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Advanced Adiabatic Compressed Air Energy Storage (AA-CAES) has received much attention in the recent years
due to its merits of no fossil fuel consumption, low costs, fast start-up and wide-ranging part load ability. It is
considered to have a variety of power gird applications including providing reserve services. Although a number
of studies are reported in the optimal scheduling strategy of using compressed air energy storage, very few
studies have been reported in AA-CAES reserve capacity modelling. This paper presents a reserve capacity model
for an AA-CAES facility considering its working mode conversion process, the dynamic characteristics, the air
pressure limitations, the thermal storage capacity limitations and the power output limitations of AA-CAES. The
developed reserve capacity model is then used in the power system optimal joint energy and reserve scheduling.
In the scheduling, the limits on the reserve capacities of Thermal Power Units (TUs) and Interruptible Loads
(ILs), which are caused by AA-CAES, are taken into account. The developed scheduling model are used to analyse
the impacts of AA-CAES on the system energy and reserve schedules, the system operation costs and the wind
curtailment. Numerical simulation results indicate that the participation of AA-CAES in power system operation
does not only reduce the system energy and reserve costs, but also mitigate the wind curtailment. However, it is
found that AA-CAES is unsuitable for undertaking the system reserve demand alone and using AA-CAES to

Advanced adiabatic compressed air energy
storage (AA-CAES)

Reserve capacity

Power system scheduling

Optimization

provide reserve services may increase the system total reserve demand.

1. Introduction

Wind power generation is growing rapidly around the world, due to
its environmentally friendly and fossil fuel saving benefits [1-2].
However, the intermittency and uncertainty of wind power bring
technical and economical challenges to power systems [3]. Recently,
Electrical Energy Storage (EES) such as Compressed Air Energy Storage
(CAES) [2], Pumped Hydro Storage (PHS) [4], batteries [5], pumped
thermal electricity storage [6-8] and liquid air energy storage [9] have
attracted much attention in addressing the challenges of large-scale
wind power grid integration. Among various technologies of ESS, PHS
and CAES are two proven technologies suitable for large-scale storage
applications [10,11]. However, further implantation of PHS is limited
by its requirement for suitable geographical conditions and potential
ecological damage. Compared to PHS, CAES has fewer construction
constraints, lower costs and causes less damage to ecology [12].
Therefore, CAES, as a promising large-scale EES technology, is
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considered as an alternative to PHS. [13].

The operation of a Conventional Compressed Air Energy Storage (C-
CAES) is similar to a conventional gas turbine with the compression and
generation stages occurring independently [14]. There are two suc-
cessfully commercial C-CAES plants in the world. The first is the
290 MW Huntorf plant in Germany. The other is the 110 MW McIntosh
plant in the US [10]. However, the main drawbacks of C-CAES plants
are that the cycle efficiency is relatively low and the fossil fuel con-
sumption is required in the discharging stage. For improving these
disadvantages, Advanced Adiabatic Compressed Air Energy Storage
(AA-CAES) system is developed. AA-CAES can extract heat from the air
compression stage and store it in an adiabatic reservoir. Then, the heat
can be reused during the expansion stage [15]. Fig. 1 illustrates a
schematic layout of a typical AA-CAES system, which is composed of a
multi-stage air compression unit (low pressure and high pressure
compressors), a multi-stage air expansion unit (low pressure and high
pressure turbines), electric motor/generator, Heat Exchangers (HEXs),
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Nomenclature

A. Indices

t index of time

k index of compressor

j index of turbine

i index of TU

X index of IL

4 index of TL

n index of outage TU

b index of bus

1 index of transmission line
B. Sets

T set of time periods

e set of compressors

ng set of turbines

Ng set of TUs

Nrpp, set of TLs

N set of ILs

Trpx set of time at which the operation of TL x can be scheduled
B set of buses

L set of transmission lines

C. Parameters

y specific heat ratio of air

Ry universal gas constant

Cp,air specific heat capacity of air

€ the HEX effectiveness

/g isentropic efficiency of compression and generation stages

Tok,in/Tyjin inlet temperature of compressor k and turbine j at rated
condition

B.x/B;; rated pressure ratio of compressor k and turbine j

Tatin average air temperature at the entrance of the air reservoir

Vi volume of the air reservoir

Twan wall temperature of the air reservoir

/By effective heat transfer coefficients

Thot/Teola  temperature of the hot and cold TES working medium

Dy the initial air pressure in the air reservoir

Qus.o initial stored heat in the heat reservoir

At unit scheduling period

Ats/At;s  5min and 15 min

Peagsc,min/Peagsc.max  1ower and upper limits of the compressing
power

Peapsc,min/Peagsc,max  lower and upper limits of the generating power

DPyt.min/ Pyr.max  UPPer and lower limits of the air pressure in the air
reservoir

Qxns upper limit of the thermal storage capacity

Atc on/Atg o, the time that the AA-CAES facility switches from the
idling mode to the minimum compression and minimum
generation

Ate o /Atgop the time that the AA-CAES facility switches from the
minimum compression and minimum generation to the
idling mode

r¢hEs/Téhese ramp up rate in the generation mode and compression
mode

ydown - /rdown . ramp down rate in the generation mode and com-
pression mode

Hee proportion of gas reduction by using the heat recuperator

Agas heat value of gas

Neas combustion efficiency of gas

bgi/cai energy cost coefficients of TU i

bcags energy cost coefficient of the AA-CAES facility

agi/Bg;  cost coefficients of providing upward and downward reg-
ulation reserves by TU i

Yoi/Yeaps/ Vi, cost coefficients of providing contingency reserve by
TU i, the AA-CAES facility and IL z

brrx load-shifting cost of TL x

Aw penalty of wind curtailment

Py, wind power forecast output at time ¢

P forecast load at time t

€Ly load forecast error at time t

.t wind power forecast error at time t

er standard deviation of load forecast error at time t

ew. standard deviation of wind power forecast error at time t
u risk level

Difix max/Diixmax  Maximum load increment and reduction of TL x

Qrixmax Maximum total schedulable load of TL x
IL; mox ~ maximum contingency reserve of IL z
Quxmax Mmaximum total schedulable load of IL z

Psimin/Poimax  upper and lower limit of TU i

% /rdown maximum ramp up and down rate of TU i

M /MIUF  minimum ON/OFF time of TU i

Ey line flow distribution factor for the transmission line [
linking bus b, due to net injection at bus b [1]

Lj max maximum transmission capacity for the transmission line [

D. Variables

Peapsc./Peapsg,: compressing and generating power of CAES at time
t

Vet /Vg,  unit state indicator in generation and compression modes
at time t (1 is ON and 0 is OFF).

