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Abstract: With the advent of restructuring in the power industry, the conventional unit commitment
problem in power systems, involving the minimization of operation costs in a traditional vertically
integrated system structure, has been transformed to the profit-based unit commitment (PBUC)
approach, whereby generation companies (GENCOs) perform scheduling of the available produc-
tion units with the aim of profit maximization. Generally, a GENCO solves the PBUC problem for
participation in the day-ahead market (DAM) through determining the commitment and scheduling
of fossil-fuel-based units to maximize their own profit according to a set of forecasted price and
load data. This study presents a methodology to achieve optimal offering curves for a price-taker
GENCO owning compressed air energy storage (CAES) and concentrating solar power (CSP) units,
in addition to conventional thermal power plants. Various technical and physical constraints re-
garding the generation units are considered in the provided model. The proposed framework is
mathematically described as a mixed-integer linear programming (MILP) problem, which is solved
by using commercial software packages. Meanwhile, several cases are analyzed to evaluate the
impacts of CAES and CSP units on the optimal solution of the PBUC problem. The achieved results
demonstrate that incorporating the CAES and CSP units into the self-scheduling problem faced by
the GENCO would increase its profitability in the DAM to a great extent.

Keywords: compressed air energy storage; concentrating solar power plant; electricity markets;

generation companies; profit-based unit commitment

1. Introduction

In recent years, many electric power systems throughout the world have undergone
massive changes due to restructuring in the power industry, with the aim of propelling this
industry from a non-competitive integrated structure toward a competitive framework,
resulting in substantial alterations in the operation and planning of vertically integrated
electrical energy systems [1,2]. Deregulation in the electric power sector causes generation
companies (GENCOs) to be exposed to more challenges and induces them to adopt new
production scheduling strategies to survive in the restructured environment. The unit
commitment (UC) problem plays a fundamental role in the daily functioning of a traditional
electric power system [3-5]. The UC problem, aimed at the scheduling of generation
resources to satisfy the daily load demand during a specific time horizon (e.g., 24 h),
is solved in order to minimize the total operating costs while satisfying various commitment
and scheduling constraints, including the maximum and minimum limits of generating
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units, minimum downtime (MDT), minimum up-time (MUT), ramp-up and ramp-down
constraints, and power balance [6,7]. It should be noted that in the regulated environment,
GENCOs have an obligation to satisfy the electricity demand.

In a restructured power system, GENCOs are faced with a profit maximization prob-
lem called the profit-based unit commitment (PBUC), instead of the conventional operating
cost minimization problem. The PBUC is a sophisticated, non-linear, and mixed-integer
optimization problem determining the optimum commitment status (on/off) of units,
as well as the production scheduling of committed power plants, with the goal of maxi-
mizing the GENCO'’s profit while meeting the commitment and scheduling constraints
mentioned for the UC problem. Another difference between UC and PBUC problems is
concerned with the power balance constraint, which is considered as a soft constraint in a
deregulated environment, meaning that GENCOs can maximize their own profits without
any obligation to satisfy the load demand. Therefore, similar to UC, in PBUC, two types of
decision variables should be optimized: binary variables and real or continuous variables.
The committed or de-committed status of the production sources is depicted by the binary
variables, whereas the real or continuous variables represent the power dispatched to
units committed at the time sub-interval of operation. As the number of generation units
available for commitment increases, there would be more on/off combinations. Hence,
the PBUC problem with various constraints is regarded as a remarkably challenging task
confronted by GENCOs in restructured power systems.

The majority of the previous studies, which have been conducted regarding the
PBUC problem, consider merely fossil-fuel-based power plants [8] to obtain the optimal
scheduling of GENCOs to participate in the day-ahead market (DAM) by proposing various
optimization methods [9-16]. The research studies reported in [17,18] determine an optimal
solution for the PBUC problem by considering environmental emissions.

Recently, there has been a growing tendency to use energy storage technologies in
electrical energy systems. Bulk energy storage systems can serve load-shifting and peak
capacity services. Moreover, electricity price volatility in some electricity markets provides
a business opportunity for energy arbitrage using these storage facilities [19]. To date,
numerous storage systems, including pumped hydro storage (PHS) [20,21]; compressed air
energy storage (CAES) [22]; batteries consisting of nickel-cadmium, lead acid, and lithium
ion [23]; hydrogen storage [24]; capacitors and supercapacitors [25], flywheels [24,25];
and superconducting magnetic energy storage [26], have been introduced. Among these
storage technologies, PHS and CAES have high potential and capability to store a significant
quantity of electrical energy (hundreds of MWh) [27]. The need for a certain elevation
difference between the two reservoirs, the large footprint, the environmental licensing,
and the relatively significant capital costs are the main factors restricting the development
of PHS [28].

In CAES systems, electricity can be purchased over the off-peak periods when the
energy price is low in order to power large compressors to inject air into a large reservoir,
such as a salt cavern or pressure vessels. Hence, electrical energy can be stored in the
form of compressed air, which can be utilized to run modified gas turbines (air expander)
over the peak periods to sell electricity in the market at higher prices. CAES technologies
require a shorter construction period (approximately three years) and their capital cost is
considerably lower than other storage facilities (such as PHS) which employ these existing
reservoirs [28,29]. Furthermore, CAES systems benefit from high ramp rates and quick
response times, making them appropriate tools for ancillary services [30].

