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1 | INTRODUCTION

1.1 | General overview
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Abstract

Microgrids are a type of restricted power distribution systems in which electricity is
generated, transmitted, and distributed within a small geographic region. They are used to
ensure that renewable energy sources are used to their full potential. Microgrids provide
further benefits, such as lowering transmission losses and the expenses associated with
them. This research compares and contrasts the aims of economic dispatch, emission
dispatch, fractional programing based combined economic emission dispatch, and
environmental restricted economic dispatch (ECED). A low-voltage microgrid system is
investigated for three different scenarios. As a study optimization tool, an innovative,
resilient, and strong hybrid swarm-intelligence optimization algorithm is utilised, which is
based on combining the properties of the traditional grey-wolf optimiser, sine-cosine
algorithm, and crow search algorithm. The employment of a time-of-use energy mar-
ket pricing approach instead of a fixed pricing plan resulted in a 15% decrease in gen-
eration costs throughout the course of the research. When ECED was assessed with a
15%-20% demand side management based restructured load demand model for the
microgrid system, the generation costs were reduced even further.
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complexity and contains limited constraints, for example, such
as prohibited operating zones, ramp rates, etc, than DELD
[2, 3]. But DELD is a more complex problem. DELD has
more constraints associated with the Distributed Energy Re-

In Economic ILoad Dispatch (ELD), Renewable Energy
Sources (RES) are employed primarily. According to ELD,
many units interconnected in a power system network do not
produce the same quantity of power to meet the load demand,
but rather deliver according to their fuel costs, that is, the
production cost per unit of production will fluctuate from one
unit to the next. Total energy output, on the other hand, must
meet total demand [1]. On the basis of load demand, ELD is
divided into two types: static ELD (SELD) and dynamic ELD
(DELD). Dynamic ELD (DELD) is the case where the load
vaties over the time, it is known as SELD presents less

sources (DER) and time periods along with the constraints of
SELD [4]. DELD must tackle problems such as the charging/
discharging condition of energy storage systems, DER shut
down timings, startup, and so on.

1.2 | Literature review

Many research papers are being published to provide the best
cost-cefficient distribution of renewable energy generation. The
main objective is to offer a reference to the economy of the
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power generation process and the competitiveness of the
renewable energy sources (RES). RES is being one of the main
solutions of the government in order due to the fuel price and,
mainly, the environment. Computational methods have been
employed to solve this problem when the cost function is
continuous, smooth, non-convex, and differentiable [5]. These
methods are not recommend in the cases where the actual
physical constraints are taken into account, being non smooth
and convex problems [6]. Classical optimization algorithms are
employed to solve ELD for a long period of time, where
lambda and gradient methods, together with and dynamic
programing are being used in Smooth ELD [7]. A complete
ELD problem requires numerous constraints, generating,
therefore, a high complex objective function, where the
mentioned methods fail [8]. The computational cost by the
dynamic programing algorithms depends of the by dimen-
sionality, and requires a long time in large generating systems,
but they do not depend of the nature of the cost curve [9, 10].
Recent studies have shown immense research developments in
the area of microgrid energy management with an aim to
reduce the generation cost. DERs such as non-conventional
energy resources, energy storage systems, combined heat and
power systems etc. are considered to raise the complexity of the
study [11-14]. As a result, a microgrid is defined as the DERs
aggregating load demand locations in a specific geographic area
[15, 16]. It can be standalone or connected to a utility, with the
latter kind of microgrid, and the operation is more dependable
and efficient due to the ability to purchase and sell from the
utility. The grid can support the utility-connected microgrid in
the event that the DER fails, that is, it is required to avoid any
DER failure and network shut down. It has spawned a slew of
microgrid energy management research papers, including: To
minimise the generation cost of a grid-connected microgrid,
articles [17, 18] used the imperialist competitive algorithm
(ICA) and Matrix real coded GA (MRCGA). They tested the
algorithms in a variety of scenarios, including DERs with nar-
row operational ranges, changing power prices, and changeable
loads. A single utility company and many residential energy
users were studied for DSM based on Game theory approach
by the authors in Ref. [16], where a day-ahead pricing scheme
and an energy consumption game were used to implement the
day ahead load shifting DSM approach. The authors of [17],
employed the Multi-Objective Particle Swarm Optimization
technique to deal with multi-Objective Dynamic Economic and
Emission Dispatch (MODEED) problem with demand side
management (DSM).