Dyt change rate of air pressure in the air

air reservoir at time t

Dyt air pressure in the air reservoir at time t

Pyc,i/Pog,: heat transfer power of the HEX during the compression
stage and the expansion stage at time t

Tott air temperature inside the air reservoir

Qus,t stored heat in the heat reservoir

M /My, mass flow rate in compression and generation stages at
time t

Pé’AESG,,/PC%ESGJ maximum generating power limited by the lower
limits of air pressure and thermal storage capacity

PgAESc,,/PgESC’t maximum compressing power limited by the upper
limits of air pressure and thermal storage capacity

jogsvt/Ré‘jg‘gfﬁ upward and downward regulation reserves of AA-
CAES at time t

Réups,  contingency reserve of AA-CAES at time ¢

Plog heat transfer power in combustion chamber at time t
Cc—-caesg, gas consumption cost of C-CAES at time t

Foit output power of TU i at time t

SGi.t start-up cost of TU i

Ugi,t unit state indicator of TU at time t (1 is ON and 0 is OFF).

Ré’f{’/Réfffm upward and downward regulation reserves provided
by TU i at time ¢t

R§;1/RE,, contingency reserve provided by TU i and IL z at time ¢

di../dir., load increment and load reduction of TL x at time t

W, wind curtailment at time t

RE M0 minimum upward regulation reserve provided by TUs or
the minimum contingency reserve provided by TUs and
ILs

Rg™m  minimum downward regulation reserve provided by Tus

P net injection at bus b at time t
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E. Abbreviations

EES electrical energy storage
CAES compressed air energy storage
C-CAES conventional compressed air energy storage

AA-CAES Advanced adiabatic compressed air energy storage
PHS pumped hydro storage
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TU thermal power unit

TL time-shifting load

IL interrupt load

HEX heat exchanger

TES thermal energy storage

MINLP  mixed integer non-linear programming
MILP mixed integer linear programming

High pressure Low pressure Low pressure High pressure
compressor compressor Power system turbine turbine
I ] —]
Electric
motor/generator
A A
HEX2 HEX1 A/ HEX3 Y HEX4 >
:
Air _ Exhaust
TES working
edium reservoi

Air
reservoir

Pressure
valve

—» Air pipeline with direction
TES working medium pipeline with direction

1 Mechanical main shaft of compressors/turbines

Fig. 1. Schematic diagram of an AA-CAES facility (HEX-heat exchanger, TES-thermal energy storage) [15].

a heat reservoir, a Thermal Energy Storage (TES) working medium
reservoir, and an air reservoir. During the compression stage, electricity
is used for air compression. The high pressure air is stored in the air
reservoir while the compression heat is stored in the heat reservoir.
During the expansion process, the stored heat is reused to heat the
pressurized air in HEXs, and then, the heated compressed air is used to
drive a multi-stage turbine for electricity generation [15].

At present, a number of AA-CAES demonstration plants are under
development or in the early stage of experiment worldwide. The world’s
first large scale AA-CAES demonstration plant — ADELE - is in the de-
velopment stage, at Saxony-Anhalt in Germany. The plant was designed
to have a storage capability of 360 MWh and an electricity output of
90 MW, aiming for 70% cycle efficiency [15]. In China, a 500 kW de-
monstration AA-CAES system, named TICC-500, was built and passed
various load tests [16]. The Institute of Engineering Thermophysics,
Chinese Academy of Sciences built one 1.5 MW AA-CAES demonstra-
tion facility located near Beijing, China and another 10 MW/40 MW.h
AA-CAES demonstration plant is in Guizhou, China [17]. In addition, a
50 MW AA-CAES project began in Jiangsu, China, and a 100 MW AA-
CAES system will be built after the study from the 50 MW system [18].

The significant research work has been conducted in the optimal
operation strategy of C-CAES. The bidding and offering strategy of C-
CAES is studied in [19-21]. With the consideration of the electricity
market price as an uncertain parameter, an offering and biding strategy
for the merchant C-CAES using robust optimization approach was
proposed by Nojavan et al. [19]. Shafiee et al. proposed an information
gap decision theory based risk-constrained bidding/offering strategy for
a C-CAES plant considering price forecasting errors [20]. They also
presented an algorithm to construct hourly bidding and offering curves
to purchase and sell electricity for a price-maker C-CAES facility par-
ticipating in a day-ahead electricity market [21].

The self-scheduling strategy of C-CAES in the electricity market is
studied in [22-26]. Li et al. proposed an optimal self-scheduling
strategy for a wind generation and C-CAES combined system to increase

the combined system revenue [22]. Attarha et al. proposed an adaptive
robust self-scheduling model for a wind producer paired with a C-CAES
system considering the uncertainties of wind power productions and
price forecast errors [23]. A joint operation framework considering
PHS, CAES and wind farms was presented by Wang et al. [24], and an
optimal self-scheduling model for the joint operation system for miti-
gating wind curtailment was also proposed in this paper. A optimal self-
scheduling strategy for the generation company with a C-CAES facility
as well as thermal power units, renewable resources and demand side
resources were studied in [25,26].

The optimal energy scheduling strategies for power systems with C-
CAES has been studied in [27,28]. Daneshi et al. presented an approach
for security constrained unit commitment with the integration of a C-
CAES plant [27]. The impacts of C-CAES system on locational pricing,
economics, peak-load shaving, environmental perspective and wind
curtailment were analysed as well [27]. Ghaljehei et al. proposed a
stochastic security constrained unit commitment model integrating C-
CAES in a power system with wind power [28]. A practical criterion of
the static voltage stability was considered as an operational constraint
in the developed model [28].

The above literatures indicate that C-CAES has the capability of miti-
gating wind curtailment, providing load shifting service and reducing the
system operation cost, but the performance of C-CAES in providing reserve
services was not analysed. Compared to C-CAES, AA-CAES has a higher
cycle efficiency with no fossil fuel consumption. It also has distinguished
merits of high ramp up/down rates, wide-ranging part load and fast start-
up/shut down ability [3,10]. Thus, AA-CAES can be considered as a good
option to provide reserve services with low operating cost [29]. The op-
erating reserves are vital to the power system as they are used to ensure
the power system operation reliability [30]. Also, a more effective and
accurate reserve scheduling model can lead to higher economic benefits
for the system operator. Therefore, for maximizing both technical and
economic benefits of AA-CAES, the study of the energy and reserve
scheduling model for AA-CAES operation is quite important.
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However, there are very limited studies that focus on the reserve
scheduling of AA-CAES systems and the optimal joint energy and re-
serve scheduling method for the power system with AA-CAES. Li et al.
proposed a dispatch model of zero-carbon-emission micro energy in-
ternet with a micro AA-CAES [31]. The article only presented an energy
management model of a micro AA-CAES. The reserve characteristics are
not considered. Shafiee et al. developed an energy and reserve self-
scheduling model for a merchant C-CAES facility considering its ther-
modynamic characteristics [32]. However, the proposed reserve capa-
city model cannot be applied to an AA-CAES facility because the
thermal storage capacity limits of the AA-CAES was not considered.
Also, the working mode conversion process and dynamic characteristics
of C-CAES are neglected in the proposed model. Drury et al. developed
a simplified energy and reserve self-scheduling model for C-CAES and
AA-CAES to quantify their potential value in several US markets [29].
The proposed reserve capacity model can be used for the overall eco-
nomic analysis, but it is less accurate enough for power system day-
ahead scheduling as it only takes maximum compressing and gen-
erating power limits into account.

