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Abstract—The integration of large-scale energy storage systems
(ESSs) have been identified as a viable option to mitigate the
adverse effects of renewable energy sources (RES) on the power
system operation and reliability. Currently, compressed air energy
storage (CAES) is one of the two large-scale energy storage
technologies with low capital and operational costs. This paper
presents a method to integrate a new CAES reliability model in the
bulk power system reliability evaluation and investigates
quantitative benefits derived from the CAES. A state-duration
sampling method is adopted for the reliability evaluation. A
detailed reliability model of the CAES that considers its actual
operating mechanism is first developed. Each system contingency
state is then analyzed using a unit commitment (UC) method
instead of hourly optimal power flow (OPF). This ensures that the
inter-temporal constraints introduced by the CAES, such as its
state-of-charge (SOC), are included in the analysis. Case studies
are performed on a six-bus test system containing a wind farm and
a CAES. The results indicate that the CAES can improve the
overall reliability of the system. In particular, the reliability
indices of the bus where the CAES is connected show the greatest
improvement.

Index Terms— Compressed air energy storage, reliability
evaluation, bulk system, Monte-Carlo, Latin Hypercube
Sampling, reliability

I. NOMENCLATURE

The terminologies used in this paper are listed as follows:
Sets/Indices

i Index of bus

l Index of line

K Index of scenario

t Index of hour

Q¢ Set of conventional generators

Qp Set of all buses

Q¢ Set of buses with a CAES
Parameters

¢/°™  Variable operation and maintenance cost ($/MWh)
TU; Ramp-up rate limit of generator at bus i (MW/h)

rd; Ramp-down rate limit of generator at bus i (MW/h)
d;"t Electricity load demand at bus i (MW)

£, The maximum power flow of lines [ and n,
fomax respectively (MW)
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—xK . ..
g; gr Maximum, minimum power output of generator at

bus i (MW)
Pj(fsu /sd Start-up/shut-down cost for conventional generator j
—K

Py chydch Maximum charging/discharging power

Dfch /dch Minimum charging/discharging power

T, Total number of hours in each contingency scenario

M;, The element in the ith row and the /th column of node-
branch incidence matrix

wj Maximum wind power that can be generated at bus i
(MW)

1] Susceptance of a line ! (Siemens)

pig Generation cost of generator i ($/MWh)

pF Penalty cost for electricity load loss at bus i ($/MWh)
p; Penalty cost for wind spillage at bus i ($/MWh)

At Time duration (1 hour)

Variables

fi* Total active power flow on line [ (MW)

gr Power output of generator at bus i (MW)

p;f,cth Charging power of CAES at bus i (MW)

pf&tch Discharging power of CAES at bus i (MW)

T Electricity load loss at bus i (MW)

I Binary variable indicating online/offline status of the
generator i : | if it is online, 0 otherwise

S Wind power curtailment at bus i (MW)

Wl."'t Scheduled wind power generation at bus i (MW)

alf"t Binary variable indicating start-up of generator i

ﬁi’"t Binary variable indicating shut-down of generator i

“f'cth Binary variable indicating charging status of CAES at
bus i : 1 ifiit is charging, 0 otherwise

a;féitch Binary variable indicating discharging status of

CAES atbus i : 1 if it is discharging, 0 otherwise
/%o Phase angle of from/to-side node of line [ (rad)

II. INTRODUCTION

WING to the adverse effects of conventional sources of
electricity generation on the environment, the penetration
of renewable energy sources (RES), such as solar and wind
power, in the existing power system is gradually increasing
throughout the world. In this regard, renewable portfolio
standards (RPS) have been widely accepted in many different
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countries [1]. These standards bound the electric utilities to
produce a certain percentage of their total generation from RES.
From the electric utilities’ point of view, the integration of RES
brings many new challenges to the reliable planning and
operation of a power system. RES are inherently intermittent
and stochastic in nature and hence high penetration of such
sources can cause large imbalances between the load and
generation. Furthermore, in certain situations, the power system
may not be able to utilize the available output from RES due to
congestion. In these cases, the output of RES has to be curtailed.
To mitigate these negative impacts of RES, energy storage
systems (ESSs) have become indispensable components of a
power system containing a large proportion of renewable
energy generation. ESSs can help in managing the peak
demand, load leveling, reducing line congestion and gaining
financial advantage from energy arbitrage [2]. Also, ESSs can
provide grid related ancillary services such as voltage
regulation, power quality and black start [2], [3]. Various ESSs
technologies include compressed air energy storage (CAES),
pumped hydro storage (PHS), flywheel, battery ESSs (BESSs)
etc. [3]. CAES is a large-scale storage technology with
relatively low capital and operational costs. The CAES uses
electrical energy to convert ambient air into high pressure
compressed air and stores it into a reservoir which is usually an
underground cavern [3]. The compressed air is then utilized to
produce electricity when required.

