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Abstract: As the need for energy storage systems (ESSs) capacity is increasing due to high accom-
modation of renewable resources, it is crucial to analyze in which location and for what purpose
the ESSs are required to achieve the highest efficiency. Investors and system operators can place
and operate the ESSs as expected based on this analysis. Therefore, this study assesses the specific
roles of ESSs in a grid system based on their optimal capacity needs, locations, and operations. A
long-term simulation model using mixed-integer programming is proposed to obtain these optimal
solutions, such as ESS capacity and operational schedules for energy and reserves. Four-week opera-
tional simulations are performed for each month using data from the California Independent System
Operator. ESSs are placed at sites with solar photovoltaic (PV) systems or wind farms, at baseload
generator buses, and at load buses to verify the role of ESSs, depending on the locational differences.
The detailed roles are analyzed from the aspects of flexible capacity supply, reserve deployments,
time-shifting renewable and thermal energy generation, and costs. The results show that the ESSs
on the baseload generation side provide flexibility by time-shifting baseload generation and turn
on baseload generators, even when the net load is small. For instance, the required capacity of the
flexible thermal generators, such as natural gas turbine generators, is about 3004 MW without the ESS
operations in May. When 450 MW ESSs colocated with solar PVs are operated, the required flexible
capacity of the thermal generators is lowered to 2404 MW. Moreover, ESSs are highly utilized as a
downward reserve provider, although their costs for reserves are higher than thermal generators.

Keywords: energy storage system; flexible generation capacity; baseload generation; renewable
energy; storage capacity

1. Introduction

The installed capacity of renewable energy generation increases in a power system,
and some issues, such as curtailment of renewable energy generation and more require-
ments of flexible generation due to the variability of renewable resources, are driven. One
practical solution is the implementation of energy storage systems (ESSs), and therefore the
applicability of ESSs is examined within various scopes accordingly.

Potential and viable applications of ESSs in an electric grid system have been addressed
in [1], and the benefits have been assessed comprehensively. The technological options
of ESSs that can be used to achieve high renewable energy penetration levels have been
investigated by exploring performance metrics such as efficiency and response time, based
on the literature in [2,3], which provides information on the purpose for which ESSs can
be used.

Various technologies of ESSs applied to power systems have been discussed, and practi-
cal applications are classified into several categories, with the application to grid-connected
renewable energy projects taking the highest portion in [4]. For this application, sodium–
sulfur batteries are the most frequently implemented technology. In [5], ESS applications
based on the specification of different types of ESSs have been reviewed. The roles of
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ESSs in coping with potential issues caused by increasing renewable resources have been
discussed in [6], where analysis of grid operations was performed based on the data from
the Electric Reliability Council of Texas. In [7], bulk ESSs for mainly pumped hydro energy
storage (PHES), distributed ESSs focusing on load side management, and ESSs for smart
grid development have been discussed.

Benefits are expected when ESSs are operated, and their value can be estimated using
several metrics such as monetary value. If the value is greater than the cost of the ESS,
the ESS technology may be economically viable. In this context, the value of ESSs has
been discussed in [8]. Specifically, the operational and capacity values of ESSs have been
examined by simulating real-world scenarios using a commercial simulation tool. In [9],
the value of ESSs, particularly battery ESSs, has been quantified by focusing on specific
applications: load leveling, primary frequency control, and peak shaving.

In renewable energy generation, curtailment is a significant concern that can occur due
to a lack of flexibility in the system or due to relatively low load levels when renewable en-
ergy generation is highly available and transmission congestion rarely occurs. Curtailment
may be the main cause of problems in improving the penetration level of renewable energy,
even though the installed capacity of renewable energy generation increases. Utility-scale
ESSs are considered an effective means to reduce the curtailment of renewable energy
generation and are discussed in the literature. The idea of mitigating curtailment using
ESSs is to shift renewable energy from the time when renewable energy is highly available
and electricity demand is low to the time when the demand is high. In [10], ESSs, as well as
demand response, have been investigated as to how well they perform to mitigate wind
power curtailment, and the quantified curtailment results have been compared when ESSs
such as compressed air energy storage (CAES) systems, PHES systems, and NaS batteries
are implemented. The economic value of operating CAES systems to mitigate wind power
curtailment has been assessed in [11], and it has been verified that revenue losses are
reduced by the CAES operation.

Along with renewable energy generation, carbon dioxide emissions are also a big
concern, and discussions about whether ESSs can contribute to carbon dioxide emission
reduction have been made in recent literature [12,13].