1.3 | Motivation

An interesting work was performed by references [18, 19],
wherein various methods of CEED were evaluated on different
dynamic test systems to sort out the one which gives a proper
balance between the generation cost and pollutant emission.
This paper covers the research gap of the aforementioned arti-
cles by performing a similar study on a grid-connected microgrid
system. To raise the complexity of the work, two different
strategies of grid pricing were dealt with, and a balance trade-off

magnitude for the generation cost and pollutant emission was
calculated. Furthermore, the load model restructuring is done
based on DSM strategy and its impact on generation cost and
pollutants emitted was studied in detail.

The prime aim of this paper is to cut down the computa-
tional cost and efficiency to solve the pollution constrained
cost-effective issues on microgrid problems. The authors
couldn't find any research that used hybrid optimization ap-
proaches to solve these bi-objective issues in the literature. In
big dimension complex constrained optimization problems,
however, techniques such as the sine cosine algorithm (SCA),
GWO, and CSA, among others, have been applied. To maintain
a good balance between exploitation and exploration, SCA
relies on switching between sine and cosine functions. GWO
examines a broad search space for the best solution. Finally,
because CSA can handle a large population size, it produces
better results than many other algorithms and is less likely to
become stuck in local minima solutions. One drawback of
GWO is that each iteration has a significant number of equa-
tions and stages. To reduce the computational cost, the tech-
nique given in this study tries to prevent it. CSA and SCA, on
the other hand, have only one conditional governing equation
and produce good outcomes. The new hybrid technique viz.
MGWOSCACSA, considers together the CSA, SCA and a
modified GWO MGWO).

1.4 | Contributions of the paper

The prime points of the current article:

i. Two types of CEED methods are investigated on an LV
grid-connected microgrid system.

ii. The generation cost and pollutant emission are determined
for each case.

ili. A comparative analysis amongst power producing costs and
pollutants emitted is performed.

iv. Two different methods of electricity market pricing strate-
gies are also studied subsequently and the economic strat-
egy between the two was sorted out.

v. All of the above are evaluated for DSM based restructured
load demand model and the power producing cost and
pollutants emission are studied.

vi. The optimization tool, MGWOSCACSA is presented for
such problem, and robustness of the algorithm is also
examined.

1.5 | Structure of the paper

This part shows, how the rest of the paper is organised: The
fitness function to be reduced is presented in Section 2, which
also takes into account the equality and inequality constraints.
Section 3 explains the strategy in detail. Section 4 presents case
studies of the microgrid test systems, including the main sta-
tistical results, the validation of the approach and the quality
analysis of the solutions; Finally, Section 5 summarises
the conclusion of the whole work.
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2 | OBJECTIVE FUNCTION
FORMULATION

2.1 | Active power generation cost
calculation of the microgrid test system

The equation of the cost function for a grid-connected
microgrid system is given by Equation (1).

24 n
ECD = Z Z(E * Gjy + CGride * Geriar) (1

r =1

where F;, and G; are the fuel cost coefficient and the power
output of jth DG unit. Cgyq is the electricity market price with
which the grid buys and sells power.

22 |
system

Emission dispatch for the microgrid

To calculate the amount of carbon-di-oxide released in the at-
mosphere at the end of the day from the fossil fuelled conven-
tional generating sources, it is employed in Equation (2),

24 n
EMD = Z Z(COZJ * Gjy + CO26aa * Gariar)  (2)
=

t

where CO, is the carbon dioxide emission coefficient and
EMD is the total carbon dioxide emission.

2.3 | FP based combined economic
emission dispatch

Using this method, two competing and conflicting goal func-
tions made up of the same choice and control variables are
solved as a ratio. ECD stands for the economic dispatch
equation, which is represented technically by Equation (1), and
EMD stands for the emission dispatch, which is mathemati-
cally described by Equation (2). Then, by reducing the EMD:
ECD ratio, a compromised solution may be discovered using
the FP approach [18]. This is stated mathematically by the
Equation (3).
EMD

CEEDyp = —— 3
=mer 6

2.4 | Environment constrained economic
dispatch (ECED)

A proper balance between the two different objective functions
given by Equations (1) and (2) was obtained in reference [19].
They employed the Equation (4) considering together
two parallelly focussed objective functions, improving the
solution.

