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Abstract: In this paper, new technologies such as dynamic thermal rating (DTR) technology and energy storage system (ESS) are 
simultaneously  used to optimize the integration of renewable energy sources (RESs) and minimize the load shedding. For 
achieving the mentioned aims, a new method is proposed to select the candidate lines for the implementation of DTR 
technologies. The DTR technology is responsible for increasing lines limited capacity. Moreover, optimally placed and sized ESSs 
save RESs generated power in non-peak-hours and inject it to the network in peak-hours. For validating the performance of the 
proposed solution, comprehensive simulations are performed in several stages on IEEE RTS-24 and 30 bus test systems 
networks. To meet the increased power demand, RESs (wind and solar) are optimally allocated by using the Genetic algorithm 
(GA) in the test systems. Then, ESS devices are optimally sized and placed by using GA. Finally, candidate lines are selected based 
on the proposed method and DTR devices are added to the systems. Comprehensive comparisons are presented for comparing 
the previously presented solutions and the proposed one. It is proved that using DTR technology and ESSs along with the 
proposed line selection method is the superior solution for system operators. 
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Nomenclature  

jkB  Line susceptance difference between buses j and k 

(non-reference buses) 
(.)p

gC  Active power generation cost [$/h] 

(.)R

gC  Reserve procurement cost [$/h] (.)su

gC  Generating unit start-up cost [$/h] 

(.)sd
gC  Generating unit shut-down cost [$/h] gDT  Minimum down time of unit g 

,
Max

w tP  Maximum generation of wind plant ,min
G
g

p  Minimum power output of unit g 

,max
G
gp  Maximum power output of unit g ,

D
j tp  Active power demand at bus j in period t 

,
Max

PV tP  Maximum generation of solar plant gSD  Shutdown ramp limit of unit g 

T  Number of periods of the time span gUT  Minimumup time of unit g 

VOLL Large number   

t
 Charge of ESSs in period t  t  Decharge of ESSs in period t  

jk  Voltage angles difference between buses j and k 

(non-reference buses) tLS  Load shedding in period t 

gL  Number of initial periods during which unit g must be 

offline 
gG  Number of initial periods during which unit j must be online 

max
,g tp  Maximum available power output of unit g in period t ,

G
g tp  Power output of unit g in period t 

,
l
j k

p  Line active power flow between bus j and k ,max
lDTR

jk
P  Line power limit in DTR state 

,max
lSTR

jk
P  Line power limit in STR state ,

up
g tP  Ramp up of generating unit g in period t 

,
dn

g tP  Ramp down of generating unit g in period t ,PV tp  Power output of solar plant 

,w tp  Power output of wind plant gRD  Ramp-down limit of unit g 

gRU  Ramp-up limit of unit g ,0gS  Number of periods that unit g has been offline prior to the 

first period of the time span 

gSU  Startup ramp limit of unit g ,0
G
gU  

Number of periods that unit g has been online prior to the 

first period of the time span (end of period 0) 

g,
G

tU  Generating unit on/off binary variable   
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1. Introduction 

Due to problems like global warming, increasing carbon 

emissions, augmenting high-quality power demand and 

depletion of fossil fuels, countries are obliged to increase the 

share of renewable energy resources (RESs) in electricity 

networks [1-2]. However, using RESs in a wide range can 

cause some serious challenges in power systems. One of these 

challenges is the dissimilarity of RESs generation and load 

curves. For instance, solar power plants maximum generation 

occurs at noon, while the load peak can be even during the 

night. This can cause two problems. First, the operator will be 

forced to curtail the RES production, since the consumers may 

be completely supplied by thermal generation units which 

cannot ramp down any further or quickly enough. Besides, 

this mismatch can result in load shedding during peak hours. 

According to the National Renewable Energy Laboratory 

(NREL) and Wind Technologies Market reports, transmission 

constraints and generator inflexibility have been the most 

common reasons for RESs curtailment [3. 4]. Another 

challenge caused by high penetration of RESs in power 

systems is that these sources are generally placed in remote 

areas leading to the need for having enough capacity in the 

transmission lines to transfer their generated power to the load 

centers [5]. However, nowadays, transmission lines operate 

close to their maximum limits due to constantly growing 

electricity demand and also the investment lack and limiting 

environmental regulations for implementing new lines [6]. 

Thus, high penetration of RESs can increase the transmission 

lines congestions risk which in turn can lead to RESs 

curtailments and load shedding. Therefore, transmission lines 

congestions and RESs intermittent nature can be considered 

as the most important problems for RESs high penetration in 

power systems [7].  

