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Abstract

Recently, the provision of the reserve from energy storage systems (ESSs) is intro-
duced as a source for ancillary services to address the uncertainties of renewable
power generations. The performance of ESSs is analysed while they are applied as a
provider of regulation reserves. It has been revealed that previous stochastic models
neglect the impact of corrective dispatches, related to the provision of regulation re-
serves, on the energy level stored in the ESSs, which can lead to large deviations. This
study coordinates the stored energy of ESSs to be feasible regarding the dispatches in
the base schedule and rescheduling within scenarios. Also, the wind speed fluctuations
are considered as the source of uncertainty, and scenarios of wind energy are generated
using the Weibull distribution function. The IEEE 24-Bus standard test system is
applied for the examination of the proposed model. The results show that the pro-
posed model can manage the performance of ESSs in rescheduling within scenatios,
while the coordinated reserve provision of ESSs can remove the concerns about
insufficient stored energy of ESSs.

reserves, and non-events are continuous events that happen so
often like the forecasting error of load or vatiability of renewable

The variable generation of wind farms concerns energy system
operators since environmental aspects support their fast
expansion [1,2]. Many studies suggest regulation reserves as
remedial actions; however, thermal generators are expensive
for providing reserves according to the environmental and
economic aspects [3,4]. In this way, researchers introduced
alternative sources for regulation reserve, which include de-
mand response programmes [5], energy storage systems (ESSs)
[6,7], and virtual power plants [8,9].

1.1 | Literature survey

The national laboratory of the US Department of Energy
categorized different types of reserves based on their usage and
their response time [10]. The operating reserve is defined as the
capacity that can be used to support the balance of active power.
The operating reserve is also separated into event and non-event

generations [10]. The non-event reserves consist of the regula-
tion reserve (faster) and following reserve (slower) based on the
speed of variation [11]. Based on the dynamic of imbalances,
regulation reserves are regulatly used for covering the fluctua-
tion of renewable generation, and the following reserves are
applied for balancing load forecasting errors.

The utility-scale ESSs have a broad application in power
systems [12,13]. Application of ESSs for covering wind ramp
events is studied in [14], and Reference [15] considers the
application of mobile energy storage to facilitate energy
transfer between energy systems with separated operators. The
exploitation of flexibility services like operating reserves from
ESSs is desirable for energy system operators (ESOs) [16,17].
In this regard, electricity markets should be arranged based on
scheduling reserves alongside the energy productions [18,19].
Reference [20] considered the explicit presentation of reserve
cost provided by ESSs, while Reference [21] explored a
secondary market for reserves.
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In general, stochastic and robust models are common
descriptions of unit commitment problems dealing with un-
certainties [22,23]. The stochastic models consider different
scenarios for reflecting the uncertainties [24]. Also, the sto-
chastic models usually consider a scenario for the most
probable condition of uncertain variables which calls the base
schedule (or base case) [25,26]. The base case ensures a specific
schedule for the commitment of units through the operation
period, and the reserve values can be defined based on the
state variables of the base schedule [27,28].

The application of ESSs for supplying hourly reserve
depends on their available energy and the sequential dispatches
[12]. The performance of ESSs in different scenarios is
challenging due to the dependence of stored energy on
performance in previous hours [29]. In this way, the ignorance
of such dependency can cause large deviations in the stored
energy when the sequential realizations of reserves happen in
one direction [30]. So, the impact of ESSs' compensation
within scenarios should be reflected in the base schedule of
ESSs. Also, the dependency of ESS scheduling can be
considered within scenarios, but it is highly conservative and
not practical [29].

The issue of insufficient energy of ESSs for reserve
procurement is not appropriately covered in previous studies
[31,32], and it is remarked as a concern of scheduling within
scenarios in [33]. That article considers a look-ahead model
for limited hours of operation. Also, a limited look-ahead
feasible range of compensation (LA-FRC) for ESSs'
rescheduling at contingencies and wind power variations is
presented in [30]. The authors of this article presented, in
[12], a model for coordinated compensation of ESSs and
flexible loads, where the flexible loads are utilized to recover
the ESSs' reservoir after their immediate re-dispatches within
wind power fluctuations on different time scales. The use of
ESSs as ancillary service providers is suggested in References
[34] and [35], while the corresponding impact on the stored
energy is not reflected.

