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ADSTRACT - In one of familiar and imporiant past work in shaving the peak and leveling
the load using Photovoltaic system/Battery storage (PV/BS) aggregation, the authors assumed
their sizes as hypothetical numbers [1]. Moreover, a significant question of how the modified
daily conventional generation curve be allected by dilferent PVY-penetration levels hadn't
been answered. On other hand, 1his work hadn't investigated or analyzed the influence of
P¥/0B5 hardware prices and the PV-penetration level on the annual savings on using combustion
turbines instead of the above aggregation.

So. our paper introduces a proposed solution algorithm to answer these questions
provided with a complete numerical application [or egyptian metleorclogical condilions. Operarting
the PV/BS combinauon with the utility grid has been optimized subject to a ser of several
and economic constraints. Three design concepts are thought of and suggested differed prin-
cipally in the source of charging the barttery either [rom PV and forutility grid.

Entire quanutative analysis of the composile impacts of the economic parameters
and penetration level ol PY¥Y-array operaling at its maximum power point has been performed
and discussed. The best choice of the design conceprt to be applied and the adequate penetration
level depends on the value of Lhe levelized annual savings (LAS) on using Lhe above apygregation
instead of conventional generation units. It may have a value up to 406.317 &/k W-year.
This algorithm can, therefore, be considered as an elfective tool in instituting accurately
the modified daily conventional generation profile of twelve representauve days of the year
months. Moreover. it enables the designer lo determine the applicable range of PY-penetration
levels and economic parameters resulting in largest savings.
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1 .INTRODUCTION

With the rapid increase in fuel price and its sensitivity to political conditions, in-
creasing interest and attention have been emphasized on the development ol electric supply
utilizing renewable energy sources. Photovoliaic generation represents one such potential
long-range conversion system particularly for sunny countries like Egypri2).

One approach to evaluating combined Photovoliaic / Bartery storage (PY/BS) piant
would be Lo recognize the unique leature of PY and battery elements and operale them as
part of a total utility system. In this way, both can be dispatched in the most efficient and
econamic way as dictated by established utility operatmg principles. Higher cost cycling
and peaking units are started as the load increases and are throttled back or shut down as
the load increases and are throttled back or shut down as the load decreases. The incremental
cost of generation during the peak period of the day can be sigmficantly higher than that
during the minimum load peried. lt is olten possible to justily the storage of energy Irom
the minimum load period for dispatch during the peak, referred to as "peak shaving". Thus,
mgre base-type generation can be used effectively in place of peaking combustion turbine
which consume scarce premnium fuels (1L

The incremental cost of PV plants will be essentially zero, since there is no fuel
cost and only a small variable Q&M cost. Because the PV piants will have the lowest incremen-
tal cost of any generation on the urtility system, power will be delivered from these plants
fo the power grid whenever it 15 available and to the maximum extent possible [1].

Throughout this past work in shaving the peak and leveling the Ipad using P¥/BS
aggregarion, the authors assumed their sizes as hypothetical numbers. Moreover, a significant
question of how the modilied datly conventional generation curve be affected by different
PY¥-penelration levels, hadn't been answered. On other hand, it hadn't investigated or analyzed
the influence of PY / BS hardware prices and the P¥-penetration levels on the annual savings
on using combustion turbines instead of the above aggregation.

50, our paper Introduces a proposed selution algorithm to answer these guestions
provided with a complete numerical application [or egyption metcorological conditions. Opera-
ung the PY / DBS combination with the ulility grid has been optinnzed subject to a set uf
several technical and economic constraints. Using actual and continuous twelve solar radiation
proliles for a calendar year. Three PV and BS design concepts are soggesied and applied
for diflerent PV-penetration ievels and PV-hardware and {uel prices. A comparative economic
study has, thus, been perlormed and analyzed to dilferentiate hetween the cases of either
using the combustion turbines or Whe Y f NS rowdbinetion under severa! evonoinic and V-
penetration levels. The leveiized annual savings (LAS) in %/ kW-year is the index upon which
this comparison depends. So. this work ecnables the designer to determine the applicable
range ol PY-pepetration level and the economnic parameters resulting (n largest savings.

