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Abstract—As the penetration of intermittent renewable ener-
gy resources in microgrids (MGs) continues to grow globally,
optimal operation management becomes increasingly crucial
due to the variability of these sources. One potential solution to
this challenge is the use of demand response (DR) programs,
which are practical and relatively low-cost options. However, en-
suring the security of MG operation also requires evaluating its
flexibility by determining the acceptable boundaries of uncer-
tain variables. Additionally, in real-world operational decision-
making problems, there is a simultaneous optimization of multi-
ple objectives, including the maximization of system flexibility
and the minimization of system cost. This paper presents a
methodology for developing a cost-aware flexibility evaluation
method for MGs connected to the upstream grid, which are sub-
ject to volatile market prices. The model is based on the feasi-
bility analysis of the uncertain space of wind power generation
and load, and it also investigates the level of inflexibility pres-
ent in the system. The impact of the DR program on the flexi-
bility of MGs is quantified through a case study. The case study
confirms the success of the proposed method and underscores
the significance of cost modeling in flexibility evaluation prob-
lems.

Index Terms—TFlexibility, demand response, microgrid man-
agement, uncertainty.

I. INTRODUCTION

OWER systems all over the world are passing through a

fundamental transformation led by a shift from utilizing
fossil fuel to variable renewable energy resources. A discrep-
ancy between demand and generation arises with the flow of
these fluctuating energies into the power systems as well as
the uncertainty of electric load. Thus, more flexibility is in-
dispensable to alleviate discrepancies between supply and de-
mand [1], [2]. Flexibility is one of the highly crucial applica-
tion indices of present and future power systems as a supple-

Manuscript received: May 6, 2024; revised: August 16, 2024; accepted: Sep-
tember 3, 2024. Date of CrossCheck: September 3, 2024. Date of online publica-
tion: November 12, 2024.

This work was supported by the Estonian Research Council (No. PSG739)
and co-funded by the European Union and Estonian Research Council via proj-
ect TEM-TA78.

This article is distributed under the terms of the Creative Commons Attribu-
tion 4.0 International License (http://creativecommons.org/licenses/by/4.0/).

M. Alipour (corresponding author) is with the Department of Electrical and
Software Engineering, University of Calgary, Calgary, AB T2N 1N4, Canada (e-
mail: manijeh.alipour@gmail.com).

G. B. Gharehpetian is with the Department of Electrical Engineering, Amirk-
abir University of Technology, Tehran, Iran (e-mail: grptian@aut.ac.ir).

R. Ahmadiahangar and A. Rosin are with the Department of Electrical Power
Engineering & Mechatronics, Tallinn University of Technology, Tallinn, Estonia
(e-mail: roya.ahmadi@taltech.ee; argo.rosin@taltech.ee).

DOI: 10.35833/MPCE.2024.000469
MPCE

ment to the reliability, security, and economy concepts [3].

Flexibility evaluation is crucial in analyzing modern pow-
er systems, essential for effectively navigating uncertainties
and operational challenges. This evaluation focuses on defin-
ing and quantifying flexibility to support informed decision-
making in system operation and planning.

Based on foundational research, as exemplified by [4], op-
erational flexibility is conceptualized as the capacity of the
grid to manage uncertainties through the strategic deploy-
ment of controllable assets, while maintaining power balance
over a period of time. This basic definition forms the corner-
stone for further discussions on flexibility evaluation. Build-
ing on this concept, [5] introduces a probabilistic indicator
to measure flexibility, acknowledging the inherent uncertain-
ties within power systems. This method offers insights into
how the system responds to short-term uncertainties in the
context of long-term planning.

Various methodologies contribute to flexibility evaluation.
For instance, [6] proposes an interval-based approach to as-
sessing supply and demand flexibility. It also presents a
methodology for evaluating the flexibility of diverse resourc-
es such as fast-ramping units, energy storage, and demand re-
sponse (DR), within the day-ahead scheduling model. Addi-
tionally, methods like the inter-temporal model [7], Monte
Carlo simulation [8], and optimization techniques [9] are cru-
cial for evaluating flexibility across different timeframes and
operational scenarios. In addition, [10] presents an envelope-
based method to evaluate energy resource flexibility, particu-
larly pertinent within the domain of economic dispatch and
unit commitment. This methodology is complemented by
[11], which examines flexibility dynamics through a theoreti-
cal framework, encompassing factors such as system reliabil-
ity and operation costs.

The presented methods for the flexibility evaluation have
manifested the power system capability to deal with differ-
ent standpoint uncertainties. These methods have noticeable
differences in characteristics of application scenarios and
evaluation indicators. Regarding the application scenarios,
the flexible indicators primarily emphasize transmission sys-
tem analysis. The research on flexibility quantification with
a focus on microgrids (MGs) that are connected to the up-
stream grid and have a high penetration of intermittent re-
newable energy resources is yet in the initial phase and there
are only a few studies on it. Emerging studies like [12]-[14]
aim to develop tailored methods for MG flexibility evalua-
tion. A region-based mathematical formulation of operational
flexibility for MGs is presented in [12], encompassing con-
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cepts such as flexibility provision and availability to repre-
sent the adjustable regulating capacity of MGs. Evaluating
the acceptable and possible borders of distributed power gen-
eration uncertainties is crucial for ensuring MG operation se-
curity, as demonstrated in [13]. Reference [13] introduces a
set-based method to formulate the acceptable boundaries of
distributed generation uncertainties, along with operation re-
strictions of MGs as security sets of polytopes. Moreover, re-
search in another field [14] presents a flexibility analysis
method based on a direction matrix that describes the devia-
tion direction of uncertain parameters. The multidimensional
region of uncertain parameters has been modeled in [14] us-
ing hyperrectangle adaptation. It is vital to emphasize that
methodologies discussed in [12]-[14] overlook crucial fac-
tors such as the operation cost of the system in the proposed
flexibility metric. Therefore, a comprehensive understanding
of flexibility evaluation requires considering both technical
and economic aspects.