Reserve deployments of ESSs have been addressed as practical applications and
implemented recently in the Midcontinent Independent System Operator (MISO) market.
To accomplish this, optimal locations and sizes of ESSs considering providing reserves must
be evaluated. Therefore, several studies have been performed to explore the locations and
sizes of ESSs for reserves, as in [14]. Exploring a model to provide reserves optimally is one
of the frequently discussed topics, as in [15], where a model to deploy reserves optimally
from ESSs was presented, with consideration of the uncertainty of renewable resources and
electric load. From the viewpoint of the electricity market, it is profitable when ESSs are
used to provide both reserves and energy, as discussed in [16], where the revenue of ESSs
more than doubles when the ESSs provide reserves.

Flexibility in power systems is receiving much attention due to the increased variability
in renewable resources. ESSs have been identified as good candidates because of their fast
response time and can be the best fit to provide flexibility when they are cost-effective.
Reference [6] has addressed the need for flexible generation because of the increased
renewable resources in a grid system. In line with this, the relationship between flexible
capacity and wind penetration level was assessed in [17], and it was verified that operating
ESSs mitigate curtailments of power generated by wind and solar resources. In [18],
the authors investigated ESSs and demand response, as well as flexible thermal generators,
as a means to provide flexibility in a power system, and measured their flexibility in a
day-ahead scheduling model using indices. The resulting index value shows that ESSs can
be a source of flexibility in the system.

Baseload generators are categorized as a generation technology providing energy at
a low fuel cost, and are designed to be operated at their maximum output levels with-
out changing the output levels frequently. However, a rapidly increasing proportion of
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renewable resources in a power system provide high variability, so the system requires
more capacity that can be adjusted quickly rather than a firm capacity supplied by the
baseload generators. A study has discussed whether baseload generators are affected by
the increasing capacity of wind farms. Renewable resources with high variability require
a more flexible capacity, which cannot be provided by baseload generators. Therefore,
baseload generators, particularly generators with short start-up times, are affected by the
increased renewable resources, as in [19].

In the literature addressed earlier, the impact of ESS applications is quantified, and the
roles of ESSs are assessed primarily based on the characteristics and specifications of ESSs,
rather than their capacity needs or operations such as charging and discharging. Physical
characteristics such as duration time, generic capacity, and response time can determine
the initial application of ESSs; however, it is not clear how these ESSs actually function
without operational results. In addition, long-term operations that may affect operational
schedules of ESSs are not considered, and the different roles of ESSs by season or month
are not investigated. Therefore, this study analyzes the specific roles of ESSs based on
the optimal charging and discharging schedules and capacity requirements for 12 months
using a 4-week long-term operational model. To assess the detailed functions of ESSs,
depending on their locations, ESSs colocated with solar photovoltaic (PV) systems or wind
farms, ESSs located at baseload generator buses, and ESSs at load buses are used for
operations. A mathematical model is proposed for optimal solutions, and the actual roles
of the ESSs on the renewable energy generation side, baseload generation side, and load
side are thoroughly analyzed based on the optimal ESS capacity needs and the operational
schedules of generators and ESSs to provide energy and reserves.

The rest of the paper is organized as follows. The proposed mathematical formulation
as the simulation model is presented in Section 2. Data and assumptions for a case study are
described in Section 3, and the results are presented in Section 4. The results are discussed
and conclusions are drawn in Section 5.

2. Simulation Model

This section provides a mathematical simulation model to determine an optimal solu-
tion for the ESS capacity needs and the operational schedules of the generators and ESSs.
The simulation process to obtain optimal solutions is illustrated in Figure 1. The mathe-
matical model is a 4-week long-term operational model, and the formulation is based on
mixed-integer linear programming [20,21]. To represent the characteristics of the baseload
generators, unit commitment decisions are applied, and these are modeled as binary deci-
sion variables. In addition, ramp-up and ramp-down constraints are adopted to represent
ramping capability because of the variability of renewable resources.