In the last few years, the application of CAES units in electricity markets and the
operation of electrical energy systems has been a highlighted research subject from many
researchers’ points of view. A review on CAES was conducted in [31], wherein basic
concepts, the historical background, and recent advancements of this technology were
covered. In [32], a risk-constrained bidding framework for a merchant CAES was presented.
A market-driven model was proposed in [33] to evaluate the profitability of the coordinated
operation of a wind system with a particular type of CAES. Optimal planning of an islanded
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microgrid comprising the wind turbine, photovoltaic array, diesel generators, and CAES
was performed in [34]. The research work reported in [35] dealt with the look-ahead risk-
constrained scheduling of wind power integrated with CAES. A self-scheduling tool for a
price-taker GENCO owning conventional thermal units and CAES systems was presented
in [36]. The optimal bidding of a GENCO equipped with a CAES unit in addition to wind
and thermal units was investigated in [37] to participate in day-ahead energy and spinning
reserve markets.

On the other hand, due to the depletion of fossil fuels and global warming caused by
greenhouse gases, the extensive penetration of renewable energy resources in electrical en-
ergy systems seems to be indispensable. In particular, solar energy is regarded as one of the
most promising energy resources to generate electricity [38]. Nonetheless, solar radiation
is highly associated with large variability and uncertainty; hence, solar energy production
is extremely dependent on weather conditions [39]. This drawback can result in serious
challenges in operating power systems and can intensify the risk of imbalance between
supply and demand.

However, a newly developed renewable generation technology named concentrat-
ing solar power (CSP) is expected to have a key role in highly renewable energy pene-
trated power systems because of being dispatchable through using thermal energy storage
(TES) [40]. In addition to supplying electricity during the hours when solar irradiation is
available, a CSP unit can transform solar energy into thermal energy, which can be stored
in TES over the daytime. Indeed, TES enables CSP to generate electricity as it is required,
even during the hours solar irradiation is not available. Since the main difference between
a CSP unit and a fossil-fuel-based thermal power plant is the source utilized to heat the
transfer fluid, these units are capable of providing a higher stabilizing capability for an
electric power system compared with other renewable energy systems. Both CSP units and
conventional thermal power plants are connected to the grid by means of a steam turbine
and an alternator, providing stabilizing capability [41]. It is worth mentioning that the
global installed capacity of CSP will reach 261 GW by 2030, according to the prediction of
the International Energy Agency [38].

The technical literature concerned with the strategic operation of CSP plants and
the investigation of this technology benefits is still scant, and most of the research has
been conducted in the last few years due to the growing penetration of renewable energy
sources. A power block concept for flexible electricity dispatch in a CSP plant utilizing an
unfired closed air Brayton cycle with a particle-based TES system was presented in [42].
The methodology proposed in [43] dealt with the optimal offering strategy of a CSP owner
participating in a pool-based electricity market. A profit maximization model was presented
in [44], wherein the bidding strategies of a hybrid CSP fossil producer, involved in the DAM,
were optimized. In [45], a risk-constrained model to determine the day-ahead scheduling
strategies of a virtual power plant coordinated with a CSP plant and some responsive
residential and industrial loads was presented. A profit maximization mixed-integer linear
programming (MILP) model was proposed in [46] to obtain a dispatch schedule for a CSP
unit with utility-scale photovoltaics. In the research work reported in [47], a risk assessment
study was conducted to investigate the impacts of the downside risk constraints on the
profit of a central CSP power plant while providing optimal bidding curves, submitted to
the electricity market. A look-ahead stochastic UC problem was addressed in [48] for a
highly renewable penetrated power system involving CSP. Furthermore, the advantages of
CSP plants in accommodating variable renewable energy generation were analyzed. In [49],
the optimized offering strategies of a price-taker CSP unit in the DAM, as well as real-time
electricity markets, were determined by using the information gap decision theory.

According to our knowledge, there is no research dealing with the joint operation of
CAES and CSP in the PBUC problem and their effects on the optimal generation scheduling
of conventional thermal power plants. Therefore, in the current study, a novel model
for the PBUC problem considering CAES as well as CSP units is presented to determine
the optimal short-term operation scheduling of a price-taker GENCO participating in a
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day-ahead and pool-based electricity market. The problem is formulated as an MILP
format, which is solvable by employing commercial optimization packages. The proposed
framework allows the construction of the optimal offering curves of a GENCO composed
of three types of production facilities, consisting of conventional fossil-fuel-based thermal
power plants, CAES systems, and CSP units.

With respect to the aforementioned background and literature review, the main contri-
butions of the current study can be stated as follows:

e Providing a profit-maximization model to obtain the GENCO’s optimal day-ahead
scheduling strategy in the presence of CAES as well as CSP;
Determining the charge and discharge of CAES to maximize the GENCO's profit;
Integration of the TES system with the CSP plant, enabling it to operate independently
from the instantaneous solar radiation;

e Investigating the impacts of CAES and CSP units on the operation scheduling of the
conventional thermal units;

e  Using the CPLEX solver to solve the PBUC problem for a GENCO in the presence of
conventional thermal units, CAES, and CSP.

The remainder of this paper is categorized as follows. Section 2 describes the math-
ematical formulation of the proposed PBUC problem considering CAES and CSP units.
The obtained simulation results and the required information in the considered case study
are provided in Section 3. Eventually, some relevant conclusions are addressed in Section 4.

