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ABRSTRACT
This paper presents an optimization technique to formulate the problem of
optimum hybrid combivation of renewable and econventicnal power systems. The
linear ng technique is used to sclve this preblem. This technique
offers the possibility to analyze the sensitivity of the optimal solution
to changes in the input data without resolving the problem for each new
value, This property is utilized to perform a sensitivity analysis to the
possible changes in the different cost coefficients on the participation of
sach system to meet the load demand.

The economical limitations of wide spread use of renewable energy sources

instead of (ixzed locad schedule,
® The capacity of storage system.

developing countries are poor in conventional fossil-fusl
i fuel with their meager foreign exchange
reserves. There appear to be only two technically feasible solutions Co
a commitment to large central nuclear pover
4 power transmission and distribution network. The other i5 a
decentralized system of sclor and wind equipments installed to supply the
remote energy is based on a number of
factors related to lack of public acceptance because of perceived risk of
accidents, leng-term wastes, and fuel-cycle relsticnships to wWeapons
proliferation, Also, the costs of nuclear waste disposal and clesn up coats
of a muclear sccident have historieally not been fully included in the
economic evaluations.

Limits on the use of renewable energy sources during the remsinder of this
century will not likely be technical or operational but rather economiec [1].
The importance of assessing the economic benefits cobtained from renswable
energy oScurces, when they are operated conventional fossil and

]
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E

as well as the marginal impact of the solar thermal power system (STP2) as
a renowable energy source on the utility system reliability and operating
cost, The oconomic limitstion was formulated by evaluating the annual
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expected Muel cost saving due to the operstion of the 5TPS as & fusl saver,
The use nfs'mnmmnmmnnrm discounsed 1in Hef.[4]. A
combined wind, solar and conventional alsotrle powar generation
with snerpgy storege facilities hag been [ntrb&lhd in Ref.(5].

The major Issue which prevents the wide spresad use of renewnble eoergy
scurces (RES) is not the lack of adequate technology but the high cost aof
the geoersted clectricity compared with that purchased Crom the utility. In
Ref. [4], the optimm dealgn of stand alone STPS with reliapility
constraint has besn developed. The major oost effoctive parameter {n  that
dyntem i3 the cost of storage facility for achioving the requirsd lavel of
reliobility to meot the isolated demand. In Ref.[3], it was found thaot the
opertting cost and relisbility may be {mproved when these STFS are used an
poak shevisg units. Now, what &f the ubtility systes {8 marginally
introduced into the ronewable energy Systom ond what are the sconomic
limitstions For this option?.

In this paper, the economics of oconnecting the utillity soystem to n
renciable omrgy sYstem (3 btrested &5 on optimization problem. Tho
eoonomical limdtations of wide spread use of renswsble energy sourcas are
srmalyzed by =wmlusting the cost of emit prodused against the priclng
policy of energy o & purchssing from the ty, ths energy use stretegy
with ocomsidsration of shiftabla load achedule irstead ol fixed loao
schedule, the capacity of storage system, and the roted power of the tle-
1ina. The papar presents on optimizstion Lechnigque to formulate the problem
ﬂwmaﬁidmﬂmdmm,Mdeqm
with storags Linear mﬂqmuuﬂ ¥e
problem. A sensitivity anmalyais is developed to dotermine the effecta of
the posaible changes in the load demand as well as the cost coefficientz an
the participation of ¢ach aystem to meet the load demmnd.

N U —

An optimization model to the hybrid solar, and vind with assoclatsd sterage
ana conventiccal power system (Tiz line) will be split Into an objective
ooat Tunction ond imposasd constraints. Fig. | shown the femsible esworgy
system. The prodssses of charging and dischuriing of the storage system as
well as anergy buying or selling to the utility should be represented In
the optimizstion model in order to obtain on cptimm energy use strategy.
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Fig. | Feasible energy system.
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Tre_system constraints:
The hybrid system is subjected to several constrzints. Tne main imposed
constraints can be developed a3 follows:

The power balance constraints:

At any hour, there is a power balance between the input powar (STFS, WES
discharging of the storzge system, and poser purchased from the uzmwi
and the output power (cherging of the storage system, the power selling lo
the utility, and the lood demand). This constraint is given by:

AP, ?m' A+ WPy % 7% N+ 72(CH - DCH) )

v T (UBy-USy) = By — N

Where,
APy 8 the avollable insolation in the season L during the hour i, Kw/m .
?net : the net efficiency of the STPS.