Nowadays, there are several suitable solutions such as 

dynamic thermal rating (DTR) technologies to improve the 

transmission line ampacity without investing in an additional 

transmission network. But, most of the transmission lines are 

rated by the owner/operator based on continuous or static 

thermal rating (STR) [8]. An overhead line STR is determined 

by using the worst set of ambient weather conditions expected 

during a particular season. Thus, STR can limit the lines' 

transfer capacity even if the real ambient conditions are better 

than the worst set. To overcome this problem, dynamic 

thermal rating (DTR) has been introduced, which uses real-

time meteorological information to estimate transmission line 

ratings [9]. Thus, by using DTR, it is possible to use the 

maximum capacity of transmission lines which can play a big 

role in increasing the RESs penetration into the power 

systems. Many investigations have been conducted on the 

impact of DTR on power networks. Among them, many 

studies are focusing on the DTR impact on the penetration of 

RESs, especially wind turbines/farms [10-16]. In [10], it has 

been shown that DTR consideration has positive effects on the 

penetration level of wind turbines. The presented results of 

this paper have demonstrated that implementing DTR 

technology increases network reliability and results in higher 

wind energy penetration. In [11], a comprehensive review has 

been presented about the application of various DTR systems 

for improving wind energy penetration into the grid. 

Additionally, there is another group of researches focusing on 

DTR effects on transmission line congestion and constraints.  
In [12], it has been shown that using DTR can reduce the 

curtailments of RESs which is an important economic saving 

for the system and also a remarkable environmental benefit. 

In [13], it has been revealed that DTR implementation can 

help to reduce the congestion costs and load shedding risk. 

Moreover, a flexible load shedding scheme based on real-time 

DTR has been introduced in this paper. In [14], the authors 

proved that DTR has an impressive effect on increasing wind 

farm penetration. So far, a thorough study has not been 

conducted about DTR impacts on RESs integration and load 

shedding.  

As already mentioned, energy storage systems (ESS) 

can be generally used for solving the intermittent behavior of 

RESs [16-20]. The ESS devices store the surplus produced 

energy of RESs in off-peak periods and can inject energy 

when it is needed [16]. A storage modeling has been presented 

in [17], which allows systematic study of the integration 

procedure of RES in a power system depending on the round-

trip efficiency and the size of the storage. In [18], it has been 

suggested that economic deployment of storage, used for the 

provision of peak capacity, could provide a substantial 

resource to reduce variable generation curtailment and 

increase variable generation penetration. In [19], safe 

integration of renewable along energy with energy storage 

devices has been discussed to have a reliable and efficient 

sustainable energy system. In [20], the DTR has been used to 

reduce the system costs and wind energy curtailment, and the 

ESS has been used to optimize the system costs but not for 

RES curtailment. The results indicate that DTR has a positive 

effect on reducing system costs and ESS curtailment and that 

using ESS can reduce system costs. 

Obviously, the implementation of the DTR equipment 

on all the transmission lines may not be economic. So one 

concern in implementing DTR is the identification of suitable 

transmission lines. Up to now, several methods have been 

introduced to select candidate lines for DTR installation [21-

23]. In [21, 22], line selection is based on historical-simulated 

weather data so the lines with a critical span have been 

selected as DTR lines. In [23], an approach has been presented 

to select the best lines, which could have the highest impact 

on fuel cost. So far, a DTR line selection method has not been 

introduced to simultaneously consider the power generation 

costs, load shedding, and RESs integration. 

In this paper, the simultaneous application of ESS and 

DTR technologies is proposed to optimize the integration of 

RESs and minimize the load shedding. Moreover, a new 

method based on the generation costs and load shedding 

indices is proposed for optimal placement of DTR on the 

transmission lines. To show the advantages of the proposed 

method, simulations are presented in MATLAB software 

environment for IEEE RTS-24 and IEEE 30 bus test systems. 

The paper is summarised the following steps:  
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I. Formulating the main problem  

II. Optimal allocation and sizing of RESs including both 

wind farm and a solar park. 

III. Optimal placement and sizing of ESSs. 

IV. Implementing DTRs on the candidate lines selected by 

the proposed methodology. 

V. Obtaining the final results and comparing the proposed 

method with others. 

It should be mentioned that no studies have been 

previously performed to investigate the DTR impact on the 

penetration of solar plants. Second, for the first time, the DTR 

impact on generation costs, RESs integration and Load 

shedding is thoroughly studied. Third, the simultaneous 

application of ESS and DTR technologies is introduced for 

achieving RES optimal integration and load shedding. Also, a 

new DTR line selection method is developed considering the 

load shedding, generation costs, and RES curtailments. 

Generally, the main contributions of this paper can be listed 

as: 

• Proposing a new DTR line selection method 

• Optimal and simultaneous application of three 

important technologies, i.e. DTR, ESS and RES, in the 

power system 

• Optimal allocation of the mentioned technologies in 

the power system 

For evaluating the proposed method performance, the 

security-constrained unit commitment problem (SCUC) is 

used considering DC load flow constraints and ESSs, RESs, 

and DTR equations. According to the results, the proposed 

method shows the best performance in comparison to the 

previously introduced methods. 

This paper is organized as follows. In Section 2, the 

problem formulation is presented which includes DTR 

modeling, ESS model, wind farm model, solar power plant 

model, security-constrained unit commitment with DC load 

flow and DTR, RES and ESS allocating method, proposed 

DTR line selection method and evaluation criteria. Then, in 

Section 3, Case study is given. After that, simulation results 

and comparisons are presented in Section 4. Finally, a 

conclusion is given in Section 5. 

