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Abstract: Strong concerns over greenhouse gas emissions have required the construction of non-polluting 

energy sources such as wind farms and photovoltaic plants. This need, combined with recent technological 

developments, has enabled the global installed capacity of wind farms in particular to grow from a negligible 

level in 2001 to more than 900 GW in 2023. However, due to the high variability of wind, this energy source 

is non-dispatchable, i.e., it cannot be controlled by operators to meet demand in a short amount of time. This 

problem can be mitigated by the allocation of energy storage systems (ESSs) to appropriate buses. This 

paper proposes an optimization model for the allocation of large-scale ESSs using a genetic algorithm (GA) 

and a linear multi-period optimal power flow (LMOPF). The GA enables the best allocation of the ESS to 

buses, their dimensions (i.e., selection of the power and energy of the ESS) and four types of technology. 

The LMOPF is used to perform system planning for a horizon of 𝑛𝑝 periods, and to carry out the generation 

dispatch of a high voltage hydro-thermal-wind system and the charging and discharging processes of the 

ESS allocated by the GA. Due to the large size of the system and the complexity of resolution, a single-phase 

network model was chosen, and reactive power was disregarded. The model was tested using a system in 

the south of Brazil. The results showed that the optimal allocation of ESSs allowed for a hydroelectric energy 

time-shift, reducing the daily costs of operation. 

Keywords: Allocation of energy storage systems; arbitrage; energy time-shift; genetic algorithms; linear 

multi-period optimal power flow. 
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INTRODUCTION 

The first large-scale ESS (energy storage system) was a PHES (pumped hydro energy storage), 
constructed in Italy and Switzerland in 1890. Since then, many other technologies have been developed, and 
ESSs have found many applications in the areas of generation and transmission, such as [1-7]: 

 

• Grid integration of wind and photovoltaic generation. There has been a huge increase in the use of 
these sources worldwide since 2001. However, they are non-dispatchable. The allocation of ESSs 
to appropriate system buses has the potential to mitigate this problem; 

• Electric energy time-shift (a phenomenon also known as arbitrage), where cheap energy is bought 
during an off-peak period, stored, and sold at a better price during a later peak period;  

• Electric supply capacity, which reduces the need for new generating plants and the purchase of 
energy on the wholesale market; 

• Energy storage during periods of favorable hydrological conditions; 

• Transmission congestion relief, to postpone investment in new lines; 

• Reduction of operating costs of transmission systems; 

• Suppression of demand peaks; 

• Ancillary services, such as frequency regulation, spinning and non-spinning reserves, voltage 
support and black start. 

 
For all ESS applications, it is important to allocate and size the most appropriate storage technologies. 

The question of the allocation of ESSs has been addressed by several authors using various techniques. The 
list below shows some works related to the use of some of these techniques. The authors consider only battery 
energy storage systems (BESSs) and low voltage (LV) or medium voltage (MV) distribution systems (DSs). 

Awad, El-Fouly, and Salama [8] studied the problem of optimizing a combination of BESSs and loads for 
a DS, so that all possible contingencies could be met. A GA (Genetic Algorithm) was used to build a model, 
which was tested using a system containing two BESSs and 16 buses, and a system containing two BESSs 
and 32 buses.  

Babacan, Torre, and Kleissl [9] studied the allocation of BESSs in MV (7.2 kV) and LV (120/240 V) 
systems and with high photovoltaic (PV) penetration (50%). A case study was conducted using a GA and 
OpenDSS, with the IEEE-8500 system bus.  

 Awad, EL-Fouly, and Salama [10] proposed a methodology based on the GA and a linear-programming 
solver. The DS contained 33 buses and three different types of BESS technologies. Two different types of DG 
were considered, based on natural gas and intermittent wind power. 

Rangel and coauthors [11] used a GA with a nonlinear optimization model to determine the allocation of 
one or more BESSs, and established the type, capacity, location bus and number of elements to be used. The 
methodology was tested using an IEEE-123 system bus. 

Mazza and coauthors [12] presented an approach for planning and scheduling BESSs in an LV system 
that combined the properties of metaheuristics for BESS sizing and placement with a GA and a greedy 
algorithm to find the optimal BESS schedule.  

Wong and Ramachandaramurthy [13] used WOA to minimize the total system losses by finding the 
optimal BESS locations and sizing. The DS consisted of 48 buses operating in an MV network. The authors 
compared the performances of WOA, Particle Swarm Optimization (PSO) and Firefly Algorithm (FA) and 
concluded that WOA provided the highest overall reduction in system losses. 

Most of the literature presents models that allocate and size only BESSs operating in Medium Voltage 
Thermal-Wind System. However, the distinguishing feature of the present work is the proposition of an 
optimization model that: 

• Allocates not only BESSs, but also pumped hydro energy storage (PHESs), liquid air energy 
storage (LAESs), and gravity energy storage system (GESSs). To do so, the model uses different 
values of cost, cycle efficiency, lifetime, discharge times and physical restrictions relative to each 
technology analyzed; 

• Focuses on the electric energy time-shifting properties of the ESSs of a High Voltage (HV) Hydro-
Thermal-Wind System with a strong predominance of hydroelectric power (like the Brazilian power 
system); 

• Considers the profitability of arbitration as an allocation criterion, i.e., the allocation of ESSs is only 
considered viable in the case of a positive net result. This criterion also makes the model more 
real and closer to a practical commercial situation.  
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To achieve this, the present work proposes a method for solving an optimization problem that can 
determine the best buses on which to allocate ESSs, the best ESS technology, and the best dimensions for 
these, with the aim of minimizing the daily operating costs of the system in study. Four of these technologies 
were considered for the purpose of this paper, as described below. 

Pumped Hydro Energy Storage (PHES)  

PHESs can work either in pumping mode, where an electric motor pumps water from a lower reservoir to 
an upper reservoir, or in generation mode, where water from an upper reservoir is discharged to a lower 
reservoir through a penstock. The water causes rotation of the pump turbines, which start to operate in turbine 
mode, activating the generators. 