2. Problem Formulation

In this section, the mathematical description of the PBUC problem considering CAES
and CSP is presented. In contrast to the conventional UC problem, which aims to satisfy the
electricity demand at the minimum operating cost, maximizing the total profit of GENCOs
in the DAM is taken into account as the target of the PBUC problem in competitive
electricity markets. The mathematical model of the proposed objective function can be
expressed as follows:

Maximize profit = Revenue — Cost @
where
Nt [ Ng Ncaks CAESA Ncsp
Revenue = Z ZPEZ-IM + Z P+ Z PE]-SP At 2)
=1 \i=1 k=1 =1
Nt
Cost =) (CosttT + Cost?AES) 3)

t=1
The proposed objective function defined in (1) aims to maximize the GENCO’s profit.
As can be observed, the objective function includes two terms, namely the total revenue
and costs. Indeed, the GENCO’s profit is equal to the income received by selling the electric
power produced by thermal units, CSP, and CAES in the DAM minus the net operation
costs of the thermal power plants and CAES. This profit must be maximized subject to the
relevant constraints of the thermal, CAES, and CSP units.

2.1. Thermal Unit Modeling

The mathematical formulation of the operation costs associated with the thermal units
considering the start-up cost can be stated as:

Ng
Cost] = Y[ (@i + biPl; +eiP[?) I+ SUC L (1 — )| ()
i=1

where the start-up cost is modeled using a two-valued staircase function representing hot
and cold start-up costs as follows [50]:



Energies 2021, 14, 576

50f 20

t,i

csG,  if X\ > cst+ T

HsC;,  if X <csT 4+ 1o/t
suct,i:{ i if Xy S CSTiA T, Vi (5)

As can be observed in (4), the generation cost for the thermal power plants is described
by quadratic cost functions. In addition, the formulation includes binary decision variables
representing the commitment state of the units. In this case, the model would be in a
mixed-integer, non-linear format, increasing the complexity of the problem to be solved,
since it may face convergence issues. Due to the simplicity of solving MILP problem:s,
the non-linear terms are approximated by employing the piecewise linear approximation
approach in order to convert the model into a linear format [51,52]. It is worth mentioning
that in this method, the number of pieces selected by users can affect the precision of the
approximation. Adopting a sufficient number of pieces can guarantee the accuracy, as was
the case in the current study.

The technical constraints associated with the thermal units are provided in (6)—(10).
Constraint (6) demonstrates that the power generated by thermal units is constrained by
their maximum and minimum ranges. Constraints (7) and (8) represent the permissible
minimum on/off time durations of thermal units. The ramp rate restrictions of thermal
power plants are shown in (9) and (10).

P < P < P Vt, i (6)
(XP" ;= T") (I—r,i — L) > 0; Vt, i (7)
(=) U=l 20 i ®)
Pl — P, < RUJ; Vt,i )
P, ;- P}, < RD/; Vi (10)

2.2. Compressed Air Energy Storage Model
The layout of a typical CAES unit considered in this study is illustrated in Figure 1.
Heat storage unit

Air

Motor — Compressor Turbine — Generator

~ Energy| | Energy
storage | |recovery

Salt cavern

Figure 1. The layout of the considered CAES unit.

In the charging mode, when energy needs to be stored during the off-peak periods,
the purchased electricity from the network is used to power the motor, which drives the
compressor. The compressor compresses air into a cavern after increasing its pressure.
The compression of air produces heat, which is transferred and stored in the heat storage
module to provide the required heat for the expansion process. Afterward, the cold and
compressed air is stored in a sealed underground cavern. Pre-existing structures, such as
disused salt mines, can be utilized for this purpose. In the discharging mode, when energy



Energies 2021, 14, 576

6 0f 20

needs to be recovered, the high-pressure air is first reheated through the heat storage unit
to start the expansion of the compressed air. Then, the expanding air spins the blades of the
expansion turbines. Eventually, the generator converts the spinning motion of the turbines
into electricity, which can be used over peak periods [53].

The operation cost for CAES includes the cost of purchasing electricity from the pool
market for compressing and injecting air in charging mode, which can be stated as follows:

COStCAES Z CAES C/\t, 23 (11)

The technical constraints associated with the CAES systems are presented in (12)—(19).
Constraint (12) defines the energy equivalent of the injected air into the storage as the
electric power consumed by CAES multiplied by the injection efficiency. Constraint (13)
states that the amount of electric power generated by CAES equals the energy equivalent
of the released air from the storage multiplied by the expanding efficiency. Constraints (14)
and (15) express that the proportions of air injected into the storage and released from it are
constrained by their maximum and minimum ranges. It is worthwhile mentioning that the
restricted capacity varies according to the valve size and pressure limits. Since the CAES
systems cannot be operated in the production and consumption states simultaneously,
(16) ensures that the CAES system will operate in only one particular mode at a time
interval. The storage level for each period is updated according to (17), where the quantity
of the stored air is computed based on the current storage and the injected or released air.
The storage reservoir limitation for storing air is incorporated in the proposed framework
by (18). Meanwhile, (19) shows the initial level of air stored in the storage reservoir.