From the above, the practical limitations and operation character-
istics of AA-CAES were not fully considered in the proposed reserve
capacity models, and there is no research about energy and reserve
scheduling of the power system with AA-CAES. So, in this paper, a the
reserve capacity model for AA-CAES considering its working modes
conversion process, the dynamic characteristics, the air pressure limits,
thermal storage capacity limits and output limits is developed. Then, an
optimal joint energy and reserves scheduling model for the power
system with an AA-CAES facility is proposed.

The contributions of this paper are highlighted as follows: 1) The
first regulation and contingency reserve capacity model for AA-CAES is
developed, which considering the working mode conversion process,
dynamic characteristics, air pressure limits, thermal storage capacity
limits and output limits of AA-CAES. 2) A novel joint energy and reserve
optimal scheduling model for the power system containing the AA-
CAES, Thermal Power Units (TUs), the wind power plant, Time-shifting
Loads (TLs) and Interrupt Loads (ILs) is developed. The limitations on
the reserve capacities of TUs and ILs caused by the AA-CAES are taken
into account in the scheduling model. 3) Based on the developed
scheduling model, the impacts of AA-CAES on system operation costs,
wind curtailment, energy schedules and reserve schedules are analysed,
and the impacts of AA-CAES and C-CAES on system operation costs and
reserve schedules are compared.

The rest of the paper is organized as follows. In Section 2, the model
formulation of AA-CAES systems for energy and reserve scheduling is
presented. In Section 3, the comparison of AA-CAES and C-CAES in
energy and reserve scheduling model is carried out. In Section 4, the
optimal joint energy and reserve scheduling model for power system
with the AA-CAES is presented. In Section 5, case studies and simula-
tion discussions are provided. Finally, Section 6 concludes the paper.

2. Model formulation of AA-CAES systems for energy and reserve
scheduling

This section is separated into two parts. In Subsection 2.1, the for-
mulation of AA-CAES energy scheduling model is present. In Subsection
2.2, the main factors that limit the reserve capacity of AA-CAES are
analysed, and the reserve capacity model of AA-CAES is presented.

2.1. Modelling of AA-CAES energy scheduling constraints

In this subsection, a thermodynamic model of an AA-CAES system is
used to calculate its operation conditions. The operation conditions
include mass flow rate, air pressure in the air reservoir, heat transfer
power and stored heat in the heat reservoir. Subsequently, the practical
operation constraints of AA-CAES are formulated.
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1) Modelling of AA-CAES operation conditions

A thermodynamic model of AA-CAES is used in this paper to calculate
the operation conditions of AA-CAES system. The compressing power and
generating power are calculated by (1) and (2), respectively [15]. Con-
sidering the heat transfer between the air reservoir and the atmosphere,
the change rate of air pressure in the air reservoir can be calculated by (3)
[10]. The air pressure in the air reservoir is described by (4). The HEX
effectiveness is used into determine the heat transfer of a HEX, and the
heat transfer power of HEXs during the compression stage and the ex-
pansion stage can be described by (5) and (6), respectively [15,31]. The
stored heat in the heat reservoir is calculated by (7).

ne -t
FPeagsc,em. = mc,[Lle[ 2 TrinB.] D], VteT
k=1

r- (€9
y & -1
FPeagsc,e = ngmg,ljRg Z Tyjin(1=B,; 7 ), VteT
14 =1 2)
. Ry Tyt iny Re Ty . .
Dy = g me B ritg - —(oty + 5h|mc,t—mg,z|0'8)(Tsz,t
Vit Vit
- wall)y VteT (3)
t
pst,t = p:t,O + Z psl,rAt’ V te T
=1 ()]
r-1
PQc,t = mc,tcp,airs(z n,k,inﬁc,ky —N. Tcold} VieT
k=1 %)
ng—1 _r-1
PQg,t = mg,tcp,airg ngTizot_ st,t™ Z Tg‘/,inﬁg,j 4 , VteT
j=1 (6)
t t
Qus, = Quso + Y, PoerAi— ) PogcAl, VIET
=1 =1 (7)

2) Practical operation constraints of AA-CAES

The limits on the compressing power and generating power are
presented in (8) and (9), respectively. The limit on the air pressure in
the air reservoir is presented in (10). The limit on the thermal storage
capacity of the heat reservoir is described by (11). Since the compres-
sion and generation modes do not occur simultaneously [2], (12) is
used to model the limit.

Feagsc,minVe,r € Feagsct < PeaescmaxVers VEET (€)]
Peapsc,minVe,r < Feaesc, € PoagsmaxVgr, VEET 9
Pst,min < Dy ¢ < Pyt max> VteT (10)
0<Qus;<Qus, VteT (€8D)
Ver+ Vg <1, VEET 12)

It should be noted that, since the CAES plant can switch from full
generation to full compression (or full compression to full generation)
within a scheduling period (15 min) [3]. The ramp rate constraint of the
CAES plant can be ignored in the day-ahead scheduling.

2.2. Reserve capacity model of AA-CAES
In this subsection, the main factors which limit the reserve capacity
of AA-CAES are analysed. Based on the analysis, the regulation and

contingency reserve capacity models of AA-CAES are formulated.

1) Analysis on the main factors which limit the reserve capacity of AA-
CAES
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Reserve is the idle capacity which provides for unexpected load (or
wind power output) variations and generator outages. The first objec-
tive is attained with the regulation reserve while the second is attained
with the contingency reserve [30]. The upward and downward regulation
reserve should restrain the power variation in 5min, while the con-
tingency reserve should compensate the loss of generating power in
15 min [33].