LCED — 4+ | ECD - ECDu,
— % |ECD,.ECD,.,
EMD - EMD,. }

(4)

EMD p2-EMDin

sa-w|

where p lies between 0 and 1, ECD,,, and EMD,, are the
best values obtained by minimising Equations (1) and (2)
respectively. The maximum outputs of ECD and EMD are
collected by replacing the optimal parameters of ECD,, in
Equation (2) and EMD,;, in Equation (1), respectively.

2.5 | Operating constraints

The DERs and grid are bound to the operating constrains
given by Equations (5) to (8)

Z Gj,t = D[ (5)
=1

Z Gjﬁt + PRF,S,t = Dt (6)
j=1

Gj,min < G] < Gj,max (7)

Ggrid,min < Ggrid < Ggrid,max (8)

The demand is D, for hour ¢ while the RES output is Prgs,
in terms of power.

2.6 | Wind profile modelling

In the article [20], the authors described the linear wind
profile. Wind power is expressed as a conversion from wind
speed to power according to Equation (9), when the unpre-
dictability of the wind speed is characterised as a random
value.

o — .
P (L) <ot <o)
) ] o — ] P ]
P¥t = 9
o <v < ©)
P=>Y

0 otherwise

where v'; and v” stand for cut-in and cut-out wind speeds of
. . . . i .

the jth wind unit, respectively, v’ stands for rated wind speed,

and P is rated wind power.

2.7 | Uncertainty modelling

The uncontrollable and stochastic nature of the wind makes it
a compulsive step to evaluate the uncertainty in their genera-
tion arising from their forecasted values. The mathematical
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equation used to evaluate the uncertainty is shown in
Equations (10).

W' =dPy*n, + W"

10
dP,=08%* /W, (10)

where, W;n is the wind output in terms of power while
considering the uncertainty, dP,, stands for standard deviation
of the wind output, and the day advanced projected wind
output is W}C. The normal distribution functions 7, and 7; are
randomly assessed normal distribution functions with a mean
of 1 and a standard deviation of 0.

2.8 | Demand side management strategy

DSM [16] is a strategy that utilities may utilise to reduce peak
load demand in their systems and save money. Typically, utility
providers would give incentives to consumers to encourage
them to engage in the process. There are six types of funda-
mental approaches that are available for sizing the load demand
viz. Valley filling, pick clipping, load shifting, growth of static

TABLE 1 Scenarios studied and their description

load demand, strategic conversion and variable load shaping.
The first three are primary level types, while the last three are
secondary level types that use system planning and operation
to control total load demand by restricting or extending it. The
most recommended load control technique is the load shifting
approach, which combines peak clipping and valley filling. The
use of adjustable loads allows for load shifting at the customer
level. The load shifting approach shifts controllable loads from
peak to off-peak periods with no change in energy usage.
Table 1 The six DSM load shape approaches are depicted in
Figure 1.

Some of the salient features of the load demand model
restructuring using the DSM techniques are as follows:

a. The peak load demand after implementing DSM technique
does not exceed the original forecasted peak load of the
system.

b. The minimum demand after implementing DSM technique
does not exceed beyond the system's original minimum
demand.

c. The sum of the load and average of the load for the system
remains the same with and without DSM at the end of the
day [16].

Scenario Features Detailed description

1 Ideal condition of microgrid operation All the DERs including grid contribute within their permissible limits. The grid actively
participates in electricity purchasing and selling, and renewable enetgy sources contributions
are taken into account. Hence, this scenario is considered as the ideal case of microgrid
operation and will be used as a reference to compare the rest of the scenatios.

2 Fixed electricity market price Unlike scenario 1, where the grid buys and sells power on time of usage (TOU) based dynamic

electricity market pricing strategy, a fixed pricing strategy of electricity is considered in this
scenario. This concept is adopted from [21, 24|, where the authors state that TOU based

market pricing strategy reduces the operating cost of a microgrid to a greater extent

compared to fixed price strategy. The reason for adopting this concept is to analyse the effect

of grid pricing while evaluating environmental constrained economic dispatch of a microgrid

system.
Abbreviations: RES, Renewable Energy Sources; TOU, time of usage.
A A A
Peak Clipping Load Shifting Strategic Growth
4 4 4
FIGURE 1 Different es of demand side - il . : , 14
P Valley Filling Strategic Conservation ~ Flexible Load Shape

management load shape methods
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3 | HYBRID GREY WOLF OPTIMISERS

For optimising various problems in microgrid systems utilising
renewable energy power stations, this study uses GWO,
modified GWO, hybrid MGWO-CSA, hybrid MGWO-SCA,
and hybrid MGWO-SCA-CSA. The details of mathematical
modelling for the upper mentioned algorithms are structured
in this section.