System modeling
& data analysis

- Modified
IEEE 118-bus system
- CAISO wind, solar,

and load data
- Operational characteristics

of generators and ESSs
- Costs and policies

Mathematical model
- Decision variables
- Objective function

- Constraints
Solve Verification

(Step 1) Modeling
& analysis

(Step 2) Mathematical programming

(Step 3) Verify
if solutions satisfy

all constraints

Figure 1. Simulation process.
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min ∑
e∈E

EBcost · ∆t · ESSe + ∑
t∈T

[
∑

c∈Gc
Rcostc(Rtc + Rtc) + ∑

e∈E
REcoste(REte + REte)

]
+h ∑

t∈T

[
∑

g∈G
Gcostg · Ptg + ∑

d∈D
UDcost · UDtd + ∑

e∈E
ESScost(∆Q+

te + ∆Q−
te)

]
+CBcost · ∆CB + RPScost · ∆RPS (1)

subject to

∑
c∈Gc

Λci · Ptc + ∑
r∈Gr

Λri · PRtr − ∑
l∈L

Λli · ftl + ∑
e∈E

Λei · ∆Q−
te − ∑

k∈Eg
Λbi · ∆Q+

tk

= ∑
d∈D

Λdi(γd · Dt − UDtd) + ∑
m∈El

Λmi · ∆Q+
tm, ∀t ∈ T, ∀i ∈ I (2)

∑
c∈Gc

Rtc + ∑
e∈E

REte ≥ rup
t , ∀t ∈ T (3)

∑
c∈Gc

Rtc + ∑
e∈E

REte ≥ rdn
t , ∀t ∈ T (4)

Ptc + Rtc ≤ Pmax
c , ∀t ∈ T, ∀c ∈ Gc (5)

Rtc ≤ ruc · Ptc, ∀t ∈ T, ∀c ∈ Gc (6)

Ptb ≥ Pmin
b · Ub, ∀t ∈ T, ∀b ∈ Gb (7)

Ptc − Rtc ≥ 0, ∀t ∈ T, ∀c ∈ Gc (8)

PRts + ∑
e∈E

Λes · ∆Q+
te = δs · spt, ∀t ∈ T, ∀s ∈ Gs (9)

PRtw + ∑
e∈E

Λew · ∆Q+
te = ϵw · wpt, ∀t ∈ T, ∀w ∈ Gw (10)

Ptc + Rtc − (Pt−1,c − Rt−1,c) ≤ ruc, t = 2, 3, . . . , T, ∀c ∈ Gc (11)

Ptc + Rtc − (Pt+1,c − Rt+1,c) ≤ rdc, t = 1, 2, . . . , T − 1, ∀c ∈ Gc (12)

ftl ≤ f max
l , ∀t ∈ T, ∀l ∈ L (13)

ftl ≥ − f max
l , ∀t ∈ T, ∀l ∈ L (14)

ftl = ∑
i∈I

Λli · θti/Xl , ∀t ∈ T, ∀l ∈ L (15)

ESSe ≤ ESSmax
e , ∀e ∈ E (16)

ESSe ≤ ESSmax
e · ∑

b∈Gb

Λeb · Ub, ∀e ∈ E (17)

Qte ≤ ∆t · ESSe, ∀t ∈ T, ∀e ∈ E (18)

Qte = Qt−1,e + η · ∆Q+
te − ∆Q−

te , t = 2, 3, . . . , T, ∀e ∈ E (19)

Qte = Q0
e + η · ∆Q+

te − ∆Q−
te , t = 1, ∀e ∈ E (20)

∆Q−
te + REte ≤ ESSe, ∀t ∈ T, ∀e ∈ E (21)

∆Q+
te + REte ≤ ESSe/η, ∀t ∈ T, ∀e ∈ E (22)

Qt−1,e − ∆Q−
te − REte ≥ 0, t = 2, 3, . . . , T, ∀e ∈ E (23)

Q0
e − ∆Q−

te − REte ≥ 0, t = 1, ∀e ∈ E (24)

∑
t∈T

∑
c∈Gc

emitc · Ptc − ∆CB ≤ cbcap (25)

∑
t∈T

PRtr + ∑
es∈Es

+∆Q−
te ∑

ew∈Ew
∆Q−

te + ∆RPS ≥ RPSrate · ∑
t∈T

Dt (26)

UDtd ≤ γd · Dt, ∀t ∈ T, ∀d ∈ D (27)
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The objective function that minimizes the ESS building cost, reserve deployment
cost, thermal generation cost, and ESS operating cost is represented in (1). Power balance
constraints ensuring that the sum of the power flowing in and out of a bus is zero are repre-
sented in (2). The constraints in (3) and (4) deploy upward and downward reserves from
thermal generators and ESSs up to the predetermined amounts rup

t and rdn
t , respectively,

where baseload generators such as coal and nuclear power plants are excluded from the
reserve deployments.