GLOSSARY OF SYMDOLS

oy : Photovoltaic

SCA 1 Solar cells

BS : Battery storage

mod. 1 Modole

mp : Maximum output voltage ar certain solar radiation inlensity, ¥
jmp r Maximum output current at certain solar radiation inlensity, A
'Z,_,_ 1 Selar cell array clficiency , pa

1b : Battery storage effliciency , p.u.

1{0 : Power conditioner elficiency , p.u.



Mansoura

3

u

TFC

TLCC

Engineering Journal {MEJ) WOL. 13, NO. 1, June 1988 E. 2

: Reculier efficiency , pan

: Factor of safty s Pelds

1 Variability factor A TR

: Depth of discharge {or battery storage, p.u.

: Month order {For January k=1, ... Tor Decewnber k=12)
: Days of the kth month.

: Day number (For January n=17, ... For December n=364)

: PV¥-penerration level. , %

: Daily maximum conventional generation power , MW.
BY-maximum instantaneous power produced on the solar array basic module ter-
minals, % fmod.

Highest ralue of the PY-rmaximwin cutput power [/ module /fday (n) of a cerrtain
month {k) , W/inod.
PY-maxumum cutput energy / mod./ day of the monih considered, Wh

PY-maxunu output energy / moed-/ month, kWwh,
PV-maximum output energy throughout the year,kWh / year.

Surplus daily P¥-cutput energy attainable on installing the largest solar array
size, kivh / day.

Battery storagc capacity nccessitaled to accomedate the dailly surplus energy
for the month considered, kWh.

Largest battery storage capacity of the twelve ones required throughout the
year , kWh.

tbattery storagt outbul enerey of BC,, througnout tie jear, kv

Daily input energy to charge battery storage from utihity, k= h.
Monthly input energy to charge battery storage from vulity, kW h.
Yearly input energy to charge battery storage [rom urtlity, kWh.
Solar array size for the apemdly considered, L.

Largest sviar array size of the rwelve ones obrained throughout the year months,
mod.
: Smallest solar array size of the tweive ones obitained throughout the year months,
mod.
: Solar array sizc required to charge battery storage for the month considered,
mad.
Largest size of the twelve SBk ones obtained throughoul the year nionths, mod.

Presentworth ol solar cell array price s SIS W

Present worth of batiery storage price 1 5/ kWh

Present worth ol power conditioner price  : $/ W

Present worth of engineering, installation and preoject management Costs, )

Present worth of annual operational & maintenance costs of PV/BS combination,$
1 Present worth of baticry storage replacement costs, §

Present worth of jand area cost , §

Fer unit salvage value af replaced battery storage

Present worth of totwal first custs of combined PVAYS system (717U €, 10
+ - - 3 +i

BCy, <, TL M c (.!J, bt

Total hife-time cost ol combined PY/B5% system , %
Lile-ume of convenugnal and P¥/AS systems , Years
The number of component {BS) replacement over T years.
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d : The cost ol moncy inlerest rate {discount ratc), p.u.
f : The inflation rate Ior {uel price, p.u.

1

12 : The inflation rate for equipment replacements, p-u.
PWF : Present worth factor, p.u,

APC : Annual costs ol the PY/BS combinration, $/year.

Crg Cost of fuel used for gas turbines, $/kWh.

g Cost of fuel used for steam twrbines, 3/kWh.

AFC . Annual cost ol [uel on using conventional system, $/year

ADC t Annual cost of O & M on using conventional system, $/year

D : Present worth of conventional displaced units installation costs, $

ACC : Annual cost of conventional displaced units installation and operation costs ,

S/year.

ASC ¢ Annual saving cost {ASC = annual cost ol conventional displaced units minus
. ' 1he annual cost of conventional integraled with PY/BS system.

LAS : Levelized annuat savings , $/kW-year

LAS, : Zero Levelized Annual Savings, $/kW-year
LAS,, i Largest Levelized Annual Savings , $/kW-year.

2. STATEMENT OF PRODLEM

With a remarkable peak and load variations ol a daily generation curve, it is con-
veniently economic to perform a peak shaving and a load leveling. In conventional power
stauon the peak is met by working combustion turbines which have higher incremental cost
in comparable with base generating units [31

PY-array and battery storage have attractive advantages 1o replace these turbines
since they have zero incremental costs in addition to other benelits [3]. Cne of the past
and familiar work; fixed PV array and battery sizes used [or this purpose with their periods
ol operation are chosen and not estimalted.

