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Abstract: The integration of renewable energy is rapidly leading the existing grid systems toward
modern hybrid power systems. These hybrid power systems are more complex due to the random
and intermittent nature of RE and involve numerous operational challenges. This paper presents the
operational model for solar integrated power systems to address the issues of economical operation,
reliable solar share, energy deficit in case of contingency events, and the allocation of system spinning
reserve. A mixed-integer optimization is formulated to minimize the overall cost of the system
operation and to maximize the solar share under robust system spinning reserve limits as well as
various other practical constraints. A Pareto-optimal solution for the maximization of the number
of solar power plants and minimization of the solar cost is also presented for reliable solar share.
Further, a decomposition framework is proposed to split the original problem into two sub-problems.
The solution of joint optimization is obtained by exploiting a Lagrange relaxation method, a binary
search Lambda iteration method, system spinning reserve analysis, and binary integer programming.
The proposed model was implemented on an IEEE-RTS 26 units system and 40 solar plants.

Keywords: economic dispatch; hybrid power system; reserve constraint unit commitment;
robust spinning reserve; Lagrange relaxation; solar share optimization; solar power outage; thermal
contingencies

1. Introduction

Today’s power systems are hybrid in nature, and the large scale integration of re-
newable energy (RE) sources is providing life extension to depleting conventional energy
resources. Solar photovoltaic (PV) and wind turbines are commonly deployed RE sources
in power systems, which exhibit an intermittent output power due to diverse weather con-
ditions. The integration of RE to the grid system offers numerous benefits, such as reduced
emissions, decreased dependence on fossil fuel, reduced fuel costs of thermal power units,
decreasing the power system’s net present value (NPV), reduced annual energy purchased
from the grid, and a lower cost of energy utilized [1]. However, the integration of RE with
thermal power generation necessitates the scheduling of sufficient system spinning reserve
(SSR) from thermal units such that a loss of load could be avoided in case of RE failure due
to its intermittent nature. The allocation of necessary SSR forces the scheduled units to be
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deviated from their optimal points of dispatching powers and (or) some additional units
may need to be committed, which may lead to a higher cost of operation. Thus, the advent
of such RE sources to a conventional grid gives rise to new complexities, which make the
optimal operation of the system to become a more challenging issue.

The optimal operation of a conventional power system, consisting of thermal gener-
ation units, involves the optimization of unit commitment (UC) and economic dispatch
(ED). The UC and ED aim to determine appropriate combinations of units to be committed
and optimal powers to be dispatched from the committed units respectively, as well as
to minimize the overall cost of operation for a given set of load demand over a specified
time period [2]. Thermal units may exhibit either convex cost functions or non-convex cost
functions. Several constraints are involved in UC and ED optimization, such as power
balance, the power limits of the generator, ramping limits, etc. In the literature, many
conventional and artificial intelligence (Al) optimization schemes have been proposed to
address ED optimization. Conventional ED optimization schemes involve gradient search,
lambda iteration, Newton’s method, etc., whereas Al techniques involve algorithms such
as the genetic algorithm [3], particle swarm optimization (PSO) [4], neural networks [5],
tabu search [6], and evolutionary programming.

In conventional economic operations, an adequate SSR is desired to guarantee secure
system operation in case of any thermal contingency event. The increasing tendency of
the penetration of intermittent and price-responsive RE has posed new challenges to the
allocation and formulation of SSR. In such power systems, the deficiency of a spinning
reserve may result in the curtailment of RE as well as load shedding. Thus, an adequate
SSR must be allocated to ensure reliable system operation in case of RE outage as well.
Numerous methods have been proposed in the literature for allocating an optimal SSR to
the committed thermal units. The allocated SSR has been formulated using deterministic,
stochastic, and robust models [7]. The deterministic formulation of the SSR allocates a
predetermined reserve power that is equal to a specified fraction of the peak load demand
or the capacity of the largest committed generating unit. In a probabilistic formulation ap-
proach, the SSR is allocated based on the probability of failure of the thermal units as well as
the intermittent behavior of RE generation. Thus, the optimal probabilistic reserve depends
on the penetration level of the RE sources and their uncertainty models [8]. The robust SSR
formulation allocates an 100%-upward SSR for the worst case scenario of the outage of RE
sources while less conservative alternatives recommend lower margins according to their
origin, scale, and dispersion [9,10]. In [11-14], a deterministic SSR of 0.3P; was allocated
to RE-integrated power systems. However, the contingency events of thermal units were
ignored, and thus, optimal reserve allocations to individual units were missing. The authors
of [15] proposed deterministic SSR allocation via Lagrange relaxation (LR) while taking
into account the thermal contingencies and adaptive semi-infinite program used in [16]
to allocate the SSR based on uncertainty sets. Furthermore, the authors of [17] proposed
an N-1 criterion for the allocation of deterministic SSR and solved the optimization using
mixed-integer linear programming. However, the deterministic approach intrinsically
ignores the actual reserve requirements as well as the uncertain behavior of RE sources [18].
Thus, a probabilistic approach has been adopted in the literature to overcome such issues.

Works [19,20] proposed a multi-step method in which the function of expected energy
not served (EENS) was approximated as a linear function to determine the probabilistic
optimal SSR for conventional as well as RE-integrated power systems. In [21], a probabil-
istic SSR model was adopted, and the optimal SSR was calculated for conventional power
systems considering first-order and second-order thermal unit contingencies. In this work,
the cost of dispatched power as well as the cost of EENS were modeled as a function of
the SSR and the composite optimization of the dispatched power cost, and the EENS cost
was solved for an optimal SSR using a cost-benefit analysis technique. Further, work [22]
developed a new constraint known as the umbrella contingency constraint and carried
out an umbrella contingency-constrained UC optimization to determine the probabilistic
optimal SSR for conventional power systems. The security-constrained day-ahead eco-
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nomic operation of a solar PV-aided micro-grid was carried out in [23] to calculate the
optimal probabilistic operating reserve. The PV uncertainty was assigned according to
different scenarios and their probabilities of occurrence at each half hour. The authors
of [24] proposed the simultaneous optimization of load shedding, RE curtailment, and the
optimal SSR using priority list schemes as well as the genetic algorithm. In [25], stochastic
programming was exploited to obtain a stochastic scenario-based SSR for wind-aided
power systems. This work was further extended in [26], in which the authors achieved a
scenario-based SSR for a hydro- and wind-integrated power system using weighted and
improved PSO.