A i the decision variable representing the collector area, rn?

14 r}ti};u;tﬂgmd‘mmmaw (WG) in Lhe season 1 at the
ri, .

the efficlancy of the of tie-line.
N : a decision variable representing the number of wind generatorsa.
the efficiency of the storage systeam.

mn t a geclsion variasble representing the power to the storage system
(charging capacity) at the hour i in the season 1, kw. -

3 a declsion variable representing the pover from the storage system
Dﬂ‘lu ~ (discharging cspacity) at the hour i in the season 1,kw.

IIBu t 8 decision wvarisble representing the utility power output at the
hour 1 in the season 1 (purchased power), K.

¢ a decision varisble representing the power input to the utility at
et the hour i in the season 1 (selling pover), lv.

Eu 1 the eleotric load demand at thne hour i in the season 1, Kw.

The rated power

The capital cost per unit cepacity tends to go down as the capacity
increases [6]. This phencmena restricts the designer or the planer. So the
optimization modol must include the maximum and the minimum permissible
power rating, Also the coat vector of the objective [unction should be
changed to include the new cost values. The rated power of the STPS (PST )
should be greater than or equal to the maximum output of the STPS at  aly
hour, this constraint is glven by:

i
at A

PIL.2 AL P B -— {2)
APrax 2 APy — )
PST ¢ PST - ()

r pi=3 4
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Where,
AP e the maximum available insolation value during the year, Kw/ma
PST ., ! the maximum permissible rated power of the STPS, Kw.

The ratedpouerqrtheuindsystem (MG ) should be greater than or equal
to the maximum output of the wind generabsrs. This constraint is given by:

Mr 2 Fﬁmx * N - (5)
Pﬂmx 2 P'du -—= (D)
; mr' $ PGy e ()
Where,
mm : the maximum permissible rated power of the WES, Kw.

The rated capacity of the tie line (CTL) should be greater than or egual to
the maximum power of buying or selling) energy at any hour. This constraint

is given by:
CiLyy 3 By — (8
CTlyy 3 Wy -— 9}
oLy ¢ O, — (1)

Where CTL is the maximum permissible capacity of the tie line, Kw.

The energy constraints:

In designing a hybrid combination of rencwable energy system with enargy
storage and energy interchange facilities with the utility through the tie-
line, the energy balance constraints must be satisfied all over the year,
The energy balance insures a continuity of feeding the load demand along
the year. This balarce is satisfied by determining a suitable size for the
storage system. This size allows to displace the energy from the periods of
excess energy to that of energy deficiency. The initial and final stored
energy lavels should be the same. This guaranbees the repeatability of the
optimum schedule. This constraint is given by:

I K

= OH, o * T
i=) & 1'-11 k=1

Dﬂ'{m' t'].k === {11)

Where tygs by are the charging and discharging periods, Hours.

The stored energy cannot cxceed the capacity of the storage system ('AB}.
This constiraint js given by:

1
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Charging (Cischnarging {from) storage device 18 llsited by
the ““;M?u This comstraint is glwen
[
ml.'l. t]:['E B — L1
DCH, ty;2 6 e [ )

of the 5TPS conaists of tha collsctor eost, Uhe poer
wi the ssergy conversion cost. The collector cost (L) is given by;