The main factors which limit the AA-CAES reserve capacity are
listed and analysed:

a. The dynamic characteristics: Normally, a CAES facility can swing
from full generation to full compression in less than 5 min, and back
to full generation in less than 15 min [3], which means a CAES fa-
cility can change its working modes during the process of providing
reserve services to achieve better reserve-providing ability. There-
fore, the dynamic characteristics, such as ramp-up/down rates,
start-up/shut-down time can limit the reserve capacity of AA-CAES.

b. Upper and lower limits of compressing and generating power: The
maximum upward power regulation of AA-CAES is limited by the
maximum generating power and minimum compressing power,
while the maximum downward power regulation of AA-CAES is
limited by the minimum generating power and maximum com-
pressing power. Therefore, the reserve capacity of AA-CAES can be
limited by the limits of the compressing and generating power.

c. The limits on the air pressure in the air reservoir: When the air pressure
is close to its upper limit, the compressing power is limited by the
maximum air pressure. When the air pressure is close to its lower
limit, the generating power is limited by the minimum air pressure.

. The limits on the thermal storage capacity in the heat reservoir:
Similarly, when the stored heat is close to the limits, the compres-
sing and generating power are limited by the upper and lower limits
of the thermal storage capacity, respectively.

e. The operation conditions: AA-CAES has different power regulation
capabilities under different operation conditions. For example: An
AA-CAES operating in generation mode can downregulate much
more output power than an AA-CAES which is operating in com-
pression mode (the compressing power can be taken as negative

Electrical Power and Energy Systems 104 (2019) 279-290

generating power). Therefore, the operation conditions of AA-CAES
have a great effect on the reserve capacity of AA-CAES.
2) Regulation reserve capacity model of AA-CAES

When an AA-CAES facility is operating in compression mode and is
going to provide upward regulation reserve, it has 3 options: 1) main-
taining compression mode and downregulating the compressing power;
2) switching to idling mode; 3) switching to generation mode and
generating power. According to the analysis in the previous subsection,
the limits on the upward regulation reserve under the above 3 options
can be modelled by (13)(15). Whereas, when an AA-CAES facility is
going to provide downward regulation reserve, it has to maintain the
compression mode and upregulate the compressing power. The limit on

the downward regulation reserve capacity is modelled by (16).
0 < R&Ps. . < Peapsc—Peapscmine VIE T

a3

R
Rcaks: = Peagscs, VteET

14)

Rup
Feagsc,t + Foaese,min < Reags, S Fearsc,t

down

. P,
+ min (AtS— CAESCJ—Afc,on—Afc,oﬁ)rgﬁEsc
TcAEsc

)4 Q
+ FeagsG.min» FoaEsG,maxs Péarsc,o P CAESG,[jli vt

eT (15)

Rdo! : P Q
0< RCAEY{V; < mln(PCAESC,max’ PCEAESC,N PgAEsc,z)_PCAESC,t’ VteT

(16)

When an AA-CAES facility is operating in idling mode, it has to
switch to generation and compression modes to provide upward and
downward regulation reserves, respectively. The constraints are mod-
elled by (17) and (18), respectively.

Ru, : 7]
PeagsG,min < RCA}I;SJ < mln[(AtS_AtG,on)rcgESG

+ PeapsG,min» Pearsc,maxs Peagsc.os PC%ESGJ], VieT @17)

Compression
mode
A Idlin,
Upper limit of dg
upward reserve : mode
Constraint A
(15) Upper limit of
P P ) upward reserve )
CAESG,t T CAESGmin P Generation
P yise | Constraint (17 mode
T (14) A
P =P PrisG mi Upper limit of
CAESG - TCAESCmin|. - Constiaint " upward reserve |:-:-Constraint
0 (13) 0 0 (19):
Constraint Constraint
Upper limit of 16 _ . (20)
downward reserve ( ) })('AESC ,min PCAESG,t PCAESG,mm :
: P. . | Constraint
\ 4 Constraint CAESG ,t @
. 18)
Upper limit of Frusc, +Reapscmin
downward reserve
v Constraint
Upper limit of )
downward reserve
\ 4

Range of upward
reserve power

Range of downward
reserve power

|:| Limited range

Fig. 2. Regulation range of the upward and downward regulation reserve capacity.
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down

. up
Feagsc,min < RCAESt < mln[(AtS_AtC,on)rcAEsc

vVieT (18)

+ Peagsc,min» Peagsc,max Péagsc.t P CQAESC,[]’

Similarly, when an AA-CAES is operating in generation mode, the
limits on upward and downward regulation reserves can be modelled
by (19) and (20)(22), respectively.

Ri .

0< RCXI‘;S,: < mln(PCAESG,max; PCgAESG,[’ PC%&ESG,{)_PCAESG,D VteT
(19)
< R < Poapsc—PeapsGmins VEET (20)
Rgﬁ%,z = Peagsgs VEET 1)

Peagsc, + Peanscmin < RESS" < Pearscy
: Feassc,t up
+min| | Als— down —Atg o —Alc,on |Tcagsc
TCAESG

+ PCAESC,mina PCAESC,max: PgAEscyp PgAESC,t:|, Vi

eT (22)

In summary, the regulation range of the upward and downward
regulation reserve is illustrated in Fig. 2. The upper limit of the upward
reserve is limited by the dynamic characteristics, the maximum gen-
erating power, the lower limit of air pressure and the lower limit of the
thermal storage capacity. Meanwhile, the upper limit of the downward
reserve is limited by the dynamic characteristics, the maximum com-
pressing power, the upper limit of air pressure and the upper limit of
the thermal storage capacity.

It should be note that the regulation range of the reserve capacity
provided by AA-CAES is not continuous (see Fig. 2) due to the lower
limits of compressing and generating power. The impacts of this
working characteristic on the reserve capacities of TUs and ILs are
analysed in Section 4.2.

3) Contingency reserve capacity model of AA-CAES

Normally, an AA-CAES facility can swing from full compression to
full generation within 15min [3]. Therefore, the dynamic character-
istics can be ignored in the contingency reserve capacity model of AA-
CAES. Similar to the model formulation of the upward regulation re-
serve capacity, the limits on the contingency reserve capacity can be
modelled by (23)(27).

0 < Réups, < Poapsc—Peagscmine, YEET (23)
RCCAEs,z = Peagscs VEET (24)
Peagsc + Poagse,min < Réags.: < Peagscy
+ min(Peagse.ma Plase,o P C%ESG,[)’ VteT
(25)
PeaEsG,min < RgAES,[ < min(PCAESG,max, PCL‘]AESG,t’ PC%ESG,I)’ VteT
(26)
< Répgs, < min(Peagsc,maxs Péarsc.o Pc%Esa,t)—P cAEsG, VEET
27)

Note that, the day-ahead scheduling is the first stage of the multi-
time scale scheduling. There are other scheduling resources such as fast
start-up generators which can be used for power regulation in the intra-
day scheduling or real-time dispatch [34]. Also, the extreme situation
does not usually occur. Therefore, to achieve higher benefits in the day-
ahead scheduling, the simultaneous occurrence of a single TU outage
and the power shortage is not considered, meanwhile the simultaneous
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occurrence of multi generator outages is also not considered in the
paper.