However, the probabilistic allocation of SSR does not ensure the continuity of system
operation in the worst case scenarios of RE outages. Thus, most of the recent works have
proposed robust models of the SSR for RE-integrated power systems, e.g., hybrid PSO in [27]
and Gaussian-based Bayesian optimization in [28] for both PV- and wind-connected power
system providing the robust SSR formulation. In [29], a cluster-based robust SSR model was
developed for the economic operation of RE-integrated power system consisting of thermal
generation units, solar PV, wind, biomass, and storage devices. This work was focused on
investigating the impact of the storage system on the cost of the UC optimization with a
robust allocation of the SSR. The work in [30] presented an operation model for autonomous
RE-integrated power systems under additional frequency constraints and the frequency-
based allocation of the spinning reserve. However, the work was limited to calculating the
installed capacities of solar PVs as well as to a storage system for an autonomous plant
with a nearly fixed power demand. Thus, the research could not address the challenges
of actual power systems. Furthermore, the proposed optimization was approximated as a
linear problem to reduce the computational effort. However, the accuracy of the results is
compromised with such modeling. Work [31] developed a model for the grid-connected
RE sources of an institution to reduce the power system’s NPV over its lifespan. However,
the work was limited to the small-scale integration of RE, and the grid was supposed to be
always available to deliver any reserve power in case of RE failure. In contrast, a sufficient
SSR is desired in large-scale RE integration to avoid the loss of load.

From the above-cited literature, it can be deduced that the SSR is calculated using either
a deterministic, probabilistic, or robust approach, and the reserve-constrained UC (RCUC)
is carried out based on that pre-calculated SSR. However, such an allocation of the SSR
cannot cover the simultaneous outage of RE sources and thermal units. Rather, whichever
event occurs first is served by dispatching the allocated SSR. Thus, if the other event occurs
at the same time, it may lead to either a partial loss of load or complete blackout, i.e., the
failure of system operation. Furthermore, it may not be viable for the system operator to
penetrate all the available RE due to system constraints. To the best of our knowledge
based on the most recent and relevant literature, there has not yet been a comprehensive
work that has dealt with such issues. Unlike the existing literature, e.g., works [30,31],
this study proposes a two-step model for the reserve-constrained economic operation of
solar-integrated power systems. In the first step, the optimal SSR is calculated, and then,
the optimal reserve-constrained unit commitment (ORCUC) is executed. Next, the limits of
the robust SSR are determined for the maximum penetration of the RE, and ED is carried
out. Our proposed model is able to address the aforementioned problems of the existing
literature by answering following research questions:

(i) What are the limits of the robust SSR as well as of the corresponding RE share?
(i) To what level can the RE share be increased such that the allocated SSR lies within the

robust range and SS Rz pt(1,2) is dedicated for thermal contingencies only?

(iii) How much can the RE power share be supported by a set of committed thermal units
under the robust SSR if SSRl‘;pt(1 2) is supposed to be dispatched for RE as well as

thermal outages?
(iv) What is the value of the maximum SSR SSRLI that can be achieved with a set of
committed thermal units?
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The contributions of this paper are summarized as follows:

(i) The solar share is maximized within the boundaries of a robust SSR such that the
power deficit does not exist.

(if) The range of a robust SSR is determined that can accommodate an additional RE share
provided that compromise on the power deficit is possible.

(iii) This study minimizes the operational cost and maximizes the number of solar plants
with an ON status in order to enhance the solar power availability.

(iv) The proposed model was implemented and simulated on an IEEE-RTS 26-unit system.

(v) The ORCUC was carried out using LR, and ED was executed through a Lambda
iteration and using the binary search method [2]. Furthermore, a set of Pareto-optimal
solutions was found for the selection of solar plants.

The rest of this paper is organized as follows. The system model and problem formu-
lation are presented in Section 2. Section 3 describes the proposed solution, the simulations
results and discussions are provided in Section 4, and conclusion is presented in Section 5.

2. System Model and Problem Formulation
2.1. System Model

This study considers a hybrid power system (HPS) consisting of ‘n” thermal units and

‘m’ solar plants supplying power to the connected loads, as shown in Figure 1. Let P; be the

power generated by the i-th thermal generating unit. The fuel cost is given by

. LAY Solar plant 2'

: ., Solar plant 'm' Q
‘ Thermal unit '1' / Solar plant 1"

o

ﬁ Economic operation / @ on

. ‘: HITI
Power grid ’ Dispatched power °
k / —q °

i °

Power grid
Load
Thermal unit 'n'
Figure 1. System model.
F(P{) = a;P} + b;P; + c;, 1)

where a;, b;, and c; are the fuel cost coefficients of the i-th thermal unit. Any thermal
generation unit may be desired to turn ON or OFF to fulfill the requirements of the system
operation. A binary variable U! is introduced to denote the ON and OFF status of the i-th
generating unit at any given time ¢. The ON/OFF status of the i-th unit is give by

Ut — 1, if i-th generation unit is ON, @)
L] 0, otherwise.
Furthermore, P; must not exceed its upper and lower bounds, i.e.,
Pi,min < Pituf < Pi,max Vi=1,2,...,n, (3)

where P; ;i and P; 4, are the minimum power limit and maximum power limit of the i-th
thermal generation unit, respectively.

A thermal generation unit cannot follow abrupt load variations to increase or decrease
its power. Rather, the power P! can only be varied with certain ramp up and ramp down
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rates. Thus, the available up-reserve and down -reserve at any given time are limited by
such ramping rates as

R!,, = min(P, Ut — PUt, TRIUY), (4)

iup

Rt

i,down

= min(Pfo - Pi,minuit/ TR}U;)’ (5)

where RZ-T, Rl.i, and T are the ramp-up rate, ramp-down rate, and time allowed for ramping,
respectively. The individual reserves of the on-bar thermal units sum up to produce the
SSR to be allocated, i.e.,
n
t tt
SSR!, = 21 UiR!,,,- (6)
i=
An adequate SSR must be allocated to guarantee continuous operation during contin-
gency events. In case of thermal contingencies, the allocated SSR must satisfy

t t
SSRy =SSR i1 2/ ()
n
SSRZ] S Z Pi,nmxu}L - P,;: (8)
i=1
where SSR! pt(1,2) is the predetermined optimal SSR for the first-order and second-order

contingencies. Equation (7) determines the lower limit of the allocated SSR and states that
the SSR must not be allocated to be less than the pre-calculated optimal SSR for the first-
and second-order contingencies. Similarly, Equation (8) determines the upper limit of the
SSR allocation, which states that the allocated SSR must not exceed the maximum of the
on-bar reserve power.

