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ABSTRACT

The works published by different authors and 1intended for

determining reliability dindices of conventional generation
systems {ntegrated with unconventiocnal ones do not deal with the
impact of interconnecting storage patteries with them . The
methods are developed 1n  these works are modified here and
modified to reflect the 1influence of 1nterconnecting storage
batteries with these systems

1.

This paper deals with the following important topics
Derivation of an hourly operation strategy for the combined

system selected for the study
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2. Modification of the previous methods used 1in providing the
reliabi1ity indices of combined system to include the 1mpact of
storage batteries .
3. Uetermination of the profit resulting from the
interconnectton

A numerical study 1s carried out to discuss the suggested
operation strategy and, to verify the modified analysis, and also
to determine the 1nterconnection profit . The results are
presented 1n the form of tables, figures and mathematical
formulas.

Key—words

Reifability - Profitability - Photovoltaic - Battery Storage
Loss-Of-Load Expectation - Expected Unserved Energy - Fuel saving
—~ Load Carrying Capability - Levelized annual profit - Levelized

reduction 1n energy cost .

1. INTRODUCTICN

The suitable method for reliability and profitability
evaluation o7 electric power aystem Including fluctuating energy
sources and/or storage systems should account for the fluctuating
nature of energy supply and failure and repair characteristics of
each unit [2] . The effect of the fluctuating nature of
phatovaltaic output on system economy and relfability are studied
in (2, 3,121 . Tha fluctuating nature of the storage systempower
( charging and discharging power ) and 1ts effect aon the economic
and reiiability evaiuation are considered in [11] .

This paper studies the effect of interconnectng
photovoltalic and storage system with the conventional ones . The
reliability and profitabiiity of the combined system are
investigated . Charging and discharging modes of the storage
system are dealt with . The charging mode 1s dealt with as a load
and the discharging mode 1s dealt with as a source

An hourly operating strategy, . showing the units - used 1n
feeding the load,. 1s suggested for the generation units,
conventicnal units, photavaoltaic, and storage battery .

The reliabil1ty indices. “Loss-of-Load Expectation (LOLE)"
and "Expected Unserved Energy (EUE)" are determined using *the
mast accurate method (S1ngh and Gonzalez [2]) dealing with the
pattery as a Joad 1n the charging mode and as a source 1n Lhe
discharging one .

The profitab1lity resulting from the interconnection of the
photovoltaic panels and storage battery with a conventional
system 1s estimated by coaomputing 1ts annual value by 1ts energy
and capacity components and subtracting the annual costof PV,
BSC, and converters from this value ,

The schematic diagram of the suggested combined system is
shown {1n Fig.1 . The conventional system consists of base,
medium, and peak units . These units are connected to the grid
and to the starage battery wvi1a a rectifier . PV panels are
connected to the grid through an inverter . The storage battery
is connected to the grid through a converter
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Nomenclature

K
C (n)
L

C {(n)
-3

C {n)
PV

C (n)
Lo

C (n}
M

C tn)
r

Cch(n)

number of hours under study.
lpad demand at hour n,

storage battery output at hour n,

{-ve during charging and +ve during discharging )
PY output at hour n,

modlfied load demand at hour n,

output of medium units at hour n,

output of peak units at hour n,

charging rate of the storage battery at hour n,
output of base units,

rated power of PV panels,

of storage battery .

maximum discharging rate

maximum charging rate of storage battery
initiad

minimum allowable stored

stored energy 1n the storage battery.
energy 1n the battery,
energy 1n the battery,.
state j

units at state

maximum allowable stored
capacity of PV panels at
1.

at state

capazity of overall generation model at state L,
capacity of overaill generation model at state LI,
probability of surviving state ] of PV panels,

capacity of conventional

maximum discharging rate of the battery

total number of conventional units capacity states,
totzl number of photovoltalc panels capacity states,
total number of storage battery capacity states,
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P_ (1) . probabiiity of surviving state 1 of conventional
units,
P 1tm) : probapbility of surviving state m of storage battery.
PEL) : probability of surviving state L of overall model,
PiL1) . probability of surviving state L1 of overall model,
LOLE(n} : loss-of-load expectation at hour n,
EUE(N) : expected unserved energy at hour n,
LOLE : loss-nf-load expectation,
EUE : expected unserved energy,
E : energy value 1in the first year,
v capacity value 1in the first year,
LCC load carrying capabiiity.
CI fixed cost,
c variable cost,
e : real fuel escalation rate,
r
e ;: actual fuel escalation rate,
£-
e inflation rate,
1 : interest rate.
N ¢ life-time,
P : present value of energy value,
F'vc present value of capacity value,
P, present value of varilable cost,
L1 levelized annual energy value,
L2 levelized annual capacity value,
Lr : levelized annual fixed cost,
LV : levelized annual variable cost.
Lp : levelized annual profit,
FOR forced outage rate.
G sotlar radiation 1ntensity 1in mH{cmz,
w solar angle 1n degree.
T 1 solar time,
eL ; penetration level,
BSC : battery storage capacity,and
Fs : first year fuel saving .

