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EFFECTS OF SOLAR DATA ACCURACY
: ON THE PERFORMANCE :
AND ECONOMICS OF SOLAR ENERGY SYSTEMS

Paul Berdahl, Marlo Martin
Donald Grether, and Michael:Wahlig .
‘Lawrence Berkeley Laboratory
Berkeley, California 94720

ABSTRACT

The effects of designing solar systems using inaccurate‘seler_radieficnfi '
data hare been eramined; . The primary effect is that tne energy output of
the solar system, and the corresponding cost of energy,.will be proportion-
ally greater or less than expected. The constant of prqportienality.between
the fractional solar data error-and the fractional'output.error ranges from
0.2 to 1.0‘for the examples studied. A secondary effect is fnat_tneieystemi
cannot be optimized correctly with inaccurate Velues ofASOIar input dafa;
This effect leads to net increases in the cost ofbenergy produced'whicn B
amount to 2% in the worst case examined. Domestic snace and Qefer heating
and sqlar thermal electric conversion are used as examples to illustrete

the effects.

INTRODUCTION |

The“accuraCy'required for solar radiation data shbnld,be'deternined;
ac leasf'partially,'by thevconsequences resuiting from the usevof»inaccﬁrate‘
data. In general, one strives to obtain data which are as accurateies p055

sible. However, stringent data requirements lead to excessive costs for
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" large numbers of sophisticated data Stétions.' The goal of this'ﬁaper is

to delineate and quantify the effects of using inaccurate data; such

i

analyses will assist in the formulation of goals for solar data accuracyf:

¢

The primary effeet of inaccurate solar radiation data islthat-the‘net
amountiof energy to Be produced over the 1ifetime of a System cannot be
accurately predicted. One mightvthink that nncentainties‘in net energy
production would be identical percentage—wise to the uncertainties in the
solar data, but this is not theicase. For example, it Wilifbe shownnthat,
for donestic'heating systems‘of conventional solar design, tne'unceitéinﬁy
in energy prodnced is only half the unceftainty in inpnt solar radiation;

i.e., *+ 20% erfors in inpuf lead to + 10% errers‘in eutput.- This effect
'is a result of various non-linearities in. the system,rthe moSt~importanf
of which is due to energy ogerflow from storage. o

A secondary effecF of.using inaecurate solarvdata is more,snbfle than:,:v-
the_prinery effect; but 1eais directly to inereased energy cost;...Tnis ié.w
in eontraet wifh the primary effect whieh leadsvonly‘td cost uncertainties;,
The secondary effecf is a result of designing a solar‘system fer optimal
operation (minimum cost) using incoirect'vélnes of the:solarvrédiatien
data. As a consequence of this "incorrect" design, net.energy eostsiare_“" . .
increased by:an amount preportional to the éqﬁare of the error in the#solar.g |
-data. | | J

In this paperidimensionless parameters a and B wiil be intreducedi.
to quantify and primaiy and secondary effects, respectively; Specific -
values of these parameters will then be derived fer domestic solar heating

sysfems and for solar thermal power plants.
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DERIVATION OF THE SENSITIVITY PARAMETER
1. General Considerations

From a systems point ‘of view a solar system is-an7energy_conditioning. '

: device which accepts input energy‘in the form'of;solar radiation and pro-'

»duces output energy in the form of useful heat e1ectr1c1ty, or some other

form. From this p01nt of view it is de51rab1e to descrlbe the sen51t1V1ty
of output to input on purely general grounds, without reference to the
spec1f1c details of each system.