The thermal generation units cannot be switched from one state of operation to another
before the minimum time required by that state is elapsed. For instance, if a generation
unit is turned ON at any given time, it cannot be turned OFF again until the minimum ON
time is elapsed. Similarly, once a generation unit is turned OFF, it cannot be turned ON
before the elapse of the minimum OFF time. Thus, for the transition of the i-th generation
unit from one state to another, the following constraints must be satisfied:

(T't_l - Ti,up)(uf - uf_l) <0, (9)

ion
t—1 t—1 t
(Ti/off - Ti,down)(ui - ui) <0, (10)
where T;on, Tiorf, Tiup, and Tj gown are the cumulative ON time, cumulative OFF time,
minimum uptime, and minimum downtime of the i-th generation unit, respectively.
Between any two consecutive time slots, the power share of the i-th generation unit
must not vary beyond certain ramping rates provided that the generation unit remains ON
for those time slots. If the power is increased, it should not exceed the ramp-up rate, and if
it is decreased, it should not exceed the ramp-down rate, i.e.,

Pf—PU <RI ifut=1,u"t =1, (11)

PR SR iU U = a2

Let the power of the j-th solar plant be denoted by Pgs;. The cost at which the plant
owner sells energy to the system operator at any given time f is given by

G; (Pgs]t) = QPgs;, (13)
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where {; is the per unit of the j-th solar plant. The solar power can be calculated using the
watt model as follows [32]:

st
Pgsj = pi{1+a;(Ta = T7) o000 (14)

where p; is the rated power of the j-th solar plant, «; is the temperature coefficient, T} is the

ambient temperature, T} is the reference cell temperature, and S]t. is the solar radiation at
any given time ¢.

2.2. Problem Formulation

This work deals with the reserve-constrained economic operation of solar-integrated
power systems. It aimed to minimize fuel costs, minimize solar costs, maximize solar shares,
and maximize the number of solar plants under the provision of a robust SSR. At any time
during operation, the robust approach ensures that the allocation of the 100%—upward SSR
for any solar power outage. Thus, the system operation becomes more reliable, and the loss
of load can be avoided. In contrast, the SSR evaluations from the probabilistic approach
come out to be significantly less than the penetrated RE. As the solar energy exhibits an
intermittent nature, there always exists a higher risk of loss of load in a probabilistic SSR,
which may lead to the failure of the system operation. As the proposed model aims to
maximize the solar share, the probabilistic allocation of SSR may increase this risk further
in the case of total solar power outage. Furthermore, this work ignored the storage system
for simplicity, which also makes the probabilistic approach less promising for the proposed
model. Keeping in view such advantages, the authors adopted the robust approach to
allocate the SSR.

Before formulating the problem, the questions posed in Section 1 must be answered as
follows:

Answer (i) The answer to question (i) defines the overall structure of the model in terms
of a robust SSR and RE share.

Answer (ii) This answer evaluates the RE share and range of a robust SSR for the scenario

if the SSRZ pt(1,2) is dedicated for thermal contingencies. The evaluated RE
share should be limited to make the system resilient to any RE outages.

Answer (iii) This answer evaluates the RE share and the limits of a robust SSR for an
undedicated scenario.

Answer (iv) This answer evaluates the overall SSR, whether robust or non-robust, and the
corresponding RE share.

The problem can be formulated as follows:

T n m m
p;,u?,lzig,us; t; l; F(PHu! — pst — ]; ust + ]; G! (Pgs]t) us! (15)
st, Ps'+ f piut — P! =0, (16)

i=1
0<T'<Th . (17)
0 < Ps' < min(T", i Pgs}), (18)

m =

Pgs;uS]f. > Pst, (19)

j=1
(3),(4),(5),(6),(7),(8),(9), (10), (11),and (12), (20)

where Ps' denotes the penetrated solar power at any given time ¢, P! is the load demand, I'
is the solar share based on the SSR, T, ., is the maximum limit of the solar share based on
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the available SSR, and Us]t is a binary variable used to represent the ON or OFF status of the
j-th solar plant. Depending on operation requirements, the j-th solar plant may be turned
ON to participate in system operation or may remain OFF otherwise. Equation (16) presents
a power balance constraint that states that adequate generation must be committed at any
given time to satisfy the load demand. Constraint (17) presents the solar share based on
the SSR and states that a limited amount of solar power can be penetrated into the system,
which must not exceed the limits prescribed by the SSR. The variable Ps in problem (15)
and constraint (18) correspond to answer (i). The maximum limits of the solar share based
on the SSR are defined as follows:

t : t t
rt _{ I, if0<SSR'<TY, 1)

mex T, i TP <SSR < SSR! L
where Tt is the maximum limit of the solar share within a robust range of the SSR, and T is
the maximum solar share for the range ( T to I'. ) in which power deficit is experienced by
the power system. Furthermore, the solar share also depends on the aggregate available
solar power. Thus, the actual solar share must be limited by the aggregate available solar
power. Constraint (18) states that the actual solar share must not exceed the minimum of
the solar share based on the SSR and the total available solar power. Finally, constraint (19)
states that the solar plants must be selected such that there exists enough on-bar solar
power to obtain the desired solar share.

Prior to solving problem (15), the optimal reserve for the first- and second-order
thermal contingency events, i.e., SSROIM(1 5), must be evaluated first. To calculate the
S SRZP H1,2)7 the following optimization is solved:

rsnsig{ft(SSRt) = D(SSR") + E(SSR")} (22)
where f;(SSR"), D(SSR'), and E(SSR!) are the total cost, running cost, and the EENS cost,

respectively. The running cost for each load level must be minimized for a given SSR
requirement. Thus,

D(SSR) = Z (23)

A
st, Y PlU;—P;=0, (24)

zzl
) UiR;,, > SSR’, (25)

=1
(3), (4),(5),(9),(10), (11), and (12). (26)

The EENS cost is calculated as
E(SSR') = VOLL x EENS', (27)
with

EENS! ~ Z Z pibf (P +RL,, — SSR') + ;;]g;p,] i(PE+ R, + i+ R, — SSR), (28)

where p! and b! denote the outage probability of a single unit, i.e., the i-th unit, and the loss
of load due to th1s outage, respectively. Similarly, p! J and bt denote the probability of the
simultaneous outage of the i-th and j-th units and the loss of load due to this simultaneous
outage, respectively. th-, up 18 the available up-reserve from the i-th unit, and VoLL represents
the value of the lost load, which is a survey-based fixed value. The EENS is calculated for
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first-order and second-order thermal outage events only. The higher-order contingency
events are neglected, as such events rarely occur in power systems. The first-order outage
probability p! and second-order outage probability plf, j are calculated as follows [33]:

n

pi=wul [T (1—wl) Vit (29)
j=Lj#
n
phi=wauitf TT (L-wlj) Vijti#], (30)
k=1k#i,j

b=

1

Lup (31)

1, if P'+R!, > SSRf
0, otherwise

= Lup Jup (32)

; 1, ifP{+R}, +P +R > SSR
0, otherwise

where U, and u, are the ON/OFF status and the outage replacement rate (ORR) of the .-th
thermal generation unit, respectively. The ORR of the i-th generation unit is taken from [33],
which is given by

uj =T, (33)

where 7; is the failure rate of the i-th unit, and T is the time duration of each optimization
interval. It is assumed that unit failures are exponentially distributed and the time to repair
is so long that if a unit is failed during an optimization period, it will not be available for
the subsequent periods. The resulting SSR! pt(1,2) is dispatched in case of the occurrence of
first- and second-order thermal contingency events [21].