3. Comparison of AA-CAES and C-CAES in energy and reserve
scheduling model

In this section, the differences between AA-CAES and C-CAES in
energy and reserve scheduling modelling are analysed. Subsequently,
the model formulation of C-CAES in energy and reserve scheduling is
presented.

The main difference between an AA-CAES and a C-CAES is that C-
CAES has a combustion chamber and uses natural gas to heat the high
pressure air, while AA-CAES uses TES for heat storage and reuse [15].
Therefore, the constraints related to TES, which are expressed by (5)(7)
and (11), are not included in the energy scheduling model of C-CAES.
But all other constraints of AA-CAES including (1)(4), (8)(10) and (12)
are included in the energy scheduling model of C-CAES. Apart from
this, the operation constraints related with the combustion process are
included. The heat-producing power from the gas combustion is cal-
culated by (28). The gas consumption cost of C-CAES is calculated by
(29) [22].

g ng— y-1
P/ngl = mgvlcpxair(l_:ure) Z T;;,j,in Z 24> mﬁgJ ’ry[,[ N VteT
j=1 j=1
(28)
_ Pl
Ce-cagsg,t = —CgaSAt VieT
Agasngas (29)

Since C-CAES does not have TES, the thermal storage capacity is no
longer one of the main factors which limits reserve capacity. The reg-
ulation reserve constraints of C-CAES comprise (13)(22) and the fol-
lowing modifications: The PCTQAESG,t in (15), (17) and (19) are deleted and
the P?AESQ in (16), (18) and (22) are deleted. Similarly, the con-
tingency reserve constraints of C-CAES comprise (23)(27) and the fol-
lowing modifications: The PCQAESG’, in (25)(27) are deleted.

Although the formulations of C-CAES and AA-CAES reserve capacity
models are similar, the parameters in the two models can be different.
For example, compared to AA-CAES, C-CAES normally takes more time
to start-up because of the gas combustion process [3,35]. Also, the cost
of providing reserve by C-CAES is higher than AA-CAES [29].

4. Optimal joint energy and reserve scheduling model for the
power system with an AA-CAES

In this section, an optimal joint energy and reserve scheduling
model is proposed for the power system with an AA-CAES. The demand
response programs are used in the power system to make TLs and ILs
schedulable. The TL’s operation can be scheduled any time within a
given time frame for providing load-shifting service, while the ILs can
be used to provide contingency reserve service [36,37]. The following
scheduling resources are included in the power system: TUs, an AA-
CAES facility, a wind farm, TLs and ILs. In order to mitigate wind
curtailment, the wind power is assumed to have the highest scheduling
priority.

4.1. Objective function

The objective is to minimize the power system operation cost over
the next 24 h. The objective function is formulated as (30). The first and
second terms account for the energy costs of TUs and the AA-CAES
facility. The third and fourth terms represent the regulation reserve cost
and the contingency reserve cost of TUs. The fifth and sixth terms re-
present the regulation reserve cost and the contingency reserve cost of
the AA-CAES facility. The seventh and eighth terms account for the
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scheduling costs of TLs and ILs. The final term is the punishment cost
for wind curtailment.

T Ng
min 2} 3

=1 i=1

T Ng
+ 00 O @aREP + BRE™) + Z Z YoiRGk

=1 i=1 =1 i=1
T T
Rup Rdown C
+ Z (tcaesReags,: + BeagsRcaesy) + z YearsRcaes,t
=1 =1
T Nrp T N

+ Z Z (dfper + dipe)brox At + Z Z RIthVJLz + Z Aw WAt

t=1 x=1 t=1 z=1

T

(bgiFPoi At + cgi + Sgip) + Z beaesPeagsc, At
t=1

(30)

4.2. Modelling the limits on reserve capacity caused by AA-CAES

In this subsection, the limits on reserve capacity of TUs and ILs
caused by AA-CAES are analysed and modelled.

It can be observed from Fig. 2 that, if the system reserve demand is
completely undertaken by AA-CAES, the power variation cannot be
fully restrained when the system reserve demand is just in the “blanks”
of the regulation range (see unfeasible range I-VI in Fig. 2). Therefore,
TUs and ILs should provide enough reserves to fill in the “blanks”.
According the above analysis, the limits on the reserve capacity of TUs
and ILs caused by AA-CAES can be modelled by (31)(33).

NG )

D REPERE™, VieT

i=1 (31)

Ne

Z RRdown > R—,min VteT

Git ZRgr

i=1 (32)

NiL
Z RG, + Z Ri,, > RE™™, VteT,VneNg
i=1,i#n (33)

According to Fig. 2, when AA-CAES is operating in compression
mode and switches to generation and idling modes to provide reserve
services, R&™" can be calculated by (34) and (35), respectively. When
AA-CAES is operating in idling mode and switches to generation and
compression modes to provide reserve services, R¢ min and Rg, MmN can
be calculated by (36) and (37), respectively. When AA-CAES is oper-
ating in generation mode and switches to compression and idling modes
to provide reserve services, Rz can be calculated by (38) and (39),
respectively. In other conditions, R3;™" and Rg;™" are equal to 0.

RE™™ = max(Peagse,min: Peapscmin)y VY EET (34)
RG™ = Poapscmin, VEET (35)
RE™™ = Poppsgmine VEET (36)
RG™ = Poapscmin, VEET 37)
Ra,tmin = max(Peagse,min» Poaesc,min)y VEET (38)
RG™ = Peapsomins VEET (39)

4.3. Other constraints

In this subsection, the power balance constraint, system reserve
constraints, TLs constraints, ILs constraints, TUs constraints and the
transmission line capacity constraint are presented. Note that the con-
straints of AA-CAES are presented in Section 2, modelled by (1)(22).

1) Power balance constraint
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Ne Nrr
Z Foit + Pw.t + Feapsc + z di1~W = PLt + Peagsc
i=1 x=1
Nt
+ Z die, VteT
x=1 (40)

2) System reserve constraints

The system operator has to purchase enough regulation reserve and
contingency reserve to ensure the reliable operation of the power
system. The total required regulation reserve is mainly affected by the
wind power and load forecast errors. Assuming that the load forecast
error (¢,,) and wind power forecast error (gy ) are represented by
normal distributions where the means are 0 and the standard deviations
are e, and ey, respectively [38]. The constraints of total required
regulation reserve are modelled by (41), (42). These two constraints are
used to make sure that the system operator purchases enough regula-
tion reserve. The total required contingency reserve is mainly affected
by the output power of the operating TUs. The constraint of total re-
quired contingency reserve is modelled by Eq. (43). The constraint is
used to make sure the power system has the ability to overcome a set of
single TU outage.