However, if these sizes have been required to be economic with the corresponding
appropriate operation times; it is necessary 10 solve the problem as accurate as possible
taking into consideration all the imposed technical and practical constraints.

3, SOLUTION ALGORITHM

An accurate method is suggested to solve the imposed problem [or the sile
under consideration. The computation steps can be summarized as {ollows :

l- For a continuous solar radialion prolile ol a representative day of each month of the
calendar year; the PV-maximum instantanecus power produced on the solar array basic
module terminals (MPvi} i5 measured for a solar radiation level each six minutes. The

daily P¥-maximum output power curve can then be drawn [or each month [2}.

2- A rational penetration level is selected as a percentage of the peak of the daily con-
ventional generation curve [4]. So, the monthly solar array size expressed in a number
of its module can be given by :

TL, "MP_* TS,
Sk = mod. v (1
M P, ¥ "ZP* V.F

~here Mka is the highest value of PY-maxiinuin output power per module of certain month
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which 15 [ound according to the respective solar radiation Jevel. The P¥ maximuin
output energy per day of the month under consideration (k) is thus computed by :

3

E = E * S o« |07 kwh / day .. (2

¥n vkn k

3- Till this point, there arc three design concepts shown schematically in Fig.l, while the
{low chart of the proposed solution algorithm is displayed in Fig.2. Thus :

31 With the {irst design concept,], the largest number of solar array modules (5,,} out
of the twelve figures estimated for the year months has been installed. The battery
storage, in this case, is to be charged from the attainable surplus energy and urility.
So, the P¥-array output energy throughout the year {Ev[) is given by :

— *
Ev[ = Ek-] Evk Sk kwh / year N M
where, :
-3
Evk = Evkn * Nk L] kWh / mod. / month ... (3-2)

Since the largest size of PY solar array (SM) is installed, this results in a daily surplus

energy oblained monthly, Eskn’ where:

Yy« B % 107

E :(SM-S vk kWh / day ce ()

k

O! course, there is ne surplus energy if 5k = SM

skn

The capacity of the battery accommodating this energy (Bcskn)' differs monthly where:

BCon * Eum kWh e (9

The largest capacity of the twelve ones reguired throughwout the year 1s, thus, found and
may be denoted as BC“. With this concepr it is assumed that this baitery has been charged
to its full capacity by the aid ol the utility, that is to say, BCM is completely and permanent!y

charged throughout the year where its yearly outputs can be given by :

E, = BC, * "Zb + DOD * 365 kWh / year (3]

b M

On other hand, their daily, monthly and yearly input energy for charging supplied by the
utility will be estimated respectively as follows :

Egn = BCy - BC, ) f'ZR kwh / day e 7D

Ege = By * N KWh / month co. 72
12

E, - Ek~| E i kWh / year cee (723

1,2 In the design concept, Il, the minimum number of modules (S ) is only installed and
the battery storage would totally be charged from the utility to Mlve the same capacity
on applying the other concepis. This size is chosen out of the twelve ones of the year months.
Thus, the yearly PY cnergy ol these modules can be computed from :
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AN

}_—L—?— E * 5 kWh / year w.- (B)

Eaq k=1 vk m

The daily and annual Input energy to charge the BC
deduced as follows :

M battery by the utility can, then, be

Ep = PCy / T R kWh /day ce. (9-1)

m
1

ar © Egn * 263 kWh / year .. (9-2)

3.3 Applying the 1ihird concept, lll, the minimum number of modules has been installed
but the bartery siorage is to be charged [rom an additional PV-modules (sBk , e,

there is a changeable monthly array size for charging the battery where :

BCM * F.S.
SBk = 3 modules A ) ]

E\kn * ¥.F.* 10

QOut of lhese twelve sizes, the maximum one is determined, (5 ) which will be installed
resulting in surplus energy throughout the year given by :

Esl[I = Ek:[ (SBM - SBk) * Evk kWh / year N U0

This PV surplus energy is superimposed on that of the original array to levelize the generation
curve, where the global PV-energy for this purpose is given by :

EvIII = Ev]I . EsllI kWh / year L. {(012)

The problem is thus solved for the following conditions :

a- Site; daily conventional generation curve, sclar radiation profile with its coefficients
and subjected reliability level.

b- Recent types of modules and batteries with their specifications.

c- Alernative fuel, solar array modules and battery storage prices reflecling the present
and future conditions.