3. Proposed Solution

t
opt(1,2)

using the same method as detailed in [21].

To solve optimization (15), the evaluation of SSR is desired. Thus, first, prob-

lem (22) is solved to determine SSRépt(l,Z)
Optimization (15) is a mixed-integer binary programming task that is hard to solve in its
composite form because numerous objectives and constraints are involved. To simplify
the solution, the decomposition of the problem is proposed. By definition, if any part of a
problem is independent of the coupling constraints, it can be solved as an independent sub-
problem without loss of optimality. Problem (15) involves four objectives and one coupling
constraint, i.e., constraint (16). In looking at the problem carefully, it can be found that the
last two objectives are independent of coupling constraint (16), as the decision variable Us§
does not belong to the coupling constraint. Amongst the rest of the constraints, this variable,
i.e., Us!, appears in constraint (19). Thus, the last two objectives of problem (15) can be
detached and solved as an independent sub-problem subject to constraint (19). The rest of
this problem is sorted out as sub-problem I. Thus, the structure of the problem allows us
to decompose it into two independent sub-problems without the loss of optimality. The
following subsections describe the nature and solution of these sub-problems.

3.1. Sub-Problem I

The first sub-problem aims to minimize the thermal cost (scheduling and dispatch
costs) and to maximize the solar share. This sub-problem is given by

T . n
i t; L; F(Phuf - Ps'] (34)
st (3),(4),(5),(6),(7),(8),(9),(10),
(11), (12), (16), (17),and (18). (35)
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The questions posed in the Introduction section is addressed by solving problem (34).

The steps carried out to solve problem (34) are as follows:

)

Set Ps' = 0 and carry out ORCUC via LR to minimize the scheduling cost and to
allocate the SSR, i.e., SSR!,. The Lagrangian function is formulated as

n T
L(U,PA,p) :22 F(P}) Ut+2/\t P! — ZPuf +Zy PﬁZRlW : ZP”W (36)
i=1t=1 t=1

LU,PAu)=

(i)

where A and y are assigned as non-negative Lagrangian multipliers to coupling
constraints (8) and (16). Power loss is ignored for simplicity in the power balance
constraint. The LR method temporarily relaxes the coupling constraints, and then
via dual optimization, the Lagrangian function £ is maximized as a function of
Lagrangian multiplier A! and u! while minimizing as a function of control variables
P! and U}; that is,

qA",u") = rgaqu(&u), (37)

where
g(A, p) = n&z}} L(U,P A, u). (38)

The Lagrangian in Equation (36) can be rewritten as

ZZ[F = AP = P | U +ZAPd+y (P + ZR,W : (39)
i=1t=

The first term of Equation (39), i.e., Z Z { (P — AP — ytPi,mux} U!, can be min-
i=1t=1
imized separately for each thermal generation unit, whereas the second term of the

equation is constant and can be dropped. Thus, the simplified problem is given by

min L(U, P, A, 1) me Z{ — AP —u'P; max} ut (40)
s.t., (3)/ (4), (5),(7),(9),(10), (11),
and (12). (41)

Once the units are committed, ED optimization is carried out to calculate optimal
powers of the committed generation units using the binary search lambda iteration
algorithm [2]. In this algorithm, the optimal power output of each unit is found on
the basis of an incremental cost rate (A).

It Pl-t < P 1in, then Pz-t = P; yyin, and

if Pit > P maxs then Pit = P ax-

Binary search proceeds as follows:

Pf = (A" = b;)/2c;, 42)
AX = (Amax — Apin) /2, (43)
Ai = Ayin + AA. (44)

The following conditions are verified, and A is updated as follows:
It Z P; > P4, then

A)\ AA/2and Aj1q = A; — AA.

If Z P; < P4, then

i=1
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(i)

AX = AA/2and Ajiq = A+ AA, and
If i P; — P; < tolerance, the algorithm is terminated.
i=1

For a set of committed thermal units, problem (34) is solved to maximize the solar
share within the range of a robust SSR. To solve this problem, the SSR ranges must
be defined, and SSR! as well as the solar share limit I'¥ must be evaluated for each
range. Thus, to answer the questions posed in the Introduction section, the data sets
SS R:_{, S SR;t, and SS Rlct are generated to define the SSR ranges for the answers (ii),
(iii), and (iv), respectively. The solar share I'? is initialized with a value equal to zero
and increased iteratively with step size . For each iteration, ED is carried out to
evaluate P!, Ps!, and SSR'. The resulting evaluations of SSR' are allocated to either of
the previously defined ranges based on the following criteria

SSRyf, ifT*<SSR'—SSR! .,
SSR' € { SSR!, ifI' <SSR, (45)

SSR!, ifT! > SSR!.

The process is repeated until convergence. For any total number of iterations, say Y,
the data sets are given by

SRy = {SSR{1, SR}, ..., SRy, ..., SSRp} Vie D <Y,
si/

sSR! = {sSR(;, SSRY, ..., SSRY, ..., SSRE} vies <y, (46)

= 4,SSRY,...,SSRY,...,SSR. ieC<y,
SSR! = {SSR},SSRS,...,SSR},...,SSR -} VieC<Y,

ci’ -

where D, S, and C are the maximum number of iterations for each range, respect-
ively. The maximum limits of the robust SSR range and solar share are found when

S SRZP K1,2) is dedicated to thermal contingencies only, i.e., the outcomes of answer (ii)
are as follows: /

SSRY, = max(SSR}), (47)

Th =T!(indy), (48)

where ind; is the index of the maximum value in S§S R:j, ie.,
ind; = (arg max (SSR;;)). (49)
X

Furthermore, the SSR for solar outage, i.e., SSR), ;, can be evaluated simply by sub-
tracting the SSRZ pt(1,2) from SSRY. Similarly, the evaluations corresponding to an-
swers (iii) and (iv) are given by

SSR! = max(SSRY), (50)

It =Tt(inds), (51)

SSR! = max(SSR!) = SSR! (52)
It =T!(ind,), (53)

where inds; and ind, are the indices of the maximum values in SSR;t and SSR/Ct,
respectively, i.e.,

inds = (arg max (SSRISt)), (54)
X

ind. = (argmfx (SSR,Ct)). (55)
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In this way, the problem is solved to evaluate the robust SSR, and the procedure is
called SSR analysis. The procedural flow of the solution of problem (34) is shown
in Figure 2, in which the highlighted portion shows the SSR analysis. For further
clarifications, a graphical illustration of the SSR analysis will be discussed in detail in
Section 4.