Pr{ z RGup + Rg:‘}DESt e —ew = 1-u, VteT
(41)
Pr{ Z Rgtdtown CRE%,VE ey e =1-pu, VteT
(42)
N
Z RG1t+RCAESt+zRIth Ponyy VEET,VnEN
i=1,i#n z=1 (43)

3) TL constraints

The maximum load increment and reduction constraints are de-
scribed by (44), (45). Eq. (46) ensures the electricity consumption of
TLs remain unchanged after the scheduling. The maximum total sche-
dulable load constraint of TLs is described by (47).

dTth DTLx max> Vte TTL,x; Vxe Nrp (44)

< dYTLx,t < Dﬁx,max, Vte TTL,X5 Vxe NTL (45)
T T
Z d;Lx,[_ Z d’ITLx,[ =0, Vx€&Nr
=t t=1 (46)
T
Z dTTLx,tAt < Qrrxmaxs VX € Npg
=1 47)

4) ILs constraints

Eq. (48) represents the maximum contingency reserve provided by
IL. The maximum total schedulable load constraint of ILs is described
by (49)

0 < Rliz,t < ILz,max: vt € T’ v Z € Z\]IL (48)
T

Z eriz,[At < Q[Lz,maxa V zZe ]VIL

=1 (49)

5) TUs constraints

Eq. (50) enforces the upper and lower limits of power output of each
TU. Eq. (51) enforces the ramping rate limits of each TU. Eq. (52)
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Fig. 3. One-line diagram of revised IEEE 30 bus system.

represents the minimum ON/OFF time restrictions. Egs. (53) and (54)
enforce the limits of the regulation and contingency reserves of each
TU.

UGi,t Foimin < Foir < UGitFPoimaxs VIE NG, VEIET (50)
Foi,i—Foii-1 < V?‘:iif + (1_uGl,t—1)PGi,max’ VieN,VieT
FPoit-1—Foir < 167" At + (1~Ugi,¢) Poimax (51)

Ugi—Ugi1—Ucir <0, Vr1<r—(t-1) < Mg\, VteT,VieN;
Ugit—1—Ugi,t + Ugir <1, Vrl<g r—(t—l) < Mng, VteT,Vie Ng
(52)
0< Ré‘,‘f < min(Pgimax—Foier Atsrg’)  VieNuvVieT
0 < RE™™ < min(Poy,—Peimins AtsTE™™) (53)

0 < RS, < min(Psimax—Pois, Alsrs’), Vi€NgVIET (54)

6) Transmission line capacity constraint [1]

_Ll,max < Fletb < Ll,maxs Vbe B,V le LYteT (55)

4.4. Solving method

It can be observed from the AA-CAES operation constraints that,
there are complex nonlinear relations between air pressure, tempera-
ture, power and mass flow rate. Therefore, the optimal scheduling
problem with these constraints is a Mixed Integer Non-Linear
Programming (MINLP) problem. However, the MINLP requires good
knowledge of the problem and performance is affected by the starting
points [39]. Compared to MINLP, Mixed Integer Linear Programming
(MILP) problems are much easier to solve. The MILP algorithm may
obtain good results with less computational time than nonlinear cases
[39]. At present, the MILP has been widely used in the optimal sche-
duling of the power system with EES [31-33,39].

In order to linearize the model, the pressure ratio of the last com-
pression stage is set to be the rated pressure ratio [31] and the tem-
perature in the air reservoir is set to be the initial air temperature [11].
After that, the relationship between mass flow rate and air pressure
change rate (Eq. (3)) is addressed using piecewise linear approximation.

Additionally, a set of binary variables is used to indicate the
working mode conversion of AA-CAES when it provides reserve ser-
vices. The stochastic chance constraints (41) and (42) are converted
into their equivalent forms [40]:

Ng
Z Rol‘ail,ltp + R?Kﬁs,t > o' (1-p), eLz,z + evzv,p VteT
i=1

(56)
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Fig. 4. Load and wind power forecast curves [42].

Table 1

Scheduling parameters of TUs [33].
Parameters G1 G2 G3 G4 G5 G6
Max output (MW) 350 240 200 250 350 230
Min output (MW) 100 30 20 50 50 30
bgi ($/MW.h) 34.4 48.8 58.8 46.0 30.0 50.4
cci ($/h) 130 110 120 110 120 100
Start-up cost ($) 1500 890 500 900 1450 720
Ramp up/down (MW/min) 2.3 4.5 8.2 4.6 2.7 7.9
Min ON/OFF time (h) 4 2 2 2 4 2
agi ($/MW) 4.82 3.82 3.57 4.49 5.53 3.28
Bgi ($/MW) 4.00 3.27 2.95 3.13 3.83 2.81
Yoi ($/MW) 3.80 402 355 382  3.42 3.65

Ng

> RE©wn 4 REow > o (1) [, + ey, VIET &

i=1

After the above linearization and equivalent transformation pro-
cesses, the optimal scheduling problem is converted into a MILP pro-
blem, which can be solve by conventional solvers efficiently. This paper
uses the IBM ILOG CPLEX 12.6.3 to solve the MILP problem.

5. Case study

The case study illustrates the performance of the proposed sche-
duling model. The energy and reserve scheduling results of the power
system with an AA-CAES are analysed. The impacts of AA-CAES on TUs
and ILs schedules, energy and reserve costs, wind curtailment are
analysed. The impacts of the maximum and minimum output of AA-
CAES on reserve and energy costs are also studied.

5.1. Settings and assumptions

A revised IEEE 30 bus system is used for a case study. Fig. 3 illus-
trates the one-line diagram of the revised IEEE 30 bus system. An AA-
CAES facility is located near a wind farm [22,23]. The wind farm and
the AA-CAES facility are located at Bus 23 [33]. TLs and ILs are located
in the load centre. Two TLs are located at Bus 29 and 30, and four ILs
are located at Bus 10, 17, 20 and 21 [41].

In order to analyse and compare the impacts of AA-CAES, C-CAES
and demand response programs on the power system scheduling, 4
scenarios are set. Scenario 1: There are no CAES facilities and demand
response programs in the power system. Scenario 2: There is a C-CAES
facility at bus 23; note that the gas consumption cost of C-CAES should
be considered in the objective function in scenario 2. Scenario 3: There
is an AA-CAES facility at bus 23. Scenario 4: There is an AA-CAES fa-
cility at bus 23. Also, two TLs are located at Bus 29 and 30, and four ILs
are located at Bus 10, 17, 20 and 21.