4- An economic study is made t0 determine the most eccncmic conditions of operating
PV/BS aggregation in the utility context. The ditferentiation depends on the ditlerence
between the annual costs of convenuional generation displaced units (ACC), and the
annual costs of the P¥/D3 combinatien (APc). The first one is calculated applying the
following mathematical relations [#] :

l l+il T |

= e JE . 3
PWF d-l']“ (1+d)] (13)
AFC = E % C, + E * c:Ig - E, * Gy, 5/ year LY
ACC = AFC +« AU+ IDC/PWF) 5/ year cee U3
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Symboles Insalation
IN  : Inverter.
R 1 Rectifier.
5.G. : Switch-Gear. PV (Sy) DC N 2, Ul
U.L : Utility Interface. 5.G. .
B.B. : Inlinite Bus-Bar.
DC
5.G.
\ AC Bq nC
‘M s.c."'“ ™ s.G.
Utility '
Fig. l-a Design Cancept I
Insolation
¥
DC AC
IN
( ) ™1 s.c. s.G. [ Uk
AC . BC DC
~ S.G. "" M 5.G.
Utility
Fig- 1-b Design Concept 1l
Insolation
4 ¥
BC AC
PY {Syp’ PV (s ) ~ <G IN S C. UL
DC DC
5.G. BCy 1 5.G.

Fig. 1-¢ Design Concept il

Fig. 1 Schematic Diagram of the proposed design conceprs.

B.B.

B.B.

B.B.
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Compuie:
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®riter
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Write: L "The use of PY/US s
not economic.”
2. LAs, CIE' C

.ca,cb.&cp.

s

i

Ho
] TL'=TL'&,§TL‘
2 3 4 I &

Fig. 2 Flow chart of the proposed solticn algocithm .
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where

AFC & ADC are the annual cost of Tuel and M & Q of conventicnal displaced units,
DC is the conventional displaced unit installation cost (5) .
E,&E, = Ev[ s Eu[ on applying Design concepr 1

= EonBar o e u g .18

E , 0 ” n n 1" l'l

vill

The annual cost of PY/BS aggregation used for load leveling and peak shaving purposes
respectively, are estimared by the aid of the following equations [5] :

APC = TLCC/ PWF. §fyear ,.. (U7
where TLCC = TFC + ¢ + ¢, + va + LAC 5 cew (184D)
TFC = S, » ¢, « BCy * ¢ + TL " MP_* <p 4 {18-2)
< = 017 * TFC S . .- (18-3)
¢, = 001*(S *c +Bcy *c )¥PWFL $ {18-4)
* SR e $ {18-5)
- * - i PR -
va _BCM < {1-5v¥) - l+d)l+l
&
Sa = SM on applying Design concept |
= Sm v " " " i o (19)
n 11 1] " ]ll
= 5m+ SBM
so the dilference ASC is estimaled by :
ASC = ACC - APC § [ year <o {20)

and the levelized annual saving costs (LAS} is obtained by dividing the annual saving costs
by the PY-penetration level (KW} (2]
4. NUMERICAL APPLICATIOW

The use of PY/BS aggregation for joad leveling and peak shaving is economic when
LAS has a positive value which is governed by several factors and conditions like : amount
of peak shaving and depth of load leveling, [uel, solar array modules, battery storage and
power conditioner prices, site parameters, economic [actors : discount and inflatlon rate
and the applied design concept.

The numerical application of this algorithm demonstrates the influence of these factors
and its gradation with a specilic penetration level. The rnost economic sotution with this
preselected level has been characterized by having highest figure of savings (LAS) on injecting

the PY and BS outpuls into Lhe utility grid in the place ol that of the conventicnal generation
units.