VZZ] _ Pk ]PtCkAES c, Vi k 12)
PR = or Vi Vi, k (13)
V]én] manln] < VlVl] < Vln] mﬂXK;’;CJ, Vt, k (14)
Vr,man;k < Vtrk Vr maXKt © Vt, k (15)
Kl”f +K, <1 vt k (16)
Apprk = A+ Vt”;] - Vi vt k (17)
APt < A< AN, vt k (18)
Aok = AP vk (19)

2.3. Concentrating Solar Power Plant Model

The configuration of the CSP plant considered in this paper is depicted in Figure 2.
In addition, Figure 3 demonstrates the schematic energy flow framework in a CSP unit
equipped with a TES system. As can be observed, the considered CSP plant includes three
integrated blocks, namely the solar field (SF), TES, and power block (PB). Heat transfer
fluid (HTF) flows through these blocks to deliver thermal power. Solar irradiation can
be concentrated by the SF, which in turn would heat the HTF, which flows through the
metal tubes of a receiver. Then, high-temperature HTF absorbing the thermal energy
produced by the SF flows into the PB. The transferred thermal energy to the PB can provide
high-temperature steam, which can be utilized to drive a steam turbine to generate electric
power. Moreover, HTF can flow into the TES system to store or release thermal power.
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Pump

Pump

Air-cooled condenser

Figure 2. Configuration of the considered CSP plant.

T(iurtailment TLOSS
Solar Electric
power | Solar Field Power Block] power
(SF) (PB)

Thermal

[:0\?201' Thermal

storing power

releasing
Thermal Energy
Storage (TES)

lHeat loss

Figure 3. Simplified energy flow in the CSP unit with TES.

The technical constraints of CSP plants are expressed in (20)-(31). Constraint (20) states
that the output power of the CSP units equals the electric power supplied by the SF and the
TES. Constraint (21) defines the electric power generated by the SF as the thermal power of
the SF utilized for electricity production multiplied by the corresponding efficiency.

Constraint (22) restricts the summation of the thermal power employed to produce
electricity and transmitted to the TES system to the average value of thermal power
production output by the SF. Constraint (23) states that the thermal power utilized for
generating electricity should be restricted based on the corresponding lower and upper
permissible ranges. Constraint (24) restricts the maximum electric power output of the CSP
plants with respect to their corresponding capacity. The dynamic equation for the storage
level of thermal energy in TES is shown in (25). According to (26), the electric power output
from the TES equals the thermal power from the storage employed to produce electricity
multiplied by the corresponding efficiency. Constraint (27) imposes the allowed level of
thermal energy stored in the TES. The ramp-down and ramp-up limits related to TES for
the electric power level over the discharging and the charging periods are provided in (28)
and (29). Meanwhile, (31) expresses the initial level of thermal energy stored in the TES.

i A Vt,j (20)
Plj =m0l v @
Qi +Qfs <y vt,j (22)

Q" < Q)+ Q< Q™ @
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0 < PSP < PSPy vt,j 4)

b = Qi T 15 SQ{; - Qi vEj ®)
Py =1y Qi v 20
QoM < Q3 < QO vt,j (27)
PSS — Ps¢ ) < RDY; vt j (28)
1 (0l - ) < Ru " @)
Pl 085, 0l 05 2 0 v Y

Q5= Q" vj (31)

2.4. Power Balance Constraint

The proposed framework has a constraint which establishes the power balance in the
GENCO's decision-making problem to participate in the DAM, which can be expressed

as follows:
Ng Ncsp Ncaes Ncats
T CSP CAES,d CAES,c D,
Y Pili+ ) Pt 4+ ) Pyt = ), Pyl <P vi (32)
i=1 j=1 k=1 k=1

3. Case Study and Simulation

In the previous section, to obtain the operation scheduling of a price-taker GENCO
owning three types of electricity generation facilities, comprising conventional fossil-fuel-
based power plants, CAES, and CSP units, the PBUC problem formulation was developed
with the aim of maximizing the GENCO'’s total profit in the DAM. Four cases are studied
in the numerical simulation to assess the impacts of CAES and CSP technologies on the
solution of the PBUC problem as follows:

e  Case 1: Day-ahead scheduling of a GENCO equipped with only conventional thermal
power plants;

e Case 2: Day-ahead scheduling of a GENCO equipped with thermal and CAES units
to analyze the advantages of CAES;

e  Case 3: Day-ahead scheduling of a GENCO equipped with thermal and CSP units to
indicate the benefits of CSP;

e  Case 4: Day-ahead scheduling of a GENCO in the presence of thermal, CAES, and CSP
units to investigate the positive impacts of using CAES and CSP simultaneously.

The optimization model is formulated as an MILP problem and is solved by utilizing
the CPLEX solver, a high-performance mathematical programming tool for solving linear
and MILP problems, in the general algebraic modeling system (GAMS) environment [54].
For clarification, a schematic of the proposed framework is illustrated in Figure 4.

3.1. Input Data

Table 1 presents the conventional thermal power plant data [9]. The parameters associ-
ated with the CAES and CSP units are given in Tables 2 and 3, respectively [29,43]. The es-
timated electricity demand and market price in the DAM are depicted in Figures 5 and 6,
respectively. Moreover, Figure 7 demonstrates the estimated thermal power produced by
the SE.
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1) Conventional
fossil-fuel-based
power plants data
2) CAES data

3) CSP data

4) Estimated pool
market price

5) Estimated
electricity demand

6) Estimated

\

/

!

Operation Startup cost Operation

cost of of thermal cost of the

thermal units units CAES unit
MILP formulation /

Revenue from selling the electricity
supplied by thermal, CAES, and CSP

thermal power

produced by the SF

Figure 4. Schematic of the presented framework.

Table 1. Characteristics of the conventional thermal power plants.