The output of a thermal generator and the upward reserve deployments must not
exceed the maximum capacity, as represented in (5). The upward reserve can be provided
by a thermal generator when the output of the generator is greater than zero in (6). Baseload
generators are generally operated around their maximum output levels, so a commitment
status variable, Ub, is implemented in (7) to make the output of the baseload generators
more than Pmin

b , where Pmin
b is close to Pmax

b . The constraints in (8) restrict the downward
reserve deployments not to be greater than the output and the thermal generators not to
provide the downward reserves when they are turned off.

Solar and wind power can be stored in ESSs or injected into the grid by (9) and (10),
respectively. The thermal generators have ramping capacity limits, and these limits can
be significant when the penetration level of renewable energy is high and the system
experiences high variability. Therefore, ramp-up and ramp-down constraints are applied
to reflect the impact of variability, as (11) and (12). Transmission line constraints are
represented in (13)–(15), where the power flows are calculated using (15) based on the DC
power flow.

ESS capacity requirements not to curtail renewable energy generation have upper
bound limits, which are matched to the capacity of the generators or the reference electricity
demand level. For instance, ESSs can be built up to 100 MW at a bus where a 100 MW
generator is located, as in (16). In addition, the ESSs located at the baseload generator are
assumed not to be operated when the baseload generators are not committed, which is
denoted in (17). The stored energy in the ESSs has a maximum level, based on their installed
capacity in (18), and is determined by the charged and discharged amounts of energy and
the stored energy at the beginning of interval t in (19) and (20). The upward and downward
reserve deployments of the ESSs are limited by the hourly charging and discharging
capability, as in (21) and (22), respectively. The downward reserve and discharged power
cannot be more than the stored energy, and these constraints are represented in (23) and (24),
respectively.

In the constraints (25), a carbon dioxide emission cap is implemented, and the excess
can be rolled over to the next period by ∆CB, which prevents infeasibility due to excessive
CO2 emissions. The renewable portfolio standards are also implemented to improve
renewable energy generation in (26). The unserved demand must be less than the demand,
which is shown in (27). The nomenclature is listed in Abbreviations.

3. Case Study

According to the California Independent System Operator (CAISO), the available
capacities of solar PV systems and wind turbine generators reached approximately 13 and
7 GW, respectively, as of 2020, which are large values in terms of renewable energy genera-
tion capacity. Hourly solar PV generation, wind power generation, and their curtailment
data from the CAISO have been used for a case study in this paper [22].

3.1. Available Renewable Power and Electric Load

The available renewable power and electric load for each month are demonstrated by
the box plots in Figure 2, where the loads are scaled down to fit the test system. The avail-
ability of solar and wind power is also scaled down on the basis of a 100 MW name plate
unit. The maximum, minimum, and median values are represented in the figure. The bot-
tom and top of the box indicate where the 25% and 75% points of the data, respectively,
are located.
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Figure 2. Available wind and solar power and electric demand. (a) Available power from a 100 MW
solar PV farm. (b) Available power from a 100 MW wind farm. (c) Electricity demand.

In Figure 3, the total load and wind and solar energy are illustrated. The ratio of renew-
able energy to the load is the highest in May and the lowest in December. Roughly speaking,
curtailment is expected when the ratio is high; however, the actual curtailment depends
not only on the available energy but also on the correlation between renewable energy
availability and electric load, and some other aspects such as transmission congestion.
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Figure 3. Available solar and wind energy, and electric load in each month.

3.2. Test System and Simulation Conditions

Four types of ESSs were implemented to determine when and how much capacity
of ESSs are needed for specific purposes. The ESSs colocated with wind farm or solar PV
farms charge energy only from the farms and discharge the energy into the grid. These
types of ESSs are intended to play a role that mitigates curtailment of renewable energy
generation. Another type of ESS that is located at the bus with baseload generators is
mainly supposed to provide flexibility to baseload generators that usually supply energy
at the maximum output level. The other type of ESS at the load bus is aimed at providing
flexibility to the load by absorbing or supplying power when the load level is high or
low. However, these ESSs can be used to manage the power flowing in and out of the bus
through the transmission lines as well.

A modified IEEE 118-bus system was applied as a test system, with assumed costs and
operating conditions of the generators and transmission lines [23,24]. The transmission line
capacity was adjusted up to 1000 MW to exclude the impact of transmission congestion.
The reference peak load of the system was 4168 MW. In Table 1, the detailed data of the
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test system are provided. The ratio of the renewable energy generation capacity to the total
generation capacity reaches approximately 30%. Compared with the reference peak load,
the renewable energy generation capacity takes more than 50%.

