pollutant emissions cost increase 
at the same time because every objective function 
confidence level same. In the scenario2, due to the 
requirement of hydropower abandoned water cost 
minimum objective function confidence level is high-
er another two kinds objective function, the system 
gives priority to the objective function when conducts 
generation replacement, and increase thermal power 
units’ generation and high-capacity generation units’ 
generation. Finally, the generation will increase, but 
generation energy consumption will decrease [5]. 
Due to thermal power units’ grid capacity increase, 
units’ start and stop times will increase, units’ start 
and stop coal consumption will increase. Similarly, 
generation pollutant emissions’ analysis and genera-
tion energy analysis are the same. The above analy-
sis can be verified from program4 of scenario2. Pro-
gram2, program3 and confidence changes in the same 
direction because the generation energy consumption 
cost objective function and generation pollutant emis-
sions cost objective function confidence requirement 
for generators corresponding increase.

5. Conclusions
The system considers related optimization model 

based on CVaR theory when it conducts generation 
replacement. This can advance generation replace-
ment effectively and improving large capacity units’ 
generating capacity and making generation total effi-
ciency increase. Finally, the generating capacity has a 
certain addition, but generation energy consumption 
decreases. Similarly, though grid capacity of ther-
mal units and start and stop times increase, resulting 
in start and stop coal consumption correspondingly 
increases. We need conduct generation replacement 
considering various factors.

Through the above results suggest that hydro-
thermal units generation replacement optimization 
model’ CVaR value are different in different context 
confidence level. It makes hydro-thermal power gen-
eration replacement trading risk get certain balance 
through weighting objective function [6]. Power gen-

eration system in order to achieve the lowest of gen-
eration risk, in the hydro-thermal power replacement, 
thermal power units output will increase generation 
with the increase of confidence level requirements, 
hydropower units output will decrease generation 
with the increase of confidence level requirements. 
Therefore, in the hydro-thermal power generation re-
placement, in order to overcome uncertainty impact 
of hydropower output, relevant departments are sup-
posed to exit interconnection discount policies for in-
crease system integral generation performance.

In the actual operation, hydro-thermal power 
units’ generation replacement can achieve optimiza-
tion maximize based on multi-objective CVaR meth-
ods. In the same time, it can try to meet the needs of 
power peaking, and guarantees hydro-thermal power 
output jointly contributes to meet the load demand. 
This is important to grid safe and stable operation, 
environmental protection and resource optimization.
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