The worldwide installed capacity of PHESs was 183,896 MW in 2023, corresponding to more than 95% 
of the total number of ESSs [14]. In the USA, Germany and Japan, the construction of hourly cycle PHESs 
began to increase from the 1960s onwards in order to supply energy at peak hours. The current interest in 
PHESs and other ESS technologies is mainly due to the need to reduce the intermittency of wind and solar 
power plants. China is one of the leading countries in terms of the construction of new PHESs [15]. In Brazil, 
an inventory study was carried out by the Energy Research Office (EPE) [16], but there are still no PHESs 
operating or under construction in this country. 

The size of the reservoir generally determines the level of the charging and discharging cycle for PHESs, 
which may be hourly, daily, weekly, monthly, or seasonal. Although PHES can offer a large capacity, the major 
constraint is of a geological nature, and is associated with the need to build reservoirs, increasing Capex 
(capital expenditure), and especially Capex power. 

Battery Energy Storage System (BESS) 

BESSs are electrochemical ESSs that produce and store energy through oxidation and reduction 
processes. BESSs do not suffer from major geological constraints, except those arising from logistical factors, 
in the same way as all ESSs. However, a major constraint is their reduced lifetime compared to other ESSs, 
which is due to degradation mechanisms [17].  

BESSs are becoming cheaper and more efficient, with higher sizes (MW/MWh), and have been installed 
in several countries. Up to the moment when this paper was submitted, the highest operational BESS in the 
world was Moss Landing, 750 MW/3,000 MWh, California, USA [18]. In Brazil, this subject has been under 
discussion since 2019, and the company ISA CTEEP installed a 30 MW/60 MWh BESS in the locality of 
Registro, SP, in March 2023 [19]. The construction of higher BESSs is expected in Brazil in the coming years 
[20]. BESSs show a great range of technological diversity [7, 21]. However, this diversity is not considered in 
the present paper. 

Liquid Air Energy Storage (LAES) 

In LAES, the ambient air is purified, compressed, and cooled until it reaches the liquid phase, when it is 
stored in reservoirs at almost atmospheric pressure [22]. During discharge, energy is recovered by pumping, 
evaporating, and expanding the liquid air through a set of turbines, which drive electric generators. A pilot plant 
based on this technology, with power of 350 kW/2.5 MWh, was commissioned in 2010 as a result of a joint 
effort by Highview Power and the University of Leeds, UK. A new 5 MW/15 MWh plant, built near Manchester, 
UK, was commissioned in 2018 and connected to the system. Highview Power reports that the company also 
have LAES projects under development in Scotland and Australia [23]. Despite being a recent technology in 
relation to BESSs, LAESs have a significant advantage, which is the impossibility of degradation. 

Gravity Energy Storage System (GESS) 

GESS operates by storing gravitational potential energy, in the same way as PHES. However, in PHES, 
potential energy is increased by pumping water to an upper reservoir, whereas in GESS this increase takes 
place through the vertical or inclined movement of large solid blocks [24, 25]. 

Like BESSs and LAESs, GESSs do not suffer from the geological constraints, and like PHESs and LAESs, 
GESSs are immune to degradation. In addition, although this technology is still recent, the Capex of a GESS 
may be lower than for the other technologies. GESS technology is not yet in the commercial phase, but  it has 
attracted increasing attention. In 2010, there were five patents, whereas this number had increased to 46 by 
2021, when the technology began to attract attention. Energy Vault, a Swiss-based company, initiated the 
commissioning process of a 25 MW/100 MWh GESS in Roding, China, in December 2023 [26]. 
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Parameters adopted in this study 

The parameters used for the present study are shown in Table 1 [7, 27-33]. A parameter of special 
importance, which was considered in the present paper, is the location adaptability: whereas BESSs, LAESs 
and GESSs can be allocated to any bus of the system under study, PHES can only be allocated to buses 
close to rivers. In the present paper, logistical factors were not considered, and inventory studies related to 
PHESs were not carried out.  

In what follows, the symbol $ means U.S. Dollars (USD). In the case of marginal operating costs (MCs), 
the conversion of values from Brazilian Reais (BRL) to USD was carried out based on the average exchange 
data of 2023. According to the Brazilian Central Bank: 1.0 USD = 5.00 BRL. 

  Table 1. Parameter values used in the present study 

  Item PHES BESS LAES GESS 

  Power range (MW) 10.0–7,000 1.0–800 1.0–300 40.0–3,000 
  Location adaptability Poor Good Good Good 
  Cycle efficiency 85% 95% 70% 90% 

  Discharge time (h) 1.5–5 h 1.5–5 h 1.5–5 h 1.5–5 h 

  Lifetime (years) 50 15 30 40 
  Capex Energy ($/kWh) 400 100 600 300 
  Capex Power ($/kW) 5,000 150 2,520 690 

MATERIAL AND METHODS 

The methodology adopted in the present work involves the development of a model for the allocation of 
different ESS technologies, with the aim of addressing issues related to the allocation, costs and electric 
energy time-shift of large high voltage hydro-thermal-wind systems, such as those found in Brazil, with a high 
hydroelectric capacity and growing wind capacity. In the present paper, ESSs are assumed to operate with 
constant voltages and frequencies. The optimal allocation is obtained based on the variation in both these 
prices and wind energy generation. 

The maximum number of ESSs to be allocated, the wind daily generation, and the electrical system 
parameters are input variables. The results are the optimal allocation configuration, which specifies how many 
ESSs are actually allocated, the types of ESSs allocated to each bus, and other energy and financial results. 

Due to the large size of the system, the Linprog function with Interior Point Methods from Matlab® was 
used. The GA Matlab® toolbox was used to solve the GA problem. 

In this work, the allocation of ESSs is carried out by means of an optimization problem whose criterion 
is the investment amortization period. This period is calculated based on the net result generated by the 
decrease in the daily operating cost after the allocation of the ESSs. The net result is obtained from the daily 
operating costs of hydroelectric power plants (HPPs) and thermoelectric power plants (TPPs), the daily cost 
of load shedding, the depreciation time and the ESSs acquisition costs. To obtain the daily optimization costs, 
it is necessary to consider the operation of the system, including the dispatch of HPPs and TPPs, charging 
and discharging of the ESSs, and load shedding. 