Additionally, the problem has been solved for other penetration levels and thus the results
can be summarized leading 1o the best and appropriate level with the corresponding solar
array size and batrery storage capacity with their periods of operation.
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4.1 Input Data :
The elements constituting these data are concerned with :
a) Daily solar intensity profile for El-Mansoura site, Egypt.
b) Average daily conventional generation prolile.
c) Solar cells module : type and characleristics.
d) Barttery storage being used.
e) Design coelficients.
[} Economic coeficients and parameters,

Dusplayed in the Appendix are representative daily solar radiation intensity patterns of
summer and winter seasons recorded actually al the Direct Conversion O Solar Energy
Laboratory in our Department. The change of maximum power and respective current of
the PV¥-module against the solar radiation intensity are plotted in the Appendix is the average
daily conventionai generation curve depicted in the Appendix. Hypothetically taken [or
the purpose of performing the task of load leveling and peak shaving.

Other technical and economical details will be mentioned in the Appendix.

4-2 Results and Argument .

4.2.1 Application of Solution Algorithm

Thts item exhibits the SCA and batiery storage sizes installed on applying the proposed
sclution algorithm. These sizes obtained with the [ollowed design concepts are tabulated
in Tables 1 & 2+Although one can conclude that concept [l is the best one, it is indispensable
to perform a compiete economic study taking into account the fuel and PY-hardware prices.
This concept, as will be shown n the next items, is the most economic one only if the
near future prices of the PV¥-componenis and low fuel prices can be achieved. So, the [ull
analysis and discussion of these economic results are stated in the [ollowing items.

Table 1. Application of Solution Algorithm and Installed SCA & BS sizes for
Diflerent Design Concepts and Prescribed PV-penetration level (TLV=5%)-

esign Concept I 11 11
S, arcay 7373 5646 9942
BC, MWh 750 750 750
E,» MWh/year 221050 221050 221050
E,» MWh/year 835286 741600 919210
E,» MWh/year 174060 304167 0
L

* Array consists of 1000 basic modules stated in the Appendix
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Table 2. Application ol Solution Algorithm and SCA & BS sizes
for Investigated Design Concepts and Diflerent Prescribed

PY-penetration lavel.

Installed 5  size, array B C, MW¥h
*47‘_} i [ m
i 1474.6 10292 1988.4 150
5 7373 b1 9942 730
10 [LYLTS 11292 L9884 1500
{ 20 259492 22584 19768 3000

Table 3. Actual PV-penetration levels on Applying the Proposed Design

Concepts with a Prescribed PY-penetration level of 5%

I Te mloa 1 PO B B A | S 0 N | D

fmonth

Concept [ | 3 5 3 3 5 b1 b1 5 3 5 5 5
| Concept 1] 08| 383] w79 | 5 |50 | w52 weu| wes| .59 e.09] sos| 397 |
Concept 6,26 | 397 | 6.02 | 6.69 5.97 | 6.11| 628 6.27] 5.65] we3| .31 397 |

Fig . 3-a exhibits the modified seasonal average daily conventiona! generation
curves on applying the suggested design concepts. 1t is evident that the pecak shaving and
lvad leveling differ according to the PV-ourput and its period. The modified generation
curve reveals that the amount of utility energy required in summar season to charge-partially
the battery in concept ! is less than that needed in the winter. Fig-3.b shows to what extent
the original generation pattern will be modified and becomes more smcother on enhancing
the prescribed penetration level from 5 10 20% «

On other hand, Table 3 explains the actual P¥-penerration levels with the proposed concepts.
H 15 noticeable that a constant level wiil be obtained monthly on applying cencept I. However,
with the other concepts, the PV-penetration level changes monthly due to the installation
of an array having a size differs [rom the minimum one .

4.2.2 Impact Of Econemic Parameters On Levelized Annual Savings :

Fig-4 reveals a linear behaviour of the levelized annual savings versus the solar
celis array price with fuel costs as a parameter of 0.084¢ & 0.132 $/kWh for gas turbines
and 0.0376 & 0.092% $/kWh for steam ones [8]. Consiant PV¥-penetration level of 5% (200
MW ) is assumed for this case, Moreover. the baltery and power conditioner prices are
takEn 1o have 50 S$/kWh & 0.5 5/W respectively (101111 The positive savings means real
amount of moncy te be gained on using PVearray and battery storage instead of conventional
generation units. However, the negative region .ndicares that the usc of such system is
not economic with the corresponding sclar cell price.