Table 1. Number of generating units and capacity.

Gen. Type Number of Units Capacity (MW) Share (%)

Coal 2 650 8.99
Natural gas 31 3730 51.59

Nuclear 2 700 9.68
Wind 4 700 9.68
Solar 10 1450 20.06

Total 49 7230 100

The available capacity of ESSs is shown in Table 2. The round-trip efficiency and
the duration of the ESSs are assumed to be 85% and 4 h, respectively. The investment
cost of ESSs for the corresponding operating period is assumed to be approximately USD
2278/MWh, based on [25].

Table 2. Number of energy storage systems and capacity.

ESS Types Number of Units Capacity (MW)

ESS colocated with wind 4 700
ESS colocated with solar 10 1450
ESS at baseload gen bus 4 1350

ESS at load bus 3 219

Total 21 3719

4. Simulation Results

The presented formulation was solved using GAMS/CPLEX 30.3.0 [26], and the aver-
age elapsed time in GAMS (General Algebraic Modeling System) for each run was 10,779 s
when the ESSs were implemented. For the cases without operating ESSs, the average
elapsed time was relatively shorter, at 656 s. The optimality gap was set to 0.1 throughout
the simulations. The optimal ESS capacity needs, the commitment status of the baseload
generators, and the operational schedules of the generators and ESSs for 4 weeks are
presented for each month, and the contributions of the ESSs to the system operations
are analyzed.

4.1. Optimal ESS Capacity Needs and Operations

The optimal capacity needs for each type of ESS are illustrated in Figure 4. The sum of
optimally charged and discharged power of the ESSs and the sum of reserve deployments
for 12 months are depicted in Figure 5. The four types of ESSs are presented: the ESSs
colocated with wind farms, the ESSs colocated with solar PV farms, the ESSs at the bus
with baseload generators such as coal and nuclear power plants, and the ESSs at the load
bus. The ESSs are assumed to be used mainly on renewable energy generation, baseload
generation, and load sides, respectively. Curtailment of renewable energy generation was
not allowed throughout the simulations when the ESSs were operated.
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Figure 4. Monthly energy storage capacity requirements.

The largest capacity of ESSs colocated with solar PV farms was built in May when
the available solar energy is large compared with the load. Curtailment of wind power
generation did not occur, even when the ESSs were not operated; therefore, the capacity
of the ESSs colocated with wind farms is not required. The capacity needs of the ESSs at
the baseload generator bus are dominant in February and June, implying that flexibility
of the ESSs is highly required when the baseload generators are operated. The ESSs
are used to time-shift energy using charging and discharging operations or to provide
reserves. Therefore, their roles can be assessed on the basis of their major utilization.
Basically, the ESSs are not appropriate for providing the upward reserves in terms of
optimal operations. In Figure 5a, the ESSs colocated with solar PV farms are mainly
used for the downward reserve deployments. Exceptionally, in May, solar power was
charged and discharged due to the high availability of renewable energy compared with
the electricity demand level, so the ESSs time-shifted the solar PV generation to mitigate
curtailment. The required capacity of the ESSs was 450.15 MW, where 4711 MWh energy
from solar PVs was charged and the total 6979 MW downward reserves were deployed by
the ESSs in May.

The ESSs located at the bus with baseload generators were used for charging and dis-
charging the energy for the time-shift of the baseload generation in Figure 5b. In February,
May, and November, the electricity demand levels were relatively low to accommodate all
the available energy from solar PV and wind farms. Because the curtailment of renewable
energy generation is not allowed, a decision must be made whether the baseload generators
are turned on or off. The baseload generators are favorable when the load level (or net load
when renewables exist) is far above their output levels and does not change frequently. Oth-
erwise, flexible generators such as gas turbine generators are more favorable for providing
reserves and energy. The ESSs with baseload generators do not provide reserves, showing
that ESSs play a role in providing flexibility by time-shifting the baseload generation. The
ESSs at the load buses store energy and provide downward reserves, as shown in Figure 5c.
Like with the ESSs at the baseload generator buses, charging and discharging operations
are actively conducted in February, June, and November, providing flexibility on the load
side. In July, the ESSs mainly provide downward reserves.
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(a) ESS colocated with solar PV farms.
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(b) ESS located at baseload generator bus.
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(c) ESSs located at load bus.

