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THE EFFECT OF SOLAR DATA ERRORS ON THE PERFORMANCE AND
ECONOMICS OF SOLAR SYSTEMS*

D. F. Grether, P. Berdahl, S. Lawrence**, M. Wahlig

Lawrence Berkeley Laboratory
University of California
Berkeley, CA 94720

1. INTRODUCTION

The needed accuracy of solar radiation data for
application to solar energy systems has been a
topic of interest for some time. The desired
accuracy for, say, a solar data network is often
expressed in terms of what is considered realiz-
able given the available instruments, data han-
dling methods, interpolation techniques, and the
like. The designer of a solar energy conversion
system, generally unfamiliar with the difficul-
ties of data taking, would like the data to be
(and will often use the data as though they
were) error free. In neither case is the effect
of the data errors on the design of solar sys-
tems given much attention.

We address this situation by presenting an
analytical framework that relates the errors in
solar data to their effect on calculations of
the performance and economics of certain solar
systems. The analysis applies to systems in
which the performance is expressed as the frac~
tion (the so-called solar fraction) of a speci-
fied energy load that 1is supplied by solar
energy. A set of dimensionless parameters is
presented that describes the sensitivity of the
predicted performance and costs to errors in the
solar radiation data. A simple, heuristic,
model is used to illustrate the basic points of
the analysis. A solar heating system for a

-building of conventional construction 1is taken

as a more realistic case study.

This paper is based on a report by same authors
(Grether et al., 1983) that derives the sensi-
tivity parameters presented here. The reader 1is
referred to this 1longer version for the
mathematical details. ’

2. SOLAR SYSTEM PERFORMANCE'

The type of solar energy system to be considered

is one for which there is a specified annual
energy load, EL. The solar system will accept

*This work was supported by the Assistant
Secretary for Conservation and Renewable En-
ergy, Office of Solar Heat Technologies, Ac-
tive Heating and Cooling Division of the
U.S. Department of Energy under Contract No.
DE-AC03-76SF00098.

**Pregsent Address: Bronx Community College
of the City University of New York, Bronx,
NY 10453.

input energy in the form of solar radiation and
produce some amount of usable output enérgy, E_.
A quantitative measure of the performance of the
system is given by the solar fraction,

fs = Es/EL. (L.

The functional dependence of the solar fraction
may be represented as

£, = £ (E AL, Py e (2)

where A is the collector area, I the incident
solar radiation, and PysPy, -+ any other param=-
eters of the system.

The functional dependence for actual systems can
be quite complicated. For purposes of illustra-

‘tion 1t proves useful to consider a Simple

Heuristic Performance Model (SHPM) that is shorn
of these complications. In general, when a
solar system is designed to provide a small
fraction of the load, then an increase in col-
lector area will result in about the same per-
centage increase in the usable solar energy.
However, for progressively larger solar frac-
tions an increase in area will result in a pro-
gressively smaller percentage increase in the
usable energy (i.e.,one reaches the point of
diminishing returns). The form chosen for the
SHPM that satisfies these conditions is

£ =1 - exp(-A/A;). (3

As can be seen by setting A=A in this equation,
A is the collector area needed to provide 63.2%
of the load. Eq. (3) is plotted in Fig. 1 as a
function of A/Ao.

As a more -realistic case we consider a solar

space and water heating system for amn otherwise
conventional building. A number of design
models are available that permit convenient cal-

-culation of the solar fraction in terms of the

collector area, the incident solar radiation,
storage capacity, flow rates, and the like. The
model of Klein et al. (1976) as embodied in the
computer code FCHART Version 3.0 (1978) was
selected for the analysis. Hereafter the model
will be referred to as FCHART. '

FCHART uses average (typically, averaged over
many years) monthly values of the solar radia-
tion, ambient temperature, and degree days.
FCHART computes (among other things) monthly and
annual values for the solar fraction. FCHART
was used to calculate the relationship between



collector area and solar fraction for three cli-
mates: Madison, Wisconsin; Atlanta, Georgia; and
Los Angeles, California. (See Grether et al.,
1983 for details.) Fig. 1 displays the annual
solar fraction vs A/A_  for the three cities.
The values of ao vary by a factor of seven from
the mildest (Los Angeles) to the most severe
(Madison) climate but, when plotted as in Fig.
1, the general trends are quite similiar for the
three cities and the SHPM.
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Fig. 1. System performance vs. normalized
collector area for the Simple Heuristic
Performance Model (SHPM) and three climates.