2. Problem Formulation 

In this section, the problem formulation along with 

explanations and models are presented.  

2.1.  Dynamic Thermal Rating Model 

Under given weather conditions, a conductor thermal 

rating can be obtained using the heat balance equation of the 

conductor [25], which is expressed at the following equation: 

( ) ( ) ( )2

c c a m r c a s c, jq T , T , V  + q T , T  = q  + I × R T         (1) 

where, qs and I×2×R(Tc) are the heat gain due to solar radiation 

and Joule heating due to current flow in the conductor. Also, 

R is a function of conductor temperature; and also qc and qr 

are the heat loss due to convection and longwave radiation, 

respectively. In [24], all four heat terms (qr, qc, qs, and I×2×R 

(Tc)) have been calculated in detail. By rewriting (1), the 

maximum allowable current rating of the conductor can be 

determined as follows: 
 

( )
c r s

c

q + q - q
I =

R T
                                      (2)  

 

According to the above equation, the conductor temperature 

may change from one span to another one since wind speed 

and its direction vary along a transmission line. This means 

that the allowable line thermal capacity could vary in different 

spans. Thus, the line maximum capacity should be estimated 

at each span since the overall line rating is determined by the 

minimum capacity of line spans. Accordingly, the overall 

rating of the transmission line is calculated as follows: 

( )I  = min I
i

            (3) 

where, Ii is the ampacity estimated at i-th line span. 

2.2.  ESS Model 

In this paper, fast-response ESSs are used, since they can 

successfully follow the fast variations of the load and RESs 

generation [25]. The dynamics model of fast-response ESSs 

can be represented as follows: 

( )i +1 i c i d i+a C - 1 / a D , i = 1,2,3...S = S             (4)                                      

maxi
0 S S                                                                              (5)                                                                                                                     

i max
0 C C                                                                             (6)                                                                                                             

i max
0 D D                                                                               (7)                                                                                                             

1

= 0S                                                                                          (8)                                                                                                               

( ), 1, 0  
c d

                                                                             (9)                                                                               

where, Smax, Cmax, and Dmax are the maximum storable energy 

by the ESS (in MWh), the maximum input (charging) power 

(in MW) and the maximum output (discharging) power (in 

MW), respectively. The charging efficiency ( c ) is the ratio 

of the charged power to the input power. Also, the discharging 

efficiency (
d

 ) is the ratio of the output power to the 

discharged power. 

2.3.  Wind Farm Model 

The output power of a wind turbine can be determined 

by using its power curve [26], as shown in Fig. 1. The 

mathematical expression of the power curve is presented by 

(10). 
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 








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      (10)  

where, Vw and Pr and are wind speed and rated power of wind 

turbine, respectively. In addition, Vci, Vr, and Vco are cut-in, 

rated and cut-out speed of the turbine, respectively. Moreover, 

the coefficients A, B, and C can be obtained as follows:  

( )
3

2

rci
r rci ci ci

rrci

V +V1
A= V (V +V )-4(V V )

2V(V -V )

 
 
 
 

      (11)  

( )
3

2

rci
r rci ci

rrci

V +V1
B= 4(V +V ) -(3V +V )

2V(V -V )

 
 
 
 

      (12)

( )
3

2

rci

rrci

V +V1
C= 2-4

2V(V -V )

 
 
 
 

                                   (13)  

2.4.  Solar Power Plant Model  

The output power of a PV generation unit depends on 

different factors like the solar irradiance and ambient 

temperature of the site and the parameters of PV modules [27-

28]. The output power of the PV module at the solar irradiance 

s can be expressed as follows: 

( )PVo y yP s N FF V I=                                                        (14)                                              

MPP MPP

oc SC

V I
FF

V I


=


                                                                   (15)                                           

y oc v cyV V K T= −                                                                    (16)                                                           

[I (T 25)]y SC i cyI s K= +  −                                                     (17)                                              

OT

cy A

N -20
T =T +s

0.8

 
 
 

                                                               (18)                             

where, N is the number of PV modules. Additionally, Tcy and 

TA  are the cell and ambient temperatures (̊C), respectively. 

Also, Ki and Kv are the temperature coefficients of the current 

and voltage (A/ ̊C and V/ ̊C), respectively. In addition, NOT is 

the nominal operating temperature of cells (̊C) and FF is fill 

factor. Moreover, VOC  and VSC  are open-circuit voltage and 

short-circuit current, respectively. As well as, VMPP  and IMPP 

are the voltage and current of the maximum power point. 