Table 1 presents the novel aspects of this article in
comparison to the previous researches in this area. Based on
the literature, there is a research gap in the model of ESSs
while they are used as reserve providers in stochastic unit
commitment problems. The issue is that in the stochastic
models of previous studies, the impact of switching between
different scenatios of uncertainties is not anticipated, and it can
lead to large deviations as it is evaluated in this article. This
article addresses this gap by considering a coordinated model
for ESSs, and ESOs would be able to use the ESS ancillary
services with a higher level of reliability.

1.2 | Contributions

This article intended a stochastic network-constrained unit
commitment (SNC-UC) to supply reserves using both
conventional generators and ESSs. The motivations and

backgrounds of this article are recapitulated in Figure 1. The
fluctuation of wind power generation is considered as the
source of uncertainty, and regulation reserves are considered
for compensation. This article prepares adequate regulation
reserves for the day-ahead market; hence, the real-time reserve
applications can be managed by the operator decisions. Also,
the cost function of reserves is counted as ancillary services for
both generators and ESSs in the framework of joint reserve
and energy markets. This article considers coordination be-
tween hourly base schedule (base condition is the expected
scenario of wind speed) and reserves deployment of ESSs to
prevent unexpected large deviations in their stored energy.

In brief, the contributions of this article can be summa-
rized as follows:

® Developing the model of ESSs to be used as reserve
providers;

® To coordinate the stored energy of storage facilities for
feasible participation in reserve provision.

1.3 | Otganization of the paper

The rest of this article is organized as follows. Section 2 de-
sctibes the SNC-UC model by considering the ESSs' coordi-
nated reserve provision. Section 3 presents the numerical
analysis of the implementation proposed model on the stan-
dard test system, and the conclusion is outlined in Section 4.

2 | MODEL DESCRIPTION

The model of SNC-UC for the day-ahead energy and reserve
market, considering coordinated compensation of ESSs, is
formulated in this section.

2.1 | SNC-UC with ancillary service of ESSs
The proposed SNC-UC problem considers two sets of vari-
ables for base schedule and rescheduling in scenarios of wind
power. The base schedule variables ensure a feasible solution
for the most probable situation based on the expected value of
uncertainties. The objective function of the SNC-UC problem
is considered by (1), which includes the payments for pur-
chasing energy and reserves from generators and ESSs. The
operational constraints of generators are (2)—(11), and wind
farms limits are reflected by (12) and (13). The objective
function of generators consists of the cost of start-up/shut-
down, no-load operational cost, and the cost of generation and
reserves. Also, the values of ESSs' discharging and reserves are
added to the cost function. The ESS charging is considered as
a demand in the load balance; consequently, the cost of other
generation units, including wind farms and generators,
implicitly contains the cost of ESS charging.
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TABLE 1 Comparison of the literature with the proposed model of this article

Stochastic Linear Day-ahead ESS base Compensation of Reserve of  ESS reserve Reservoir
References model model scheduling schedule ESSs ESSs optimality coordination
[1,4] v v v - - - -
2] v v - v/ - - -
[8,31] - v 4 - v - - -
[9] v v v - v - -
[12,17] v v v v v v -
[13] - v - - v/ - - -
[14,35] v 4 4 4 4 - - -
[16,19,33] v v 4 - v/ 4 v -
[18] 4 - - - 4 - - -
[20] - v 4 - - 4 v -
[29] - v v - 4 4 4 -
[30] v - v - v 4 v LA-FRC
[32] - v v - v v v -
[34] v v v - v - - -
This article v/ v v 4 v v v v

Abbreviation: ESS, energy storage system.