E,sC*a == [ 1T}

€t the cost of the sollector BA°
E 1 the sollsctor ared,

The oot of the direct powe conversios aystom I:'h Elven by:
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d.:m4m+milm=t '!I'SI.. — (18]

i Ehe cost of inatalling tha power conversion system, §/EN.
e lthlnﬂ-tﬂluhuiuth!mﬂmmwu_m
l

oM

A wind turbine used for electric production contalns meny componests, AL
the top of the towWer of 8 horizontal-axis turbine are the rotor, gear box,
genarator, hqdplal:.i, -ﬂmnﬂmm.mmn—,;
protection, At the fool of the tower are Ihe
tranaformers ; i:d:td-: fgear, protective relays, necéssary isstrusentations,
and oontrols, ilﬂntrlmtimummmlﬂﬂmhﬂuuﬁutr
grid. Land, an acocess road, =and construction are also reguired to hawe a
weriing syotem, The mlitll oot of all thess itoms must be carefully
examined in the atudy. The coat of wind generator {2 consisting of;

l= Wind generstor copital ocost (WGC), &6,

mem:immmmt (OH) &7,

3= Cost of the pooess road and distribubion line conpects the wind turbtine
to tha utility (TLC), §/KW.

wingd plant cest (WPC) may be given by
WG & tm::.ﬂmlmp = WPG_WPWE — [15]

i
i1

Whers O L3 the distance of the access rosd and/or the distribution line, Em,

The cost of the enerpy storags systen
The cost of instelling the energy storage system n‘.a:u iz given by;

C, = WE - (0]
Where, Bﬁ

q‘:mﬂlwm. W,
W8 1 the capacity of the enargy storsge sysiem, Kwh.

T oost of the emergy interchange with the ubility

The RS -rtﬂnmﬂmt-md‘th;rurmm reqiring ukilitles e
purchass back sny ovallable excess energy from their generatlion cubput st
fair mariet prices by implementing rother rapidly varying energy puu-dm-
and selling mmmumj.rn-m produstion oosts,
time-verying rstes hove been refered to es spot prices and are rll.‘-hlr
pommonly used [T1.

The cost of the mergy purchased from the utllity may be glven bys
I

et it b 2L =
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e,
L the oot of ihe energy purcnased fros the obility during “he
mtu.m

Thé cost of the energy selling to the Lle llne may be given byt

1
U =« i:::lg’_'mul t.u — T

hirimre

L1 i tw ooat of the enargy salling to the utility during the intarvsm]
Kyqr 0N,

“.ﬂﬁltlﬂﬂllﬂlﬂtlﬂld’ﬂl!#!‘q‘ﬂlﬂlmﬁﬂﬂmwt
H:ﬂ‘lhﬂﬁ'm-r'll‘t‘m-cﬁiﬂ.-t.w — (2T

fimos toth the aystem construints snd Ehe cbjective coat fmetion ar=
linemr, then, the Linesr programisg lechaique can be wsed O salve Ine

vity smalysis is
(optimal) tabless of the lipear programming (LP) solution, ond ‘hum  is
bation of any souroe in the hybrid systen
the

systan (ooat Musction),
aide of the congtraisis),
avallatility of the original acurce [solar insclation, wWind power,

Lime, Cechmology, alts, and
performance, 30 Semaitivity snalysis in the R.M.3, constraista and ln the

chargpes In the L.H.3. and the chjective cost funchion will affect the
acmtribution of the hybrid system to the load demand.

The mthesatics]l (ormulsticn can be rewritien ln & dondlee Tom with 5
aystem of linesr equationms:
n
Minimize F = = L] 2B e
= Gt ey,
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Subject to
1%‘ oy M0 oS = by, L p—
Where,
LI the cost ococefficlent.
lu ¢t the linear coefficient.
@Gy t o decision varlable representing the hydrid generstion i.

t
EJ : a slack variable,

: the binding coefficient.
H i the number of decision variables.
M : the number of cquations.
The linear programming problem may be represented in melrix notation as
follows:
[A)JIHGYI+[UI(STI=[0] —'{25)

: an M*N matrix of coefficients of the initial tableau.
t an N*1 motrix of hybrid power generation.

t an M™Y upnity matrix.

t an M"1 matrix of slack varizbles,

¢ an M*1 matrix of bonding coefficients.

fashion, the submalrices can be trested just as if they were scaler
element.y when performing the operations ol addition and multiplication. OF
course, the order of the products is net arbibrary, as it would be with