3.1 | Grey wolf optimiser (GWO)

GWO [22] is an algorithm inspired by wolves' hunting
behaviour while consuming their food. A wolf pack main-
tains a sequential order amongst the wolfs. « is the wolf that
leads the pack, although it isn't the most powerful. The
second in command is known as 8 wolf. Its function is to
maintain group discipline and to aid the wolf in capturing
the prey. 8 is the third ranked wolf, being its labour to be
scapegoat. & indicates the others wolves among the wolf
pack, being the last according to the ranking. Hence, the
best three solutions that is, a, § and & will be achieved by
the GWO, while the other one is Q. Equation (11) repre-
sents the mathematical description of the wolf hunting
technique.

— - = —
Dy=|Ya.Ci-Y|
— - = —
Dy=1Yy.Cr-Y| (11)
—> - = —
Ds=|Y5Cs-Y]|

Equation (12) calculates the wolves' position updating
process.

¥~ Y.~ (B.) 4,

Y,=Ys- (B/,) A, (12)
V=7, (D)) 7.

= 1_’)1 + )_’)2 + 73

Y (itert1) = (13)

3
According to the Equation (14), A and C ate calculated.

-  —
a a

2.
2

SR

(14)

Q1N

1
2

In case |A| > 1, the wolves shift away from the prey, but
in case |A| > 2, they are dragged towards the prey. Equa-
tion (15) gives ‘a,” which decreases lineatly from 2 to 0.

iter
a:2x<1—7‘> (15)
Max_iter

3.2 | Modified GWO-SCA-CSA

The main ambition of this work is to provide a method for
solving different optimization problems on microgrid systems
that lowers computing cost and increases efficiency at a time.
There are not many papers in literature that address hybrid
optimization strategies in these issues, according to the authots.
Other techniques, such as the sine cosine algorithm (SCA),
GWO, and CSA, have been utilised in situations with higher
dimensionality and complexity, resulting in additional optimi-
zation restrictions. SCA generates a trade-off between exploi-
tation and exploration by flipping between sine and cosine
functions. GWO examines a broad search space for the best
solution. Finally, CSA, by utilising a large population base,
gives more fit solutions than other approaches and avoids
being cornered in local minimum solutions.

The three algorithms, Modified Grey wolf algorithm
MGWO), sine cosine algorithm (SCA), and crow search al-
gorithm (CSA) were combined together to form a new hybrid
MGWO-SCA-CSA algorithm. The position cum iteration
updating equation from MGWO-CSA and the hunting equa-
tion from MGWO-SCA are used in the Modified GWO-SCA-
CSA [23-25] method. The parameters ‘AP’ of CSA and %' of
MGWO ensure that the algorithm is explored and exploited.
On the other hand, for the algorithm's convergence to achieve
the best solution, ‘I’ of CSA and ‘A’ of MGWO are used. The
hunting equation is examined in conjunction with sine and
cosine functions to prevent the local minima solutions. The
restructuring of the mathematical equations of GWO to obtain
MGWOSCACSA is mentioned below from Equations (16) to
(22). Equation (19) shows the exploration stage of the pro-
posed algorithm, whereas Equations (20)-(22) covers the
exploitation or position updating stage of the algorithm.

The tuning parameters which are represented by Equa-
tion (14) and (15) of GWO are modelled as mentioned in
Equations (16) and (17). A tuning parameter, awareness
probability (AP) of CSA, which lies between 0 and 1 is
mathematically modelled in the proposed MGWOSCACSA to
automatically change between 0 and 1 with the increase in the
number of iterations. This is represented by Equation (18).

_ T * iter
=1 _— 16
4 +cos (Max_iter) ( )
A=27.7-7 -
C=27 ()
—2.7,
1.01 * iter’
AP=1- (071“:2) (18)
Max_iter
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The distance amongst the wolves and the prey in the
exploration stage or the hunting stage which was represented
by Equation (11) in GWO is modified and represented by
Equation (19) in the proposed MGWOSCACSA.