Wind Fluctuations
Wind power variation
threaten the generation/
consumption balance

Greenhouse gas and pollution of
thermal units make renewable

generation growing rapidly Reserves

Regulation reserves are
suggested as a solution for
uncertainties

Background

Utility-scale Energy Storage
Systems (ESSs) widely used in

power systems
d C The exploitation of

reserve from ESSs will
reduce the overall cost
Application of ESSs as reserve A
provider can lead to large
deviations in the stored energy

FIGURE 1 Motivations and background
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Py, < pif, vt Vs, Vg (8)
pgb _pg‘g*];, Vt, Vs, Vg, Vb (9)

(p? —p‘B) <7‘U <Rug[ Vi, Vs, Vg (10)

Bt D
(" 1) <7

Po < W Ve, Vs,V (12)
AW )< ax TEWE VYo (13)

SRng;,Vt, Vs, Vg (11)

The binary variables of start-up/shut-down are determined
by (2). The generators' minimum online/offline periods are
considered by (3) and (4), and also upward/downward ramp
rate limits are reflected by (5) and (6). Constraint (7) calculates
the total production of each generator, and generation limits
are presented by (8) and (9). The houtly required reserves of
generators in upward and downward are calculated by (10) and
(11), while the corresponding upper bounds are limited by the
ramp rates. Also, the maximum possible curtailment of wind
power is 10% of the corresponding expected values as re-
flected by (13). The maximum power flow of lines for the base
schedule and in each ¢ is limited by (14). Also, the power flow
constraint in each ¢ and s (for rescheduling within scenarios) is
considered in (15).

X+ 2ol + LX) —phf <

gEPi ) c€p(i) wey (i)

Sy + 3+ (1) = phlSFP e (1

g€B( t) c€p(i)  wew(i)

i

vt (14)

v

2.2 | The ESS model with coordinated
compensation

The model of ESSs for the base schedule is considered by
(16)—(20). Constraint (16) updates the stored energy of ESSs
based on hourly dispatches of base schedule, and the corre-
sponding limits are evaluated by (17). The required energy for
the next day operation of ESSs is considered by (18). Also, the
maximum charging and discharging limits of ESSs in the base
schedule are presented by (19) and (20).

EYB = E1)B 4 pChaByCh _ pDistBDis e e (16)
EM < EY% < E™ Vi, Ve (17)

EnE = B e (18)

pEB < pChmaitB iy s e (19)

pRsiB < pbismax (1 _ jtB) ip s Ve (20)

This article considers the scheduling of ESSs within
scenarios using the vatiables with indices of s. Constraint
(21) calculates the stored energy of ESSs for rescheduling in
different scenarios, which employs the variable of the base
schedule of the previous hour ‘Egt_l)’B’. The corresponding
limits of the stored energy in scenarios are checked by (22).
Constraints (23) and (24) limit the re-dispatches of ESSs in
charging and discharging, respectively. The performance of
ESSs as a provider of the regulation reserve can impose a
negative impact on their stored energy. Constraints (21)—(24)
evaluate the hourly performance of ESSs within scenarios.
The above constraint of (21) is mostly used in previous
studies for the calculation of stored energy, in which the
effect of deploying reserves is not reflected in it. Therefore,
the energy level of ESSs in the base schedule does not
include the corresponding impact of reserve provision in
scenarios.

E?S:E +pgh LS Ch pCDm LS ;,]CDis7 Vl’, VS, V¢
EM™ < EY <EP™ Vi, Vs, Ve
s < pChmasits r Vs, Ve

pe s <lesma\( —]'C’S),VI,VS,VC

It should be noted that the variable of ESS energy within
scenarios ‘E.* is updated using the energy of ESS in the base
schedule ‘E (=15, (not using the variable of energy within the
same scenario), and this will make the final solution compatible
with switching between scenarios. The model presented in this
article considers the dependency of base schedule and
corrective dispatches (in scenarios) for ESSs' energy level by
considering (25)—(28). Accordingly, the houtly reserves of ESSs
are obtained, which are defined as the upper bound of dif-
ferences between the dispatches in base schedule and
rescheduling in scenarios.

pCnts _pChA,tA,B < rhBU v Vs, Ve (25)
pCCh 4B pChJ-,S < yCCthD ,Vt, Vs, V¢ (26)
pRists — pbistB <y DistU vy s Ve (27)
pPistB _ pDists <, DistD vy s Ve (28)

To prevent large deviations in the stored energy, this
article coordinates the performance of ESSs in the base
schedule and scenarios by considering (29) and (30). These
equations link and limit the corrective dispatches of ESSs in
scenarios with the base values. Although the dispatches in
scenarios can be different from the base schedule, the ex-
pected values must be equal to the base dispatches.

pE = T (Apehes), v, e (29)

N
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FIGURE 2 Single line diagram of IEEE RTS 24-bus test system

p?is,t,b’ _ z (/IipPis’z’S) , VL Yc¢ (30)

S

Accordingly, the above constraints separately check the
expected values of charging and discharging to be equal to the
dispatches in the base schedule. Furthermore, these constraints
ensure the houtly sequences of corrective dispatches through
the equation of (16).