3. EFFECT ON PERFORMANCE OF SOLAR DATA ERRORS

Suppose that a design procedure such as FCHART
is used to calculate f , but that the solar
radiation data are in error by some amount. By
means of a series expansion it can be shown
(Grether et al., 1983) that

st = x'81 (4)

where 61 and §f are the fractional errors in
the solar radiafion and solar fraction respec—
tively,

(1) - £.(1,)] ¢ o (e~ 1)

8f
3 fs(la) 1

a

- refers to the actual value of

The subscript "a”
solar radiation and "e"” the erroneous value. «

is the "sensitivity”™ of the solar fraction to
solar data errors and is just
I of
- a_ . 5
x*fan Qa (5)

The SHPM can be generalized to incorporate the
dependence on solar radiation by assuming that a
percentage increase {in the solar radiation
incident on the collector surface {s equivalent
to the same percentage increase in collector
area. The SHPM 1is then

-1
fo=1- exp(Ts'rA-) (6)
a o

where 1 is the radiation incident on the collec-
tor surface. This expression may be substituted

into Eq. (5) with the result
x = -ln(l-fs) (l-fs)/fs (7)

Note that «& is only a function of the solar
fraction, with no explicit dependence on a
specific collector area or’ incident solar radia-
tion value. The parameter o is plotted against
the solar fraction in Fig. 2 for both the SHPM
and the solar heating case.

Two comments with respect to FCHART are in order
before examining Fig. 2 in detail. Firstly, the
built-in solar radiation values of FCHART are
certainly 4inaccurate to some extent and the
actual values are, of course, unknown. However,
for the purposes of this analysis the built-in
values are taken as the actual (errorless) ones.
There is a good justification for this approach.
Suppose that the analysis 1s being done for
Madison. We can define that the solar radiation
values, while in error by some unknown amount
for Madison itself, are characteristic of a
"Madison-like”™ climate.
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Fig. 2(b). The sensitivity parameter o for

global horizontal radiation.
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" cost of the solar system, and ¢

e = CS/Es , (8)

say, the cost per unit of
For a fixed collector
L® it is straight-

for comparison to,
energy from fossil fuel.
area and a specified load, E
forward to show that

Scs = -x'8I. 9)

For a solar system that was designed to supply
50X of the load, a representative value from

Fig. 2 would be o« = 1.00 for horizontal surface

solar data. Suppose that the data were overes-
timated by 102 (SI = 0.10). Then the actual
cost per unit of usable solar energy would be
102 greater than predicted. Grossly overes-
timated solar data may cause buildings to be
equipped with solar systems when, if economics
were the primary criterion, they should not be.

Now consider a situation in which the solar data
are underestimated. Suppose, further, that the
design was for a solar fraction of 75%, for
which a representative value would be < = 0.70.
1f the data are too low by 20% (81 = -0.20),
then the actual cost per unit of usable energy
will be 14% 1less than predicted. Grossly
underestimated data may deter the construction
of solar systems because of artifically high
cost predictions.

5. ECONOMICS OF OPTIMIZED SYSTEMS

If the solar system is economically competitive
with the conventional alternative, then there
will generally be some collector area which will
optimize the system (ylield wmimimum overall
costs). If the solar data used in the optimiza-
tion are in error, then the collector area will
be non-optimum when the system 1is actually
operated and there will be a corresponding cost
penalty. To investigate this penalty a simpli-~
fied cost analysis is adapted. In this analysis
the total cost (solar plus backup), C, is given
by

C= (l-fs) Cc +Ce cA'A (10)

where C is
entire

the fuel cost of supplying the
foad by conventional means, C. any fixed
the cost per
unit of collector area. The sof%r system will
be judged economical if there is some collector
area for which

c< Cd. (11)
That is, the combined solar~backup system is
less expensive than supplying the same amount of
energy by a conventional system alone. [The
costs may refer to life-cycle or to present
yearly costs, depending on the preference of the
decision maker.] The optimization consists of
determining the collector area that minimizes C,

3C/3A = 0
It can then be shown through a series expansion
that:
6c = (c_/c) B (812, (12)

where Ca is the cost had the actual (correct)

Secondly, most available solar data are the glo-
bal radiation on a horizontal surface. Solar
collectors, on the other hand, are wusually
tilted towards the equator or maintained normal
to the sun. [In models such as FCHART some
method is used to transform the radiation from
the horizontal to the collector surface.] Rather
than limiting the analysis to either global hor-
izontal or collector surface radiation the sen-
sitivity parameter o« has been calculated for
both cases.

Turning again to Fig. 2, the results are simi-
liar for the three climate types and show the
same general behavior as for the SHPM: a sensi-
tivity to solar data errors that decreases with
increasing solar fraction. For low solar frac-—
tions « can be greater than 1.0, and the perfor-
mance of the system is quite sensitive to errors
in the solar data. For high solar fractions «
tends towards zero, and such systems are rela-
tively insensitive to errors.