ESSs require large initial investment for their construction.
The inclusion of ESSs in the existing power system can be
justified if certain benefits in terms of reduction in operational
costs, and improvement in system reliability are obtained from
them. The impacts of ESSs on the overall system reliability and
economy have been studied from various perspectives. The
reliability evaluation of a small isolated wind energy
conversion system (WECS) with BESSs has been performed in
[4]. Reference [5] presents a Monte-Carlo simulation based
technique to assess the reliability benefits of ESSs considering
different operating strategies and wind energy dispatch
restrictions. The analysis is carried out for the generation
system, that is, at HL-1. In [6], a reliability assessment method
based on the combination of analytical and simulation based
approaches has been proposed for a WECS with BESS. The
BESS is connected to the doubly fed induction generator
(DFIG)-based wind turbine at the DC-link of the power
converter. In [7], the operational strategies for ESSs are
proposed to improve the reliability of a distribution system with
load aggregation. In [8], a method based on sequential Monte-
Carlo simulation (SMCS) is proposed to evaluate the reliability
and economy of distribution system containing ESSs. The
method considers the optimal operation of distribution system’s
load aggregator and islanding feature of the system. Reference
[9] considers the ramp up and ramp down capabilities of
conventional generators and ESSs in the evaluation of the
operational reliability of the system. In [10], the ESSs operated
by the wind farm operator is utilized to decrease the operating
risk of the power system.

The previous work presented in the literature utilizes a
generic reliability model of the ESSs. However, different ESSs

may have entirely different operating mechanisms. Hence, it is
important to take into account the actual operation scheme
which is specific for a certain type of ESSs. Therefore, in this
paper, a reliability model of the CAES is developed. The model
takes into account different failure events that may occur during
the operation of the CAES. Afterward, the reliability model is
included in the simulation-based method to evaluate the
reliability of a bulk power system (HL-II). In the simulation-
based evaluation methods, based on the failure and repair rates
of components, a large number of contingency states are
generated. Then in each contingency state, optimal power flow
(OPF) is used to reschedule the generation to minimize the load
curtailment. However, the single-hour OPF cannot consider the
coupling between different hours. This link which is introduced
by the SOC of the CAES can be taken into account by
considering the daily unit commitment (UC). Hence, in this
paper for the system analysis, 24-hour UC is utilized to
reschedule the generation, CAES and other resources to
minimize the load curtailment.

The rest of the paper is organized as follows. Section III
presents the reliability model of the CAES. Section IV
describes the simulation method for reliability evaluation. In
Section V, the optimization problem for system analysis is
presented. Section VI presents the overall reliability evaluation
method. Case studies are performed in Section VII. Section VIII
provides the conclusion of the work.

III. RELIABILITY MODELLING OF CAES

In order to accurately determine the reliability impacts of the
CAES, it is important to consider the actual operation of such a
system. The block diagram of a conventional CAES is shown
in Fig. 1. The principle of operation of a CAES is similar to the
operation of a conventional gas turbine. The only difference is
that, in CAES, the compression and expansion cycles are
separated in two different stages. During charging, the air at
ambient conditions is compressed using multi-stage
compressors and is stored inside the cavern at high pressure.
During discharging, the air from the cavern is released,
combusted and expanded in the turbines. An accurate reliability
model of CAES should consider the interaction between
different parts of the system and the possible failure events of
different components in the system. For the reliability modeling
of a conventional gas turbine, the two-state continuous-time
Markov model has been widely used that represents the
complete system either in upstate or in downstate as illustrated
in Fig. 2 [11]. A similar two-state model can be used in case of
the CAES with appropriate values of transition rates between
the two states. However, this two-state model does not
accurately represent the operation of the CAES.