2.THE SUGGESTED QPERATION STRATEGY

The suggested operation strategy 1s presented 1n the flow
chart shown 1in Fig.2 and summarized in the following statements !
1 - For a specific hour, n, throughout the day hours, the PV
output 1s computed from the solar power density at that hour,

I1{n), PV panels area, A , and thelr efficiency (1s assumed 1.0
v
be constant J . Moy S follow-
Crv{n) = APV* [{n)y ™ Moy (13

2 — Estimation of load demand, C (n) at the hour n from the daily
load curve L
3 - Assessment of the power output from the base and medium units
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of the conventional generation system, Cnand Cu respectively .

4 - Charging the storage battery firstly from the base and PV
units . If the output of the base and PV units is insufficient to
do this, the medium units are utildized 1n addition to them, for
minimizing the operation period of the medium wunits and dump
load
5 - Powering the load from the base units when ;

CB > CL (n) (2)

6 - The excess power resulting from the abave statement {Cﬂ—
CL(n)] plus the PV output, va(n]. 1s utilized 1in charging the

storage battery , if {1t accepts . The storage battery accepts

this power when the stored energy at the beginning of the

caonsidered hour, E (n - 1), 1s less than the maximum allowable
=

value, E . The rate of the battery charging must be

S M
considered . If the battery 1s fully charged, the rest of power
15 dumped .

7 - Supplying the load from the base units, CB. and PV, va(n).

when
C < C (n) (3)
B L

and, C.+C (n)> C (n) (4)
h: ] PY [

Also, the excess power 1s used in charging the battery .
8 - Pawering the load from base, PV, and medium units 1f :

C + C {(n) < C (n) (51
B PV L
and, C + C (ny+C > C (n) (6}
B PV M - L
then, the autput of the medium units at the hour n is @
C{ny = Ci{n) - C ~-C_ (n} (7}
MM | B PV
9 - Feeding the load from the base , PV, medium, and storage
battery 1f :
E (n-1) » E (8)
= ITHL T
and
C(n) —{C +0C +C (mi< { E (n-1) - E (9)
L B MM PV = - SR A al
10 If: Cim) >C +C +C (n)] + C (n) (1¢)
L B M FV =
and Ec(n-l) > Eﬂmvn (11}
then, the peak units are operated ta feed the load as follows @
€, {n) = C (n) - [c‘l +C_ +C,(m +C (n ] (12)

11 - Feeding the load from the base, PV, medium, and peak units
if

C (n) » C+ C + C (n) (13)

L n M PV

and, Es(n~1) {14)

L o

12 - Repeating al)l the previous steps far every hour under study.
13 - Determine the stored energy at the end of the last haur m,
Eztk) and compare it with the in1tia?! stored energy. E .

T

a -If E_(k) < E_ (15)

then, modify the discharging rate of the battery of the last

hour, m, achieving :
E (k) = E (18)
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The aoperatiaon strategy from the hour m to k 15 also madified .
b -1f Ea(kl > Es; (17
then, decrease the charging rate of the battery of the last
chargting hour, nl, for achlieving eq.l16 .The operation strategy
from the hour nl to k s also modified according to the modified
charging rate .

3.0EDUCTION OF THE RELIABILITY INDICES

The main contribution presented 1in this paper 1s the 1nsertion of
o storage system 1nto the combined system ( PY / conventional
generation system ) and deducing the veliability indices . The
storage system has two operation modes :

a — Charging mode, during which the storage system 1s dealt with
as a load . The charging rate of the storage system is added to
the hourly load demand to determine the modified load demand .

b - O1scharging mode, during which the storage battery 1is
considered as a source . The discharging rate of the storaye
battery 1s modified hourly and the resulting rate is combined

with the hourly conventional and PV generation modeis to get the
hourly overall generation model ., This model 1s combined with
that of the 1load demand for deducing the most significant
retiab114ty 1ndices, Loss-0f-Load Expectation (LOLE) and Expected
Unserved Energy (EUE} .Fig.3 demonstrates the method praposed 1n
deducing the reliab11ity indices and the procedure is summarized
as follows

1 - Execution of the hourly operation gstrategy presented 1in
section 2

2 - Preparation of the generation models ( capacity and
probab1l1ty models ) of +the conventional generattion, PV, and
ztorage systems . th

3 - The battery power at the n—— hour 1is Ca{n), has two states

a - C!(n) < 0.0 (18)
The modified load demand, CLH(n],in this case 1s

CLM(n) = CL(n) - Cs(n) {19)
The capacity and probability models are

Crvtn)