2.5. Security Constrained Unit Commitment (SCUC) 

with DC Load Flow and DTR 

Optimal Power Flow (OPF) is a well-known challenging 

optimization problem which is non-convex by nature. In this 

regard, several approaches, like Semi-Definite Programming 

(SDP), Second-order Cone Programming (SOCP) relaxations, 

and linearization methodology using the Newton-Raphson 

methodology, have been presented. Also, a linearized DC load 

flow has been introduced in [29]. This linearized DC model 

assumes that: 

i. The line susceptance is large compared to the 

conductance, as described in (19). 

ii. The phase angle differences are small enough to be 

approximated by (20) and (21). 

iii. The voltage magnitudes are close to 1.0 as given in (22) 

and do not vary significantly. 

g b                                                                 (19)                                                                    

( )Θ
0 0

n m
cos - »1.0                                                                    (20)                                                                       

( )0 0 0 0

n m n m
sin  −   −                                                      (21)                                                                         

V 1                                          (22)                                                                                            

By using the above-mentioned approximations, the active 

power flow of the transmissions lines can be written as 

expressed in (23) and reactive power flow would be equal to 

zero. It should be noted that the mentioned approximation is 

considered to be valid for ESSs, since they affect active 

power, and their impact on reactive power is negligible [31].  

0 0

( )
nm nm n m

P b= −  −                                                         (23)                                                      

In this paper, the methodology of [24] is adapted to the 

SCUC problem with DTR and named DC-SCUC problem. As 

given by (24), the DC-SCUC problem cost function includes 

the total production cost of the generation units and their 

respective reserve provision costs, their start-up and shut-

down costs and VOLL of the load shedding. The mixed-

integer linear limits for each unit are presented in (25)-(26). 

The maximum power output of the unit g is also constrained 

by ramp-up and startup ramp rates as given in (27), as well as 

by shutdown ramp rates presented in (28). Furthermore, ramp-

down limits, imposed on the power output, are given in (29). 

The Minimum up/down-time constraints are described in 

(30)–(37) according to [31]. The active power balance 

Fig. 1. Power curve of a wind turbine generator 
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equations that include unit’s generations, wind, and solar plant 

productions, charging and discharging of ESSs, load demand 

and load shedding variable, are expressed in (38) and (39). 

The maximum allowable active power flow of transmission 

lines in STR and DTR states is given by (40)–(41). In (42)-

(43), the generation limits of wind and solar plants are 

described. Additionally. ESS constraints are presented in (45). 

( ) ( )

( ) ( ) ( )

, ,, ,

, ,

min , ,

t

d

up
g t g

p G G R dn
g g t g t g

t g

su G s G
g g

t

t g g t VOLL ls

C P u

C

P PC

u C u +

+

+ +


        (24) 

Subjects to: 

, , , ,
,      g   G,   t T  

G G G max

g min g t g t g t
P U P p                      (25)                                                         

, , ,
0     ,         , max G G

g t g max g t
p P U g G t T                                 (26)                                                        

( ) ( )
, , 1 , 1

, , 1 , ,

)

1  

(max G G

g t g t g g t

G G G G

g g t g t g max g t

p P RU U

SU U U P U

− −

−

 + +

− + −
            (27)                                  

( ), , , 1 , , 1
 ,

    ,  1 1

max G G G G

g t g max g t g g t g t
p P U SD U U

g G t T

+ +
 + −

  =  −
               (28)                            

( )

( )

, 1 , , , 1 ,

, , 1
1    ,         , 

G G G G G

g t g t g g t g g t g t

G G

g max g t

P P RD U SD U U

P U g G t K

− −

−

−  + −

+ −   
                    (29) 

( )
,

1

1 0  ,      

g
G

G

g t

t

U g G

=

− =                                                   (30)                                                                                     

( )
1

, , , 1
,

     ,  1 1

g
t UT

G G G

g n g g t g t

n t

g g

U UT U U

g G t G T UT

+ −

−

=

 −

  = +  − +


                             (31) 

( ), , , 1
0 ,         ,

2

T
G G G

g n g t g t

n t

g

U U U g G

t T UT T

−

=

 − −   

 = − + 


                               (32) 

,

1

0  ,       
gL

G

g t

t

U g G
=

=                                                            (33)                                                                            

( )
1

, , 1 ,
(1 ) , 

     ,  1 1

gt DT

G G G

g n g g t g t

n t

g g

U DT U U

g G t L T DT

+ −

−

=

−  −

  = +  − +


                     (34) 

( ), , 1 ,
1 0  , 

     ,  2

T
G G G

g n g t g t

n t

g

U U U

g G t T DT T

−

=

 − − −  

  = − + 


                           (35) 

,0 ,0min , (UT U ) UG

g g g gG T = −                                              (36)                                                                   

,0 ,0min , ( T )(1 U )G

g g g gL T D S = − −                                     (37)                                                                  

, , , , ,

T T T
G up dn

g t g t g t PV t w t

t t t

T T
D

t t t t

t t

P P P p p

P ls 

+ − + +

+ − = +

  

 
                        (38)                          

jk,t , ,

l

jk t jk tP B =                                                                       (39)                                                                                    

,max , ,max
l lSTR STRl

jk jk t jkP P P−                                                            (40)                                                                                      

,max , ,max
l lDTR DTRl

jk jk t jkP P P−                                                           (41)                                                                                            

, ,

Max

PV t PV tp P                                                                            (42)                                                                                                                    

, ,

Max

w t w tp P                                                                         (43)                                                                                                                      

,

1         

0         

G

g t

if unit g is on
U

if unit g is off
=




                                                            (44)                                                                 

And (4)-(9)                                                                         (45)                                                                                                                        

Since the DC-SCUC problem is a Mixed-Integer 

Quadratically Constrained programming (MIQCP) problem, 

it can be easily solved using optimization software. In our 

case, it is solved by using the Mosek package [31] via the 

MATLAB interface YALMIP [32]. 

