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Abstract: The energy management system encountdrgadiation and partial shading due to cloud cdaér

additional challenges while scheduling MicroGrid @Y1
with renewable energy sources. Solar and wind g
impose uncertainties due to its sporadic availdpilin
addition, MG integrated with Smart Thermal Storg§&S)
mechanisms like Thermochemical Heat Storage (T@htH)
Ice-Storage Air Conditioner (ISAC) introduces inabie
constraints to the Generation Scheduling (GS) mwobl
Thereby the GS of STS integrated MG is transforimied
Coordinated Generation Scheduling (CGS) by satigfthe
electrical, thermal and cooling demand. In this pgphe

The implication of effective energy storage meck@ani
can thwart these uncertainties. In the recentlitee
[2-6], several Smart Thermal Storage (STS) techesqu
have evolved for renewable energy integrated MG.
Among such STS techniques, latent heat storage [2],
Thermochemical Heat Storage (TCHS) [4-6] and Ice-
Storage Air Conditioner (ISAC) [7-8] have gained
significant importance. The latent heat storagéesys

CGS problem for MG with STS is formulated and sblve ijlizes the energy exchange caused by the isotderm

using the proposed Fuzzy Stalking based Wolf (FS
algorithm. The proposed FSW algorithm is an impsedl
Grey Wolf (GW) algorithm based on the incorporatafn
fuzzy logic in the prey tracking strategy. For asfopted
MG with STS, the CGS problem is solved uding
proposed FSW algorithms. The simulation resultereef

the superiority of the proposed FSW algorithm.

ase change of certain suitable materials. The
chemical storage system employs reversible exoiberm
synthesis reaction, resulting in exhaustive heatgn
production. In contrast absorption based storagfeisy
yields relatively less heat energy production e t
activation energy requirement for instigating the

Key words: Grey Wolf algorithm, coordinated generationr€action is comparatively lesser than chemicabsf@r

scheduling, fuzzy logic, microgrid, thermal storage

1. Introduction

system. The TCHS system utilizes the combined
application of absorption phenomenon and reversible
chemical reactions for efficient heat productiord an

Worldwide policies on economic and environmentzgtorage_ Thereby, TCHS system requires lesser

electric power production and utilization emphasize

activation energy and produces high heat energy. Th

the integration of renewable energy resources infiq penefits of TCHS system are its ability torsto
MicroGrid (MG) operation. Among a varied cluster ofg|atively high heat energy for a long duration and

renewable energy sources, in the state-of-art wing
turbines, PV panels and fuel cells have gain
significant importance due to their ready availiapil

inimum heat loss. The comparative analysis [3]

er‘(j.'ports that the heat storage per unit volume d@syc

TCHS system is twice that of latent heat storagsdd

Henceforth, integration of wind turbines, PV panelg, ihis paper, TCHS is incorporated into the rerfgeva
and fuel cells into MG is inevitable. Thereby, ol energy integrated MG operation. If the heat energy
MG operation includes several uncertainties anghained from the solar collectors is higher thae t