C{L) = C.(1) + T - G, (2Q3

P{L) = Pc(1] 'va;(J) (21)
Wwhere 1 = 1,2, . IMand j = 1.,2. . M

Then, the hourly Loss-0f-Load €Expectation and the Expected
Unserved Energy are [2] :

LM
LOLE(n) = E P{L) (22)
L=12
and
LM
EUE(n) = é [ CLH(n) - C{L)y 1 .P(L) (23)
L=1

where LM = [M * JM
{except the states durtng which C(L) > CL“(n])
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b - c,(n) > 0.0 (24)
This means that the storage battery 1s In the discharging mode

and is considered as a source . So, the capacity and probability
models of the system are

CPv(n) C (n)
=
c{L1) = Ccti} T . Crv1(JJ r— c , tm (251
PVR dre
and
P(LY} = Pc{1) 'van(J) . P51(MJ (26}
where 1 = 1,2, , IM, 1 =1,2, yJM and m = 1,2, . MM

The hourly Loss-0f-Load Expectation , LOLE(n) and Expected
Unserved Energy, EUE(N) are :

LML
LOLE(n) = E P(L1) (27)
and Li=1
LM
1 - —
EUE(Nn) = é { CLM(n} C{L1Y ] .P(LL) (28)
Li=1

where LM1 = M = JM * MM

{ except the states during of which C(L1) » CL(n))

The overall reldiability tndices are given by :

®
LOLE = F LOLE(nm) (29)
and n=1
1
EUE = F EUE(m) {30)

ne 1
The fluctuating nature of PY and storage systems, and the
fatlure and repair characteristics of the P¥Y panels are
considered in the above analysis . The failure and repair
characteristics of the battery are taken only during the
discharging mode .

4, PROFIT GF THE COMBINED SYSTEM

Performance evaluation 15 A1mportant . However business
decisions are made in terms of the profit which equals the value
minus the cost . These {wo components must be calculated to
determine a technology profit [3] .

4.1. VYalue of Resource

Utilities assess conventional generation technologles 1In
terms of their energy and capacity values . Here, the
unconventional units are dealt with like the conventional ones .

4.1.1. Energy Value

The energy value, EV 1s the cost of providing the last kWh

of energy by an alternative source . The energy value varies with
the load . At peak load it 1s higher than that at low 1load. So,
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1t 1s incrementally calculated .
4.1.2, Capacity Vaiug

The capacity value, V_, Is the value of the  added

=

reliabi1lity that the new source provides to the generation system
. The capacity value 1s calculated by the following two steps : a
- The uti1lity generation system reliability 1s evaluated without
the new sopurce . This 1s used to determine the dollar value of an
increment of perfectly rellable capaclity, called the shortage
value .

b - Calculation of the load carrying capabi1l1ity, LCC which 1is the
amount of constant load increase that returns the system to the
previous reliability leve) before the addition of the new source,
Lo

v = LCC . shortage value (31)

4.2. Cost

The total cost of any system consists of two parts
a - Fi1xed cost, Cr' which 1is the cost of 1{nstallation,

instruments, and land .
b - Variable cost, C , which 1s the cost of fuel , maintenance .
'

salaries, and all other variable cost 1tems .

4.3, Profit {4, 12]

conomic comparison of different systems that can be used 1n
powering a certain load 1s performed either by evaluating the
present value or by determining the annual cost of them . The
variation 1n the annual cost due to escalation makes the
compartson more difficult ,especially when the starting dates and
the expected life-times of these systems are different . The
levelized annuai cost overcomes this difficulty .When dealing
with 1tems dependent upon the fuel cost . the fuel escalation
rate, e , should be taken 1nto consideration . The present value

of the energy, Pve. can be determined as follows

P =E . (1l+e ) . ( (32)

we W

[ (1+e ) (1+131"7 -1
= ]

The relation between the actual fuel escalation, real fuel
escaiation, and inflation rates 1s :
(l+e ) = (1+e ) . (1+eL] (33)
L= 3 r

So, the levelized annual energy value, Ll, is =
L, =P [ Dz ] (34)

The present value of the capacity vaiue, P 1s :

]
WG

(35)

rlired / (141 17-1
P =V .(1+ e ) .| ]
1

Ve c L e — 1 ]

L

S0, the leveliZed annual capacity and fixed cost values are given
respectively as
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L, =P [ SELLE AR ] (36)

and (1+1) -1
L, =c, [ SERLELAS U ] (37)

(1+1}y -1

Present value of the variable cost, Pv. and the levelized annual
var fable cost are given by :

[(1+e ) / (1+4) 17 - 1
P =c .(1+e).[ : ] (38)
v w N (=] - 1
and v
tal
L =P [ Q) ] (39)
M ¥ (t+1)" - 1