Let E represent the annual average usable energy produced by 2 solar, | i

- energy system, and let I be the annual average 1nput 1nsolat;on. "The

‘insolation I can be the radiation received by a horizontal surface, the

direct normal rad1at10n, or other relevant solar 1nput We want to'examinej

.the response of the system when the 1nput is 1ncreased or- decreased We

can denote the fractlonallchange'ln the,lnput by the symbol 6?
= AT/T. e ¢ b

This increnent‘of the annual input shouldihe‘understood to consist;of,a: o
fixed fractional increase‘bi-decrease, independent of'time of the day or
year. | | | |
Next, the sensitiyity'parameter, a, which relates the change in out-
put energy to the change in 1nput 1nsolat10n level, can be expressed as:
AES/ES

/T A2

'Ol.E



The annual output Es,jcompared'to the nomihal output E_ o foi'Gl;;O
may be deduced from eqns (1) and (2):
VES =E o (+ 951'_ | : o _»lﬂz(é)_v

&)
~Equation (3) is just a series expansion for E in powers of §, terminated
after the first two terms.
" For the purposes of this article, § will represent the error in the

incident solar radiation, and multiplication by the sensitivity parameter

o will convert this to an error in the calculated‘valué of the system output .

enefgy. For example,'if o= 0.5, and fhe ori$inal.$olér‘data used in thei»
~ 'system design was 20% too high,.the situation mgy be déécribed by a change
of -20% in fhe inpﬁt (6v= -0.2). In this case, eqn (3)IShow5'that‘10%
less energy than anticipated will be produced or, equivaienfly, that the_
unit cost of solar energy (in this example) Will bé increased by 19%~
(assuming that the annual éperéting cost is independent of tﬁerémount of
“energy produced).
Before_presenting values of o for differenf solar systems-it'ié‘.

Qorthwhile to make some sfatements regardiﬁg the_?alues which d can

assume.. The efficiency n of the solar syStem'is given by the relation

S

E_ =nl, N O

-,



and hence with eqn (2) the sensitivity a can be written in the form

s AR

Thus, to the extent that the efficiency is- independent .of the'input'
power level I, o is equal to nnity.‘ If the efficiency decreases with I,
o will be less than unity. This line of reasoning can be pursued a little

further.by‘writing the'overall efficiencylasvthe product of subsystem

efficiencies,
end_substituting'in_eqn (5): _
| g/
a=1+ R IR
: , E : ATJT - = ) NN
, 1= | Ce Tl T

ThlS equatlon permltsione, in pr1nc1ple, to compute o as a sum of
of terms each of which refers primarlly to a component subsystem It-will
prove useful for the analy51s of solar thermal electric conver51on |
Another general observation regarding o is the follow1ng Con51der, :
for simplicity, a domestic'heating system. If f the fract1on of the load
provided by solar energy, is very large.(f ; l), much of the collected
energy mnst'be discarded. This is partlcularly true of the 1ncremental

heat.ayailable, if the‘insolation I is 1ncreased Thus, from eqn (2),

 is small because AES is small. More generally, one has

oz+“0_a$fs-'>l.' | o (8) ,



This 1limit applies to systems in which unlimited amounts of "surplus'" energy

cannot be stored indefinitely.

2. Appllcat1on to Domestic Space and Water Heat1ng (DSWH)

The method employed to est1mate o for DSWH systems was to carry through
standard de51gn procedures to estimate the solar heat produced by systems of
conventional solar design. Two California cllmates were con51dered (Dav1s
and Los Angelesj, and two des1gn methods were employed. With: each method
and for each cllmate, the solar 1nput was varled parametr1ca11y from its.
nom1na1 Value and 0 was computed from eqn (2). | |

The spec1f1c design techniques employed were those developed by "

J. D. Balcomb et al. at Los Alamos (the LASL 51mp11f1ed method [1]), and
by C. Barnaby of the Berkeley Solar Group(BSG) The BSG method 1s based g
upon the "ut111zab111ty curve" approach or1g1nally dlscussed by Hottel and
Wh1111er [2] and extended by Liu and Jordan [3]’, | |

Both proceduresbwere used to analyze thebperformance of solar,heating'
systems for a house of 138 m (1500 ft ) floor area and a heat1ng 1oad
factor of 7.9 kWh per degree- day (Celslus)(ls kBtu per. degree day (Fahrenhe1t))
In the LASL method the collectors_are tilted from the hor1zonta1 at an angle
equal to.the_latitude +10°, whereas in the_BSG.programya fixed.;llt angleiOf
45° was employed.‘ For the.present purposes, these'differencesfare insignificant.