Since the charging and discharging parts of the CAES are
separated, the failures of the components in the charging part
will not affect the operation of discharging part and vice versa.
To represent this behavior, a four-state model is developed as
shown in Fig 3. In this model, the charging and discharging
processes are decoupled. The up-state (state 1) represents the
situation when all the components of the CAES are available.
State 2 corresponds to the failure in the charging part. State 3
relates to the failure in the discharging part. State 0 represents
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Fig. 1. CAES system diagram

the complete failure state. This state occurs when either both
charging and discharging parts are failed or when the
motor/generator set is failed. Hence, the CAES can neither be
used for charging or discharging.

The different transition rates among the states represent the
possible failure events. In the subsequent studies, it is assumed
that during one time period, only one transition can occur.
Hence, the transition rates between states 2 and 3 are assumed
to be zero. Also, it is assumed that once the CAES is in down
state (state 0), the CAES is brought to the up state after the
complete repair process. And, therefore, the transition rates
from state O to states 2 and 3 are assumed to be zero. In the
following sections, this model for the CAES is utilized for the
reliability studies.

IV. SIMULATION METHODOLOGY

In power system reliability studies, SMCS is widely
employed to simulate the system and obtain the reliability
indices [12], [13]. The main advantages of the SMCS are that
this simulation is independent of the size of the system and that
the chronology of the events is maintained. This chronology is
important when CAES is included in the system. This is
because of the fact that the SOC of the CAES links different

u
Up State - Down State
State 1 /1 > State 0
Fig. 2. Two state model
)31
Up State Down state
State 1 Az State 0
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X ///L;
Charging component down
State 2 4 Ms
A4 My

Discharging component down
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Fig. 3. Four state model of CAES

hours in the simulation period. Hence, the chronology of the
events will affect the operation of the CAES. A major drawback
of SMCS is that it requires a large number of iterations before
it converges. In this regard, different variance reduction
techniques such as Latin Hypercube Sampling (LHS),
importance sampling and dagger sampling etc. have been
utilized to speed up the rate of convergence of the simulation
[12]. In this paper, LHS is employed for the simulation. Unlike
Monte-Carlo (MC) simulation which utilizes random numbers
to generate the samples from a probability distribution, LHS
stratifies the probability distribution so that the samples are
obtained from equally spaced intervals of the distribution. This
ensures that those events which are less probable but have high
impact are also included in the samples. In this work, state-
duration method is adopted for the simulation. In this method,
the component state duration distribution functions are used to
generate the chronological component state transition process.
Afterward, the system’s chronological state transition process
is created from the combination of components’ processes [12].

V. SYSTEM ANALYSIS

In power system reliability studies, after generating different
contingencies states, single-hour OPF is utilized to reschedule
the generation as a result of contingencies [12]. The objective
is to minimize load curtailment. However, as mentioned earlier
this method is not suitable in the presence of the CAES. The
reason being is that the different hours of operation of the
system are coupled through the SOC of the CAES. Therefore,
in this work, a daily UC is used to reschedule the generation in
the presence of contingencies. After simulating a large number
of contingency states of the system, these states for 24 hours are
aggregated to form contingency scenarios and then the daily UC
optimization problem is solved.

The optimization problem for a daily UC is given by (1) —
(20).

Min. Zt 1Z]Eﬂc(p1 sul t+p1 sdﬁ];ct) +
Yicas(Zex (oS gltat + pf’vS”At + it AL + ¢ o™ (pf, +

Piacn)At) /TK) (1)
S.t.

