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Abstract — High economic operation cost in power systems is one of the challenges toward the development of the new smart 
distribution networks. Designing an energy storage system (ESS) is an essential part to manage and control the total operation cost 
as well as improve reliability and security in power systems. One of the major concerns of installing ESS is the transmission lines 
capacity constraint. Therefore, the right location of ESS is important to maximize the economic benefits. In this paper, centralized 
and distributed ESS with fixed capital cost are proposed to minimize the total operation cost. Economic dispatch (ED) technique 
and unit commitment (UC) are formulated to calculate the minimum operation cost. Constraints of thermal units, transmission 
lines and energy storage are included to formulate the proposed approach. Mixed integer programming (MIP) is used to model the 
ED and UC as well as the penetration of ESS. A six-bus system is used in all the examples studied to show the efficiency of the 
proposed method.  

Keywords - Energy Storage System, Unit Commitment, Economic dispatch, Mixed Integer Programming (MIP). 

 

I. INTRODUCTION  

Traditional grids with basic infrastructure have been 
unchanged since its establishment, even though there is a 
need of development through generation, transmission and 
distribution. Utilities around the world are attempting to 
address many challenges in the existing electricity grids, 
such as a reduction of fuel consumption, power losses, and 
overall carbon footprint [1]. To address all these challenges, 
there is a tendency to move from centralized thermal units 
as large power plants to the implementation of distributed 
generation (DG) in the low voltage networks. The 
integration of DG into the traditional power systems has 
many advantages include power losses reduction, increasing 
systems efficiency, voltage support, friendly environment, 
reducing congestion in transmission lines and avoiding 
additional costs to upgrade the existing equipment [2].   

Renewable energy resources have interment power output, 
where DG is mainly based on these resources. Therefore, 
ESS is an essential part to enable DG. The steady and 
dynamic performance of the distribution networks with DG 
and ESS have been examined in [3], where the objective is 
to flat the power output fluctuations of the renewable energy 
resources. The impact of DG and ESS on transient stability 
of the electric power systems has been investigated in [4]-
[5], and the results show a significant improvement on 
transient stability. The impact of ESS on the net present 
value (NPV) of the ESS implementations in distribution 
networks using non-dominated soring genetic algorithm 
method has been studied in [6], where the results show the 
relation between specific costs and energy storage payback. 
An allocation of ESS in a distribution network with 

renewable resource has been proposed in [7] to increase the 
advantages for both utilities and DG owners by reducing the 
total cost of the electricity. Evaluation of investment 
economy of battery energy storage system (BESS) using 
real options theory has been introduced in [8], where the 
results show coal saving benefits and environmental benefits. 
A study of BESS applications including load leveling, 
control power and peak shaving, have been investigated in 
[9]. The results of the previous study indicate that the load 
leveling application of the BESS is applicable for deferment 
of Transmission and distribution upgrade, while the control 
power and the load peak shaving applications are suitable 
for frequency regulation and industrial end-customer, 
respectively.      

Most complex power systems use thermal units to deliver 
the required electricity. In fact, system operators apply 
different techniques to dispatch power to the required 
demand with possible variation in system demand over the 
day. In modern power systems, it is essential to solve 
optimal power flow based on production cost function. 
Economic dispatch (ED) and unit commitment (UC) ensure 
delivering power to the required demand at the minimum 
value of total operation cost. UC is one of the best options 
for systems operator to satisfy systems security and 
reliability. Moreover, UC and other constraints help utilities 
to increase the profit by determining short term and long 
term of thermal units.  The UC can be formulated as 
constrained optimization problem [10]. Economic and stable 
operation of a micro-grid using ED has been proposed in 
[11], where the objective is to minimize fuel consumption 
during grid operation and to ensure stable islanded operation 
of the microgrid. Moreover, an optimal economic operation 
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of smart grid has been introduced in [12]. The previous 
study applied ED method using fuzzy advanced quantum 
evolutionary method to provide intelligent optimal 
economic operation of thermal units and renewable sources 
as well as PHEV charging/discharging schedule. Economic 
operation of a microgrid with combined heat, renewable 
resources and battery storage has been investigated in [13]. 
Although battery energy storage has a reduction impact on 
the total operation cost in the previous study, the size of the 
battery includes rated power and rated energy has not been 
discussed. Optimal power flow analysis of ESS has been 
investigated in [14] to address specific targets include 
reduction of transmission congestion and CO2 emission as 
well as cost saving. However, the previous study does not 
consider ED for the energy storage, i.e. energy storage is not 
automatically dispatched. Therefor, the optimal solution of 
ESS is not achieved since the dispatch of ESS is manually 
scheduled.      