— - — —

D, = rand X sin(rand) X }Ya.Ca - Y| if rand > 0.5
— - = —

D, = rand X cos(rand) X |Ya. C,— Y| otherwise

— - = —

Dy = rand x sin(rand) X } Yp.Cp— Y| if rand > 0.5
— - — —

Dy = randrand X cos(rand) x ’Y/j. Cp— Y| otherwise
— - = =

Ds = rand X sin(rand) x |Y5. Cs— Y| if rand > 0.5
— — = —

Ds =rand X cos(rand) X ’Yg. Cs— Y’ otherwise

— - — —

Dg = rand X sin(rand) x |YQ. Co— Y| if rand > 0.5
— - = —

Dg = rand X cos(rand) x ’Y£2. Co— Y| otherwise

(19)

The position updating strategy of the wolves, also known
as the exploitation stage of the algorithm, which was formerly
represented by Equations (12) and (13) in GWO is modified
and represented by Equations (20) to (22) of MGWOSCACSA.

1

Y, =Y, - (Ba>.A1
Y,=Y,—- (B,,).Zz
Vo= Vs- (Do) 4, 2
Yi=Yo- (BQ).Z
Y, = v ;L v (21)

— N N
Yiiters1) = ¥ +rand x fI x {()q - Y) +

)_/()itchrl) = ? + +rand Xfl X (

=l
|
N

4 | CASE STUDIES

4.1 | System description

The concerned microgrid system operating in grid connected
mode comprises of a fuel cell (FC), wind turbine (WT) system
and micro-turbine (MT). Table 2 shows the operating ranges,
bids and CO, emission per kilowatt of MT, FC and grid. The
range of upstream power flow from microgrid to grid is 30 kW,

whereas the range of downstream power flow from the grid to
microgrid is 80 kW. Figure 2 shows the load demand and
electricity market price of the system. Figure 3 shows the
forecasted hourly wind speed for a geographical location. The
cut-in speed, rated speed and cut-out speed for the 10 kW
wind tutbine system are 5 m/s, 15 m/s and 30 m/s respec-
tively. Personal Computer specifications: AMD Ryzen 5 5600H
processor with Radeon Graphics, 8 GB RAM on a MATLAB
R2014a software. Optimization tools parameter settings:
Population size- 80; Maximum Iterations- 500; fL: 2.

4.2 | Results and Discussion

The outputs from wind turbine were obtained by utilising the
hourly speed and formulated as mentioned in Equation (9).
The same has been displayed in Figure 4. ECD and EMD are
evaluated for both TOU-based and fixed price strategy of
electricity pricing, The fixed price of the grid is evaluated by
taking the mean of the 24 h grid price shown in Figure 2. It can
be seen from Table 3 that minimised value of ECD is less
when the grid was charging the microgrid on TOU basis rather
than fixed price basis. This is because in TOU basis the grid
can buy and sell conveniently depending on varying the load
demand compared to the scenario when the price is fixed.
Table 3 also shows that different grid pricing strategies (TOU
and Fixed) had no effect while EMD was determined for the
test system.

FP was evaluated to obtain a compromised output between
the operating cost and emission for the microgrid system with
TOU-based market pricing. The generation cost was found to
be $743 and the amount of pollutants emitted was 1038 kg.

Thereafter ECED was evaluated for both TOU and fixed
market price to obtain a trade-off solution between the mini-
mum generation cost and atmospheric pollution. The genera-
tion cost was found to be $546 and the amount of pollutants
emitted was 1002 kg for TOU pricing, These values present a

)3—?)+(73—7)}/3 if rand > AP

otherwise (22)

clear picture of the superiority of ECED over FP-based CEED
approach.

The generation cost surged up to $575 when fixed
pricing was considered which was obvious from aforemen-
tioned evaluation of ECD for both TOU and fixed pricing
strategies. Figure 5 depicts the hourly production of MT, FC,
and grid when ECED was assessed using the TOU method,
whereas Figure 6 displays the hourly output of MT, FC, and
grid when assessed using the fixed price strategy. It can be
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cleatly seen that the grid participates predominantly trading Thereafter, ECED was evaluated for restructured load
power in Figure 5 (TOU strategy) whereas less trading of =~ demand based on DSM strategy. Considering the load de-
power from the microgrid is noticed in Figure 6 (fixed mands at every hour comprises of 15%—20% of elastic loads
pricing strategy). which can be shifted to hours with low electricity market price,