In summary, the quantification of MGs’ flexibility, involv-
ing the evaluation of uncertain parameters alongside the con-
sideration of operation costs and technical constraints of net-
work elements, remains largely unexplored in current litera-
ture. Addressing this gap, this paper proposes a cost-aware
flexibility evaluation method based upon the coverage of the
feasible space to the uncertain space.

Currently, utilities are exploiting the flexibility of avail-
able resources such as energy storage systems and DR pro-
grams to improve or ensure the security of networks [15],
[16]. In [17], it has shown that the flexibility of the DR pro-
gram can attain greater financial benefits in the long term
than energy storage systems considering the Great Britain
market situation. The DR program can be employed to
smooth out the intermittency of the load curve and improve
the effectiveness of both the demand and supply sides [18],
[19]. Furthermore, the DR program can decrease the varia-
tion of net load and as a result, propagate the incorporation
of renewable energy resources in MGs [20]. DR programs
are characterized into two key groups as price-based and in-
centive-based programs [21]. The price-based programs can
be categorized into real-time pricing, critical peak pricing,
and time-of-use (TOU) programs [22]. While, the incentive-
based programs contain demand bidding/buyback programs,
direct load control, emergency DR, capacity market, and an-
cillary service market [23]. With ever-increasing use of the
DR programs in networks, investigating the impacts of TOU
programs on distribution network scheduling along with the
operation costs and flexibility is gaining more and more im-
portance. The operational flexibility of the DR-equipped MG
is quantified in [24] by using three evaluation indexes, i.e.,
renewable energy resource utilization, voltage deviation, and
relative risk reduction. However, the effect of the DR pro-
gram on flexibility in terms of feasibility evaluation of uncer-
tain parameters has not been investigated in the literature.
Thus, the TOU-based DR (TOU-DR) program is employed
in the paper to improve the MG flexibility and the value of
this improvement is quantified.

In this paper, the flexibility and inflexibility evaluation
method is proposed considering the MG operation cost. The
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proposed method is based upon the feasibility evaluation of
uncertain spaces of load and wind power generation. The
projection of each direction in the uncertain space to the fea-
sible space is illustrated and scrutinized. In addition, the
question of how to model the MG operation cost impact on
the flexibility evaluation is addressed. The impact of the op-
eration cost and most constraints of MG on the flexibility
evaluation is modeled and investigated. The impact of the
TOU-DR program on the flexibility index has been quanti-
fied and analyzed. To sum up, the significant benefits of the
proposed contribution are as follows:

1) Our method for flexibility evaluation conducts a thor-
ough analysis of variable loads and wind power within un-
certain spaces. It tackles the fundamental questions of
where, when, and why inflexibility arises, shedding crucial
light on its underlying causes and conditions. Moreover, this
study assesses both the flexibility and inflexibility of MGs
in scenarios where they connect to the main grid and con-
tend with day-ahead market prices.

2) This study delves deeper into understanding the impact
of diverse uncertain inputs, perceived as inconsistent from
the MG operator’s viewpoint, on the methodology used to
quantify flexibility. The method integrates the MG operation
costs into the flexibility evaluation process. Additionally, it
scrutinizes the economic aspects of the TOU-DR program in
providing flexibility to MGs.

3) The mapping of each direction vector within the do-
main of uncertainty onto the domain of feasibility is ana-
lyzed and studied. The visualized mapping onto the domain
of feasibility can aid in identifying the cause of inflexibility.

4) To accurately reflect real-world conditions, a linearized
representation of AC power flow constraints is employed.
Additionally, the computation of the flexibility index is for-
mulated as a linear and convex mathematical optimization
problem that can be efficiently resolved using non-commer-
cial solvers, ensuring optimal solutions.

The rest of the paper is structured as follows. Section II
presents the definition of the MG flexibility concept and the
mathematical formulation and framework of the proposed
cost-aware flexibility evaluation method. Section III address-
es the formulation of MG scheduling problem, detailing the
constraints of the proposed model. Section IV discusses the
numerical results from simulations, and Section V concludes
the paper.

II. DEFINITION OF MG FLEXIBILITY AND MATHEMATICAL
FORMULATION AND FRAMEWORK OF PROPOSED
COST-AWARE FLEXIBILITY EVALUATION METHOD

As it was mentioned, the research on the MG flexibility
evaluation, specifically considering the uncertain space and
cost-effectiveness, is still in the initial phase and requires
more attention. In this regard, first, the interpretation of the
MG flexibility is defined, and next, the mathematical formu-
lation and framework of the proposed cost-aware flexibility
evaluation method are outlined.