3 | NUMERICAL RESULTS

The evaluation of the proposed SNC-UC in various study
cases is compared in this section. Also, different aspects of the
proposed SNC-UC and the performance of ESSs in coordi-
nated reserve deployment are analysed within scenarios of
wind power and in the base schedule. The proposed SNC-UC
model is implemented using CPLEX in general algebraic
modelling system (GAMS), on a laptop with Intel i7-core 2.4
GHz and 8 GB of RAM.

3.1 | Scenario generation of wind power

The production of wind farms varies with wind speed
fluctuations. This article assumes that the variations have a

distribution based on Weibull function. It is assumed that
the mean value of sampling is equal to the meteorological
wind forecast. It is also assumed that the standard diversion
increased uniformly during the operation period. So, the
scenario generation process is started with a random sam-
pling of wind speed, and 2000 scenarios are generated. After
that, the power generation of wind farms is calculated using
the generated samples of wind speed and the power curve
of turbines. Too many scenarios make it difficult to solve a
stochastic problem. So, the number of scenarios is reduced
using the SCENRED tool based on the mix of fast back-
ward/forward method, which is developed by the GAMS
[36]. The reduction of scenarios by SCENRED is per-
formed based on probability distance, and five scenarios are
selected as the most effective scenarios in this study. This
article assumes all turbines experience the same wind speed;
hence, the output power of wind farms is calculated by
multiplying the output of one turbine into the number of
available wind turbines.

3.2 | Test system

The IEEE 24-Bus test system of Figure 2 based on data in
[37] is used to evaluate the performance of the proposed
model. This test system includes 12 generators, five wind
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40 emNWP 3600 TABLE 2 Wind forecast data
36 3200
_ 3y TOTHWP 25800 Time (h) wl (MW) w2 (MW) w3 (MW) w4 (MW) w5 (MW)
S w=gr= [ 0ad Curve
£ o 2400 5 1 0 0 27.84 1.22 1.22
£ 2000 3
% p 1600 & 2 13.81 0 279 0.71 25.77
" jo3
T 1200 2 3 13.67 0 13.67 1.69 27.28
= 800
4 Time (h) 400 4 0.49 0 13.52 26.3 63.98
0 0
1 3 5 7 9 11 13 15 17 19 21 23 > 143 0 143 12.38 62.35
6 1.25 0 27.72 49.65 49.65
FIGURE 3 Load curve and different wind penetrations
7 1.01 0 27.72 95.69 64.06
8 28.52 2.8 69.09 323.91 153.39
farms, and five ESSs with the capability of deployment
5, and five ESSs with the capability of deploy 9 1459 38.43 703 20939 100.19
regulation reserves. The maximum hourly charging and
discharging of ESSs is 150 MW with an efficiency of 95%. 10 44.15 94.72 4415 319.31 110.65
Also, the ESSs are fully charged from the minimum charge 11 108.52 199.38 70.91 269 76.22
level in 5 hours. The detailed information of the test system
X . . . . 12 321.17 269.57 151.99 86.28 53.01
is available in [38]. Two levels of normal wind penetration
(NWP) and high wind penetration (HWP) are considered to 13 32113 428.17 109.91 63.94 20.65
reflect the impact of penetration of wind power on expet- 14 335.48 359.87 116.76 43.63 4.59
iment results. The load curve of the test system and hourly
. . . . 15 269.99 359.98 78.68 9.53 0
wind penetration levels are presented in Figure 3. Also,
forecast data of wind power are presented in Table 2, and 16 79.66 357.23 48.51 14.78 5.39
data of generators arte shown in Table 3. The values of 17 511 286.2 162 23.93 23.93
normalized cost multipliers are presented in Table 4 for
. 18 46.99 206.35 5.46 18.91 52.78
different hours.
19 15.15 99.25 0 14.15 102.69
. 20 15.05 36.96 5.27 5.08 169.32
3.3 | Case studies
21 31.02 67.21 31.02 0 27.84
Six cases are studied as defined in Table 5 based on 22 26.37 58.25 71.91 13.49 27.53
different conditions of wind penetration, ESSs' participation 23 17.58 43.24 12134 13.69 13.69
as a reserve provider, and application of reserve coordina-
24 6.63 42.39 215.26 0.32 13.1