The problem is solved on two steps: (1) formulation of the evaluation function; (2) formulation of the 
LMOPF, which is used to calculate the evaluation function. 

Optimization variables are defined at the first step. They are the locations of the buses to which the ESS 
will be allocated, the dimensions (i.e., the power and energy of the ESS) and the ESS technology used 
(BESS, PHES, LAES or GESS). These are modeled as binary variables, and are optimized by minimizing 
the amortization time function using a GA. A GA was chosen due to its ease of implementation and because 
this is a well-established technique for allocation problems. Many other techniques could be used, such as a 
particle swarm or differential evolution technique, among others. 

At the second step, each individual generated by the GA is evaluated, based on a linear multi-period 
optimal power flow (LMOPF), which enables the operation of the system. The LMOPF uses linear equations 
for the power flow corresponding to the active power balances of the network, to satisfy the energy goals of 
HPPs, the operational limits on the power of HPPs and TPPs, the operational limits on the power and energy 
of the ESS, and the limits on the active power flows through the lines of the network. 

Linear equations were used to model the transmission network due to the size of the problem, which 
would involve very long computational times if nonlinear equations were used. 

The LMOPF performs system planning for a horizon of 𝑛𝑝 periods ahead of a selected planning horizon 

and optimizes the power grid simultaneously for all of these 𝑛𝑝 periods. If the study horizon is one day, 𝑛𝑝 

is equal to 24, and each period lasts one hour (∆t = 1). 
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The LMOPF formulation presented in this paper was inspired by a nonlinear formulation that was applied 
to distribution networks in order to minimize the electrical losses [34]. This formulation was adapted to include 
the energy constraints of HPPs and the minimization of load shedding that may be necessary to overcome 
line congestion problems. 

Formulation of the evaluation function 

Some parameters needed to the formulation of this function are described in Table 2 bellow. 

                   Table 2. System parameters 

  Type Description 

  𝑛𝑏 Number of buses of the system 

  𝑛𝑙 Number of lines of the system 

  𝑛𝑙𝑑 Number of loads 

  𝑛ℎ Number of hydroelectric power plants (HPP) 

  𝑛𝑡 Number of thermoelectric power plants (TPP) 

  𝑛𝑤 Number of wind power plants (WF) 

  𝑛𝑝 Number of periods 

  𝑛𝑠𝑑 Number of ESSs 

  𝑐𝑜𝑠𝑡𝑠𝐸𝑆𝑆 ESSs costs (from Table 1) ($/kWh) 

  𝑀𝐶𝑙𝑒𝑣𝑒𝑙
𝑡  Marginal operating cost of each period 𝑡 in a given load level ($/MWh) 

  𝐿𝑆𝐶𝑙𝑒𝑣𝑒𝑙
𝑡  Load shedding cost of each period 𝑡 in a given load level (pu) 

 
At the first step of the optimization problem, the following evaluation function is used to size and allocate 

the ESSs:  

𝑓𝑖𝑡𝑛𝑒𝑠𝑠 = 𝑌𝑒𝑎𝑟𝑠𝐴𝑚𝑜𝑟𝑡𝑖𝑧𝑒,  (1) 

where 𝑌𝑒𝑎𝑟𝑠𝐴𝑚𝑜𝑟𝑡𝑖𝑧𝑒 refers to the amortization time of the investments needed to allocate ESSs. 

To obtain the value of 𝑌𝑒𝑎𝑟𝑠𝐴𝑚𝑜𝑟𝑡𝑖𝑧𝑒, it is necessary to calculate the daily cost of operation before and 
after storage allocation, as follows: 

𝐷𝑎𝑖𝑙𝑦𝐶𝑜𝑠𝑡𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝐸𝑆𝑆 = {∑ ∑ 𝑐𝑡(𝑃𝐺𝑇𝑗
𝑡)𝑛𝑏

𝑗=1
𝑛𝑝
𝑡=1 + ∑ ∑ 𝑐ℎ(𝑃𝐺𝐻𝑗

𝑡) +𝑛𝑏
𝑗=1

𝑛𝑝
𝑡=1 ∑ ∑ 𝑐𝑓𝑖𝑐(𝑃𝑓𝑖𝑐𝑗

𝑡)𝑛𝑏
𝑗=1

𝑛𝑝
𝑡=1 }

𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝐸𝑆𝑆
, (2) 

and 

𝐷𝑎𝑖𝑙𝑦𝐶𝑜𝑠𝑡𝑤𝑖𝑡ℎ𝐸𝑆𝑆 = {∑ ∑ 𝑐𝑡(𝑃𝐺𝑇𝑗
𝑡)𝑛𝑏

𝑗=1
𝑛𝑝
𝑡=1 + ∑ ∑ 𝑐ℎ(𝑃𝐺𝐻𝑗

𝑡) +𝑛𝑏
𝑗=1

𝑛𝑝
𝑡=1 ∑ ∑ 𝑐𝑓𝑖𝑐(𝑃𝑓𝑖𝑐𝑗

𝑡)𝑛𝑏
𝑗=1

𝑛𝑝
𝑡=1 }

𝑤𝑖𝑡ℎ𝐸𝑆𝑆
+

                                       + ∑ 𝐷𝑎𝑖𝑙𝑦𝐸𝑆𝑆𝐶𝑜𝑠𝑡𝑘𝑛𝑠𝑑
𝑘=1  , 

(3) 

where 𝐷𝑖𝑎𝑟𝑦𝐶𝑜𝑠𝑡𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝐸𝑆𝑆 is the daily operating cost without storage allocation;𝐷𝑖𝑎𝑟𝑦𝐶𝑜𝑠𝑡𝑤𝑖𝑡ℎ𝐸𝑆𝑆 is the daily 

operating cost with storage allocation; 𝐷𝑎𝑖𝑙𝑦𝐸𝑆𝑆𝐶𝑜𝑠𝑡 is the ESS daily cost; 𝑛𝑝 is number of periods; 𝑛𝑏 is the 

number of buses; and 𝑛𝑠𝑑 is the number of ESSs.  