constraints like erratic wind velocity, intermitten



corresponding thermal demand then the excess heambined mode. ISAC is operated in the air-
energy (after satisfying the thermal demand) isonditioning mode only when there is no availabold c
stockpiled in TCHS as available thermal storaget@up storage. Under this mode the electrical powerasvdr
its full capacity). Similarly if the purchase cadtgrid either from the MG (depending on the energy
power is economical and if the available thermalvailability) or from the central power grid to isft
storage is less than its full capacity then theggdwom the cooling demand. Ice making mode of ISAC is
the central grid is utilized to stockpile the thetm operated only when the available cold storagess le
energy in TCHS. This operating condition of TCHS ishan its full capacity. In this mode the electripaiver
termed as mode 1. On the other hand when there isis drawn either from the MG (depending on the eperg
available thermal storage then the thermal demsandaivailability) or the central power grid (depending
met by either consuming electrical power from thé M the purchase cost) and it is stored for later L&&C
(depending upon the energy availability) or congigmi functions in the ice melting mode only when the
electrical power from the central power grid. Thisvailable cold storage is higher than the cooling
condition of TCHS is denoted as mode 2. In conffarydemand. Under this mode of operation ISAC supplies
the available thermal storage is higher than thhe entire cooling demand from the available cold
corresponding thermal demand then the entire tHernsorage thereby; neither the MG nor the centralgyow
demand is satisfied by the stored thermal energy gmid supplies electrical power, thereby if this dition
TCHS. This mode of operation is termed as mode fersists during the stressed operation of MG the
Under this circumstance where the entire thermadcrease in peak electrical demand of MG is reddyiv
demand is satisfied by the available thermal smragelieved. When the available cold storage is |letbsar
neither the MG nor the central power grid suppliethe cooling demand then ISAC merges both air-
electrical power, thereby the stressed operatiodi@f conditioning mode and ice melting termed as contbine
is subsidised. When the available thermal storagermode. In the combined mode of operation a part of
lesser than the thermal demand, then a portion @foling demand is supplied by the available cold
thermal demand is met by TCHS from the availabl&torage and the remaining portion of the cooling
thermal storage and the remaining portion of th@emand is satisfied by drawing the electrical power
thermal demand is fulfilled by consuming the eleatr from the MG (depending on the energy availability)
power from the MG (depending on the energthe central power grid.
availability) or the central power grid. This lasbde For the renewable energy and STS integrated MG,
of operation is named as mode 4. Moreover, in thSeneration Scheduling (GS) problem encompasses: (i)
paper the TCHS system present in the MG utilizes timultiple objective functions like minimization of
heat from the solar collectors along with the heaiperating cost in diesel generators, fuel cell gad
discharged from the high temperature output SORGrbine; minimization of pollutant emission, alonigh
fuel cell [9-10]. minimization of purchase cost (from the central pow

In recent years the electric power requirementrof ayrid) and maximization of revenue in selling powueer
conditioning systems imposes a drastic escalation the central power grid, (i) multiple demands like
peak load demand. Eventually under such conditioeectrical, thermal and cooling and (iii) multiple
ISAC is an effective and economic option to temfgeraconstraints like minimum and maximum generating
the stressful operation of MG. ISAC is an emergintimits, battery storage limit and its State of Gier
effective cooling storage and supply technolog¢SOC), capacity limits of TCHS and ISAC, electrical
comprising of the following major components: icepower balance (inclusive of thermal and cooling
chiller unit for the production of cold air usinipetric demand satisfaction). Thereby the GS problem is
power, ice storage tank for storing the cold airansformed into Coordinated Generation Scheduling
produced by the ice-chiller using anhydrous ammoniéCGS) problem as described in section 2.
pump and other auxiliary devices. With an intentmn  Several stochastic optimization techniques [11-16]
simultaneously satisfy the cooling demand alondp withave been proposed for solving complex power system
the transferal of additional power demand (durieglp GS problems. In recent years, swarm based (coléecti
load operation), in this paper ISAC is incorporated search) optimization techniques (PSO, GW) have
renewable energy integrated MG. Depending on tlgained popularity. Grey Wolf algorithm (GW) is one
stress in the MG ISAC promptly operates in anyaie such collective social behaviour based optimization
the four operating modes namely, air-conditioningechnique [14-16] which can be effectively employed
mode, ice making mode, ice melting mode anfibr solving the proposed CGS problem. The GW



algorithm employs diversification (explorative) and . 4)
intensification (exploitation) based search procedu ¢=—7—3
to obtain the optimum. However the search r[“ij
methodology of GW algorithm is quite sluggish im.1.2 PV generation model

approaching tr?e opthaI Valﬁe.b-lrherfforealvgth an The generation from the PV arr&yis modelled as
intention to enhance the search ability of GW algor _

fuzzy logic approach is appropriately infused itite Rou (S) =n1ieaV (S.T)-N Nst, ®)
search procedures thereby the GW algorithm is wrm¥/here,

as Fuzzy Stalking based Wolf (FSW) algorithm. Thé.. =!(S. T)x(1-T.) (6)
formulation and detailed solution methodology of¥S T.=aN -hN+ ¢ (7)
algorithm is described in section 3. The proposgd/F ~

algorithm is applied to an adopted MG and the ogitim (s, T) = 1+21(8T) (8)

solution with discussions are described in secfion
The conclusions drawn from the analysis are ligted
section 5.
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2. Coordinated Generation Scheduling Problem T\é(S'T) = VHAV(S,T) (11)