If there are many components having different expected
11fe-times, both of the levelized annual fixed and variable costs
are, individually, calculated for each component . The sum of
thaese different Jlevelized annual costs gives the overall
levelized annual cost . The plant levelized annual profit, Lp. is

{41
L =L +1L -E L+ L ) (40)
F T v

5. NUMERICAL APPLICATIONM

For demonstrating the reliability and profitability obtained
from combinding PV and battery with the ccnventilonal systems, the
following system 1s studied . The data of the conventional units,
PV panels. and battery are

k1nd Number Capacity Type FOR Q&M cost
of units {Mw) (%) (& /MWh)
Base 10 175 hydro 1.0 4.0
Medium 3 315 thermal({steam) 5.0 441,39
Peak 30 20 gas — fired 6.0 149,43
Stand-by 1 315 thermal{steam) 5.0 44 .39
2_-_PY panels [7]
Rating / panel = 25 MuW.
Installation cost = 3.3 /W .
P
Cperating and maintenance cost = 0.5 $fup,
3_c-_Storage Battery
Rating / oank = 20 MiWh,
Minimum discharge duration = Z hrs,
Max{imum charge rate = 10 MW,
Maximum discharge rate = 10 MW,
Minimum stored energy = 6 wh,
Life-time = 2000 cycles,
Efficiency = 70 %.and
Forced outage rate =6 %
4_-_Lonverter
Installation cost = 282 F/kW,
Life-time = 10 Years, and
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5 - Load Demand [9]

Maximum load = 3120 MW,

Annual consumed energy 21.243% 10 MWh, and
Load factor 0.777
6 - Solar Radiation Profile

The =alar insolation 1s assumed fo: a clear as 2 half sine
wave [10] with a maximum of 70 wmW/em , 1.e. G = 70 sin w
mW fom
The daily solar radiation 1s shown in Fig.6
7 - Economic factors [7,11]

Interest rate, 9 = 18 %,
Inflation rate, e = 16 %,

Real fuel escalation rate, e = 6 %, and
Shortage value = 75 $/kW-Year

In this application, the operation strategies, loss-of-load
expectation, expected unserved energy, fuel saving, load carrying
capability, and levelized annual profit are {nvestigated for
different
a - Penetration levels of photovoltalc panels, rated power of the
PV panels divided by the maximum load , and
b - Storage battery capacities

5.1. Operation Strategies

The operation strateglies of the combined system studied 1in
this application are derived for
a - PL of PY = 0.0 % and ASC = 0.0 {conventional wunpits only,
reference case )

b - PL of PV = 3,6 % and BSC
units }

¢ - PL of PV = 0.0 % and BSC
conventional units }

d - PL of PY = 9.8 % and BSC
PY and battery storage )

For these cases the hourly output of the : base, medium, and
paak units of the conventional system, and the photovoltaic
panels are derived . Also, the output or 1nput power of the
battery , and the power dumped are developed . The power of the
battery is positive 1in the discharging mode but negative 1in the
charging mode .The power required for the battery during the
charging mode 1s added to the daily load curve resulting 1in the
modified one . Table 1 presents the hourly output of the base,
medfum, and peak units of the coanventional system, PV panels,
battery storage, and dump load . The hourly output of each unit
of the combined system 1s shown 1n Fig.4 for the four cases .

0.0 (PV with the conventional

800 MWh (battery storage with

A00 MWh ( conventional units with

5.7, Logs-0f-Load Expectation and Expected Unserved Energy

Loss-of-1oad expectation and expected unserved energy of the
combined system studied 1n thi1s application due to different
penetration levels of PV and battery storage capacities are shown
in Fig.7 . The resulted LOLE and EUE can be represented ==
furnctions of battery storage capacity as follows
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LOLE{n) = A1 + Bi -{BsC) + Ct. {BsC) (41)
EUE{n) = A, + Bz .{BSC) + Cz. {BSC) (42)

=

with correlation factors CF1 and CFz, respectively . The

parameters of equations 40 and 41 are l1sted 1n Table 2 far
different penetration levels . Also, LOLE and EUE <can be
represented as functiaons of PL as follows :

LOGLE(n) = A3 . EXP( —Aaa PL) 43

EUE{n) = A . EXP({ -A .PL) (44)
& 4 4

with correlation factaors CF, and CF‘ ,respectively .These

parameters are tabulated in Table 3 for different battery storage
capacities .

The A1mprovem=nt achieved 1in the LOLE and EUE due to
different penetration levels of PV and battery storage capacities
are revealed In Fig.8 .