K units to the day-ahead pool market j

SR

1) The commitment
of fossil-fuel-based
power plants in the

DAM

2) Power produced
from fossil-fuel-
based power plants

3) Power imported/
exported to/from
the CAES unit

4) Power produced
from the CSP unit

—

Unit PP PP a; b; ci 77 "  HSC; CSC;  CST; RUT RDT
(MW) (MW) ($/h) ($/MWh) ($/MW?2h) (h) (h) ($/h) ($/h) (h) (MW/h)  (MW/h)
1 150 455 1000 16.19 0.00048 8 8 4500 9000 5 120 140
2 150 455 970 17.26 0.00031 8 8 5000 10,000 5 120 140
3 20 130 700 16.60 0.00200 5 5 550 1100 4 130 130
4 20 130 680 16.50 0.00211 5 5 560 1120 4 130 130
5 25 162 450 19.70 0.00398 6 6 900 1800 4 60 100
6 20 80 370 22.26 0.00712 3 3 170 340 2 80 80
7 25 85 480 22.74 0.00790 3 3 260 520 2 80 80
8 10 55 660 25.92 0.00413 1 1 30 60 0 55 55
9 10 55 665 27.27 0.00222 1 1 30 60 0 55 55
10 10 55 670 27.29 0.00173 1 1 30 60 0 55 55
Table 2. Parameters of the CAES unit.
A™n (MWh) ~ A™* (MWh)  V#jmit (MWh) — Viwmax (MWh) — VPmin (MWh) VP74 (MWh) — piff o7
50 500 5 50 5 50 0.95 0.95
Table 3. Parameters of the concentrating solar power (CSP) unit.
e ,TfS ﬂse QE,min QE,mux PCSP,mux QS,min QS,max Rud RDd
(MWe/MWt) (MWe/MWt) (MWt) (MWt) (MWe) (MWht) (MWht) (MWe/h) (MWe/h)
0.4 0.8 0.35 50 125 50 45 700 80 35
1800 T
1600
; 1400 -
21200 -
E
= 1000
)
£ 800 -
5
B 600" |
m
400
200 L 1 E Il L

10

12

14 16

Time (h)

Figure 5. Estimated load profile.
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Figure 6. Estimated pool market price.
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Mean SF production (MWt)
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Time (h)

Figure 7. Estimated thermal power produced by the solar field in the CSP plant.

3.2. Results

In this section, the effects of CAES and CSP technologies on the optimal offering
curves of the GENCO are examined in four cases. In case 1, the PBUC problem is solved
by considering conventional fossil-fuel-based units. In case 2, the day-ahead scheduling
problem of the GENCO is addressed in the presence of CAES units. Moreover, the same
problem is dealt with in case 3 by considering the CSP plant and ignoring the CAES
unit to investigate the impact of using CSP on the GENCO’s decision-making problem.
Eventually, the PBUC problem is handled in the simultaneous presence of CAES and CSP
units. The aim is to indicate what changes occur in terms of the optimal bidding and
profit of the GENCO. The results of the four mentioned cases are compared in Table 4 from
a financial viewpoint. Moreover, the optimal operation scheduling of the conventional
thermal power plants in different cases is presented in Appendix A (Tables A1-A4).

According to Table 4, the simulation results, obtained by solving the PBUC problem
for case 2, prove the positive and substantial influence of CAES on the profitability of the
GENCO by reducing the total operation costs for the conventional thermal power plants.
This increment in profit to a great extent is due to the fact that by using CAES, the GENCO
would be able to purchase electric power in off-peak hours to be stored in the form of
compressed air and to sell the stored energy in peak periods when the prices in the pool
market are significantly higher. Hence, the need to operate costly thermal power plants in
peak hours is diminished, which in turn would decrease the total operating costs of the
conventional thermal units. Comparing the outcomes of cases 1 and 2 reveals that the total
profit achieved by the GENCO would increase by 1.16% by utilizing the CAES unit. It is
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evident that this percentage would increase depending on the capacity and number of
installed CAES facilities.

Table 4. Simulation results of the four cases.

Case 1 Case 2 Case 3 Case 4

Operation cost of thermal units ($) 50,1186.5 49,6319 485,049.2 479,599
Operation cost of the CAES unit ($) 0 9756.9 0 12,712.7
Revenue from thermal units ($) 1,033,398.8 1,023,917.6 1,003,910.4 992,158.6
Revenue from CAES unit ($) 0 20,522.4 0 23,504.8
Revenue from CSP unit ($) 0 0 32,025 32,201.4
Total cost of the GENCO ($) 501,186.5 506,075.9 48,5049.2 492,311.6

Total revenue of the GENCO ($) 1,033,398.8 1,044,440 1,035,935.4 1,047,864.9

Total profit of the GENCO (%) 532,212.3 538,364 550,886.2 555,553.2

In case 3, the CSP plant is applied to the PBUC problem in order to analyze its effects
on the day-ahead scheduling of the GENCO, without considering CAES. The comparison
results of cases 1 and 3 indicate a 3.51% enhancement in the acquired total profits compared
to case 1. The key explanation for this observation is that due to the characteristics of solar
energy, which make the CSP plant an appropriate tool to provide electricity over the peak
periods, employing the CSP plant lessens the need to operate costly thermal power plants.
Furthermore, incorporating the TES system in the structure of the CSP unit allows the
GENCO to satisfy some of the demand when solar irradiation is not available. Therefore,
instead of consuming expensive fossil fuels, the GENCO can benefit from the CSP plant by
using a free resource, solar energy, to heat the transfer fluid, which in turn would increase
the total obtained income and profit.