Figure 1 shows curves of usable solar energy ES versus collector area B
as determined from the LASL method. ' The dashed curves in Fig la display-the
values which are obtained when the solar data are varied from nominal.values

by + 20%. Figure.z'gives more detail; it shows the differences AES. From



‘these resuits it is p0551b1e to compute a u51ng eqn (2) ‘The-reéoltskfof d
‘are plotted versus the solar . heatlng fractlon f in Fig. 3. ThlS plot shows
the results for two c11mates and for both the LASL and BSG computatlonal
methods. The s1mp11f1ed de51gn methods are based on entlrely dlfferent :
appfoacheS'so it is not surprising that therevis considerabie soattef ih;
the values for‘a. Aiso,rthe methods cannot be expected to be accurate.for -
values of fs much outside of the rénge'of Q.4 to 0.8..‘Neyerthe1e55; the  h
behavior & + 0 as fs - l_ié observed as anticifated.hy eQn (8).

| Based on the.results shown in Figufe 3, it is concluded thét,-for
domestic space and water heating in the olimates etudied; the eenSitiyity

parameter is given by

 for values of f_ in the range of 0.4 to 0.8,

3. a Application to Solaf Thermal Electric Convefsion (STECj

Many of the important losses in a solar thermal electrlc conversion .
poﬁer plant are of,a partlcularly simple type: they 1ead to component
efficiences which are 1ndependent of the operatlng power level. .EXamples‘are
losses due to tracking and a1m1ng errors, shadlng of mirrors, - shadlng of the
-recelver(s), and 1mperfect reflect1v1t1es. Each of these 1osses corresponds_
to an'efficienoy whichvis independent of input powef;and thos canhot:cohtiihutevv
to a in. eqn (7. | | | |

One type of loss wh1ch leads to a component eff1c1ency dependlng on the
- operating power 1eve1 is turbine eff1c1enoy. ThlS eff1c1ency is a functlon

of the pressure and temperatufe-of the working f1u1d, and_hence oould,



depending upon the details of power plant operation, vary with the input solar

radiation level. On the other hand,'the operating strategy 6f the poWer plant;-

will likely include efforts to keep the turbine efficiency high (ahd therefore
fairly constant), and those efforts would mitigate efficiency Variations,

Other losses which depend on the input-operating level are the heat

wasted due to storage overflow (which will be small for a well-designed plant) -

and the receiver thermal losses. The corfesponding efficiencies will vary only
slowly with input power level and will not contribute significantly to eqn (7).
. The conclusion of the foregoing discussion is that, for STEC poWer plants

of "conventional" design, the sensitivity parameter is

o = 1.

One major proViso should be attached to this result.'>Since the’margina11c05t'- 

of producing power (from thermal energy already colleéted) is very smali,it
has been éssumed‘that”all électricity that the power plant caﬁ_producé is.
efféctively used.. In the case of a utility operating an intermédiate‘load
solar power_plant,.the.effective value of o can be much smaller.Because
(economic) éredit may not be giveﬁ for energy produced in.the absencé of :
.intermediate ioad demand. If‘this "unwanted" energy is not counted in fhe
output, values of a can fall to the range Qf o ;‘0;2. Figure 4 shows a
plot of change in effective power produced versus Change in input solar
radiation for a 100 MWe iptermediate load power plant of the central
receiver fype, with 6 hours of thermal storage. The Figure is adépted
from results obtained by the Aerospace Corporation'[4], and is constructed

from those results by using the fact that, for the Aerospace model, frac-

tional changes in the total heliostat area A cause the same éhanges in output

.,



as fractional changes in 'solar input-energy. . The,510pe”of\this{graph,gﬁVes;,‘

O_Leff ~ (.24 -

for this power plant whiCh neets 94% of its load (f = 0.94), The'Small_yalue‘_'v
of o can be regarded as a consequence of the closeness of f to un1ty

(cf eqn (8))