The whole scheduling time is 24 h, and each time period is set to be
15 min. The forecasted load and wind power are shown in Fig. 4 [42].
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Table 2
Scheduling parameters of AA-CAES [11,15,22].
Parameters Value Parameters Value
Max/Min compressing power (MW) 100/60 Heat transfer coefficient ap/f), 0.24/0.015
Max/Min generating power (MW) 100/40 Cold/hot TES working medium temperature (K) 293/363
Number of the compressors/turbines 4 Max/Min pressure in air reservoir (bar) 55/40
Compression/Expansion pressure ratio 2.75/2.4 Initial temperature in air reservoir (K) 316
Efficiency to compressors/turbines 85% Initial pressure in air reservoir (bar) 47.5
Max thermal storage capacity of TES (MJ) 2 x 10 Initial thermal storage capacity of TES 1 x 106
Average air temperature at the entrance of the air reservoir (K) 323 Ramp up/down rates in compressing/generating mode (MW/min) 40
Air reservoir volume (m®) 4.8 x 105 bcags ($/MW.h) 28
acags/Beaps/Yeas ($/MW) 2.5/2/2.5 Atc,on/Alc,off /ALG,on/AlG,off (min) 1.5
Table 3
Selected scheduling parameters of C-CAES [42].
Parameters Value  Parameters Value §
The calorific value of gas  38.8 Ramp up rates in generating mode 10 \E_,
(MJ/m?) (MW/min) 5
Combustion efficiency of 85 acars/Beaps/Yeags ($/MW) 3/2.25/3 %
gas (%) &~
Unit price of gas ($/m®) 0.2 Atg,on (min) 2

The standard deviation of load and wind power forecast error are the
5% of forecast load and the 20% of forecast wind power output, re-
spectively [41]. The Risk level is set to be 0.15. The scheduling para-
meters of TUs are shown in Table 1 [33].

The scheduling parameters of the AA-CAES facility are shown in
Table 2 [11,15,22]. The scheduling parameters of C-CAES are shown in
Table 3 [42]. The main difference between C-CAES and AA-CAES is that
C-CAES has the gas combustion process while AA-CAES does not.
Therefore, the generation start-up time of C-CAES is assumed to be
longer and the cost coefficients of providing reserve services by C-CAES
are assumed to be higher. The remaining scheduling parameters of C-
CAES are assumed to be the same as the parameters of AA-CAES [16].

The scheduling parameters of the two TLs are assumed to be the
same. The TLs are schedulable at 0:00-12:00. The maximum load in-
crement and reduction of the TLs are both 20 MW. The maximum total
schedulable load of a TL is 40 MW.h. The load-shifting cost of a TL is set
to be 4.8 $/(MW.h). The scheduling parameters of the four ILs are also
assumed to be the same. The maximum contingency reserve of an IL is
15MW. The maximum total schedulable load of an IL is set to be
90 MW.h. The cost of providing contingency reserve of an IL is set to be
3.6 $/(MW) [41].

5.2. Results and analysis
1) Scheduling results of the power system with AA-CAES (scenario 4)

The generation schedules are shown in Fig. 5(a). The upward and
downward regulation reserve schedules are shown in Fig. 5(b) and (c),
respectively. The contingency reserve schedules are shown in Fig. 5(d).
The AA-CAES compressing power is represented by negative generating
power.

G1 and G5, which can provide cheaper energy, are dispatched to
supply the most of the electricity demand. G3 and G6 have higher ramp
up/down rates and relatively cheaper reserve costs; G3 is mainly dis-
patched to provide contingency reserve service and G6 plays a major
role in providing both regulation and contingency reserves services. G2
and G4 are never committed because they do not have obvious ad-
vantages in generation or providing reserve services. TLs are scheduled
to provide load shifting service, while ILs are scheduled to undertake a
small part of the system contingency reserve demand. The AA-CAES
facility has the best dynamic characteristics and the cheapest reserve
costs; it undertakes a large proportion of system reserve demand and

Reserve capacity (MW)

(b)

Reserve capacity (MW)

0 2 4 6 8 10 12 14 16 18 20 22

(©

Reserve capacity (MW)

0 2 4 6 8 10 12 14 16 18 20 22

Times (h)
(d)
—o—Gl1 —u— G2 G3 —a— G4
—#—G5 G6 —e—CAES —¥—Flexible loads

Fig. 5. (a) Generation schedules; (b) Upward regulation reserve schedules; (c)
Downward regulation reserve schedules; (d) Contingency reserve schedules.
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Fig. 6. Total reserves provided by each scheduling resource in four scenarios.

Table 4
Costs in four scenarios.
Costs Scenario 1  Scenario 2 Scenario 3  Scenario 4
Energy cost of TUs ($) 512,119 472,422 472,302 470,032
Energy cost of CAES ($) — 11,488 7706 7581
Regulation reserve cost of 43,006 27,940 26,768 26,580
TUs ($)
Regulation reserve cost of — 12,900 12,493 12,660
CAES ($)
Contingency reserve cost of 77,734 58,053 57,415 51,933
TUs ($)
Contingency reserve cost of — 19,168 16,602 16,929
CAES ($)
Cost of scheduling TLs and ILs — — — 5558
®
Penalty of wind curtailment 69,584 0 0 0
®
System total cost ($) 702,443 601,971 593,286 591,273

has the ability of shifting load from peak to valley.

However, a shortcoming of AA-CAES is that the regulation range of
AA-CAES reserve capacity is not continuous. This makes the AA-CAES
facility unsuitable for undertaking system reserve demand alone and
forces the TUs and ILs to provide enough reserve to fill in the “blanks”.
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As can be seen in Fig. 5(b)-(d), AA-CAES almost never undertakes
system reserve demand alone. Furthermore, during the periods of low
system reserve demand, the extra costs, which are caused by TUs pro-
viding extra regulation reserves to fill in the “blanks”, may be greater
than the benefits of using the regulation reserve services of AA-CAES.
Therefore, it may not be a good choice for AA-CAES to provide reserve
services during the periods of low system reserve demand (see hours
1-3 and 15-18 in Fig. 5(b) and (c)).

According to Fig. 5(a), the times that the AA-CAES facility is under
idling mode is nearly 60% of a day. Even when the AA-CAES facility is
under compression or generation modes, its compressing or generating
power is close to the lower limits. That is mainly because: 1) In the
power system described in section 4.1, the AA-CAES facility has an
obvious advantage in providing reserve services. 2) When the AA-CAES
facility is under idling mode or operating at the minimum compressing/
generating power, it has great potential in providing both upward re-
serves (upward regulation reserve and contingency reserve) and
downward reserve (downward regulation reserve).