A. Definition of MG Flexibility
From the viewpoint of this paper, the MG flexibility is the
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capability of the MG to maintain the power balance of the
network and cope with complicated uncertainties cost-effec-
tively and continuously, by the deployment of numerous con-
trollable assets. In this framework, the flexibility quantifica-
tion for renewable energy integrated MGs is defined as eval-
uating the MG compliance to uncertain parameters, which
are wind power generation and load prediction errors. Fur-
thermore, the calculation of the MG flexibility is based upon
the feasibility evaluation in the space of uncertain variables
considering the cost function. In the feasible operation space
of the MG, all of the operation set points are disintegrated
into the direction trajectory and the deviance scalar that is
conveyed by a direction matrix. Finally, the most critical
spot in the feasible space is recognized as a measure for MG
flexibility.

B. Mathematical Formulation of Proposed Method

In this paper, the numerical criterion specification for the
flexibility analysis in the MG is accomplished by employing
the flexibility index. The mathematical formulation of the
proposed method for the flexibility analysis is presented be-
low.

FI= mjm oY (1)
o= mfxé )
s.t.
h,(c,x,2)<0 iel 3)
z=3+0"*Ag “4)

where FI is the value of the flexibility index, with a non-
negative scaled deviation ¢ in direction D;; 4, is the i" ele-
ment of h, and h is the vector of equations, indicating all
the constraints in the MG that have to be fulfilled in the fea-
sible space; ¢, x, and z are the vectors of design variables,
control variables, and uncertain parameters, respectively; / is
the total number of elements; 7 is the forecasted value of the
uncertain parameter; Az is the difference between the fore-
casted value of the uncertain parameter and its maximum de-
viation; and .* is the Hadamard product, which represents
the multiplication of two matrices. The flexibility index is
characterized as the minimum scaled deviation 6" of the ex-
pected deviations in the feasible operation space. In other
words, the objective of (1) is to find the critical direction in
the uncertain space. Furthermore, the level of inflexibility,
denoted as [FI, is defined as /F/=1-FI. Any operation
point in the feasible space can be formulated by (4). Consid-
ering a specific direction in the feasible operation space and
a specific time interval, the dimension of ¢” and & is 1 x 1.
1) Description of Feasible and Uncertain Spaces

In this part, the details of the proposed method are de-
scribed. The concept of the proposed method with respect to
the 2D uncertain and feasible spaces is illustrated in Fig. 1,
where Z, and Z, are the uncertain parameters of the wind
power generation and load, respectively; ZW and Zl are the
expected values of the uncertain parameters; z™" and z
are the minmum and maximum values of Z,, respectively;
and z™ and z™ are the minmum and maximum values of

max

X

1005

Z,, respectively. Suppose that the MG operates based on the
expected values of the uncertain parameters (point O). Ac-
cording to the predictions, a reliable margin of uncertain pa-
rameters can be determined, which leads to the uncertain
space. This area is limited to the minimum and maximum
values of the uncertain parameters and plotted for the two
uncertain parameters in Fig. 1. Regarding different directions
from point O, and mapping different operation points of
each direction to the coordinate system, feasible space can
be achieved. The boundary of this feasible space specifies
the maximum feasible deviation at direction D and is indicat-
ed by 6” ((2)). Any point inside the boundary implies a feasi-
ble operation scheme that satisfies all technical and economi-
cal constraints. However, on the points outside the feasible
space, the system operation will be infeasible either techni-
cally or economically. The direction with the minimum feasi-
ble deviation in the uncertain space is the critical direction
and its corresponding boundary point stands the critical
point (i.e., point B in Fig. 1). The value of ¢ in the critical
direction is the flexibility index F7 ((1)). Therefore, an appro-
priate criterion for the flexibility can be obtained by analyz-
ing the boundary of the feasible and uncertain spaces. It
should be noted that by extending the uncertain parameters
to n parameters, the uncertain space will be an n-dimension-
al hyper-rectangle.

Z

w

max
Zy -

Uncertain space

Feasible space

Fig. 1.

2D uncertain and feasible spaces.

2) Direction Matrix

In order to allude the direction in the hyper-rectangle, the
direction matrix D, which is a diagonal matrix, is defined
as [25]:

®)
d

where d, is the direction of the ™ uncertain parameter; and n
is the number of uncertain parameters. The values of d, are
arbitrary numbers in the range of —1 and 1 to represent all
possible directions.
3) Cost Modeling

In this paper, flexibility is regarded as the ability to bal-
ance energy demand and supply cost effectively [26], while
simultaneously preserving acceptable service quality to con-
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nected loads. Therefore, one of the most important factors
that should be considered along with the flexibility improve-
ment is being cost-effective. To achieve this end, the effect
of different factors on the cost function and flexibility index
should be determined. In the proposed method, the uncertain
parameters are wind power generation and load [27]. Both
of these parameters are somewhat contradictory to each oth-
er from the point of view of the MG operator. In other
words, an increase in wind power generation is tantamount
to a reduction in electricity consumption. Therefore, for each
direction in the uncertainty space, a different consequence
on the cost function is expected. Figure 2 illustrates the sta-
tus of both the cost and maximum feasible deviation in dif-
ferent directions, where AZ, and AZ, are the differences be-
tween the forecasted value of the wind power generation and
load and their maximum deviations, respectively; Az™ and
Az™ are the minimum and maximum variations of wind
power generation, respectively; and Az and Az™ are the
minimum and maximum variations of the load, respectively.
The pink and blue regions denote the conflict and non-con-
flict regions, respectively. The effect of wind power genera-
tion and load variations should be scrutinized on the status
of these functions in terms of having conflict or non-conflict.