'CONSEQUENCES OF THE USE OF INACCURATE DATA .
~ The primary consequence of using 1naccurate solar radlatlon data 1s

the actual realization of an output energy levelvfrom the_solar system that-
is different from'that predicted (using inaccurate data) during the systemv
de51gn The values of the sen51t1V1ty parameter o descr1bed above 1nd1catei
the measure of the difference between expected and actual system output

Econom1ca11y, 0. can be 1nterpreted as the fractional error in cost of
energy produced by the solar system, as a result of the use of inaccurate
solar radiation data. Thus for the DSWH system,_the Value of d.= 0.5 i
lndicates that a 20% error in solar data results in a IQ% error invthe unit
cost of the heating energy produéed by the-solar system. lFor the STEC; |
system, the range of values .of a.between 0.2 -and 1.0 indicates. that a
20% error in solar data would result in:an error between 4% anthO%Jln thel
unit cost of the solar—generated electr1c1ty |

It should be noted that this effect is only an "apparent" cost penalty
- (or ga1n) assoc1ated w1th the solar produced heat or e1ectr1c1ty, i. e., thlS
effect results in a difference. between the expected and the actually ach1eved

system output. This actual achleved system output will be essentlally the
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same (see next section) as if the'correct‘solar data had been-used to
.design the system. However thls should not be 1nterpreted as meaning
_the effect isvunimportant.' The perception of the expected system output
is what is used in the declslon-making process,-when dec1d1ng whethervto'
make the economic'investment'in the solar system. Use of.inaccurate solar
data might therefore.producevan incorrect'deCisiOn'resulting in a substan-
itial economic penalty from misapplication of capital.

‘There is a secondary consequence of uSing.incorrect solar data. It
'15 associated with systems that have been optimized using erroneous 1nput
solar data, thereby arr1v1ng at a non- optlmum system de51gn p01nt Although_
thls_effect is smaller in magnltude than the primary consequence discussed “
ppreviously; this'secondary effect results in a‘real cost penalty, It will
be described separately for solar heating systems and solar-electric systems{

in the following subsections.

1. Secondarvaffect for Domestic Space and Water Heating'tDSWH)

‘ When a solar heatlng system is optlmlzed u51ng 1naccurate solar data,‘,
the resultlng cost of heatlng is always equal to or greater than the cost
'obtained if correct solar data had been used This can be seen by referrlng
ito Flgure 5. The Flgure dlsplays curves of annual heatlng cost vs. solar
'collector area near the m1n1mum in the cost curve | By opt1m1zat10n of the
solar system is meant selection of the system parameters so as to operate :
at this_p01nt of minimum cost.  The solar collector area 1s'a usual Paraih:
meter used‘in,the optimization calculation. . B

: Suppose that a‘solar system were to be optimized using an-erroneously

high value'of'solarvinput data. Then the system uould be optimizedrto__.

L
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" point (a) in‘Figure 5, and a collector area A? would be selected, However,
after.the system were bmilt it would be observed to operate over a long
perlod of time at p01nt (b) 1nstead of (a). 1If the system had been de31gned'
| with knowledge of the correct solar data,_lt would have qperated-at p01nt '
(¢), the minimum for the trueedata curve. ’bThe’ecenomic'penalty asSociated
with this effect is the annual dlfference in heating cost between p01nts
(b) and (c)

“Two properties of this effect‘can be -seen from Figure.s._‘First; the.ﬂ
real cost using erroneous data is always.edual to or higher than the»real
- cost using correct solar data; i.e.; the cost penalty is aimays.poeitive
(er zero). If the minima of the curves in'Eigure 5 were'all_in a vertical_
iine,‘then the cost penalty would be zero. . For all ether cases, thé cost
penalty is poeitive. ' The second property is that the shape efﬂtheiCurvee
in Figure 5 near the optimum operating peints isfduadratic in nature,' Thus
the.cbst penalty for the.ﬁse of inaécurate data is'preportional tq (Ag —'Ao).
Since the error in collector area (Aé - Ao) is Causedaby the eolar data error’
" AI, these errors can be shown to be proportional to one_anether. ConSequently,.
the de51gn cost penalty is proport10na1 to: (AI) and the annual cost of energy