2.6.  Optimal Allocation of RES and ESS  

The Matpower test systems are designed to have high 

transmission capacity, which is not suitable for investigating 

the problems caused by the line congestion [33]. Thus, in this 

paper, the system loads are increased up to 1.5 times of the 

base values and also all the transmission lines ratings are 

reduced to half of the original values. Here, two RESs (i.e. one 

solar park and one wind farm) are considered to be added to 

the test systems for supplying the increased system loads and 

minimizing the active power generation cost. Note that the 

total capacities of 35% and 26% of the maximum load demand 

are considered for RESs in IEEE 30- and 24-bus systems, 

respectively.  These RESs are optimally allocated by the 

Genetic algorithm (GA) presented in [34]. Also, optimal 

placement and sizing of the ESS devices are performed by this 

algorithm. Generally, the metaheuristic algorithms such as 

GA detect the optimum points in optimization problems by 

generating random numbers [35]. These algorithms start with 

randomly generated solution samples and then improve the 

solutions.  

Here, the objective function for optimal placement and 

sizing of RESs and ESSs is presented in (24). The investment 

costs of ESS and DTR devices are given in Table 1 [36]. The 

GA parameters are given in Table 2. Note that the optimal 

allocation of RESs and ESSs is performed without 

considering any DTR on the lines. 
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Table 1. Investment cost of ESS technology 

Technology/Device Cost ($K) 

ESS (500kWh,500kW) 233.55/year/unit 

DTR 31.14/year/line 

Table 2. Genetic Algorithm parameters 

Parameters Value 

Population size-number 10 

Number of genes Bus size 

Cross over-rate 0.7 

Mutation rate at Start 0.12 

Mutation rate at End 0.08 

Replacement rate in Elitism Strategy 0.1 
 

2.7. Proposed method of DTR technology line selection  

According to [23], the candidate lines for 

implementing DTR can be selected based on overload and fuel 

costs. However, a new DTR line selection method is 

developed here, which considers the effect of each line on load 

shedding and system costs, including fuel cost and curtailment 

of RESs. The proposed method consists of two steps as 

illustrated in Fig. 2.  

In Step 1, optimal power flow is performed without 

considering the limits of the lines and the transient flows of all 

lines are calculated. Then, lines with overload are selected as 

the initial candidate lines. In step 2, the Load Shedding (LS) 

and System Cost (CSYS) are calculated by implementing DTR 

technology on one, two and all candidate lines selected in step 

1. The best combination of the selected lines in step 1, with 

considerable impact on minimizing the LS and CSYS, is 

selected as the final candidate lines. In Fig. 2, the m-

combination refers to select m lines from the initial candidate 

lines without repetition. In addition, N presents the number of 

the initial candidate lines. 

2.8. Evaluation Criteria 

Considering the RESs integration optimization, 

minimization of network costs (generation and load shedding 

costs) minimization and load shedding minimization, as the 

main aims of this paper, three evaluation criteria can be 

expressed as below: 

1. Amount of curtailed energy in the wind farm and solar 

park: 

 
8760

wind

h

h=1

Curtailment = WP (MWh/yr)                         

(46)                                                      
8760

solar

h

h=1

Curtailment = PVP (MWh/yr)                    (47)                                                          

where, WPh and PVPh are the curtailments of wind and solar 

powers per hour, respectively. 

2. The total load shedding: 

This criterion is defined as expressed at the following. 

 
8760

total

h

h=1

LS = ls (MWh/yr)                                      (48)                                                                         

where, lsh is the load shedding for h-th hour. Note that to avoid 

unnecessary load outages, the load shedding has been added 

with a large coefficient to (24).  

3. The total cost of the networks: 

8760

total
h

h=1

Cost = ECOST ($/yr)                                (49)                                                                      

where, ECOSTh is the system costs for h-th hour. 

3. Test Systems 

To study the performance of the proposed method 

(simultaneous application of DTR technology and ESSs) 

along with the proposed line selection method IEEE RTS 24-

bus and IEEE 30-bus system are selected as presented in Figs. 