“ Initialization )

M =T'+5 <

Y

SSRop1,2) Tequirement
optimization for power |«
demand Py’

X No

N Caculate SSR'.T?, P’ and P!
< t=T? >—»t=t+l

Yes 7

\ 4
ORCUC for Pg'
1 1 b4
SSR), = SS. pr(L2) )
. , No
<_ SSR>SSRu:? >
ED Yes
2 5_pt Tt ;
Zi:lpi_Pd-r Ve A 4 ~ .
[ Stop ) SSR analysis
=0 - y,

Figure 2. Proposed solution of sub-problem I.

3.2. Sub-Problem I1

The objective of sub-problem II is to maximize the number of solar plants with ON
status in order to increase reliability of solar power along with the minimization of solar
cost. This problem has the following mathematical form for each hour:

min i [wl i Gt (Pgst) Ust — Kw, i Ust} (56)
e G T8 &

st, (19), (57)

where w; and w; are the weights assigned to the solar cost and number of committed
solar plants, respectively. K is the parameter used to determine the significance of the
maximization of the number of solar plants compared to the solar cost minimization.
For the readers’ convenience, ﬂlt and ﬂzt are defined to denote the solar cost and the
number of solar plants, respectively, and we rewrite problem (56) as follows:

min Y [w17{ — Kw, 7] (58)
Usj =1
st, (19), (59)
with .
Fi=Y G (Pgs§> ust, (60)
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m
Ty =) qu.. (61)
=1

The value of K is empirically set to make the fitness evaluation of the second objective
3 compatible with that of the first objective .7}. For more clarity, the relationship and the
impact of the k-value on sub-problem II will be discussed in detail in Section 4.

4. Test System and Simulation Results

The test system involves 26 thermal units and 40 solar plants. The data for thermal
units and load profile were obtained from [34]. Step 1 of the optimization is solved by
executing ORCUC to determine the optimal scheduling of the thermal units and SSR!,.
The resulting optimal schedule of the thermal units is shown in Table 1. The load demand
is given in Table 2, and evaluation results of the S SRZI are shown in Figure 3 as well as in
Table 3.

A zero in Table 1 refers to the OFF status of a thermal generation unit, whereas a one
means that the generation unit is ON. It is observed from Figure 3 that SSR!, comes out to
always be higher or equal to SSR! . . This is due to the binary scheduling of the thermal

pH(12)
generation units and their associated minimum power limits. Ideally, SSR!; must follow
S SRE pt(1,2)7 @S can be observed during time slots 6, 7, 8, 9, and 24. However, it can be seen
from the figure that SSR!, varies regardless of the SSREML2
Such behavior is due to variations in load demand as well as the UC schedule. For instance,
the load demand decreases from 2590 MW at time slot ¢ = 13:00 to 2550 MW at time slot

t = 14:00, as given in Table 2.

) for the rest of the time slots.

Table 1. ORCUC schedule for 24 h.
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Figure 3. SSR scheduled using ORCUC and SSR,, (1 2) with VOLL = 1000 $/MWh for 24 h.
Table 2. Results of proposed solution from the 10-th hour to the 18-th hour of a day.
Time of the Day 10:00  11:00  12:00  13:00  14:00  15:00 16:00  17:00  18:00
Robust SSR; o4 for solar share at point ‘d” (MW) 108 21 118 118 110 106 31 110 92
Solar share at point ‘d” = FEI (MW) 100 20 100 100 100 100 20 100 80
Robust SSR! at point ‘s’ = SSR (MW) 344 268 345 345 345 345 301 345 330
Solar share at point ‘s’ = TY (MW) 340 260 340 340 340 340 300 340 320
SSR* at point ‘¢’ = SSR; 11 MW) 540 540 540 540 540 540 540 540 525
Pross (MW) 2600 2670 2590 2590 2550 2620 2650 2550 2530
Thermal generation (MW) for I 2260 2410 2250 2250 2210 2280 2350 2210 2210
Thermal generation (MW) for l"fi 2500 2660 2490 2490 2450 2520 2630 2450 2450
Thermal fuel cost ($/MWh) with T 31,210 32974 30,883 30,883 30,321 31,309 32,319 30,321 30,107
Thermal fuel cost ($/ MWh) with T% = 0 36,889 38,496 36,696 36,696 35930 37,324 38,025 35930 35,354
Eges 0 0 0 0 0 0 0 0 0
Thermal fuel cost without ORCUC ($/MWh) 36,150 37,796 35,763 35928 34,955 36,619 37,324 34,955 34,572
Reserve cost ($) 739 700 933 768 975 705 701 975 782

As a result, the SS thzl is increased from 210 MW to 249 MW, as can be seen in Table 3.

Table 3. Optimal SSR! and allocated SSR! with ORCUC.

Time of the Day 1 2 3 4

5 6 7 8

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24

SSR!, before inclusion
of solar share

SSRépt(l,Z)

353 353 353 353 353 262 215 275 219 200 191 210 210 249 192 191 249 245 205 249 200 207 208 220
350 330 350 350 310 210 170 210 160 160 170 160 160 160 160 160 160 160 160 160 160 160 160 210

This increase in the SSR!, for a decreased load demand is due to the fact that the
UC schedule has remained unchanged during respective time slots, as evident in Table 1.
In contrast, SSRZZ is decreased as the load demand has been decreased at t = 19 because
thermal units 6, 7, and 8 have been turned OFF at t = 19, and they were previously ON.

When the solar power penetrates into the system, the overall thermal share is reduced
to satisfy the specified load demand, and the power outputs of individual thermal units are
adjusted to new set points. As a result, the SSR' is increased, and it cannot exceed SSR,;;.
As our objective is to maximize the solar share, the algorithm keeps on adding the solar
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power until the SSR,j; is reached or other constraints limit the level of the penetration of
solar share. The variations and convergence of SSR' with changes in solar power share in
the 10-th hour of a day are depicted in Figure 4. The SSR allocated with ORCUC in this
hour, i.e., SSR;?, is 200 MW. When the solar share of T'19 in the 10-th hour is included in the
system with a step size of § = 20 MW and when ED is executed for every step of the solar
share inclusion, the SSR1Y starts to increase from its initially allocated value.

540 - b

498 - q

SSR'% (Mw)
.
3

w
B
[
T
I

268 - q
256 - q

240 - b
220 b

200 L1 I I I I
040 100 340 520 640 1000

Solar share, ' (MW)

Figure 4. SSR variation with respect to solar share at 10-th hour. d: 10 < SSR10 and SSR})‘;)
allowed to be dispatched for solar outage. s: 10 < gSR10 and SSR;g

for solar outage. c: ultimate SSR10.