5.3 - Fuel Saving , lLoad Carrying Capability and levelized Profit

The fuel saving , first year energy value , 1s the
difference af the total system production cost after and before
adding PV and storage battery to the convemtional generation
systems . F1g.9 shows the fuel saving due to different
penetration levels of PV and different storage capacities . The
fuel saving aobtained can be modelled as functions of penetration
leve} and storage capacity as revealed below

FS(BSC) = A_ + B, .(BSC) - C_ . (BSC)” (45)
FS(PL) = A_ +B_ .(PL) - C_ . (PL)® (46)
Aa . Ba . C5 A Bﬁ and Cc for different penetration levels

and battery capacities are listed 1in table 4 . Fig.10 shows the
load carrying capability considering EUE as a reliability 1ndex
and can be represented by the fallawing relations

.

LCC(BSC) A, + B, . (BSC) - C? .(8sC)® (473

v

LCC(PL)

z
A, + B, . (PL} - Ca -(PL} (48)
The parameters of the above two relations are l11isted 1n table &5 ,
Fig 11 shows the Jlevelized annual profit and the resulted
levelized reduction in energy unit (kWh) cost 15 revealed 1n

Fig.12 . The levelized annual profit can be represented by the
fallowing models

LP{BSC}

n

A, +B, . (BSC) -/ .{BsCy® (49)

=

LP(PL)

=
o Bio . (PLY - Clo L(PL) {50)