Figure 5. Monthly charge, discharge, and reserve deployments of ESSs.

4.2. Impact of ESS Operations on Flexible Generation Capacity

Power generation by the baseload generators and thermal generators with flexibility
when the ESSs are not accommodated is shown in Figure 6, where curtailment of renew-
able energy generation is allowed with high penalty costs to obtain feasible solutions.
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The baseload generators were not operated in April, May, and June. The ratios of renewable
energy to the load are high in these months, and the baseload generators tend to be turned
off when the ratio is high. The baseload generators are designed and operated around their
maximum capacity without changing the outputs frequently for cost-efficiency, implying
that the baseload generators do not have ramping or flexible capability and do not provide
reserves. Therefore, flexible load-following generators such as gas turbine generators that
can quickly change their output levels within ramp rates are more appropriate to use when
the need for ramping up or down the output of the generator is frequent and significant.
With this feature, the baseload generators are turned off because a more flexible capacity
is required as the proportion of renewable resources in the system increases. However,
the baseload generators can be turned on in some cases depending on the correlation
between renewable energy generation and the load.
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Figure 6. Case A: when ESSs are not operated (base case). Thermal generation by baseload and
load-following generators.

The thermal generation and the charged and discharged power of the ESSs located
at the baseload generator and load buses are shown in Figure 7, where the power of the
ESSs at the renewable energy generation buses is not included. For one particular case in
May, the flexible capacity of the thermal generators was required up to 3004 MW when
the ESSs were not operated; however, this capacity decreased to 2404 MW by operating
450 MW ESSs colocated with solar PV farms. The baseload generation capacity was used
up to 350 MW.

When comparing Figure 6 to Figure 7, it is noticed that more baseload generators are
committed with the ESS operation. The flexible capacity needs from the thermal generators
decrease by providing reserves and by committing baseload generators using the ESSs. The
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ESSs time-shift baseload generation when the net load including energy discharged by the
ESSs at the renewable generation sides is lower than the baseload generation level.

It can be said that the commitment of baseload generators with the ESSs providing
flexibility and reserves is more economical than the use of flexible thermal generators.
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Figure 7. Case B: when ESSs are operated. Thermal generation and charged and discharged power of
the ESSs at baseload generator and load buses.

4.3. Renewable Energy Generation and Curtailment

The total available power from the solar PV and wind farms for 4 weeks is listed in
Table 3. In addition, the curtailed energy when the ESSs were not operated is presented.
When the ESSs are not operated, the curtailment of renewable energy generation is allowed,
with high penalty costs. The penetration level of wind and solar energy for each month
became slightly worse when the ESSs were not operated because curtailment of renewable
energy generation is more economical even though high penalty costs are incurred. In
February and March, more curtailment of solar PV generation occurred compared with
other months when the ESSs were not operated, and the penetration level with the ESSs
was more than 35% in April and May, regardless of operating the ESSs.



Energies 2024, 17, 743 12 of 16

Table 3. Total consumed energy, curtailments, and penetration level for 4 weeks in each month.

Month Consumed
Energy (GWh)

Solar Energy
(GWh)

Wind Energy
(GWh)

Solar Curtail
without ESSs

(GWh)

Wind Curtail
without ESSs

(GWh)

Penetration
Level with
ESSs (%)

Penetration Level
without
ESSs (%)

Jan 1379.35 163.21 95.32 0.00 0 18.74 18.74
Feb 1369.56 233.98 91.71 3.05 0 23.78 23.56
Mar 1329.03 215.67 112.94 3.47 0 24.73 24.46
Apr 1243.75 287.72 167.39 0.74 0 36.59 36.53
May 1384.85 343.66 173.44 0.55 0 37.34 37.30
Jun 1556.54 352.55 185.31 0.91 0 34.55 34.50
Jul 1689.21 363.23 167.33 0.00 0 31.41 31.41

Aug 1893.87 305.17 150.34 1.28 0 24.05 23.98
Sep 1711.49 263.35 104.82 0.07 0 21.51 21.51
Oct 1553.79 239.95 85.05 3.44 0 20.92 20.70
Nov 1362.11 202.90 96.62 0.41 0 21.99 21.96
Dec 1416.00 163.94 87.20 2.39 0 17.74 17.57