The modelling of renewable energy resources, S

. . v 12
and CGS problem formulation is as follows: =1 |1-c, [e Voo _ 1” (12)
21 M odélling of renewable energy sour ces | _ Va
2.1.1 Wind generation model C, = (1 - —m j g Celoe (13)
Due to sporadic availability of wind, the generatio sc

from wind turbine varies as shown in Figure 1. From, _ [ v, 1)/'” (1_ |
Figure 1, the power generated from wind turbif)e, :

is given by, The PV array model [1] includes the effect of
uncertainties like partial shading, cloud cover etc

" j (14)

ocC sC

K
c

: (wsvsy)
v -\ 1)
Pua(V) =1 P (v< v y) 2.2 Modelling of STS system
0 (V<Vc orv> Vf) 2.2.1 MOdeI“ng of TCHS
In TCHS there are four modes of operation. The
Power (klowats) N S corresponding available _thermal storage of TCHS
i etedououtpover o under the various modes is as follows
| 2.2.1.1 Mode 1 (thermal storage)
P(t) - P(t_l)TCHS+{CppA\f( T- D} if P tl) Tons < WFZXHS
e Pons Otherwise
Cut-in speed (15)
2212 Mode 2 (neither thermal storage nor
. supply)
‘ Steadywnnd‘:;eed (metres/second) Vf P(t)TCHS = 0 (16)
_ _ 221.3 Mode 3 (complete supply of thermal
Fig. 1.Wind speed vs Power output demand)

For a time period the wind velocity is predeterrdine P(t)rcus = P(t=1) rcus™ P(1) o e, (17)
using Weibull distribution [1] and its probability 2.2.1.4 Mode4 (partial supply of thermal demand)
density functionf (v)is as follows, P(t)rcus =0 when R) e R E1):cis>0 (18)

k(v {3 ,) 222 Modelingof ISAC
F(v) :E[Ej e (2) In ISAC there are four modes of operation. The

Where corresponding available cooling storage of ISACarnd
86 the various modes is as follows
k :(EJ (3)  2.2.2.1 Air-conditioning mode (neither cold

v storage nor supply)



P(t) crc =0 (19) yO{dg, fc g (37)
22272 Ice making mode (cold storage) { . }
P(1) cuc = {P(t Disac * Plrcn&axchlller if P(t=1) e < prsa:c (20) E; = Zayvl + IBW P;I + yy’l( F)):,.)Z (38)
Pere Otherwise i=1 )
2.2.2.3 lce mdting mode (complete supply of 24 Constralnlts .
cooling demand) 24.1 Power Bal ance Constraint
P(t)gac = P(t—1) gac— P(1) Dcool (21) P(), . ={ P(t)rcus + CG e ner  Under Modé of TCHE (39)
2.2.2.4 Combined mode (partial supply of cooling ’ P(cus * P mo mer  Otherwise
demand) bt —P(t) sac t Phg macon  UNder ice making mode of ISA (40)
P(1)sacem =0 When Yy o= K ELD >0 (22) (o.cou = P(1)isac + Phg wacoo  Otherwise
2.3 Objective function P00 = Z e Zl +z o +Z:‘ Fe) (41)
The mathematical formulation of CGS problem with ndg
multiple objectives and constraints are as follows, + P HC)X P+ P
2.3.1 Minimization of total operating cost (TC) -
5 (23) where,
TC=;OCX+ CPE - ISE 9 1 if battery discharge @)
= oft) =
Where, -1 if battery charges
xD0{dg. fg gt wt py TCHS ISAC (24)  2.4.1.1 capacity limits
ndg max
OC;g,. = Z(CF‘*@' x I?g) + ( CM,  x F:’g.) (25) O< I:)pw = PpV| (43)
ijl O< wti = Pmr,?jix (44)
OCftc,i :g(CFfm X Ff’c,) (CMci X %) (26) Pngln < Pgtj < Pgn;ax (45)
ngt PN < Pt < P 46
oc, =Y (ck xB )+(cm, xB) (27) o T (40)
E Pl < Py < Piy (47)
nwt X
oc,, =>(cMm, xB,) 28) 0= P < Rchs 48)
02 P(0),.. < R (49)
oc,, =>(cF, xP,)+(cm, x B,) (29) 2.4.1.2 SOC limitsof battery[1]
= = - 1 50)
t Soc(t) _SOC(t_ 1) [nbc lnc+ Ib ] batt (t_ mt /C (
OCisnc = (CMISAC F?SAC) (30) TToa
OCTCHS ((:l\/ITCHS>< FjTCH; (31) Where’
lye 1,4 0(0.1) (51)
CPE - C::) ><( I3(3/ MG, ther + F(SJG‘ MG cool+ Ue\ec CG e\e) (32) SOCnin < SOQ) < Sotg:ax (52)
Where, t P (0= {soq yx G if sog;n < SO®< SQg¢ (53)
- 1if P >0 33) 0 otherwise
0 otherwise )
. 3. Solution methodology
ISE = G, "( Uy X Rg elec) (34) 31  Greywolf (GW) algorithm for CGS
Where, problem
1ifP. <0 Grey wolf (GW) algorithm attains an optimal
e = { co.eiec™ (35) solution by modifying a set of initial feasible stibn
0 otherwise (pack of wolves) over several iterations. Eachidhit
grey wolf among\,,, searches for the optimum through
tracking, stalking and competitive hierarchy
2.3.2 Minimization of toxic emissions (TE) mechanism based hunting.
TE=YE (36) The various sequentlgl steps for solvmg the CGS
— problem using GW algorithm are as follows:



3.1.1 Initialization of grey wolf pack retained (minimum fitness value).

An initial wolf pack GW"™ (j=1,2,...Ng, ) is
generated for the first iteratioitdr =0). The elements 3-1.4  Competitive hierarchy mechanism based
of each grey wolf are predetermined wind velogity ~ hunting ,
forecasted solar irradiati®, stored thermal energy '€ social hierarchy of the grey wolf pack is
(T, -T,) along with randomly generated (using unifornStablished by selecting the alple)( beta (3), delta
distribution) power output ohdgdiesel generating (¢). @nd other omegad) wolves based on the fitness

. . . function values. TheN,, wolves are arranged in
units, ngtgas turbine units andfc fuel cells. ) ew T
GWI Z[v: (T T P, B, i ascending order of their respective fitness vahatthe

PR e ' dgl o odg2 vt dgndg 54) first, second and third best solutions are regaeted

pLiter P Pt piier il | i) alpha, beta and delta wolves, while the rest are

For each grey wolf wind power generation (1), sol&€onsidered as omega wolves. The hunt (exploitation

power generation (5) and stored thermal energyl @)5- mechanism) is guided by the alpha wolf and
are computed occasionally supported by beta and delta wolves Th

3.1.2 Evaluation of fitnessfunction value search procedure is expressed mathematically as

The fitness function valugit’ for each grey wolfis follows, |
computed as, Xt = X+ rand0,) x( X™ = X"} ; jFa  (59)

fit =TC! + KTE + k| VPB| (55) Wherexem=nppiters gy g} are the
Where, elements pertaining to t.he alpha wol_f. _
o . » " The evaluation of fitness, tracking and hunting
VPB = Z P;vii + Z P!+ F:["i + Z P process are repeated until a specified count (maxim
e e e iteration). At the end of the maximum iteratione th
w | J (56) final solution pertains to the prey located by dlgha
+ Z F)dg,i + (C(t) x Fl)Jatl) + FiG, elec - P( t) Delec W0|f.
k andk, are emission coefﬁment[ fac.tor gnd penalt)él2 Fuzzy Stalking based Wolf (FSW) algorithm
factor for power balance constraint violation (4lhe for CGS problem

value of emission coefficient factor is chosen t0 The major drawback of GW algorithm is a very
highlight the effectiveness of pollutant emissidhe |arge computation time due to the large number of
penalty factor is chosen such that if there is@ower jterations required to obtain a global optimum. &en
balance constraint violation then the fitness valu@ere is a need to accelerate the convergenceeof th
corresponding to that grey wolf is made ineffective search techniques in GW algorithm. The two pringitiv
313 Tracking search processes namely tracking (exploration) and
For the next iterationiter +1) each grey wolf hynting (exploitation) in GW algorithm are inadetgja
searches for a prey (feasible solution) withimasge hence with a view to obtain faster convergenceert
by exploration mechanism as follows, modifications are incorporated in equation (58)Hsy
GWHe  =[v; S(T- 5 By B2 application of fuzzy based Gaussian distributidnisT
pulfertl, plifersl B erel g ter s (57) modified GW algorithm is termed as Fuzzy Stalking
pier+l ppjiter+l g jter+1 based Wolf (FSW) algorithm. In gddlthr_] thg concept
et rifez et of balance between the intensification and
The  elements x'eofple Bl B} diversification search strategies is incorporatethe
pertaining to each set of control variables aremaed competitive hierarchy mechanism.
as,
X et = xier 4 £ rand0,1) x ( X"~ X™™)} (58) 4. Resultsand discussions
If any of the randomly generated elementstet+1 The proposed FSW and GW algorithms are tested
violates its limit then the value of the violatitugitis On an adapted MG comprising of 8 generating units