2) Impacts of AA-CAES, C-CAES and demand response programs on
power system schedules

The total reserves provided by each scheduling resource in a day are
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Fig. 7. (a) Trend of costs with different minimum AA-CAES output limits; (b) Trend of costs with different maximum AA-CAES output limits.
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shown in Fig. 6. In Fig. 6, the total upward regulation reserves of AA-
CAES and TU i in a day are calculated by ZL RBE . and Zthlei'ff’
respectively; the total downward regulation reserves of AA-CAES and
TU i in a day are calculated by ¥,_, RA%¥" and ¥,_ RE®™" respec-
tively; the total contingency reserves of AA-CAES, TU i and ILs in a day
are calculated by ¥ RSz, O, RS, and fol o RS, respec-
tively.

From Fig. 6, the total upward regulation reserve, downward reg-
ulation reserve and contingency reserve provided by AA-CAES in sce-
nario 3 are increased by 16.7%, 1.7% and 3.9% of the corresponding
reserves provided by C-CAES in scenario 2, respectively. It indicates
that, compared to C-CAES, the advantages of AA-CAES in providing
upward regulation reserve service are more obvious than providing
other kinds of reserve services. That is mainly because: 1) there is no
fuel combustion process in the generation mode of AA-CAES. Therefore,
AA-CAES is more flexible than C-CAES in upward power regulation.
Moreover, it costs less in providing upward reserve service. 2) The re-
sponse time of providing regulation reserve service (5 min) is shorter
than the response time of providing contingency reserve service
(15 min). Therefore, the advantages of AA-CAES such as high ramp-up
rate and fast generation start-up are more significant in providing up-
ward reserve service.

It can also be observed from Fig. 6 that the total upward regulation
reserve, downward regulation reserve and contingency reserve pro-
vided by CAES, TUs and ILs in scenarios 2, 3 and 4 are all greater than
the corresponding reserves in scenario 1. That is because the regulation
range of the reserves provided by the CAES is not continuous, so that
the TUs and ILs have to provide more reserves. However, according to
Table 4, which shows the costs in four scenarios, the total reserve cost
(sum of regulation reserve costs and contingency reserve costs) in
scenarios 2, 3 and 4 is much less than the total reserve cost in scenario
1. This is due to the good dynamic characteristics of CAES and the re-
latively lower cost in providing reserves with CAES.

Comparing the results in scenario 3 and 4, the demand response
programs hardly effect the total contingency reserve of AA-CAES, but
the total contingency reserve provided by TUs is decreased.

It can be seen from Table 4 that, compared with the system total
cost in scenario 1, the system total costs in scenarios 2 and 3 decrease
about 14.3% and 15.5% respectively, and there is no wind curtailment
in scenarios 2 and 3. The results indicate that both AA-CAES and C-
CAES can increase the system operation economy and mitigate wind
curtailment, but AA-CAES preforms better in reducing system total cost
than C-CAES. Additionally, the system total cost in scenario 4 is the
lowest.

Moreover, the total energy cost (sum of the energy costs of CAES
and TUs) and the energy cost of TUs in scenario 3 decrease about 6.3%
and 7.8% compared with the corresponding costs in scenario 1. The
reason is that: the proportion of system reserve demand undertaken by
TUs is decreased after the AA-CAES facility participates in reserve
markets, so that the number of the TUs, which are in the ON state, can
be reduced. Therefore, the TUs with bad operation economy can be shut
down and the energy cost of TUs is reduced.

3) Impacts of the AA-CAES’s maximum and minimum output limits on
costs (based on scenario 3)

Fig. 7(a) shows the trend of the costs when the minimum com-
pressing and generating powers are changed by the same proportion
simultaneously. Fig. 7(b) shows the trend of the costs when the max-
imum compressing and generating powers are changed by the same
proportion simultaneously (other parameters of AA-CAES remain un-
changed).

Fig. 7(a) and (b) indicate that the system total cost can be reduced
by reducing the minimum output power and increasing the maximum
output power of AA-CAES. Besides, Fig. 7(b) indicates that the reduc-
tion of the maximum output limits of AA-CAES may cause wind
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curtailment.

From Fig. 7(a), with the increasing of the minimum output limits,
the regulation and contingency reserve costs of AA-CAES are decreas-
ingly obviously, while the regulation and contingency reserve costs of
TUs have an increasing trend. The reason is that: with the increasing of
the minimum output limits, the unfeasible regulation range of the re-
serves provided by AA-CAES is enlarging. Therefore, the AA-CAE fa-
cility is dispatched to undertake less reserve demand.

Fig. 7(b) shows the opposite result: with the increasing of the
maximum output limits, the reserve costs of AA-CAES is getting higher.

6. Conclusion

This paper presents a reserve capacity model of AA-CAES for power
system optimal joint energy and reserve scheduling. The model takes
the practical limitations and operation characteristics of AA-CAES into
account. Additionally, the limitations on TUs and ILs reserve capacities
caused by AA-CAES are considered in the power system optimal sche-
duling. Based on the numerical simulations results, several conclusions
can be drawn: (1) The participation of AA-CAES in power system
scheduling can reduce the system energy and reserve costs and can
mitigate wind curtailment. (2) AA-CAES is not suitable for undertaking
the system reserve demand alone. Using AA-CAES to provide reserve
services may increase the total reserve demand of the power system, but
the total system reserve cost can still be reduced due to the good dy-
namic characteristics and low reserve costs of AA-CAES. (3) Compared
to C-CAES, the advantage of AA-CAES in providing upward regulation
reserve service is more obvious than in providing downward regulation
reserve service and contingency reserve service. AA-CAES also performs
better in reducing the system total cost than C-CAES. (4) With the in-
creasing of AA-CAES minimum output, the advantage of AA-CAES in
providing reserve services is weakening. On the contrary, the increasing
of AA-CAES maximum output enhances the advantage of AA-CAES in
providing reserve services.

Note that the scheduling models of CAES proposed in this paper are
used for power system day-ahead scheduling. They are not suitable for
the power system real-time dispatch because the time scales and main
focuses of the day-ahead scheduling and real-time dispatch are dif-
ferent. It is planned future work to study the real-time dispatch model
of CAES. In addition, since the construction and investment costs do not
need to be considered in the day ahead scheduling, the proposed
models are not suitable for the economic analysis of CAES. In the future,
the economic analysis of different large scale EES technologies can also
be carried out.
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