The effect of design concepts is also quantitatively determined and the most economic
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one for the price under consideration is then illustrated. Thus, the price of the celies deter-
mines the best design concept applied to have a sensible saving.

The slope and consequently the amount of savings, appreciably depends on the fuel prices
of both types. Four prices of gas and steam turbine fuels are taken for investigation, and
the results are shown in Figs. 4.1, 4.2, 4.3 & 4.4,

The intersections of such lines with the c_-axis assign the cells prices at which no saving
lhas been cbtained on using PY-array and baﬂery for our goals. It is expected to have different
cells prices or points of intersection depending on the design concept applied. These items
are summarized in Table-4 which incorporares also conditiens of having largest annual
savings.

Table.4. The call prices [or zero LAS and the largest value of LAS
at ¢, = 50 $/kWh, cp = 0.5 /W and different {uel prices

fuel price, Cgg = 00376 Cpgp = 0-0928
$/kWh — — — -
Sy = 0084 Craz - 0132 <q) - 0084 €1 0132
Lonc ) It ) I ( I | It 1l I 1l ih
ltemn
LAS,at ¢
o Ty a | 066 |0.696 | 0.599 | 0.825| pout| 0720 | L9t | Lws | Lise| 1356 L3eo| 1.276
P
'C'Ajjy} :S!a\f, 96.707| 81404 [108.170 [140.918 125.615| 152.381] 239.184]173.485]309.017| 283.394| 217.69¢] 353.224)
a P

From Table (#), zero levelized annual savings LAS, can be achieved tor any of the appiied
design concepts but at different SCA prices. The pearesl SCA price to Lhe present one
is detertnined and underlined. Design concept Il yields this price, in niost cases studied,
depending on the fuel prices. On other hand, with SCA price ol 0.3 wap,rhe application

of the design concept NI results in the largest annual savings {LI\SM) compared with others.

The value of these savings would also be underlined acnievau lor Ca:U.J wap with other concepts.

On other hand, Fig.J depicts the same behaviours but with the battery (15 & 50
$/kWh} and power conditioner (0.02 & 0.5 $/w) costs as parameters. Least fuel costs are
assumed to be [ixed for their types. As can seen in this Figure, linear relationships are
also atrained as in Fig.#. Their slopes and accordingly points of intersection with Cj-axis
dilfer dependent on the design concept followed.

Table {5} rtabulates the cell prices necessitated to have zero and largest levelized
annual savings for several conditions.

Similar conclusions to those ol Table &) can be drawn out nf Table (5} but
with the battery and power conditioner prices as a parameter.

For a constant penetration level of 5%. « mathematical model has been developed
to express the levelized annual savings in $/kW-year as a [uncrion of the PV-hardware
and fuel prices. It5 excellent validity sterus from its high accuracy since the error does

not exceed than + 0.1%. Lis coefficients differ only according to the design concept as
given below :

Following Concept |
LAS =-268.3 ¢ -0.402 ¢ ~77.3 o * 8l ¢

: s+921.l ch+Gl.5

¢
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Fig.5 VYariatien of the levelized annual savings with the price of the solar cells for
various values of battery and power conditioner prices, (c[gzu.oan ' C{S:D.0376 S/kWh)
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Concepl |1
LAS“ = - 205.45 S 0402 p 77.3 cp + 1668.1 i * 921.1 cfg + 617
Concept [l
LASm = - 36L.78 <, - 0.402 Cy - 77.3 Cp + 3638.5 Cps 921.1 cl'g +6l.)
Table-5 The cell prices for zero LAS and the largest value of LAS at cfg = 0.084,
Ciq = 0.0376 and different battery storage and power conditioner prices,
PCoprice 5/W €1 = 0.02 €2 0.5
| B Sprice $/kWh Cpy = 13 Cpa = 70 oy = 12 Cpz = 30
D concept | I I 1 1 1l 1 | 1 0 I -
Items

LAS, at caoi 0.851 | 0.945| 0.74)| 0.799 0.8377| 0.702 | 0.713| 0.763| 0.638] 0.660 D.696| 0.599
W
MW