C is related to the cost C ‘relevant to '"perfect' solar data by the relatlon
c=c, (1+887, R ©

where § = AI/I and B = >0 is a dimensionless number

The methods used prev1ously to estlmate a for DSHW have also been used to
estimate B. Flgure 6 shows™ some of the opt1m1zat10n curves obtained for DSHW
systems fer the Davis and Los Angeles 1ecat10ns Assumptlons used to obtaln'the

annual heating cost were: (i)Selar system cost, $1,00Q plus $100 per square meter



- and consequently obtalns
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of collector area; (11) Aux111ary fuel cost, $1 50 per 108‘1 ($1 50 per therm

“and (iii) Payback period of 30 years at 9% interest. Values for g for the '_, , ..

systems and cllmates unider consideration lead to estimates'in the range:Of."
. . B .-

0.1 to 0. 5. Using the large values B = 0.5 and 6 0.2 (20“ data error),

one flnds from eqn (9) that even’ in. thls case the cost penalty is only 2%.

Thus the solar data- need not be known to h1gh prec151on in order to produce"

an economlcally reasonable design.

2.‘.Secondary Effect for Solar Thermal ﬁlectrlc Conver51on (STEC)

The 51tuat10n for solar thermal electrlc conversion is sl1ghtly d1fferent
because the aux111ary (back-up) system is not part of the plant but rather -
is part_of a network. - Furthermore, the demand for energy 1s not f1xed at
some total annual energy produced That 1s, the market shareof the power
plant(s) depends on the un1t cost of power, so that thlS is the quantlty that
should be m1n1m1zed | -

It should be further noted that the cost of the aux111ary energy.ls not
known; so that a procedure d1rect1y analogous to that used for DSWH cannot

be used ' Denotlng the un1t cost of energy by R, one de51gns for minimum R

R.= Ré (; . 8 62), 'r - - ;bf-' _dl(idli’”

for the same fundamental reasons: that eqn (9) was obtalned Use ofvthe'same‘

"symbol B as appears ‘in eqn (9) should not lead to confusion 51nce they refer'

to different systems. Furthermore, in both cases B has the same 1nterpre-
tation as a measure of the'cost_of‘design'error caused by errors in solar

data.
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An estimate of B has been'made-USing.the graph in Figure 4, 'Since
for the Aerospace model changes in A are equivalent to changes in I, one
can write for the effectlve solar e1ectr1c1ty produced

E, = [1+a(7\-—-——1) (_--1)] o an
Ay v : e L

where E_  and Ao are nominal values, and the constants a and b are evaluated

graphically as a = 0.24, b = 0.45. The expression for the anhﬁal_cost of

power_has'the form

C ':C_S_,O[l + c_(K;._. 1)], R SR : (12)

assumed linear as a function of heliostat area.A. The constant ¢ can be - -

determined byIUSing the fact that the minimum in
= C/E S - hv~_(15)e

occure at’A = 6: This requlres that ¢ = a = 0.24.

. Con51der now the form that eqns (11) and (12) would have 1f the solar

' - input were changed from its nom;nal value Io to I = o (1.+ 6). Equatlon
(11) can be rewfitcen with A (1 + 8) replacihg A‘deince’a.change in area,;s
equivalent ‘to a change in I. Equatlon (12) is unchanged The feshlting d
equatlons for R. dlsplay a m1n1mum at a new value of A correspondlng to’

“the approprlate change in design. From chese results the cqst penalty_quhv;
use of solar data in_eridr by the fraction § cah he ohtaihed,'aftef some:dd
lehgthy but‘straightferWard algehra. Equatien (10) is reproducad,.with,

R =C_ /E. , and | IR |

0 5,0 VS,O , . o S . E S
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"SuhstitUtion of the values of-a and b listed after eqn (11) yields
B = 0.3,