 

The function 𝑐𝑡(𝑃𝐺𝑇𝑗
𝑡) represents the cost of thermoelectric generation, 𝑃𝐺𝑇𝑗

𝑡 is the value of 

thermoelectric generation at bus 𝑗 in period 𝑡, 𝑐ℎ(𝑃𝐺𝐻𝑗
𝑡) is the cost of hydroelectric generation, 𝑃𝐺𝐻𝑗

𝑡 is the 

value of hydroelectric generation at bus 𝑗 in period 𝑡, 𝑐𝑓𝑖𝑐(𝑃𝑓𝑖𝑐𝑗
𝑡) is the cost of load shedding, and 𝑃𝑓𝑖𝑐𝑗

𝑡 is the 

load shedding value at bus 𝑗 in period 𝑡. The values 𝑃𝐺𝐻𝑗
𝑡 , 𝑃𝐺𝑇𝑗

𝑡 and 𝑃𝑓𝑖𝑐𝑗
𝑡 are calculated by the LMOPF. 

The daily net result obtained after allocating the ESS is: 

𝑁𝑒𝑡_𝑟𝑒𝑠𝑢𝑙𝑡 = 𝐷𝑎𝑖𝑙𝑦𝐶𝑜𝑠𝑡𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝐸𝑆𝑆𝑠 − 𝐷𝑎𝑖𝑙𝑦𝐶𝑜𝑠𝑡𝑤𝑖𝑡ℎ𝐸𝑆𝑆𝑠 , (4) 

and 

𝑌𝑒𝑎𝑟𝑠𝐴𝑚𝑜𝑟𝑡𝑖𝑧𝑒 =  𝑇𝑜𝑡𝑎𝑙_𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛_𝐸𝑆𝑆/(𝑁𝑒𝑡_𝑟𝑒𝑠𝑢𝑙𝑡 ∗ 365) , 
(5) 

where 𝑇𝑜𝑡𝑎𝑙_𝐴𝑐𝑞𝑢𝑖𝑠𝑖𝑡𝑖𝑜𝑛_𝐸𝑆𝑆 corresponds to the total acquisition cost of all ESSs. 

The evaluation function (𝑓𝑖𝑡𝑛𝑒𝑠𝑠) is calculated for each of the individuals generated by the GA. The GA 
is based on a search mechanism where the fittest individuals survive and each possible solution to the problem 
is represented as a chromosome [35]. To find the best solutions to the problem, a reproduction mechanism is 
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applied to each generation based on an evolutionary process in which the genetic operators of mutation and 
crossover, among others, are applied to the genetic material of the chromosome.  

The coding template for each ESS to be allocated is divided into three parts. The first gene of the template 
represents the bus of the location where the ESS would be allocated. It is formed from a binary sequence of 
𝑛𝑏𝑖𝑡𝑠buses; once converted to decimal, this sequence represents a position in the vector of candidate buses 
for the allocation of ESS (with separate allocation vectors for each ESS technology). The number of bits for 
the first gene depends on the size of the array of candidate buses for storage allocation. If the first gene 
contains a binary sequence that is decoded to give a number greater than the size of the vector of candidate 
buses for allocation, that individual is discarded. Parameterizations were made to define the ideal number of 
generations and individuals. In the case of generations, simulations were carried out considering 1000 to 5000 
generations (with steps of 1000 generations), and it was found that beyond 4000 generations no significant 
gains in fitness were obtained. The same was done with the number of individuals: varying it from 10 to 20 
(with steps of 5 individuals), it was found that the ideal number was 15. 

The second gene of the template determines the size of the ESS, and is formed of a binary sequence of 
𝑛𝑏𝑖𝑡𝑠𝑑𝑖𝑚. When converted to decimal, this representes a position in the vector of ESS dimensions, where the 
cost values of Capex energy was assumed to be 200 $/kWh (it is common business practice to use only the 
Capex energy to measure the costs of the ESSs, which was also adopted in the present work to facilitate 
computations  [6, 32]). In Table 3 below, which shows eight sizing possibilities, the number 𝑛𝑏𝑖𝑡𝑠𝑑𝑖𝑚 is equal 
to 3. 

The third gene of the template represents the ESS technology to be allocated. As there are four types of 
technology (BESS, PHES, LAES and GESS), 2 bits are needed to represent these possibilities. 

Thus, for each decoded ESS, there are (𝑛𝑏𝑖𝑡𝑠𝑑𝑖𝑚  + 𝑛𝑏𝑖𝑡𝑠buses + 2) bits, where the total number of bits is 
(𝑛𝑏𝑖𝑡𝑠𝑑𝑖𝑚 + 𝑛𝑏𝑖𝑡𝑠_buses) ∗ 𝑛𝑠𝑑. 

After creating the individuals for each generation, they are decoded, and the dimensions, locations and 
technologies of each ESS are found to be allocated to selected buses of the system. Each configuration of an 
allocation is simulated by the LMOPF, which is responsible for the operation of the system used to calculate 
the evaluation function, as shown in Equation (1). 

Table 3. Sizing and costs for ESSs 

   Power (MW) Energy (MWh) Acquisition Cost ($) Cost/cycle ($) Time Charge/Discharge (↊) (h) 

   20 100 1*Capex 1*CAP_cycle 5 

   50 200 2*Capex 2*CAP_cycle 4 

  100 400 4*Capex 4*CAP_cycle 4 

  150 600 6*Capex 6*CAP_cycle 4 

  200 800 8*Capex 8*CAP_cycle 4 

  500 1,000 10*Capex 10*CAP_cycle 2 

  800 1,200 12*Capex 12*CAP_cycle 1.5 

  1000 1,500 15*Capex 15*CAP_cycle 1.5 

 
Table 4 shows the Capex, the Cap_cycle, and the lifetime used in this paper to obtain the acquisition 

and the daily operating costs for each type of ESS. The Opex (operating expense) is carried out using the 
cycle efficiency (Table 1), which is included in the cost/cycle.  