L;‘\SM = at 167.903(132.599) 159.365 133,828 | 1 18.5253| 145.290 |1 10.782|92.472 [122.245/96.707|81.404| 108.171

C, = 0.3 bf"wp

4.2.3 Composite Effect of Economic Parameters & PV-penetrationlevel on Annual Savings

Wilh different penetration levels, the levelized annual savings ure computed taking
the [uel, bartery and power conditioner prices as paramelers. Two Inain groups of curves
are obtained. In the first one, (Figs.6 & 7}, lhe fuel prices are the parameters, while in the
second group, (Figs.8 & 9), they are the battery and power conditioner prices. Figs.6 & 7
depict these behawiours against the penetration level. Slight variation ol savings is naticeable
despite ol considerable increase in PY-penetration level. They wvary according to the design
concepr.

With low fuel prices and 1.0 $/W_ for solar cells array, PV/BS system is more expen-
sive than the ease of using the convenflonal units as shown in Figs. 6.1 & 6.2. On other
hand, increasing the fuel costs as demonstrated in Figs. 63 & 6.4 makes the PV/BS aggregation
more economic and preferable to be used for peak shaving and load leveling. In general,
the amount of savings depends on the design concept applied and the fuel, battery and power
conditioner prices. Fig.7 reveals the same curves but with low PV hardware prices (0.1 §/W,
15 §/kwh & 0,02 $/W for3CA, battery and power conditioner respectively), They demonstrat
sensible annual savings which would be higher on increasing the fuel prices. Figs. 8 & 9 depict
the required composite effect with ihe hardware prices as a parameter. As shown in Fig.
8, there are no savings with low fuel prices and €, = 1.0 wap although the battery and

power conditioner prices would be varied. However, with higher prices of fuel while that
of SCA of 0.3 Sfl'p {12], there will be renarkable annual savings up to #OO.317 5/kW-year

as displayed in Fig.10. Also, as can seen in previous [igures (Figs. 6 & 7), the same behaviour
would be demonstrated in the present ones, thai is, the attainable savings have slightly been
reduced on increasing the level of penetration. :

wYr
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Fig. 7-3 (clg =0.084, C  =0.0928 S/kWh)

Fig. 7 Effect of the percentage penetration ley
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A general model s thus deduced expressing and giving directly LAS for any PVY-
penetration level in addition 1o any PYPS-components and fuel prices.

Again the mode!l coefficients depends oniy on the applied design concept resulting

Concept |

LAS, = - 268.3 ¢, - 0.402 ¢, - 77.3 Cp * BBLL £p » 9211 ¢+ 1331 TEV - 36.25 TL,
+ £2.018

Concept It

LAS, = - ;:1:; Sy 7 0402 ¢ - 77.3 ¢+ 66R.1 v 920 Crg * 33.03va - 51418 TL
+ .

Concept 1U[

LAS, = - 360178 ¢_ - 0402 ¢ -77.3c_» 3638.5c. + 9211 c,_ « 33.8 Tt - 52.0 TL  + 63.53]
il a b p s v v

f fg

5. CONCLUSION

The outcome of this paper, concerning the issue of optimizing the operation of
PY/RS aggregation with the utility grid 1o shaving the peak and leveling the load, can be
stated in the foliowing way :

I- Ap accurate solunion aigorithm has been proposed and applied using actual and continuous
twelve solar radiation proliles for a calendar year. The corresponding daily PY maximusn
output power curves can then be drawn which have been used rhroughout the design
process.

2- Three PY and BS design concepts are suggested and applied for different PY-penetration
levels and PY-hardware and fuel prices.

3- A comparative economuc study has, thus, been performed and analyzed to differentiate
between the cases ol ecither using the combustion rturbines or the PY/BS combination
under several economic and PY-penelration levels. The levelized annual savings {LAS)
in $/kW-year is the index upon which this comparison depends. The analysis of these
resuits leads to the foliowing conclusions :

3.1 The LAS has a lnear behaviour versus the SCA price with the fuel costs (¢, = 0.084-
0.132 & ¢ = 0.0376 - 0.0523 $/kWh} as a parameter taking a constant PY-penetration

level, Their slopes and consequently the amount of savings appreciably depends on the
fuel costs. The SCA-prices at which no savings have been obtained are deduced as can
been seen in Table {4) which incorporates also the largest amnual savings {ar c,=0.3

SIW ).