Tiea My i + gt + Wt + 10 —aft Zf&tch
—p;ffh =0, Vi€EQgVtEQ, VK , (2
=05 —6/%) =0,VIeQVtEQL VK ,  (3)
IFf| < o™, vieqQy, VtEQr VK , (4
”gl Sglt<1"g Vi€ Qg, Vt € Qr, VK %)
gi,t+1 gi,t < ru;, Vi € Q‘B' VvVt € 'QT' Vk N (6)
9fc — 9fe1 S1d;, Vi€ Qp, VL EQp, Vi @)
af;‘ - th" =I5 — Iy, Vi€EQy VEEQLVK ,  (8)

t+TL

Zt me

K on
11 t = al tTL min’

Vi€ Qg VEE(L, .., T —
I > al (T —t + 1),

— T + 1}V )

Vi€ Qg YVt €T, —To0n+2,..T Ve ,  (10)
t+TLOI£1m K off
Zt (1 - Ilt = lBL tTL min’
Vi€ Qg V(L .., T, —TSE +1}vk , (11)

(1-15) = B(T — t + 1),
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Vi€ Qg vt {T, — T +2,..,T vk , (12)
SEE+ Wt =W, vieQg, VEEQLVKE ,  (13)
0< W™, VieQ Vt€Qr,Vk , (14)

0<Sr, VieQg VtEQ,VK , (15)

1t < dft, Vs €Qp, VEEQLVE , (16)

aih +afin <1, Vs€ Qg VEEQL VK , (17)

Kt _ prt-1 Kt Kt
Eg" = Eg - (pi,ch - pi,dch)At ’
Vs € Q. Vt € Qr, Vi, (18)
,t b b —=K
afhDlen < P < @l Bl VS € Qg VE € Qp, Vi, (19)

K,t K K,t Kt =K
@; dchPidch < Pidch < XidchPcny

Vs € Q¢, Vt € Qr, VK. (20)
The objective function is given in (1). The objective function
includes the start-up, shut-down and the running costs of the
conventional generators, wind spillage costs, load shedding
costs and operational costs of the CAES. The power balance
and line flow constraints are given by (2) and (3) respectively.
The limits on the line flows, and conventional generators’
output are given by (4) and (5). Constraints (6) and (7) represent
the ramp down and ramp up limits respectively. The constraints
for minimum up and down times of the conventional generators
are formulated by (8) — (12). Constraints (13) — (15) represent
the limits on the wind spillage. The load curtailment is limited
by (16). And the constraints for CAES and its SOC are
represented by (17) — (20). This problem is solved for each
contingency scenario.

VI. RELIABILITY EVALUATION METHOD

The complete methodology of the reliability evaluation is
shown in Figure 4. In the first step, the up times and down times
for all of the components in the system are generated using the
method described in Section IV. These components include
generators, transmission lines, and the CAES. For each of these
components, except CAES, a two-state Markov model is used.
For CAES, the four-state model developed in Section III is
employed. These up times and down times are generated for a
large number of sample years to ensure that all the possible
combinations of up and down states of different components are
sampled. The wind power is then simulated for the same
duration. The wind power can be simulated either by sampling
the probability distribution of the wind speed using inverse
transformation and then converting it to wind power [13], or by
generating the time-series from different time-series models
[5]. The load can also be generated using the same method as
that of wind power.

Afterward, the up and down times, as well as wind power and
load, are divided into blocks of 24 hours. For each block of 24
hours, some of the components can be in the down state while
other components can be in the up state. Then, for each 24-

Generate Up/Down time for
Generator/Transmisson Lines/
ESS

| Generate Hourly Wind Model
and Load Model

k.

|<—| Create a block of 24 hours

| System Analysis

Are all Samples
Evaluated For a Year?

z
o

YES
v

Is the Calculation
Completed
for all years?

| Calculate Yearly Indices

YES

v
Calculate Overall Indices |

Fig. 4 Complete Methodology

hours block, the optimization problem presented in Section V
is solved. The solution determines the optimal generation
output and CAES output (charging or discharging) for each
hour of the 24-hours block. It also determines the total load that
is curtailed during each of the 24-hours blocks due to
components’ failures. The load curtailment in each hour
contributes to the system unreliability and hence take part in the
evaluation of reliability indices. Subsequently, further blocks of
24-hours are analyzed until one year is completed. At the end
of each year, the reliability indices are evaluated. The
calculations are repeated for a large number of simulation years.
Certain convergence criteria such as one based on the
coefficient of variation can be employed for convergence of the
simulation.