(AJ(H]+[0I[S]1=Lb]
s 1

(4, 14,] El «T0108)=1b]
2

LA 1M, 1o A 1 TH,]alUICS]a(b]

The simplex method moves from one basic feasible sclution to another for
improving the value of the objective function at cach iteration until the
optimal sclution (final tsblesu of linear programming) is reached. The
final tablesu has the following form:

(4,171, J0HO, JalA, 1™ LA, 10HG, 1404, 1™ U1 Cs]=08, 17 (0]
CUTCHO]+ A J0H,1+CB10S)alB]Ib]

The knowledge of the [ B ] mstrix will be useful in finding the sensitivity
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ef the solution to chenges ln the b veotor
aide constrainks) and the changes in the
funation),

the changes in the right hang
vector (the objective oot

Y-

matrix [ A7'] ean ve described.

By looking at the final optimal solution, the final bases are recognized.
(ALl the column vectors which have ons unity olement And othera ars zerc).
The original form of these vectors in the initial unsolved state formy the
[B] matrix, The vectors in the Minal solution which related to the bases

mummm—m-mm:au“:. In LP litersture
[B] this (nverse i frequently given the symbol B. |

frem which for sxampis,
i‘n Bya B3 i by e ab,

[Byy By By | [y eyl

Byy DyvByg Dy%8y3 Byelyy 40yeByy b8,y aby DO
scaler
it Ao SRy WNgl ~aRier,

3
e Qe

.]l ‘hn“l“ Y 4'333 li-bj ?’ -#1-'-'2
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Whare C i3 the row vectar of the cbjective function cosfficients, [roo the
original tablemu, of the varisbles that are to be bealc in the ourrent
tablemi. For any sot of values for § for which {20) 1a not viclated Ea
determing F we form the produet;

r:-rr‘l‘.bv sblstde abitw

I genernl, to sssess the shange in F assgoisted with changea in b that do
not alter the identity of the variables in the optimml bmais, we exploit
the following relationship;
m
r’--[ b'.t hz T h 1 ,rz

ql -

Sensitivity of the optiso) selution to changes {n C wvector. We would like
alsn to know whet ochonges im the C vector (the objective funetion
coefficients from the origimal tablesu), could we tolersted without
changing the idestity of the optimal basis.

To oetermined the simplex critarion of atm basie w!.lﬂ-é in any
tablegu, by processing only data from the original tableau, we write;

ri.m‘ ':""ﬁhc"ﬂ.ﬁ =<
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Woere,
q-l.l“ simpley eriterion of oom bemis wt-hl'.ll.llh aurrent
tablomu (a zesler}.

c'qn'mﬂn“urum tﬂﬂiﬂhﬂhﬂ‘tﬂﬂﬁﬂlu
{scaler).

c. i the rev wotar of ooefficienta In the cbjective fusetion, from Lhe
original tablosu, of the varistles whish ars Ln the current tsblesu,

1‘1 ;y.mummwu“m:‘

But alnce; !'l“!-ﬁnl

2- Sesaltivity of the coptlmm stard slone ronssble energy Iystes o
changes bn the load desend (different loaz Fastora).
3 Semitivily of the mptimm stand alone remewmbls anargy systesm %o
s s the avpllabilizy of the energy sourcs (solar insslstion
and/or wing spogd).
& Optinm oybtrid combination of renaable -nergy systies end  oonwenllonel
Tystam Energy use strategy).
i-ﬂﬂlr the aptlimm fMytrid systss %o coamges In the price of
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Isot systes

The optimization model outlined above s implasented in a linear program
and Leated on & hypothetical load desand, wind power, mnd solsr imsolstion
dnta, The following data of WES and BTFS are taljen from [D]:

Youar,
= wind=pysten 1ife of 30 years
-uupituumuurﬂiﬂwtwiw in 1990,

= 50% Mimenced from debt st 153 Inteérest, 1
- Inflation rate of 7.55 per your,

= 10.5% nosinal dizcount rate.