A ,B ,C , A , B and Cio are listed 1n table 6

(= =] o 13 iD
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fav.ie L.a The dally operatlion sltraktegy at:
Pl = 0.0 % aml RSC = 0.0 HWh
{base case)
DAY - LOAD pv BASE HEDIUH PEAK BATTERY| OUMP
TIHE DEHAND| QUTPUT| QUTPUT QUTPUT | OQUTPUT |CUTPUT LOAD
{HOURS) | (HW) LHW ) {HW ) fHW) {MW) {MW) (MW)
1 2160 0.0 1750 410.00 000.0 |000.00 000.0
2 2040 0.0 1750 290.00 000.0 |000.00 000.0
] 1800 D.o 1750 050,00 0p0.0 {o000.00 000.0
4 1740 0.0 1750 000.00 000.0 |000D.00 010.0
5 1680 0.0 1750 00Q,qaq ooo.0 jood.o0 070.0
6 1860 0.0 1750 110.00 000.0 |000.00 000.0
7 2040 0.0 1750 290.00 0Co0.0 |000.00 000.0
:] 2160 0.0 1750 410.00 000.0 [ 000.00 000.0
9 2280 0.0 1750 530.00 poD.0 | 000.00 000.0
10 2400 g.0 1750 650.00 000.0 [000.00 000.0
11 2520 0.0 1750 770.00 0o00.0 {000.00 000.0
1z 2760 0.0 1750 945.00 065.0 (000.00 000.0
13 2820 0.0 1750 945,00 125.0 | 000.00 000.0
14 2880 0.0 1750 945.00 185.0 [000.00 000.0
15 3000 0.0 1750 345.00 305.0 J000.00 000.0
15 3120 0.0 1750 945,00 425.0 |000.00 000.0
17 3060 0.0 1750 945.00 365.0 |000.00 000.0
18 3000 0.0 1750 945.00 jos.0 (000.00 000.0
19 2BB0 0.0 1750 945,00 185.0 |000.00 Qo0.0
20 2820 8.0 17%0 245.00 125.0 |000.00 000.0
21 2520 0.0 1750 770.00 000.0 |000.00 000.0
22 2280 0.3 1750 530.00 000.0 [(000.0Q0 0ao.g
23 2220 0.0 1750 470.00 000.0 000.00 00n.0
24 2160 0.0 1750 410.00 000.0 000.00 l 000.0
L. 4
Tabled.b : The daily operation strategy at
PL = 9.6 % AND BSC = 0.0 H¥h
oAY- LOAD { pv BASE HEDIUH PEAK BATTERY| DUMP
TIHE DEHAND| QOUTPUT| OUTPUT| OUTPUT |OQUTPUT |OUTPUT LOAD
(HOURS (MW {H®) {HW} (H®) M) {HW) {HW)
N R —
1 2160 1 000.00] 175G 410,00 |000.00 |(000.G0 |0CO.00
2 20490 |000.00] 1750 290.00 ]000.00 |(0QO0,00 (000.00
3 18460 (000,00] 1750 050.00 |000.00 |000.00 }0DO0.GO
4 1740 [000.00( 1750 000.00 {000.00 {Q0Q.00 |010.00
5 1636 |(000.00| 1750 000.00 (000.00 [0CO0.00 |070.00
& 1860 {000.00]| 1750 110.00 |000,00 |000.00 |G00.00
7 2040 | 054.40] 1750 235.60 |000.00 |000.00 |00Q0.0C
8 2160 |105.00( 1750 305.00 |0Q0.0Q |C0Q.00 (000.00
9 2280 [148.50] 1750 381.50 |000.00 |000.00 J000.00
10 2400 |181.8R| 1750 468.14 |000.00 |000.00 |000.00
11 2520 (202.80| 1750 567.20 |000.00 |0QOOQ.00 |000C.00
12 2760 | 210.Q00f 1750 800.00 (000.00 }000.00 [000.00
13 2820 [202.80| 1750 A€7.20 (000.00 |Q00.00 |0Q0O0.00
14 2880 |181.88] 1750 945,00 |003.14 (000.00 [000.00
15 3000 ;148.50| 1750 945.00 )156.50 [{000.00 |000.00D
1ls 3120 1105.00) 1750 945,00 |320.00 000,00 |0Q00.00
17 3060 |054.40| 1750 445.00 (310.60 |000.00 (00Q.00
18 3000 |000.G607 1750 945.00 [2105.00 |(00D.00 |[0Q00.0O0
19 2880 |000,00| 1750 345.00 (185.0D0 [C00.00 |000.00
20 2820 (000,00} 1750 3945.00 }125.00 [0D0.00 |000.00
21 2520 [ 000.00¢ 21750 770.00 |(000.00 (0QQ0.QO0 |@Q0.00
22 ‘ 2280 (000.CO] 1750 S30.00 |000.00 |(090.00 |DCGO.0C
23 2220 |060.00| 1750 470.00 |000.00 }000.00 |000.00
24 L_ELGG A00.00) 1750 410.00 |oQD.00 |000.00 |000.0D
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Table i.c The daily operation strategy at
PL = .0 % and BSC = ann MWh
DAY - LOAD PV BASE HMEDIUM PEAK BATTZIRY| DUHP
TIME DEMAND| OUTPUT| OUTPUT| OUTPUT |OUTPUT | QUTPUT LOAD
(HOURS )| (MW} (HW) (MW} {(HW) {HW} {MW)
1 2160 |RCO.0D| 1750 672.90 000,00 ~262.90] 000.00
2 2040 000.00 1750 290.00 000.00 000,00 000.00
3 1800 000,00 1750 os50.00 000,00 000.00 000.00
L] 1740 | 000.0G| 1750 000.u0D 000.00(-010.00| 0Q0.00
5 1689 |000.00| 1750 000.00 goo0.c0|-070.00| 00b.0D
6 1860 {000.00{ 1750 110.00 000.001 000.00] Q00.0D
7 2049 (000,30 1750 290.00 000.00) 000.00| 000.00Q
8 2160 j000.00| 1750 410.00 000.00| 000.00| 000.00
9 2280 [000.00]| 1750 530.00 000.00| 000.00( 000.00
10 2400 | 000.00f 1750 650.00 000.00| Oo0.oo|l 000.00
11 2520 |Q0Q0.00| 1750 770.00 000.00| 000.g0| 000Q.0C
12 2760 |000,00| 1750 345.00 000.00| 065.00| 000.00
13 282¢ [000.g0) 1750 145.00 000.001 125.00) 000.00
14 2880 | 000.00| 1750 945.00 000.00| 185.08| 000.00
15 3000 | 000.00) 1750 545,00 120.00| 185.00| 000.00
16 3120 (000.900| 1750 a45.00 425.00) 000.00| 000.00
17 3060 |600.0¢G] 1750 945.00 365.00| 200.00| 000.00
18 3000 |[00G.00| 1750 345,00 3g5.00( 000.00{ 000.0O0
19 2880 (00D.00] 1750 945,00 185.00 000.00 000.00
20 2820 |(000.00| 1750 945,00 125.00) 000.001 0900.00
21 2520 |000.00| 1750 945.00 000.900!-175.00( 0090.00
22 2280 | 000.00| 1750 812.14 000.00| -282.14| 000.00
23 2220 |000.00| 1750 470.00 000.00| 000.00| 000.00
24 2160 | 000.00 1750 410.00 000.00 000.00f 000.00
Table 1l.d : The dally operstion straktegy at
PL. = 9.6 % and BSC = BOO MWh
DAY - LOAD PY | BASE | MEDIUH | PEAK | BATTERY| DUMP
TIME DEMAMO| ouTRUT| oOUTPUT| OUTPUT |QUTPUT (OQUTPUT LOMD
{ HOURS) {MW) (HW} [MW) {HMW) (1w} (MW} (M¥)
1 Z160 | 000.04] 1750 672.90 000.00| -262.90{0600.00
1 2040 1000.00 1750 290.00 000.00 00C.00]000.00
3 1800 [000.0C] 1750 050.00 000.%0| 000,00|000.00
L] 1740 J000.00Q] 1750 000.00 000.00| -010.00|000.00
5 1680 Jo0o00.08] 1750 000.00 000.00(-070.00({000.00
B 1860 000.00 1750 110.00 000.00 N00.00{000.00
7 2040 Ch4.40 1750 215.60 00o0.00 QQQ.,.00|000.00
i} 2160 105.00 1750 Jos.Q0 000.00 0Q0.00|200.00
9 2280 148.50 1750 lgl.50 0oQ. 00 0oo.00|000.00
10 2400 | 1B1l.86B| 1750 468.14 000.00| 000.00|000.00
11 2520 |202.80( 1750 567.20 goo.0gl o000.0Q{00C.00
12 2760 | 210.00] 1750 R00.900 D00.00[ 00OO0.GO|(000.00
13 2820 202.80 1750 867.20 aaon.o6g 7400.00)000.90
14 2880 181.86 1750 345.00 000.00 002,14/ 000.00
15 3goo 148,50 1750 945.00 000.00 156,50)9000.00
16 3120 l105.0Q0f 1750 945,00 000.00, 320.00/000.00
17 3060 | 054.40] 1750 945.00 230.24| 0e20.36|000.00
18 3000 |oo0.aoQ| 1750 945,00 305.00/ 000.00(000.00
19 2BBD 000.00 1750 945.00 165.00 go0.00| 009,00
20 2820 |000.00] 1750 945,00 125.00| QO0O0.0O|0O0.00
21 2520 00o0.00 1750 945,00 000.00| -1%5.00/'000.00
22 2280 000.00 1750 B12.14 goo.Qo)l -282.14|0C0.00
23 2220 |0p00,00| 1750 470.00 000.00( 000 .00(000.00
24 2160 000.00 1750 110.00 000400r a0 .00 CNG, 00
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Table 4.0 The parameters A, . B Cr and CF far different