AZ,
Azmax
R, R,
R, R,
Az;uin AZ/"“X
AZ,
Ry Ry
RG R7
Az

Fig. 2. Uncertain parameter variation and its association with cost.

As is obvious from Fig. 2, the two functions, i.e., cost and
maximum feasible deviation, have different behaviors in dif-
ferent areas. Each point in the coordinate system is equiva-
lent to a combination of uncertain parameter variation
(AZ,,AZ,). Any variation in the wind power generation and
load will be in a certain direction, and each direction, de-
pending on its area, determines the status of these two func-
tions. Based on the aforementioned points, the effects of
wind power generation and load variations conflict with
each other, so the amount of each variation is important in
determining the effect of the sum of these two variations. In
order to handle the challenge, bisectors of quadrants are em-
ployed to analyze the status of functions.

In areas where the cost and maximum feasible deviation
increase or decrease simultaneously due to variations in
wind power generation and load, the two functions will be
non-conflicting; otherwise, they will conflict. For instance,
in zone R,, the value of AZ,, is larger than that of AZ, There-
fore, the overall variation (increasing both Z, and Z)) is
equivalent to the positive variation in generation, resulting in
a decrease in cost in this area. Consequently, maximizing the

JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 13, NO. 3, May 2025

feasible deviation and limiting the cost value will not be con-
flicting. Table I provides the statuses of these two functions.
Due to the variability of the statuses of these two functions
in different areas, the cost function is treated as a constraint
in the flexibility evaluation.

TABLE I
COST AND MAXIMUM FEASIBLE DEVIATION STATUSES IN DIFFERENT ZONES

Zone Total upcgrtain parameter CpsF Cgst and rpa?(imum
variation AZ,—AZ,, variation  feasible deviation status
R, Positive Increased Conflict
R, Negative Decreased Non-conflict
R, Negative Decreased Non-conflict
R, Negative Decreased Non-conflict
R; Negative Decreased Non-conflict
R, Positive Increased Conflict
R, Positive Increased Conflict
R Positive Increased Conflict

9

C. Framework of Proposed Method

The flowchart of the proposed method for evaluating flexi-
bility and improving the flexibility index is illustrated in
Fig. 3. It is noteworthy that our method is applicable in real-
world scenarios. As depicted in this figure, the proposed
method encompasses three primary functions.

Step 1: the optimal operation of renewable energy resourc-
es as well as interactions with the wholesale market is ob-
tained. The main aim of the optimal operation of the MG is
minimizing the total operation cost OPC considering techni-
cal operation constraints that are being presented as h(c,x, )<
0. Decision variables x contain the energy exchange with the
main grid, status and power output of renewable energy re-
sources, power flows in the lines, voltage magnitude and
phase at the buses, etc. C*?" is the cost function whose val-
ue is the minimum feasible operation cost.

Step 2: the nature of volatility in uncertain parameters ne-
cessitates envisaging all possible scenarios regarding chang-
es from the expected values of these parameters. Therefore,
the maximum feasible deviation is obtained in each direction
and accordingly, the feasible operation space of the MG con-
sidering the uncertain space and technical constraints is de-
termined in the “evaluating feasible operation space” mod-
ule. To envisage economic aspects in determining feasible
operation space, a constraint corresponding to the operation
cost is incorporated in this module. So, the operation cost in
each direction should be less than (1 +a)C*?", where a is the
cost increment coefficient.

Step 3: the minimum value of the maximum feasible devi-
ations from the expected value of uncertain parameters in all
directions concerning the uncertain space denotes the flexibil-
ity index.

Step 4: the obtained flexibility index for the interval ¢ is
compared with a threshold value FI”. Here, k denotes the
discrete time step in the simulation. In the case that FT is
less than FI”, the considered cost increment coefficient a
should be increased in a stepwise manner, i.e., a=a+pf (f is
the step size), and the flexibility quantification process re-
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turns to Step 2. This mechanism is iterated to achieve FI"
and at each iteration if, the cost increment coefficient is
equal to f-it. It should be mentioned that the operator with
the higher economic priority selects lower values for f and
FI™ and the operator with the higher flexibility priority uses
higher values for  and FI".

Initializing:
* Parameters (¢, , 8, 2, Az, D))
e k=1

o jfMax

Providing day-ahead scheduling:
2
C*PY=miny OPC(1)
1
s.t. h(e, x, 7)<0

l

‘ Set time index 7=k and iteration it==1

I
v

Evaluating feasible operation space:
0°=max ¢
s.t. h(e,x,z, Dj)SO

ADN

24
> OPC(H<(1+a)C
=1

|

‘ Quantifying flexibility: F/=min ¢” ‘

=N

Fig. 3. Flowchart of proposed cost-aware flexibility evaluation mothod.