assigned to the corresponding element. The fitndgéegrated with 3 storage units. The generatingsuni
function value fit** of each tracker grey wolf is include PV, wind turbine, gas turbine, fuel celesel

generator and the storage units are battery, ISAC,
TCHS. The architecture of the MG is shown in Figure
i3. The various MG sources and its rating considered
for the MG shown in Figure 2 are two PV system with

computed using equation (55)he fitness function
value at the present iteratioitef +1) and its previous
value (jter) are compared and the best solution



each rated at 15 kW, one wind turbine rated at\80 k
Public AC grid

i
Ice-storage Air
Conditioner
DC Microgrid
AC) DC DC
‘ t
P ——"
Wind - Dﬂ
% power e Electro- .\1'@'0-
plant power chemical Fuel cell turbine fe'c'::;e
. plant storage P‘;W‘T plant v
- plant
T A
i i : i i i
e e gl
Local consumers o S Local consumers
Fig. 2 Architecture of the adapted microgrid
Table 1 Microgrid fuel and maintenance cost data
Cost ($/kw) | PV WT GT FC DG1 | DG2 | DG3 | ISAC | TCHS
cM 0.009 | 0.029 | 0.064 | 0.029 | 0.08 | 0.08 0.09 0.009 | 0.009
6 6 8 3 8 8 ' 8 6
CF 0 0 0.695| 0.206 0.39 10.39 | 0.39 0 0
6 6 6
Table 2 Emissions coefficients of microsour ces
Emission GT FC DG1 DG2 DG3
Coefficient
a (kg/hr) | 152.04 | 102.69 36.29 36.29 42.8
B (kg/hrkw) | 0.0534 | 0.0445  3.057 3.057 4.542
y (kg/hrkw’) | 12.7928| 0.6396 632.604 632.604 645.396

one gas turbine rated at 30 kW, one fuel cell rat&d

kW and three diesel generators with each unit rated

30kW, 30kW, 60kW. The total system generatio
capacity is 240 kW.

200 == Electrical demand

Tharmal damand

150 == Cooling demand

rRTETETETE TR TR TR T T T T T
123 45 6 7 8 910111213141516171819 2021 22 2324
Time {hr)

Demand (kW)

Fig. 3 Variousload profile of microgrid

The CM and CF are presented in Table 1 and
mission coefficients are presented in Table 2.

The MG comprises of one battery storage with 30
kW capacity. The capacity of the Ice-storage air
conditioner is 200 kW. The capacity of the thermo-
chemical heat storage is 100 kW. The multiple
demands of the MG namely electrical, thermal and
cooling are shown in Figure 3.

The purchase and selling cost of central power grid
are presented in Table 3.

The irradiation value and the mean air temperature
value for solar power generation are pre-specjfi&di
as shown in Table 4.
Using the pre-specified values as in Table 4, the

e
n



solar power is predicted using equations (5-14) andal runs. The fuzzy stalking data are presented i
shown in Figure 4. For TCHS the input temperatdire dable

6.

the heat exchanger is obtained from Table 4 and t
output temperature of the heat exchanger is |
percentage of its corresponding input temperature.
The wind velocity for the wind turbine is pre-
specified as shown in TableBhe cutin, rated and cut
out wind velocities are 2.5, 6.5 and 10 m/s re$pslgt
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Fig. 4 Solar power generation

Fig. 6 Convergence characteristic of GW and FSW
algorithmsfor CGS problem

The convergence characteristic of adapted

microgrid corresponding to GW and FSW algorithms
based CGS problem is shown in Figure The
convergence characteristic is drawn by plotting the
minimum fitness value across iteration index.

From Figure 6 it is absorbed that the fitness

=R W s

Wind power (kW)

Time {hr)

78 9 101112131415161718192021222324

Fig. 5Wind power generation

converges smoothly to the optimum value without any
hasty oscillations, thus confirming convergence
reliability of the proposed algorithm moreover FSW
algorithm has much better convergence than GW
algorithm.