There are several other features in Fig. 2 that
merit discussion. The first i{s that the values
for the solar heating case generally exceed
those of the SHPM. This is the true even for
Los Angeles where (see Fig. 1) the dependence of
the solar fraction on collector area is almost
indistinguishable from that of the SHPM. The
explanation has to do with the assumption used
in deriving the SHPM that a fractional change in
incident solar radiation is equivalent to the
same fractional change in collector area. In
reality there 1is a threshold solar radiation
value, below which a collector will have no
usable output. Increasing the solar radiation
above the threshold can result in usable output
energy, whereas increasing the collector area
(wvhile the solar radiation remains below the
threshold value) will not produce usable output.

The second feature is that [Fig 2(b)] is sys-
tematically larger than ig. 2(a)], indicat-
ing that the system is more sensitive to errors
in global horizontal data than to errors in data
for the collector surface. For the climates
considered here, and for the months with signi-
cant heating loads, the horizontal to collector
surface transformation used in FCHART is such
that errors in the horizontal radiation pro-
pagate into larger errors in the collector sur-
face radiation.

The third feature is that the curves, speclally
for Madison and Atlanta, display some structure.
In FCHART the annual solar fraction for any
given collector area is a weighted (by heating
load) sum of the twelve monthly values. It is
the wmonth-to-month variations that, added
together, lead to the observed structure.

4. COST OF THE SOLAR SYSTEM

Let C_ be the installed cost of the solar sys-
tem. Depending on the type of economic analysis
used by the potential purchaser of the system,
Cs might be the total cost of the system or the
annual payment on a loan. For present purposes
this distinction is not of importance.

Consider a purchaser interested in knowing the
cost per unit of usable solar energy,



data been used in the optimization, and 8C is
the fractional change in total cost due to the
use of erroneous data. Note that the first fac-
tor in Eq. (12) is the ratio of the cost of sup-
plying the entire load by conventional means to
the cost of the (correctly) optimized solar sys-
tem. From Eq. (11), this ratio will be greater
than but usually on the order of 1.0. B {35 a
dimensionless parameter that describes the sen-
sitivity of the cost to the (square of the)
error in the solar data. For the SHPM, and as
for ¢, § is a function of only the solar frac—-
tion. .
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Fig. 3. The sensitivity parameter § for
errors in solar radiation incident on the
collector surface.

The parameter § 1is plotted against the solar
fraction in Fig. 3 for the SHPM and the solar
heating system. As compared to «, P shows a
greater deviation from the SHPM and a greater
dependence on whether the solar data are for the
global horizontal radiation (not shown) or the
collector surface radiation. However, the gen-
eral trends are similar for all the cases.
Note, first, that B {is always positive. Thus
the fractional change in cost is always positive
(there is always a cost penalty) regardless of
wvhether the solar radiation is too high or too
low. However, the penalty will often be quite
small. For all the cases studied here B is less
than 0.20 for solar fractions from about 0.4 up
to 0.8. For this value, and for an error in the
solar radiation of 20X, the fractional increase
in cost would be only about 0.82. B s essen
tially zero for solar fractions on the order of
0.63, meaning that (at £ = 0.63) there 1is
essentially no cost penalty for having optimized
with erroneous data.

It may be considered surprising that the cost
penalty of using inaccurate data would be only
about 1Z. The explanation is that near the
optimum point the increased cost of having “too
much” collector area 1is nearly offset by the
decreased cost of the backup energy. Similarly,
the increased cost of the backup energy when the

collector area is undersized is roughly balanced
oy the decreased cost of the collectors.

6. CONCLUSIONS AND REMARKS

A framework has been presented for examining the
sensitivity of the performance and cost of solar
system designs to errors in the solar data. For
low solar fractions, and especially for horizon—
tal surface data, the estimated performance and
the estimated cost per unit of usable solar
energy can be quite sensitive to the errors.
For example, for a solar fraction of 0.25, solar
data that are underestimated by 20% could result
in nearly a 30% overestimate in the cost per
unit of usable solar enmergy. Systems with large
golar fractions are less sensitive; for a system
with a solar fraction of 0.75 the same error in
the solar data would result in, roughly, a 14%
overestimate of costs. Any given decision maker
for one or a few building units will be influ-
énced by a host of factors in addition to the
estimated cost. However, economic considera-
tions will affect decisions on the margin. Thus
underestimated solar data will influence the
average behavior of the community so as to deter
the purchase of solar energy systems. Simi-
larly, overestimated data will 1lead to an
underestimate of the cost per unit of wusable
energy and lead to the construction of solar
systems that are not economically justified.

Also developed was an expression for the total
cost (solar plus backup) penalty for having

‘optimized a solar system with inaccurate solar

data. The analysis shows that the penalty is
less- than 12 for modest solar fractions. For
the individual, a cost penalty of this size is
essentially negligible. For a larger community,
however, the cumulative cost penalty from many
improperly optimized systems can be substantial.
This cumulative cost can be estimated given a
scenario of future construction of solar energy
systems (Berdahl, et al., 1978). This estimated
cost can be compared to that of establishing,
improving, or maintaining a network of accurate
solar data measurement stations.
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