 
Table 4. Factors used in this paper to obtain acquisition and daily operating costs 

  Item PHES BESS LAES GESS 

  Capex ($/kWh) 400 100 600 300 

  CAP_cycle ($) 2,191.80 1,826.50 5,479.50 2,054.80 

  Lifetime (years) 50 15 30 40 

Formulation of the LMOPF 

At the second step of the optimization problem, the generation dispatch is calculated and the charging 
and discharging processes of the ESS are allocated by decoded each individual solution from the GA. This 
process is conduct by means of a LMOPF.  
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Table 5 shows the operational limits of the ESS, Table 6 shows the input variables, and Table 7 shows 
the optimization variables. 

 
Table 5. Operational limits of the ESS 

  Type Description 

  𝑃𝐺𝐻𝑗
𝑚𝑖𝑛, 𝑃𝐺𝐻𝑗

𝑚𝑎𝑥 Maximum and minimum limits of hydroelectric active power generation at bus 𝑗 (pu) 

  𝑃𝐺𝑇𝑘
𝑚𝑖𝑛, 𝑃𝐺𝑇𝑘

𝑚𝑎𝑥 Maximum and minimum limits of thermoelectric active power generation at bus 𝑘 (pu) 

  𝐹𝑚
𝑚𝑎𝑥 Maximum limits of active power flow through the line 𝑚 (pu) 

  𝑃𝑆𝐴ℓ
𝑚𝑎𝑥 Maximum power injection limits of ESSs at bus ℓ (which depends on the size of the 

allocated ESS) (pu) 

  𝐸𝑆𝐴ℓ
𝑚𝑎𝑥 Maximum limit of stored energy by the ESS at bus ℓ (which depends on the dimension 

of the allocated ESS) (puh) 

  𝐸𝑆𝐴ℓ
𝑚𝑎𝑥 𝑡𝑜 𝑝𝑒𝑟𝑖𝑜𝑑 24 0. 4 × 𝐸𝑆𝐴ℓ

𝑚𝑎𝑥 (puh) 

  Table 6. Input variables for each period 𝑡 

  Type Description 

  𝐸𝐻𝑖
𝑑𝑎𝑦

 Daily energy targets for hydroelectric power plants connected at bus 𝑖 (puh) 

  𝑃𝐺𝑊𝑚
𝑡  Hourly wind generation values of the system's wind connected at buses 𝑚 (pu) 

   𝑃𝑑𝑖
𝑡 Hourly active load values, distributed throughout the day and among all load buses 

(pu) 

  𝐸𝑆𝐴𝑐ℎ𝑒𝑔ℓ
⬚ Energy pre-stored in 𝐸𝑆𝑆ℓ  (set as 40% of the storage capacity of the 𝐸𝑆𝑆ℓ) (puh) 

  ↊ℓ Time (hours) for full charge and discharge of the 𝐸𝑆𝑆ℓ (that depends on the choice of 
allocated ESS, Table 4) 

Table 7. Optimization variables for each period t 

  Type Description 

  𝑃𝐺𝐻𝑗
𝑡 Hydroelectric active power generation at bus 𝑗, during the period 𝑡 (pu) 

  𝑃𝐺𝑇𝑗
𝑡 Thermoelectric active power generation at bus 𝑗, during the period 𝑡 (pu) 

  𝑃𝐺𝑊𝑗
𝑡 Wind generation at bus 𝑗, during the period 𝑡 (pu) 

  𝑃𝑓𝑖𝑐𝑗
𝑡 Load Shedding at bus 𝑗 during the period 𝑡 (pu) 

  𝑃𝑗
𝑡 Power injection at bus 𝑗 during the period 𝑡 (pu) 

  𝜃𝑖
𝑡 Bus angle 𝑖, during the period 𝑡 (rad) 

  𝑃𝑆𝐴𝑗
𝑡 Active power injection of the ESS at bus 𝑗 during the period 𝑡 (pu) 

  𝐸𝑆𝐴𝑗
𝑡 Energy stored by 𝐸𝑆𝐴𝑗 at bus 𝑗 during the period 𝑡 (puh) 

  𝐹𝑙𝑘
𝑡  Active power flow through the line 𝑘 during the period 𝑡 (pu) 

Equality Constraints 

The power balance for each period and each bus of the system is: 

𝑃𝑗
𝑡 = (𝑃𝐺𝐻𝑗

𝑡 + 𝑃𝐺𝑇𝑗
𝑡 + 𝑃𝐺𝑊𝑗

𝑡 + 𝑃𝑓𝑖𝑐𝑗
𝑡) − 𝑃𝑑𝑗

𝑡   − 𝑃𝑆𝐴𝑗
𝑡 (6) 

where 𝑗 = 1, … , 𝑛𝑏 and 𝑡 = 1, … , 𝑛𝑝. 
 

A positive value for 𝑃𝑆𝐴𝑗
𝑡 means that ESS j is being charged in period t (i.e., the bus is absorbing power 

from the network). A negative value means that the storage system is being discharged (i.e., the bus is 
injecting power into the network). 

The power injection vector is represented by the vector 𝑷𝑡 for each block of nb equations, referring to 
each period t, and is represented by the expression: 

𝑷𝑡 =  𝑩′ .[

𝜃𝑖
𝑡

…
⬚

𝜃𝑛𝑏−1
𝑡

]  ,            𝑡 = 1, … , 𝑛𝑝                                                 (7) 
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where 𝑩′ is the inductive susceptance matrix, which is reduced by removing the column corresponding to 
the reference bus. 

The equality constraints refer to each active power balance equation per bus and per period, and are 
expressed as: 

𝑃𝐺𝑗
𝑡 − 𝑃𝑑𝑗

𝑡 = 𝑃𝑗
𝑡(𝜃𝑖

𝑡), (8) 

where  𝑗 = 1, … , 𝑛𝑏 and 𝑡 = 1, … , 𝑛𝑝. 

The stored energy at each period k at bus i (𝐸𝑆𝐴𝑖 
𝑘) is the sum of the pre-stored energy, 𝐸𝑆𝐴𝑎𝑟𝑟𝑖𝑣𝑔𝑖

⬚, plus 

the sum of the stored energy from all periods before period 𝑘 and the energy in the current period 𝑘. This is 
given by the following equation: 

𝐸𝑆𝐴ℓ 
𝑘 = 𝐸𝑆𝐴𝑎𝑟𝑟𝑖𝑣𝑒𝑑ℓ

⬚ + ∑ (𝑃𝑆𝐴ℓ
𝑡  )

𝑘−1

𝑡
 ∆𝑡 + (𝑃𝑆𝐴ℓ

𝑘) ∆𝑡, 
(9) 

where 𝑡 = 1,…, 𝑘 – 1; ℓ = 1,…, 𝑛𝑠𝑑, and ∆𝑡 is the chosen time interval (in this study, ∆t = 1 h). 