“y o~ v o
battitery storage capacities
BSC A [ C CF !
{MWh) - g & -
Q00400 01.07701 5.30139 0.0391965 0.5832
04Q00.Q Q9.79318 5.357217 0.0390853 0.9985%
0800.0 17.461580 5.48602 Q.04pa54] 0.9985
1200.0 27.47140 5.24013 0.0369677 0.9983 !
2000.0 48.33560 4.68184 0.0320653 0.9985 |
3000.0 64.88140 3.52278 0.01423599 a.99e/2
Tabie 5.a The parameters A , B, C? . and CF_ for different
penetration levels .
P.C. % R B | C_ | CF
T 00.0 ~-008.6873% 0.0538171 [1.13006 E-CA 0.6a01
09.6 Q070.93530 0.0948303 1.69571 E-05 0.9848
19.2 113.94400 0.1343830 |2.79686 E-05; 0.9981
28.8 145.,00600 0.14691687 [23.21008 E-05 0.9898
4B. 0o 162.17600 0.1342930 |2.03120 E-0OB 0.9968
52.8 173.20200 0.131259¢ | 2.79702 E-OSf 0.9826
57.8 184.50100 0.1211890 | 2.48559 e—05‘ 0.9788
Table 5.p The parameters A, B, + C, . and CF_ for different
batttery storacz capacities |
BSC A B [ CF 1
(MWn) a [¢] [*] #
0000, 0 008 .,92252 07.04281 0.0691593 0.8999
0400.0 014.1:210 0B .5S0258 G.,092774 0.99¢1
0800.0 026.93010 11.10270 0.1258662 0.9989
1200.0 067.44000 11.60360 0.132136 0.9977
2000.0 105.55200 | 09.83791 Q.1098272 00,9959
3000.0 138.934C0 : 07.83069 0.082911 0.9991
Takle 6.a The parameters Ap . Bo . C'7 and CF ., for different
penetration levels
P.C. % A C cF {
N S ° ] A
0G.0 —3. 705588 §.0100360 3. 72873 E-0B] ©.30ET
09.6 115.5780 0.0841399 | 3.18695 £-05| 0.9991 |
19.2 i74.6310 Q.0748068 4,45790 E-0Q51 0.9985
z08.8 194.,8810 0.0941148 6.12663 E-0G, 0.9992
a8.0 092.,7183 0.0663039 3.97766 E-05| 0.9994
52.8 015.,0427 0.0701792 4.11850 E-05; 0.9975 !
57.5 -026.8592 0.0419919 3.44520 E-05;: 0.9993
Table 6.b The paramgters A, B . C , and CF for different
10 10 10 1or
batttery staorage v-apacities .