III. FORMULATION OF MG SCHEDULING PROBLEM

The operation of renewable energy integrated MGs re-
quires to be effectively managed to minimize the power
preparation cost and then the flexibility index will be evalu-
ated. The MG is supposed to be equipped with conventional
generation units and wind turbines. In addition, the MG oper-
ator can supply the demand using the day-ahead market. The
major sources of uncertainty are wind power generation and
load. It should be mentioned that this study primarily ad-
dresses the operational aspects of the MG within the 24-hour
horizon.

A. Cost Function

The cost of the MG contains the operation cost of its facil-
ities and the cost of buying energy from the day-ahead mar-
ket. Its revenue is derived from selling surplus energy to the
market. Hence, the cost function is given as:

1007
NT N(}un
CY0= min | > PP+ N C(PE" (6)
vooli=t i=1
C(Pi")=a,P" )

where ¥ is the decision variable being minimized in the
problem; N, is the total number of time steps in the schedul-
ing horizon; N, is the total number of generators; 1> and
P¢ are the day-ahead market price and the power pur-
chased from the market, respectively; C(PS") is the opera-
tion cost of generation units; P is the power generation of
generation unit 7; and «, is the cost coefficient of generation
units.

B. Power Flow Equations

In the proposed method, a linearized form of AC power
flow restrictions [28] is utilized to build the real-life situa-
tion. According to Kirchoff’s laws, the linearized formula-
tion of active power and reactive power injections at bus b
are given as:

P;)n,t =(2 bet_ 1)be'+
Nhuv

[be'(Vb,t+ v T 1)+Bbb'(5b.z_5b',z)] (8)
b EP=1
w=(1=2V, )B,,+
Nhu\
[Guy(By, =04 )= By (Vs + Vi, — D] )

bb#b")=1
where V,, and J,, are the voltage amplitude and phase angle
of bus b, respectively; N, . is the total number of buses; and
G,, and B,, are the real and imaginary components of MG
admittance matrix, respectively. The transferred active power
PL,, ., reactive power QL and apparent power SL,, , via
the line bb' are given in (10)-(12), respectively.

PLy, ==GpyVy ;= Vi )+ By (94, 0y,) (10)
OLyy =By V= Vi )+ Gp(6,,,— 0y,) (11)
SLbb’,t:PLbb’,t+ Yy OLy, (12)

where Y, depends upon the load power factor, and this aux-
iliary parameter is computed in [29]. Equations (13) and
(14) are used to calculate the total active and reactive power
injections at bus b, respectively.

Pyli= > Pi"+ D P+ P =P},

icg wed (13)
inj G id L
M= >0+ 08 - 0f, (14)
iceg
Wind

where ¢ is the set of production facilities at bus b; P, is
the wind power generation; P, and Qj, are the active and
reactive loads, respectively; Q¢ is the reactive power gener-
ation; and Q™ is the reactive power injected from the grid.
P& and Q¥ will take non-zero values if the equations are
solved for the bus connected to the upper grid. Otherwise,
they will be zero. The system technical constraints are ex-
pressed in (15)-(18). The MG bus voltage magnitude and
phase angle are limited by (15) and (16), respectively. The
power exchange with the main grid and the flowing apparent
power through each branch must be in a restricted bound for
a stable operation, as indicated in (17) and (18).
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V<V, <V (15)

3 <6,,<0 (16)

0< peid< perid (17)

—SL 4 <SLyy < SL e, (18)

where V and V are the lower and upper limits of V, . respec-
tively; d and J are the lower and upper limits of &, respec-
tively; P& is the upper limit of P™; and SL ., is the upper
limit of SL,,. ..

Equations (19)-(21) present the constraints of generation
units. Equation (19) sets the power generation limits. Equa-
tions (20) and (21) set the ramp-up and ramp-down limits of
generation unit 7, respectively.

grid.
t

B:}en Vth < Plgen < ]31.66” Vi,t (1 9)
P,',G;::ll _PLGIEH < R?P (20)
Pi’Gf"—Piigfl SR?’”W (21)

where P and P%" are the lower and upper limits of P&

Lt
respectively; V;, is the voltage amplitude of generation unit
i; and R” and R are the ramp-up and ramp-down limits

of generation unit i, respectively.

C. DR Program

The DR is a useful and relatively low-cost solution for the
optimal operation management and flexibility improvement
of renewable energy integrated MGs. The TOU-DR program
can encourage consumers to cope with their consumption re-
garding the received price signal. The consumers will de-
crease their consumption in the high-price time intervals or
transfer it to the low-price time intervals. Price elasticity is
the most practical way in the DR developing and can charac-
terize the preference and behavior of consumers. In [30], a
comprehensive model for DR has been driven based upon
load specifications comprising price elasticity and demand
profile. In this paper, it is assumed that MG consumers are
pretty inclined to participate in the TOU-DR program in or-
der to decrease the bill [31]. Equation (22) gives the final re-
sponsive economic demand model for the MG in time inter-
val t.