3 and 4. These systems data including generators, buses, and 

lines, are given in [37]. The climate data used in this paper are 

the weather data of Tabriz, Iran, available in [38]. Since the 

selected day is in the spring, the temperature of the STR mode 

Perform OPF without considering lines’ limits 

Calculate the transient flow of all lines 

Select line with highest %overload as initial candidate lines 

𝑚 = 0 

End 

Select the superior combination including the least 

number of lines with DTR and best impact on the system 

Calculate the Objective Functions (LS and CSYS) for 

all m-Combinations, i.e. , by performing OPF 

Step 2 

Save the obtained values of the Objective Functions 

No 

𝑚 = 𝑚 + 1 

Step 1 

Yes 

Fig. 2. Flowchart of the proposed DTR Line selection method 

for DTR technology 

   𝑖𝑓  𝑚 ≤ 𝑁 

+ 
+ 
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is considered to be equal to the maximum temperature of that 

season so radiation, ambient temperature, and wind speed are 

900 (w/m2), 20 (oC), and 0.6 (m/s), respectively. Additionally, 

the hourly profiles of the ambient temperature-load demand 

and wind speed-solar irradiation used for these case studies, 

are shown in Figs. 5 and 6, respectively.  

The maximum MVA rating of conductors is calculated 

of 75 [°C] as the maximum conductor temperatures, and the 

selected transmission lines are rated hourly based on the 

weather parameters of their location. 

 

 

4. Simulation Results 

In this section, simulation results of the proposed 

method along with the developed line selection methodology 

are presented on the aforementioned test systems. In sub-

section 4.1, optimal allocation results of RESs and ESSs are 

presented. Then, the DTR line selection results are presented 

in sub-section 4.2. After that, in sub-section 4.3, the results of 

the proposed method (i.e. simultaneous application of DTR 

and ESS) are presented and compared in four different 

scenarios.  

4.1.  Optimal Allocation of RESs and ESSs 

As mentioned, RESs and ESSs are sized and placed to 

increase the penetration of renewable energies and decrease 

load shedding. Here, the RESs optimal placement is 

performed at the first step and then, ESS devices are optimally 

allocated. Tables 3 and 4 lists the optimal allocation results of 

ESS devices and RESs obtained by GA according to the 

explanations given in Section 2.6.  
 
 

Table 3. ESSs and RESs data 

Case 

study 

RESs ESSs 

PV  

[MW] 

Wind 

 [MW] 

Rated energy 

[MWh] 

Rated power 

[MW] 

24 bus 500 450 2000 100 

30 bus 75 60 500 30 
 

Table 4. Results of optimal placement 
Case 

study 
PV Wind 

Objective 

Function 
ESS1 ESS2 

Objective 

Function 

24 bus Bus 8 Bus 19 15028.9 Bus 8 Bus 19 11138.2 

30 bus Bus 7 Bus 11 56.364 Bus 7 Bus 11 54.896 

 
Fig. 5. Active load ambient temperature profiles 
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Fig. 6. Wind speed and solar radiation profiles 
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Fig. 3. Single-line diagram of IEEE RTS 24-bus 
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Fig. 4. Single-line diagram of IEEE 30-bus 
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4.2. Candidate Lines Selection for DTR Based on the 

Proposed Methodology 

In this section, the candidate lines for implementing 

DTRs are determined based on the method proposed in 

Section 2.7. According to the flowchart shown in Fig. 2, first, 

the lines with overload are selected as the initial candidate 

lines. As shown in Fig. 7, 7 lines (10, 13, 16, 23, 25, 26, and 

28) have the %Overload in the IEEE 24-bus system. In 

addition, Fig. 8 shows that there are 8 lines (5-8-10-16-22-29-

32-35) with overload in the IEEE 30-bus system.   

 

 
As mentioned, these lines should be considered as the 

initial candidate lines. Now, according to the sec ond step of 

the proposed method, the DTR should be applied to the initial 

candidate lines as explained in Section 2.7. The LS and CSYS 

values are calculated for the 24-bus system and given in Table 

5. As seen, the installation of DTR technology in lines 10, 23, 

25, 26 and 28 is the best option. The same procedure for the 

IEEE 30-bus network has also performed and the final lines 

are obtained as lines 8, 10, 16, 22, 29, and 33. Please note that 

here, the LS used is calculated when the load is two times the 

nominal value to determine the lines with the most positive 

effect on the load shedding minimization. 

4.3.  Studied Scenarios 

In this section, four different scenarios including the 

proposed method are studied and their results are 

comprehensively compared. These scenarios are:  

1. STR: lines are rated by STR and there is no ESS in 

power network (base case). 

2. STR+ESS: lines are rated by STR and the power system 

includes ESSs. 

3. DTR: lines are rated by DTR but there is no ESS in 

systems.  

4. DTR+ESS (proposed method): Here, it is proposed to 

use DTR technology and ESSs simultaneously. 

All simulations are carried out for a one-year period. 

In addition, daily simulations are performed for each scenario 

and the results are discussed as well. 

4.3.1. Result of IEEE RTS 24-bus 

The daily and annual simulations results of all four 

scenarios for IEEE 24-bus system are listed in Table 6. As 

seen, the highest amounts of operational costs, load shedding, 

and energy curtailments belong to Scenario 1 (STR) and the 

least ones belong to Scenario 4 (DTR+ESS). In other words, 

the simultaneous use of ESSs and DTR technology improves 

network performance by increasing the penetration of 

renewable resources and decreasing the load shedding.  