As in the case of DSWH the obtained value for B'lndicates that the'design
_penalty for 1naccurate data is not very large: only about a 1% cost penalty
for a 20% data error. In dlfferent power plant designs:orvdifferent cllmates
B will of course vary. " But it_would bevsurprislng if it were to.become much |

larger than un1ty

sUmARY

The secondary effect—-the c¢ost penalty 1ncurred by non- opt1mum des1gn
resu1t1ng from the use of erroneous solar rad1at1on data--ls found to be
»,relat1ve1y small for both domestlc solar heatlng systems and solar thermal
.power plants. The max1mum-pena1ty consistent with the foregoxng calculatlons_
~ is of thevorder of 2% of the cost ofbpower produced._ |

The primary'effect has a.larger maghitude. Fbr_domestic Space”and '
water heating systems in temperate climates o isvapproximately O.S,iuhich
means that a 20% data error leads to a 10% error in the amount of uSable
_energy produced. For solar thermal electrichOnversion o varies from 0.2
to 1.0, dependlng upon the ab111ty of the electrlc network gr1d to make
-effectlve use of a11 the power produc1ble by the solar plant Thus a 20%
‘data error leads to an error in energy output that ‘varies from 4 to'ZO%,

dependlng upon the spec1f1c power plant operat10na1 c1rcumstances

Work supported partlally by the Callforn1a Energy -Resources Conservation
_and Development Commission and partially by the Environmental and Resource
Assessment Branch D1v151on of Solar Energy, Energy Research and Development
Administration.
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NOMENCLATURE
'a - constant equal to 0.24
A ',. total collector or heliostat aréa.
Ao - pominal or ‘optimum éoilectbr or heliqstgt aiéa '
Al - 'mddifiedboptimum collector.area' |
b - coﬁstant equal‘to 0.45
.c - .constaﬂt‘eqﬁél fo 0;24
C - totgl annual cost |
Cs - annuél cost of solar system
 Eé'ﬂ .annuél solar energy'uFilized;
fs.- fraction df‘the_load supplied by a solar SYStem -
I - énnuai solar input'energy (insolation) |
R - unit cost of energy; e.g., Cs/Es
a - sensitivity of output to input
aeff - effective sénsitivity when part of the output-enérgy'is‘ﬁof.ﬁ£iii;ed 
B .- cost pénalty coefficient |
§ - ‘fraétibnal change in I
Subscripts
o - nominai or optimum value
i - part i of whole system

s - solar
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Figure Captions

Figure 1: Plot of usable solar energy Egpds;a_function of.collector area, -
using the LASL simplified design method. Curve A represents
the actual (nominal) long term System behavior. Curve B shows
the output that would be obtained if the solar input were larger
than nominal by 20% (§ = +0.2). "Thus curve B also represents the
output that would be predlcted if the solar data were 20% too
high. Curve .C shows the output values for § = -0.2, |

Figure 2: The difference in annual output AES as a function of collector .
area. The curves are labeled with corresponding values of §,

the error in the incident solar radiation.

Figure 3: The sensitiuity parameter o, plotted as a function of thevsolar
heating fraction f for the Davis and Los Angeles climate regions,
u51ng both the Los Alamos (LASL) and Berkeley Solar Group (BSG) -
design methods '

Figure 4: Percent change in effective power produced versus percent change -
in 1nput radiation, for a partlcular power plant with o = 0.24.
The upper bound of 106% of nomlnal output power corresponds to.

the limit at which 100% of the demand for electrlclty.ls-met.

Figure 5: Tllustration showing the "primery“_and “Secondary" effects discussed”
in the text. Solar date'that is too high leads to a low:prediction-
_ for the annual heatlng cost shown by (a) at a collector area A"'
The actual performance of the system is at p01nt (b), and the cost
shift between these points is the primary effect. If.the correct
solar date had ‘been availableg the'system uould have,been"designed
to operate at (c) with collector area AOQ The:ennual'COst difference

between (b) and (c) is the secondary'effect;
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Figure 6: The anﬁual cost of owning and operating a solaf'heating and hot
water system plotted as a function of collector area for Davis.
and Los Angeles. Curves are labeled with the appropriate valﬁes
of §, corresponding to differing values of input solar radiation,.
AssumptiOns regarding cost parameters‘are given in the tekt. These

results were obtained using the LASL design method.
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