tion on ESSs. The basic model of all cases is the SNC-UC
with considering the cost of energy and reserves. These
cases are defined to show the performance of various ap-
proaches to ESSs' reserve model. The proposed model of
this article is used in Cases 1-3 and 2-3, which they consider
coordinated scheduling of ESSs for the deployment of
reserve services.

3.4 | Results

First of all, the SNC-UC will be analysed regarding the
commitment of wunits for Case 2-3, and then the
coordination of ESSs' stored energy will be examined in
different cases.

The base schedule of ESSs is presented in Figure 4. The
performance of ESSs in the base schedule reveals that the main
charging hours are between hours 2 and 8, which coincide with
off-peak hours. Also, some of the ESSs are charged between
hours 12 and 16 just before the peak-load hours. This can be
justified by the higher level of ESSs' performance in the
compensation mode at peak-load hours.

Figure 5 represents the hourly production percentages of
generators for Case 2-3. It can be seen that the generators with
low costs like g8—g10 are prominently dispatched with 100% of
capacity. Also, the commitment of generators depends on the
network's topology and the congestion of transmission lines.
So, the utilization of some of the expensive units like g1, g2,
and g6 is reduced in off-peak hours.

The adequate reserve to address wind power fluctuations is
displayed in Figure 6. Cases 1-2 and 2-2 represent reserve
deployments of generators, while ESSs do not participate in
compensation. It can be observed that relatively close and large
values are deployed by ESSs in Cases 1-2 and 2-2 (up to 1000
MW) for different penetration of wind power. The model of
these cases (the model of previous studies) uses ESSs' reserves
upward followed by downward re-dispatch of generators to
reduce the operational cost. The reason is that ESSs produce a
large amount of energy with no payment for charging to
recover the energy level in these cases. This issue happens
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TABLE 3 Da of generators Generation cost Generation data
b1 b2 b3 b4 o P TE T™S. Ru,  Rd,

gl 1146 1196 1389 1597 304 152 8 4 152 152
@2 1146 1196 1389 1597 304 152 8 4 152 152
@3 186 2003 2167 2272 75 300 8 8 300 300
ot 192 2032 2122 2213 20685 591 12 10 540 540
@5 2341 2378 2684 304 12 60 4 2 60 60
g6 9.92 1025 1068 1126 54.25 155 8 8 155 155
o7 9.92 1025 1068 1126 54.25 155 8 8 155 155
o8 531 5.38 5.53 5.66 100 400 1 1 400 400
9 531 5.38 5.53 5.66 100 400 1 1 400 400
g0 0 0 0 0 300 300 0 0 300 300
gll 992 1025 1068 1126 1085 310 8 8 310 310
gl2 1008 1066  11.09 1172 140 350 24 48 240 240

zifptci 4 Values of hourly cost Time (h) 1 2 3 4 5 6 7 8 9 0 1 12
u 067 063 0.6 059 059 06 074 086 095 096 096 095
u 088 094 098 1 1 098 08 069 062 061 061 062

Time (h) 13 14

e 0.95  0.95
h 0.62  0.62

15 16 17 18 19 20 21 22 23 24
093 093 099 1 1 096 091 083 073 0.63

0.63 0.63 0.6 059 059 0.1 065 071 081 094

TABLE 5 Specifications of test cases (1-3 and 2-3 are the proposed
model)

Cases Wind Deployment reserves  Coordination of ESSs'
Penetration from ESSs Reserve
1-1 Normal - -
1-2 Normal v -
1-3 Normal v v
2-1 High - -
2-2 High v _
2-3 High v v

Abbreviation: ESS, energy storage system.

because the model does not consider any coordination for
reserve deployments. Furthermore, in Cases 1-3 and 2-3, the
significant share of required upward (273 MW in NWP and
389 MW in HWP) and downward reserves (220 MW in NWP
and 317 MW in HWP) are deployed by the ESSs, and no
uncounted deployments of reserves are observed. Also, higher

[
S o

oo
Time (h)

ESS Base Schedule (MW)
oo &
oo O

-150
-180

FIGURE 4 Charging/discharging of ESSs in base schedule for Case 2-
3

reserve deployment can be seen in Case 2-3 with HWP in
comparison to Case 1-3.