DER Operating range (kW) Bid ($/kW) CO, emission (kg/kW) TABLE 2 Distuibuted encrgy resources

parameters
MT 6-30 0.4570 0.7242
FC 3-30 0.2940 0.4890
Grid 30 kW1 80 kW Refer to Figure 2 0.9278
Abbreviations: FC, fuel cell; MT, micro-turbine.
95 T ———— 0.9 FIGURE 2 Load demand (kW) and electricity
—— Demand (kW) : ! market price ($/kW)
9 _—l— Grid Price (§IkW) g 1
[ o ; 0.8
85 |-
L ‘: ; ] 0y
) I B — SN S Sk O N A S - —
. L : ; : o
2751 ]
x | 0
ko] -
% 70 - 0.5 3
§ o5 3
o 65 - =
04 Z
N E
60 -
L 0.3
55
50 ™
45
20 —HB- Wind Speed (m/s)
18
16
E
3
8 '14 ........................................................................
w
©
=
= 12
n—A
10
8 1 " 1 " 1 L 1 L 1 " 1 " 1 " 1 L 1 " 1 " 1 "
2 4 6 8 10 12 14 16 18 20 22 24
Hour FIGURE 3 Dynamic wind speed
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FIGURE 4 Dynamic output of wind power
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TABLE 3 Cost and Emission for various objectives

Objectives Cost ($) Emission (kg)
ECD (TOU) 510.0042 1133.2000
ECD (fixed) 571.7451 1066.2146
EMD (TOU) 622.5816 949.1938
EMD (fixed) 577.2111 949.1938
FP (TOU) 743.2090 1038.2053
ECED (TOU) 546.8846 1002.9010
ECED (fixed) 575.0077 996.2693

Note: Statistical signification in bold.
Abbreviations: ECED, environmental restricted economic dispatch; FP, fractional
programming; TOU, time of usage.

the load demand curve was restructured. Figure 7 shows the
restructured load model for 15%, 20% and the expected load
demand model. Figures 8 and 9 shows the share of elastic and
inelastic loads during every hour which finally sums up to the
overall demand at the end of the day respectively.

Expected load demand, though not practiced in reality,
refers to the situation where the microgrid can restructure its
load pattern on the basis of TOU-based electricity market price
charged by the utility. Had this been possible, that the demand
of the microgrid system is less when the grid charges high and
peak load of the system attains when grid charges the least, a
lot of relaxation would have been realized in the generation
cost of the system. This is illustrated with results in the later
part of this section.

All of ECD, EMD and ECED wete evaluated for 15%,
20% DSM and expected load demand. It is clear from Table 4
that DSM plays a major role in minimising the generation cost

6 8 10 12 14 16 18 20 22 24

Hourly Output (kW)
—_ N w B [$)] (o]
o o o o o o

o

USROS SN ORI SO SRS SN S
10 12 14 16 18 20 22 24
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-10

FIGURE 5 Hourly output when environment constrained economic
dispatch was evaluated for time of usage market pricing strategy

of the microgrid system. The ECD value which was $510
without DSM reduced to $485, $477 and $346 for 15% DSM,
20% DSM and expected load respectively. On the other hand,
emission depends on the total load demand of the system.
Although DSM  restructures the load demand model, the
overall load demand at the end of the day remains the same.
Hence from Table 4 it is observed that the value of EMD
remained unaltered.

Also when ECED was evaluated, generation cost value
which was $546 without DSM reduced to $522, $514 and $382
for 15% DSM, 20% DSM and expected load respectively. Also,
as mentioned above, the amount of pollutants emitted
remained the same (~1002 kg) throughout.
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Table 5 shows the generation costs and amount of pollutants
emitted when ECED was evaluated for various DSM levels and
also for the expected. Figures 10 and 11 shows the hourly out-
puts of DERs for 15% DSM, 20% DSM and expected load
respectively. The participation of the grid has the most impactful
contribution in minimising the generation cost of the system.
Expected load demand, although practically impossible, reflects
how a mutually dependent relation between the grid and
microgrid consumer can reduce the generation cost of the sys-
tem. Figure 12 highlights the drop in the generation cost for
both ECD and ECED based on different levels of DSM.