VII. CASE STUDIES AND RESULTS

A. Test System

The reliability evaluation method is applied to a six-bus test
system shown in Fig. 5 [14]. The reliability data for the
generators are obtained from [15], and are shown in Table I. For
the transmission lines, the failure rate and repair rate are
assumed to be 0.150 f/yr and 547.5 r/yr respectively [15]. The
test system is modified by introducing one wind farm at bus 4
and one CAES at bus 5. The rating of the wind farm is set to
100 MW. The operational data related to CAES are shown in
Table II. Table III provides the assumed transition rates for the
four-state model of the CAES. All the other transition rates,
except the ones provided in the table, are assumed to be zero.
These values of transition rates are selected such that the

TABLE
TEST SYSTEM DATA
Maximum  Minimum  Operatin: Start- Shut- Min. Min.
P g up Cost down Up Down Failure Rate Repair Rate
Generator Power Power Cost ) Cost Time Time (Flyr) (t/yr)
MW MW $/MWh

1 220 100 13.51 300 50 4 4 4 196

2 100 10 32.63 200 0 2 3 2.4 157.6

3 20 10 17.70 250 30 1 1 3.0 147.0
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Fig. 5 6-Bus Test System

availability of the CAES matches the actual values [3]. The load
model is obtained from RBTS whereas the wind profile is
simulated using the time-series provided in [5]. The peak load
of the system is 256 MW. The costs of load curtailment and
wind spillage are set to $1000/MWh and $500/MWh
respectively.

B. Reliability Indices

The reliability indices used in the current study include the
probability of load curtailment (PLC), the expected energy not
supplied (EENS), the expected demand not supplied (EDNS),
the bulk power energy curtailment index (BPECI) and the
severity index (SI). PLC measures the reliability of the system
in terms of simple probability. EENS measures the expected
amount of energy that the system is unable to supply due to
random outages, EDNS describes EENS in terms of load
demand, BPECI normalizes the EENS with respect to peak load
so that different systems can be compared, SI, also known as
system minutes, implies that if an outage happens during the
occurrence of the peak load, how much time would that outage
last for. These indices are evaluated at the system level as well
as at individual load points. The detailed descriptions and
formulations of all indices are given in [11].

C. Results

In order to quantify the benefits derived from the CAES in
terms of system reliability and operational cost, the following
two different cases are analyzed:

Case 1: Bulk power system without CAES
Case 2: Bulk power system with CAES

6 -|_®_G 3

TABLEII
CAES DATA
Max. Max-. Energy Operational
. . Charging ;
Discharging Power Capacity Cost
Power (MW) (MW) (MWh) ($/MWh)
60 290 580 3.59
TABLE III
TRANSITION RATES
Failure Repair
Rates fyr Rates oyr
M 5 Uy 250
A, 4 Uy 150
A3 5 Us 200
As 4.5
A 5

TABLE IV
SYSTEM INDICES
EDNS BPECI SI
Case PLC (I\/IIE\EITI\I/S 9 (10° (MWHh/ (syst-
y MW/yr) MW-yr)  min)
Case | 00415323 137514 15.698 0537164 32.2298
Case2  0.0016597 5.440 0.621  0.021250  1.27505
TABLEV
LOAD POINT INDICES
PLC EENS EDNS ?&EVC; SI
Case  Load 5 (MWh/ (10° (syst-
(10%) /MW- /
yr) MW/yr) vi) min)
c PL, 933557 19434 2218551 03795 22.77
ise PL, 359368 107.56 1222791 1.0504  63.02
PL, 461055 10514 1200314 0.1026 6.169
Case  PLi 033827 06511 007432 00127 0.762
5 PL, 146634 44089 050329 00430 2.581
PL,  0.15453 03801  0.04339  0.0037 0.220

The results for both cases are shown in Tables IV and V.
System indices are shown in Table IV. Whereas Table V
indicates the load point indices. It can be seen that CAES can
bring significant benefit to the system in terms of reliability.
There has been a marked decrease in the values of PLC, EENS,
EDNS, BPECI and SI, from case 1 to case 2. Similarly, the load
point indices’ reliability is also improved. The load point PL;
is at bus 5 where the CAES is connected. In case 2, it can be
seen that this load point has the highest reliability among all the
other load points. This is because the output of CAES can
directly support the load point PL3 in the case of contingencies
and the output of CAES to that load point is not constrained by
transmission line flows.