& Zalar thermol-=leckris syates—oentral recalwr

= 100 MW rated capacity,
= total energy oubput at 15%; capacity fuober squal Lo 303.5 million lwh

= yoar,
= gystem life of 30 years,
= gapikal 21,665 (19808 in 1990.

poata of
- onrual speration sad maintersnce costa = 75 of oapltal sants,
chommnd

The avwailohle solar insalation daks H.l'ul L2 listed in polumn 2 of table
1.Mmmmmu1mundumm3uu’uul1.

Prices of energy ioterchange with the utility

Mwm-puﬂﬂtwwmmwrmﬂlmﬂwtﬁlwmm

columns S&f of table 1. Two selling prices of onergy to the utility '.'I"‘J
ara 1isted in columns T&A of table 1.

flasults
The results of the optimization model ore tabulated in tablen 2-9. Esah
; ineludes the schedile of the opiimm genersblon of ITPS, WES, the
of the atorage system, ‘the selling bod
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Teble 3

Table 2

(Hw)

ﬂﬂqﬂﬂﬂﬂqﬂlﬂﬂ

KNRRIALREER | o
égz [ I T O I R ?
l-ggg [ N N O I O N N A E_L

: g
gg :EB:rllnrrg L
! -
§3 1000033330 |
CENIREREEEEEERE R
[ %3%8,,.,..8 =

- =
8 |2 egyzes |¥
il adiasediiil |

Load

()

ﬂﬂﬂﬂﬂﬂﬂﬂﬂ!ﬁﬁ
[ R N

LR E

Tie Line
us

us
(M)

(N T I O O I A B |

(Ms) | (Mw]

lhsll‘l'-ﬂ

T

char. |disch.
(M)

-----

g nnoaoonocon
43 | 33355440s
Eg E;ifllnul

Period

33854834343

A = 40108 na, PST,= 10.9 Wi, N = 500, MG_a 50.0 M

MC = 49.397 $/thin WH = #8952 Kdh, CTL = 00.0 MW, MC = 19,397 $/Mwh

CTL = 00.0 W,

WB = 48952 Kiih,

Table §

Table &

ﬂﬂﬂ‘ﬂﬂﬂnﬂﬂﬂﬂ

A = 37100 &%, PST s 10.0 Wi, N = 251, PG s 25108

WB = 0.00 KWn, CIL = 20.00 MW. MC = 45,507 8/Mkh

CTL = 10.00 MW, MC = 58,579 §/Midh

MRS ARINNR BOR
2l BoPoRNSLT
:sigé ek bl B
5!; IEI-II!I'III
gélltl!|lilll
. -
ig [N O TR T N A
83 | sasnaesags
3| RYRY )
Eg ""‘ub"i N onh R l
B
5 | 33334438344
3] 2299855908
32| disscnnmsoe
- = m
of23 32.38%...55
83 28, 03380
gglilllilllil
g
Bg [ I A
g3 | SRUAARELLER
s Tooain ﬁmﬁﬁﬂ”
E ngl BUE 1'3

Period| STES

sddidadiild

A = T1361 -F. PST = 19.2 W4, N = A1, PG_s G1.8 M

VB = 0.0 K,



Table & Table T
WB Tie Line tond! loorica! stes | uEs WB Tie Line

Period WES o T erd 3 : Load
char. |disch.] U3 UB . char,. (disch.! U8 B e
) | ) | o) | Ot) | ey L W) () | WD 170y U ) | ) | (| )
08-10 1.0 o - - 116.21!25.0] loB-10 | 8.49 | 5.0 - 1.50 1 - - 115.0
10-62 2.0 = - 4,02 127.0025.0f }10-02 }10.91 Y10.0 | 0.91 ] - = - |20.0
|02-04 2.0 = = - 110.21{20.0{ |o2-04 | 8.49 |10.0 | - 19.54} = - {30.0
0U4-06 3.0 F - - |z2.35130.0! |04-06 | 4.85 !15.0 = 20.15) - - lig.o
06-08 | - 3.0 | - - - |16.%s}20.0f l06-08 | - 15.00 | - 15.000 - - 130.0
08-10 | - 6.0 - - - 118.9gl25.0! los-10 | - 130.00 {10.00 | - - - |20.0
10-00 | - 8.0 | - & - |16.99!25.0! |10-00 | - !40.00 !20.00 | - i« - |20.0
00-02 | - 7.0 = 5 - 112.99}20.0{ |oo-02 | - {35.0 }20.0 = & - 115.0
o2-oi ! - | 5.0 - - N 9.95!15.0] |oz-04 | ~ 125.0 !10.0 - - - {15.0
o4-06 - 3.0 - - - 10.49113.5 04-06 - 15.0 1.5 - - - 113.5
06-08 2.0 | = g - 118.55!25.0! 106-08 | 4.85 [10.0 | - | 15.15} - - 1300