Inequality Constraints 

The operational limits on the HPPs, TPPs, ESS, load shedding and flows though the lines are expressed 
as the following inequality constraints: 

𝑃𝐺𝐻𝑗
𝑚𝑖𝑛 ≤ 𝑃𝐺𝐻𝑗

𝑡 ≤ 𝑃𝐺𝐻𝑗
𝑚𝑎𝑥 (10) 

𝑃𝐺𝑇𝑘
𝑚𝑖𝑛 ≤ 𝑃𝐺𝑇𝑘

𝑡 ≤ 𝑃𝐺𝑇𝑘
𝑚𝑎𝑥 (11) 

0 ≤ 𝑃𝑓𝑖𝑐𝑛
𝑡 ≤ 𝑃𝑑𝑛

𝑡  (12) 

−𝐹𝑚
𝑚𝑎𝑥 ≤ 𝐹𝑙𝑚

𝑡 ≤ 𝐹𝑚
𝑚𝑎𝑥, (13) 

where 𝑗 = 1, … , 𝑛ℎ; 𝑘 = 1, … , 𝑛𝑡;  𝑛 = 1, … , 𝑛𝑏; 𝑚 = 1, … , 𝑛𝑙;  𝑡 = 1, … , 𝑛𝑝. 

Each hydroelectric plant j is unable to dispatch more energy than its forecast reserves for the day ahead, 

𝐸𝐻𝑗
𝑑𝑎𝑦

, which is obtained from medium-term and short-term planning studies. 

Equation (14) is used to monitor the energy goal of each hydroelectric plant: 

∑ 24
𝑛𝑝

𝑡=1
× 𝑃𝐺𝐻𝑗

𝑡 ≤ 𝐸𝐻𝑗
𝑑𝑎𝑦

, 
(14) 

where 𝑗 = 1, … , 𝑛ℎ and 𝑡 = 1, … , 𝑛𝑝. 
The operational limits on the power and energy of the ESS are represented in Equations (15) and (16), 

respectively: 

−𝑃𝑆𝐴ℓ
𝑚𝑎𝑥 ≤ 𝑃𝑆𝐴ℓ

𝑡 ≤ 𝑃𝑆𝐴ℓ
𝑚𝑎𝑥 (15) 

0.1 ×  𝐸𝑆𝐴ℓ
𝑚𝑎𝑥 ≤ 𝐸𝑆𝐴ℓ

𝑡 ≤ 𝐸𝑆𝐴ℓ
𝑚𝑎𝑥, (16) 

where  ℓ = 1, … , 𝑛𝑠𝑑; 𝑡 = 1, … , 𝑛𝑝. 
The charging and discharging ramps are monitored by 

−
 𝐸𝑆𝐴ℓ

𝑚𝑎𝑥

↊ℓ
≤ 𝐸𝑆𝐴ℓ 

𝑘 − 𝐸𝑆𝐴ℓ 
𝑘−1 ≤

𝐸𝑆𝐴ℓ
𝑚𝑎𝑥

↊ℓ
 

(17) 

where  ℓ = 1, … , 𝑛𝑠𝑑. 

Objective Function 

The optimization criterion used in the LMOPF is presented in Equation (1), which is equivalent to the 
daily operating cost of the system: 

𝐹𝑂 = 𝐷𝑎𝑖𝑙𝑦𝐶𝑜𝑠𝑡𝑤𝑖𝑡ℎ𝑜𝑢𝑡𝑆𝑡𝑜𝑟𝑎𝑔𝑒. (18) 
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The optimization problem represented in Equations (6) to (18) was solved using an interior point method 
with the Linprog function of Matlab®.  

RESULTS 

The network system considered in the present work for simulations and analyses is part of the southern 
Brazilian system, and consists of 408 buses, 615 high voltage lines, 26 HPPs (of which 10 could be allocated 
to daily cycle PHESs), four TPPs, and two wind farms (WFs). The viable sets for the allocation of BESSs, 
LAESs and GESSs were the same as each other, and were formed of 230 kV buses. The number of ESSs 
to allocate was 12. 

Two different cases were considered for the MCs: high MC and low MC, corresponding to values verified 
during the dry and wet seasons, respectively, of the year 2021 [36]. However, the model does not depend on 
these input variables, and other non-zero values could be chosen. Each MC case was divided into three load 
periods: low, medium, and high. The values of these input variables are presented in Table 8.  

 Table 8. Values and levels of MC 

  Item Low Level Medium Level High Level 

  Level period 01:00 to 07:00 h 08:00 to 18:00 h and 22:00 to 24:00 h 19:00 to 21:00 h 

  Level duration 7 hours 14 hours 3 hours 

  High MC ($/MWh) 572.50 590.70 593.00 

  Low MC  ($/MWh) 34.35 36.00 36.20 

 
Two cases of allocations were considered: with and without allocations. This gave a total of four cases 

for analysis, from the combination of MC values and allocations possibilities, as shown in Table 9.  
 
                              Table 9. Cases analyzed 

Allocations Low MC High MC 

Without Case A-0 Case B-0 

With Case A Case B 

 
Five simulations were carried out for each case. The results of specific simulations (called the “base 

simulations”) are presented for each case below. 
The results for cases without allocations were obtained by setting to zero the number of ESSs to be 

allocated before executing the optimization model. These results were compared with the results of cases 
with allocations. Positive results were obtained for cases A and B, indicating that the allocations were viable. 
Therefore, the net result can be understood as an allocation signal. 

Table 10 shows the computational and allocation results, Table 11 shows the financial results, and Table 
12 shows the energy results for the cases analyzed. The base power is 100 MVA. 