In the following, the injected power of each renewable 

unit into the system, daily demand, and the energy stored in 

ESSs for all the scenarios are presented and compared. The 

comparison of the injected power and generated power for 

wind unit in different scenarios are shown for two days in Fig 

9. It is clear that the amount of curtailment in Scenario 4 (DTR 

+ ESS) is less than the others. In other words, the simultaneous 

Fig. 7. Overload percent in 24-bus system 
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Fig. 8. Overload percent in 30-bus system 
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Table 5. LS and 
SYS

C  calculated for 24-bus system 

L10 L13 l17 L23 L25 L26 L28 
LS 

(Mw) 

Csys 

($) 
No No No No No No No 97.98 1.88×109 

Yes No No No No No No 74.33 1.23×109 

No No Yes No No No No 91.21 1.78×109 

No No No No Yes No No 63.74 1.16×109 

No Yes No No No No Yes 59.25 1.13×109 

Yes No No No Yes Yes No 43.48 1.01×109 

No Yes No No No Yes Yes 51.32 1.08×109 

No No Yes Yes No Yes Yes 32.78 0.95×109 

Yes No No Yes Yes Yes Yes 0.321 0.22×109 

Yes Yes Yes Yes Yes Yes Yes 0.319 0.22×109 

 

Table 6. Simulation results for IEEE RTS 24-bus 

Case 

24-bus 

Daily results Annual results 

Cost total 

($) 

Curtailment wind 

(MWh) 

Curtailment Solar 

(MWh) 

LS total 

(MWh) 

Cost total 

($) 

Curtailment wind 

(MWh) 

Curtailment Solar 

(MWh) 

LS total 

(MWh) 

STR 3.4907×105 3.7351×103 1.3945×103 1.88×103 1.4907×109 1.3351×106 4.945×105 6.88×105 

STR+ESS 1.9765×105 2.6573×103 4.183×102 1.13×103 6.9765×107 9.6573×105 1.483×105 4.13×105 

DTR 5.2757×104 4.496×102 7.446×102 3.12×102 1.8757×107 1.496×105 2.146×105 1.12×105 

DTR+ESS 3.2371×104 0.179×102 0.206×102 0.107×102 1.1371×107 7.339×103 6.206×103 3.707×103 
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application of DTR and ESS is the best option since it enables 

system operators to use the maximum capacity of the 

generation unit. Moreover, the injected and generated 

power/energy of the solar unit for different scenarios are 

shown in Fig 10 for two days. Again, the best scenario is the 

fourth one, since the solar park is maximally utilized in this 

scenario. Since RESs penetration in Scenario 4 is higher than 

the others, this scenario will lead to less active power 

generation costs. 

 

    

 

The amount of the supplied demand for two days is 

shown in Fig. 11 for different scenarios. As seen, the amount 

of not supplied demand in Scenario 4 (DTR+ESS) is lower 

than the other scenarios since it can overcome both problems 

of active power supply shortage and lines capacity inadequacy 

at the same time. The lack of power generation at peak periods 

is solved by ESS devices which store the excessive generation 

of RESs and inject it in peak periods. Moreover, the lines 

capacity inadequacy is solved using DTR technology. Fig.12 

shows the amount of the stored energy in the ESSs. As shown, 

the area under the graph (i.e. total stored energy) is greater for 

Scenario 4 compared to the others. The total costs of the 

different scenarios are shown in Fig. 13.  As seen, the overall 

system cost of Scenario 4 is lower than that of other scenarios.  

 

 

4.3.2. IEEE 30-bus system 

The daily and annual results of the four scenarios on 

the IEEE 30-bus system are presented in Table 7. Like the 

presented results in the previous section, the least amount of 

curtailments and load shedding are obtained in Scenario 4 

which means that the proposed method is the best option. The 

injected power amount by wind and solar units to the system 

in different scenarios is respectively shown in Figs. 14 and 15 

for two consecutive days. As clearly shown in Fig. 14, it is 

feasible to utilize the maximum output power of wind units 

only by using ESSs in the first day. However, during the 

second day, it is required to use DTR technology along with 

ESSs to be able to utilize the maximum output power of wind 

units. According to Fig. 15, by using the proposed method, the 

system operators can optimally use the solar units. The 

Fig. 9. Wind power injected to system for case 24-bus system 
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Fig. 10. Solar power injected to system for case 24-bus system 
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Fig. 11. Load demand profile for case 24-bus system 
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Fig. 12. Stored energy in ESSs for case 24-bus system 
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Fig. 13. Total cost for case 24-bus system 
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Table 7. Simulation results for IEEE 30-bus 
Case 

30-bus 

Daily results Annual results 

Cost total 

($) 

Curtailment wind 

(MWh) 

Curtailment Solar 

(MWh) 

LS total 

(MWh) 

Cost total 

($) 