3.2 Fig.5 depicts the same behaviour but with the prices of the batiers (15-50 5/kWh) and
the power conditioner (0.02-0.5 SJ’WP) as a paramerer and Table (3) tabulates the cell
prices neccessitated 1o have zero and largest LAS (D.999-0.851 S!WP & 0.3 s;wp to have
LASM = §1.904-15%9.365 $/kW-year respectively).
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3.3 Figs. 6,7,8 & 9 display the composite eflect of the hardware prices of PV sysiem

Y-

(1]

(2]

(31

{4]

{5

(6]

(7]

(e]

(9]

[1o0]

(i1}

and that of the fue| with the PV-penetration level on LAS. The increase of the fuel

costs (cr = 0,132, s = 0.092% instead ol clrg = 0.084 & g = 8.037¢ 5/%xWh) makes

the PV/BS aggregation more economic compared with the combustion turbines as
displayed in Figs. 6.3&6.4. The amount of LAS depends on the design concept applied
and the [uel, battery and power conditioner cosis for a certain 5CA prices. With ¢
= 1.0 SIWP and low fuel prices (Cfg = 0.084% & Ceq = 0.0376 $/kWh), the PV/BS systerd

is expensivethan the case of using the convenuonal units. However, with hopeful SCA
price of 0.3 S!Wp, I5 $/kWh for the battery and 0.02 $/W for the power conditicner,

sensible annual savings have been attained (161.259 5/kW-year at this low prices of
fuel) which would be higher on increasing the fuel cosis.

(LAS-PY-penetration level) behaviour demonstrates thai a slight variation of savings
s rerdarkable despite of considerable increase in PV-penelration level. 1t varies also
according to the design conceprt.
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APPENDIX

1. P¥-Array, Battery & Power Conditioner Specifications

Price | Array type Price |Battery type FPrice | Power condiuoner Lype
Siw SMcwh $/w
P B

1.5 Single crystal Silicen 50 Lead Acid 0.5 Pulse-Width Modulalion .
cell

1.0 Flat-plate module ol 35 Lead Acid 0.35 | Pulse-Width Modulation.
crystalline silicon,

0.3 Amorphous thun {ilm. 15 Zinc Chioringy 0.2 dc/dc converter lor power

control
0.2 A- 51 Monolithic 0.02 | Pulse-Widih Modulation.

2. Design and Economic Factors

Factor ‘L T I, 1’ m
al ™ p| R |poD|v.F |Fs |4 0ot |(Jears)

Per Unit| 0.18] 0.85%| 0.959 0.95|0.95%| 0.85%| 1.2% [0.12°| 0.19 [0.08®| 202 2
3. Photovoltaic Array, Bartery and Power Conditioner Prices

ltem c, .5/ wp Cpr $/ kWh CP, 51w

Price 0.8, 0.5%, o), 15| 1s®, 35, 50 | e.02', 0.2f ) 0.35%, 0.5t
4. Gas and Steam Fue!l Prices

ltem C[g s 5 fkWh Cl‘s » 51 KWh

Price 0.084%, 0.096C, 0.108%, 0.132° 0.0376%, 0.0576%, 0.0736°, 0.0928°
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3. Conventional Generation Unit Costs

ltem

ch,s.fkw DCS,kaWh

LAOCS, $ [ kwh-year

AOCS, S / kWh-year

Price

b b

320 625

—

lh.#b

7.2b

a : Ref. [6}]
j tRel.[12].r:

Solar redeslaw wigndery, m¥jom®

Jokar radapiiem oty m¥om®

,b:Refl.[7] , c:Ref. [8] ,

m[ o0
"% r:
:[ ©
"r L n

-
=

b 28 M s W W M
Iy { mErem! |

d: Rel. [9] ,
Rel. [13] + h:Rel [14) ,i: Ref. [15]

b B B BT L )

"I' [mdifom® |

e : Rel.[10O] ,

f:Ref. [1L]
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