(1,2) is not

{1,2) is allowed to be dispatched

The SSR and T''Y at points ‘c’, ‘d’, and ‘s’ are denoted as SSR%O, r}o, SSR;O, 1"310,
SSRI?, and T'1?. At point ‘c’ the SSR? has been converged to the SSR! ., and it does not
increase further when the solar share is moved beyond the T'? point due to the ramping-up
constraint. The ‘s’ point is located where SSRY becomes equal or nearly equal to T'l?, and
it is evident from Figure 4 that at point ‘s’, the SSR!Y = 345 MW is slightly greater than
I = 340 MW. Beyond this point, toward point ‘c’, the SSR'? comes out to be less than I'?,
which reveals that the robust SSR can be allocated until this point ‘s”. Thus, the range of
the robust SSR for the 10-th hour comes out to be within 0 MW < SSR! <345 MW and the
maximum solar share, i.e., ([}), . = T''%) comes out to be 340 MW. Within this range of the
robust SSR, the system has sufficient reserve power to compensate for the power deficit
in case of the occurrence of either a thermal contingency event or complete/partial solar
power outage, whichever event occurs first. However, the system will experience a power
deficit if both events occur simultaneously. Similarly, the power deficit is experienced if T''
is adjusted more than TL),., i.e., the point of system operation is moved beyond point ‘s
toward ‘c’. A scenario is considered in which the power system is being operated at point
‘x” such that the solar share is Tl = X MW > T'l0 . Let the corresponding value of the SSR
be SSRY = Y MW and suppose that the complete outage of solar power occurs. For this
outage of X MW, the system is able to serve only )V MW, and the rest of the solar outage,
ie., X —Y MW, remains uncompensated. Thus, the power deficit is experienced by the
system as given below:

’

Pyep =T — SSR. (62)

For instance, if 520 MW of solar share is intended to be added in the system, the cor-
responding SSR comes out to be 405 MW, as can be seen in Figure 4. Thus, the power
deficit for this solar outage will be 115 MW. To cope with the power deficit in case of the
simultaneous outages of solar and thermal powers, a dedicated SSR allocation to thermal,
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as well as solar contingencies, is proposed. The dedicated SSR allocated to the thermal
contingency events is S SRég H1,2) and that for solar power outage is given as follows:

10 10 10

where SSR? is the SSR at point ‘d” and calculated by executing ED repeatedly for every
step increment of the solar share. For further illustration, Table 4 presents the values of

SSR10 and SSR‘ligd as functions of T'10,

Table 4. Variation in SSR1? and SSR}igd w.r.t T10,

1o (Mw) 0 20 40 60 80 100 120 - -
SSR1I0 (MW) 200 220 240 256 265 268 268 - -
SSRI, 40 60 80 96 105|108 108 - -

It can be seen from the table that SSR1? as well as SSR;S 4 increase as the I'% increases.
Furthermore, it is evident from the table that, initially, the robust SSR}ig ; comes out to be
greater than the I'0 and becomes less than I''% when I''0 increases beyond 100 MW. Thus,
the upper limit of the robust SSR, which can handle simultaneous outages of thermal and
solar powers, comes out to be 268 MW. In Figure 4, this value of the SSR is located at point ‘d’,
ie., SSR;O, and the value of T''? at this point is 1"310. Therefore, the limits of the robust SSR for
simultaneous outages of thermal and solar powers are 200 MW < SS Rt < 268 MW, and the
solar share limit within the range of this robust SSR! appears to be 0 MW < T'? < 100 MW.
The variation in SSR! with a change in I'* from the 11-th hour to the 19-th hour is presented
in Figure 5.

540 -

aor F J H—H ]

480 |- (= .

12:00hr 13:00hr
14:00hr 15:00hr

System spinning reserve (MW)

16:00hr 17:00hr
18:00hr 19:00hr
249 4
210 B
192 4
Il Il Il Il Il Il
050 150 800 900 1000 1150

Solar share (MW)

Figure 5. Variation in the SSR with respect to the solar share from the 11-th to the 19-th hour of a day.

Table 2 presents the optimization results for the time window when solar power is
available, i.e., from the 10-th hour to the 18-th hour. To elaborate on the results, the rows of
the table are distributed in four parts. The first three parts of the table present the proposed
ORCUC-based results, whereas the last part presents those without ORCUC. The first
part of the table presents the resulting SSR for various conditions and corresponding solar
share penetrations. It can be observed from the results that the robust SSR at point ‘s’,
ie., SSR;, always come out to be greater than the robust SSR at point ‘d’, i.e., SSR; od-
For instance, SSR! comes out to be 344 MW at the 10-th hour, where SSR/,, is 108 MW. This
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is due to fact that the SSR allocations in later condition are dedicated to respective outages,
e.g., SSRgp £1,2) is not allowed to be dispatched if a solar outage occurs. As expected, similar
relationships can be found in corresponding solar shares due to the same reason. The last
row of this part presents the ultimate SSR, i.e., the maximum power outage supported
by the system beyond which the failure of system operation occurs. The second part of
the table presents the thermal shares at points ‘d” and ‘s’. The thermal share at any point
depends on the load demand and solar share at that point. The thermal share increases with
an increase in load demand and decreases as the solar share is increased and vice versa.
For instance, the load demand increases from 2600 MW at t = 10:00 h to 2670 MW at
t = 11:00 h, and the solar share '\ decreases from 340 MW to 260 MW. Thus, the thermal
share is increased from 2260 MW to 2410 MW. The third portion of table presents the impact
of the total solar outage (I', = 0) on the fuel cost at point ‘s’. In this case, the thermal power
generation is supposed to meet the load demand without any energy deficit. Thus, for a
given load demand, the fuel cost is increased in case of solar contingency. For simplicity,
the similar results of point ‘d” are not demonstrated. Finally, in the last part of the table,
the resulting cost for the case if the optimal reserve is neglected in UC are presented. It
can be seen that the fuel cost increased in this case because an excessive reserve cost was
emerged due to an unoptimized reserve. To demonstrate the results more completely,
the UC schedules of the thermal units are presented in Table 1, and the corresponding
powers of the units, ED-optimized, are shown Table 5.

Table 5. Dispatch results of thermal generation units.