As mentioned, the uncoordinated compensation of ESSs
imposes a negative impact on their reservoir. The evaluation
of ESSs' stored energy is performed from two aspects to
analyse the reservoir condition under the above services.
The first analysis is driven based on the effect of ESSs'
rescheduling on the stored energy within the base schedule.
In this way, Figure 7 evaluates the impact of ESSs' active
compensation on the expected value of hourly stored energy
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in different cases. It can be seen that in Cases 1-2 and 2-2,
large deviations occur during the operation period without
the use of coordinate ESS compensation. These deviations
are up to 3000 MWh and 3250 MWh in Cases 1-2 and 2-2,
respectively. Cases 1-3 and 2-3 reflect the result of coordi-
nated ESS active compensation. These cases can be
compared with Cases 1-2 and 2-2; so, it is revealed that the
expected value of stored energy does not exceed the limits
through the operation period.

P il i T
-

t15”

11412
t13

FIGURE 5 Production percentages of generators in Case 2-3 (%)
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For a more detailed analysis of ESSs' energy, Figure 8
compares cases for C1 (one of ESSs) in different scenarios.
In this analysis, the impact of successive re-dispatches in
each scenatio is evaluated on the ESSs' stored energy. It can
be observed that the stored energy will be dramatically
dropped into large negative values (2424 MWh Case 2-1 and
2791 MWh in Case 2-2). As shown in Figure 8b,d, the
deviation of stored energy is significantly reduced by
applying the proposed coordination. For example, in
scenario 5, and at hour 23, the stored energy dropped from
-2791 MWh in Case 2-2 to -566 MWh in Case 2-3,
which represents the only 20% of deviation of stored energy
in Case 2-2. Hence, the remaining deviations can be
compensated by appropriate real-time decisions of operators.
It should be noted that the exact accordance of one
scenario during the operation period is not probable. So,
the above analysis can be regarded as a strict evaluation.
As it is expected, by increasing wind power penectration in
Case 2-3, the deviations are increased in comparison with
Case 1-3.

The cost analysis is a fundamental feature for comparing
different models. Hence, Table 6 compares the cost of
generation and reserves for different cases. In Cases 1-1 and
2-1, the highest operational costs are obtained. Also, gener-
ation costs in Cases 1-2 and 2-2 are significantly reduced in
comparison with the above cases, while the reserve costs are
increased. Also, the generation and total costs in Cases 1-2
and 2-2 are significantly lower than Cases 1-3 and 2-3, and
the reason is that ESSs are discharging large amounts of
energy in multiple hours without sufficient charging for the
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""" GR D

~ 150 SR D

E 100 - ‘/A—A/A
=~ 50

[}

z -u—.-.m—.-.-.-**-(

[

3

24

0 Ardruicrhd
50 13 577 9 11 13 15717 19 1 23
-100 Time (h) el
-150
200
250
(d) Casel-3
300 —4—GR U
400 -ee-- GR D
300 SR U
ézoo SR_D /‘_‘/A
> 100
o
Z 0 /,;_:;;Wm**-(
2 o157 19 218 23
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FIGURE 6 Houtly reserve deployments in different cases. (GR_U and GR_D are reserves provided by generators, and SR_U and SR_D are reserves

provided by ESSs)
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FIGURE 7 Expected value of ESSs' stored energy in different cases
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FIGURE 8 Stored energy of Cl in different scenarios

recovery of the reservoir. The total cost of Case 2-3 is
reduced to $394,263, which is lower than Case 1-3 due to
the the
reserve cost is increased due to the increased level of