Many techniques have been developed to solve UC, such 
as priority list, dynamic programming, fuzzy system, integer 
and linear programming, branch and bound, lagrangian 
relaxation, interior point optimization, tabu search and 
genetic algorithm [15]. There are some computational 
environment software to solve unit commitment such as 
GAMS, Matlab and CPLEX, which can be used as mixed 
integer programming or mixed integer linear programming 
[16].    ESS has wide range of technologies that have been 
developed in power systems includes pumped hydropower, 
compressed air energy storage (CAES), batteries, flywheels, 
superconducting magnetic energy storage (SMES), super 
capacitors, and hydrogen storage [17].  

In this paper centralized and distributed energy storage 
are proposed to reduce the operation cost in power systems. 
The objective of the proposed method uses ED and UC to 
minimize total operation cost. Although capital cost of ESS 
is an additional cost to the existing power systems, it has a 
significant effect on reducing the overall operation cost. 
Most of utilities around the world are having fixed budget of 
each project, therefore a fixed capital cost of ESS is 
considered for professional analysis. The optimization 
problem has been done using commercial available software. 
The objective of this study is to investigate the impact of 
centralized and distributed ESS on total operation cost of a 
power system while taking into account the constraints of 
thermal units and transmission lines as well as the 
constraints of BESS. The optimization problem and all the 
constraints have been formulated using mixed integer 
programming (MIP).     

This paper is organized as follows: section II presents the 
problem formulation to obtain the minimum solution of 
economic operation. Section III presents the numerical 
simulation and results using a six-bus system. The 
conclusion has been provided in section IV. 

II. PROBLEM FORMULATION 

Cost function can be presented either by a quadratic 
curve or a piecewise function as shown in Fig.1. In this 
paper, a piecewise function is applied to economic dispatch 
using MIP. The procedure of converting a quadratic cost 
function into a piecewise cost function is presented in [18]. 
The objective of the economic dispatch and unit 
commitment technique is to minimize the total operation 
cost of the thermal units and the operation and maintenance 
cost of the ESS as in (1). The total operation cost of the 
thermal units is the summation of the thermal units 
generation cost, start up cost and shut down cost as shown 
in (2). The generation cost function (3) is converted into a 
piecewise cost function as shown in (4). The generation cost 
of thermal unit is obtained by considering the no-load cost 
and the multiplication of cost segments and power segments 
of the thermal unit. The no-load cost is defined as a 
parameter and can be obtained from (5).    
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A. System Load balance and DC optimal power flow 

 
The system load balance equation is expressed in (6) 

specifies that the total power generated is equal to the system 
demand. The total power generated is the summation of the 
power generated from ESS and power generated from the 
thermal units as in (7). The incident matrix, , has been 
multiplied by the power flow to adjust the rows and columns 
of . Also, the power generated from ESS and the power 
generated from thermal units cannot be added unless incident 
matrices are applied to them. The power flow on each line is 
calculated using (8). The power flow limitations can be 
found in (9) and (10). The negative sign of the power flow 
indicates that power flow is in the opposite direction.   
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Fig.1 Cost Function (a) Quadratic Curve, (b) Piecewise 
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B. Unit Constraints 

The total power supply from thermal units is the 
summation of the total power of unit  of segment  at time  
as shown in (11). The total power segment must be less than 
or equal to the maximum power segment (12). The constraint 
of maximum and minimum generation of unit  at time  is 
formulated by (13). 

 
 

(11) 

 (12) 

 (13) 

Ramping up and down are limited using constraint (14) 
and (15), respectively. The advantage of using these 
constraints is to prevent unit  from producing power grater 
than its ramp up limit between two consecutive hours. The 
ramping down constraint is to prevent unit  from decreasing 

power less than its ramp down limit between two 
consecutive hours. 