 Table 10. Computational and allocation results 

Item Case A-0 Case A Case B-0 Case B 

 Fitness 6.8287e+07 6.8013e+07 2.6981e+08 2.6796e+08 
 CPU time (s) 9,765.40 11,161.60 9,765.40 11,161.60 
 Number of Allocations – Seven – Eight 

 

  Table 11. Financial results (in thousands of dollars 

 Item Case A-0 Case A Case B-0 Case B 

 ESS daily cost – 8.95 – 15.75 

 Total hydro cost 2,609.70 2,605.75 42,914.50 42,520.85 

 Total thermal cost 5,936.00 5,927.85 5,936.00 5,933.60 

 Total load shedding cost 5,111.60 5,061.00 5,111.55 5,122.50 

 Total daily cost 13,657.30 13,602.55 53,962.10 53,592.60 

 Daily net result – 54.75 – 369.50 
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  Table 12. Energy results (puh) 

 Item Case A-0 Case A Case B-0 Case B 

 Total hydro 704.40  704.40 704.40 704.40  

 Total low-level hydro 109.70 117.70 109.70 125.20 

 Total medium level hydro 470.34 466.27 470.34 485.00  

 Total high-level hydro 124.36 120.48 124.36 94.20 

 Total thermal 5.80  5.79 5.80  5.79  

 Total wind generation 125.64 125.64 125.64  125.64 

 Total load shedding 33.44 33.11 33.44 33.50 

 

Results for Cases A-0 and A  

It can be observed from Table 11 that the daily net results for Cases A and B were positive. In Case A, 
the net result was $ 54.75 thousand, mainly due to the reduction in hydroelectric generation from 124.36 puh 
to 120.48 puh during the high-level period, as shown in Table 12. 

Figure 1 shows the curves for the total hourly hydroelectric generation, total hourly thermoelectric 
generation, total hourly wind generation, and total hourly load shedding for Case A-0 (no allocations). Figure 
2 shows these same curves, but for Case A (seven allocations), and also shows the charging and discharging 
curve for the ESS allocated in this case. 

Figure 2 shows that there was a decrease in the hydroelectric generation during the high-level period, 
when the MC value was high, and an increase during the low-level period, when MC value was low. As a 
result, the cost of hydroelectric generation decreased after the allocation of the ESS. 

Figure 3 shows the same variables as Figure 2, but without the total hydroelectric and thermoelectric 
generation, so that the differences between the total hourly wind generation, the total hourly load shedding 
and the total hourly charging and discharging of the ESS can be analyzed with greater precision.  

 

 
 

Figure 1. Comparative results for Case A-0 
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Figure 2. Comparative results for Case A 

It can be observed from Figure 3 that the ESS is charging between 1:00 and 4:00 h, when the MC value 
is low, and the wind generation is high. It can also be observed that the ESS is discharging between 4:00 
and 10:00 h, when the MC value is medium, and when the wind generation is decreasing. The ESS is also 
charging between 10:00 and 12:00 h and discharging between 18:00 and 21:00 h.  

 
 

Figure 3. ESS power, wind power, and load shedding for Case A 
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Results for Cases B-0 and B 

It can be observed from Table 12 that the total hydroelectric generation during the high-level period 
decreased from 124.36 puh to 94.20 puh for Case B. This difference was shifted to the low and medium level 
periods, where the MC values are lower. Table 11 shows that the net result for Case B was equal to $ 369.50 
thousand.  

The net result for Case B was higher than the net result for Case A, because the shift value for Case B 
was higher than the shift value for Case A. 

Figure 4 shows the curves for the total hourly hydroelectric, thermoelectric and wind generation, and the 
curve for the total hourly load shedding for Case B-0 (no allocations). Figure 5 shows these same curves, but 
for Case B (eight allocations), and also shows the charging and discharging curve for the ESS allocated in 
this case. 

Figure 6 shows the same variables as Figure 5, but without the total hydroelectric and thermoelectric 
generation, so that the differences between the total hourly wind generation, the total hourly load shedding 
and the total hourly charging and discharging of the ESS can be analyzed with greater precision.  

It can be observed from Figure 6 that the ESS is charging between 1:00 and 4:00 h, when the MC value 
is low, and the wind generation is high. It can also be observed that the ESS is discharging between 4:00 
and 10:00 h, when the MC value is medium, and when the wind generation is decreasing. The ESS is also 
charging between 10:00 and 18:00 h and discharging between 18:00 and 21:00 h. In this case the high MC 
value at the high-level period allows for a high discharge of the ESS. The charging and discharging processes 
for Case A (Figure 3) and for Case B (Figure 6) are similar. However, this process is more intense for Case 
B than for Case A, due to the higher MC values of Case B (Table 8). 

 

 
 

Figure 4. Comparative results for Case B-0 
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Figure 5. Comparative results for Case B 

 

 
Figure 6. ESS power, wind power, and load shedding for Case B  

 
Tables 13 and 14 show the buses where the ESSs were allocated in the base simulations of Cases A 

and B, respectively. It can be observed that the largest ESS allocated were always a BESS, and that most 
of them were allocated to the largest load centers in Paraná (PR). The exception was the BESS allocated to 
bus 145, Dourados, Mato Grosso do Sul (MS). 
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BESS was the most frequently allocated type of ESS technology, despite their reduced lifetime. The 
other parameters (low cost and high cycle efficiency) outweigh their lifetime. 

 
Table 13. Allocations for Case A (Base Sim) 

  Bus No Bus name Type of ESS Size (MW/MWh) 

     26 Bateias, PR  GESS  20/100 
     51 Cascavel, PR  BESS  800/1200 
     55 Figueira, PR  BESS  20/100 
    145 Dourados, MS  BESS  100/400 
    243 Cascavel Oeste, PR  GESS  20/100 
    323 Curitiba, PR  GESS  20/100 
    377 Cascavel Norte, PR  GESS  20/100 

 
Table 14. Allocations for Case B (Base Sim) 

  Bus No Bus name Type of ESS Size (MW/MWh) 

     26 Bateias, PR  BESS  200/800 
     30 São José dos Pinhais, PR  GESS  20/100 
     89 Apucarana, PR  BESS  800/1200 
    121 Campo Mourão, PR  LAES  50/200 
    125 Guaira, PR  BESS  20/100 
    172 Rio Branco, PR  BESS  800/1200 
    213 São Mateus, PR  BESS  20/100 
    318 Curitiba, PR  BESS  500/1000 

 

Results for other simulations 

Five simulations were carried out for each case. Due to the size of the system and the stochasticity of 
the model, the GA found different allocation solutions for different simulations.  