The optimal solution of adapted microgrid system
for CGS problem using the proposed FSW algorithm is

Using the pre-specified values as in Table 4, trmmpared with GW algorithm and the results for the
wind power is predicted using equations (1-2) anditial period (t=1) are presented in Table 7. The
shown in Figure 5.

optimal solution for the entire 24 hour interval is

For the consider MG system,,, is chosen as 50. presented in Table 8. From Table 7 it can be iaterr
The pena|ty factork; andk;, are chosen by trial and that the optimal solution lie within the feasibimiks
error. Initially a small value between 10 and 10D w and satisfies the power balance constraints. Tttvasi
be chosen. After the investigation if the constrairPe observed that the proposed algorithm effectively
violated grey wolves have not been effective|?|iminates the inequality limit violations. The S@C
eliminated then, the penalty factor values will béhe battery for a 24 hour interval is shown in Fega.

increased until a converged solution is reacheu mat
constraint violations. Convergence is tested fad 10

Table 3 Grid power exchange cost

Hour 1 2 3 4 5 6 7 8 9 10 11 12
Purchase 1.4 15 1.7 16| 1.7 2 2.15 2.33 255 2.6| 2.7 3
cost 5

($IKW)

Sdling cost | 1.2 1.3 1.4 1.5 1.6 1.9 2.1 2.1 2.11 23A&5 2.9
($IkW)

Hour 13 14 15 16 17 18 19 20 21 2 23 24
Purchase 335 | 3.05| 29|27 [255| 25| 24| 23| 1.6 15145 | 1.4
cost 5 5

($IKW)

Sdlingcost | 3.12 | 3.01| 2.9 2.7 2.4 2 1.85 1.483.45| 14|14 1.3
($IKW)




Table 4 Solar irradiation and mean air temperature

Hour | Irradiation | Mean Air temperature Hour | Irradiation | Mean Air temperature
(W/m?) (°C) (W/m? (°C)
1 0 23.7 13 195 30.3
2 0 23.4 14 20.9 30.4
3 0 23.1 15 25.8 30.1
4 0 22.9 16 28.4 29.5
5 0 22.7 17 22.5 28.6
6 0 22.6 18 21.8 27.3
7 8.5 22.6 19 15.8 26.4
8 12 23.8 20 0 25.9
9 14 25.9 21 0 25.5
10 14 27.7 22 0 25.1
11 15 29.1 23 0 24.7
12 17.1 29.9 24 0 24.1
Table 5 Wind speed data
Hour | Wind Hour | Wind Hour | Wind Hour | Wind
speed(m/s) speed(m/s) speed(m/s) speed(m/s)
1 3.3 7 4 13 5.7 19 4.3
2 3.8 8 2.3 14 8.5 20 3.7
3 4.2 9 5.2 15 8.9 21 4
4 3.3 10 6.7 16 9.3 22 2.4
5 2.4 11 6.8 17 6.5 23 3.7
6 3 12 6.8 18 4.2 24 3.3
Table 6 Data for Fuzzy Stalking
Input2 | Input2 l nglijgeflor Input?2 for
Fuzzy Set Inputl for Gas | for Fud Diesd Output
turbine cdl gen&a;ors generator 3
XSmall 0.00001 to 0.00004| 5to 10 6 to 12 71013 10 to 22| 0.001 to 0.005
Small 0.00003 to 0.006 810 15 910 17 10 to18 20to 35| .0040to0 0.06
Medium | 0.005 to 0.05 12t0 18] 14to2p 15to023 33t043| .04@0 0.08
Large 0.03t0 0.5 16t024| 20to26 21to27 40 to 53 91070.09
XLarge |04tol 22t030| 24t030 25to30 50 to 60 0.1085.1

the time taken by GW algorithm. From Figure 3 and
Moreover from table 8 it is inferred that for theFigure 7 it can be inferred that the battery isatdg of
same optimum the no of iterations and itglelivering power during the peak load demand thereb
corresponding cpu time (computation time) are low f comforting the stress level of the MG.
FSW algorithm than GW algorithm. The computation
time taken by the proposed FSW algorithm is 85 % of



proceeds (hours 12 and 13) it is observed that ISAC
completely satisfies the cooling demand without any
100 aid from the central power grid. In the subseqtent