EbJ(;LrTOU_’Iﬁx) & Eb.tt’(/ltT’OU_’lix)
I I P

“fix t'(t'#)=1 “fix

Py =Py 1+ izt

(22)
where E, . is the cross-price elasticity, which is defined as
the demand variation in time interval ¢ with respect to the
price change in time interval % E,, and P} are the self-
ATOU 1

t

price elasticity and primal load at bus b, respectively; s

the TOU price; and 4, is the basic price of electricity.
D. Modelling Energy Storage System Constraints

The energy storage system constraints encompass the fol-
lowing:

¢ —ch
0<PI< P (23)

0<Pis< P (24)
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0<E, <E, (25)

c ch 1 is
EomBotn P PL A (26)

where P&, P®, and E,, are the charging power, discharging

s, 12 s,
power, and energy of the energy storage system, respective-
ly; PSP, and E, are the upper limits of charging power,
discharging power, and energy of the energy storage system,
respectively; and 4 and 5 are the charging and discharg-
ing efficiencies of the energy storage system, respectively.

ch

IV. SIMULATION RESULTS AND DISCUSSION

The proposed method is executed on the 10-bus MG [28],
the topology of which is demonstrated in Fig. 4. The MG is
supplied by the upstream transmission network, along with
three conventional generation units connected to buses 1, 5,
and 6 and wind turbines connected to bus 8. An energy stor-
age system with a capacity of 0.5 MWh and the maximum
charging and discharging power of 0.15 kW and 0.32 kW, re-
spectively, is installed at bus 10. The hourly load data are ad-
opted from [32] with an active peak load of 3199 kW. The
total installed capacity of wind turbines is 1.2 MVA. The
lower and upper boundaries of the voltage amplitude at each
bus are assumed to be 0.95 p.u. and 1.05 p.u., respectively.
The standard deviation of the wind power generation and
load is set to be 10% of the forecasted value [33]. x—30 and
u+30 are selected as the boundaries of the uncertain space,
since the probability of observing values within this interval
in a normal distribution with a mean value of x and standard
deviation of J is 0.9973. The value of the cost increment co-
efficient is set to be 1.5%. For simplicity, ir™ is selected to
be one to discuss all the results in the same situation. Addi-
tionally, technical parameter values of the generation units
are adopted from [27] and listed in Table II. The cost coeffi-
cient of generation units is set to be 50 $/MWh. It should be
mentioned that, although our case study focuses on a single
wind farm, the proposed method is scalable to accommodate
multiple wind farms. Given the substantial correlation ob-
served in renewable energy output of a distribution network
[34], we can assume a correlation factor of 1.0 for all wind
power generations. This assumption allows us to represent
the uncertainty and feasible spaces in a two-dimensional for-
mat. In this case, the consumers participate in the TOU-DR
program. The off-peak (01:00-07:00 and 24:00), mid-peak
(08:00-11: 00 and 21:00-23:00) and on-peak (12:00-20:00)
levels are taken into consideration for the program. The val-
ues of the elasticity of Canadian power system are presented
in Table III, which are the values of the elasticity of Canadi-
an power system [35]. The TOU prices for three levels are
regarded as the mean value of the predicted prices during
that period. Therefore, consumers will transfer the load from
high-price time intervals to low-price time intervals of the
TOU-DR program and reduce the load with regard to the
values of cross- and self-elasticity.

The forecasted market price and the TOU price are demon-
strated in Fig. 5.
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Fig. 4. Topology of 10-bus MG.

TABLE I
TECHNICAL PARAMETER VALUES OF GENERATION UNITS

Generation unit PG (MW) RY (MW/h)  R™" (MW/h)
Gl 0.7 0.3 03
G2 1.2 0.5 0.4
G3 0.9 0.4 0.3
TABLE III

'VALUES OF ELASTICITY OF CANADIAN POWER SYSTEM

Value
Level -
On-peak Mid-peak Off-peak
On-peak —-0.15 0.08 0.07
Mid-peak 0.08 —0.14 0.05
Off-peak 0.07 0.05 —0.12
= Or —ToU price
E 60+ — Market price
& 50r
8 40f
&30 . . . . . :
01:00 05:00 09:00 13:00 17:00 21:00  24:00
Time

Fig. 5. Forecasted market price and TOU price.

In order to assess the influence of the cost limitation on
the flexibility evaluation and improvement, two case studies,
i.e., the proposed method (case study 1) and the proposed
method without considering the cost constraint (case study
2) are designed. In fact, case study 2 explores the impact of
the cost modeling on the flexibility evaluation. Moreover,
case study 3, i.e., the proposed method considering the cost
limitation and energy storage, is designed to explore the ef-
fect of energy storage on the flexibility index while consider-
ing cost limitations.

A. Case Study 1

In order to illustrate the connection of the two-
dimensional feasible space and uncertain space, the former is
acquired by traversing the directions in a specified step lon-
gitude (1°) in the uncertain space. First, the optimal schedul-
ing of the MG is executed to obtain the minimum value of
the system cost. Then, the maximum feasible deviation in
different directions is obtained considering the cost limita-
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tion and physical constraints. Finally, the critical direction
and flexibility index are achieved. This process is accom-
plished for both the cases without and with TOU-DR pro-
gram applied to the MG.

Figure 6 shows the load profile before and after applying
the TOU-DR program. According to this figure, the load de-
creases during peak load period (11:00-20:00) and increases
during low load period (01:00-07:00 and 24:00). This study
aims to analyze and quantify the effect of the TOU-DR pro-
gram on the flexibility evaluation during on-peak and off-
peak periods.