Tables 15 and 16 show the allocation results for all simulations of cases A and B, respectively. The 
following conclusions can be drawn from these simulations: 

• BESSs were allocated in 4 simulations of Case A, and in all simulations of Case B. This is also the 
case of GESSs;  

• LAESs were allocated only in one simulation of Case A, and in two simulations of Case B; 

• PHESs were allocated in 3 simulations of Case A, but not for the base simulation of this case. 

• PHESs were not allocated in any simulation of Case B. 
 

  Table 15. Types and numbers of allocated ESS: simulations of Case A 

  Type of ESS Base Sim Sim 1 Sim 2 Sim 3 Sim 4 

  PHES 0 1 1 0 1 

  BESS 3 3 5 0 3 

  LAES 0 1 0 0 0 

  GESS 4 3 0 6 3 

  Total 7 8 6 6 7 

 
  Table 16. Types and numbers of allocated ESS: simulations of Case B 

  Type of ESS Base Sim Sim 1 Sim 2 Sim 3 Sim 4 

  PHES 0 0 0 0 0 

  BESS 6 6 4 6 4 

  LAES 1 0 0 1 0 

  GESS 1 2 4 1 2 

  Total 8 8 8 8 6 

 
Table 17 and Table 18 show a summary of the numeric results obtained for all simulations of Case B 

(which was chosen for illustrated in more detail). There were positive net results for all simulations of Case 
B. Moreover, the energy time-shift was similar for all simulations. It can be observed that the highest daily 
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net result occurred for Sim 2 ($ 387.00 thousand). This simulation also presented the lowest hydrogeneration 
at the high-level period (92.34 puh). Thus, higher energy time-shift allows for higher daily net results. 

Comparative curves, such as those in Figure 2 and Figure 5, could be drawn for the other simulations to 
demonstrate this behavior. There were also positive net results for all simulations of Case A, but they were 
not shown in this paper, due to space restrictions.  

 
  Table 17. Financial results for all simulations of Case B (in thousands of dollars) 

  Item Base 
Sim 

Sim 1 Sim 2 Sim 3 Sim 4 Average  
value 

Standard 
deviation 

  ESS daily cost 15.75 13.20 15.16 15.75 13.61 14.70 1.21 

  Total hydro cost 42,520.85 42,541.20 42,496.80 42,520.90 42,533.60 42,522.67 16.87 

  Total thermal cost 5,933.60 5,931.80 5,933.80 5,933.60 5,933.80 5,933.32 0.86 

  Total load shedding cost 5,122.50 5,132.70 5,129.30 5,122.40 5,130.30 5,126.13 4.26 

  Total daily cost 53,592.60 53,620.80 53,575.00 53,592.60 53,611.30 53,592.88 14.82 

  Daily net result 369.50 342.30 387.00 369.50 350.80 369.20 14.78 

 
  Table 18. Energy results for all simulations of Case B (puh) 

  Item Base 
Sim 

Sim 1 Sim 2 Sim 3 Sim 4 Average 
value  

Standard 
deviation 

  Total hydro 704.40  704.40 704.40 704.40 704.40 704.40 0.00 

  Total low-level hydro 125.19 123.39 126.27 125.19 123.88 124.78 1.15 

  Total medium level hydro 485.05  485.44 485.78 485.05 485.50 485.36 0.32 

  Total high-level hydro 94.16 95.57 92.34 94.16 95.02 94.25 1.22 

  Total thermal generation 5.80  5.80 5.80 5.80 5.80 5.80 0.00 

  Total wind generation 125.64 123.84 123.84 123.84 123.84 124.20 0.80 

  Total load shedding 33.51 33.57 33.55 33.51 33.56 33.54 0.03 

CONCLUSION 

This work has proposed a model for the optimal allocation of ESS in HV hydro-thermal-wind systems. 
The allocation considered four ESS technologies: PHES, BESS, LAES and GESS, each one with different 
parameters. The linear optimization problem was resolved using a genetic algorithm (GA) and a linear multi-
period optimal power flow (LMOPF). 

Four cases were defined to test the model: high MC and low MC, each one divided into cases with and 
without allocations. The results for cases with allocations were compared with those without allocations. 
Positive results were obtained, indicating that allocations were viable. 

Five simulations were carried out for each case, and the results showed that the model operates 
satisfactorily. This is an important contribution of the present work. 

BESSs were allocated in many simulations, due to their low cost and high cycle efficiency, despite their 
reduced lifetime. Moreover, the results for the base simulations of Cases A and B indicate that the largest 
ESS was always a BESS. GESSs were also allocated in many simulations. However, in the base case, they 
had always the lowest size (20 MW/100 MWh).  

LAESs were allocated in few simulations compared to BESSs and to GESSs. This could be expected, 
due to their high cost and low cycle efficiency, despite their long lifetime. This is also the case of PHESs. An 
additional restriction for the allocation of PHESs was the bus availability: there were only 10 ESSs of this type 
of technology in the system. 

The allocation results for different ESS technologies in different cases indicated that costs, cycle 
efficiencies, and available buses are the most important parameters. The other parameters (lifetimes, 
discharge times, and power ranges), play secondary roles. This is another important contribution of the 
present work. 

There was a tendency to charge the ESSs during the low-level period, when the MC value was low, and 
the wind power was high. There was also a tendency to discharge the ESSs during the medium level period, 
when the MC value was medium, and the wind power was decreasing. The highest discharge occurred during 
the high-level period, when the MC value was high, and the wind power was zero.  
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The total hydroelectric generation was the same for all cases and simulations (704,40 puh), with and 
without allocations. However, the hydroelectric energy was always shifted to the other levels when the ESSs 
were allocated, initiating a charging and discharging process, reducing the hydroelectric energy at the high 
level, and resulting in positive net results. 
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