A = 37100 0%, PST = 10.0 MW, N = 100, PG .= 10.0 MW

A = 40416 n°, PST = 10.9 1M, N = 500, PG = 50.0 M

WB = 0.00 EWh, CTL = 30.00 MW, MC = 43.398 $/Hvh WB = BE658 Kwh, CIL = 00.0 MW, MC = 50.005 $/Min
Table B Table 9
WB Tie Line - — — WE Tie Line
Period d eri STES 3 o |Load
char. (disch.| US UB i/ char. |diseh.| US )]
o | on) | o) | eyt 080 (M) | D) 700y ) | e | ()| S0
08-10 - 3.56 | - 5.0 |25.0] |08-10 | 7.79 | 4.39 | - .82 = 9.0 {35.0
10-02 3.32 - - 9.0 125.0 10-02 |10.02 | B8.78 2.8 - - 8.0 |25.0
02-04 = 11.91} 9.0 - {20.0f |02-04 | 7.79 | 8.78 { - - - 3.43,20.0
OU-06 | 4. - 20.59 9.0 - 130.0; (04-D6 | 4.46 113.17 | - 3.37 ) - 9.0 {30.0
06-08 | - - - - 1.4 j20.0 06-08 - 13.18 - 15.82 | 9.0 - (20.0
og10 | - 7.50 | - - - lz=.0f log-10| - 126.35 | - 7.65 | 9.0 - |25.0
10-00 | - 2.8 | - - - |2s5.0 10=00 | = 135:13 [10:13 ] "= - - l25.0
0e02 | - 17.20 | - = - l=20.0}] |oo-02 | - {30.74 |10.74 | - ~ - 120.0
02-04 - 3.59 = - - 115.6 02-04 - 21.95 | 6.95 - - - 115.0
04-06 - .45 - - - {13.5 04-06 - 1317 - - - 0.33{13.5
06-08 | 4.45 = 2.25% | = 9.0 |25.0 06-08 | 445 | B.76 )} - 2.77 = 9.0 |25.0

A = 37100 m°, PST = 10.0 W, N = 465, PWG = 46.5 Hi

WB = 40334 KWn, CTL = 10.0 MW, MC = 54.6377$/%n

p2]

A = 37100 @, PST = 10.0 M, N = 439, PWG_ = 43.9 M4
WB = 35191 KWwh, CTL = 10.0 Md, MC = 45.148 $/Hwh

g6l Joqueoag ‘z *ON ‘L1 *TOA UT3STTng eJnosuey
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CONCLUSIONS

Thias paper presents sn optimization technique to formulate the problem of
the optimm hybrid oombination of renewable and conventicnal energy
syntems, This technique cffera the possibility bo analyre the semmitivity
of the optimal solution (the participastion of each system) to changes in
the different cnst coefficients, the changes in the load demand, and the
changes in the svailability of the renewable energy sources.

In crder to encourage the wide spread use of the renewable energy systems,
they should take the advantages of the provisicns requiring utilities to
purchase back any avallsble excess energy from their ion output at
falr merket prices, An optimm pricing policy can the consumers
having renswsble energy sources to sell energy to the utility st ita pesk
lead hours and purchase energy from the utility at its off-peak hours. This
interaction can lmprove the economy of the consumer energy sources and also
can improve the reliasbility of the utility grid. Also, the economics of

energy produced (rom the renewable energy systems can be improved if
the customer load can apply shiftable load schedule to offer optimm energy
“rmt
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