In order to understand the economic effect of the inclusion of
CAES in the system, it is important to evaluate the yearly
operating costs. Also, the total wind spillage in both cases can
further justify the inclusion of CAES in the system. The yearly
operating costs for case 1 and case 2 are $ 19.561M/yr and $
16.265M/yr respectively. Most of the additional cost in case 1
is because of the load curtailment costs. Moreover, there is a
decrease in the wind spillage from case 1 to case 2. The wind
spillage in case 2 reduces by 87% as compared to that in case 1.
This shows that the CAES is highly effective in integrating the

0.6 T T T T T
2 Expected
= 0.4 value
o
<
©
o2t
-9
0 . |
0.6 0.8 1 1.2 1.4 1.6 1.8 2
PLC %107
0.3 T T T T
é‘ 02 F Expected |
‘__'5 Value
<
o
£

1 2 3 4 57 6 7
EENS (MWh/yr)
Fig. 6 Probability distribution of PLC and EENS
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Fig. 7 Effect of energy capacity of CAES on reliability indices

wind power and thereby supporting the integration of
renewable energy.

For case 2, the probability distributions of PLC and EENS
are shown in Fig. 6. It can be observed that the distribution of
PLC is mainly concentrated around the average value, whereas
for EENS, it is fairly distributed.

D. Sensitivity Analysis

In order to understand the effect of CAES capacity on the
reliability indices, sensitivity analysis is performed. The size of
CAES is changed and the corresponding changes in the values
of PLC and EENS are observed. The results are shown in Fig.
7, which indicates that the reliability of system increases as the
energy capacity of CAES is increased. However, after a certain
increase in the capacity, the reliability of the system does not
improve but saturates to a constant value. In other words, the
incremental increase in reliability decreases as the capacity of
CAES increases. This is because of the inherent energy
limitations of the wind generation. In order to further increase
the reliability, additional wind farms may be installed, rather
than installing a CAES with larger capacity.

To study the effect of the siting of CAES in the system, a
sensitivity study is performed by changing the location of the
CAES. Since there are six buses in the system, therefore there
are six positions for siting CAES. The results are shown in
Table VI. From the results, it can be observed that in terms of
PLC and EENS, bus 4 is the most suitable location for
constructing the CAES. Also, the load buses are more suitable
than generation buses for constructing the CAES. This is again
because of the fact that the output of CAES is not constrained

TABLE VI
SENSITIVITY ANALYSIS
EDNS BPECI SI
o PLC (l\f\'i}ﬁir) (107 (MW (syst
MW/yr)  MW-yr) min)
1 0.0021119  5.5080735 0.62877 0.02151 1.2909
2 0.0020650  5.5939675 0.63858 0.02185 1.3110
3 0.0016586  5.4683164  0.62423 0.02136 1.2816
4 0.0016529  5.4390326  0.62089 0.02124 1.2747
5 0.0016597  5.4402205 0.62102 0.02125 1.2750
6 0.0017090  5.4787719  0.62543 0.02140 1.2840

by the transmission line limits if CAES is at the same bus as
that of the load. The maximum difference in the values of PLC
and EENS for different buses is 21.9% and 2.76% respectively.

VIII. CONCLUSION

In this work, the reliability evaluation of a bulk power system
(HL-IT) considering wind power and compressed air energy
storage system (CAES) is performed. The results indicated that
the addition of CAES can bring significant benefits to the power
system. It has been shown that CAES cannot only improve
reliability but it can also increase the wind penetration in the
system by reducing the wind spillage. It was observed that the
bus where the CAES was connected showed the greatest
improvement in reliability. Sensitivity studies were also
performed to understand the effects of the sizing and siting of
CAES on the reliability indices. Further studies can be
performed to understand the effect of changing load curtailment
and wind curtailment cost on the reliability metrics.
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