ED results of thermal units with T’ g >0

tw Ul U2 U3 U4 Us5UsU7U8 U9 Ul0 U1l Ul2 U3 Ui4 Ul5 Ule U17 U8 U19 U200 U21 U22 U23 U24 U25 U26
1 0o 0 0 o0 O 0 0 0 0 152 152 152 152 25 25 25 10037 9598 9217 88.81 6895 6895 0 24896 400 400
2 o 0 0 o0 o0 0 0 0 0 152 152 152 152 25 25 25 104.7 100.22 96.34 9294 6895 6895 0 262.07 400 400
3 o 0 0 o0 o 0 0 0 0 152 152 152 152 25 25 25 9892 9457 90.78 8745 6895 6895 0 244.58 400 400
4 0o 0 0 o0 o0 0 0 0 0 152 152 152 152 25 25 25 10037 9598 9217 88.81 6895 6895 0 24895 400 400
5 0o 0 0 o0 O 0O 0O 0 0 152 152 152 152 25 25 25 107.59 103.06 99.13 95.69 6895 6895 0 270.82 400 400
6 0 0 0 0O O O O O O 3445 3445 3445 3445 49.09 419 0 135.09 130.55 126.62 123.19 0 0 0 305.82 400 400
7 24 24 24 2424 0 0 0 0 4278 4039 3826 3592 25 25 25 155 155 15413 150.69 O 0 0 340.83 400 400
8 24 24 24 24 24 0 0 0 0 6203 59.64 5751 5517 505 505 505 155 155 155 155 106.42 86.78 68.95 350 400 400
9 24 24 24 24 24 4 0 0 0 76 76 76 7442 76 76 76 155 155 155 155 85.68 68.95 68.95 350 400 400
10 24 24 24 24 24 4 4 4 4 3784 3555 335 3127 39 39 39 155 155 155 155 6895 6895 68.95 350 400 400
11 24 24 24 24 24 4 4 4 4 9525 76 7328 7011 25 25 25 155 155 155 155 6895 68.95 68.95 350 400 400
12 24 24 24 24 24 4 4 4 4 4608 43.62 4143 39.016 25 25 25 155 155 155 155 6895 6895 6895 350 400 400
13 24 24 24 24 24 4 4 4 4 4608 43.61 4143 39.01 25 25 25 155 155 155 155 6895 68.95 6895 350 400 400
14 24 24 24 24 24 4 4 4 4 3578 3353 3151 2933 25 25 25 155 155 155 155 6895 68.95 68.95 350 400 400
15 24 24 24 24 24 4 4 4 4 5381 51.18 4888 4628 25 25 25 155 155 155 155 6895 68.95 6895 350 400 400
16 24 24 24 24 24 4 4 4 4 7185 6884 6623 6323 25 25 25 155 155 155 155 6895 68.95 68.95 350 400 400
17 24 24 24 24 24 4 4 4 4 3577 3353 3151 2933 25 25 25 155 155 155 155 6895 68.95 68.95 350 400 400
18 24 24 24 2424 4 4 4 0 368 3454 325 303 25 25 25 155 155 155 155 6895 68.95 68.95 350 400 400
19 24 24 242424 0 0 0 0 4248 40.08 3796 3563 25 25 25 155 155 155 155 6895 68.95 6895 350 400 400
20 2424242424 4 4 4 4 3578 3353 3151 2933 25 25 25 155 155 155 155 6895 6895 68.95 350 400 400
21 24 24 24 24 24 4 4 4 4 9525 9525 9525 9525 7812 71.36 64.67 155 155 155 155 6895 68.95 68.95 350 400 400
22 2424242424 0 0 0 0 76 76 76 76 693 6238 5547 155 155 155 155 6895 68.95 6895 350 400 400
23 0 0 0 O O O 0O 0O O 56.20 5352 51.173 4853 323 2538 25 155 155 155 155 6895 6895 0 350 400 400
24 0o 0 0 o0 O 0 0O 0 0 162 152 152 152 25 25 25 14555 140.21 135.67 131.77 0O 0 0 350 400 400

The system has 40 solar plants of different power ratings that are assumed to be
distributed across the power system and to take part in the system operation. The data for
the solar plants are presented in Table 6.

In this study, the power ratings of the solar plants were chosen arbitrarily. However,
these power ratings may have many interesting impacts on the results of sub-problem
II. For instance, the second objective of sub-problem II is to maximize the number of
participating solar plants. If the installed solar capacity involves the plants of lower power
ratings, more plants will be selected to participate in the dispatch for a specified solar share.
In this case, if the solar outage occurs, the impact of such an outage will be lesser due to the
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lower power rating of the solar plant under contingency. On the other hand, solar costs
will be increased. Furthermore, the lower power ratings of the solar plants ensure a more
accurate convergence in terms of constraint (19). There may exist numerous other similar
impacts; however, the evaluation of such impacts is beyond the scope of this study.

Table 6. Power ratings and PU costs of solar plants.

Number of Plants Pratea MW) Unit Rate ($/KWh)
3 10 0.19, 2 x 0.18
5 12 5 x 0.19
1 15 0.2
3 18 3x02
2 20 2 x0.23
4 24 4 % 0.23
4 25 4 x 0.23
2 30 2 x 024
5 35 0.25, 0.26, 0.23,2 x 0.24
7 40 2 x0.27,2 x 0.275,3 x 0.28
2 50 2 x 0.18
1 60 0.21
1 80 0.22

Weight w is initially set to 1 and reduced successively with the iterations, while w»
is increased accordingly, and the value of K is set to 10*. Figure 6 depicts the impact of
different values of K on the solution of sub-problem II for an arbitrarily chosen time slot
t = 1000 h. In this figure, the horizontal axis represents the objective .#;, and the vertical
axis represents multiplicative inverse of the objective .%;. It can be seen from the figure
that the highest number of Pareto-optimal solutions are obtained with the value of K set
to 10* compared to the other values. As the algorithmic behavior is similar for all the
time slots, the similar results for the rest of the time slots are not shown. Figure 7 shows
the variations in .#; and %, with respect to various settings of w; and w,. In this figure,
the horizontal axis represents the number of iterations, where for each iteration, distinct
values are assigned to w; and wy. The vertical axis on the left side shows the number
of selected solar plants, and the vertical axis on the right side depicts the cost associated
with the selected solar plants. It can be seen from the figure that, initially, less solar plants
are selected for a specified solar share, and the number of plants is increased as further
iterations are elapsed. Similarly, the solar cost is increased in the same manner with the
passage of iterations. Such an increase in the number of solar plants as well as the solar
cost are due to different values of w; and w;, respectively. For instance, the lesser plants
are selected for initial iterations because w is initiated with a low value. As our objective is
to maximize the number of solar plants, higher values are assigned to w, with the passage
of iterations, which increases the significance of the maximization of .%,. As a result, more
solar plants are selected for a higher number of iterations. On the other hand, the solar cost
is increased as more iterations are elapsed because its associated weight w; is decreased
successively. Since our objective is to minimize the solar cost, its significance is reduced
with the passage of iterations, which results in an increase of the solar cost. Interestingly,
the solar cost and the number of selected plants are discrete functions of the weights w,
and wy, respectively. For instance, it can be observed from the figure that 18 solar plants are
selected during the first three iterations, and an increase in the value of w; from 0.0100 to
0.0300 has no effect on the maximization of solar plants. At iteration number 4, the number
of selected plants is increased to 20 when wj is assigned the value of 0.0400 and remains
unchanged until w, = 0.0700 at iteration number 7. Such discrete variations are due to
binary optimization. Thus, it is essential to note that only a few Pareto optimal solutions
can be obtained with this optimization. Therefore, appropriate step sizes of weights w; and
wy, as well as an appropriate number of iterations, must be chosen carefully in such an
optimization. The step sizes of the weights were set empirically to be 0.0100 for our case.
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Figure 6. Effect of ‘K’ on sub-problem II.
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Figure 7. Results of sub-problem II: number of selected solar plants vs. solar cost over 25 iterations.