Total 17,889.55 3135.31 1517.47 16.30 0 26.01 25.92

4.4. Cost Analysis

To see how the total costs change when the ESSs are operated, the broken-down costs
for generation, reserves, building, and operation by the ESSs are illustrated in Figure 8.
The detailed data for the figure are provided in Appendix A, where the unit costs for
charging, discharging, and reserves by the ESSs are assumed to be USD 20 per charging or
discharging. When the ESSs are not operated, the generation costs by the load-following
generators and the upward reserve costs are relatively high compared with those when
the ESSs are operated. The ESSs make the baseload generators run and provide flexible
capability, replacing expensive load-following generators. Instead, the investment and
operating costs of the ESSs are incurred. In general, the costs decrease when operating the
ESSs; however, the costs increase when curtailment is observed in the case where the ESSs
are not operated. These costs include the additional investment and operating costs of the
ESSs to remove curtailment.
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Figure 8. Total costs of generators and ESSs for energy and reserves in each month.

4.5. Analysis of the Roles in a Grid System

In the previous subsections, the optimal capacity needs and operations of the ESSs
are presented. The major roles of the ESSs can be estimated for each month based on
the capacity needs and utilization of the ESSs. The ESSs enable the baseload generators
to be turned on by providing flexible capacity. The baseload generators cannot change
their output levels frequently and are operated around the maximum output level for
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maximum efficiency; therefore, they do not provide ramp-up and ramp-down capability.
In this context, when the electricity demand level is very low and there is a large amount of
renewable energy generation, the baseload generators are possibly turned off because they
cannot increase or decrease the outputs freely according to the variability of renewable
resources. Moreover, the baseload generators are not prioritized to be committed for reserve
deployments because of their inflexible characteristics. This situation leads to increased
generation costs by turning on expensive thermal generators that provide flexibility, such
as gas turbine generators. The baseload generators in a power system with a large amount
of renewable resources require ESSs; otherwise, cost-effectiveness may be worse. Baseload
generators generally have high building costs and relatively low fuel costs; therefore, they
are more cost-effective when operated with a high capacity factor. Obviously, more capacity
of baseload generators is committed with the ESS operations in CAISO. The charging
operation of the ESSs occurs on the baseload generation and load sides during the time
when the net load is very low and the thermal generation by the baseload generators is
even more than the net load. This situation indicates that these ESSs are used to provide
flexibility to the baseload generators rather than to shave the peak load.

5. Conclusions and Discussion

In this paper, the specified roles of ESSs based on their optimal capacity needs and
operational schedules are investigated. A mathematical simulation model for optimal
capacity needs and operational schedules of the ESSs to provide both energy and reserves is
formulated using mixed-integer linear programming. The model aims to simulate a 4-week
operation of the generators and ESSs. The long-term model comprises unit commitment
decisions for the baseload generators and ramp-up and ramp-down constraints that are
generally applied to a short-term operational model.

To verify what specific roles the ESSs play depending on their position, the ESSs were
placed at four different locations in the system: at the site with solar PV farms, at the
site with wind farms, at the baseload generator buses, and at the load buses. The ESSs
at each location are expected to contribute mainly to the renewable energy generation
side, baseload generation side, and load side, respectively. The ESSs colocated with solar
PV farms generally play the role of reserve provider, particularly for downward reserves,
and time-shift renewable energy generation in a particular month. Conversely, the ESSs
at the baseload generator bus time-shift the energy of the baseload generators, and the
baseload generators can be committed even when the net load is exceptionally low. This
result implies that the ESSs enable the baseload generators to be committed by providing
flexibility when the penetration level of renewable energy is high. Otherwise, the baseload
generators must be turned off. From the simulation results, the contribution of the ESSs
at the different positions can be categorized into three: time-shifting renewable energy
generation, providing reserves, and adding flexibility to the baseload generators.
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Abbreviations
The abbreviations and nomenclature are provided in this section.

Sets/Indices
t ∈ T Time intervals, T = {1, 2, . . . , T}
g ∈ G All generators
c ∈ Gc, b ∈ Gb Conventional and baseload generators
r ∈ Gr Renewable energy generators
w ∈ Gw, s ∈ Gs Wind generators and solar PV systems
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e ∈ E Energy storage systems (ESSs)
k ∈ Eg ESSs on baseload generation side, Eg ⊂ E
m ∈ El ESSs on load side, El ⊂ E
i ∈ I Electric buses
d ∈ D Electric load
l ∈ L Transmission lines
Data/Parameters
EBcost ESS investment cost ($/MWh)
Rcostc Reserve costs for thermal generators (USD/MW)
REcoste Reserve costs for ESSs (USD/MW)
Gcostg Generation cost (USD/MWh)
UDcost Penalty cost for unserved demand (USD/MWh)
ESScost ESS charging and discharging cost (USD/MWh)
CBcost Penalty cost for excess of carbon emissions (USD/metric ton)
RPScost Penalty cost for shortage of RPS requirement (USD/MWh)
RPSrate RPS requirements rate to the demand
h Operating hour for time interval (h)
∆t Duration of ESS (h)
Λci, Λri Conventional generator-node, renewable farm-node incidence matrix
Λli Transmission line-node incidence matrix
Λdi Demand-node incidence matrix