—Before applying TOU-DR program

350 —After applying TOU-DR program

= 3.0

25

g

520
1.5 . . . . . :
01:00  05:00 09:00 13:00 17:00 21:00  24:00

Time

Fig. 6. Load profile before and after applying TOU-DR program.

In this subsection, two time intervals as on-peak periods
and two time intervals as off-peak periods are discussed in
detail. The results of other time intervals are very similar
and are omitted here for the sake of space limitation. The
flexibility of the MG during an on-peak period at 13:00 is
evaluated as a sample. Figure 7(a) and (b) shows the uncer-
tain and feasible spaces at 13:00 before and after applying
the TOU-DR program, respectively.

1.50r
E S
S 125} | |
= | 0] 1
=
-2 100t | ° |
g | |
Q
= L RN N
g 075 U\t '
5 ncertain space
2 050/ P
o
2
= L
£ 0325 Feasible space
=

0 1 2 3 4 5
Load (MW)
(a)

1.50
= o :
S 1.25¢ i i
= | 0 1
= ! '
2 1.00} | ° ‘
< 1 1
g ! :
5075- /LN
o Uncertain space
= nce
£ 0.50f
=}
a
2 0.25}¢
< .
= Feasible space
= P

0 1 2 3 4
Load (MW)
(b)

Fig. 7. Uncertain and feasible spaces at 13:00 before and after applying
TOU-DR program in case study 1. (a) Before applying TOU-DR program.
(b) After applying TOU-DR program.
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The colors indicate the projection of each uncertain space
onto the corresponding feasible space, with matching colors
used to highlight the boundaries of the same projection in
both spaces for clarity. Point O represents the operating point
and point B is the critical point. According to Fig. 7(a), the
amounts of the load and wind power generation at the oper-
ating point are 3169.1 kW and 1052.905 kW, respectively.
Note that the illustrated traversing reflects only the direction,
not the uncertain space boundary. Regarding Table IV and
Fig. 7(a), the value of the flexibility index in the critical di-
rection (1,—1) is 0.711 and the corresponding wind power
generation is at its lowest value. The FI reveals that there is
a shortage of flexibility and the flexibility requirement is not
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satisfied in the operation of the MG. According to the simu-
lation results, the cost constraint and the thermal capacity of
lines have limited the flexibility. Hence, the load cannot
reach the possible maximum amount at 13:00. In addition,
the feasible space does not cover the entire uncertain space.
The results after applying the TOU-DR program follows the
same procedure, but F7 is increased by 0.820. As the results
show, applying the TOU-DR program has improved the flexi-
bility index during peak load periods. Figure 8 shows simi-
lar results during another on-peak period at 18:00. At this
time, the operation cost prevents the flexibility from increas-
ing to its maximum.

TABLE IV
SIMULATION RESULTS FOR SAMPLE ON-PEAK AND OFF-PEAK PERIODS

Case study 1

Case study 2 Case study 3

Time

FI before FI after FI improvement FI before FI after FI improvement FI before FI after FI improvement
TOU-DR  TOU-DR after TOU-DR TOU-DR  TOU-DR after TOU-DR TOU-DR  TOU-DR after TOU-DR
03:00 1.000 0.951 —-0.0490 1.000 1.000 0 1.000 1.000 0
04:00 0.974 0.839 —-0.0135 1.000 1.000 0 1.000 1.000 0
13:00 0.711 0.820 +0.1090 0.733 1.000 +0.267 0.841 0.988 +0.147
18:00 0.729 0.806 +0.0770 1.000 1.000 0 0.864 0.972 +0.108
207 minimum value of §” in the feasible space before and after
7777777777777 applying of the TOU-DR program is equal to 1 and 0.951,
Q respectively. The flexibility evaluation output at 04: 00 is

Uncertain space

Feasible space

Wind power generation (MW)

2 3 4 5
Load (MW)
(a)

2.0
=
sz |\ T,
= 15¢ ; |
9 1 1
= | |
5} | |
510t ; :
s | N
o
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205
=)
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=

0 1 2 3 4
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(b)

Fig. 8 Uncertain and feasible spaces at 18:00 before and after applying
TOU-DR program in case study 1. (a) Before applying TOU-DR program.
(b) After applying TOU-DR program.

The flexibility index at 03:00 and 04:00 is evaluated as a
sample. During these periods, the demand has been in-
creased after applying the TOU-DR program. Figure 9 illus-
trates the feasible spaces at 03:00 before and after applying
the TOU-DR program. Referring to Fig. 9 and Table IV, the

slightly the same as that at 03:00 in terms of satisfying the
power flow constraints. The only discrepancy is the lack of
flexibility in the MG before applying the TOU-DR program.
During these periods, the demand will be increased by apply-
ing the TOU-DR program, which will result in a higher oper-
ation cost of supplying the load. Consequently, the higher op-
eration cost limits the cost-aware flexibility index.

Referring to the simulation results, the application of the
TOU-DR program enhances flexibility during the periods
when the TOU-DR program results in a decrease in the load
(on-peak periods). Furthermore, during the periods when the
TOU-DR program leads to an increase in the load (off-peak
periods), the flexibility index is approximately the same be-
fore and after applying the TOU-DR program, showing no
significant differences. It is noteworthy to mention that at all
three load levels, the critical direction is (1, —1), which repre-
sents a limitation in supplying the load of the MG, thereby
violating the cost limitation.