 
1  

 
(14) 

1  
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The previous constraints of ramping up and down are 
formulated based on start up and shut down 
indicators,	 	and , respectively. The indicators of start 
up and shut down are binary variables and can be defined as 
(16) and (17).   

 
 (16) 

1 (17) 

the indicator  is one when unit  is started up and zero 
otherwise. However, the indicator  is one when unit  is 
shut down and zero otherwise.  

Shut down cost and start up cost are presented in (18) and 
(19), respectively. When unit  is shut down, the indicator 

 is one and the shut down cost is considered. Similarly, 
when the unit  is started up, the indicator  is one and the 
start up cost is considered.  

 
∗  (18) 

∗  (19) 

The shut down time constraints are formulated in (20)-
(22). When unit  is turned off the commitment state is zero 
and the shut down time is considered. The maximum 
number of hours that unit  can be turned off is 24 hours. 
When unit  is turned on the commitment state is one and 
the shut down time is zero.  

 
1  (20) 

1 (21) 

1 1  (22) 

The constraints of start up time are formulated in (23)-
(25). When unit  is turned on the commitment state is one 
and the start up time is considered. The maximum number 
of hours unit  can be turned on depends on the 
characteristics of each unit. When unit  is turned off the 
commitment state is zero and the start up cost is zero.  

 
∗  (26) 

∗  (27) 

C. Energy Storage Constraints 

ESS can operate in three conditions: charging, 
discharging and idle. The rated power limitation of ESS is 
defined in (28) for the charging and discharging mode. 
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When ESS is in the charging mode, the  is negative and 
the stored energy starts increasing. When ESS in the 
discharging mode, the  is positive and the stored energy 
starts decreasing. The rated energy limitations are 
formulated by (29)-(31) for the charging and discharging 
mode. The maximum rated energy depends on the 
characteristics of each type of ESS, however the minimum 
rated energy of ESS is assumed to be zero. The maximum 
rated energy is applied to prevent over charging.  The stored 
energy in each hour is equal to the stored energy of the 
previous hour plus the stored energy of the current hour, 
with ∆  assumed to be one hour. The maximum rated energy 
is the maximum rated power multiplied by the maximum 
charging/discharging time. Each type of ESS has capital 
cost; sometimes referred to as investment cost. The capital 
cost is calculated using (32). The capital cost of this study is 
the summation of the maximum rated power multiplied by 
the rated power cost plus the maximum rated energy 
multiplied by the rated energy cost. Also, the operation and 
maintenance cost of ESS is added to the capital cost even 
though it is a small amount for accurate calculations. In this 
paper, the capital cost is assumed to be fixed. The rated 
energy and rated power of the ESS are defined as 
parameters.   

 
∗  (28) 

 (29) 

∆  (30) 

∗  (31) 

 (32) 

 

III. NUMERICAL SIMULATION 

The model and all of the previous equations are 
implemented on 1.3-GHz Intel core i5 personal computer 
using GAMS 24.2.1. A six-bus system is used in all the 
examples studied and it is shown in Fig.2. The network data 
is obtained from [19]. The line characteristics with 
maximum power flow on each line are illustrated in Table I. 
The total hourly demand of the six-bus system is shown in 
Table II. The characteristics of the generating units are  

 

 
Fig.2 Six-bus system configuration 

TABLE I 
LINES CHARACTERISTICS 

Line From To   

1 1 2 0.17 140 

2 1 4 0.258 110 

3 2 4 0.197 140 

4 5 6 0.14 140 

5 3 6 0.018 130 

6 2 3 0.037 150 

7 4 5 0.037 50 
 

TABLE II 
HOURLY DEMAND 

 
TABLE III 

GENERATING UNITS CHARACTERISTICS  

 
shown in Table III. The load L1 has a 20% of the total 
demand, while the loads L2 and L3 have 40% each. 
The following cases are considered:  
Case 1: Base case (without ESS). 
Case 2: Adding (Centralized) ESS to Case 1.  
Case 3: Adding (Distributed) ESS to Case 1.    
 