Λeb, Λew, Λes
Storage-baseload generator, storage-wind farm, and storage-solar PVs incidence
matrices

Λmi, Λki Storage at load-node, storage at generator bus-node incidence matrices
δd Load distribution factor for demand, d
ϵw Solar power distribution factor for solar PV farm, w
γd Wind power distribution factor for wind farm, w
rup

t , rdn
t Upward and down reserve requirements at time t (MW)

ruc, rdc Ramp up and down rates for generator c (MW/h)
Pmax

c , Pmin
b Maximum generation and minimum generation level for c and b (MW)

spt, wpt Available solar and wind power at time t (MW)
ESSmax

e Maximum capacity of ESS, e (MW)
emitc CO2 emissions rate for generator c (metric ton/MWh)
f max
l Maximum power flow on line l (MW)

Xl Reactance of line l (p.u.)
cbcap CO2 emission cap (metric ton)
Q0

e Stored energy in ESS, e, at time t = 0 (MWh)
η Round-trip efficiency of ESS
Binary decision variables
Ub Unit commitment for baseload generators
Continuous decision variables
ESSe Capacity needs of ESS, e (MW)
Ptg, Ptc, Ptr Power generation from g, c, and r at time t (MW)
PRtr, RPts, RPtw Renewable power injection from r, s, and w at time t (MW)
Rtc, Rtc Upward and downward reserves of generator c at time t (MW)
REte, REte Upward and downward reserves of ESS, e, at time t (MW)
Qte Stored energy in ESS, e [MWh]
∆Q+

te , ∆Q−
te Charging and discharging power of ESS, e, at time t (MW)

ftl Power flow on transmission line l (MW)
θti Bus voltage angle at bus i (radian)
UDtd Unserved electricity demand (MW)
∆CBω Excess of CO2 emissions (metric ton)
∆RPS Shortage of renewable generation (MWh)

Appendix A

The detailed costs for electricity generation using conventional thermal generators
and the costs of operating ESSs are listed in Table A1. The cost changes between two cases,
with and without ESS operations, are also compared.
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Table A1. Total costs of generators and ESSs for energy and reserves in each month.

Month

Without ESS Operation (Thousand USD) With ESS Operation (Thousand USD)
Cost

Change
(%)

Baseload
Gen

Load-
Following
Gen

Res. Up
by Gen

Res. dn
by Gen

Baseload
Gen

Load-
Following
Gen

ESS
Invest

ESS
Oper.

Res. Up
by Gen

Res. dn
by Gen

Res. dn
by ESSs

Jan 7195 46,407 533 438 14,390 33,261 2314 35 521 429 43 −6.56
Feb 7195 42,515 523 436 14,390 29,498 5944 442 513 396 175 1.36
Mar 7184 40,003 507 423 7184 39,835 3877 66 507 415 34 7.90
Apr 0 41,311 473 395 0 41,276 918 1 473 392 14 2.12
May 0 45,775 535 440 7195 32,786 4102 174 521 408 140 −3.05
Jun 0 54,436 619 495 7195 41,027 5264 252 598 475 85 −1.18
Jul 7195 48,682 663 537 14,390 35,536 2640 30 643 526 49 −5.72
Aug 14,390 51,573 758 602 14,390 51,512 1380 3 757 597 24 1.99
Sep 14,390 45,786 672 544 14,390 45,783 469 0 672 544 1 0.76
Oct 14,390 39,575 600 494 14,390 39,406 2161 40 600 483 47 3.76
Nov 7205 43,275 522 433 14,411 30,271 3700 199 511 403 133 −3.51
Dec 14,390 35,861 539 451 14,390 35,747 2684 24 539 442 35 5.11

Total 93,532 535,200 6944 5688 136,711 455,936 35,453 1267 6854 5510 780 0.18
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