application of more wind energy; however,

uncertainties.
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The solution time is compared in Table 7 for different
cases. As can be obtained, the solution time is low in all cases,
and applying the proposed model for the coordinated reserve
deployment of ESSs does not significantly impact the
convergence speed.
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TABLE 6 Comparison of operational cost CONFLICT OF INTEREST
Cases Generation cost ($) Reserve cost ($) Total cost ($) There is no conflict of interest.
-1 425,038 17,529 42,567 DATA AVAILABILITY STATEMENT
1-2 265,011 88,662 353,673 Data derived from public domain resources.
1-3 419,838 14,227 434,065
NOMENCLATURE
2-1 379,215 24,893 404,109 Indices
2.2 237,662 84,651 322,313 b generators' blocks, b € {1, --- , Nb}
2-3 373,242 21,021 394,263 ¢ ESSs, ¢ € {1, -+, Nej
g generators, g € {1, .-+, Ng}
) buses, 7 € {1, ---, Ni}
TABLE 7 Compatison of solution time in different cases / transmission lines, [ € {1, -, N[}
Cases 11 12 13 21 22 23 s scenarios, s € {1, -+, Ns}
Solution time (sec) 14.96 7.15 17 7.2 7.9 18.67 t time, £ € {1, -+, Nt}
_ i i i w wind farms, w € {1, --- , Nw}
B base schedule
Ch/Dis  charge/discharge modes of ESSs
4 | CONCLUSION U/D up/down directions of re-dispatches
This article developed a coordinated model for the exploitation
of regulation reserves from ESSs to address wind energy Sets
fluctuations in an SNC-UC problem. To capture the issue of ~ f  generators that connected to bus 2
the insufficient reservoir in ESSs' compensation, the model ¢ ESSs that connected to bus i
coordinates the values of re-dispatches and the base schedule. yw  wind farms that connected to bus z
Based on the results, the following conclusions are revealed:
® The proposed model successfully deployed regulation Parameters
reserves from both generators and ESSs, and ESSs provided Cee cost of purchasing energy [$/MWh]
a large share of reserves in upward and downward Crg/c cost of purchasing reserve
directions. Also, the expected values of ESS's teservoir are capacity [$/MW)]
matched to the scheduling values of the base scenario; DC, shut-down cost of generators [§]
® Considering that the ESS participation in reserve FI™ maximum flow of transmission lines [MW]
deployments reduced the operational cost by decreasing the NC, no-load cost of generators [§]
need for regglamon reserves; . Plz active power of demand [MW]
® The uncoordinated models resulted in a lower cost, and the Ru.. Rd /d limit /h
reason is that those models do not consider the cost of ESS Mo R ramp up/down limits [MW/h]
charging for participaton in resetve deployments. RSug, RSdy  start-up/shut-down Ramp limits [MW/h]
Additionally, uncoordinated compensation of ESSs for un- SC, start-up cost of generators [$]
certainties can lead to large deviations (up to -2791 MWh) in g‘gln Joft minimum on/off time duration of generators [h]
their stored energy; a acceptable rate of wind power curtailment
® The analysis of ESSs' reservoir within scenatios shown that ! . - L .
T v shift factor in line / per injection at bus 2
the deviations are reduced by 80%, compared to the un- ’[ . ) o
coordinated cases. Consequently, the remaining deviation #is o normalized cost multipliers for each hour
can be removed by real-time decisions; A probability of each scenatio[%o]
® The proposed model is computationally not complicated, ’7¢Ch, n?is efficiency multiplier of storage devices
and the coordination method does not significantly increase in charging and discharging modes [%]
the solution time.
The model complexity is a bartier to implement the ac- ~ Variables
curate models of ESSs for the day-ahead scheduling models. EE’B/ : energy stored in ESSs [MWh]
The model presented by this article does not consider the ESS I ; on/off binary vatiables of generators
degradation cost, the cycle life of ESSs, and the response time ]'?B/S on/off binary variables of ESSs
of different types of reserves, which can be incorporated OF total operational cost [§]
considering the coordinated model of ESS compensation as pz.B/s power generation of generators [MW]
future studies. pg’fb power dispatch of generators' blocks [MW]
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t,B/s . 13. Pirouzi, S., et al.: Robust linear architecture for active/reactive power
Pe ! Power dispatch of ESSs [MW] scheduling of EV integrated smart distribution networks. Electr. I1;0welr
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