Curtailment wind 

(MWh) 

Curtailment Solar 

(MWh) 

LS total 

(MWh) 

STR 2.0945×105 4.2530×102 2.7648×102 5.23×102 7.02×107 1.53×105 9.80×104 1.77×105 

STR+ESS 1.350×105 2.6096×102 0.1765×102 2.19×102 4.36×107 9.22×104 5.42×104 7.63×104 

DTR 8.0909×103 2.0995×102 2.446×102 0.68×102 2.84×106 7.95×104 8.10×104 2.54×104 

DTR+ESS 8.2963×102 0.34×102 2.06×102 0.059×102 2.95×105 1.87×104 2.2×104 0.30×104 
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amount of the supplied demand, the amount of the stored 

energy in the ESSs, and the total costs for different scenarios 

are respectively shown in Figs. 16-18. It is obvious that the 

proposed method, i.e. Scenario 4, is the superior one and the 

best option.  

 
As clearly shown in the results, the simultaneous application 

of ESSs and DTR technology has a more, positive effect on 

IEEE 30 bus system as the IEEE 24 bus system. In other 

words, the proposed method is more effective in complex 

systems.  

To gain a better understanding, in Table 8, the obtained 

improvements of Scenarios 2, 3 and 4 are compared to 

Scenario 1 (STR). As clearly seen, among the compared 

Scenarios, the proposed solution, i.e. Scenario 4 (ESS+DTR), 

is absolutely the superior one. In IEEE 24 and 30 bus systems, 

the proposed method successfully decreases the total 

generation cost about 90.72% and 94.61%, respectively. 

Besides, the RESs’ integration is augmented up to 96.52% 

compared to Scenario 1. Also, the load shedding is reduced by 

about 98.87% and 96.13% in IEEE 30 and 24 bus systems, 

respectively. In the following, a brief discussion is given 

based on the obtained results to evaluate the effectiveness of 

each technology on the objectives of this study. According to  

Table 9, in all the comparison categories, the proposed 

solution is the most efficient method to achieve the defined 

objetives for the system, i.e. load shedding minimization and 

optimizing RESs’ integration into the system. Based on Table 

9, implementation DTR on the transmission lines of the 

system , i.e. Scenario 3, has the second place in the most 

effective solutions for all comparison terms, expect for 

curtailment of solar parks. In the case of reduction in solar 

curtailment, Scenario 2 (ESS+STR) shows a better 

performance than Scenario 3 and takes the second place. This 

 
Fig. 18. Total cost for case 30-bus system 

 

Table 8. Improvement percentage of each scenario compared to Scenario 1 (STR) 

Test system scenario Costtotal Curtailmentwind Curtailmentsolar LStotal Total 

24-bus 

ESS %43.37 %28.85 %70.01 %39.89 %45.53 

DTR %84.88 %87.96 %46.60 %83.43 %75.71 

DTR+ESS %90.72 %96.52 %94.53 %96.13 %93.97 

30-bus 

ESS %35.56 %38.64 %83.64 %58.64 %54.12 

DTR %86.13 %50.63 %11.63 %86.63 %58.75 

DTR+ESS %94.61 %91.51 %95.86 %98.87 %97.96 

 

Fig. 14. Wind power injected to system for case 30-bus system 

Fig. 15. Solar power injected to system for case 30-bus system 

 

Fig. 16. Load demand profile for case 30-bus system 
 

Fig. 17. Stored energy in ESSs for case 30-bus 
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is due to the fact that the power generation of PV panels 

depend on the solar radiation. Hence, using ESS devices to 

save their energy and inject it to the system in the peak hours 

would be a more effective solution than using onle DTR 

devices without ESS devices in the system. Comsequently, the 

proposed solution (using DTR and ESS along with the 

proposed DTR line selection method) is the most suitable 

solutions for the modern power systems to increase their RES 

integration and minimize load shedding.  

5. Conclusion 

In this paper, applications of ESSs along with DTR 

technology has been proposed to achieve minimum load 

shedding and generation cost. The main effect on minimizing 

the total generation cost is performed by the optimal 

integration of RESs into the system. The location of the ESS 

installation has been performed by the genetic algorithm, but 

a new method has been proposed for the allocating of DTR 

monitoring equipment, which was able to determine the best 

lines for implementing DTR technology. The proposed 

method (i.e. using ESSs and DTR technology) has been 

compared with different scenarios. The results show that ESSs 

can save curtailed energy due to RESs variable nature and the 

generator's thermal constraints, and the DTR technology 

eliminates curtailed energy due to the inadequacy of lines 

capacity. According to the results, in comparison with STR 

technology the proposed method can provide 90.72%-99.6% 

reduction in cost, 93.5%-99.52% reduction in curtailment of 

wind power, 98.5%-99.86% reduction in curtailment of solar 

power and, 98.87%-99.13% reduction in load shedding in 

IEEE 24 and 30-bus test systems, respectively. As seen, it is 

obvious that the proposed method can improve all the 

considered objectives was better than other solutions.  
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