Case 1: the objective is to find the minimum operation cost 
using the economic dispatch and unit commitment methods. 
In this case, unit 1 is the base unit amongst all the 
generation units with maximum capacity of 220 MW.  
When the demand exceeds the maximum capacity of unit 1, 
unit 2 is committed to supply the demand. Unit 1 is 
committed for all 24 hours and unit 2 is committed at hours 
12-24. Unit 3 is committed at hour 12 to help unit 2 
reducing the overall economic operation cost since the no-
load cost and the start up cost of unit 2 are high. The total 
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operation cost is $126,464.639 per day. The power supply in 
this case is shown in Fig.3 
 
Case 2: the objective in this case is to minimize the total 
operation cost of the system using ESS. The network 
includes a centralized 30 MW lead acid BESS on bus 3. The 
BESS in this case is adjusted for one hour charging and 
discharging to reach the maximum rated energy of 30 MWh. 
The rated energy cost of the lead acid BESS is 247 ($/kWh), 
the rated power cost is 507 ($/kW), the efficiency is 90%, 
and the operation and maintenance cost is 0.0005 ($/kW 
produced) [20]. The capital cost of the lead acid BESS is 
($22,620,000).  The operation and maintenance cost of the 
BESS is $54.33 per day and the total operation cost of the 
generating units is $122,504.238 per day.  
Adding 30 MW lead acid BESS has a significant impact on 
the total operation cost as compared to Case1. The impact is 
a reduction in the total operation of $3960.401 per day. The 
operation and maintenance cost of the BESS is $54.33, 
therefore the total saving is $3906.071 per day. The total 
power supply from thermal units has been changed due to 
the injection of the BESS as shown in Fig.4. In this case, 
unit 2 is not committed in hours 12, 23 and 24 as compared 
to Case 1. The UC comparison between Case 1 and Case 2 
is shown in Table 4. The charging/discharging process of 
 

 
Fig.3 Power supply in Case 1 

 
the BESS in this case is shown in Fig.5. The BESS is 
discharging in hours 1, 2,8, 9, 12, 13, 14, 17, 18, 22 and 23, 
while the charging mode in hours 4, 5, 6, 7,10, 15,16, 19, 20, 
and 21. Transmission lines have limited capacity, therefore 
the BESS is not able to charge and discharge the full 
capacity since it is in a centralized location. It is obvious 
that the BESS is in the idle mode at hour 3, therefore an 
alternative location is needed.    
 
Case 3: the objective in this case is to apply distributed ESS 
to Case 1 with the same capital cost as in Case2, i.e. the 
budget of BESS is not changed ($22,620,000). The network 
includes three lead acid BESSs distributed next to loads. 

Storage 1, storage 2 and storage 3 have been distributed on 
buses 3, 4 and 5, respectively. In order to use distributed 
BESS and to keep the capital cost fixed, each battery has 
been designed for maximum rated power of 10 MW and for 
one hour charging and discharging to reach maximum rated 
energy of 10 MWh. The total operation cost of the 
generating units in this case is $121,869.8 per day. Adding 
three lead acid BESSs has a significant impact on total 
operation cost as compared to Case 1. The impact is a 
 

 
Fig.4 Power Supply in Case 2 

 

 
Fig. 5 Charging /Discharging process of the BESS in Case 2 

 
reduction in the total operation of $4594.839 per day. The 
operation and maintenance cost of the BESS in this case is 
$66.83, therefore the total saving is $4528 per day. The 
power supply of the generating units is shown in Fig.6. The 
charging and discharging process of the BESSs in this case 
is shown in Fig.7. In this case, unit 2 is not committed in 
hours 12, 23 and 24 as comparing to Case 1. Although the 
capital cost of the ESS is not changed in Case 2 and Case 3, 
the total saving in Case 3 is more than the total saving in 
Case 2. In addition, unit 3 is not committed at hour 23 as 
compared to Case 2. The UC comparison between Case 1 
and Case 3 is shown in Table 4.  
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Fig.6 Power supply in Case 3 

 

 
Fig.7 Charging /Discharging process of the BESS in Case 3 

 

TABLE 4 
UC Comparison between All Cases 

 
 