A [ \ r\ / (hour 14) ISAC partially satisfies the cooling derda

. , \ , \ / \ / thereby facilitating economic and stress free power
g% I \ I V ' systemoperation.
40 ¥
20 ! \‘—! 225
200 j “““ ‘\‘ —Gn_n power (for
] ————— T T T T T — 175 satisfying thermal
12 3 45 6 7 8 9 1011121314151617 1819 202122 23124 — / \ de’“a”‘:J
Time (hr) 5;150 j \ Supply from TCHS
Fig. 7 SOC of the battery during 24 hoursinterval Em [ 3 = power from microgrd
E?S 7/ \‘ =——Thermal demand
e * I~ J r/X =8~ Available thermal
EISD : : : : : : : : I : :‘;I;‘ 4‘ 5 ‘ [ If"ﬂ‘ 9‘10‘11‘12‘13‘14‘15‘16‘17‘18‘19‘20‘21‘22‘23‘24‘
U125 7777777777 | Time (hr)
T ey Fig. 9 Cooling demand and its generation profile
L The combined profile for the electrical demand and
its generation is shown in the Figure 10. From Fégu

10 it can be inferred that for the entire durafjoours

1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16 17 18 19 20 21 22 23 24

Available thermal storage _Gr'\dpnwerﬁr:‘h:mverfrnmmi(mgr\d ——Thermal demand 1 tO 24) the eIeCtrical demand Corresponding tdﬂ eac
hour is satisfied by the combined generation from
Fig. 8 Thermal load and its generation profile microsources, battery energy storage system arciten
The combined profile for the thermal demand an%ower grid.
its generation is shown in the Figure 8. From fgiit It can be observed from Figure 10 that during hours
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Table 7 Optimal solution of CGS problem for thefirst hour

Algorithm FSw GW
PV generation (kW) 0 0
Wind generation (kW) 2.8703 2.8703
P.. (kW) 17.3779 17.3778
P, (kw) 21.8414 21.8415
Pyg (KW) 11.3147 11.3145
Pyg.2 (KW) 18.4016 18.4017
Pyg3 (KW) 16.7375 16.7374
Total Ry, (kW) 46.4538 46.4536
Battery power output(kW) 0 0
Total generation from microgrid (kW) 88.5434 88.343
Grid power for satisfying electrical demand (kW) .£366 21.4568
Electrical demand (kW) 110 110
Rsac (KW) 0 0
Cooling demand (kW) 8 8
PTCHS(kW) 0 8
Thermal demand (kW) 10 10
Total cost ($) 195.6231] 195.6234
Total emission (kg/hr) 202.8429 202.8433

Table 8 Optimal generation schedule

Algorithm Total cost Total emission No. of iterationsfor Computation time
g ($) (kg/hr) conver gence (ms)

FSW 8004.9830 8812.84 40 10.3

GW 8004.9835 8812.87 60 12.1
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Weakening coefficient
No of PV array in Parallel and series

Total local peak sunshine hours

Empirical coefficients

Series Resistance of PV array
Nominal and Standard working
temperature of PV array

Solar radiation density (W/n
Short circuit current and open circuit

voltage of PV array
Maximum current and voltage of the



PV array wolf

Pcus kW equivalent of stored thermal rand(0,1) Uniform distribution based random
energy in TCHS number between the interval 0 to 1

T T Output and Input temperature of theNrand(0,03 ) Gaussian distribution based random
heat exchanger number with zero mean and

C. Specific heat coefficient of heat 0% variance
exchanger coolant |

P,V Density of heat exchanger coolant and
Flow speed (m/s)

A Cross section of heat exchanger tube

Pisac. ac Power taken from the central power

grid during air conditioning mode

Psac.im Power stored in ISAC during ice
melting mode

P max Maximum cooling power generated
by ice chiller

OoC, Operating & maintenance cost df x
generating unit atthour

CPE Cost of purchase electricity &thour

ISE Income of sold electricity af hour

CF Cost of fuel off generating unit

CMm, Maintenance cost df generating unit

C,.,C, purchase and selling cost &hbur

E; Toxic emissions ofYgenerating unit
at {"hour

a.B.y Emission coefficients of'igenerating
unit

P, Power provided by " x system
x0{dg, fc gt wt py TCHS ISAC
at {"hour

P Power provided by battery energy
storage system af hour

Pl elec Power drawn from central power grid
at " hour for satisfying electrical
demand

P(t),, x O{ther,cool,ele¢ thermal,
cooling and electrical demand &t t
hour

soqQ) ,C, State of charge of the battery &t t
hour and Battery capacity in
kWh'’s

Moo Charging & discharging efficiency of

the battery
VPB’ Violation in power balance ofgrey