B. Case Study 2

In order to investigate the effect of the cost constraint on
the problem, the flexibility index has been calculated with-
out considering this constraint. The feasible deviation in dif-
ferent directions is maximized and then the critical direction
and the flexibility index are accomplished.

The results are summarized in Table IV. According to the
results pertaining to 13:00, the flexibility index before apply-
ing the TOU-DR program is equal to 0.733, which is the
same as case study 1. This is because in case study 1, in ad-
dition to the cost constraint, the apparent power of branches
reaches the limit and restricts the load increment as well as
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the flexibility at 13:00. Similarly, in case study 2, the ther-
mal capacity of branches will limit the load increment and
the flexibility index as a consequence. The significant differ-
ence between the results of these two cases is associated
with the way of power supply. In case study 1, the genera-
tion unit located at bus 1 produces power at its maximum ca-
pacity and the excess energy is sold in the market. Whereas,
in case study 2, neglecting the cost constraint will cause few-
er power generation of generation unit 1 and the MG pro-
vides the difference from the market in high-price time inter-
vals. Therefore, neglecting the cost constraint will impose
about 1% more cost on the network. In case study 2, the
flexibility of the MG after applying the TOU-DR program is
equal to 1, however, the cost increases by 1.1%, by improv-
ing the flexibility during only 1 hour. Figure 10 depicts the
uncertain and feasible spaces at 13:00 before and after apply-
ing the TOU-DR program in case study 2. Simulation results
at 13:00 reveal that without considering the cost constraint,
there will be no flexibility shortage, however, the cost before
and after applying the TOU-DR program is increased by
2.96% and 2.66% compared with that in case study 1, re-
spectively. In addition, for the periods with off-peak de-
mand, the renewable energy resources would satisfy the flex-
ibility requirement with higher cost.

0.25¢
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= | o |
2 | ° |
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5 L »
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z
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=

0 0.5 1.0 1.5 2.0 2.5 3.0
Load (MW)
(a)

0.25¢
= e
2 020} \ \
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.S ! ° !
= |
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5 0.10F Uncertain space
:
2 0.05+
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Load (MW)
(b)

Fig. 9 Uncertain and feasible spaces at 03:00 before and after applying
TOU-DR program in case study 1. (a) Before applying TOU-DR program.
(b) After applying TOU-DR program

C. Case Study 3

This case study examines the impact of energy storage on
the flexibility index. Since flexibility improvement is only re-
quired when considering cost constraint, we integrate the
cost constraint into the analysis. It is evident that energy stor-
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age enhances the flexibility when there is an economic ratio-
nale for charging and discharging, factoring in its efficien-
cies. However, when integrating energy storage into the case
study, the system remains idle, resulting in no change in flex-
ibility. In this regard, to make energy generation costs and
market prices comparable, forecasted prices are multiplied
by 1.3. Consequently, the minimum operation cost C"“ is up-
dated accordingly. The results are summarized in Table IV.

1.50¢

1.25¢

1.00+

,,,,,,,,,,,, B e

0.75¢

Uncertain space
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0.25¢+ Feasible space

Wind power generation (MW)

0 1 2 3 4 5
Load (MW)
(a)

1.25¢

1.00+

0.75¢

? Uncertain space
0.50+

0.25

Wind power generation (MW)

Feasible space

0 1 2 3 4
Load (MW)
(b)

Fig. 10 Uncertain and feasible spaces at 13:00 before and after applying
TOU-DR program in case study 2. (a) Before applying TOU-DR program.
(b) After applying TOU-DR program.

The simulation results reveal a significant enhancement in
the flexibility index upon integrating energy storage into the
system. Consistent with previous cases, there is no discern-
ible flexibility requirement during off-peak periods before
and after applying the TOU-DR program. A crucial deduc-
tion from the simulations is that the utilization of an energy
storage system yields a greater flexibility improvement after
applying the TOU-DR program, compared with the case
studies without an energy storage system.

V. CONCLUSION

This paper develops a cost-aware flexibility evaluation
method for renewable energy integrated MGs. The proposed
method is based on the feasibility analysis of the uncertain
space of wind power generation and load; however, it is also
applicable to PV-integrated systems. The analysis of the case
studies confirms the effectiveness of the proposed method
and the importance of considering the cost effect on flexibili-
ty evaluation problems.

Regarding the case studies, ignoring the cost constraint on
flexibility evaluation problems leads to imposing extra costs



1012

on consumers. In case study 2, extra costs arise because the
MG purchases the power from the market in high-price time
intervals instead of maximizing its generation capacity to
sell excess energy for revenue. The impact of the TOU-DR
program as a flexibility resource on the feasible operation
space and flexibility index of the MG is quantified. Accord-
ing to the case studies, the TOU-DR program enhances the
flexibility index during on-peak periods. For example, in
case study 1, the TOU-DR program increases the flexibility
index by 15.3% at 13:00 and by 10.6% at 18:00. During off-
peak periods, when there is no significant lack of flexibility,
the flexibility index remains almost unchanged before and af-
ter applying the TOU-DR program. Furthermore, case study
3 emphasizes the effect of the energy storage system on MG
flexibility improvement when it is cost-justified.
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