IV. CONCLUSION 

In this paper, centralized and distributed ESS with fixed 
capital cost were proposed to minimize the overall 
economic operation cost. Constraints of thermal units, 
transmission lines and energy storage were included to 
formulate the proposed approach using economic dispatch 
and unit commitment techniques. Energy storage was 
formulated to operate in all possible modes, which are 
charging, discharging and idle. Adding ESS can save the 

high operation cost, start up cost and shut down cost of 
thermal units.  The case study of the Centralized location of 
ESS has a significant impact on reducing the total operation 
cost. However, transmission lines constraints prevented the 
ESS to operate in all 24 hours. Although the capital cost of 
ESS is not changed in the centralized case and the 
distributed case, the total saving is more in the distributed 
case.  The unit commitment study shows that the distributed 
ESS has been able to turn off the thermal units four hours a 
day comparing to the base case. Moreover, the distributed 
ESS reduces the congestion in transmission lines and 
distribution networks. Therefore system operators would 
defer the upgrade of the existing power systems. 
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NOMENCLATURE 
  
Indices  
i  Index for unit. 
b   Index for bus.  
t   Index for time.  
l  Index for line.  
g  Index of segment.  
s  Index of storage 
 
Parameters  
P_i^min  Minimum power generation of unit i. 
P_i^max   Maximum power generation of unit i. 
a_i 〖,b〗_i,c_i  Cost Coefficients.  
〖Cnl〗_i  Cost no-load of unit i. 
〖Sdc〗_i  Shut down cost of unit i. 
〖Suc〗_i  Start up cost of unit i.   
〖MU〗_i  Minimum Up time of unit  i. 
〖MD〗_i  Minimum down time of unit i 
〖RU〗_i  Ramping up of unit i. 
〖RD〗_i  Ramping down of unit i. 
〖Mn〗_i Maximum number of hours that unit i can be on. 
〖Mf〗_i Maximum number of hours that unit i  can be off. 
〖PD〗_bt  System demand on bus b at time t. 
〖Pseg〗_ig^max Maximum power segment of unit i at segment g. 
〖Cseg〗_ig  Cost segment of unit i at segment g. 

X_l  Reactance of line l. 
〖PF〗_l^max  Maximum power flow of line l. 
δ_lb  Incident matrix (line l and bus b  ). 
φ_bi  Incident matrix (bus b and unit i). 
P_s^max  Maximum rated power of storage s. 
P_s^min  Minimum rated power of storage s. 
E_s^max  Maximum rated energy of storage s.  
E_s^min  Minimum rated energy of storage s. 
μ_s  Discharge efficiency of storage s. 
〖CE〗_s  Rated energy cost of storage s. 
〖CP〗_s  Rated power cost of storage s. 
Cap  Capital investment cost of energy storage.  
H_s^max  Maximum charge/discharge time of storage  

 s. 
α_sb  Incident Matrix (bus b and storage s) 
 
Variables  
OP    Total operation cost.  
〖Cgen〗_it  Total generation cost of unit i at time t.  
〖CSU〗_it  Start-up cost of unit i at time t. 
〖CSD〗_it  Shut-down cost of unit i at time t. 
P_it  Power supply of unit i at time t. 
〖PF〗_lt  Power flow of line l at time t.  
θ_bt  Phase angle of bus b at time t. 
〖Pg〗_bt  Power supply matrix (bus b at time t).  
E_st  Energy of storage s at time t. 
〖Pseg〗_igt Total segments generation of unit i of segment g at 

time t. 
〖O&M〗_s  Operation and maintenance cost of 

storage s. 
NG  Number of units.  
NH  Number of hours. 
NX  Number of segments. 
NE  Number of energy storages.  
NL  Number of lines.  
NB  Number of buses.  
 
Positive Variables 
〖Pseg〗_igt Power segment of unit i at segment g at     time t.  
〖Sd〗_it  Shut-Down time of unit i at time t. 
〖SU〗_it  Start-up time of unit i at time t. 
 
Binary variables  
U_it  Commitment state of unit i at time t.  
y_it  Start-up indicator of unit i at time t. 
z_it  Shut-down indicator of unit i at time t.  
 
 
 

 
 
 

 
 
 

 