Finally, in case 4, the PBUC problem is handled by taking both CAES and CSP
units into account to observe their simultaneous effects on the day-ahead scheduling of
the GENCO. By considering the impacts of both CAES and CSP technologies, the total
achieved profit increases by 4.39% compared with case 1. In general, the GENCO's total
profit associated with case 4 is higher compared to that of the previous cases owing to
taking advantage of both CAES and CSP units. According to Tables A1-A4 in Appendix A,
representing the optimal scheduling of conventional thermal power plants in different
cases, the lower participation of many units in the DAM can be observed in case 4. As can
be seen, the total scheduled production associated with thermal units 3, 7, and 9 is 780, 190,
and 100.5 MW, respectively, which are substantially lower compared to those of other cases.
Another point deserving of emphasis is related to thermal unit 10, whose commitment
status in all hours is zero in case 4. Thus, this unit is not required to be participated in
the DAM in the case of joint operation of CAES and CSP. For the above reasons, in case 4,
the operation cost for fossil-fuel-based power plants is considerably lower than that of
other cases, as shown in Table 4, which in turn would result in higher profitability for
the GENCO.

The amount of power consumed or generated by the CAES unit in cases 2 and 4 is
demonstrated in Figures 8 and 9, respectively.

Additionally, Figures 10 and 11 represent the quantities of energy stored in the CAES
in cases 2 and 4, respectively. As can be observed, in case 2, electrical energy is purchased
during the off-peak periods (i.e., hours 1-7, 9, and 16) when the electricity price is inexpen-
sive in the pool market in order to store energy in the CAES unit in the form of compressed
air. The stored energy can be utilized to produce electricity during the peak periods
(i.e., hours 11, 13, 17-24) when the prices are noticeably higher. Similar to case 2, in case 4,
the electric power is consumed by the CAES unit over the low-price periods (i.e., hours 1-9
and 16) to generate electric power in the high-price periods (i.e., hours 12-15 and 17-24).
Consequently, CAES can provide a great opportunity for the GENCO to achieve higher
profits in competitive electricity markets by buying electricity during hours of low energy
prices to sell it at higher prices over peak periods.
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Figure 8. Amount of power consumed or produced by the CAES unit in case 2.
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Optimal decisions made by the GENCO concerning the operation scheduling of the
CSP unit in cases 3 and 4 are presented in Table 5. Furthermore, Figures 12 and 13 depict the
amounts of energy charged and discharged by the TES system in the CSP plant associated
with cases 3 and 4, respectively. As can be seen, over hours 8-19, when sufficient sunlight
is available, electric power is generated by the CSP plant by using thermal energy directly
produced by SF. In these periods, the TES system is also charged by receiving thermal
energy produced by SE. The stored energy is then used to produce electric power over the
periods when the solar source is not available (i.e., hours 20-24).

Table 5. Optimal operation scheduling for the CSP plant.

PSP (MWe) PSP (MWe)
Hour Hour
Case 3 Case 4 Case 3 Case 4

1 0 0 13 50 50
2 0 0 14 50 50
3 0 0 15 50 50
4 0 0 16 50 50
5 0 0 17 50 50
6 0 0 18 50 50
7 0 0 19 47.25 47.25
8 36 36 20 43.75 43.75
9 50 50 21 30.55 43.75
10 50 50 22 30 343
11 50 50 23 17.5 0
12 50 50 24 35 35
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Figure 12. Amounts of charge and discharge of TES in the CSP plant associated with case 3.
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4. Conclusions

In this paper, the day-ahead scheduling of a price-taker GENCO equipped with ther-
mal, CAES, and CSP units was presented. The proposed mathematical model determines
the optimal bidding strategy in the DAM for the GENCO, whose objective is to maximize
the total profit achieved through participation in the energy market. The proposed frame-
work, formulated based on the MILP format, was effectively solved by employing the
CPLEX solver under the GAMS environment. In this paper, the effects and valuable benefits
of the CAES and CSP units on the optimal solution of the PBUC problem were studied in
four cases. The simulation results revealed that the CAES technology enables the GENCO
to take advantage of favorable price deviations through opportunistic measures and to
potentially attain higher profits. These storage facilities provide an appealing opportunity
for GENCOs to purchase electrical energy over off-peak hours to be retained in the form
of compressed air and to sell the stored energy during peak periods when the prices in
the pool market are significantly higher. In addition, the numerical analysis demonstrates
that the CSP plant is an appropriate tool to reduce the need to operate costly thermal
power plants by supplying electricity over the periods when the solar resource is available.
Furthermore, it has been shown that using the TES system enhances the dispatchability of
the CSP unit through storing the thermal energy provided by the SF over the periods when
the thermal energy can be produced by the SF and utilizing it to generate electrical energy
over the periods without solar irradiation. The obtained results indicate that the GENCO
can benefit from the advantages of both CAES and CSP units through the joint operation of
these facilities to increase its profitability in the DAM to a great extent (by 4.39%) compared
with the case where only conventional thermal power plants are utilized.
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Functions and Variables
Atk
Cost
CostCAES
CostT

Revenue
SUC;

Index of fossil-fuel-based units
Index of CSP units

Index of CAES units

Index of time periods (h)

Cost function coefficients of the ith conventional thermal unit

Initial level of air storage pertaining to the kth CAES (MWh)

Lowest level of the storage reservoir pertaining to the kth CAES (MWh)
Highest level of the storage reservoir pertaining to the kth CAES (MWh)
Cold start-up cost of the ith thermal unit ($/h)

Cooling constant of the ith thermal unit (h)