’ PB'IS?E} f Al(} 910 10 [ CF!.O '
{ . I B
0000.0 0B. 72645 ‘ iZd. 7472 G.26128%9 GI-FEL ~
0400.0 Q7.76157 14.8037 0.2694348 0.9999 i

l 0800.0 02.76222 16.4907 0.289221 | 0.99856
12090.0 i 16.06050 15.0925 r 0.271902 C.3976 |

| 2000.0 | 42.08610 11.1843 0.271902 c.gg7g |

] A000.0 | 18.92500 : D0.5133 [ Q.067351 3.9677 i
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Table 2.5 The parameters 4 B8 , C and CF for differant
o v < W
batilery storage capacities
| BSC i A ] - Q T F
| oy i ; ! - f ~ j
000070 | ©L.G7701 530139 0.0381865 | ©.3832
0400.0 08.79315 | 5.35717 ©.0390953 [ C.9985
0800.0 17.46190 | 5.49607 0.0404541 i 0.9985
i 1200.0 27.47140 ! 5.24013 | 0.0369677 | 0.9983 J
2000.0 48.39560 4.,6a184 0.0320653 : 0.9985 |
3000.0 64.80140 3.52278 0.0142999 ; .9982 |
Table 5.,a The parameters A, B_ , Cj . and CF? for different
penet-.tion levels
P.L. % A B C. r CF
7 7 N | rd
00.0 -00G.68739 | ©.0538171 |1.13006 £-06, 0.2801
03.6 £70.93530 0.0946303 |1,69571 E-OS‘ 0.9848
19.2 113.94400 0.1343680 |2.79686 E-0S5; 0.9981
25.8 145.00600 0.1469167 |3.21008 E-05| 0.9898
43.0 162.17600 | 0.1342930 {2.83120 E-05: 0.9968
52.8 173.20200 | 0.1313590 {2.79702 €-0%1 0.9326
57.6 184.,50100 0.1731890 |2.48559 e—OSI 0.9758
Table S.b The parameters Aa . 8B , Cs , and CFs for difrerent
batttery storage capacities
{  BSC A B o cF
1 {(Mwh) 8 e a o
TVOUO. 0 006.52252 07.04261 0.069132 0.999%
0400.C 014.11210 08.50258 0.092774 0.9991
0800.0 026.23010 11.10270 0.1258662 0.92989
1200,0 067.44000 11.60360 0.132136 | 0.9977
2000.0 105.55200 09.83791 0.109822 | 0.9959
3000.0 138.93400 | 07.83069 0.082911 : 0.9991
L — l
Tabte 6.2 The param=sters A , 8 , Co and CF for different
pd o o
penetration levels
FlL. % - B i < | CF, :
00.0 -0.7059a8 5. 5106360 " IT2287I ES08] 075985 " |
09.6 115.5780 0.0841399 3.18695 E~-05] 0.9964 \
19.2 174.6310 0.0748068 4,45790 E-OS! 0.9995
26.0 194.9810 | 0.0941148 6.12663 E~0G  0.99g92 |
48.0 092.7183 | 0©.0665039 | 3.97766 E-os( 0.9994 ll
52.8 015.0427 | 0.0701792 4.11850 £-05; 0.9975
t__57.5 -026.8592 0.0419919 3.44520 E-05} 0.9993 i
Table 6.0 The parameters A . 8 f , and CF far different
101 162 10 163
batttery storage capacibies
i BSC H A ! 3] ¢ [ ZF
[ (MWh) ' 10 _ 1 o | e |
6000.0 | 08.72645 | 14.1474 G.2612R4 [ 0.999%3
£400.0 § 07.76157 | 14,9037 0.269423 ! 0.9599
| 0800.0 | 02.76222 | 16.4907 . 0.289Z¢l | 0.9986
\ 1200.0 [ 16.06050 | 15.0925 ' Q.271802 | 0.9975
| 2000.0 | 42.08610 . 11.1B42 . 0.271202Z ¢ 0.9873
| n | F9500 1 4l i 0,357 7

3600,

148,

an0.51317

LAOGTAS!
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CONCILLUSTONS
Thnis paper 1ntroduces approaches for determining tFe
reliabi1ity indices , levelized anpnual profit and Jevelized

reduction 1n energy unit cost of the conventional generaticn
system integrated with PV / BS one ., The degree of improvement
in LOLE and EUE , 1levelized annual profit , and Jlevelized
reduction 1n kWh price of the combined system are dependent
essentially upon

a- proposed operation strategy ,

bh- conventional generation system ,

c—- penetration level of PV and 4ts 1nstallation site ,

d- hattery storage capacity and 1ts operation characteristics and
e- supplied load curve

Therefore , 1t 1s 1mpossible to represent the improvement in LOLE
and EUE , levelized annual profit and levelized reduction 1n kWh
price 1n universal manners . The numerfcal application presented
in this paper investigates and analysis the improvement {in LOLE
and EUE , levelized annual profit and levelized reductdion in kwWh
price for different penetration Jlevels and battery storage
capacities .
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