Table 6 stands for the minimum operating cost, maximum
operating cost, mean and standard deviation (STD) when ECD
was evaluated for 30 repeated mutually independent trials by
the proposed hybrid MGWOSCACSA algorithm. The least

90 [ Wind[——— ——
- id | P
80

0 :

'10 e "'l"".""l'"'i"'l""."'T"'.""l"".""'["'.'"'i'"'."'T'"i"'i"".""f’
4 6 8 10 12 14 16 18 20 22 24
Hour

o o N
o O o

Hourly Output (kW)
g 8

N
o

FIGURE 6 Houtly output when environment constrained economic
dispatch was evaluated for fixed market pricing strategy
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FIGURE 7 Dynamic forecasted load, demand side management-based
load, expected load demands

values in STD signify the ability of the algorithm to deliver
results nearer to the minimum value for maximum number of
trials. Also a convergence time of approximately 0.2 s per
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FIGURE 8 [Inelastic, elastic and total load for 15% demand side
management scheme
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FIGURE 9 [Inelastic, elastic and total load for 20% demand side
management scheme

TABLE 4 Demand side management-based results for various
objectives with time of usage

Objective function 15% DSM 20% DSM Expected load
ECD i ($) 485.5709 477.3266 345.9550
ECD . $) 598.1309 589.8191 458.4917
EMDi, (kg) 949.1993 949.2451 949.2267
EMD 0 (k) 1133.201 1133.106 1133.10

Note: Bold indicate best value.
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TABLE 5 Enavironment constrained economic dispatch values for different demand side management levels

Objective Without DSM ECED 15% DSM ECED 20% DSM ECED Expected DSM ECED
Cost (3) 546.886 522.579 514.192 382.859
Emission (kg) 1002.90 1002.80 1002.90 1002.95
Note: Bold indicate best value.
Abbreviations: DSM, demand side management; ECED, environmental restricted economic dispatch.
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FIGURE 10 Hourly outputs of DERs when environment constrained
economic dispatch was evaluated with 15% demand side management-
based load demand
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FIGURE 11 Hourly outputs of DERs when environment constrained
economic dispatch was evaluated with 20% demand side management-
based load demand

iteration keeping in mind the various constraints and stages in
the algorithm is a merit of the algorithm worth mentioning.
Figure 13 shows the convergence curve of the algorithm when
ECD was evaluated for various DSM levels. The algorithm
attained the least generation cost (converged) within 100-110
iterations for all the cases.
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500 ] Expected

£ 400
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Generation Cost
N
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FIGURE 12 Fallin the generation cost of the system for demand side
management-based load demand and expected load

TABLE 6 Statistical analysis of the proposed MGWOSCACSA
algorithm

Mean Time (sec/

Obsjectives Min ($) Max (§) STD (%) iter)

ECD (TOU) 510.0042 512.7802 0.8470 510.2818 0.242

ECD with 15%
DSM

485.5709 487.0072 0.3644 485.6666 0.236

ECD with 20%
DSM

477.3266 479.2038 0.4763 477.4517 0.246

ECD (expected) 3459550 346.0001 0.0138 345.9595 0.240

Abbreviations: DSM, demand side management; SD, standard deviation.

5 | CONCLUSION

Two different types of grid pricing strategies were studied on a
microgrid system with an aim to attain a balanced compro-
mised solution between generation cost and pollutants emis-
sion considering DMS strategy and the findings led to the
following conclusions:

a. When comparing the fixed pricing strategy to the TOU
electricity market pricing strategy, the generating cost was
decreased by 18.5 percent when economic dispatch was
computed, 13.5 percent when FP based CEED was
reviewed, and 15% when ECED was evaluated using TOU
electricity market pricing strategy. This is a crucial
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FIGURE 13 Convergence curves when economic dispatch equation was evaluated for various demand side management levels

conclusion for the economic operation of a grid-connected
microgrid system.

b. When compared to FP-based CEED, it was found that
ECED provides a better trade-off between minimum values
of the operating cost and pollutant emission of the system.

c. DSM-based scheduling of DERs have shown a considerable
decrement in the generation cost of the microgrid system for
both ECD and ECED objectives. This can also lead to the
fact that ECED with TOU electricity market pricing strategy
and DSM-based load demand restructuring is the best and
convenient method for obtaining a balanced compromised
solution between generation cost and emission.

d. The minimum values of algorithm execution time and stan-
dard deviation corroborates to the superiority and robustness
of the proposed hybrid MGWOSCACSA algorithm.

To broaden the horizon of research as a scope of future
work involvement of energy storage systems and practical
constraints like effects for valve points and ramp rates of the
fossil fuelled units can be considered for making the problem
more complex.
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