Average amount of the thermal power generated by the SF pertaining to the jth CSP unit at period t (MWt)
Hot start-up cost of the ith thermal unit ($/h)

Number of CAES units

Number of CSP units

Number of conventional thermal units

Number of time periods

Capacity of the jth CSP unit (MWe)

Electricity demand at period t (MW)

Lower bound of the electricity produced by the ith thermal unit (MW)

Upper bound of the electricity produced by the ith thermal unit (MW)

Minimum thermal power input to the power block pertaining to the jth CSP unit (MWt)
Thermal capacity of the power block pertaining to the jth CSP unit (MWt)

Minimum thermal energy level in TES pertaining to the jth CSP unit (MWht)

Maximum thermal energy level in TES pertaining to the jth CSP unit (MWht)
Ramp-down rate of the ith thermal unit (MW /h)

Ramp-up rate of the ith thermal unit (MW /h)

Ramp-down rate for discharging TES pertaining to the jth CSP unit (MWe/h)

Ramp-up rate for charging TES pertaining to the jth CSP unit (MWe/h)

Initial level of thermal energy stored in TES pertaining to the jth CSP (MWht)
Minimum “on” time of the ith thermal unit (h)

Minimum “off” time of the ith thermal unit (h)

Lowest level of injected air into storage pertaining to the kth CAES (MWh)

Highest level of injected air into storage pertaining to the kth CAES (MWh)

Lowest level of released air from storage pertaining to the kth CAES (MWh)

Highest level of released air from storage pertaining to the kth CAES (MWh)
Conversion efficiency of thermal power generated by the SF to electricity pertaining to the jth CSP unit (MWe/MWt, %)

Conversion efficiency of thermal power generated by the SF and transferred to TES pertaining to the jth CSP unit (%)
Conversion efficiency of thermal power generated by TES to electricity pertaining to the jth CSP unit (MWe/MWt, %)
Pool market price at period ¢ ($/MWh)

Efficiency of injecting power pertaining to the kth CAES
Efficiency of producing power pertaining to the kth CAES

Amount of energy stored in storage pertaining to the kth CAES at period t (MWh)

GENCO'’s total cost ($)

Cost of operating CAES units ($)

Cost of operating thermal units ($)

Electric power directly supplied by the SF pertaining to the jth CSP at period t (MWe)

Electric power generated from TES pertaining to the jth CSP at scenario w and period ¢ (MWe)

Electricity consumed by the kth CAES unit for compressing and injecting air at period ¢ (MW)
Power output of the kth CAES unit sold to the pool market at period t (MW)
Electric power output of the jth CSP unit at period t (MWe)

Thermal power from the SF utilized to produce electricity pertaining to the jth CSP at period t (MWt)

Thermal power from the SF transferred to TES pertaining to the jth CSP at period t (MWt)

Thermal energy stored in TES at the end of hour ¢ pertaining to the jth CSP (MWht)

Thermal power from TES utilized to produce electricity pertaining to the jth CSP at period t (MWt)
Electricity produced by the ith thermal unit at period ¢t (MW)

Binary variable representing commitment state of thermal unit i at period ¢

Binary variable, which is equal to 1 if the jth CSP is “on” at period t, 0 otherwise

Binary variable, which is equal to 1 if the kth CAES is in the injecting mode at period ¢, 0 otherwise
Binary variable, which is equal to 1 if the kth CAES is in the discharge mode at period f, 0 otherwise

GENCO's total profit ($)
GENCO'’s total revenue ($)
Start-up cost of the ith thermal unit at period ¢ ($)
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V;Z] Energy equivalent of injected air to storage pertaining to the kth CAES at period t (MWh)
th s Energy equivalent of released air from the storage pertaining to the kth CAES at period t (MWh)
Xf",? Time duration for which the ith thermal unit has been “on” at hour t (h)
Xf{f Time duration for which the ith thermal unit has been “off” at hour ¢ (h)
Abbreviations
CAES Compressed air energy storage
csp Concentrating solar power
DAM Day-ahead market
GAMS General algebraic modeling system
GENCO Generation company
HTF Heat transfer fluid
MILP Mixed-integer linear programming
PBUC Profit-based unit commitment
PB Power block
SF Solar field
TES Thermal energy storage
ucC Unit commitment
Appendix A

Table A1l. Optimal operation scheduling for the conventional thermal units in case 1.

rl r rY P rr P! rr rY p! P
Hour 1 2 3 4 5 6 7 8 9 10
(MW) (MW) (MW) (MW) (MW) ™Mw) MW) MW) (MW)  (MW)
1 455 305 0 0 0 0 0 0 0 0
2 390 250 0 0 0 0 0 0 0 0
3 250 150 0 0 0 0 0 0 0 0
4 210 150 0 0 0 0 0 0 0 0
5 330 150 0 0 0 0 0 0 0 0
6 450 230 0 0 0 0 0 0 0 0
7 455 315 0 0 0 0 0 0 0 0
8 455 345 0 0 0 0 0 0 0 0
9 455 305 0 0 0 0 0 0 0 0
10 455 425 0 0 0 0 0 0 0 0
11 455 455 0 0 60 30 0 0 0 0
12 455 455 0 0 120 70 0 0 0 0
13 450 455 130 130 150 80 0 0 0 0
14 455 415 130 130 50 0 0 0 0 0
15 455 400 130 130 25 0 0 0 0 0
16 455 335 86 94 50 0 0 0 0 0
17 455 455 130 130 110 0 0 0 0 0
18 455 455 130 130 162 80 48 0 0 0
19 455 455 130 130 162 80 85 55 53 55
20 455 455 130 130 162 80 85 55 55 55
21 455 455 130 130 162 0 68 0 0 0
22 455 455 130 130 130 0 0 0 0 0
23 455 435 130 130 30 0 0 0 0 0
24 455 405 0 0 0 0 0 0 0 0
Total production 10,275 8710 1386 1394 1373 420 286 110 108 110
Table A2. Optimal operation scheduling for the conventional thermal units in case 2.
Hour o ¢ w m B M M P,
(MW) (MW) (MW) (MW) (MW) MwW) MW) ™MwW) M™MW) (MW)
1 455 339.208 0 0 0 0 0 0 0 0
2 442.632 250 0 0 0 0 0 0 0 0
3 302.632 150 0 0 0 0 0 0 0 0
4 262.632 150 0 0 0 0 0 0 0 0
5 382.632 150 0 0 0 0 0 0 0 0
6 455 270 0 0 0 0 0 0 0 0
7 455 333 0 0 0 0 0 0 0 0
8 455 345 0 0 0 0 0 0 0 0
9 455 333 0 0 0 0 0 0 0 0
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Table A2. Cont.