Too small or too large a step size will result in a reduced number of solutions for
a specified number of iterations. Similarly, too small a number of iterations results in a
reduced number of solutions, whereas too large a number of iterations results in excessive
computational effort without exploring any further solutions. It can be analyzed from
Figure 7 that if the number of iterations is reduced, one may obtain less solutions. For in-
stance, if the number of iterations is set to 10, the resulting number of solutions is reduced
to 3, and so on.

Figure 8 depicts the results for 100 iterations. In this figure, 100 iterations are imple-
mented to ensue that w; and w; cover the entire range of possible values, i.e., 0 < w; < 1.
In comparing Figures 7 and 8, it can be observed that further solutions cannot be achieved
after 25 iterations. The aforementioned discussions reveal that the solar share maximiza-
tion and the solar cost minimization are contradictory objectives. Furthermore, as only a
few Pareto-optimal solutions are possible, the choice of the final solution depends on the
priorities established by the system operator. For instance, the system operator may choose
an appropriate solution based on the priorities of the objectives. Different system operators
may have different priorities based on the local energy market and the energy policies of
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the territory. For instance, some system operators may assign higher ranks to the cost of
operation, while reliable system operation may be more significant for the others.
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Figure 8. Results of sub-problem II: number of selected solar plants vs. solar cost over 100 iterations.

5. Conclusions

In this study, a comprehensive model was developed for the economic operation
of HPS, which is more robust against the loss of load in case of thermal contingencies
as well as solar power outages. To facilitate the solution, a composite optimization was
decomposed into two sub-problems. An ORC model for UC was proposed, and it adopted a
new approach to allocate robust SSR as well as to determine the maximum limit of the solar
share within the range of a robust SSR. The proposed model involved the computation of the
limits of the robust SSR for the solar share, the maximum bound on the solar share within the
limits of the robust SSR, and the ultimate SSR. Based on such evaluations, the optimization
was solved for the committed thermal units to minimize fuel costs, maximize the solar
share, maximize the number of participating solar plants, and minimize the solar cost. The
following points have been concluded:

(i) Committed thermal units could provide a limited robust SSR to facilitate a given solar
share. Thus, the amount of penetrated solar share at any time was limited by the
available robust reserve at that time. For instance, SSR? came out to be 345 MW
and 108 MW for solar shares of 340 MW and 100 MW, respectively, depending on the

condition whether S SRZP 1(1,2) Was allowed to be dispatched or restricted for a solar
power outage event. Beyond these allocations, the robust SSR starts to become smaller
than the solar share; therefore, loss of load would be experienced by the power system
for a complete outage of the solar share.

(ii) A set of committed units in a time slot could provide a certain amount of the ultimate
SSR, which is 540 MW in the case of the 10-th hour.

(iii) Only a few such solutions were obtainable within the feasible binary search space
when Pareto-optimal solutions were obtained for the contradictory objectives of solar
cost minimization and the maximization of the number of solar plants. The highest
number of such solutions were obtained with the value of parameter K empirically
set to 10*. Although this work investigated many critical issues of HPS, some aspects,
such as network constraints, storage systems, and RE sources other than solar power,
have not been covered.

Future directions to this work may involve the addition of dispatchable loads, a
storage system, RE based hydrogen production, emissions, network constraints, and other
RE sources to our proposed model. The inclusion of all these features will make our model
more practical and more complete. Furthermore, the inclusion of a storage system will
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enhance the range of the robust SSR, and thus, the maximum limit of RE share under a
robust SSR will be increased. However, the addition of all these features will result in a
more challenging optimization.
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Abbreviations

The following abbreviations are used in this manuscript:

bt Binary variable used to represent whether loss of load occurs when an outage of the
i-th unit occurs in period t;

bf, i Binary variable used to represent whether loss of load occurs when a simultaneous
outage of units i and j occurs during period ¢;

EENS! Expected energy not served during time ¢;

p! Power generated by the i-th thermal unit in time ¢;

P; yin The minimum power of the i-th unit;

P; 1ax The maximum power of the i-th unit;

Pst Penetrated solar power in time £;

Pgs; Power generated by the j-thsolar plant;

Us; Binary variable used to represent the ON and OFF status of a solar plant;

Pﬂtl Power demand in interval £;

p! Outage probability of the i-th unit at time ¢;

plt.]. Probability of the simultaneous outage of the i-th and j-th unit at time ¢;

Rf, up Up-reserve power of the i-th unit in time ¢;

Rf, down Down-reserve power of the i-thunit in time ¢;

RiT Ramp-up rate of the i-th unit;

Rii Ramp-down rate of the i-th unit;

S]t- Solar radiation at any given time t;

SSR! System spinning reserve available at time ¢;

SSRZZ Allocated SSR in time interval ¢;

SSRépt (12) Optimal SSR for first- and second-order thermal contingency event;

SSR!, The ultimate SSR in time interval ¢;

T Time duration of each optimization interval;

T; Ambient temperature;

Tl{ on Consecutive cumulative ON time of the i-th unit until time ¢;

Tlt off Consecutive cumulative OFF time of the i-th unit until time ¢;

Tiup The minimum uptime of the thermal generator;

T; down The minimum downtime of the thermal generator;

llf Binary variable for the ON and OFF status of the i-th thermal unit at time ¢;

T! Reference cell temperature;

VOLL Value of lost load;

U; Outage replacement rate of unit i;
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a; Temperature coefficient;
p]t- Rated power of the j-th solar plant;
T The maximum allowable time for a thermal unit to ramp up or down;
gj Per unit cost of the j-th solar plant;
1 Step size for solar share increment;
I's The maximum limit of the solar share within a robust range of the SSR;
Ic The maximum solar share for the range in which a power deficit is experienced by
the power system;
rt Solar share based on the SSR during time ¢;
Fﬁn ax The maximum limit of the solar share during time ¢.
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