our R R
(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
10 455 425 0 0 0 0 0 0 0 0
11 455 455 0 0 42.5 0 0 0 0 0
12 455 413 0 130 102 0 0 0 0 0
13 455 455 130 130 162 0 0 0 0 0
14 455 403 130 130 62 0 0 0 0 0
15 455 400 130 130 25 0 0 0 0 0
16 455 335 110.632 130 42 0 0 0 0 0
17 455 455 130 130 102 0 0 0 0 0
18 455 455 130 130 162 0 80 0 0 0
19 455 455 130 130 162 80 85 55 55 0
20 455 455 130 130 162 80 80 55 50 55
21 455 455 130 130 162 20.5 0 0 0 0
22 455 455 130 130 82 0 0 0 0 0
23 455 455 130 130 0 0 0 0 0 0
24 455 357.5 0 0 0 0 0 0 0 0
Total production 10,490.53 8748.708 1410.632 1560 1268 180.5 245 110 105.5 55
Table A3. Optimal operation scheduling for the conventional thermal units in case 3.
our R O
(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
1 455 305 0 0 0 0 0 0 0 0
2 390 250 0 0 0 0 0 0 0 0
3 250 150 0 0 0 0 0 0 0 0
4 210 150 0 0 0 0 0 0 0 0
5 330 150 0 0 0 0 0 0 0 0
6 450 230 0 0 0 0 0 0 0 0
7 455 315 0 0 0 0 0 0 0 0
8 455 309 0 0 0 0 0 0 0 0
9 455 255 0 0 0 0 0 0 0 0
10 455 375 0 0 0 0 0 0 0 0
11 455 455 0 0 0 40 0 0 0 0
12 455 455 0 0 60 80 0 0 0 0
13 455 455 130 130 120 60 0 0 0 0
14 455 390 130 130 25 0 0 0 0 0
15 455 350 130 130 25 0 0 0 0 0
16 455 295 86 94 40 0 0 0 0 0
17 455 415 130 130 100 0 0 0 0 0
18 455 455 130 130 160 0 80 0 0 0
19 455 455 130 130 162 80 85 55 55 0
20 455 455 130 130 162 80 80 55 54.25 55
21 455 455 130 130 162 37.45 0 0 0 0
22 455 455 130 130 100 0 0 0 0 0
23 455 4475 130 130 0 0 0 0 0 0
24 455 370 0 0 0 0 0 0 0 0
Total production 10,275 8396.5 1386 1394 1116 377.45 245 110 109.25 55
Table A4. Optimal operation scheduling for the conventional thermal units in case 4.
Hour Py Py Py P{ Py Py P P Py Pl
(MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW) (MW)
1 455 333 0 0 0 0 0 0 0 0
2 442.632 250 0 0 0 0 0 0 0 0
3 302.632 150 0 0 0 0 0 0 0 0
4 262.632 150 0 0 0 0 0 0 0 0
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Table A4. Cont.

our ¢ m e P ¢ P,
(MW) (MW) MWw) MW) (MW) MwW)  MW) (MW) MW) (MW)
5 382.632 150 0 0 0 0 0 0 0 0
6 455 270 0 0 0 0 0 0 0 0
7 455 353.911 0 0 0 0 0 0 0 0
8 455 361.632 0 0 0 0 0 0 0 0
9 455 307.632 0 0 0 0 0 0 0 0
10 455 375 0 0 0 0 0 0 0 0
11 455 453 0 0 42 0 0 0 0 0
12 455 455 0 0 102 0 0 0 0 0
13 455 455 0 130 162 0 0 55 45.5 0
14 455 455 0 130 62 0 0 0 0 0
15 455 455 0 130 25 0 0 0 0 0
16 455 355.132 0 130 82.5 0 0 0 0 0
17 455 455 0 130 142.5 0 0 0 0 0
18 455 455 130 130 162 30.5 0 0 0 0
19 455 455 130 130 162 80 80 55 0 0
20 455 455 130 130 162 80 85 55 55 0
21 455 455 130 130 113.75 0 25 0 0 0
22 455 455 130 130 48.2 0 0 0 0 0
23 455 455 130 130 0 0 0 0 0 0
24 455 3225 0 0 0 0 0 0 0 0
Total production ~ 10,490.53  8836.807 780 1430 1265.95 190.5 190 165 100.5 0
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